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Abstract

We derive properties of powers of a function satisfying a second-order linear differential
equation. In particular we prove that the n-th power of the function satisfies an (n + 1)-th
order differential equation and give a simple method for obtaining the differential equation.
Also we determine the exponents of the differential equation and derive a bound for the
degree of the polynomials, which are coefficients in the differential equation. The bound
corresponds to the order of differential equation satisfied by the n-fold convolution of the
Fourier transform of the function. These results are applied to some probability density
functions used in statistics.

Keywords and phrases: characteristic function, exponents, holonomic function, indicial equa-
tion, skewness

1 Introduction

In statistics it is important to study the distribution of a sum (i.e. convolution) of »n indepen-
dent random variables. Usually the distribution is studied through the characteristic function,
because the convolution of probability density functions corresponds to the product of charac-
teristic functions. If the random variables are identically distributed, then we study the n-th
power of a characteristic function. The central limit theorem is proved by analyzing the limit-
ing behavior of the n-th power of a characteristic function as n — oo. Often the technique of
asymptotic expansion is employed to improve the approximation for large n. However for finite
n, the exact distribution of the sum of random variables is often difficult to treat. Hence it is
important to develop methodology for studying properties of the n-th power of a function.
Recently techniques based on holonomic functions ([9], Chapter 6 of [6]) have been in-
troduced to statistics and successfully applied to some difficult distributional problems (e.g.
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[12], [5]). In this paper we investigate the case that the function satisfies a second-order linear
differential equation with rational function coefficients, which we call holonomic differential
equation. In Section 2 we prove that the n-th power satisfies an (n + 1)-th order differential
equation and give a simple method for obtaining the differential equation. Also we determine
the exponents of the differential equation and derive a bound for the degree of the polynomials
which appear as coefficients of the differential equation.

As shown in Section 3, there are some important examples in statistics which falls into this
case. We discuss sum of beta random variables and sum of cubes of standard normal random
variables. The differential equations reveal many interesting properties of the characteristic
function and the probability density function of the sum of random variables. These properties
are hard to obtain by other methods. We end the paper with some discussions in Section 4.

2 Main results

In this section we present our main results in Theorems 2.4, 2.8 and 2.12. Theorem 2.4 gives the
differential equation satisfied by the n-th power. Theorem 2.8 bounds the degree of coefficient
polynomials. Theorem 2.12 derives exponents of the differential equation.

Let C(x) denote the field of rational functions in x with complex coefficients and let

R=CW@). 0, ==,
dx
denote the ring of differential operator with rational function coefficients. In R, the product of
0, and a(x) € C(x) is defined as d,a(x) = a(x)d, + a’(x), where a’(x) is the derivative of a(x)
with respect to x. In order to distinguish the product in R and the action of 9, to a function, we
denote the latter by the symbol e.

Example 2.1. If we write d,x, both d, and x are the elements of R. Hence d,x = xd, + 1. On
the other hand, if we write d, e x, this x is a function. Hence 9, e x = 1.

In this paper we study f(x) which is a holonomic function satisfying a second-order differ-
ential equation:

9% - a1(0)d, — apx)| @ f(X) =0, ag(x), a1 (x) € C(x). (1)

2.1 Order of the differential equation of the n-th power and its Fourier

transform
Letgo=(1, 0, ..., 0)7 be an (n + 1) dimensional column vector and let
0 ap(x)
n ap(x) 2ag(x)
A(x) = n—1 2a(x) . 2)
nao(x)
1 na(x)



be an (n + 1) X (n + 1) tridiagonal matrix with entries from C(x). Furthermore define

A(x,0,) = A(x) + 0,1 3)
ax Cl()()C)
n 0+ a(x) 2ap(x)
n-1 0, + 2a,(x)
' (n = Dao(x)
2 0.+ (n—-1Da(x) nao(x)
1 0, + na;(x)

with entries from R. Let
Q(X) = (qij(X))OOS'iS’:—I = (qO’ A(X, ax) ® 4o, A(X, ax)z ®qo, ... A(X9 ax)n+1 i 40)
<j<n

be an (n+1)x(n+2) matrix with entries from C(x). If we write g; = A(x,0,)eq0, j=0,...,n+1,
then
g1 = A(x,0,) ® g,

or writing down the elements we have

gij+1(x) = (n+ 1 = 0)gi-y j(x) + (0 + ia;(x)) ® g; j(x) + (i + Daog(x)qis1,;(X), 4)

where g_; j(x) = g,+1,j(x) = 0. Hence it is easy to compute the elements of the columns of Q(x)
recursively, starting from the first column.

Define .

=] |-,  nlo=1). (5)
k=0
From (4) we can easily prove that Q(x) is an upper-triangular matrix with non-zero diagonal
elements, although Q(x) is not a square matrix (cf. Example 2.3 below).

