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Chapter 1

A Holonomic system for the
Fisher—Bingham Integral

1.1 Introduction

The Fisher—Bingham distribution is a probability distribution on the n-dimensional
sphere S™(r) with the radius r defined by

L T
Fagr) exp(t” at + yt)|dt(r)]. (1.1)
Here, the variable z is an (n + 1) X (n + 1) symmetric matrix whose (i, )
component is z;; when ¢ = j and x;;/2 when i # j. The variable y (resp. t)
is a row (resp. column) vector of length n + 1, and the measure |d¢(r)| is the
standard measure on S™(r). The function F(x,y,r) is the normalizing constant
defined by

n+1

F(l‘,y, 7") = / exp Z l’ijﬁl‘tj + Z yiti ‘dt(?‘)l (1.2)
S (r) i—1

1<i<j<n+1

The integral (1.2) is referred to as the Fisher-Bingham integral on the sphere
S™(r).

The Fisher—Bingham distribution is used in directional statistics. Kent stud-
ied estimations, hypothesis testings and confidence regions with respect to the
Fisher-Bingham distribution on the 2-dimensional sphere [17], and in the book
by Mardia and Jupp on directional statistics [24, chapter 9], a definition of the
Fisher-Bingham distribution having the same form as (1.1) and a relation with
another probability distribution on the sphere are explained.

We are interested in estimating the value of parameters z and y which max-
imizes the likelihood function

N

1
w H exp(t] t; + yt;)
=1

L(z,y) = Floy )Y L

5



6 CHAPTER 1. A HOLONOMIC SYSTEM FOR THE FB INTEGRAL

for given data t1,--- ,ty € S™. This problem is equivalent to estimating the
value of parameters z and y which minimizes the function

F(z,y,exp | — > Sijxij — Siti

1<i<j<n

for given {S;; }1<i<j<n, {Si}1<i<n C R. There are several approaches to solving
this problem. Among them, the holonomic gradient descent proposed in [28]
enables us to estimate the value by utilizing linear partial differential operators
with polynomial coefficients which annihilate the Fisher-Bingham integral (1.2)
and generate a holonomic ideal. Let Dy be the ring of differential operators
Dy =C(z1,...,24,01,...,04). Aleft ideal I of Dy, is called a holonomic ideal
when the characteristic ideal in(g ) (/) generated by the principal symbols of I in
Clz1, .., 24,&1, - - -, &) has the Krull dimension d. See, e.g., [37, p 31, Definition
1.4.8], [31], and their references for details.

In [28], it is shown that the Fisher-Bingham integral F(x,y, r) is annihilated
by the following linear partial differential operators.

aT” - 6%62/3 (Z < j)7

n+1
> 0wy =1,
i=1
ijOny + 2(j5 = i) Ony; — 400 (1.3)
+ Z (2kjOnsy, — Tik0Oa,, ) + Y0y — 1Oy, (i < J,Tpe = Ter),
ki,j
70, — 2 Z xija% — Zy,@w —n.
i<j ;

They also show that (1.3) generates a holonomic ideal in the casesn = 1 and n =
2 by a calculation of their characteristic ideals on a computer, and conjecture
that it holds for any n. We will prove this conjecture.

It is a fundamental problem to prove that a given system is holonomic. For
example, the theory of A-hypergeometric systems is built on the fact that any A-
hypergeometric system is holonomic. Moreover, many algorithms and theorems
assume the holonomy property. Therefore, our main theorem is expected to
be the foundation to study the Fisher-Bingham integral through differential
equations.

In order to state the main result of this paper precisely, let us explain the
notion of the integration ideal. For a holonomic ideal I in Dy, the left ideal
(I 4+ 0441Dg+ -+ 04Dgq) N Dy in Dy is called the integration ideal and it
is known that the integration ideal is a holonomic ideal in Dy (see, e.g., [6,
Chapter 1], [37, §5.5]). We note that Oaku gave an algorithm for computing
the integration ideal in [32].

In the present paper, we show that the operators (1.3) generate the integra-
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tion ideal of a holonomic ideal which annihilates the distribution

n+1
exp Z l’ijtit]‘ + Z thZ |dt(7’)|
1<i<j<n+1 i=1
which has parameters z;;, yx,r. Here, {z1,..., 20} = {@ij,yp, 7|1 <@ < j <

n+1,1<k<n+1}and {zg41,...,24} = {t1,-..,tn+1}. As its corollary, we
show that (1.3) generates a holonomic ideal for any n and prove the conjecture
in [28].

In section 1.2, we consider the holonomic ideal annihilating the measure
|dt(r)| on S™(r). In section 1.3, we give generators of the holonomic ideal which
annihilates the integrand of the Fisher—Bingham integral. In section 1.4, we
compute the integration ideal of the holonomic ideal which is given in section
1.3, and prove the main theorem of this paper.

1.2 The standard measure |dt(r)| on S™(r)

The Riemannian metric on the n-dimensional sphere with radius r is constructed
by the pullback of the standard metric on the (n + 1)-dimensional Euclidean
space R"™! along the embedding map. The metric defines a measure on S™(r),
which is denoted by |dt(r)|. We define a distribution p, with a parameter r > 0
as
o0 = [ p(olato)].
sm(r)

Here, (t) is a test function.

Let D = C(z,y,r,t,0,,0y,0,,0:) be the ring of differential operators with
polynomial coefficients. For a given distribution F', we denote by Ann(F) the
set of the operators in D which annihilate F'.

Lemma 1.2.1. A left ideal I in D generated by the following differential oper-
ators is a subset of Ann(p..).

Op, (1<i<j<n+1), 9, (1<i<n+1), Bi+-+th,—1r>

n+1
o (1.4)
10y, —t;0;, (1 <i<j<n+1), 70+ E t;0, +1
i=1

For computing the integration ideal, the following proposition is important.
Proposition 1.2.2. The left ideal I in D is a holonomic ideal.

This proposition may be well known, however we could not find a proof in
the literature with the radius r as a variable. Therefore, we present a proof
here.
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Proof. By the fundamental theorem of algebraic analysis (see, e.g., [37, p30.Theorem1.4.5]),
it is enough to show that the dimension of the characteristic ideal ing (1) is
not more than the number of variables N :=n(n+1)/2+2n + 1.

We can find the operators r20;, + txrd, —ti, (1 <k <n+1) in I as follows.

tng1 (tns10p, + -+ 110, + 70, +1) =04, (2 + -+ 11 —12)
n
= — Z t; (tiathrl — tn+1at7¢) =+ Tzatn+1 + tn+1r<9r —tn+1,
=1

te(tng10t, 0 + -+ 110y + 70, + 1) =ty 1(tr0, ., — tns104,)

k—1 n
= = (0, — k) + Y itk — 0y + 0y, (2 4+ 1] — 1)
i=1 i=k+1

+r28tk +itpro, —ty (1<k<n)

Then, the characteristic ideal in( (/) contains the polynomials

Coy (1<i<j<n+1), & 1<i<n+1l), 2.+ -+t 12
ti&, — ;& (L<i<j<n+1), r°& +tr6(1<i<n+1).

Let I’ be the ideal in the polynomial ring Clz,y,7,t,&s, &y, &, &) generated by
these polynomials. Then, we have I" C in(g) (/). Since dim I’ > dimin (1),
it is enough to show that dim I’ < N.

Consider the graded lexicographic order satisfying

TR SR R D Sk AN ISRl S b Tl

Since the degree of the Hilbert polynomial of an ideal in the polynomial ring
equals that of the initial ideal with respect to the graded order of the ideal
(see, e.g., [8, p448, Proposition 4]), the dimension of I’ is equal to that of
the initial ideal LT (I") with respect to this order. The initial ideal LT (")
contains the monomials &, ., &y, , 1, r2&,,t2 1. Let I” be the ideal generated
by these monomials. Analogously, we can show that it suffices to prove that the
dimension of I" is not more than N.

Computing the irreducible decomposition of the algebraic variety defined by
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I" as
V(Eepis yir tibe, 726t ta i 1<k <I<n+1,1<i<j<n+1)
n+1
= V&t 1<i<ji<n+1)n [ V(&)n [ V(&)
1<i<j<n+1 i=1
n+1
= V&, ot 1<i<i<n+ )NVt ticn G &)
i=1
N (V(T) U V(Etu cee 7§tn+l))
n+1
= <U V(Exij7£yutn+17tl7 .. 7tk—17£tk+17 .o agthrl))
k=1
N (V(T) U V(ftu ce 7£tn+1))
n+1
= <U V(gxklagylaratn+latla" '7ti—17£t7‘,+1)"'v€tn+1;]— § k S l § n—+ 1))
i=1
n+1
) <U V(fwkmé-yk?tn-i-htlw-~7ti—17§t17"'7€t"+1;1 S k S l S n+ 1)) )
i=1
we conclude that the dimension of I"” is exactly N. O

1.3 Holonomic ideal annihilating exp(g)u,

Let g(z,y,t) be the polynomial }7, ;i\ Tijtit; + Z?:ll yit;. We can get a

holonomic ideal annihilating the distribution exp(g(x,y,t))u, by the following
lemma.

Lemma 1.3.1. [41] Consider the ring of differential operators with polynomial
coefficients C{x1,...,p,01,...,0,). Let u be a distribution and suppose that
I C Ann(u) is a holonomic ideal. Let f be a polynomial and f; := 0f/0x;.
Then, the left ideal J generated by

{P(x1,. ., 2n; 0, — f1,- 30, — fu)|P(x1, . Xn; Onyy ooy On,) €T}

is a holonomic ideal such that J C Ann(e’u)

For a proof of this lemma, we refer to [41]. It follows from this lemma
that the left ideal J in D generated by the following differential operators is a
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holonomic ideal and included in Ann(exp(g)p.).

azi]—titj (1§Z§]§7’L+1)7
B, —t; (1<i<n+1),
n+1 n+1
8% ijktk Tjit; j 6@ szktk Tiiti — i)
(1§z<]§n+l),
4+ te =12

n+1 n+1
ror + 1+ Z t; (@i - Z ZTikll — Tyl — yi)
i=1 k=1

In fact, we will show that the ideal J is generated by the differential operators

ti— 8y, 1<i<n+1), 8, —0,0, (1<i<j<n+1),
n+1

E O, — 72,
i=1

xijaw + 2(.%’]‘]‘ - I“)awu — .’Eija

+ > (2kj0n, — TikOay,) +i0y, — Yiy, + 01,0y, — 01,0y, (1.6)
k#i,j
(I<i<j<n+1l,zr =z,
n+1 n+1
O —2 Z 'rijaxij - Z yiayi —n+ Z 81518%
i<j =1 =1

To prove this statement, we prepare the following lemma.

Lemma 1.3.2. For any o € Z’;ng, we have

t* =0, mod D{t;—0,;1<i<n+1} (1.7)

Proof. When a = e;, the identity (1.7) obviously holds. Let us assume that
(1.7) holds for the case of a — e;. Then, we have

= gl
= t-a<a*€i> mod D{t; — 0y,;1 <i<n+1}
Aot = ol (t; — 9,) + 9l )d,,
= Bz(la “ ayi mod D{t; — 0,,;1 <i<n+1}
9y
Hence, (1.7) holds for a.. Therefore, the identity (1.7) holds for any «. O

Finally, we prove the following lemma.
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Lemma 1.3.3. The differential operators (1.6) generate J.

Proof. Let K be the left ideal generated by (1.6). First, let us show J C K.
The identity

Op,; — tit; = Op,; — 0,0y, mod D{t; —9,,;;1 <i<n+1} (1.8)

gives the inclusion 0,,, —t;t; € K.
The inclusion 9,, —¢; € K is obvious. The inclusion ¢;(9;; — ZZ;I ikt —
l‘jjtj - yj) - tj(ati — ZZ:; QTiktk — a:iiti — yz) € K follows from

n+1 n+1

ti(Or, — Z Tikty — x5t — y;) — (O — Z Tikty — Tiiti — Yi)
k=1 k=1

n+1 n+1

= Z Tiptipt; — Z Tiktiti — xjitity + xitit; — yiti + yity + .0y, — 150y,
k=1 k=1

n+1
= Z(mikt]— — {,Ejkti)tk + ((E” — {Ejj)titj + yit]— — yjti + tiatj — tjati
k=1
n+1
Z(mikayj - xjka z)ayk + (xii - xjj)ayiayj
k=1
+yi0y; — YOy, + 0y, 0y, — 0y;0r,  mod D{t; — 0y,;1 <i<n+1}
n+1
Z(mikarjk - mjkazik) + (:C“ - xjj)azij
k=1
+yi0y, — yjOy, + 0y, 0y, — 0y, 0y, mod D{0y,; — 0y,0y,;1 <i < j<n+1}
= xijawjj + Z (xikaxjk - x]kaﬂflk) - xijaﬂfn' + 2(zi — xjj)a&:j

ki,
+yi8yj - yjayi + 8yi 8tj - 8yj ati'

i

Since

4 ta,, — 1P
o +-+0;  —r® mod D{t;—9,;1<i<n+1}

Yn+1

n+1
= Z& —r* mod D{d,,, — 0,,0,,;1 <i<j<n+1},
i=1

1
we have Z;fl Oy, —1? € K.

The inclusion 79, + 1+ Z?;l t; (8ti - 22;1 Tikly — it — yz) € K follows
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from

n+1 n+1
roy +1+ Z t; <(’9ti — Z Tikty — Tyl — yl>
i=1 k=1

n+1 n+ln+1 n+1 n+1
= 1o, +1+ Z 0, — Z Z Tigtite — Z wit] — Z Yiti
i=1 i=1 k=1 i=1 i=1
n+1 n+1n+1 n+1 n+1
= 10 —n+ Z Oy, ti — Z Z ZTigtite — Z Tt — Z Yits
i=1 i=1 k=1 i=1 i=1
n+1 n+1n+1 n+1 n+1
= 10 —n+ Y 00,0y — > > Tikbay — > Tila, — > Uily,
i=1 i=1 k=1 i=1 i=1
mod D{t; — 0y,,0z,; — 0,,0,,;1 <i<j<n+1}
n+1 n+1
= 1O —n+ Y 0,0y, —2Y 2ij0s, — Y yiDy,.
i=1 i<j i=1

Therefore, we have J C K.

Next, let us show the opposite inclusion K C J. The inclusion t; — 9, € J
is obvious. The inclusion 0,,, — 9y,0,, € J follows from identity (1.8). Other
generators of K are also in J because of the above equivalence relation. O

1.4 The Fisher—-Bingham Integral

Let D’ be the ring of differential operators with polynomial coefficients C(z, y, r, 05, 0y, Oy).
The left ideal J" := D' N (J +{04,,...,0,.,}- D) in D' is the integration ideal
of J. The Fisher-Bingham integral (1.2) can be written as

F(z,y,r) = (9@, 1) = / exp(g(z, y, t)) prdt.
Rn+l

Hence, the operators in J' annihilate F'(x,y,r). It is known that the integration
ideal of a holonomic ideal is also a holonomic ideal (see, e.g., [6, 2, chapterl]).
Therefore, if we obtain a set of generators of J’, then this set generates a holo-
nomic ideal. In this section, we compute a set of generators of .J'. As the first
step, we prove the following lemma.

Lemma 1.4.1. Let P be an arbitrary differential operator in (1.6); then we
have

t*P=0,P mod D{t; — 0y,;1 <i<n+1}.

Proof. For simplicity,we put

Qij = 140z, + 2(xjj — 143)0n,; — Ti50z;; + Z (210, — Tik0s,, )
k#i,J
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and R =70, — 2 ZKj 20z, — n. The following identities prove the lemma.

t (Qij + Y30y — Yiy; + 0,0y, — 0, 0y,)
= (Qij + Y0y, — yiOy, + 01,0y, — Oy, 83/11) - O‘iayjt(aiei) + O‘jayit(aiej)
(Qij + Y0y, — YiOy, + 01,0y, — Oy, ayi) 9%
foziayjy(a*e") + ajayiy(a*ef) mod D{t; — 0y,;1 <i<n+1}
= 81/& (Qij + Y0y, — yiOy, + 01,0y, — Oy, 6?/1') )

n+1 n+1
=1 1=1
n+1 n+1 n+1
_ <R RS aa) =37 gty e
=1 =1 =1
n+1 n+1 n+1
<R =)yl + > atia%) 0% =3 @;0,05°)  mod D{t; — 9,1 <i<n+1}
1=1 =1 =1

n+1 n+1
= (R = w0y, + Y atiayi,,) .
=1 =1

O

Theorem 1.4.2. The integration ideal J' is generated by the differential oper-
ators in (1.3).

Proof. Let F and F' be the sets consisting of the differential operators (1.6)
and (1.3) respectively. The inclusion D’ - F/ C J’ is obvious. We need to show
the opposite inclusion D' - F' O J'. If a differential operator P is contained in
J’, then P can be written as

P:Zlez—i_ZatJRJ (PiEF, Qi€D7Rj€D)7
g J

from the definition of J’/. Without loss of generality, we can assume that no
term of @; contains d;. Note that

t*P; =0y P, mod D{ty — 0y,;1 <k <n+1};

then, P can be written as

P=>"QiP+> 0,Rj+> Si(ti—0y,,) (Pi€F Q€D RjeD,SeD).
i j k

Since all differential operators in F’ except t;—0,, have the form P'+>". 0,,U; (P’ €
F', Ul € D'), P can be written as

P=> QP+ 0, Rj+> S(tx—0,,) (Pi€F, Q€D R;eD,S¢€D).
i i k
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Moving some terms to the left-hand side, we obtain

P=Y"QiP/=Y " Sk(tx—0y,) =Y 0yR; (P/€F, Q€D R;cD,S¢cD)
i k J

Without loss of generality, if we assume that no term of Si contains 9, then
the left-hand side of the identity does not contain d;. Expanding both sides and
comparing the coefficients, we get > j 0y, Rj = 0, in other words, we obtain

P=>"QiP/=> Sty —0,) (P e€F,QcD, S ¢eD).
i k

The right-hand side of this identity is included in the left ideal D - {t; — 9, |1 <
i < n+1} in D. Let the weight of ¢; be 1 and that of other variables be
0, and consider a term order < with this weight. The Grobner basis of D -
{t; — 0,,]1 < i < n+ 1} with this order is {t; — J,,|1 < i < n+ 1}, and the
initial ideal is generated by {#;|]1 < ¢ < n + 1}. Hence, the leading term of
P — > Q)P € D' with respect to the order < must divide some t;. However,
the differential operator in D’ which satisfies this condition is only 0. Then, we
have P € D'F’. O

Corollary 1.4.3. The integration ideal J' is a holonomic ideal.

Notes. The result of this chapter will be generalized in section 4.2.



Chapter 2

The Holonomic Rank of the
Fisher-Bingham System of
Differential Equations

2.1 Introduction

Let = (z;;) and y = (y;) be parameters such that x;; = xj; for i # j. Let
Z be a function, which is the normalization constant of the Fisher-Bingham
distribution, defined as

n+1
Z(z,y,1) = / exp ( Z Tijtity + Zyiti) |dt| (2.1)
S (r) i=1

1<i<j<n+1

where S™(r) = {(t1,...,tn11) | 3052 = 72,1 > 0} is the n-dimensional

=1 "1
sphere and |dt| denotes the Haar measure on the sphere.

Let D be the Weyl algebra
D= C<xij7ykaraaijvak7ar | 1 SZSJ §n—|—1,1 S k §n+1>

where 0;; = 0/0x;;, O = 0/0y, and 0, = 0/0r. It is shown in [18] and [28]
that the normalization constant (2.1) of the Fisher-Bingham distribution is a
holonomic function in x,y,r and consequently it is annihilated by the following

15
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holonomic ideal I in D generated by the following operators in D:

By — 00
n+1

2 _ .2
g o7 —r*,
i=1

.leaf + 2(1’jj — x”)alaj — ZL’ZJGJQ

+ Z (240,05 — 50;05) + y;0; — 05,
s#£1,j

Tar — 221’”818] — Zyﬁl —Nn.

1<

We call the system of differential equations defined by I the Fisher-Bingham
system.

For a left ideal J in D, the holonomic rank of J is defined as the dimension
of the K = C(zj,yp,7 | 1 < i < j <n+1,1 <k < n+1) vector space
K(0;j,0k,0r)/K(0;j,0k,0r)J. The rank is denoted by rank(J). When J is
a holonomic ideal, the rank is finite. The holonomic rank agrees with the di-
mension of the holomorphic solutions of the associated system of linear partial
differential equations at generic points and with the size of the Pfaffian equation
associated to J. As to general facts on the holonomic rank, we refer to, e.g.,
the chapters 1 and 2 of [37]. The holonomic rank is a fundamental invariant
of the D-module D/J and there are several attractive studies on holonomic
ranks. For example, Miller, Matusevich and Walther studied holonomic ranks
of A-hypergeometric systems by introducing a new homological method [25].

We are interested in the holonomic rank of the Fisher-Bingham system I.
We prove the following theorem in this paper.

