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Computational algebraic analysis and connection formula
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Abstract. We introduce “fundamental problems” in “computational algebraic analysis” and explain that mechanical derivation and
proving of connection formulas, which are those of the most important special function identities, are reduced to solving the fundamental

problems. We give a new efficient algorithm of solving the fundamental problems. The algorithm decomposes a problem in 7l-variables

to problems in 1. — 1 variables.

§1. Fundamental problems in computational algebraic analysis

Put
Ap :C(‘Ela"’axmala""aﬂ)’
e S L =,
8“’”“””0"{0, i#)
and

BTL = C<I11 oy Tny El) o ')En)a

Ei: i= j)

0, i#£ 7.

The ring A, is the ring of differential operators and B,, is the ring of difference operators. Let 2 and B be

left ideals of the ring A,, and B, respectively. We will call the following problems “fundamental problems
in computational algebraic analysis”;

E,'.’Bj - .T,']‘E,: = {

Find Grobner basis of the following modules;

(1.1) Ap—1 module 4, /(A + 0, 4,),
(1.2) Ap—1 module A, /(A + z,A,),
(1.3) B,,—1 module B, /(P + (E, — 1)B,).

Notice that, for example, 2 + 9, Ay, is the sum of the left ideal 2 and the right ideal 0, A,, of A,,.
We can solve the following problems by solving problems (1.1), (1.2) and (1.3) respectively.

(1.4) Find  Ap_1 N (A+ 0, An).
(1.5) Find  Ap_1 N (A+ 2,4n).
(1.6) Find  Bn_i 0 (B + (B, — 1)B,).

We will also call these problems “fundamental problems in computational algebraic analysis”.
These fundamental problems are related to problems in the classical analysis as follows;



83

An/m = An/(m+ 6nAn) f(331, Tty xn) s ffooo f(mla .- -axn)dl"n
definite integral with parameters
An/m'_’An/(Ql'l'ann) f('rly“')mn) s f(mli"')xn—]no)

restriction

Bn/iB'—> Bn/(%'*‘(En - I)Bn) f(xl;"',xn) szi:—oo f(zl)”'s4l7n)

summation with parameters

Let us see the correspondence of the above by using an example. Put f(z1,z2) = (ﬁ;) (the binomial

coefficient). Here, we put (2) = 0 when z9 < 0 or o > 1. We define the action of E; and E5 to the
function as follows;

Eif(z1,22) = f(xy + L,z9), Eaof(zi,z2) = f(x1, 22+ 1).

Put
b = (x1+ 1 —z2) By — (21 + 1),

ly = (1‘2 + 1)E‘2 - (.’El - :L‘2).
Then we have £1f = fof = 0. Let P be the left ideal of By generated by ¢; and ¢5. Notice that we have
PBf =0. Let us find an element of (P+ (E2— 1)B2) N By. It is convinient to write the operators ¢; and ¢, as

6 = Ey(x1 —22) — (21 + 1),
£y = (Ez - 1)562 — 1 + 2xs.

Since we have

20 + F14y = 2E’1(CL‘1 — .’E2) — 2(1’1 -+ 1) + (Ez — 1)E1123 — FEix1+2F 2,
=2F 21 — 2(:&'1 + 1) — Fie1 + (Eg - 1)E13’32
= Fizy — 2(z1 + 1) + (B2 — 1) Eq 2,

we can see that
Fixy — 2(.’131 + 1) e (‘B + (Ez - 1)32) N B;.

For any element £ € By, we have ) ° ___ (Fa — 1)¢(%!) = 0. Therefore we have

T2
o x
1 —
[Brey = 2(z +1)] > (T) =0.
To==—00
We have the following proposition in a similar way.

ProposiTION 1.1 Let P be a left ideal of B, and f be a function of ®1 -z, such that f{zy, - -, z,) =
0 (lan] >>0). If Bf(z1, -+, 2n) =0, then

B+ (Ba=1)Ba) NBaot D flar,+,20) =0,

Tp=—00

Thus, if the B, module structure of the function f is B, /%, then the B,_; module structure of the
function E;i:—oo flzy, - 2,) is

Bn-—l/(%‘f‘ (En - 1)Bn) n Bn—l-

In the theory of holonomic systems, we consider the B,_; module B, /(P+(E,—1)B,) rather than the above
module, because it is more natural concept and easy to treat. It is important to consider the fundamental
problems for D,-module and ¢-Weyl algebra. These studies have just started. As for D,,-module, see [SO1].
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§2. An application to the mechanical theorem proving of binomial identities and special func-
tion identities

Studies on mechanical theorem proving of mathematical theorems have been done since the beginning of
computer science and computers have proved many theorems which are hard to prove. For example, [Wul]
and [Choul] found algorithms and implemented systems to prove theorems on elementary geometry by using
the Wu-Ritt characteristic sets and the Grobner basis. The quantifier elimination method and the decision
procedure over the real numbers have been widely studied. As for special function identities, [Tak1] found
an algorithm to find contiguity relations of special function by using the Grobner basis.