Lemma 2.2. g;i(x) =0ifi> j. gi(x) =[n]; #0 (i=0,1,...,n).

Proof. We use induction on j. The result is trivial for j = 0. Assume g;;(x) = 0 (i > j) and

q;j(x) = [n];. Then by (4) we have g, ;11(x) = 0 (G > j+ 1) and gj11:1(x) = (n = jlnl; =

[n]j41. o
This lemma implies rank Q(x) = n+1, or dim Ker Q(x) = 1. Hence the element of Ker Q(x)

is unique up to the multiplication of a rational function. Here note that we are using the linear
algebra over C(x).

Let
v(x) = (vi(xX))o<i<n+1 € Ker Q(x), v(x) # 0, (6)
where v;(x) € C(x),i =0,...,n+ 1. Once we set v,,1(x) # 0, then by the triangularity of Q(x),
Vu(X), Vo1 (), ..., vo(x) are successively determined. Moreover, if we set v,.1(x) = 0, then we
obtain v,(x) = --- = vo(x) = 0. Hence v,;;(x) # O for v(x) # 0. Often we set v,,;(x) = 1. For

theoretical investigation it is convenient to clear the common denominators of v;(x)’s and take
vi(x)’s as polynomials.



Example 2.3. Let n = 3 and let ap(x) = 1 + x2, a;(x) = —x~'. Then

1 0 3+3x2 3x'—9x3 21 +51x72 +54x7*
00x) = 0 3 —3x°! 21 +27x72  —66x7' — 144x73

00 6 —18x7! 60 + 126x72

0 0 0 6 —36x7!

If we set v4(x) = 1, we successively obtain
vi(x) = 6x71, () = =10 =3x72,  vi(x) = =30x" = 9x73,  vo(x) =9+ 6x72 +9x7,
Multiplying by x* we obtain v with polynomial elements.

We now derive a holonomic differential equation satisfied by the n-th power of the holo-
nomic function f(x).

Theorem 2.4. The n-th power of f(x) satisfies the following (n + 1)-th order holonomic differ-
ential equation:

Vi1 (DT + v, (D), + -+ + vi(0)D, + vo(x)| @ f(X)" =0, (7
where vi(x)’s are given in (6).

Proof. By induction we prove

Feoft=(f" 7 P A0 e qo ®)
for any k > 0. It is obvious for k = 0. By (1),
Oy o (fOf (xY)
= JFQ" T () + (= DFE" o
= Jjao(0)f)" ™+ Jar o) f ) () + (n = )T o
holds for all j =0, 1,...,n, and this leads to

Ao (f"s f7f s s SN Y = (S 7 FET ) A, €

where A(x) is given in (2).
Hence, assuming (8) for k, we obtain

e = (Do (" [N s FET ) Al 00 @ g0
L TP P 000 (Al 00 @ o)
=" SN L L AW A, 0. e g0 (by (9))
+ (" S f T 8:A(x, 8" e g
=(f" 7 PP ) (AR + 0.D) A, 0,) e g
=" SN L L P A8 e g (by (3))



Thus (8) is proved. By arranging (8) fork =0, 1,...,n + 1, we have

(" Do f's o, A e Y= (1 T F ) Q).
By multiplying it by v(x) € Ker Q(x) from the right, we obtain (7). O

Remark 2.5. If we just want to show the existence of a holonomic differential equation of order
n + 1, then consider

M=C)f"+COf" " f+ -+ COff" " + C)f™".

Then M is a left R-module of dimension at most n + 1. Hence n + 2 elements, ", 0, e ", ...,
"1 o f, of M are linearly dependent over C(x). Similarly, we see that when f(x) satisfies a
holonomic differential equation of order r (> 3), f(x)" satisfies a holonomic differential equation
of order ("”_1).

r—1
There exists a function f(x) satisfying a second-order holonomic differential equation, such
that f(x)" does not satisfy any holonomic differential equation of order less than n + 1.

Example 2.6. Let f(x) = sinx, with f”(x) + f(x) = 0. We prove by contradiction that
N, f or sin” x, sin” ! xcosx, ..., cos” x are linearly independent over C(x). It
is obvious for n = 0. Let m > 1 be the smallest integer such that sin™ x, ..., cos” x are linearly
dependent. Then, there exist rational functions gy(x), . .., g,»(x), not all zero, such that

go(x) sin™ x + g1 (x) sin™ ' xcos x + -+ + g_1(x) sin xcos X" ! + g,(x)cos" x = 0. (10)

By putting x = kr (k = 0,1,...), gu(x) has infinite number of zeros, and therefore g,,(x)
is identically zero. Divide the equation (10) by sinx, and we obtain go(x)sin™ ' x + -+ +
gm-1(x) cos™ ! x = 0, which is a contradiction.