Theorem 2.1.1.
rank (I) = 2n + 2

In [28], we proposed a new method in the statistical inference which is called
the holonomic gradient descent. The method utilizes a holonomic system of
linear partial differential equations associated to the normalization constant.
The complexity of the method depends on the holonomic rank and correctness
of the method are proved by utilizing the holonomic rank. In the case of the
Fisher-Bingham distribution, which is the most fundamental distribution in the
directional statistics, Theorem 2.1.1 is applied in [19], which gives a generaliza-
tion of the result in [28] shown with a help of a computer program. Our method
to prove the theorem is the Grobner deformation to the direction (—w,w),
which is discussed in [37] for A-hypergeometric systems, and a determination of
Grobner bases by hand with adding several slack variables which do not change
the holonomic rank.
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2.2 The Rank of the Diagonal System

When the matrix z is diagonal, the normalization constant Z satisfies a system
of linear partial differential equations for the variables x;;, yx, r. Let I be the
left ideal in D generated by

Ai=0;—-07 (1<i<n+1),
n+1

B = Z@? —r?
i=1

Cij = 2(wi; — j;)0;0; + 1:0; —y;0; (1 <i<j<n+1),
n+1 n+1

E:rar —22:17“612 — Zyzal —n
i=1 i=1

and 05, 1 # j. The ideal I annihilates the function Z restricted to the diagonal
of z [19].

Theorem 2.2.1. The holonomic rank of I is 2n + 2.
Our proof of the theorem reduces to the proof of the following proposition.

Proposition 2.2.2. Let R be the ring of differential operators with rational
Sfunction coefficients

R = C(:cn,...,xn+1n+1,y1,...,yn+1,'r)<811,...,8n+1n+1,81,. ..,an+1,a7«>.

Let RI be the left ideal of R generated by A;, B, Ci;, E. Let < be the term order
on R which is the block order with 0, > {0;} > {0;}. The order of the block
{0i:} is the graded lexicographic order with 011 > -+ > Opt1n+1 and that of the
block {0;} is the graded lexicographic order with &1 > --- > Opy1. A Grébner
basis of RI with respect to the term order < is
Azzam—ﬁf (i:l,...,n—i—l),
n+1

B= Z@ZQ —r?
i=1

Cz'j = 2(1‘” — l‘jj)aiaj + yiaj — yjaz' (1 <i<ji<n+ 1),

(We put aij = 2(zi; — x55), Fij = v:i0; — y;0i, Cij = ai;0;0; + Fyj),

Dy, = 0B — 81a1_k1C1k — = 8k_1a,;}1k0k_1k (k=1,...,n+ 1),
n+1 n+1

E:T‘ar —22%11812 - Zyz(‘l —n.
i=1 i=1
The initial monomials of the Grébner basis are

inc (4;) = inc(9s1),in< (B) = in< (81)*,in< (Ci;) = in< (9;)in (8;),
inc (Dy) = inc (9y)%, in< (E) = inc (9,).
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Here, the initial monomial in(c(z,y,r)0) [105" [1 85’“) is defined as the el-
ement c(z,y, )Y [T1&;" [In.* in the polynomial ring with rational function co-
efficients C(z,y,7)[§11,- -+, §ntint1, M1 -+ -5 nt1, 1] (see, e.g., [37, Chapter 1]).

By the proposition, the standard monomials of the quotient ring R/RI are
1,01,0,03,...,0n41, 3721+1. Therefore, the holonomic rank of T is 2n + 2 (The-
orem 2.2.1). Let us prove the proposition.

Since Dy is expressed by B, Cig,...,Crk_1k, the operator Dy is the element
in RI. In order to prove Proposition 2.2.2, we will show that any S-pair for
Ai, B, Cij, Dy, E is reduced to 0 by A;, B, Cy;, Dy, E. The following lemmas are
proved by straight forward calculations.

Lemma 2.2.3. Let P and Q be elements in R. If the initial monomials are
coprime, i.e., ged(ine (P),in<(Q)) = 1, then the S-pair S(P, Q) is reduced to
[P,Q] by P and Q (we denote the reductzon by S(P, Q) * [P,Q]), where

[P, Q] is the commutator of P and Q. In particular, when [P Q] =0, the S-pair
S(P,Q) is reduced to 0.

Lemma 2.2.4. We have

[Ap, Ci5] =0,
[B CIJ] =0,
[Cij, Cik) = Cir, [Cij, Cir] = —Cji, [Cir, Cji) = =Cs5 (i < j < k),

[Cijv Cpq] =0 ({17]} N {pa CI} = @)-
Lemma 2.2.5. We have

0 (i <j)
[Di, Aj] = { 20570, Cyi (i > j),
11 20;.%0,Cy (i =)
[D;, B] =0,
[Di, Dj] = —=Bo; + Y _ay; a;;' 01(0:C1j + 0,.Ciy) + > ag; ag; (—20,Cy5).
I<i 1<i
When i,j # k, we obtain
0 (k—1<9)
[Cijs D] = 0 (j<k-1)

—a;MCij, 0:Cik] = a3, (0;Cjx + 0;Cr) (i <k—1<j)
Lemma 2.2.6. We have

[AHE} = 07
[B, E] = —2B,
[Cij, E] =0,
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Proof of Proposition 2.2.2. We prove that any S-pair for A;, B,Cyj;, Dy, E is
reduced to 0 by A;, B, C;j, Dy, E.

S-pairs of A; and A;, B,Cj;. The initial monomials are coprime, and the
elements commute. By Lemma 2.2.3, we obtain

S(Ai,Aj) — 0,
S(4;,B) —™ 0,

S-pair of B and C;j. When i > 1, the initial monomials in.(B) = in<(d)?,
inc(Cs5) = inc(0;)in.(0;) are coprime. Operators B and C;; commute by
Lemma 2.2.4. By Lemma 2.2.3, we have S(B, C;;) —* 0.

When i = 1, the initial monomials in< (B) = in<(81)?, in< (C4;) = in< (81 )in< (9;)
are not coprime. We obtain the following reduction sequence of the S-pair:

S(B, Clj) = aljajB - 8101j
=ay;(0;05 + -+ 0} + -+ 0,00, — 0;r*) — 01 Fy;
=ay;((0;05 +-+ 8+ 4+ 0,00, — 0;r*) — 81al_lelj)
——" a1 ((0;05 + -+ 0] 4+ 050041 — 05r7) — Diag Fij — Daas) Fyy)
27 -
—T alij — 0.
Cij Cj-1j D;
S-pair of Cij and Cyy ({i,7} N{k,1} = (). The initial monomials in.(C;;) =
inc(0;)in< (0;), in< (Cri) = in< (O )in (0;) are coprime. Operators C;; and Cjy
commute by Lemma 2.2.4. By Lemma 2.2.3, we obtain

S(Cij, Ckl) m 0.

S-pair of Ci; and Cj, (i < j < k). We have the following reduction sequence
of the S-pair:

S(Cij, Cjk) = k0, Cij — a;j0;Cji, = —a;1y;0i0k + a;,Y;0;0k + a;;y,0;0;
ooy Yi(—Fjr) + ye(=Fij) — y;(—Fi) = 0.
The S-pair of Cj; and Cy;, and that of Cj, and Cj, are also reduced to 0.
S-pair of D; and A;. The initial monomials in< (D;) = in<(9;)3,in<(4;) =
in.(0;;) are coprime. When i < j, operators D; and A; commute. By Lemma
2.2.3, we have
Di,A;

When ¢ > j, by Lemmas 2.2.3 and 2.2.5, we have

S(D“A]) ~—‘—>* [Dz,Aj] = 2@;12(930]1 6——)* 0.

iy J
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When ¢ = j, by Lemmas 2.2.3 and 2.2.5, we have

i—1

S(Dl,AJ B:.ZJ—) [D7,A ;26% 6[0[1 m 0.
S-pair of D; and B. When i = 1, the S-pair is S(Dy,B) =B — 0,B =
When i > 1, the initial monomials in<(D;) = in<(9;)3, in<(B) = in.(61)?
are coprime. By Lemmas 2.2.3 and 2.2.5, we have
S(D“B) * [D;, B] = 0.
S-pair of D; and D;. The initial monomials in (D;) = in<(8;)?, in<(D;) =
in<(0;)? are coprime. By Lemmas 2.2.3 and 2.2.5, we have

S(Di, Dj) ——" [Di, Dj] —————"0.
Di,Dj B,Clj ..... Ci]‘
S-pair of C;j and Dy. The initial monomials are in.(C;;) = in(0;)in<(9;),
in.(Dy) = in<(0x)®. When i # k and j # k, the initial monomials are coprime.
By Lemmas 2.2.3 and 2.2.5, we have

S(Cij,Dk) m [Cij,Dk] m 0.
When ¢ = k, the initial monomials in<(Cj;) = in(9;)in<(9;),in<(D;) =
in(9;)3 are not coprime. This case needs a care of an order of applying reduc-
tions. We will reduce the S-pair by D; and then reduce remainders by Cj;’s.

S(Czj,D ) 8220” — aijajDZ-
n+1 i—1
= 07F;; — aij&-a — a;;0; Z 0;0f — 0;r? — Z day; Fi)
l=i+1,l#j =1
n+1 j—1
o OFF;; + ai0( > 0;0f —0;r° = diag;' )
l=j+1 =1
n+1 i—1
— az] Z 6 al 87;7‘2 — Z 8lal7ilﬂi)
l=i+1,l#j =1
= =0;j0i(Oi10531,Cij + -+ + 05-10521;C) 1))
i—1 i—1
_ aij(')i(z al_lelj) + aijﬁj(z alal_ilFli)
=1 =1
i—1 i—1
* 1 1
CitijrnCi1; _aijai(z ag; E]) +aijaj(z 6lali Ez)
i+155"> J—1j =1 =

i—1
= —a;; ¥ _(a;;' 010, Fy; — a;'0,0;Fy).

=1
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Since afjlalaiFlj — 8;8 Fy; T 0, the S-pair S(C;j, D;) is reduced
l]7 lis
to 0.
When j = k, the initial monomials in<(C;;) = in<(9;)in<(9;),in«(D;) =
ine (Bj)?’ are not coprime. This case also needs a care of an order of applying
reductions.

S(Cij, D;) = 93Cy5 — a;;0:D;

n+1 j—1
=F(0} +07) —aioi( Y 0,07 —0;r° = > Dy, Fy)
l=j+1 1=1,l#1
n+1 n+1 j—1
= Y G+ —aioi( Y ;07 — 07 = > Oyt Fy)
1=1,li,j I=j+1 1=1,l#i
n+1 n+1 -
=Fij(— > 0})+r*ai;0:0; + Fij) —adi( Y ;0 — Y Oiaj;' Fyj)
1=1,l#i,j I=j+1 1=1,l#i
n+1 n+1 j—1
S B wl Y o Y awEy)
l1=1,l#4,j —g+1 1=1,l#1
n+1 j—1
= (D O)(—ay0id; - Fiy) — F Z O + a0 Yy g Fy
I=j+1 1=1,l%i 1=1,l%i
j—1 j—1
o > O +aid; Y Ol Fy
l=1,l#1 l=1,l#1

Z 8laij(—a;j181Fij + afj18iFlj).
I=1,l#1

Since —a,, 31F” + a; Lo, Fy m 0, the S-pair S(C;;, D;) is reduced to
ljs“ii,“ig
0.

S-pair of E and A;. The initial monomials in(E) = in<(9,),in<(4;) =
in.(9;;) are coprime. By Lemmas 2.2.3 and 2.2.6, we have

A E

Qs

S-pair of E and B. The initial monomials in<(E) = in<(9,),in<(B) =
in(01)? are coprime. By Lemmas 2.2.3 and 2.2.6, we have

S(B,E) —" [B,E] = —2B —" 0.
B,E B

S-pair of E and C;;. The initial monomials in< (E) = in<(9,),in<(C;;) =
in<(0;)in<(9;) are coprime. By Lemmas 2.2.3 and 2.2.6, we have

S(CZ‘]‘,E) E—E—) [Cij,E] =0.
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S-pair of D; and E. The initial monomials in<(F) = in<(0,),in<(D;) =
in.(9;)? are coprime. By Lemmas 2.2.3 and 2.2.6, we have

i—1

* —1 *
S(D;, E) — [D;, E] 3D; 2;% Ok Ci e o 0

We have proved that any S-pair is reduced to 0. By Buchberger’s criterion,
the set {A;, B, C;j, Dy, E} is a Grébner basis of RI. O

2.3 Grobner Deformation of the Fisher-Bingham
System

Consider the system of differential equations I - f = 0. Intuitively speaking,
we want to prove that the system I can be deformed to the diagonal system I
without increasing the holonomic rank. This can be done by a Grobner basis
computation with a weight vector (—w,w) [37, Theorem 2.2.1]. However a
straightforward calculation does not seem to be easy. We need to use some
technical tricks to determine a suitable Grébner deformation. Since these tricks
may look too technical for the general n, we explain them in the case of n =1 in
Section 2.4 to clarify our idea without technical details of this section. Readers
are expected to refer to the Section 2.4 when technicalities get complicated.
We will introduce new indeterminates to make our Grobner basis compu-
tation possible by hand with employing the idea of the proof of [37, Theorem
3.1.3]. Let apg, bi, ¢;, d (1 <p<qg<n+1,1<1i<n+1) be constants,
which we call slack variables when they are regarded as indeterminates. We

. 3
put g = (rds Hp< q xZ§q> f and make a change of the independent variables

y; by y; + b;c;. Then, the system of differential equations for the function g
is I’ - g = 0 where I’ is the left ideal in D generated by the set of operators
G'={A,, B,C!., E'} where

Pq’ 15

r o _ 3
qu = TpgOpq — TpqOp0y Apg»
n+1

B = Z 872 - T27
i=1
€Ly = 2 + 2y — 20)00y — 20
+ ) (2550i0, = 2is0;0) + (g5 +bje;)0s — (yi + bici)d,

s#£4,J
n+1
El = Tar — 2Zx”8133 — Z(yz + blcz)az —-n — d3.
i<j i=1

The key fact is that the holonomic rank of I for f agrees with the holonomic
rank of I’ for g for any constants a,q, b;, ¢;, d.



2.3. GROBNER DEFORMATION OF THE FB SYSTEM 23

Let us make the same change of the variables for the diagonal system; let I
be the left ideal of D generated by the set of operators G’ = {Aj;, B, C};, £, 20—
a?j (1 # j)} where

1
n+1

B = Z@f — 72,
i=1

Cli = 2(xj; — 244)0:0; + (yj + bjc;)0; — (i + bici)d; (1<i<j<n+1),

(1<i<n+1),

n+1 n+1
E' =10, =2 240} =Y (i + bic;)0; — n — d°.
i=1 =1

The holonomic ranks of I and I’ agree.

Define the weight vector w by w;; = 1, (¢ # j), wi; =0, w, = 0, and w, = 0.
Here, w;; stands for 0;;, wy stands for Ok, and w, stands for d,. The initial
form in¢_,, ) (£), £ € D, is the sum of the highest (—w, w)-degree terms in £ and
in(_y,w) (1) is the left ideal generated by £ € I' where the weight —w stands
for space variables ;;, yi, r corresponding to differential operators 0;;, Ok, Or
respectively (see, e.g., [37, Chapter 1]).

Theorem 2.3.1. For generic complex numbers apq, bi, ¢;, d, we have
iy (') =1I". (2.2)

In order to prove the theorem, we regard ayq, b;, ¢;, d as ring variables with
the weight 0 and consider the following homogenized system of I':

3

th __
Apq = htpgOpq — 2pg0p0q — apg,

n+1

B = Z@f —r2,
i=1

C’l/;l = xijaf +2(x;; — 4;)0:,0; — zija?

+ Z (zsjaias - xisajaS) + (hyj + bjcj)ai - (hyi + biCi)aj

s#£1,j
n+1
Eh = hro, — 225%81-6]- — Z(hyz + bici)ai —nh® - d3.
i<j i=1

Let I'"" be a left D"[a,b,c,d]-ideal generated by the set of operators G'* :=
{Agfi, B, CZ(;-’, E'}, where D"[a,b,c,d] is the homogenized Weyl algebra of the
ring Dla, b, ¢, d] = Cla, b, ¢, d|{(z:;, yx, 7, 0;j, Ok, Or) with the homogenization vari-
able h (see, e.g., [34, Section 9]). We introduce a new term order <élw’w70) over
D"[a,b,c,d], which compares the total degree first, (—w,w,0)-degree second,
otherwise we apply the following block order as a tie breaker: d > r > {aq |
i<} > bk} > {e} > {y} > 0, > {0 | i <j} > {0} > {0} > {zi |
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i < j} > {xy} > h. Here, the block {bx} has a lexicographic order so that
b1 > by > -+ > byy1. The use of this tie breaker is a key of our calculation.
Although, the initial monomial in<2: oo (£) is an element of the associated

commutative ring, we denote it by the associated element in D"[a,b, c,d] as
long as no confusion arises. For example, we denote in_n (0i5) by 0y in-

(—w,w,0)
stead of &;;.

Proposition 2.3.2. A Grébner basis of I'" with respect to <?_w w,0) i G =
(A B,Ch B h

Pq’ i

We need four lemmas for proving the proposition. These can be obtained
by a straightforward calculation.

Lemma 2.3.3. The initial monomials of the generators of I'* are

: thy _ _ 3
1. ner o (Apg) = —apy,
2. in<?7wvw’0) (B) = —r?,

3. in<h (C,h) = —biciaj,

(—w,w,0) Zj

: thy _ _ 73
4. nen o (E'"™) = —d°.

In particular, they are pairwise coprime expect in the case that the pairin_n

. . (—w,w,0)
: !
(C) and in_n (Chk)-

'h i 3
(C}) and the pairin_n P o)

(—w,w,0)

and in_n
<(—w,w,0)

Lemma 2.3.4. The commutators of two generators of I'" are

1. [Ag‘lFA;Z] = [A;}ZJ’B] = [A;}ZJ’OI;L] = [A;};,E'/h] =0 (fO'I" any paQ7r787iaj)7

2. [B,C/M =0, [B,E"™ = —2hB,

g.[ch.om =0 ({i,j}n{k1} =0),
4. [Ch,Clk] = Cily:= =Ci, [CF, Ol = Clk, [Cl, Ol = Ci (i< j < k),
5. [Ch, E™M = 0.

YR
Lemma 2.3.5. The following holds for S-pairs of generators of I'":
S A/h

~

- S(Apg Pa° g Vi Pg’
2. S(B,C{") —* 0, S(B,E"™) —* 0,
3. 8(CH, ) —* 0 ({i,5}n{k,1} =0),
4. S(CH.Clh) —* 0 (i<j<k),

5. S(Ch EM) —* 0.

rh
ij

Cij)

AhY S(ARB), S(Ah C-;?),S(A’h E™) —* 0 (for any p,q,7,5,1,7),
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Proof. Lemma 2.2.3 holds in the homogenized Weyl algebra D"[a,b, ¢c,d] too.
Therefore, these follow from Lemmas 2.3.3 and 2.3.4. O

Lemma 2.3.6. We put CA’Z’? = b;c;0; — bic;0; and CV’Z’? = C’Z'? — CA‘Z';’ Then the
following cyclic relations hold:

1. OkCl + 0,Cl + 0;Cfh = Ch Oy + CIh0; + Ciho; =0,

3. ORC + ;O + 9;Clt = C1 O + CJ0; + Chd; = 0,
4, bkckCA’l{? + bzclé]/}é + bjCjég; = é{?bkck + CA’J/ZbZCl + Cv/i:};b]'cj =0.

Proof of Proposition 2.3.2. By Lemma 2.3.5, we only need to check that the

S-pairs S(C{,C/lt) and S(Cip, CJ/Z) are reduced to zero.
The former is S(Cf, Cjit) = OkCjlr — 0;Cjf = wCil + 9;C}lt, because the
(Cl) = —=bic;d; and in_» (Ch) = —bic;O.

initial monomials are in
(—w,w,0) (—w,w,0)

The S-pair is equal to —aicgg by the 3rd formula of Lemma 2.3.6. This implies
that it is reduced to zero.

The latter is S(Cjy, Cl}) = bjc;Clj — bicl-C’J{},;, because the initial monomials
are in<?7w . 0)(0;,@) = —b;c;0) and in<?7w oo (C]’Z) = —b;c;0k.

Firstly, we show that it can be expressed as

n+1
S(Clr,.Ch) = (Z(éks + 1) 21505 + hyr, + bkck) ch

s=1

n+1

n+1

s=1

Here, the symbol § is the Kronecker delta. This expression of the S-pair is a
key of our proof. Since each monomial of the left hand side (LHS in short) has
at least one variable in b;, b; or by, we divide the right hand side (RHS in short)
into two parts: Sy contains these variables, Sy does not contain them. Then,

n+1 n+1
Sy = <Z<6ks + 1)ps0s + hyk> Cih + <Z<6Z-s +1);50s + hyi> Cii

s=1 s=1

n+1
+ <Z(5]S + 1){Ej585 + hyj> CY]/JZL

s=1
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is equal to zero by a straightforward calculation and we have

n+1
Sl = bkckC{? + <Z(5k5 + 1)xk883 + hyk> CA'Z/;L

s=1

n+1 n+1
+ (Z(az-s +1)i50s + hy) Cii + (Z(éjs + )50, + hyj> Cil
s=1 s=1

_ 'h
= bkckCij

n+1 n+1
+bjc; (Z(aks + 1)x4s050; + hy,@-) — bic; (Z((sks + 1) 2150505 + hykaj>

s=1 s=1

n+1 n+1
+ brcr (Z(éw -+ 1)x1—3858j -+ hyﬁ]) - bjCj (Z((Sls -+ ].).’ﬂisasak -+ hy18k>

s=1 s=1

n+1 n+1
+ b;c; (Z((;js + 1)xj5838k + hij)k) — brck <2(5j5 + 1)xj5838i + hyjaz>
s=1 s=1

= bjc; i — bic;Cl = S(Ci, C).