D.Zeilberger [Zeil] found a general method to prove binomial coefficients identities and special functions
identities; he explained that proving these identities reduces to solving the fundamental problems (1.4) and
(1.6).

Let us explain his ideal by using an example.

Our goal is to prove the identity

We have shown in §2 that

To=—00

by computing the ideal intersection
(B + (E2 — 1)B2) N Bs.

Since Erzy — 2(zy + 1) = (21 + 1)(E; — 2), we have
[Elﬂ?l - Q(Il + 1)]21‘1 = 07

which means that the both sides of the identity satisfy the same difference equation. Hence, it is enough for
the proof to show that the both sides satisfy a same initial condition. In fact, when z; = 0, we have 1 = 1.
It completes the proof.

The most important part of the above proof is to solve the fundamental problems (1.3) or (1.6). D.
Zeilberger gave an efficient algorithm, which is a modification of Gosper’s decision procedure ([Goll), to
solve the problems (1.4) and (1.6) in case of annihilating ideals of binomial coefficients and hyperexponential
functions ([Zei2], [AZ1]). He has also a similar algorithm for the q-case. On the other hand, the author found
an algorithm, which is a modification of the Buchberger algorithm ([Buchl]), to solve the problems (1.1) ~
(1.6) ([Tak2], [Tak3]). By using these algorithms, we can easily give proofs, for example, to the following

binomial identities;
n

n n4l __
Zk(n) ~ n2n_1’ 1 <n) — 2 1’
= k ‘ - k+1\k n+1

k=0
n n2_(2n)? i n m \ _ (n+4+m ( Chu-Vandermonde)
k - (n])z’ k’ _ k’ - p ; 11- Vandermondae),
k=0 k=0
_kfntb\[(nte\ b+ _(nt+bt+o)l
;( 1) <n+k) (c+k> (b+k) = (Dixson).

83. A new “fundamental problem” and its application

In the preceding sections, we considered mechanical theorems proving of binomial and special functions
identities. In this section, we will consider algorithms of deriving and proving connection formulas of special
functions and introduce a new fundamental problem in computational algebraic analysis.

Put 6; = 2;0;. Let A be an left ideal of the Weyl algebra A,,. We will call also the following problem a
fundamental problem;
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Find
(3.1) (A4 2, An—1(2n,0,))NClay, -+ 2n-1,00);
in particular, find the set of roots

{0eC|Yf(z1, -, 2n-1,0) = 0, f € (3.1)}.

We call the above set of roots exponents of the ideal 2 along the line z,, = 0.

We will give an efficient algorithm which give a sufficient answer for applications to the problem (3.1).
Computations of exponents along regular singularities, derivations and making proofs of connection formulas
and finding a sufficient answer to the fundamental problem (1.5) are applications of the problem (3.1) and
Algorithm 4.1 given in Section 4.

Before going to giving a general algorithm, we will explain the method of solving (3.1) and (1.5) and its
applications by using an example. The general procedure will be given in the next section. Our method is
a kind of the pruning.

It is known that the following identity holds.
Ife—b—1¢2Z, then

(3.2) o = L()l(c—a~b) I(c)T(a+b—c)

Te—alc=50" "7 T(or®

where
_ = (a)m+n(b)m(bl)n 20y
Zl‘%%QO@MWno%xnn -

= @i
= Z (1+(l+b—c)m(c—b)n(l)m(l)n(l x) ’

m,n=0

\e—a— - (C _ b)m+ﬂ (C _ a)m(bl)?l Am,n
(1=2) bm%;)(l+c—a—b)m(c—b)n(1)m(1)n(1_"’) !

()i = afa+1)---(a+k—1) = (o + k)/I(a)

i

%9

and T'() is the Gamma funcition.