Since f", f*'f’,..., f"" are linearly independent and the matrix Q(x) = (g, Aeqy, ..., A"e
qo) is non-singular by Lemma 2.2 over C(x), (", 0, f", ..., 0o f") = (f", L MO)
are linearly independent over C(x). Thus, there does not exist a holonomic differential equation
of order less than n + 1 satisfied by f(x)" = sin” x.

We have already remarked that we can take v;(x), 0 < i < n + 1, as polynomials in (7).
Also we can cancel common factors in them. Hence we can assume that they are coprime
polynomials. We now investigate the highest degree of these polynomials, which is important
when the differential equation is Fourier transformed, because it is equal to the order of the
transformed equation.

For the rest of this subsection we assume that ay(x), a;(x) are Laurent polynomials. Here,
we define mindeg and maxdeg of a Laurent polynomial.

Definition 2.7. For a non-zero Laurent polynomial f(x) = Z,iwzm cxk(m< M, c,, #0, cy #0),
we define

mindeg f(x) = m, maxdeg f(x) = M.

We define mindeg 0 = co, maxdeg 0 = —oo.



Note that for a polynomial f(x), maxdeg f(x) = deg f(x).
Now we state the following theorem on the largest degree of the polynomials.

Theorem 2.8. Assume that ay(x), a;(x) in (1) are Laurent polynomials and let m; = mindeg a;(x),
M; = maxdega;(x), i = 0,1. Let vo(x), vi(X), ..., Vur1(x) be coprime polynomials in (7). If
m < -1, My > -1, my >2my, My < 2M,, then

max degvi(x) < max{My + (n — 1)M,nM,, 0} — min{my, m,} — (n — 1)m;. (11)

0<k<n+1

Proof. Let m;; denote mindeg g;;(x). We prove
mo; = mo + (j — 2)my, mi; =z (j—Dmy, (0 <i<)), (12)

for j =2,3,...,n+ 1 by induction. It is easy to check them for j = 2. Assuming them up to j,
by (4), we have

Mo, jr1 2 mln{moj +my, my; + mo}
=mo+ (j— Dmy,
mi je1 > min{m_y j, m;; +my, M j + Mo}

> min{m,_y j, m;; +my, My j+ 2m}

= —-i+ Dmy, O<i<j+1).
Thus, the results are shown by induction.
Hence choosing an element #(x) = (V¥o(x), ..., V,(x), 1)T € Ker Q(x), we successively
obtain

mindeg V,(x) > m;, mindeg V,_;(x) > 2m;,

.., mindeg ¥{(x) > nm;, mindeg Vy(x) > my + (n — 1)m.

This implies that min; mindeg ¥;(x) > min{mg + (n — 1)m,, nm;, 0} = min{my, m;}+ (n—1)m;.
By regarding as Laurent polynomials of x as those of x~!, we also have max; maxdeg ¥;(x) <
max{M, + (n — 1)M,, nM,, 0}. Therefore, clearing the denominators of ¥ of (7), we obtain (11)
for the polynomials v;(x) of v. O

Let D = C(x,d,) denote the polynomial ring in x and 9, with complex coefficients. The
Fourier transform ¥, which is a ring isomorphism of D, is defined by (Section 6.10 of [6])

F:x s id,, F 0, > ix, (i= V-1). (13)

Hence the Fourier transform L(x, 8,) of L(x, d,) € D is given by L(id,, ix).
This definition is based on the fact that if a function f(x) satisfies the differential equation
L(x,d,) e f(x) = 0, then the Fourier transform f(¢) = f_ 0:0 e f(x) dx satisfies the differential

equation L(x,d,) e f(x) = 0 under some regularity conditions. If f is a rapidly decreasing
holonomic function, then the correspondence (13) is immediate (Section 5.1.4 of [16]). The



correspondence can be justified in the class of slowly increasing functions. See Chapter 5 of
[4].

We take v;(x)’s as coprime polynomials in (7) and then take the Fourier transform. By the
correspondence (13), the highest degree of the coefficient polynomials of L equals the order of
L. Hence we have the following corollary.

Corollary 2.9. Under the condition of Theorem 2.8, there exists a holonomic differential equa-
tion satisfied by the n-th convolution of ¥ f(x)] whose order is less than or equal to the right-
hand side of (11):

max{My + (n — 1)M,, nM,, 0} — min{myg, m;} — (n — 1)m,.

2.2 Exponents for the differential equation of the n-th power and the
Fourier transformed equation

Consider an r-th order differential equation
[(x=a)d, + (x— @) 'b, 1 (I + -+ + (x = b1 () + bo(x)| @ f(X) = 0. (14)

If by(x), ..., b,—1(x) are all analytic at x = a, then a is said to be a regular singular point for the
equation. If a = 0 and by(1/x),...,b,_1(1/x) are all analytic at x = 0, then oo is said to be a
regular singular point for the equation.