Finally, we show that the expression (2.3) is a standard representation. We
note that the RHS of (2.3) has three terms, which appear in the first, in the
second and in the third lines of (2.3) respectively. We may show that the initial
monomial of the LHS is no less than the initial monomials of the three terms of
the RHS with respect to the term order <?_w’ w,0)" The initial monomial of the
LHS b;c;brci0; coincides with that of the 1st term of the RHS. Moreover, all
monomials appearing in the 2nd and the 3rd term of the RHS have the same
total degree 5 and (—w, w, 0)-degree 0, and they have a degree at most one with
respect to b;, b; and by. This implies that they are less than b;c;byc0;. Thus,
we have shown that the expression is a standard representation and the S-pair
is reduced to zero.

Since all S-pairs are reduced to zero, the conclusion follows from Buch-

berger’s criterion. O

Proof of Theorem 2.3.1. Let I'(a,b,c,d) be the left ideal generated by G’ in
the ring D[a,b,c,d]. Tt follows from Proposition 2.3.2 and [37, Theorem 1.2.4]
that G’"[,—1 = G’ is a Grobner basis of I'(a, b, ¢, d) with respect t0 <(_q,w,0)-
Therefore, we have

in<(7w,w,0) (I/(a7 ba G, d)) = <in<(7w,w,o) (G/)> = <é/> in D[a7 b7 () d}
We may replace Dla,b,c,d] by D(a,b,c,d) = C(a,b,c,d)(xij, Yk, T, 0ij, Ok, Or).
Here, C(a,b,c,d) is the rational function field with variables a = (apq),b =
(b;),c = (¢;) and d. Then, the following holds:
Ny, (I'(a,b,¢,d)) = (G"Y  in D(a,b,c,d).

This implies the conclusion. O
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Proof of the Main theorem 2.1.1. It follows from (2.2) that rank (I) > rank (in(_.,,.)(I"))
by Theorem 2.2.1 in [37]. Therefore, we have rank (I) > 2n + 2 by Theorem
2.2.1. The opposite inequality follows from Theorem 3 of [28]. O

2.4 A Proof in the case of n =1

In order to clarify ideas of the proof in Section 2.3, we present a proof of our
theorem in the case of n = 1.

The 1-dimensional Fisher-Bingham system of differential equations I C
C(z11, 212, T22, Y1, Y2, 7, 011, O12, O22, 01, 02, 0r) is

I=(A11 =011 — 87, A1a =2 — 0102,
Agy = 093 — 03,
B =0 +07 12,
Chz = 21207 + 2(22 — 11)0102 — 21205 + Y201 — y10s,
FE = ’I’ar — 2(58118% + 1‘126132 + 1‘22822) — (y181 + yzag) — 1>

The upper bound of rank(l) is 2-1+ 2 = 4 as given in [28, Theorem 3]. We
will show the lower bound of the rank(l) is 4 by using the following general
inequality [37, Theorem 2.2.1]:

rank(l) > in(_qy ) ().

Firstly, we make some change of variables, because it seems to be difficult
to calculate in_, ., (I) directly. Let ai1,a12,a22,b1,b2,c1,co,d be constants,

3 3 3
which will be used as slack variables. We put g = rdgx‘llilx‘fé?xg;z f where the

function f is a solution of the system of differential equations I- f = 0. Moreover,
we make a change of variables y1,y2 by y1 + bic1, Y2 + bace respectively. Then,
the system of differential equations for g is given by I’ - ¢ = 0, where

I'= <A/11 = 211011 — 1’118% - ai’p A’12 = 212012 — 2120102 — ai’g,
Algg = T22022 — $225§ - Clgz,
B =0} +05 -1,
Cly = 21207 + 2(22 — 211)0102 — 1205 + (Y2 + bac2)O1 — (y1 + brc1) 0o,
E' =710, — 2(21107 + 2120102 + 2203 )
— ((y1 +b1¢1)01 + (Yo + baca)Dy) — 1 — d®).

We note that rank(I) = rank(I’) holds for any set of values of the constants.
Secondly, we calculate in(_,, ,)(I") for the weight vector w = (0,1,0,0,0,0)

where each weight stands for the variables 011,012, 022,01, 02, 0, respectively.

In order to perform Buchberger’s algorithm with respect to the (—w,w)-weight
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order, we need to consider the homogenized system I'" for I':

= <A/ﬁ = hx11011 — 5'3115’% —Clil, Allfé = hx12012 — 1120102 —aig,
Abl = hargaOay — 12205 — a3y,
B =0} +05 —12,
Ctly = 21207 + 2(wa2 — £11)0102 — 21205 + (y2h + bac2)O1 — (y1h + bic1) s,
E'"™ = hrd, — 2(2110? 4 1120102 + 2207)
— ((hy1 + b1c1)01 + (hya + baca)do) — h* — d°).

We denote by <€Lw’w’0) an order in the homogenized Weyl algebra which com-
pares the total degree first, (—w,w,0)-degree second, otherwise we apply the
following block order as a tie breaker: d > r > {ai11,a12,a22} > {b1 >
ba} > {e1,ea} > {yr,y2} > 0 > {012} > {011,022} > {01,02} > {x12} >
{x11, 222} > h. Here, the symbol > represents the lexicographic order. The
underlined parts in I’ h are initial terms with respect to <?7w’w70). They are pair-
wise coprime and their commutators are equal to zero except [B, E""] = —2hB.
From Lemma 2.2.3, we conclude that the set {A}:, AL A B Ch E'™} is a
Grébner basis of I’ in D"[ay1, a12, ass, by, ba, c1, ca, d] with respect to <h—w7on)'
In other words, the transformation of dependent and independent variables gives
us the Grobner basis without adding new elements. Dehomogenizing 1", we ob-

tain
() (I") = (Al = 21100 — 201107 — a}y, Al = 212012 — ady,

A/QQ = 299022 — $225§ - a§27

B=0? 48—

Cty = 2(w29 — £11)0102 + (y2 + bac2)01 — (y1 + bic1)0a,

El = r&r — 2(.%118% + 1’2285)

— ((yl + b161)81 + (yg + b202)82) —1- d3>

In this calculation, we regard ai1,a12,as2,b1, b, c1,c2,d as ring variables with
the weight 0. As in the proof of Theorem 2.3.1, the equation above holds
when ajq,...,d are specialized to generic complex numbers. The holonomic
rank of the (—w,w)-initial ideal I" := in(_, ,)(I’) coincides with that of the

diagonal system transformed by the same change of variables for I’ from I. The
holonomic rank of I’ agrees with that of

I= (A =0u — 07, A1y = 0y,
Ay = 0 — 05,
B = (Zf—i— 02 —r?,
Cha = 2(x29 — 711)0102 + Y201 — Y10,
E =10, — 2(21107 + 22203) — (y101 + 1202) — 1).
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Hence, we obtain the following inequality:
rank(I) = rank(I’) > rank(in_,, ,,(I')) = rank(I') = rank().

Finally, we show that rank(I) = 4. Proposition 2.2.2 tells us that the set

{A117‘21127A227B30127E7

O — 110105 — 0y
Dy = 2(z9y — 8 — 120, — 29 :
’ (o2 = an1) (2 i 2(w22 — 11)
is a Grobner basis of RI with respect to the block order {8,} > {911 > 92} >
{01 > 02}, where the tie breaker > represents the graded lexicographic order.
The set of standard monomials is {1,81,92,05}. It means that the holonomic
rank of I is 4.
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Chapter 3

Holonomic Gradient
Descent for the
Fisher-Bingham
Distribution

3.1 Introduction

Let © = (x;;) and y = (y;) be a symmetric matrix parameter of size (d + 1) x
(d+ 1) and a vector parameter of size d + 1, respectively. We are interested in
the Fisher-Bingham probability distribution

d+1

1
sz, y,r)ldt] == 2@ 9.1 exp Z wijtity + Zyitz’ |dt|
1<i<j<d+1 =1

on the d-dimensional sphere S%(r) = {(t1,...,ta+1)| Zldill t2 =r%r >0} and
the maximum likelihood estimate of the parameters x and y of this probability

distribution. Here, the function Z is the normalizing constant defined as

d+1
Z(x,y,r) = / exp Z xijtitj —|—Zyiti |df| (31)
S4(r) 1<i<j<d+1 i=1

and |dt| denotes the standard measure on the sphere with the radius r such that
_..d 2nldtD/2
Jsa 1t = 1 sy
Solving the MLE problem involves finding the maximum of the function in

T,y
N

w(T®;z,y,1)
k=1

31
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for given data vectors T®), k = 1,..., N in the t-space S%(1). In order to
compute the MLE, we need approximate values for the normalizing constant Z
and its derivatives. In the case of d = 2, the normalizing constant is expressed
in terms of the Bessel function and for d = 2 there are several approaches for
computing MLEs in directional statistics [17, 24, 43]. However, there are few
studies on approximating the normalizing constant for the case of d > 2 and
applications to the MLE. Among these, [22] proposed a method to evaluate the
normalizing constant by utilizing the Laplace approximation of the integral for
d > 2 and [21] gave a series approximation of the normalizing constant.

In this paper, we propose a different method for evaluating it and present ap-
plications to the MLE. Our method is based on the holonomic gradient descent
(HGD) proposed in [28], which utilizes a holonomic system of linear differential
equations satisfied by the normalizing constant and gives the MLE accurately.
The HGD consists of four steps. The first step is to derive a holonomic sys-
tem of linear partial differential equations for the normalizing constant. The
second step is to translate the holonomic system into a Pfaffian system, which
is roughly speaking a set of ordinary differential equations with respect to the
parameters x;; and y; for the normalizing constant. These two steps can be
performed by a symbolic computation (the Grobner basis method) if the size of
the problem is moderate. The remaining steps utilize numerical computation.
The third step is to evaluate the normalizing constant and its derivatives at an
initial point. To do this, we can use numerical integration for a rough evaluation
or a series expansion for a more accurate evaluation. The last step is to extend
the evaluated values to other points needed for the MLE by using the Pfaffian
system and a numerical solver of ordinary differential equations.

It is shown in [18] and [28] that the normalizing constant of the Fisher-
Bingham distribution is a holonomic function in z,y,r and further more it is
annihilated by a holonomic ideal for which an explicit expression is given. This is
the first step when applying the HGD. For the second step, we need to translate
the ideal into a Pfaffian system. This is performed on a computer for d < 2 in
[28]; however, this is not possible for d > 2 on current computers using Grébner
basis algorithms due to the high computational complexity.

In this paper, we overcome the difficulty of high complexity and complete
the remaining steps for a general dimension: we give an accelerated version of
the HGD as a general method, we derive the Pfaffian system of the Fisher-
Bingham distribution for general d by hand, and we derive a series expansion
of the normalizing constant with an error estimation. We demonstrate that the
accelerated version of HGD on our Pfaffian system works well up to d = 7 to
a specified accuracy for a certain class of problems. We also propose a general
method for evaluating the numerical errors and apply it to the Fisher-Bingham
distribution.
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3.2 Holonomic Gradient Descent with Pfaffian
System of Factored Form

The HGD introduced in [28] is a general algorithm for solving MLE problems
for holonomic unnormalized distributions accurately. We herein propose an
accelerated version of the HGD. The modification is small, but it allows a drastic
performance improvement as we will see in the case of the Fisher-Bingham
distribution.

In this section, we maintain a general setting to explain our accelerated
method. A function f(yi,...,yn) is called a holonomic function when it satisfies
an ordinary differential equation with polynomial coefficients for each variable
y;. In other words, the function f is a holonomic function when the function is
annihilated by an ordinary differential operator of the form

;Zioaz‘j(y) <£ﬁ>j, aij(y) € Clys, ..., yn)-

By virtue of this ordinary differential operators, the function f can be regarded
as a solution of a Pfaffian system discussed below. An important property of
holonomic functions is that the integral [, f(y1,...,yn)dyy, is a holonomic func-
tion with respect to y1,...,¥y,_1 under a suitable condition on the integration
domain R. In the landmark paper by [44], he introduced the notion of holonomic
functions and applied it to mechanically prove special function identities with
systems of linear partial differential equations and this important property. It
has been proved that the normalizing constant Z of the Fisher-Bingham distri-
bution is a holonomic function in x,y, ([28]). Let f(t; ) be a holonomic unnor-
malized probability distribution with respect to t and § where § = (01,...,0,,) is
a parameter vector and let Z(0) = [,; f(t;0)dt be the normalizing constant. Let
I be a holonomic ideal in the ring of differential operators in 6 that annihilates
Z. The operator 9/06; is denoted by 0p,. In order to apply the HGD to MLE
problems, we need an explicit expression for the Pfaffian system associated with
the holonomic ideal I as an input to a numerical solver. The Pfaffian system
is used to numerically evaluate the likelihood function and its gradient or its
Hessian. Let us review the definition of the Pfaffian system (see, e.g., [28] for
details). Let rank(7) be the holonomic rank of the ideal I and let F be a vector
of the standard monomials of a Grobner basis of I. The length of this vector is
rank(I). We denote the elements of F' by 0% where oo € S. We assume that the
first element of F is @° = 1. The Pfaffian system is a set of differential operators
which annihilate the vector-valued function F(Z) = (0°Z |« € S)T that are of
the form 0y, — P; where P; are rank([) x rank(]) matrices with rational function
entries which satisfy

VoV =0, V:dePidei.

In this section, the symbol d in the definition of V indicates the exterior deriva-
tive with respect to the variables 6. In some of the literatures, the definition of
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the Pfaffian system does not include the integrability condition V o V = 0, but
we will call the integrable Pfaffian system of equations simply the Pfaffian sys-
tem for short. Our Pfaffian system can be regarded as the integrable connection
V.

The Pfaffian system can be obtained by an algorithmic method explained,
e.g., in [28]. However, it requires heavy computation. For example, the com-
putation for the Fisher-Bingham distribution could be performed within a rea-
sonable time using current computer technology only up to the case of a 2-
dimensional sphere. Moreover, the Pfaffian system obtained with this method
requires heavy numerical computation in the HGD, because in general the en-
tries of P; are huge rational functions. The latter drawback is removed by using
our accelerated version of HGD introduced below.

Algorithm 3.2.1. 1. Construct a Pfaffian system of the form
Do, — B;(0)Qi(0) (3.2)

where Q; and R; are rank(I) x rank (/) matrices with polynomial function
entries.

2. Evaluate the normalizing constant F'(Z) at an initial parameter 6°.
3. k=0

4. Evaluate the gradient of the likelihood function by F(Z) at 6% (see [28]).
If the gradient is 0, then stop. Determine the value of the new parameter
6**1! by standard procedures of gradient descent. #*T! must be sufficiently
close to 6.

5. Evaluate the approximate value of F(Z) at §*+1. It is, for instance, ap-
proximately equal to

d
F(Z)(0%)+ ) Ri(0")7'Qi(0F)F(Z)(6") - (05 — 6F). (3.3)

i=1
6. k— k+ 1 and go to 4.

We call the Pfaffian system of the form (3.2) the Pfaffian system of factored
form. The main difference between the HGD in [28] and our proposed method is
(3.3). In the original version, the factored matrix R; 'Q; is expressed as a single
matrix with entries of (huge) rational functions, but in our proposed method,
we express it as the two matrices (); and R; and the inverse of R; is calculated
numerically in each iteration step. We note that the approximation in (3.3)
should be replaced with a more accurate and efficient numerical scheme such as
the Runge-Kutta method.

Remark 3.2.2. When we have a Grobner basis of I, the Pfaffian system of the
form (3.2) can be obtained by the computation of normal forms by using the
Grobner basis and then solving linear equations in the ring of polynomials.
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This procedure is general, but it can require a huge amount of computational
resources. When we apply this method to problems, we need to find shortcuts
based on individual problems in order to solve the problems efficiently. We will
do this for the Fisher-Bingham distribution in the next section.

Remark 3.2.3. The matrix R; 'Q; may have the form
1 y

ZRi_leij@';lSij e (3.4)

where R;j, Qij, Sij, Tij, .. are rank(]) x rank(]) matrices in polynomial func-
tion entries. This form is referred to as the multi-factored form or sometimes
simply factored form.

In the following, we will sometimes call the accelerated version of HGD
simply the HGD.

3.3 Pfaffian System for the Normalizing Con-
stant

It is shown in [28] and [18] that the normalizing constant Z in (3.1) of the
Fisher-Bingham distribution is a holonomic function in x,y,r and furthermore
that it is annihilated by a holonomic ideal I. The holonomic ideal I is generated
by the following operators in the ring of differential operators.

d+1

> op -2, (3.6)
i=1

:C”ag + Q(xjj — x”)&aj — x”c?f + Z (:ijaiak — xlkaﬁk)
1<k<d+1,k#1i,j

—i—yj@i — yiaj (I1<i<j<d+1), (3.7
d+1

’I‘ar -2 Z :cijazﬁj — Z yzaz —d (38)
1<i<j<d+1 i=1

Here, 0;5, 0;, and 0, stand for %U’ aiym and % respectively. Note that we
assume T;; = Tjj;.
We want to translate these into a Pfaffian system of the form (3.2) or (3.4)
which is used in the accelerated HGD explained in the previous section.
Before proceeding to the discussion of the general d-dimensional case, we
illustrate our method in the case of d = 1 and r = 1. Let I; be the left ideal
generated by

O — 02, 01— 0102, Oog — 03, (3.9)
o + 02 — 1, (3.10)
21207 + 2(T22 — 211)0102 — 21205 + Y201 — Y105 (3.11)
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in the ring of differential operators. The holonomic rank of I is 4. Let F
be a vector of operators (1,9;,02,0%)T. We want to find a matrix P whose
entries are rational functions such that 0;F = PF holds modulo the left ideal
I;. Here, s =t means that each element of s — ¢ belongs to I;. Since 01 F =
(01,0%,010,03)T, we need to express 910> and 05 in terms of F' modulo I;.
Eliminating 85 from (3.11) by (3.10), we obtain

2wz — 11)010y = —21207 + 1‘12673 — Y201 + 1102
= —l‘12812 + 33‘12(1 — 8%) — ygal 4+ y182
(the underlined term is reduced by (3.10))
- ($127_y27y17_2x12)F' (312)

Thus, we have expressed 9105 in terms of F. We now try to express 8? in terms
of F. From 0; x (3.11), we obtain

2120} + 2(w90 — 111)0705 = 9612516122 — 4207 + 410105 + 05
Y1
2(z22 — 11)
(the underlined terms are reduced by (3.10) and (3.12)),

= 21901 (1 — 0%) — 4207 + (212 — Y201 + Y102 — 221207) + 02

and consequently we have 221207 + 2(x92 — 111)0702 = (a,b, ¢, d)F, where

= Y1Z12 b=y — 1y
2(xog — x11)’ 2(xo2 — x11)’
2
c=1+-—— T go oy, T
2(x22 — 211) Too — T11

By a similar computation for d; x (3.11), we have

2(:622 — 1711)6(13 — 2.%128%82 = (CL/, b/, C/, d/)}77

where
d =y 22 b/=1+2($22—3311)—¢7
2(z22 — 211) 2(z92 — 11)
¢ = —x19+ Y1ly2 . d =y — T12Y2
2(woe — x11) To2 — T11

Therefore, we have

2%12 2(1’22 - xll) 8:1)) _ a b C d F
2(w22 — 211) —2212 020,) —\d W ¢ d)

~1
2212 2(z22 — 711)
2(x22 — 211) =221 ’
we can express 95 in terms of F. Thus we have obtained a factored form of P in

Multiplying the both sides by the inverse matrix <
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O1F = PF. The identity 01 F = PF gives a Pfaffian equation for the direction
y1. In other words, the differential equation

OF(Z)
oy

2\ T
—Pr(2). F@)= (2505 57 )
Oy1 Oy Oyi
holds. This is an ordinary differential equation for the vector-valued function
F(Z) with respect to the variable y;. It is easy to see that P is of the form (3.4).
Ordinary differential equations for the other directions 0s, 011, 012, 022 can be
obtained analogously.
For the general d, let F' be the vector of operators

(1,01,...,0411,0%,...,09)7. (3.13)

Theorem 3.3.1. There exists a (2d + 2) X (2d + 2) matriz H; which has a
factored form (8.4) and satisfies the relation 0;F = H;F mod I.

An expression of H; as a factored form and a proof of this theorem, which
is technical, will be given in the Appendix.