When the equation (14) is holonomic, a is a regular singular point if the denominators of
bo(x),...,b,_1(x) do not have a factor (x — a), and oo is a regular singular point if a = 0 and
by(x),...,b,_1(x) are all proper.

When xy € C U {oo} is a regular singular point for the equation, the r-th degree equation

b(A) = [y + b1 (x0)[A -1 + - -+ + bi(x0)[A]1 + bo(x0) = O,

where [A]; = A1 —-1)...(1 =i+ 1) (cf. (5)), is called the indicial equation (Section 9.5 of [7],
Chapter 15 of [8]) for (14) relative to the regular singular point xo. The roots of the indicial
equation are called the exponents.

The case xy # oo can be reduced to the case xy = 0 by the transform x — xy — x and the case
Xo = oo can be reduced to xo = 0 by x — 1/x. Hence in the following we put x, = 0.

The equation (14) is equal to

101, + by (D)0 + -+ + b1 ([0]1 + bo(x)| @ £(x) =0,

where 6, = xd, is the Euler operator, since x"@’; = [6,]x. This shows that b(1) is obtained by
expressing the differential equation in terms of x and 6,, and substituting x = 0 and 6, = 1
formally.

In this subsection we assume that x, € C U {co} is a regular singular point for the equation
(1) for f(x). Let Ay, A, be the exponents for (1) relative to the regular singular point xj.

We show the following lemma on the eigenvalues of a matrix before the proof of Theorem
2.12 on the exponents for (7) relative to xo.



Lemma 2.10. The eigenvalues of an (n + 1) X (n + 1) tridiagonal matrix

0 -4,
n A+ A4 =244,

M= n—1 2(11 + Ap)
' —(n— DA
2 (l’l — 1)(/11 + /12) —nAi Ay
1 n(d; + Ay)

are
(n—k)A, + kA, (k=0,1,...,n).

Proof. The eigenvalues of M are equal to those of the matrix

0 A
—nd, A+ A 2/7.1
M= —(n—-DA 24 + 1)
' (n—-Da
245 (I’L - 1)(/11 + /12) na
-2 n(d; + 2)

because the determinant of a tridiagonal matrix 7' = (;;) depends only on the diagonal elements
t; and the products of off-diagonal elements #; ;1 ;.

If 4; = 0, it is obvious that the eigenvalues are 0, A,, ..., nd,. Otherwise, putting z = A,/4;,
we prove that the eigenvalues of the matrix M’ /A, are y, = kz+ (n —k) (k=0,1,...,n).

For z # 1, all of w’s are different. We show that the eigenvector corresponding to i is

v = (V)o<i<n Where
— k\(k\ ;
W= (” )( .)zf. (15)
<\l —=j)\J

J

Here, the summation for j is over the finite interval max{0, k + [ — n} < j < min{k, [}.
The I-th entry (0 < [ < n) of (ued — M’/ A;)v* equals

¥ Lt P ) ¢

J
n—k k n=k Ak
AT RO RTINS

k+1)

(k+1>(." )+(n—k—z>( . (”"?)
j-1 J [

(n—k\(k+1) n—k \(k+1
:("_k_l”)(l—j)( j )—(n—k)(,_j+1)( j )

The first two terms equal




by the relations (kfl) + (’;) = (”Zl), k(;) = n(’,::}) and (’Z) = (nfk). Similarly, the last two terms

equal —(n — k)( nk )(kﬂ). Those show that (il — M’/ ,)v* = 0.

i\
For z = 1, all of y’s are identical. Let v* = (V})o<<, (k =0, 1,...,n) be (n + 1) dimensional
vectors where

-k
V;‘:(nl ), O<l<n-k), vf:O, (n—k<1l<n).

Then, we can show (nl — M’ /4,)° = 0 and (nl — M’ /A" = kv (k = 1,...,n) as above.
Hence v*’s, which are linearly independent, are the generalized eigenvectors of the matrix. O

Remark 2.11. (15) can be formally written as follows:

—k
vé‘=(”l )zFl(—k,—l,n—k—Hl;z),

where

> (@a(b) 2

F 7b7; = b
2Fi(a,b,c;2) £ ©), n!

n—1
@ = [@+h.
k=0

Then, the [-th entry (0 </ < n) of (I — M’/ A;)v, = 0 is equivalent to

clc=1)Fi(=k,=l-1,c=1;2) —c(c = 1 + (k = D)2) 2, F1(=k,—l, ¢c;2)
—llc+k)z,F1(=k,-l+1,c+1;2) =0, (16)
where ¢ = n — k — [ + 1. The recursion (16) can be confirmed by HolonomicFunction ([10]),
a package of Mathematica.

We now show the following theorem on the exponents for (7).