The relation between 0;; F and F' can be easily obtained by Theorem 3.3.1.
In fact, since 0;; F = 0,0;F = 0;0;F by (3.5), we have

0H,
y;

0H,;
y;

8Z‘jF = 8381F = 8](HZF) = F+ H,-(ajF) = ( + Hz'Hj> F. (314)

We denote by H;; the matrix %I;ji + H;H;. The matrix such that 0,F = H,. F'

can be obtained easily by utilizing (3.8). Thus, we have obtained the relations
0, F = I;F, 0,;F=H;F, 0.F=HDF. (3.15)

In [20], we prove that the holonomic rank of I is equal to 2d 4 2. Therefore,
the Pfaffian equations are expressed in terms of (2d 4+ 2) x (2d + 2) matrices.
The matrices in (3.15) are exactly these matrices. The integrability conditions
of Pfaffian equations imply %I;? +H;H; = %—i’j + H;H;.

In [28], the differential equations satisfied by the likelihood function for d = 1
and d = 2 are derived by a heavy Grobner basis computation and we could not
obtain them for d > 3. It is known that the Grobner basis computation has
the double-exponential complexity with respect to the number of variables (see,
e.g., [5]) and we usually have to avoid deriving Grobner bases by a computer
for large problems. Instead, we can sometimes derive Grébner bases by hand
and apply them to interesting applications. By virtue of Theorem 3.3.1 for
the general dimension, we can describe the differential equation satisfied by the
likelihood function with matrices in factored form of which factors are relatively
small matrices with polynomial entries. If we calculate the inverse matrices in
the factored forms by symbolic computation, we would obtain the same result
with the Groébner basis method. In order to apply for the HGD, we do not
need to calculate these inverse matrices with polynomial entries symbolically,
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instead we need only calculate inverse matrices numerically when variables are
restricted to real number values in each step of the Runge-Kutta method. This
will become a key ingredient of our algorithm, which will be discussed in section
3.6.

Remark 3.3.2. The matrices H;, H;;, H, have simple forms when z is a diagonal
matrix. In [40], the MLE of the Fisher distribution on SO(3) is obtained by the
HGD with differential equations for the normalizing constant with diagonalized
arguments. It is a natural question to ask whether a simplification analogous
to the diagonal = case is possible. Unfortunately, an analog of Lemma 2 of [40]
does not hold except for the case of y = 0. It is possible to evaluate the gradient
of Z from values of Z for diagonal x by Proposition 1 given later, however this
requires computation of a transformation matrix to diagonalize the matrix = at
each step of the gradient descent. On the other hand, we do not need to do this
computation for the diagonal form in the HGD by the Pfaffian system for the
full parameters x,y, 7.

3.4 Series Expansion for the Normalizing Con-
stant

Let us define the function Z by the integral

d+1

Z(jagaf) = Ld( )eXp (Z(fztzz + y~1tl)> |dt| (316)

i=1

The function satisfies the invariance relation

Z(%,9,1) = Z(r 22,77 g, 7). (3.17)
This function is the restriction of the normalizing constant Z to the diagonalized
. Since the normalizing constant is invariant under the action of the orthogonal
group O(d+1), we can express F'(Z) in terms of F(Z). The following proposition
can be obtained by a straight forward calculation.

Proposition 3.4.1. Suppose that the real symmetric matriz x is diagonalized
by an orthogonal matriz P = (p;;), and set & = PTaP, § = Py, 7 =r. Then,
we have

Z(x,y,r) = Z(&,9,7)
d+1 5
0z oz ,. _ _
- \Z, Y, T = ik 7= \T,Y,T
gy, @Y T) ;pkayk< 7,7)
027 w0z,
a5 LY, T = pz a5 \L,Y,T
pixpie (. 0Z, _ . 0L, _ _ _
- Z m yk8~ (x;yar)fyfaf(xayﬂa) .
1<k<t<dy1 kT L Ye Yk
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[21] give a series approximation of the Fisher-Bingham distribution and con-
sequently that of the normalizing constant Z (Z,7,1). Their expression is easily
rescaled to the case including the parameter r. We will give an error estimate
of this series approximation. We will omit the tilde symbol (‘7’) for = and y in
the following where this should cause no confusion.

Theorem 3.4.2. 1. ([21]) The restricted normalizing constant has the fol-
lowing series expansion

. d— DT (20, 4 28; — 1)
A -9,. d+2\a+5|( i=1 . % « 2[3.
(@y.r)=Sa- > v (d—1+2jaf+ 23 lal@A)
(3.18)
Here, Sy = de(l) |dt| denotes the surface area of the d-sphere of radius
1, and No = {0,1,2,...}. For a multi-index o € Ng“, we put a! =
Hf:ll !, all = 1—[51:11 a;lly and |a| = Zf:ll ;.

a,BeENIT!

2. The truncation error of the series is estimated as

a3 gt (d—l)!!Hfill(Qai+2ﬁi—1)!!xa 2
(d—1+2|a| + 2[8)1a!(28)!

lat+B|2N

N
rd N+1

Sy — | r? i i|? (3.19
3 (T ZZ_:(W | + il )) N+1-r2% (] + yi2) )
when N is sufficiently large.

We note that the series (3.18) converges slowly when r2 > (|z;| + |y;|*) > 1
and converges relatively rapidly when r? 3" (|z;| + |y;|*) < 1. The derivatives
of Z are expressed as derivatives of the right-hand side of (3.18).

Proof of 2. We have the following estimates

arolars (= DUTT (205 + 28, = DI o
> (d—1+2a|+28)al2p) Y

la+B|>2N
(d— DT (205 4 28; — 1)!
< Z rd+2|a+ﬁ| clli=1 7 7 "xoc 28
- ol ToN (d—1+2]a|+ 2|8l (28)!
< Z pdt2lats] '1 'xayQ,B
BN al(26)!
< dt+2latpl_L o 2p < pd 7“27" n! al, 28
< > =S Y o > ol
e LBloN alp! v ™ ot Blen alp!
<

p2n (T " 1 d+1 n
rﬁjm@mmw®ngm@zmﬂm>
=1

n>N i=1 n>N
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Set L(x,y,r) =12 Zd+1(|xz| +|y?]). Assume that N is sufficiently large so that
L/(N 4+ 1) < 1. We have the estimate

d
,d r N N+1
(z,y,7)" < 37 L(z,y,7) (3.20)
ng]:\/' n! N! N+1-L(z,y,r)
by the estimate
1 1 1
—_L" = LN 71/171\7
Z n Nl Z (N + 1)
n>N n>N

1 1
_ 7LN I
N Z (N+1),

W

nO
1 v N+1
N! N+1-L

IN

3.5 Numerical Evaluation of the Normalizing Con-
stant

In order to efficiently evaluate Z numerically, we use the holonomic gradient
method (HGM) (see, e.g., [15]). The HGM is a method for evaluating the
normalizing constant by utilizing a system of differential equations. In the case
of the Fisher-Bingham distribution, we numerically evaluate the series (3.4.2) in
the domain 72", (|x;| + |y:|*) < 1 and extend the numerical evaluation outside
this domain by using a differential equation with respect to r. To use this
method, we prepare the following theorem.

Theorem 3.5.1. 1. The function Z is annihilated by the left ideal I gener-
ated by

—_ A2 ;
Ai_ayi—am 1<i<d+1),

B=08; +---+0,,, —r
Ci; = 2(z; — Ij)ayiayg + yiayj — Y0y, (1<i<j<d+1),
d+1 d+1

E =10, —229&1 Zyl y; — d

2. Set = (dy,,...,0 92 ,...,02 T. Then, we have ,F = P!V F mod I.

Yd+1° Zy1? P Yd+1
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Here, the matriz P(") = (pE;)) 1s defined by

d+1
sz(';) = (21[:1‘7'2 + 1)5” + Zyiéj(k+d+1) (1 S 7 S d + 1),
k=1
Tpg-)&-d+1)j = yﬂ’Qdij + (2%7‘2 + 2)5j(i+d+1) + Z 6j(k+d+1) (1 <i<d+ 1)

ki
for1 <j<2d+2.
The proof of this theorem is analogous to that for the non-diagonal = case.

Example 3.5.2. In the case of d = 1, the matrix P(") is

27"21’1 + 1 0 Y1 Y1

1 0 2229+ 1 Yo Yo

r r2y 0 222, + 2 1
0 2y 1 2r2xg + 2

We note that the largest eigenvalue of P(") is O(r). Our implementation of
the HGM numerically solves the ordinary differential equation

oG _ (P —rAE)G (3.21)

or

instead of solving 8,F(Z) = P F(Z), where X is the largest eigenvalue of
lim,_, 4 oo P") /7 and the vector-valued function G is defined by F(Z) = exp(Ar?/2)G.
This scalar scaling is necessary, because the adaptive Runge-Kutta method re-
quires an absolute error bound of the solution to automatically make meshes
finer and when a solution grows exponentially, meshes become too small to
maintain an absolute error bound.

Now let us discuss on the accuracy of the HGM. The truncation error of
the series approximation is estimated in Theorem 3.4.2. We want to estimate
the numerical error caused by applying the HGM. In other words, we want to
estimate how much the truncation error is magnified by solving the ordinary
differential equation numerically. We propose a practical method to do this.
Note that this method can be applied to any HGM, but we will explain it in
the case of the Fisher-Bingham distribution. In this method, we assume that
initial values are governed by a probability measure. This assumption is natural
in, e.g., molecular modeling and some classes of non-linear ordinary differential
equations are studied under this assumption (see, e.g., [7]). In our case, the
ordinary differential equation is linear and the problem is much easier. Since we
have not found a reference relevant to our case, we include below a discussion
on the behavior of solutions of a linear equation under random initial data. For
a given initial value vector Z; at r = ry, we denote by RZ; the output obtained
at 7 = r1 by solving the ordinary differential equation where we may suppose
that R is a constant matrix, because the Runge-Kutta solver can be regarded
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Figure 3.1: Histogram of normalizing constants by the HGM with random initial
values

as a linear map from the input to the output under the assumption that round-
off errors and cancellation errors by floating point arithmetic are sufficiently
small and that the automatic mesh refinement process is fixed. When Z; is
regarded as a random vector distributed as a multivariate normal distribution,
the output RZ; is also a random vector distributed as a multivariate normal
distribution. In our implementation, we perturb Zy with random numbers of
which the standard deviation is €/2 where ¢ is a truncation error and solve the
ordinary differential equation for these perturbed initial values. We evaluate
the mean and the standard deviation of the first component of RZy and these
give an evaluation of the normalizing constant and its statistical error bound.
This bound is more practical than that by interval arithmetic.

For example, Figure 3.1 shows a histogram of the normalizing constant which
is generated by the above procedure with /2 = 0.1, 79 = 1, 71 = > |2;| +>_ y2,
d =3, z = diag(1.2,2.5,3.2,3.6), y = (2.3,5.3,4.2,0.1). The series is evaluated
at z/r?,y/ry,7 = 1 and extended to r = r;. In this case, the standard derivation
of the normalizing constant is evaluated as 156.6288 and the confidence interval
with probability 0.95 is [14065.6, 14679.6]

[22] gave a saddle point approximation of the normalizing constant for the
Fisher-Bingham distribution. Our method evaluates the normalizing constant
with an error bound. Table 3.1 shows values by the HGM and by the third
order saddle point approximation by Kume and Wood. Here, d = 4 and (z;;) =
diag(z11, 2211, 3211, 4211, 5211), 0.5 < 211 < 10, (yx) = (0.590, 0.4y0, 0.3y0, 0.2y0, 0.1y0),
yo = 3. The absolute error bound to solve (3.21) by the adaptive Runge-Kutta
method is set to 1076 2122_2 G;/(2d+2) and ¢ is 1075, The values of the stan-
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dard deviation imply that the values by the HGM have at least 6-digit accuracy
with 95 % confidence.

11 HGM Kume-Wood, 3
HGM | standard deviation

0.5 189.243 1.737976e-04 189.763
1.0 985.529 9.102497e-04 994.043
1.5 5856.78 5.424156e-03 5808.16
2.0 39075.8 3.624707e-02 37602.6
2.5 287231 2.667160e-01 271557
3.0 2.28420e+06 2.122623e+00 2.15158e+-06
3.5 1.93448e+-07 1.798630e+01 1.82924e+07
4.0 1.72236e+08 1.602082¢e+02 1.63939e+4-08
4.5 1.59584e+-09 1.484901e+-03 1.52931e+09
5.0 1.52663e+10 1.420891e+04 1.4717e+10
5.5 1.49868e+11 1.395204e+05 1.45179%e+11
6.0 1.50274e+12 1.399244e+06 1.46123e+12
6.5 1.53345e+13 1.428082e+07 1.49556e+13
7.0 1.58797e+14 1.479060e+08 1.55222e+14
7.5 1.66504e+15 1.551038e-+09 1.6302e+15
8.0 1.76459¢+16 1.643961e+10 1.7299e+16
8.5 1.88748e+17 1.758618e+11 1.85223e+17
9.0 2.03531e+18 1.896519¢e+12 1.99905e+18
9.5 2.21040e+19 2.059834e+13 2.1716e+19
10.0 2.41579e+20 2.251392e+14 2.37462e+20

Table 3.1: Normalizing constants

3.6 Algorithm and Numerical Results

In [28, Algorithm 1 and Theorem 2], we give an algorithm to obtain the MLE for
the Fisher-Bingham distribution. This algorithm is valid for general dimensions,
but it cannot be used for more than two dimensions with the current level
of computer technology because of the high computational complexity of the
Grébner basis computation. We replace the Grobner basis computation part
(steps 1,2,3 in [28, Algorithm 1]) with our derivation of the Pfaffian system
of factored form given in Theorem 3.3.1 and replace the numerical integration
part of (3.1) with the evaluation by the series (3.4.2) and extend values to slowly
convergent domains of the series by the HGM. For efficiency, we calculate the
inverse matrices in our expressions for H;; and H; numerically during the steps
of the adaptive Runge-Kutta method as explained in Section 3.2 regarding the
accelerated version of the HGD. This enables us to solve maximum likelihood
estimation problems in more than two dimensions case with the HGD. More
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precisely, we have the following complexity result.

Theorem 3.6.1. The complexity of the series expansion method, the HGM and
the HGD for the Fisher-Bingham distribution on the d-dimensional sphere is

O((2d 4+ 2)N*1/N1) + (complexity of solving the ODE with respect to 7)
+0((2d + 2)3) x (steps of the convergence of gradient descent).

The first and the second terms are the complexity to evaluate the initial values
F(Z) up to degree N and the third term is the complexity of the HGD.

Proof. The number of terms of the truncated series of (3.18) is (2(12';%;;]\7 ) =

(P4NY = O((2d +2)N /NY). The coefficients of the series can be evaluated by
a recursive relation. We need 2d + 1 derivatives of Z. Thus, we obtain the first
term.

Our HGD requires the computation of the inverses of (2d 4 2) x (2d + 2)
matrices in each step of the HGD by Theorem 3.3.1. This corresponds to the
third term. U

We implemented our algorithm firstly in Maple and next in the C language
using the GNU scientific library [14]. The prototype written in Maple is useful
for debugging our C codes. Our C code is automatically generated by our code
generation program pfn_gen c_2.rr, which can be obtained from the URL in
the Example 3.6.4, on [36].

In order to apply the HGD, we need to find a good starting point 6 =
(2°,9°). We use the following method.

Algorithm 3.6.2. 1. Take arandom point §° = (z, y) satisfying 0 < z;; < 1
and 0 < y, < 1.

2. Apply the Nelder-Mead algorithm, which does not require the gradient
and may also be replaced with other methods, to find an approximate
optimal point #° of the likelihood function from the starting point 6° (see,
e.g., [30]). Normalizing constants are evaluated by the HGM, which may
be replaced by other methods.

3. Apply the HGD with the starting point §°. If the HGD stops normally,
we are done. If the HGD stops at 9" because of a numerical instability,
go to the step 2 with §° = a point in a neighborhood of .

An alternative and heuristic way to avoid the retry in the last step is to
abort the computation when a numerical instability occurs and then restart the
algorithm with a new randomly chosen starting point. This procedure can be
implemented in parallel.

We present some examples to illustrate the performance of our new algorithm
and its implementation.
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Example 3.6.3. The problem “Astronomical data” given in [28] is solved in
2.58 seconds on a 32-bit virtual machine, the host machine of which is an Intel
Xeon E5410 (2.33GHz) processor based computer. In contrast, our implemen-
tation in [28] spends 17.3 seconds for the HGD and more than an hour for
computing a Grobner basis and deriving a Pfaffian system.

Example 3.6.4. Problem names beginning with sk_’s in Table 3.2 are problems
on the k-dimensional sphere. These problems are generated by a random number
generator according to the Fisher-Bingham distribution. We chose 8 random
points in the parameter space as starting points for Algorithm 3.6.2. The HGD
aborts 2 times in the 8 tries in the worse case on S2. This rate increases to 7
aborts of 8 tries in the worse case on S”. The timing data shown are those for
the first successful HGD among the 8 starting points. The first step time in the
table is that of the step of applying the Nelder-Mead algorithm with the HGM.
These sample data and programs are obtainable from our web page. !

| Problem | Time (Ist step) [ Time of the HGD and steps | Total |

s3.el 98 3.2(73) 13
s3.e3 10 3.1(66) 13
sdel 50 14(93) 64
sd_e2 50 28(183) 78
sd_e3 50 11(75) 61
s5_el 220 80(142) 300
s5_e2 221 140(121) 361
s5.e3 222 66(117) 288
s6_el 828 247(172) 1075
s7el 2679 571(183) 3250

Table 3.2: Performance of the accelerated HGD

3.7 Conclusion and Open Problems

We show that the HGD can solve some MLE problems up to dimension d = 7
by utilizing an explicit expression of the the Pfaffian system of factored form
and the series expansion of the normalizing constant. However, there are two
problems in applying our method efficiently to arbitrary data.

1. In examples, we find a starting point for applying the HGD by the Nelder-
Mead algorithm with the HGM for evaluating the normalizing constant.
This method seems to work well for our examples, but it is not very
efficient. Finding a good starting point efficiently for arbitrary data is an
open question.

Ihttp://wuw.math.kobe-u.ac. jp/OpenXM/Math/Fisher-Bingham-2
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2. There are domains in (z, y)-space where the normalizing constant cannot
be evaluated to a given accuracy within a reasonable time by the HGM,
because the normalizing constant is huge in these domains, which includes
domains where |y| is large.

Although, there still remain important open problems, our proposed method
evaluates the normalizing constant and its derivatives to a specified accuracy
for a sufficiently broad set of parameters and solves MLE problems. We can
easily control the accuracy of evaluations of the normalizing constant and so it
is possible to apply our method for evaluations to other approximation methods.

3.8 Proof of Theorem 3.3.1

We define two auxiliary vectors of operators to present the expression. We sort
the set of the square free second order operators

{0:i0;)1 <i<j<d+1}
by the lexicographic order. This gives a vector of operators of the length d(d +

1)/2:
F® = (0,05, 0105, ..,0404:1)". (3.22)

We sort the set of the third order operators
{0i0j0k|1 <i<j<k<d+1,j<d}
by the lexicographic order. We denote by F®) the sorted vector
F®) = (810101, 01010, . ..,01010411, 010202, . .., 030a04:1) T (3.23)

The length of this vector d(d + 1)(d + 5)/6 is denoted by m.

When two operators ¢; and ¢ are the same modulo the ideal I, we denote
it by ¢4 = {5. By examining the proof of Lemmas 2 and 3 of [28], we obtain
the following two lemmas which give an expression of the second and the third
order operators F2) and F® in terms of F.

Lemma 3.8.1. We have
PAFA L QWF =0, (3.24)

Here, P?) is an invertible d(d +1)/2 x d(d + 1)/2 matriz and Q® is a d(d +
1)/2 x (2d + 2) matriz of which entries are as follows.

2(xj5 —wi) (i=k,j=1)

Zj1 (Z - ka] # l)
PO = Qo (i=1,j#k)

—Zil (Z#laj :kj)

YjOk,it1 — YiOk j41 + TijOrivdre — TijOkjrare  (J < d)
Qﬁ)k = Yi0kit1 — YiOk,j+1 + TijOk,itd+2

d .
=123 a1 10k1 + Dp—1 Tid 10k 0+d+2 (j=d+1)
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Here, § is Kronecker’s § and Pl-(fil is the matrix element of P(?) standing for

0;0; and 00, in F (). We use this notation of the index of the matrix element
in the sequel.

Lemma 3.8.2. We have
PO RG) L Q(3)F(2) +RO®F =o. (3.25)

Here, P®), Q¥ and R®) are an invertible m x m matriz, an m x d(d + 1) /2
matriz and an m X (2d + 2) matriz of polynomial entries respectively. Entries
are defined as follows.