Theorem 2.12. If x, is a regular singular point for (1), then x is a regular singular point for
(7). Moreover; its exponents for (7) are

(l’l—k)/11+k/12, (k:O,l,...,n).

Proof. We put x, = 0 without loss of generality by translation. Then, the equation (1) can be
rearranged to

|62 = b6, — bo(x)| @ f(x) = 0,

where by(x) = x*ag(x) and b;(x) = xa,(x) + 1 are analytic at x = 0.

Let
0 bo(x)
n by(x) 2bo(x)
B(x) = n—1 2bi(x)
nbo(x)
1 nbi(x)



be an (n + 1) x (n + 1) tridiagonal matrix and let B(x, 6,) = B(x) + 6./, similarly to (2) and (3).
Then, as in (8) we have

0o f = (f" [ 00 f) s fBc0 ), (Br 0 /)) Blx,60,) ® go.

Let
P(x) = (pij(x))00$£Sri] = (g0, B(x,0,) ® qo, ..., B(x,0,)"" e q¢)
<Jj<n
be an (n + 1) X (n + 2) matrix and let w(x) = (wo(x), ..., w,(x), 1) € Ker P(x). Then, the

differential equation
[0 + w0+ -+ + Wi ()8, + wo()] @ f()" =0

is equal to (7).

Every entry of P(x) is analytic at x = 0 since by(x) and b;(x) are analytic. Moreover
wo(x), ..., wy(x) are all analytic because each of p;(x) is a constant and w,,;(x) = 1. Thus,
xo = 0 is a regular singular point for (7) since é* is a linear combination of 1, xd,, ..., x*6~.
Furthermore, the indicial equation for (7) is

4w, (0)A" + -+ + wi(0)A + wo(0) = 0.
On the other hand, since
B(x,0)" o go| = B(x,0."" ¢ BO)go| ~=--=B(x,0,)¢B0) 'qo| =B0)q,
we have
P(0) = (g0, B(0)qo, - ., B(0)™"qo).
Hence, by P(0O)w(0) = 0, we obtain
(BOY™" + w,(0)BOY" + - - + w1 (0)B(0) + wo(0)] )go = 0.

Then by the Cayley—Hamilton theorem and by the uniqueness of w(0), the characteristic equa-
tion of the matrix B(0) is equal to the indicial equation for (7).

On the other hand, by Vieta’s formula, we have by(0) = —1;4, and b;(0) = 1; + A,. Hence
the matrix B(0) is equal to the matrix M in Lemma 2.10. Thus the exponents for (7) are proved
tobe (n —k)A; + kA, (k=0,1,...,n). O

We have described the exponents for the differential equation satisfied by f(x)”. From now
on, we investigate the exponents for the Fourier transformed equation.
Consider a differential equation

Lef(x)=0,  L=p ()8, +p,1(x)0;" + -+ pi(x)d, + po(x),

10



where py(x),..., p,(x) are coprime polynomials. Let d be the degree of p,(x). We assume that
degpi(x) <d(k=0,1,...,r=1).

By the definition of a regular singular point, if x = 0 is a regular singular point, then d < r.
Similarly, if x = oo is a regular singular point, then d > r.

If x = 0 is a regular singular point, the main terms of the differential equation in the neigh-
borhood of x = 0 are x?07, x*'977!, ..., 879 Because of the relation x*4° = x*7°0,(6, —
1)---(6, — b+ 1), the indicial equation has 0, 1, ..., r —d — 1 as its roots.

The regular singular point and its exponents are transformed by the Fourier transform as
follows.

Proposition 2.13. Suppose that p.(x) = x?, degpi(x) < d (k = 0,1,...,r—1), x = 0 is
a regular singular point for the equation L e f(x) = 0 and its exponents are uy,...,u,; and
0, 1, ..., r—d—1. Then x = oo is a regular singular point for the Fourier transformed
equation L e f(x) = 0 and its exponents are —py — 1, —pp — 1, ..., =g — 1.

Suppose that deg pi(x) < deg p,(x) (k =0,1,...,r — 1), x = oo is a regular singular point
for the equation L e f(x) = 0 and its exponents are iy, . ..,u,.. Then x = 0 is a regular singular
point for the transformed equation and its exponents are —uy — 1, —up — 1, ..., —u, — 1 and

0,1, ...,d-r—-1.

Proof. By the assumption there exists a term with the highest degree both in x and d,. By the
Fourier transform x — id,, d, — ix, the highest degree is not changed and their weights are
reversed. Hence if x = 0 (00) is a regular singular point for Le f = 0, then x = oo (0) is a regular
singular point for L  f = 0, and the main terms in the neighborhood of the singular point are
not changed by the Fourier transform.

If x = 0 is a regular singular point for L e f(x) = 0, its main term equals x "~96,(6, —
1)---(0,—(r—d)+ 1), — uy) - - (6 — ug). The main term is Fourier transformed to

OO+ DO +2) - O+ r =) O+ 1+ 1) (O + g + 1)
=X 7UO A+ D) O+ pa+ 1),
by the formula &*x* = (6, + 1)(8, + 2)--- (0, + k). This gives the exponents for the Fourier
transformed equation at x = oo.
If x = oo is a regular singular point for Le f(x) = 0, its main term equals x"(6y—u;) - - - (8, —
u,). The main term is Fourier transformed to
OO+ + 1) O+ + 1)
= x_(d_r)ex(gx - 1) e (ex - (d - I’) + 1)(0): +u + 1) e (ex +ut 1)’

by the formula xkﬁ’; = 6,6, —1)---(8, — k + 1). This gives the exponents for the Fourier
transformed equation at x = 0. O

11



3 Applications to statistics

3.1 Sum of beta random variables

Let f,(a, b; x) be the probability density function of sum of n beta random variables Beta(a, b).
The moment generating function of the beta random variable is

[a+b) (!

M(@.b:0 = Tty J,

“u (1 = u)’ 'du.

Since M(a, b; t) equals the confluent hypergeometric function |F(a,a + b;t) (c.f. [15]), the
characteristic function ¢(a, b;t) = M(a, b; it) satisfies the following second order differential
equation:

[63—(1'—“[’)@—"7“

t ep(a,b;)=0, (i= V-1). (17)

An (n + 1)-th order differential equation satisfied by M(a, b; t)" is derived by Theorem 2.4,
and by the Fourier transform, we obtain a holonomic differential equation satisfied by f,(a, b; x).
By Corollary 2.9, putting my = My = —1, m; = —1, M, = 0, the equation for f,(x) is at most of
the n-th order. In fact, the equation derived by the procedure of Section 2 is exactly of the n-th
order.

We define the initial term of a formal power series, before the proposition on the order.

Definition 3.1. For a formal power series f(x) = Yo, ¢,x™* (co # 0), we define
in f(x) = cox’.
We denote the matrix (vector) whose (i, j) entry is in f;;(x) by in F(x), where F(x) = (f;;(x)).

Proposition 3.2. The differential equation for f,(a, b; x) derived by the procedure of Section 2
is of the n-th order.

Proof. We prove
ingo, (1) = i1/ (@ +b)1179, gy (0 = (<1 'n(a + )70,

for j = 2,3,...,n+ 1 by induction based on (4). It is easy to check them for j = 2. Assuming
them up to j, we have

. . . . a .
in go j+1(t) = 8,qo (1) + ag(H) in g j(1) = 1(—1)-’“115(61 +b)it,

ingu (1) = @ = br ) ing ;1) = (=1)n(a + b);t™,

since mindeg g, ; > —(j — 2) by (12). Thus, the results are shown by induction.

Hence, we obtain mindeg g ,,+1(#) = —n. As in the proof of Theorem 2.8, by clearing the
denominators, we see that the highest degree of ¢ of the equation (7) for ¢(a, b;1)" is n. O
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Example 3.3. f;(a, b; x) satisfies the differential equation

[x(x — D(x = 2)(x = 3)8 + (= 6(a+b—2)x* +2(16a + 11b — 27)x* — 6(8a + 3b — 11)x
+18(a — 1))0* + ((a + b - 2)(11(a + b) — 18)x* — (48a* + 66ab + 18b* — 145a — 95b
+108)x + 3(a — 1)(15a + 12b — 22))d, — (a + b — 2)(2(a + b) — 3)(3(a + b) — 4)x

+3(a-1)2(a+b)—-3)3(a+b) - 4)] e fi(a,b;x) = 0.
Note that x = 0 is a regular singular point for (17), and its exponents are 0, 1 — (a + b) since

a+b

- (i- t

)o, - ? = 20,60, — 1 +a+b)—it"\ 6, + a).

Hence we can obtain the exponents for the equation satisfied by f,(a, b; x) relative to regular
singular point co. However, it is not informative since f,(a, b; x) has a compact support.

On the other hand, the equation in Example 3.3 has regular singular points at x = 0, 1, 2, 3.
In general, the degree of the coeflicient polynomial of the highest order term 7 is less than or
equal to n + 1. On the other hand, a differential equation satisfied by f,, or the n-th convolution

of fi, has to have singular points at x = 0, 1,...,n, because f; has singular points at x = 0, 1.
Therefore, the highest order term of the differential equation derived as mentioned above is
x(x = 1)---(x — n)d%}, and this implies that x = 0, 1, ..., n are all regular singular points.