(Ok.a+1 + 1)@ ;jk0ai0b;0c;
+2(z1k — ©57)0ai0bj0ck + (Ok,d+1 — 1)Zj£0aiOpkdck
+ Zl;éj,k xkl(szlzbc;ijl = Tj10gpeim ”Uj’f‘sk»dﬂdtlzbc;ill)
(1<j<k<d+1)
(3) Tij0ai0bidcj + 2(Tj5 — 4i)0aiObjOcj — TijOajObjdcs

ijk,abc +Zl;éi,j (leégbc;ijl — :Uiz(sébc;jjl
(i<j=k<d+1)
Zg:1($s,d+15;bc;is,d+1 = 2Tartart = Ti)Dapciins
+ 2141 TitOgpesiss)
(i=j=k<d+1)
(1= 0)ybaide; — Yjbaidpe (i <j <k <d+1)
Qz(?l)c,ab = Y;0ai0b; (i<j=k<d+l)

Yd+10ai0b,d+1 (i=j=k<d+1)

—Z k72 0k,d+10a,i+1 — 0ij0ak+1 + Yk0ij0a,itd+2
(i<j<k<d+l)

—Yila,j+d+2 + Oait1

R®) = (i<j=k<d+1)

—yir%6a1 + (2(Tat1,a+1 — Tii)r* + 1)dai11

= i T a1+ 2oy Yida i +dt2

(i=j=k<d+1)

where

, )1 (0.0b0. = 0;0;0k)
IRV 0 (0a0p0e # 0:0;0k)
Proof. We denote by C;; the differential operator (3.7) in I; we put

Cij = ngalz + 2($jj - xii)aiaj — x”(?f + Z (Z‘kjaiak — xzkaj&c) + yjai - yﬁ]
ki,
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Define a differential operator Gy;, (i <j <k <d+1,5 <d) by

0;Cjk ((<j<k<d+1),
Gijk = ajCZ‘j (Z <j =k< d),
04+1Ciar (i=j=k<d).
We expand G in the ring of differential operators and express it in terms of
the elements of F, F?), and F®). For example, when i < j < k < d + 1, we
have
Gij = 0;Cji
8i (:cj;ﬁjz =+ Q(Ikk — .Z‘jj)ajak — a:jka,f
+ Y (@i 0 — 210k01) + yr0; — y;Ok)
15,k
xjkaﬁf + Q(l‘kk — l‘jj)@iajak — l‘jkaia,%

+ Y (@10:0;0 — 200:0:01) + yr0i0; — ;00

l#5,k
which yields Pi(ﬁg)’ ijj Pi(;’k)’ ik QS,)C i QSI)@ iz~ Analogous expansions and rewrit-
ings for the other cases give the conclusion. O

We denote by Mat(k, [, .S) the space of the k x [ matrices with entries in the
set S. Let Q[z,y, r] denote the ring of polynomials with coefficients in Q.

Lemma 3.8.3. The vector F' satisfies the identity
Ad;F = BF + CF® 4 EF®), (3.26)

Here, A = (ap;) € Mat(2d + 2,2d + 2,Q[z,y,7]), B = (by;) € Mat(2d + 2,2d +
2,Qlz,y,7]),C = (cpjr) € Mat(2d + 2,d(d + 1)/2,Q[z,y,7]), E = (ep,jre) €
Mat(2d 4+ 2, m, Q[z,y,r]) and A is invertible in the space of the matrices with
entries in the field of rational functions Q(x,y,r). Explicit expressions of these
matrices are given in (3.27), (3.28), (3.29), (3.30), (3.31), (3.32), (3.33),
(3.84). Note that A, B,C, E depend on the index i.

Notation: ¢, ji means the element at the p-th row of C' and the column of
C standing for 0;0r = 0i0;. ep jre is defined analogously.

Proof. The both sides of (3.26) is a column vector of the length 2d + 2. We will
determine the rows of A, B, C, E from generators of I. Note that the index i is
fixed over the proof.

The first rows. The first element of the vector 0;F is 9;, then we have

ai]p = 1, bl,i+1 =1 (327)

and the other elements of the first rows of A, B, C, E are 0.
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The (§ + 1)-th rows (1 < j < d,i # j). Using the differential operator (3.7)
in I, we have

.’E”a? + Q(I'jj — .’L'“)azaj + Z xkjaiﬁk = x”(“)f + Z x”ﬁ]@k + yiBj — yjaz

k#i,j k#i,j
Therefore, we may put as
Qjt1,it1 = Tijy Q41541 = 2(T55 — Tag), (3.28)
Aj4+1,k+1 = Tkj (1§k§d+17k¢17k¢])7
bjt1,j41 =Yi»  bjt1,i41 = —Yjs  bjt1,j+d+2 = Tij,

Cirigk =i (1 <k <d+1,k#ik#j).

Notation: when an index is out of bound, ignore the setting. For example, we
set bj11,j+d+2 = %i; when j+d+2 < 2d+2. The other elements of the (j+41)-th
rows of A, B,C, E are 0.

The (i + 1)-th rows. The (i + 1)-th element of the vector 8;F is 9?. When
1 < d, we put

it1,i+1 =1, big1i4dy2 =1 (3.29)

and the other elements of the (i + 1)-th rows are 0. When ¢ = d+ 1, we consider
the operator (3.6) in the ideal I. Then, we have

d
324—1 =7’ - Z o
k=1
and hence we put
ad+y2,d+2 = 1, (3.30)

bava,1 = r? batoktare =—1 (1 <k <d).

The other elements of the (i + 1)-th rows of A, B,C, E are 0.
The (d+2)-th rows. When i = d+1, it is reduced to the case of the (i+1)-th
rows. We assume that ¢ < d. Using the operators (3.7) and (3.6) in I, we have

Tia4107 + 2(Tat1,a41 — 041)0i0at1 + Z Tp,a1+10;0k

ki d+1
_ 2
= Zja+10741 T Z ik O0d+10k + YiOd+1 — Yd+10i
ki d+1
d
_ 2 2
= Zianr’ =Y TianOi+ Y, @ikdar10k +Yidar1 — Yar10i.
k=1 ki, d+1
Hence, we put
Ad42,i+1 = Tid+1, Ad+2,d+2 = 2(-73d+1,d+1 - l‘ii)a (3-31)
g2 k41 = Thar1 (1 <k <dk#1),
2
bat2,1 = Tia+17",  bdy2,d+2 = Yi, bdt2,i+1 = —Yd+1,

bayoivdte = —Tidr1, (1<1<d),
Cata,k(d+1) = Tie (1 <k <d,k#1).
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The other elements of the (d + 2)-th rows of A, B,C, E are 0.
The (j4+d+2)-th rows (1 < j < d,i # j). Using the operator (3.7) multiplied
by 0; from the left hand side, we have

72(17”'7:17“)816]2 = Iwa?ajfﬂf”aj#* Z (ijaiajak — xlkﬁfak)+yj&<’)j—ylaf+6l

k#i,j
When i < d, we put
Ajrdre,jrdre = —2(Tj5 — i), (3.32)
bjvd+2,i+1 =1, bjtdt2j+dr2 = —Yi,
Cj+d+2,ij = Yj»
€jtd+2,iij = Tijs  €j+d+2,5ij = —Lij,

€jtdt2,ijk = Thj, €jtdt25ik = —Tik (1 <k <d+1,k#i,k#j).

The other elements in the (j + d 4 2)-th rows of A, B,C, E are 0.
When ¢ = d + 1, We use the operator (3.6) and obtain

—2(zj; — $d+1,d+1)5d+13j2
= xd+17jr28j — 21’(1_;,_17]'(9]3 + yj6d+18j — yd+18]2 + 8d+1
+ Y (2kj0us10;0k — was1 k070K — Taz1 ;0;07) -

k#d+1,j

Therefore, we may put as

Qjydy2jrdr2 = —2(Tjj — Tay1,dr1), (3.33)
bjtdt2,j+1 = Tap1,7  bitdizdiz =1,  bjvdtojrdi2 = —Ydti,

Cj+d+2,5(d+1) = Yj»

€j+d+2,5jj = ~2Tij,

€jtdt2,ijk = Thyjs  Cj+d+2,jik = —Tiks  Cj+d+2,gkk = —Tij (1 <k <dk # j).

The other elements of the (j + d + 2)-th rows of A, B,C, E are 0.

The (i + d+ 2)-th rows. We may assume that ¢ < d. Since the (i + d + 2)-th
element of the vector 9;F is 93, we put

Qiydi2,itrd+2 = 1,  €irqy2ii = 1. (3.34)

The other elements of the (i 4+ d + 2)-th rows of A, B,C, E are 0. O

From Lemmas 3.8.1, 3.8.2, and 3.8.3, we have Theorem 3.3.1, which gives a
differential equation satisfied by the normalizing constant with respect to the
variable y;. As we remarked in Lemma 3.8.3, we note that A, B,C, F depend
on the index ¢ and we omit to denote the dependency.
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Proof of Theorem 3.3.1.

F = AYBF+CF® 4+ EF®) by Lemma 3.8.3
= Al (BF +CF® — p(pB)-! (Q<3>F<2> + R<3>F))
by Lemma 3.8.2
AL (BF _C(PY)IQ® R — p(P3) (_Q(3)(P(2))—1Q(2)F n R<3>F))
by Lemma 3.8.1
A1 (B —C(P@)"1Q® 4 p(PO) (Q(3)(P(2)>—1Q(2) _ R<3>)) Jal

O

Example 3.8.4. In the case of d = 1 and for the y; direction, these matrices
are as follows.

F = (1 o & ),
T
F@ = (8:05), F® = (0} 0%0,) .
1 0 0 0 0 1 0 0
0 1 0 0 0 0 0 1
A = 5 B= )
0 =2 —2wy + 2322 0 2Ty —y2 Y1 —Ti2
0 O 0 1 0 0 0 0
0 0 0
0 0 0
¢ = 0]’ E= 0 0]’
0 1 0
P® = (2211 + 2299) Q(Q)Z(—TQHUU Y2 —y1 2x12),
2x11 — 2x 2x
P(3) _ 11 22 12 (3) _ Y2
< 2112 —2x11 + 2w22 )’ @ -y1)’

R®)  _— —rlyr —2r%z1 + 2w + 1 —%x10 Y1
o 0 —T2$12 -1 Y2 ’
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Chapter 4

Orhtant probabilities

4.1 Introduction

The holonomic gradient method (HGM) introduced by
Nakayama et al. [28] is a new method of numerical calculation which utilizes
algebraic properties of differential equations. This method has many applica-
tions in statistics. For example, an application to the evaluation of the exact
distribution function of the largest root of a Wishart matrix is introduced in
[15] and an application to the maximum likelihood estimation for the Fisher-
Bingham distribution on the d-dimensional sphere is introduced in [19]. These
applications greatly expand the scope of the field of algebraic statistics.

In this paper, we utilize the holonomic gradient method for an accurate
evaluation of the orthant probability

B(S, 1) = P(X1 2 0,..., X4 > 0), (4.1)

where the d-dimensional random vector X = (X1,...,X4) € R? is normally
distributed with mean g and covariance matrix ¥, i.e., X ~ N(p,X). Since
evaluation of the orthant probability has important applications in statistical
practice, there are many studies about it. Genz introduced a method to calculate
the orthant probability utilizing the quasi Monte-Carlo method in [11]. Miwa,
Hayter and Kuriki proposed a recursive integration algorithm to evaluate the
orthant probability in [26].

When the mean vector p is equal to zero, the orthant probability can be
interpreted as the area of a d — 1 dimensional spherical simplex (cf. [1]). In
[38], Schlafli gave a classical differential recurrence formula for ®(%, 0). Plackett
generalized Schlafli’s result and gave a recurrence formula for ®(X, 1) in [35]. He
evaluated orthant probabilities by a recursive integration utilizing his formula.
Gassmann implemented the Plackett’s method in the case of higher dimensions
in [10]. Their method is a recursive integration based on a differential recurrence
formula, whereas the holonomic gradient method utilizes differential equations.
Plackett’s recurrence formula is not suitable for the holonomic gradient method

53
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and in this paper we give a new recurrence formula, which is more natural from
the viewpoint of holonomic gradient method.

Let y =Y !y and o = —%2_1. We denote the i-th element of y by y; and
the (i,7) element of = by x;;. By this transformation of the parameters, the
orthant probability in (4.1) can be written as

B 1, _
(m) d/2 det(—2)"/? exp <2ytfc 1y) 9(.y),

where

o) 00 d d
g(l‘, y) = / e / exp Z Iijtit]’ + Z yiti dt (dt = dtl . dtd)
0 0 i=1

i,j=1
(4.2)

In order to evaluate the orthant probability, it is enough to evaluate g(x,y).

To apply the holonomic gradient method, we need an explicit form of a
Pfaffian system ([19, Section 2]) associated with g(z,y). The Pfaffian system
can be obtained from a holonomic system for g(x,y) (see [28]). For a given d, we
can obtain a holonomic system for g(z,y) by applying the algorithms introduced
in [33] with computer algebra systems. However, for general d, these algorithms
can not be applied and we need theoretical considerations. In this paper, we
give a holonomic system for the function g(z,y) and construct a Pfaffian system
from the holonomic system.

Note that the integral g(z,y) satisfies an incomplete A-hypergeometric sys-
tem ([29]) when the integration domain is not the orthant but a polytope.

The organization of this paper is as follows. In Section 4.2, we describe a
holonomic system for an integral

d d
oo = [ fOexw | S atits + Yo uits | at (4.3)
=1

4,j=1

where f(t) is a holonomic function or a holonomic distribution. In Section 4.3,
we construct a holonomic system for the function in (4.2) by utilizing the result
in Section 4.2. Then we construct a Pfaffian system from the holonomic sys-
tem. Finally in Section 4.4 we describe numerical experiments of the holonomic
gradient method.

4.2 Holonomic system associated with the ex-
pectation under multivariate normal distri-
butions

In this section, we consider the holonomic ideal which annihilates the integral

(4.3), which is the expectation under multivariate normal distributions (for the
definition of the holonomic ideal, see [37]). We develop a general theory, where



4.2. HOLONOMIC SYSTEM FOR THE EXPECTATION 95

f(t) in (4.3) is a smooth function or a distribution in the sense of Schwartz ([39]).
This theory is a generalization of the result introduced in [18]. In Section 4.3 we
will specialize f(t) to be the indicator function of the positive orthant. Note that
the results of this section can be applied to various problems of the multivariate
normal distribution theory, other than the orthant probability.

We denote the ring of differential operators in « with polynomial coefficient
by D = C(x1,...,Zn,0uy,-..,04,). The operator 9/0x; is denoted by 9,,. We
frequently use the following rings:

Dyys = C{ij, Y, try Oz, 5 Oy, Oy 1 1 <0 < j < d, 1 <k < d),
Dy = C(2ij, Yk, On,;, 0y, : 1 <i < j <d, 1 <k < d),
C(wij,0,, : 1 <i < j<d),
C(t;, 0y, : 1 <i < d). (4.4)

i

We use the following notation.

d d
_ 1
y=3"" w=—37h by t)= ) witity + )yt (4.5)
=1

i,j=1

4.2.1 The case of a smooth function

We first consider the case when f(t) is a smooth function. In this case, the
integral (4.3) converges if the matrix —z is positive definite and f(t) is of expo-
nential growth.

To state the main theorem of this section, we show a general lemma. The
notation f,g,,y in the following lemma is generic and not related to (4.5).

Lemma 4.2.1. Let D, (resp. Dy,) be the ring of differential operators with
polynomial coefficient C(x4,0,, : 1 < i < n) (resp. Clx;,y;,04,,0y, : 1 <0 <
n,1 < j < m)). Suppose that a holonomic ideal I annihilates a function f(x,y)
on R™ x R™ and the function f(x,y) is rapidly decreasing with respect to the
variable y for any x in an open set O C R™. Then the integration ideal of I
with respect to the variable y annihilates

g(@):= | flz,y)dy (4.6)
R”YL
defined on the open set O.
Proof. Since the function f(z,y) is rapidly decreasing, the integral of (4.6) con-
verges. Let P be in the integration ideal J = (I + Z;n:l Oy, nyy) N Dy, then

we have P e g = [ P e fdy by the Lebesgue convergence theorem. Since the
differential operator P can be written as

P=Py+>» 0,P€ D, (Ry€l, P;cDyy),

i=1
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we have [Pe fdy =35 [d,,P;e fdy. Since P; e f is rapidly decreasing, we have

We now go back to g(x,y) in (4.3) and use the notation in (4.4) and (4.5).
Consider a C-algebra morphism ¢ from D; to D, defined by

d
@ Dt — ny <t2 — 8%, 8t,; = =Y — Qszkﬁyk> .

k=1

Here, we assume x;; = j;, Oz,, = Og,,. Since [p(04,), 0(04;)] := 004, )o(t;) —
©(t;)(,) = 6i;, where &;; is Kronecker’s delta, ¢ is well-defined as a morphism
of C-algebra.

Now we state the main theorem in this section.

Theorem 4.2.2. Suppose a function f on R? is smooth and of exponential
growth. If differential operators Py, ..., Ps € Dy annihilate f, then the following
differential operators annihilate the integral g(x,y) in (4.3).

P(Pr) (1<k<s), (4.7)
Ou;; — 20,0y, (1<i<j<d), (4.8)
O, — O, (1<i<d).

Moreover, the differential operators (4.7),(4.8),(4.9) generate a holonomic ideal
in Dy, if the differential operators Py, ..., Ps generate a holonomic ideal in Dy.

Proof. For a differential operator

P=) copty' 13900 -0} € Dy
a,B

and p;, q; € Dyye (1 =1,...,d), we put

P(pi;qi) = cappi - 03l - . (4.10)
wp

By the assumption, the differential operators
Pr(t=1,....5), Ou,(1<i<j<d), &, (1<i<d)

annihilate f and generate a holonomic ideal in Dgy. By the lemma introduced
in [41, Section 3.3], the differential operators

Putson -2y =1, s), 8$ij—aa—h(1§i§j<d), on
xij

—— (1< <

annihilate exp(h)f and generate holonomic ideal I in Dgy;. As we will show
in Lemma 4.2.4 below, the differential operators (4.7), (4.8), (4.9) generate the
integration ideal J of I with respect to the variables ¢, (i = 1,...,d).
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Since the function exp (h) f is rapidly decreasing, the integration ideal J
annihilates the integral g(z, y) by Lemma 4.2.1. Hence, the differential operators
(4.7),(4.8),

(4.9) annihilate g(z,y).

Since the integration ideal of a holonomic ideal is also holonomic (see, e.g.,

[6, Chap 1]), the ideal J is holonomic when the ideal I is holonomic. O

Now, we show that the integration ideal J is generated by the differential
operators (4.7), (4.8), (4.9) in the following two lemmas. We denote P = @ when

P — Q € ijl Dlyt(ayz - ti)'

Lemma 4.2.3. Letp; = 0, —y;—2 Ezzi gt and q; = O, —y;i —2 EZ:Z. ZikOy, -
For a differential operator P € Dy and a multi index o € N¢ = {0,1,2...}9,
the following equivalence relations hold.

P(tiipi) = POy a), (4.11)
t*P(0y,; 4:) 0y P(0y,; qi). (4.12)

Here, we use the notation in (4.10).

Proof. By the straightforward calculation, we have the following relations for
1<id,j <d.

[pi, ;] =0, (4.13)
pi, ;] = lai, 4;] = 0, (4.14)
[intj] = [qiaayj] = 52] (415)

In order to prove (4.11), it is sufficient to show

(gl g = O Ot gt (@ BENG). (416)

By the induction on ;, we have a relation
tjg) = 0,00 (1<ij<d, B €No). (4.17)

When ; = 0, the relation (4.17) holds clearly. Suppose that the relation (4.17)
holds for 5;. Then we have

1 i i
tig = tqid) = (aity — 0i)d’
i i i+1
= (Qiayj - 51])(]15 = ayj Qiqiﬁ = ayj qf i

By induction, the relation (4.17) holds for any ;.
By the relations (4.13) and (4.17), we have

prpit =t gt (B € Ny). (4.18)
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Now we prove the relation (4.16) by induction on the multi index a € N¢. When
a = 0, the relation (4.16) holds because of (4.18). Suppose the relation (4.16)
holds for «, then we have

tlt?I ...tgdpll ...pgd = tia:ffll ...8;‘ddq€l "'qu

=g 00 ([ [ ¢t (by (4.14) and (4.15))
J#i

J#i

By induction, the relation (4.11) holds for any «.
Finally, the relation (4.12) holds by (4.14), (4.15) and (4.17). O

Lemma 4.2.4. The integration ideal J is generated by the differential operators
(4.7),(4.8),(4.9).

Proof. Note that the ideal I is generated by differential operators

d
Pg(tz,atl—yZ—Qszktz) (521,...78),
k=1

B,y — 20ty (1 <i<j<d),
a”rii_t?7 ayi_ti (1§Z§d)

By (4.11), the ideal I is generated by

d
Pi(0y,; 0 —yi — 2 _wirdy,) (U=1,...,s), (4.19)
k=i
Buiy — 20,0, (1<i<j<d), (4.20)
Oy, — 07 (1<i < d), (4.21)
By, —ti (1 <i<d). (4.22)

_ We denote by J the left ideal generated by (4.7), (4.8), (4.9). Clearly we have
J C J. If P is a differential operator in .J, then P can be written as

d d
P=Q+> 0Ri+> Si(0,—t) (QEI Ri,S;i € Dyy) (4.23)
i=1 i=1

by the definition of integration ideal. The differential operator @) is written as
a linear combination of the differential operators (4.19)—(4.21) with D, coef-
ficients. By the second term of the right-hand side of (4.23), we can assume
without loss of generality that the variables 0;, do not appear in these coeffi-
cients. By the relation (4.12) in Lemma 4.2.3, we can assume that the coefficient
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in @ is an element in D,,. Since any differential operator in (4.19)—(4.21) is an

element of J + Z?:l O, + Dyyt, we can assume @ € J.
Consider the equation

d d
P—Q=) S0y, —t)=> 0nR;.
i=1 i=1
We can assume that the variables 9y, ,...,0;, do not appear in Si,...,S4. For

example, if 10, is a term of So then we can replace Sy and Ry to So — 10, —1
and R1 —t1(0,, —t2) respectively. The term t10;, in Sy is removed. In the same
way, we can remove all terms which include 3, .