Especially, in the case of a = b = 1 (then, the beta distribution becomes the uniform
distribution), the differential equation is simply x(x — 1) --- (x — n)d} e f,(1,1;x) = 0. This is
because ¢(1, 1;1) = (¢ — 1)/(it) and thus

27F x(x — 1)+ (x — n)d" @ f,(1, 1; x)]
= —i0,(=i0, = 1)- - (=id, — n) & (=1)"(e" = )"
= —i0,(=i0, — 1)+ -+ (=id, — (n — 1)) ® (=1)"n(e" — 1)""!
=---=—i0,0(-1)'n! =0.

This shows that f,(1, 1; x) has to be a piece-wise (n — 1)-th degree polynomial.

The exact form of f,(1,1;x) is given in Section 1.9 of [2]. For n = 2, f2(1,1;x) is a
continuous piece-wise linear function and f, € C°. By induction it follows that f,(1,1;x) =
fol faz1(1,1; x — y)dy belongs to C"~2. Hence we can put f,(1,1; x) = cox"' (0 < x < 1) by the
smoothness at x = 0. We can also put f,(1,1;x) = cox™! + ¢;(x — )" (1 < x < 2) by the
smoothness at x = 1. In the same way, we can put f,(1, 1; x) = Z];:o ci(x— k< x<k+1).
By the smoothness at x = n, the k-th (k =0, 1,...,n — 2) derivative of g,(x) = Z;?;Ol cj(x— )t
at x = n 1s zero. Moreover, we have

n—1 n n-1 _\n
Zf ci(x— )" dx = ch(n /) =1,
=0 i "

Jj=0
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because of fon fu(1,1; x)dx = 1. Hence, cy, ..., c,—1 satisfy the equation

n" n-D" --- 1" Co n
nn—l (I’l _ l)n—l .. 1n—1 c 0
n m-D' - 1" e 0

The matrix on the left is invertible by the Vandermonde determinant. Therefore, we can deter-
mine the probability density function f,(1, 1; x).

Remark 3.4. The k-th moment of the beta random variable is (@);/(a + ). The moments of
sum of n beta random variables are the coeflicients of
( (@) N (@) Ay (@)2 LI )"'
(@+pB) (@+P) (@ +B)
The probability density function can be approximated in terms of orthogonal polynomials by

fitting the moments. However the information provided by the differential equation can not be
easily derived from the moments.

3.2 Sum of cubes of standard normal random variables

In this section we study characteristic functions and probability density functions of sum of
cubes of standard normal variables. Concerning the probability distribution of sample skewness
from normal population, Geary ([3]) and Mulholland ([11]) give very detailed results. However
the distribution of the sum of cubes of standard normal variables, which is a more basic quantity
than the sample skewness, has not been studied in detail.

Let f,(x) denote the probability density function of sum of cubes of n standard normal
variables. The characteristic function of the cube of a standard normal variable is

¢(1) = \/%T [ : e "2 dx, (i= V-1).

Let
I(r) = 0 fw xle 126 gy,
: Var Jw

for j=0,1,2,.... I;(¢) satisfies the recursion

i | 00
lj 1 .3 2 ’
e (xJ 2e7¥ /2) dx

_m B

- xj—2e—x2/2 (eizx3)’ dx =
V271 J-o
=1 1) + (j — 21;3(0).

Since ¢(1) = Iy(1), 8,6(t) = —L(1), 8?¢(t) = Is(t), we can express 9,4(1),0>¢(¢) in terms of
Iy(?), I;(?). By eliminating I(?), I,(t), we obtain the second-order differential equation for ¢(¢)

3t1,(1) =

27767 + (81 + 1)d, + 15t] » ¢(1) = 0. (18)
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This can be also derived by integration algorithm ([13]).

A differential equation satisfied by ¢(¢)" is derived by Theorem 2.4, and by Fourier trans-
form, we obtain a differential equation satisfied by f,(x). In Corollary 2.9, putting my = M, =
-2, my = =3, M; = —1, the equation for f,(x) is at most of the 3n-th order. In fact, it is exactly
of the 3n-the order.

Proposition 3.5. The differential equation for f,(x) derived by the procedure of Section 2 is of
the 3n-th order.

Proof. As in the proof of Proposition 3.2, we can show
ingo;(H) = (=150 YV ingy (1) = (1) 'n(Bt) VY,

for j=2,3,...,n+ 1. Hence, we obtain mindeg g ,+(f) = —3n, and thus the highest degree of
t of the equation (7) is 3n. |

Example 3.6. f;(x) satisfies the differential equation
[177147)96;2 +5314410x*0L" + 52455195x°01° + (65610x* + 202242825x%)5°
+ (11809807 + 278372295x)0° + (6145470x* + 89579520)0” + (8505x> + 9950850x)3°

+ (76545x% + 3408480)3° + 155655x0" + (450x* + 56160)3° + 1350x0° + 4800, + sx]
* fa(x) =0

Note that x = oo is a regular singular point of the differential equation (18), and its exponents
are —1/3,-5/3 since

27x°0% + (81x% + 1)0, + 15x = 3x(36, + 1)(36, + 5) + x7'6..

This implies that there exists a differential equation satisfied by ¢(¢)" which is regular at x = oo

and its exponents are —n/3, —(n +4)/3, ..., —(5n — 4)/3, —5n/3. Moreover, there exists a
differential equation satisfied by f,(x) which is regular at x = 0 and its exponents are n/3 —
I, m+4)/3-1, ..., bn-4)/3-1, 5n/3—-1andO0, 1, ..., 2n—2.

We now briefly discuss issues in numerical evaluation of f, based on our differential equa-
tion and computation of initial values. For numerically solving the differential equation satisfied
by f,, an initial value of (f,, 0, ® f,,..., (9?}"1 e f,) at x = xo # 0 is needed. Note that we can
not use x = 0 as the initial point, because it is the singular point of the differential equation.

By dividing the interval of integration of the inversion formula for the characteristic function
and integrating by parts repeatedly, for any integer m (> 0), we obtain

fu¥) = = Re f $a(D)e™ dt + e’T"qu(f 1>(T) f P (e dt

where ¢,(f) = ¢(¢)". Integration by parts is needed for numerical evaluation of derivatives of f;,.
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The formal k-th derivative of f,(x) at x = xj is

ixot iT xo (.] +1- 1)' A —
FP(x0) = —Re f (it pu(D)e™" dt + € ;w vt >;( ) D o

5 (k (m+ 1= 1)1t k=1 4 (m) /4y ixot
+Z(l) (m—-1)! xrn+l‘f7: e dt]' (1%

1=0 0

Define

nlm = ]_[ (n—km), m>0), nm=1, (n<0).

0<k<n/m

Lemma 3.7. The following expansion of ¢(t) holds at any t (# 0):

‘/2_||_1/3°° (Ok=5)16 o o \/2_”5/32"’: 6k — 1)!6
3T2/3) 1 (6616 (6k — )16 OT(1/3)" L4 (6h)16 (6k +4)'6

¢(1) = (67)
Proof. Airy function Ai(x) can be written as follows ([1], [17], Chapter 9 of [15]):
Ai(x) = —e 37" f eV cos (u3/3)du (x> 0).
T 0

By the transform u = 27'/2x71/45, we obtain

1 2 .32 © > )C_3/4 S3
Aj _ -1/4 —%x f -52/2 ( )d ]
i(x) —\/zﬂx e i et P eos | gy 5 ) ds

(1) = \/7 f 2 cos(tx’) dx,

we obtain the following relation between ¢(¢) and Ai(t):

From this and

\/_ 1 -2 t_4/3
r /3 _t7=/108
o0 =3t e A(4-34/3)

Since the Maclaurin expansion of Ai(t) is known, the expansion of ¢(¢) in 1/f can be derived. O

(t > 0). (20)

By (20) we see that ¢(r) = O(t™'/3) (t — o). Hence, (19) is justified for k < m + n/3 since
the integral on [T, o) converges for k < m + n/3.

In (19) the integral on [0, T'] can be numerically computed by using the relation (20).

The integral on [T, c0) can be computed without numerical integral. The values of J; =
me e/ de (I = 1,2,...), where T’ = Tx, is needed for computation of the integral on
[T, o). J; satisfies the following recurrence relation:

3 eiT’ .
Ji3 = Y(W + lJz),
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and thus it is sufficient to compute Ji, J, and J;. J; and J, can be reduced to the integral on
[0, T'] from the formulae (cf. Section 5.9 of [15])

f‘x’sinxdx_ T f‘”cosxdx_ T O<p<l)
o @ T 2(ysinpa/2) Jo w7 2M(p)cos(pa/2) p=7

J3 can be computed by Maclaurin expansion of trigonometric integrals.

The second term of the right side of (19) can be computed by Lemma 3.7.

From the above, the value of f,fk)(xo) (n=0,1,...,3n - 1) can be computed and the differ-
ential equation satisfied by f,(x) can be numerically solved.

4 Some discussions

In this paper we investigated properties of powers of functions satisfying a second-order holo-
nomic differential equation. Our motivating example was the distribution of convolutions of
cubes of standard normal random variables presented in Section 3.2, which was in turn mo-
tivated by the algorithm given in [14]. In the course of our study of distribution of cubes of
standard normal random variables, we noticed some remarkable properties satisfied by the char-
acteristic function of the cube of a standard normal random variable. Based on this example,
we developed more general theory presented in Section 2, which may be relevant to problems
in other areas of applied mathematics.

From a mathematical viewpoint, it is of interest to generalize the results of Section 2 to the
case of powers of a general holonomic function. From a statistical viewpoint, it is of interest
to investigate the distribution of the sum of the r-th power (r > 4) of standard normal random
variables.
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