Expanding both sides and comparing the coefficients of 0;,, we have

P-Q=> S0, —t)

The right-hand side of this equation is an element of the left ideal J' :=
Zle Dyt - (0y, — t;). Let the weight of ¢; be 1 and that of other variables
0, and consider a term order < with this weight. The set {¢t; — 9,,|1 < i < d}
is a Grobner basis of J' with the order, so that the initial term of P — Q has to
divide some t;. Since P — @ is in D,,, we have P — () = 0. Thus P € J. O

4.2.2 The case of a non-smooth function

Next we consider the case when f(t) is not smooth. In this case we consider
f(t) as a distribution in the sense of Schwartz ([39]).
Let 2 be a domain defined by

{(z,y)|—=x is positive definite}.
For a tempered distribution f on R?, we can define a function on § as

g(x,y) = <fa €Xp (h(t,y,l‘)». (424)

Since exp (h(t,y,z)) is rapidly decreasing with respect to the variable ¢ when
—x is positive definite, the right-hand side of (4.24) is finite.
A holonomic system for (4.24) is given as follows.

Theorem 4.2.5. If differential operators Py,...,Ps € D; annihilate a tem-
pered distribution f on RY, then the differential operators (4.7),(4.8), (4.9) an-
nihilate the function g(x,y) in (4.24). Moreover, the differential operators
(4.7),(4.8), (4.9) generate a holonomic ideal in Dy, if the differential operators
Py, ..., Ps generate a holonomic ideal in Dy.

Proof. We only need to prove that the differential operators (4.7), (4.8), (4.9)
annihilate g(z,y). Let P = Y capt®d) and Py =3 capt? 0%, We have

d
Pf(ayq‘,; —Yi — 2 Z Ilkaykxfa exp (h(t, Y, I)»

k=i
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d

= <fa P€<ayi§ —Yi — 2 szkau;c) €xXp (h(t’ Y, $)>>
k=i

(f, Pe(0y;; —0r,) exp (h(t, y, x)))
(f, P (=04;;0y,) exp (h(t,y, x)))
(f, Pl (=05 ti) exp (h(t, y, 7))
(Po(ti; Or,) frexp (h(t,y,2)))

0.

O

4.3 Holonomic system associated with the or-
thant probability

In this section we specialize f(t) of the last section to the indicator function of
the positive orthant and we will construct a Pfaffian system associated with the
integral (4.2) for the orthant probability.

4.3.1 Generators of the holonomic ideal

At first, we obtain generators of a holonomic ideal which annihilates (4.2) by
Theorem 4.2.5. Let E be the positive orthant in R? defined by

{t=(t,....ta) eRYt; >0,(i = 1,...,d)},

and 1g be the indicator function of E. A holonomic ideal which annihilates 1
is given as follows.

Lemma 4.3.1. The indicator function 1g is annihilated by the following dif-
ferential operators as a distribution.

1104, ... ,tq0%, (4.25)
The differential operators (4.25) generate a holonomic ideal J in the ring Dy.

Proof. At first, we show that the differential operators ¢;0;, annihilates the
function 1g. It suffices to prove for i« = 1. Let ¢(t) be a rapidly decreasing
function on R?. Then, we have

_ / 0 (o) dty = 0
0

for any t; € R, 2 < j < d. Integrating both sides with respect to the variables
ta,...,tq, we have (t10, 15, p) = 0. Therefore, the distribution ¢10;, 1g is equal
to 0.

Next, we show that the left ideal J is holonomic. By the Buchberger’s
criterion, we can show that the set of the differential operators in (4.25) is a
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Grobner basis of J with the weight w = (0,1). The characteristic variety (see,
e.g. [31], [37]) of J is ch(J) = {(t,€) € C*|t;¢&; = 0,1 < i < d}. The variety
ch(J) can be decomposed as follows,

U {®9lti=0¢=0ietj¢ I}

JcA{1,....d}

Since the Krull dimension of the each component is d, we have dim(ch(J)) = d
and the ideal J is holonomic. O

The function g(z,y) in (4.2) can be written as g(z,y) = (1g(t), exp (h(z,y,t))).
This is a case of Theorem 4.2.5 in which the distribution f is 1. A holonomic
ideal which annihilates 1 is given in Lemma 4.3.1. Hence we have the following
theorem for g(z,y) in (4.2).

Theorem 4.3.2. Differential operators

d
k=1
Oy — 20,0, (1<i<j<d), (4.27)
0y, — 05, (1<i<d) (4.28)

annihilate the function g(x,y) in (4.2), and generate a holonomic ideal I in the
ring Dy .
4.3.2 Differential recurrence formula

Next, we give a Pfaffian system associated with (4.2). In order to write the
Pfaffian system, we define new notation. For J C [d] = {1,...,d}, we put

hy(z,y,r) = Z Ziﬁijtitj + Z@/ktlw

iedJ jed keJ
gs(a,y) = / / exp (hy(z,y,1)) dt.,
0 0

where dt; =[] jed dt;. When the set J is empty, we set gy = 1. For example,
the functions are written as follows when d = 2.

o
g2y (z,y) = /0 exp (11211 + 2titaz 1o + 3220 + y1th + yoto) dt1dts
= g(z,y),
oo
gy (z,y) = / exp (t1z11 + yit1) dta,
OOO
g2y (,y) = : exp ({3222 + yat2) dta,

g = L
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Let J be a subset of [d] and put

d
QR = - (yj + Qijkayk> (J=1,...,d), (4.29)
k=1
Qj’,] = - (yj + 2 ijkayk> (j € J) (430)
keJ

Lemma 4.3.3. The following equation holds.

Qj97 = Q795 =9ngyy (G EJ). (4.31)

Proof. Since gy is constant with respect to y, (¢ ¢ J), we have Q95 = Q;,59-
We assume that J = [d] without loss of generality. Applying @; to the integrand
of giq), we have

d
- (yj + Qijkayk> eXp (h(xay»t))

k=1

d
= — (yj —+ 2ijktk> exp (h(x,y,t))

k=1
= _atj exp (h(%yﬂf)) :

Integrating both sides of the equation from 0 to oo with respect to t;, we have

Qj/ exp(h(x,y,t))dtj = exp (h[d]\{j}(l’,y,t)) .
0

Integrating both sides of the equation with respect to the remaining variables,
we have the equation (4.31). O

Remark. By Lemma 4.3.3, we have Q;Q;9 = gja)\ (4,53 for ¢ # j When the
vector y is equal to zero, this equation can be written as

d
2w +4Y Tl +2 Y @uidey, | 9= gy
k=1 1<k£0<d
By the transformation of parameters with X = (o) = —%x_l, we have

0 —-1/2,\ _ —1/2
60,;@ <|0| 9) = |o| Gld\{i,5}-

It can be easily checked that this equation corresponds to the classical Schléfli’s
formula.

For J = {j1,...,4st C[d], (j1 < j2 <--- < Js), we denote

vy = @jghcke<s, Y7 = W97,
1 _
¥y = *5%1:(0{‘;), MJ:EJyJ:(l‘}]l"“’“js)'

The following differential recurrence formula holds.
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Theorem 4.3.4. For any J C [d].

J J .
1igs+2 ey 090Gy €S
8yigj = {O Z]EJ FYI\{5} . ¢ J (432)
28yiangJ {Zaj} C J7 { <j
Ouiy95 = 0597 {iycJi=j (4.33)
0 else.

Proof. For i ¢ J, we have 0,,g9; = 0 since the g; is constant with respect to y;.
For i € J Lemma 4.3.3 implies

Wit S olane = - ol (ymzxgkayk)gl

jeJ jeJ keJ

_ J J,J J
= Hi — E 0i5Y; —2 E Uijxjk:ayk 97-
jeJ kjeJ

We have 3. ;0/y! = p by the relation 7 = £7y” and we also have

—2 Z Uznglkayk = Z Oik Oy, = Oy,

k,jeJ keJ

since —2%7z7 is the identity matrix of size |J|. Hence, the right-hand side of
(4.32) equals 9y, 9.

For {i,j} ¢ J, Ox,;95 = 0 since the g; is constant with respect to x;;. For
{i.jycJ

Oz, ; exp (hy(z,y,t)) = (2 — 045)0,,0y, exp (hy(z,y,t)) .
Integrating both sides we have the relation (4.33). O

By theorem 4.3.4, we have differential operators 0,,, — A;;,9,, — A; which
annihilate the vector value function G(z,y) = (9s(x,y))jc[q- Here, A;; and A;
are 2¢ x 2% matrices with rational function entries. In the next subsection, we
prove that the system of these differential operators is a Pfaffian system in the
meaning of [19, Section 2]. Note that the Pfaffian system have no singular point
on

{(z,y)|—x is positive definite }. (4.34)

4.3.3 Pfaffian system and the holonomic rank

In this section, we give the holonomic rank of the ideal I generated by (4.26)—
(4.28), and show that the differential recurrence formula (4.32) and (4.33) in
the subsection 4.3.2 give a Pfaffian system associated with (4.2).
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In this subsection, we denote the ring of differential operators in the variables
x,y by R. The holonomic rank of I is the dimension of R/RI as a vector space
over the field of rational functions C(z,y) (see, e.g., [28]).

At first, we give a lower bound of the holonomic rank. Since the holonomic
rank equals to the dimension of holomorphic solutions of I ¢ f = 0 at generic
points, we can obtain a lower bound of the holonomic rank by constructing
linearly independent functions annihilated by I.

Lemma 4.3.5. The holonomic rank of the ideal I in Theorem 4.3.2 is not less
than 2%, i.e., rank I > 2¢.

Proof. For a vector € = (e1,...,2q4) € {1}, let E. be an orthant
{t=(t,....ta) eERYeit; >0 (i=1,....d)}.

It is enough to show that the following 2% functions are linearly independent
and annihilated by I;

gea) = [ exp(hiap.0) e

By an analogous way as in the proof of Lemma 4.3.1, we can show that the
indicator function of E. is annihilated by the differential operators in (4.25) for
any ¢ € {#1}9. Analogously to the proof of Theorem 4.2.5, we can show that
the differential operators (4.26)—(4.28) annihilate g.(z,y).

Let c¢. be a real number for ¢ € {£1}%, and suppose >_c.g. = 0. Multi-
plying both sides of the equation by (27)~%2(det X)n~1/2 exp(—%,uthl,u), we
have

Z c.P(E.|p, %) = 0.
ee{£1}

Here, P(E.|u,X) is the probability of the event E. under the multivariate nor-
mal distribution N(u, ). Substituting p = te, (¢ € {£1}%) and taking a limit
t — 400, we have

ce =0

Hence, the functions g.(z,y) are linearly independent. O

In order to obtain an upper bound of the holonomic rank of I, we construct
bases of R/RI as a linear space over C(z,y). The bases correspond to the
functions g.

For J C [d], we put a differential operator

p= I @ (4.35)

J'e[d\J

where ), is the differential operator in (4.29). Note that the differential opera-
tors (); commute with each other. By Lemma 4.3.3, we have

Pjg=g,. (4.36)
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Equation (4.36) means that the differential operator Pj corresponds to the
function g;. For example, When d = 2 and J = (), the equation (4.36) is
written as follows.

(Y1 + 22110y, + 22120y, ) (Y2 + 22210y, + 22220,,) gr1,2y = 1.

Since the differential operator Q; commutes with 0,,; —209,,0,, (1 <i < j <
d) and 9,,, — 92, (1 <4 < d), we have the following lemma.

Lemma 4.3.6. The following formulas hold in R/RI.

Oz, ; Py =20,,0,,P; (1<i<j<dJcCld]), (4.37)
Ov, Py =0.P; (1<i<d,JcCld). (4.38)

Proof. For 1 <i< j<dand1l<k<d, wehave

d

=1
d
20,0y, Q = —20,,0,, (yk +2) maw> = Qr20y,0y, — 20,10y, — 20,40y,
=1
For1 <i<dand 1<k <d, we have
d
02, Qr = =0z, (yk +2) xkéayg> = Qr0z;; — 20,10y,
=1

(=1

d
02 Q= —02, <yk + QZW%> = Qu02, — 26;1,0y,.

Therefore, the differential operator Q; commutes with 0,,, —20,,0,, (1 <i <
j <d)and d,, — 02 (1 <i<d). Then we have

(Oz;; — 20y,0y,)Py = Py(0y;; — 20,,0,,) =0
in R/RI. Similarly we have (0,,, — 2,)Py = 0. O

The following lemma corresponds to Lemma 4.3.3.

Lemma 4.3.7. With the same notations as in Lemma 4.3.3,

QjP;=Q;sP;r=Pny (G€J,JCld]). (4.39)
holds in R/RI.

Proof. By definition of Py, it is clear that Q;P; = Py ;3. Since 9,,Q € I,
O¢Pjyisin Iif ¢ ¢ J. Hence we have

d
QjP;=— <yj + 2230]'1@5%) H Qe=0Q;sP;

k=1 Le[d)\J

in R/RI. Note that Q; and 9,, commute if j # k. O
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Theorem 4.3.8. The following relations hold in R/RI for any J C [d].

P gt P i
oy Py = i Pr+ s o P Le J (4.40)
0 i¢,
20,,0,, Py {i,jyCJ i<}
O:; P71 = (02.Py {iYcJi= (4.41)
0 else.

Proof. For i € J, we can show the equation (4.40) by Lemma 4.3.7 and an
analogous calculation as in the proof of (4.32). For i ¢ J, the equation (4.40) is
shown as in the proof of Lemma 4.3.7. By Lemma 4.3.6, we have the equation
(4.41). O

Corollary 4.3.9. The set of the differential operators Py (J C [d]) in (4.35)
spans the quotient space R/RI as a vector space over C(x,y).

This corollary together with Lemma 4.3.5 establishes the following theorem.

Theorem 4.3.10.
rank I = 2¢

4.4 Numerical experiments

In this section we present numerical experiments of our holonomic gradient
method for orthant probabilities. Our experiments show that the holonomic
gradient method is very accurate and fast compared to existing methods.

By theorem 4.3.4, we have an explicit formula for %G(x(t), y(t)) when z(t)
and y(t) are smooth functions. In order to evaluate G(x,y) at (z1,y1), we put

z(t) = (1 —t)zo +tx1, y(t) =tyr 0<t <L (4.42)

Here, x¢ is the diagonal matrix whose (i,7)-entry equals to that of x;. The
initial value can be written as

Nl

9:@(©0).y(0) = [T (-§o0) " (4.43)

jeJ

Note that 2 G(z(t), y(t)) does not have singular points on [0, 1] since the Pfaffian
system for G(x,y) does not have singular point on (4.34).

The accuracy of the holonomic gradient method can be checked by looking
at the summation } ;0 P(X € E;) = 1. Table 4.1 shows errors |1 —
Zse{il}d P(X € E.)| for sample data.

For a correlation matrix R = {p;;} with p;; = p,i # j, the orthant probabil-
ity can be written as a one-dimensional integral. Table 4.2 shows the values of
the orthant probability calculated by the one-dimensional integral and HGM for
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Table 4.1: Errors

Z
o

O 00| | O U x| W DN —

dim | error

1.760124e-08
5.473549e-08
3.373671e-08
2.265284e-09
1.120033e-08
7.330036¢e-09
8.705609e-09
2.288549¢-09
5.024879¢-10

O 00 | O U | W N

—
o

Table 4.2: Comparing of one-dimensional integral

rho | Dunnett HGM error

0.0 | 0.00097656249807343551 | 0.000976562500000 | 1.926564e-12
0.1 | 0.0065864743711607976 0.006586475124405 | 7.532442¢-10
0.25 | 0.026603192349344017 0.026603192572268 | 2.229240e-10
0.5 | 0.090909089922689604 0.090909086078297 | 3.844393e-09

certain values of p. The differences of the result of HGM and the one-dimensional
integral are less than 1079,

Table 4.3 shows averages of computational times of holonomic gradient
method and Miwa’s method for 100 sample data. The mean vectors of the
sample data are all zero, and the covariance matrices are randomly generated.
Table 4.3 shows that our holonomic gradient method evaluates orthant proba-
bilities faster than Miwa’s method, as the dimension becomes larger.

However, it should be noted that the holonomic gradient method can be very
slow when the mean vector is far away from zero. When the mean vector is far
away from zero and some eigenvalue of the covariance matrix is very small, the
value of the integral (4.2) becomes very large since the parameter y becomes
large. In such a case, the Runge-Kutta method takes a long time.

Table 4.3: Averages of computational times
dim | Miwa | HGM || dim | Miwa | HGM
0.002 | 0.016 9 6.078 1.050
0.011 | 0.056 10 | 60.171 | 2.371
0.080 | 0.154 11 | 671.370 | 5.411
0.664 | 0.390 12 - 13.48

QO 3| O] Ot
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Chapter 5

Probability content of
polyhedra

5.1 Introduction

A convex polyhedron P is the intersection of half-spaces of the d-dimensional
Euclidean space R?. We are interested in numerical calculation of the proba-
bility P(X € P), where X is a random vector distributed as a d-dimensional
normal distribution with mean p and covariance matrix >. When P is the or-
thant {z € R%: x; >0, 1 <i < d} in RY, the probability is called the orthant
probability and can be regarded as a function of p and ¥. By the inclusion—
exclusion identity given in [9] and [27], the probability content of the convex
polyhedron can be written as a linear combination of the orthant probabilities.
For this reason, the literature includes many discussions of methods for eval-
uating the orthant probabilities. For example, [26] proposed a method based
on recursive integration, and [11] and [13] proposed the use of the randomized
quasi-Monte Carlo procedure. For details, see [12]. In [23], the probability con-
tent of a general convex polyhedron was evaluated by calculating the orthant
probabilities.

The motivation of our study is to evaluate the probability content of a convex
polyhedron by a completely different and novel approach that uses the holonomic
gradient method (HGM) proposed in [28]. The HGM, which is based on the
theory and algorithms of D-modules, is a method for numerically calculating
definite integrals. It can be applied to a broad class of problems. In fact,
various applications of HGM have been proposed, for example, [15], [40], and
[16]. In order to apply HGM, we need to regard the probability P(X € P) as
a function and provide an explicit Pfaffian equation for it. In the case where P
is the orthant and p = 0, the orthant probability is a function of ¥ and Schlafli
gave a recurrence formula for it in [38]. In [35], Plackett generalized Schlafli’s
result for the case where P is the orthant and p # 0. In [42], we provided a
holonomic system and a Pfaffian equation that is associated with the orthant

69
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probability. Our Pfaffian equation corresponds with the reduction formula in
[35] and [10]. In this paper, we generalize our previous results [42] and give
a recurrence formula as a Pfaffian equation for the case of a general convex
polyhedron.

Let ¥ = AAT be a Cholesky decomposition of the covariance matrix 3,
and let Y be a random vector that is d-variate normally distributed with mean
vector 0 and for which the covariance matrix is the identity matrix. Then, we
have P(X € P) = P(AY 4+ € P), and the set {y € R?: Ay +pu € P} is also a
convex polyhedron. Hence, it is enough to consider the case in which the mean
vector of X is 0 and the covariance matrix of X is the identity matrix. Under
this assumption, the probability P(X € P) can be written as

d
1 1<,
P(X S P) = (27‘()d/2/£ep exp(—§ l:E 1$Z)daj'1 dwd

The polyhedron P can be written as

d
P={zeR": > ajwi+b;>0,1<j<n}, (5.1)

=1

where a;; and IN)J- are real numbers. We wish to study this integral with the
HGM, and as a first step, we will assume that the convex polyhedron is in the
“general position;” the precise definition of “general position” will be given in
Section 5.3.

Let a be a d xn matrix, and let b be a vector with length n. We are interested
in the analytic properties of the function

d d

n
o(a,b) = / exp(—l Z x?) H H (Z a;jT; + bj> dxy -+ dzg, (5.2)
R4 25 j=1 i=1
which is defined on a neighborhood of @ = (ai;),b = (b;). Here, we denote by H
the Heaviside function. Note that this function is an interesting specialization
of the one studied by Aomoto in [2] and Aomoto, Kita, Orlik, and Terao in [4].
For the meaning of the specialization, see Remark 5.6.3, below. In this paper,
we provide a holonomic system and a Pfaffian equation associated with this
function. The Pfaffian equation is required by the HGM for ¢(a,b). In order
to explicitly provide the holonomic system, we decompose the function by the
inclusion—exclusion identity associated with the polyhedron P. We also show
that the holonomic rank of the system is equal to the number of nonempty faces
of the polyhedron P. This Pfaffian equation is a generalization of the recursion
formula given by Plackett [35]. In addition, the singular locus of the Pfaffian
equation is compatible with that of the Schlafli function given in [1].

This paper is constructed as follows. In Section 5.2, we will give a brief
explanation of holonomic modules and Pfaffian equations. In Section 5.3, we
provide an analytic continuation of the function ¢(a,b). In section 5.4, we
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prove an existence of an open neiborhood of a given point in general position.
In Section 5.5, we give a system of linear partial differential equations with
polynomial coefficients for the function ¢(a,d) and show that the system induces
a holonomic module. In Section 5.6, we show that the holonomic rank of the
module is equal to the number of nonempty faces of P and explicitly provide
the Pfaffian equation associated with the module.

5.2 Holonomic module and Pfaffian equation

Before starting the main discussion, we briefly review holonomic modules and
Pfaffian equations. For a comprehensive presentation, see [28] and the references
cited therein. We denote by D, = C(x;,0,, : 1 <14 < n) the ring of differential
operators of n variables z1,--- ,z, with polynomial coefficients. Here, we put
Oz, = 0/0x;. Let us consider a system of linear partial differential equations

> Pijgi=0 (Pyj €Dy 1<k<m) (5.3)
j=1
for unknown functions g1, ..., gm. Let (D;)™ be the free D,-module with the

basis {g1,...,9m}, and let N be a D,-submodule of (D,)™ generated by P, =
> im1 Prjg; € (D)™ (1 < k < m'). We denote by M the quotient module
(D)™ /N.

The set consisting of the holomorphic functions on a domain U C C™ forms
a left Dy-module O(U). For a morphism ¢ : M — O(U) of left D,y-modules,
the functions ¢(g1),...,¢(gm) satisfy system (5.3). For this reason, we call
a vector-valued function (¢4,...,q.,) on U a solution of M when there is a
morphism of D;-modules ¢ : M — O(U) such that ¢(g;) = g} (1 < j < m).

By the theory of the Grobner basis in Weyl algebra, the characteristic variety
Char(M) of M can be computed explicitly. For details, see [31]. According to
the Bernstein inequality, the Krull dimension of the characteristic variety is not
less than n (see, e.g., [6]). When the dimension of Char(M) is equal to n, the
D, -module M is said to be holonomic. When the system of differential equations
(5.3) induces a holonomic D,-module, we call (5.3) a holonomic system.

We denote by R, the ring of differential operators of n variables x1, -, z,
with rational function coefficients. The left D -module C(z) ®cp, M is a left
R,-module, where C(z) is the field of rational functions. When the module M
is holonomic, C(z) ®c[y) M as a linear space over C(x) has finite dimension.
This value is called the holonomic rank of M, and we denote it by rank M. Let
7 be the holonomic rank of M, and let {f1,..., f.} be a basis of C(x)®c[; M as
a linear space over C(x). Then, there exist rational functions ¢;;; € C(x)(1 <
i,7,k <r) such that

T

Ov fi =Y cijrfe (1<i,5<r) (5.4)

k=1
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in C(z) ®cpz) M. Moreover, the matrices ¢; = (¢ijk)} =1 (1 <7 < r) satisfy the
integrability condition
Oc;

; oc; .
oz, +cicj = a—le +cje; (1<i,5<r).

We call equation (5.4) a Pfaffian equation associated with the holonomic module
M. The union of the zero sets of the denominators of the elements of ¢;’s is
called the singular locus of the Pfaffian equation. Note that a Pfaffian equation
associated with M depends on the choice of the basis of C(z) ®¢[y M, and it
is not unique.

5.3 Integral representation of the probability con-
tent of a polyhedron

In this section, we show that the function ¢(a,b) in (5.2) can be regarded as a
real analytic function. Since the Heaviside function H(x) is the hyperfunction
defined by —ﬁ log(—z), we can expect the function ¢(a, b) to be expressed in
terms of a logarithmic function. However, we cannot find a suitable d-simplex for

the d-form obtained by replacing H (Z;j’:l ai;T; + bj) in the integrand of (5.2)
with _#\/—T log (— (Zle a;;xi + bj)). In order to overcome this difficulty,
we use a decomposition of ¢(a,b), which will be given in (5.5), and show that
p(a, b) can be written as a linear combination of complex integrals. This implies
that ¢(a,b) is a real analytic function.

First, let us review some notions of polyhedra. In the remainder of this
paper, we will assume that d and n are positive integers. A subset H C R? is
called a half-space if H can be written as H = {z € RY| Zle a;z; + ag > 0}
for some a;,ay € R. A polyhedron is a finite intersection of half-spaces. An
inequality Z?:l a;x; +b > 0 is called valid for P if all the points of P satisfy
the inequality. We call a subset S C R an affine subspace if S can be written
as an intersection of hyperplanes. For a subset S C R%, the affine hull of S is
the smallest affine subspace which contains S, and we denote it by aff(S). The
dimension of a polyhedron P is the dimension of aff(P). For details, see [45].

In order to describe the combinatorial structure of a polyhedron, we use the
notion of the abstract simplicial complex [9]. Let F be a set consisting of subsets
of [n] := {1, 2,...,n}. We call F an abstract simplicial complex when J € F
and J' C J implies J' € F. Let F and F’ be two abstract simplicial complexes.
We say that F is equal to F' and denote F = F’ when F and F’ are equal as
sets. We say that F and F’ are equivalent and denote F = F' when there is a
bijection o : F — F’ such that J; C Js if and only if o(J1) C o(J2).

Let P c R? be a polyhedron, and let I, ..., F, be all the facets of P. For
each facet F}, there is a unique half-space H; C R? that satisfies (0H;) N P =
F; and P C Hj (see, e.g., exercise 2.14(iv) of Lecture 2 in [45]). We call
H ={Hy,...,H,} the family of the bounding half-spaces for the polyhedron P.
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The nerve of {F},..., F,} is the abstract simplicial complex defined by

F={Jchl:F#0, |F=F

jeJ
We also call F the abstract simplicial complex associated with the polyhedron P.
When F is an abstract simplicial complex associated with a polyhedron P, we
have {j} € F for any j € [n].

Next, we introduce the notion of a polyhedron in the “general position.”
Since we need to consider information for points at infinity, we will use the
idea of “homogenization.” The homogenization H of a half-space H = {z €
RY| > a;z; + ap > 0} is defined as

d
H = {(x07 s ,l'd) € Rd+1‘ Za’ixi > O}
i=0

For a family of half-spaces # = {Hy, ..., H,}, we call H = {Hy, Hy,..., H,}
the homogenization of H. Here, we put Ho = {wo > 0}. We say that a famﬂy
of half-spaces H = {H;,.. Hn} (or its homogenization H = {Hy,...,H,}) is
in general position when, for J C[n+1],

n

FJ:: ﬂ@f[j N ﬂH

jeJ 7=0

is a d + 1 — |J|-dimensional cone (i.e., the affine hull of the cone is d + 1 — |J|-
dimensional affine space) or {0}. Here, we denote by [n+1] the set {0,1,...,n}.
This is somewhat analogous to the “general position” for hyperplane arrange-
ments in [3, Chap 2. Section 9], but we emphasize that they are different (see
Example 5.3.1). The polyhedron P is in general position when the family H of
the bounding half-spaces of P is in general position.

Example 5.3.1. Let d = 2. We define H; (1 < j <4) by

H, = {(xl,xg) eR?:z > 0}, Hy = {(xl,xg) eR?:2, < 1},

Hs = {(whxg) eER?: x> 0}, Hy = {(1'1,1'2) eER?: 1y < 1}.
Then, the family of half-spaces H := {Hy, Ha, H3, H4} is in general position.
However, the family of half-spaces H' := {H;, Ha, H3} is not in general position.
In fact, the homogenization of H and H’ can be written as

A= (o, . oy, 10, 1) A = { o, 1, 1, )
where
fl { (zo,x1,x2) e R gy > 0} ,
H, { To,x1,20) € R 1y 20}7 Hy = {(mo,ml,x2)€R2+1 S SJ;O},
Hj

= {(wo, 1, 72) e R*M gy > 0}, Hy:= {(z0,®1,22) € R*l: 2, < zo}.
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Calculating F; for each J C {0,1,2,3, 4} we can show that # is in general
position. For example, the set Ho N aH1 N Ho n 8H3, N H4 isad+1-—2-
dimensional cone, and the set HoNOH, NOH, N Hy N Hy is equal to {0}. On
the other hand, the family #H’ is not in general position since the dimension of

aff (6ﬁ008ﬁ1 ﬂaﬁg ﬂﬁg) = {J} S Rd+1 X = I :0}

is not equal tod+1—3 = 0.

Hence, the polyhedron ﬂj’:l H; in Figure 5.1(a) is in general position, but
the polyhedron ﬂ?:l H; in Figure 5.1(b) is not in general position.

We note that the hyperplane arrangement {0H;, 0Hs, 0Hs, 0H,} is not in
general position in the sense of [3], but H is in general position.

Example 5.3.2. Let H; := {(:cl,xg) ceR? 2y + 19> 0}. Using the notation
in Example 5.3.1, the family of the half-space {H; : 1 < j < 5}, which is
shown in Figure 5.1(c), is not in general position. However, the polyhedron

ﬂ?:1 Hj is in general position since the family of the bounding half-spaces is

(a) (b) ()

Figure 5.1: Examples of polyhedra

Remark 5.3.3. Note that our definition of general position is more restrictive
than that of [27], and it is less restrictive than that of [23]. For example, the
polyhedron ﬂj-:l Hj in Example 5.3.1 is in general position by the definition in
[27]; and the polyhedron ﬂ?zl H; in Example 5.3.1 is not in general position by
the definition in [23].

Let P C R be a polyhedron. Suppose the family of bounding half-spaces
for P is given by

d
{zGRd:Z&ijxi+Bj zo} (1<j<n).
=1

We denote by a the d xn matrix (a;;), and by b the vector (by, ..., by). Let F; be
the intersection of P and the hyperplane {x € R% : Z _q Qi + b = 0}. The
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sets F,..., F, are all of the facets of P. Let F be the nerve of {F},..., F,},
which is the abstract simplicial complex of P.

Edelsbrunner showed the inclusion—exclusion identity for the indicator func-
tion of a polyhedron [9, Lemma 5.1.].

Proposition 5.3.4 (Edelsbrunner). If F is the abstract simplicial complex as-
sociated with a polyhedron P, then the indicator function of P can be written

as
1p=> [](u -1).
JeF jeJ

Example 5.3.5. For the polyhedron ﬂ?:l H; in Example 5.3.1, the inclusion—
exclusion identity can be written as follows:

1ﬂ?:1Hj =14+QQp -+ Qpg, -1+ Qg — 1)+ (g, — 1)
+ g, - 1)Ap, -1+ 1y —1)(Ag, - 1)
+ g, —1)Apg, — 1)+ 1y, —1)(2g, —1).
The first term of the right-hand side corresponds to the empty set.

With the Heaviside function H, the Edelsbrunner’s identity can be written

jﬁlH (iaijxﬁ@) =>"11 <H <§;ai]—xi+l§j> —~ 1) :

JEF jeJ

Under the general position assumption, this identity can be generalized as fol-
lows.

Theorem 5.3.6. In the notation above, if the polyhedron P is in general posi-
tion, then there exists a neighborhood U of (a,b) such that the equation

n d d
H H <Z Qi T; + b]> = Z H <H (Z Qi T; + b]> — 1)
Jj=1 i=1 JeF jed i=1

holds for all (a,b,z) € U x RY.

Our proof of Theorem 5.3.6 is technical, and it is independent from the other
parts of this paper; thus, it is given in Section 5.4.

Consider n polynomials f;(a,b,z) = Z;izl a;;x; +b; (1 < j < n) with vari-
ables a;j, bj, ¢; (1 <i<d,1 <j<n), and let

xr(ab) = [T (H(fi(a.b2) - 1)
JjEF

for F € F. Note that xg(a,b,z) = 1. We put

d
1 1,
er(a,b) = /Rd (2m)1/2 exp(—§ ;:1 z7)xr(a,b,x)dz (F € F).
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By Theorem 5.3.6, the function ¢(a,b) in (5.2) can be decomposed as

=Y erlab) (5.5)

FeF

on a neighborhood of (@, b) if the polyhedron P is in general position.

In order to give analytic continuations of the function ¢(a, b), it is enough to
consider pr(a,b). For F € F, let ap(a) = (aj;(a))ijer be an |F| x |F| matrix,
where |F| is the number of the elements in F' and

a;j(a) = Zakiakj (1<14,5<n).

This is a submatrix of the Gram matrix of a. The matrices ap(a) are symmetric
and positive semidefinite. Since the function ¢r(a,b) can be written as

d

1
fo 0 e Yo T s

i=1 JEF

we can expect that ¢p(a,b) is written by a d-simplex and the d-form
d -
1 1 9 log(f;(a,b,2))
—_— —= - —= | dz.
(2m)d/2 exp/ 2 z_:l %) H < 2my/—1 :
1= jeEF
In fact, we can find a suitable d-simplex and thus have the following lemma.

Lemma 5.3.7. If the polyhedron P is in general position, then for F' € F, the
value of pp(a,b) can be written as

1 log(f;(a, b,z
Z / 5 exp( izlz H( ng;E/i D)dz (5.6)

A€{£1}FI JEF

Here, for A € {£1}IF1, 4* is a smooth map from R® to CL. We suppose the
multivalued function log satisfies log(1l) = 0 and the branch cut is {z € C :
R(z) < 0}.

Proof. Let s be the number of elements in F. By the general position as-
sumption, s is not greater than d. We denote by j(1),...,5(s) all of the
elements of F. Since the polyhedron P is in general position, the vectors
ug = (Q1j(k)s - - ddj(k))T(l < k < s) are linearly independent . Consequently,
the determinant ap(a) is not zero. Let ur(s < k < d) be an orthonormal
basis of the orthogonal complement of the subspace 22=1 Ru, ¢ RY. We de-
note the vector uy by up = (uig,...,uqx) . The matrix u = (us5) is regular,
and we set u~! = (u¥). Without loss of generality, we can assume detu > 0.
Under this assumption, we have detu = /| det ap(a)|. Let e(¢) be a positive
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bounded function on R, i.e., inficr e(t) > 0 and sup,cg €(¢) < co. For a vector
(As--y ) € {—1,1}%, we define v* : RY — C? by

d
2 =D u (Nti+ Miv=Ie(\iti)) (€ RY).

i=1

Here, we put A; =1 for s < j <d.
By the coordinate transformation w; = Z?:l u;;%;, the integral (5.6) can be
written as

1 1 & oo rr [ log(wy + b
(QW)d/2|aF BE > /eXp _QZ(Z“]“’J'))H<W>‘M}’

Ae{*1}s i=1 j=1 k=1

where 7);(t) = Mjt; + A\jvV/—1e(\jt)) (¢ € R%). Calculating this integral recur-
sively, we have

1 1 1< L
(2m)4/2 |op (@) | /2 /EeXp(—§ Z(Zuﬂyj) )dy,

where £ = {y € R%: y; + l;j <0, j € F}. By the coordinate transformation
x; = Ztl ujiyj7 the above integral is

J
1 1,
WA ~ exp(—§ le )dx,

j(@,b,x)<0,jEF i=1

which is equal to ¢z (d,b). O
Moreover, we have the following proposition.

Proposition 5.3.8. Let Ur be a domain {(a,b) : det ap(a) # 0}. The function
wr(a,b) can be written as

1 1d log(f;(a,b,z
[ amercs I (52057 )¢ 6

Ae{£1}IFI i=1  jEF

on a connected open neighborhood of (a, 13) in Up. Here, we suppose the multi-
valued function log satisfies log(1) = 0 and the branch cut is {z € C : R(z) < 0}.

Proof. Since det(ap(a)) # 0, by arguments similar to those in the proof of
Lemma 5.3.7, pr(a,b) can be written as

S [ ament g I (P52

The matrix «’ and the integral path v} can be constructed similarly.

Ae{£1}IFI
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We need to show that the above integral is equal to (5.7). There is a smooth
path u(t) (¢t € [0,1]) in the general linear group of degree d over C such that
u(0) = u and u(1) = «’. The homotopy between v, and ~} is given by

d
Y (8)(t) = Zujk(s) (Aktk + Ak\/jlf(Aktk)) (t e Rd).

k=1

Consequently, the value of the integral on the right-hand side of (5.7) does not
change when we change the integral path with ~}. O

Corollary 5.3.9. The function ¢(a,b) is a real analytic function, and it has
an analytic continuation along every path in (\per Up.

5.4 Proof of Theorem 5.3.6

In this section, we prove Theorem 5.3.6. For this purpose, we need to present
some notation and some lemmas, most importantly, Theorem 5.4.6. The argu-
ment in the proof of Lemma 5.4.1 is also important, since analogous arguments
will appear repeatedly in the proof of Theorem 5.4.6.

Let a = (ay,...,a,) € RUTVX" be a matrix where we denote by a; the j-th
column vector of a. Put ag := (1,0,...,0)" € R, For a matrix a, we put

d
Hj(a) == {x e Re: Zaijxi + apj > O} (j € [n]),

i=1

H(a) :=={H(a),...,H,(a)},
P(a) = () Hya),

Fj(a) == 0H;(a) N P(a) (j € [n]),
Fy(a) == () Fi(a) (JC [n)),

jeJg

Fla):={J C[n]: Fy(a) #£0}.

Note that Fj(a) is not necessarily a facet of P(a), and F(a) is not necessarily
equivalent to the abstract simplicial complex associated with P(a). For this dif-
ficulty, we need the notion of families of half-spaces in general position. In fact,
in Lemma 5.4.5, we will show that the abstract simplicial complex associated
with P(a) is equivalent to F(a) under the general position assumption, which
is required by the proof of Theorem 5.3.6.

In order to consider combinatorial structures at the point at infinity, we
introduce the following notion: for the abstract simplicial complex F associated
with a polyhedron, the homogenization of F is the abstract simplicial complex
defined by

Fu= {JC[n+1]:FJ;£{O}} (n+1]=1{0,1,...,n}).
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Since F C F, we have {j} € F for j € [n]. Note that {0} € F does not hold in
general. The following are the “homogenization” of the notations given in the
previous paragraph. For a matrix a, we put

d
ﬁj(a) = {’I € RdJrl : Zaij:ci Z 0} (] S [Tl+ 1]),

A = {(0) < v 1},
n+1

Pla) = () H(a),

(a) == 0H,;(a) N P(a) (j € [n+1]),
(a) = {7 € [n+1]: Fya) # {0}},

Fy(a) == () Fi(a) (JCn+1]).
jeJ

S‘l) <

For all J € [n+ 1], F;;(a) includes the zero vector. Analogous to the case of the
abstract simplicial complex associated with polyhedra, we have F(a) C F (a).
For a family of half-spaces in general position, we have the following lemma,
which is required by the proof of Lemma 5.4.5.

Lemma 5.4.1. Suppose H(a) is in general position. Let J C [n]. If J € F(a),
then the set Fy(a) is a d — |J|-dimensional face of P(a). If J ¢ F(a), then the
set Fy(a) is empty. In particular, P(a) is a d-dimensional polyhedron.

Proof. 1t J ¢ F(a), it is obvious that F;(a) = 0. Let us consider the case where
J € F(a). Put J = {j(0),...,j(s)}, J = [n+ 1]\J. Since H(a) is in general
position, we have F;(a) = {0} or

Fy(a) 2 F(a) N OH(a) (5.8)

for any k € J°. In fact, the equality of (5.8) contradicts the assumption about
the dimension when F;(a) # {0}. However, we have F(a) # {0}, since J €
F(a) implies J € F(a). Hence, condition (5.8) holds for any k € J¢. For k € J¢,
take 2(®) € F(a)\@H}(a). Then the affine combination

1
- E (k)
X
n+1-|J] keJe

is an element of
Fy(a)n ( N int(ﬁk(a») , (5.9)
keJe

where int(S) denotes the interior of S. Since 0 € J¢, we have

Fy(a)n{zo=1}nN ( N int(ﬁk(a))> # 0.

keJe
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Let = be an element of this set, and let B be an open ball centered at x whose
closure is included in (), ;. int (ﬁk (a)). Let 2’ be an arbitrary point in {zg =
0jes dHj(a), and let " be an intersection point of @B and the line between

z and z’. Since 7" € F‘_;(a) and 2’ can be written as an affine combination of x
and 2", we have 2’ € aff (F;(a)). By the arbitrariness of 2/, we have

aff (Fy(a)) 2 aff (FJ(a) N {zo = 1}) = (N 0H;(a) N {zo = 1.

JjeJ

Analogously, we have

aff (F;(a)) = () 0H;(a). (5.10)

JjeJ

Since H(a) is in general position, the left-hand side of (5.10) is a d+1 —|.J|-
dimensional cone. Consequently, the vectors aj(y,...,a;.) are linearly inde-
pendent. Moreover, the vectors ag,a;(1),-..,a; (s are linearly independent.

In fact, if there are ¢;(j € J) such that a9 = > ,c;cja;, then we have

0 = ZjeJ ¢; (Zle aijxi—l—aoj) = 1 for x € Fj. Hence, the dimension of
aff(Fy) is equal to d — |J|. O

By the argument in the proof of Lemma 5.4.1, when H(a) is in general
position, J € F(a) implies F;;(a) # (. Hence, we have the following corollary.

Corollary 5.4.2. When H(a) is in general position, for J C [n], J € F(a)
holds if and only if J € F(a) holds.

Similarly, by the argument in the proof of Lemma 5.4.1, we have the follow-
ing.

Corollary 5.4.3. When H(a) is in general position and J = {j(1),...,7(s)} €
F(a), the column vectors ajy, ..., a;(s) are linearly independent.

We now review the Farkas lemma in [45].

Proposition 5.4.4 (Farkas lemma). The inequality Z?Zl citi+co > 0 is valid
for P(a) if and only if one of the following conditions holds:
(i) There exist \j > 0(j € [n]) such that
Zaij)\j = Cq, Zaoj)\j < Co (]. < 1 < d),
j=1 j=1

(1t) There exist A; > 0(j € [n]) such that

Z%/\j =0, Zan)\j <0 (1<i<d).
Jj=1 j=1
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Note that condition (ii) in the Farkas lemma implies P(a) = 0.
Lemma 5.4.1 and Proposition 5.4.4 imply the following lemma, which is not
required by the proof of Theorem 5.4.6 but is required by that of Theorem 5.3.6.

Lemma 5.4.5. If H(a) is in general position, then the abstract simplicial com-
plex associated with P(a) is equivalent to F(a).

Proof. Note that we assume d > 1 and P(a) is a d-dimensional polyhedron. Let

F be a facet of P(a); then there is an inequality Z?Zl ¢t + co > 0 valid for
P(a) such that

d
F:P(a)ﬁ{xeRd:Zcixi—kco:O}.

i=1

Since P(a) is not empty, condition (ii) in the Farkas lemma does not hold. By
the Farkas lemma, there exist A\; > 0(j € [n]) such that

Zaij)\j = Cq, Zaoj)\j < Co (]. < ) < d)
J J

Moreover, there is a unique A; which is greater than 0. In fact, if there is not
such a j, then we have ¢; = 0(1 < ¢ < d). This implies F = P(a) or F = .
This is a contradiction.

If there are two indexes j(1) and j(2) such that A;i) > 0, Aj2) > 0, and
J(1) # j(2), then we have F' C P(a) N 0Hj1)(a) N OHj(2)(a). This contradicts
the fact that F' is d — |J|-dimensional.

Therefore, there is a unique j such that a;;A\; = ¢;, apjA; < cg. Since we

have
d d
0< A (Zaz‘jxi + ao;’) < Zciiﬂi +c =0
i=1 i=1

for x € F, we have ¢g = apj);. Consequently, F' = Fj(a).

If Fj(a) # 0, then, by Lemma 5.4.1, F(a) is a facet of P(a).

Therefore, all the facets of P(a) are given by Fj(a) ({j} € F(a)). Conse-
quently, the abstract simplicial complex F(a) associated with P(a) is equivalent
to F(a). O

Theorem 5.4.6. Let P C R? be a polyhedron in general position, let n be the
number of facets of P, and let F be the abstract simplicial complex associated
with P. Then, the set

U= {a e RUHxn . H(a) is in general position and _7:'(a) = .7:"}

is an open set of R@Txn,
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Proof. Our proof is given by writing U as an intersection of finite open sets
Vy(J Cn+1)):

v=| ) V|- (5.11)
JC[n+1]

STEP 1 . First, we define V;. For J = {j(1),...,j(s)} € F, let V; consist of
a € RUEUHD*7 gych that the vectors aj(1),- - -, (s are linearly independent and
the set (5.9) includes a nonzero element. For J C [n + 1] such that J ¢ F, let
V; be the intersection of

{a e RUHDXN . fo(g) = {o}}

and

(n] {a e RIHDXN g 0} . (5.12)
j=1

STEP 2 . Next, we show that the right-hand side of (5.11) includes the left-
hand side. Let J = {j(1),...,4(s)} C [n+1].

Suppose J € F. Let a € U; then we have ]:"(a) — F by the definition of U.
When J¢ = ), the set (5.9) is equal to F;(a) and includes a nonzero element.
When J¢ # (), by an argument analogous to that in the proof of Lemma 5.4.1, we
can show that the set (5.9) includes a nonzero element. Consequently, equation
(5.10) holds. Since the left-hand side of (5.10) is a d+ 1 —|J|-dimensional affine
subspace, the vectors aj(y),...,a;) are linearly independent. Hence, we have
UcV;(JeF).

Suppose J ¢ F. For a € U, it is obvious that F;(a) = {0}. By the
assumption for F, we have {j} € F for arbitrary j € [n]. By the argument in
the previous paragraph, a € U implies a; # 0. Hence, we have U C V; (J ¢ F).

Therefore, the right-hand side of (5.11) includes the left-hand side.

STEP 3. We show that the left-hand side of (5.11) includes the right-hand side.
Suppose a matrix a is included in the right-hand side of (5.11). Let J C [n].
When J € F, a € V; implies that the set (5.9) includes a nonzero element.
Hence, we have F;(a) # {0}. When J ¢ F, a € V; implies F;(a) = {0}.
Consequently, we have F(a) = F.

Next, we show that H(a) is in general position. It is enough to show that
Fj(a) is a d + 1 — |J|-dimensional cone or that it is equal to {0} for J =
{5(1),...,4(s)} € [n+1]. When J € F, set (5.9) is not empty and equation
(5.10) holds. Since the vectors aj(1),---,4(s) are linearly independent, the
right-hand side of (5.10) is a d + 1 — |J|-dimensional affine subspace. When
J & F, we have F(a) = {0}. Hence, H(a) is in general position. Therefore,
equation (5.11) holds.

STEP 4 . Let J C [n+ 1]. We show that V; is an open set.
Suppose J € F. Let a € V;. Since the vectors a;(j € J) are linearly
independent, there is a subset I C [n] such that |I| = |J| and the |I| x |J|
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matrix (aij)ier,jes has the inverse matrix (¢j;)ierjes. Let 0 : I — J be a
bijection, then

yr = Zie] aio(k)xi (k € I)
Tk (k € Ic)

defines a coordinate transformation. By this coordinate transformation, the
condition that set (5.9) includes a nonzero element can be written as follows:
there exists y € R? such that

yU‘l(j)"_ZieIﬂ yiai; =0 (jed),
Doier 2nes Yoot (k)Chiij T D icre aijyi >0 (j € J°), (5.13)
y #0.

Let V7 be the set consisting of a such that the matrix (a;;)ier, jes is invert-
ible and there exists y satisfying condition (5.13). Then, we have

vi= U Vi

I1C[n],
[1]=[J]

In equation (5.13), the value of y; (j € J) is determined uniquely by the value
of the other variables. We can regard (5.13) as a condition for the variables
a,y;(j ¢ J). The set V;; is the projection of the following open subset of
R(@FD>n 5 R7=1I: the set consisting of (a,y;);¢; € REFD*" x R*JI that
satisfies (5.13) and in which (asj)ier jes is invertible. This implies that Vi is
open. Consequently, V; is an open set.

Suppose J ¢ F. There is the isomorphism between the set (5.12) and
RZ, x (SY)". Here, (S%)" denotes the n-th direct product of a d-dimensional
sphere S?. Since V is closed under the transformation which multiplies column
vectors by positive numbers,

(aij) = (Njaij), (A € Rxo),

the image of V; under the isomorphism is RZ, x ((Sd)" N VJ). It is enough to
show (S9)" NV is an open set. Since the projection

(SH™ x 8T — (SN, (a,z) > a

is a continuous map from a compact set to a Hausdorff space, it is a closed map.
The set (S4)"\V; is the projection of the following closed set of (S9)" x S%:
the intersection of (S4)" x S¢ and the subset of R(4+D*" x R4 consisting of
(a, ) satisfying
d )
2imo @it =0 (j €J)
d :
> im0 @iTi 20 (j € J¢).

Hence, (S4)™ NV is open. O
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Proof of Theorem 5.3.6. With the notation of Theorem 5.4.6, it is enough to
show that for a € U, the abstract simplicial complex associated with P(a) is

equivalent to F. Let a € U. By Lemma 5.4.5, the abstract simplicial complex
associated with P(a) is equivalent to F(a). By Corollary 5.4.2, F(a) = F
implies F(a) = F. O

5.5 Holonomic modules

In this section, we explicitly give a system of differential equations for the func-
tion
pla,b,x) prabx (5.14)
FcF

and show that the system is holonomic. Since the equation

1
wa,b:/ — 2 xp(a,b,z)ds
wh= [ o3

holds on a neighborhood of (a, b), a holonomic system for ¢(a,b) can be given
as the integration module of a holonomic module associated with

d

1
exp(—i Z z2)xp(a,b,z).
i=1

For more about the integration module, see [6] and [32].
For J C [n], we define a hyperfunction y” by

=0xp (0] =[]0
ieJ
Note that x? = xp.

Lemma 5.5.1. If J C [n] is not an element of F, then we have ] xp =0 for
F € F. Consequently, we have x’ = 0.

Proof. Since F is an abstract simplicial complex, we have J ¢ F. Take k € J\F,
then we have 9] xp = 0, since Oy, [Lier (H(fj(a,b,2)) —1) = 0. O

We now provide a system of differential equations for the x’’s. Let g =
(97)jeF be a vector whose elements are functions indexed by the set F. Let us
consider the system defined by the following:

=3 ai0,g’  (1<i<d, JEF), (5.15)
a9’ = 200,97 (1<i<d 1<j<mn,JeEF), (5.16)
Oy, g7 = g7t} (jeJe, JeF), (5.17)
fig? =0 (jed, JeF), (5.18)

where ¢/%} =0 for JU {j} ¢ F.
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Lemma 5.5.2. Let g = (9] xp)ser for F € F. Then the function g satisfies
equations (5.15), (5.16), (5.17), and (5.18).

Proof. When F = (), it is obvious that equations (5.15), (5.16), (5.17), and
(5.18) hold, since xg = 1. Suppose F' is not the empty set.
We first check equation (5.15). Since 0y, xr(a,b,xz) = 0 for j ¢ F', we have

0o, xF(a,b,2) = ai;O, xr(a,b,x) = aijdy, xr(a,b,z).
JjeF j=1

Here, we apply the chain rule for hyperfunctions. The equation above implies
(5.15).

We now show equation (5.16). When j ¢ F, both sides of (5.16) are equal
to 0. When j € F', we have 6‘%9'7 = 10, g’ by the chain rule.

Equation (5.17) holds by Lemma 5.5.1. For J C F', we have

gJ: H(S(fk(avbax)) H (H(fk(avbax))_l)
keJ keF\J
This implies (5.18). O
By (5.14), we have x’/ = 3" ;. 9/ xr. By this equation and Lemma 5.5.2,
we have the following proposition.

Proposition 5.5.3. The vector-valued function g = (x”)jer satisfies equations
(5.15), (5.16), (5.17), and (5.18).

Next, we show that the system defined by (5.15), (5.16), (5.17), and (5.18)
for x p is a holonomic system. In the remainder of this paper, we will frequently
use the following rings:

Dabx = C<aij7bjax138aijaabj78$i : 1 S Z S da 1 S .] S n>7
Dap := C(aij, bj, 04;;,0p, -1 <i < d, 1 < j <y,
C[a7b7x7§aa£b7§m} = C[aij7bj7xi7€aij7£bj7§l’i 01 S { S d7 1 S ] S TL]

We also use the free modules (Dgape)”!, (Dgp)”!, and Cla, b, 2]171, whose basis
is {g7 : J € F}.
Proposition 5.5.4. Let N, be the sub left Dapy-module of (Dabx)‘}-| generated

by
Oz, — Y a0y, | g7 (1<i<d, JeF), (5.19)
j=1
(0ay;, —i0h,) g7 (1<i<d, 1<j<n,JeF), (5.20)
0,97 — g’ (je e, JeF), (5.21)
fig?, (e J,JeF). (5.22)

Then, the quotient module M, = (Dabw)m/NX s holonomic.
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Proof. The principal symbols of (5.19), (5.20), (5.21), and (5.22) are the follow-
ing:

(511 - Zaijfbj)gj (1 <i<d,J€ ]:)7 (523)
j=1
(bary —2:&,)9” (1<i<d, 1<j<n, JeF), (5.24)
fi9”, &g’ (GEJ ke T EF). (5.25)
For J € F, let V; be an algebraic variety defined by
gibi - Zaijgb_,’a gaij - wigb]‘ (1 <i< da 1< J < TL), (526)
j=1

By [31, Proposition 1], the union |J; » V includes Char(M). Since the rank
of the Jacobian matrix of (5.26) and (5.27) is nd + n + d, the Krull dimension
of V; is equal to nd + n + d. Hence, the dimension of Char(M) is not greater
than nd +n +d. O

Let N, be a Dp,-submodule of (Dgp, )7 generated by (5.20), (5.21), (5.22),
and

T+ 0p, — Y _aijOh, | g7 (1<i<d, JeF). (5.28)
j=1

Proposition 5.5.4 implies that the quotient module M, = (Dap.)"V/N, is a
holonomic module. Moreover, the function

d
1
¢’ (a,b,2) = exp(— > ap)x! (JeF)
=1

is a solution of N, (see [41]). By Lemma 5.5.2, the function

d
1
exp(fi ;xf)ﬁgjxp (JeF)
is also a solution of N, for F' € F.

Calculating the integration module of N, with respect to x, we have the
following theorem.

Theorem 5.5.5. Let N be the sub left Dyy-module of (Dgy)! generated by

<6aij - Zaikabkabj> g/ (1<i<d, 1<j<n,JeF), (5.29)
k=1
O, g7 — g’ (je e, JeF), (5.30)
n d
(bj + D> aijainds,)g’ (G €J, JEF). (5.31)

k=1 1i=1
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Then the quotient module M = (Dg)|/N is isomorphic to the integration
module Mg/ >, 0z, M,. Consequently, M is a holonomic module.

Proof. We denote by ¢ the canonical morphism from (Dab)‘}- | to the integration
module M,/ >, 0, M,. Let Py = x; + 0y, — > p—y @ikOp, . Since we have

(Oas; — i, ) g7 + Ob, Pig” = <3zi3bj + Oay; — Z aikabkabj> g’ (5.32)

d n d
fng — Z aijPigJ = (b] + Z Z aijaikabk)g‘], (533)
=1

k=11i=1

the Dgpp-module Ny is generated by (5.28), (5.21), and

<8wi6bj —‘raaij — Zaikabkabj> gJ (1 <i<d,JeF),

(bj + > aijainde,)g” (j€J, JEF).

k=11i=1

Consequently, we have N C ker .
Next, we show the opposed inclusion ker¢ C N. Regarding (D, )‘ las a

subset of (D abm)‘ |7 the left Dgp-module Ny + Y 9,,(D abe)/” ! includes ker ¢.
Since the module N, is generated by (5.20), (5.21), (5.22), and (5.28), the
module Ny + > 0, (Dapz )1 can be written as

Z Dame)\ + Z ZDabng + Za aba: (534)

AEA JeF i=1

Here, we denote by Qx (A € A) the differential operators in (5.20), (5.21), and
(5.22). The left Dyp-module (5.34) is equal to

Z DabQA + Z ZDaba:Pg + Za ab:v (535)

A€A JEF i=1

Note that the first term of (5.35) is different from that of (5.34). In fact, for
any P; and the differential operator in (5.20), (5.21), and (5.22), we have

Pi (8a,w - zkabg) gJ = (aak[ Ikab() 'Ig )
Pi (617ng - gJU{k}> = 8kaig - PigJU{k}7

d d
P; (Z Aok + bg) gJ = (Z Aok + be) P,
k=1 k=1

These equations imply that for any differential operator @, in (5.20), (5.21),
and (5.22), the operator P;Q, is an element of Zi,J Days Pig”. Consequently,
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module (5.35) includes z;Qx = > 1 _; @ixOp, Qr+ PiQx— 05, Q. By induction on
the multi-index o € N¢, module (5.35) includes 2%Q, for any a € N&. Hence,
module (5.35) includes (5.34). The opposite inclusion is obvious.

We denote by Q4 (A € A) the differential operators in (5.29), (5.30), and
(5.31). By (5.32) and (5.33), the left Dyp-module

ZDabQA + Z ZDabeg + Za abz ‘]:l

A€A JEF i=1

is equal to module (5.35). Obviously, this module is equal to the left D,,-module

> Da@i+ > > Z 2 Doy Plg” + Z O: (Dabz) (5.36)

AEA 04€Nd JeF i=1

where P} := x; — Y ;_; airOp,. Note that the module Ny + > 9, (Dap) 7! is
equal to (5.36). Since ker ¢ is a subset of the intersection of (Dgp)!”! and (5.36),

we have .
ker: C ZDabQ/)\ + Z Z ZanabPi’g‘].

AEA aENG JEF i=1

Let P € kert. Then the element P can be written as Q + R, where @ €
Y ren Dar@y and R € ¥ cna ¥ e S0y @ DanPg” . The element P—Q = R

is an element of the Dyp,-module L := )", Zle Db Plg”. Let < be a lex
order which satisfies z; > m for 1 < i < d and any monomial m € Dg;. Since the
Grobner basis for L with respect to < is given by {P{g‘] 11<i<d, J € ]-'} , the
leading term of P — @ must be divided by some z;g”7 (1 <i <d, J € F). Since
P—Q € (D)1, we have P—Q = 0. Therefore, we have kert C > Dy, @. O

5.6 Pfaffian equation and holonomic rank

We will evaluate the holonomic rank of M and derive a Pfaffian equation as-
sociated with M. The following lemma gives a lower bound of the holonomic
rank.

Lemma 5.6.1. The real analytic functions pg(a,b), where F runs over the ab-
stract simplicial complex F associated with P, are linearly independent solutions
of M. Consequently, the holonomic rank of M is not less than the number of
the nonempty faces of P.

Proof. By Proposition 5.3.8 and Theorem 5.5.5, it is obvious that the function
pr is a solution of M.

Suppose a matrix @ = (d;;) and a vector b = (b;) satisfy equation (5.1).
Note that a;; and Bj are real numbers. Let U C C%" be a sufficiently small
neighborhood of a. Note that the function ¢ is defined on {(a,b) : a € U,b €
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C"}, by Proposition 5.3.8. We prove the linear independence of these functions.
Suppose F = {F1y,...,Fs} and

|Fi| < |Fy| < --- < |F§l.

We denote pr, by ¢;. Suppose Yoi_i¢jp; = 0 for some complex numbers
¢; (1 <14 <s). Take an arbitrary k such that 1 <k <'s, and suppose ¢; = --- =
cx—1 = 0. It is enough to show that c¢; = 0.

Note that Fy ¢ F}, for ¢ > k, since |Fy| > |Fy|. Define a(t) and b(¢) as

Bj+t j € Fy

- ] , t€]0,00).
bj—t j%Fk

aij(t) = aij, b;(t) = {
Since there is an element of F, which is not included in Fj for £ > k, we
have lim¢ o0 [ ;e 5, H(fj(a(t),b(t),z)) = 0 for all = € R?. By the Lebesgue
convergence theorem, we have

Jim i(a(t).b(6) =0 (> ).

Since we have lim; o0 [T, H(fi(a(t),b(t),x)) = 1 for all € R?, again by
the Lebesgue convergence theorem, we have lim;_, o, @¢(a(t),b(t)) = 1. By the
assumption of the induction, we have Zj:k cjp;i(a(t),b(t)) = 0. Taking the limit
of both sides as t — oo, we have ¢ = 0. O

Theorem 5.6.2. The holonomic rank of M is equal to the number of nonempty
faces of P, i.e.,

rank(M) = |F|.
In addition, a Pfaffian equation associated with M is given by
Daiy9” = iaikabkabjgl (1<i<d, 1<j<n,JeEF), (5.37)
k=1
O, g7 =g’ (je e, JeF), (5.38)
abng =— Z af}k(a) (bkg‘] + Z akg(a)g‘]w> (jed JeF). (539)
keJ tege

Here, (¢(a))i jer is the inverse matriz of ap(a). Note that the right-hand side
of (5.37) can be reduced by (5.38) and (5.39).

Proof. We have (5.37) and (5.38) by (5.29) and (5.30), respectively. By (5.30)
and (5.31), the right-hand side of (5.39) can be written as

d
— Z a?]k (bng + Z angJLM) = Z agk (Z ey, g” — Z a’“‘abng>
—

keJ Leje kelJ LeJje

= Z Oé?‘]k Z Ozkgabfgj = 8bjgj.

keJ LeF
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Consequently, we have (5.39).

By (5.37), (5.38), and (5.39), the module C(a,b) ®c|q,5 M is spanned by
g’ (J € F) as a linear space over C(a,b), and we have rank(M) < |F|. By this
inequality and Lemma 5.6.1, we have rank(M) = | F]|. O

Remark 5.6.3. We note that the Heaviside function H (Zle ;jT; —H)j) is

A
equal to limy_,q (E?Zl ai;T; + bj) as a Schwartz distribution. Thus we may
+

expect that our integral representation is a “specialization” of the integral
considered in the cohomology groups in [4]. However, we have no rigorous
understanding of this limiting procedure of the twisted cohomology. An in-
teresting observation is that the holonomic rank of M can be smaller than
the dimension of the twisted cohomology group H?(G,V), where G := C?% —

Vv (Hn (Zle a;jr; + bj)) and V is a connection defined in [4]. In our case,

j=1
the dimension of the twisted cohomology is Z?:o (’Z) The number of faces of

the polyhedron in general position with n facets can be smaller than this value.
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