ExaMPLE 3.1 Prove the identity (3.2) by using the connection formula of the Gauss hypergeometric function
and the fact that the functions z1, z7 and 29 are solutions of the system of differential equations

fou = flu = fgu =0
where ‘
by =0,(0; +0y +c—1)—x(0; + 0y + a)(0; + )

b =00, +0,+c—1)—y(lc + 0, +a)(b, +1)

o? , 0 13}
ly = (x—y)—————axay - %+b5§

4] 0
by =20, = Ta 6, = yoy = y%

Solution. In order to prove the identity (3.2), we need the following lemma.
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LEMMA 3.1 Let P be an operator of the form
$
P= Zykpk(ﬁy,;l;,ﬂx)
k=0

and f be a holomorphic function at (z,y) = (0,0) such that f(z,0) = 0 and Pf = 0. Suppose that
po = pol(fy,z) does not depend on 6, and po(k,z) # 0 for all non-negative integers k. Then we have

flz,y) =0.

Proof. Since the function f can be written as
o0
, k
=Y h),
k=0

we have

Pf= Zzyi+kpk(k»x101')fk(m) =0.

k=01=0
Hence, we have the following difference equation
pU(k) 'r)fk = —pl(k - 17 ./l:, gﬂjfk—l - pb(k - 57 x& 6:1:)fk—s
Since fo = 0, then we have f; = 0. |

Puttin
¢ I'(e)l(c—a—1b) L()l(a+b—c)
T Te—al(c=0"" T T(a®)

we will use Lemma 3.1. In order to use it, we need to find an operator of the form

f==

po(gy’ :L’) + y[ ...... ]

in the left ideal R¢y + Rl; + Rl where R = C{z,y,0,,0,). This problem is the problem (3.1).
In order to find an operator of the form po(fy,z) +y[- -+ - ], we need not to consider the higher order
terms with respect to the variable y, because we have

O,y =y, +1)in R.
In fact, the operators £y, £2 can be written as

zyls = xly(0, +b) — yb. (6, +b")
20y (0: + b) + O(y)
bo =046, +0; +c— 1)+ O(y)

and we need to consider only
l3 = 20,0, +b),
£y =0,(0, +0, +c—1).
We compute
ideal(fs,£4) N C(b, c)(x, by).

This elimination can bé done by the Buchberger algorithm for the ring of differential operators. In this case,
we can easily eliminate 6, by taking the S-pair

xly — Ly = 20,0, +c—1—0) € C(b,c)(x,6,).
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Finally, we have
x-zyly — Ly
=z(f3 + O(y)) — (£a + O(v))
=2y (0y + ¢ —1—b) + y[—2(0- + 0y + a)(8y + V') + 0-(0, +b')].
Here, O(y) is a term expressed as y[---- - ]. Hence, it follows from Lemma 3.1 that if we have f(z,0) = 0,

then we complete the proof of (3.1).
The restricted function f(z,0) can be written as

- @) (b)m ™
o0 =3 G

F(C)F c—a— b) (a)m(b)m m
I(c—a)l(c—=b) Z(1+a+b“0)m(1) ':c

F(C) (a+b_ ) c a—-b (C_bm(c )771 m
T T T(a)T(b) Z (T+c—a- DU

which is equal to zero by reason of the connection formula of the Gauss hypergeometric function ([WW
14.51]). It completes the proof of (3.2).

ExaMPLE 3.2 Put bi(2) = Zi|,=0- Show that the function b; satisfies the Gauss hypergeometric differential
equation ,
(0, +c—1)— (0, + a)(0: +b)]v=0

by using only the fact that the function z; is a solution of the system of differential equation

lou = b1u = dyu = 0.

Solution. Notice that if we find an operator of the form
po(,0z) — ypi(z, 0x,y, 0y) € A = Rby + Rl + Réy,
then we have po(x, 8,)b; = 0. Since |
A5 Ly =00 +c—~ 1)~ 2(0: + a)(b: +b) + y[0,0 — 0y (0 + b)],

we have

4 : [0:(0; +c— 1) —2(8; +a)(B: + b)]b; =

REMARK. 3.2 Here, we have proved (3.2) by solving the fundamental problem (3.1). The next question
is how to derive connection formulas like (3.2). In fact, it is possible to derive connection formulas, with a
limitation, by solving the fundamental problems (3.1) and (1.5). The limitation is that we cannot obtain
higher order terms of connection formulas by the method. For example, we can find the following formula

P(N(a+b—c) | _
T(a)T(b)

T(e)T(c—a—b)

T'(c— a)l(c—1b) 2)7 14+ 0(z — 1,y))

z1 = (1+0(z—-1,y) +

by the derivation method. We need new notions and theorems, which are explained in [Tak3], for the
derivation. Here, we only notice that we can derive connection formulas by solving the fundamental problems
(8.1) and (1.5) and by using the notions and theorems in [Tak3].
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REMARK. 3.3 We can obtain the operator of the form

p0($>9y) + ypl(:f,@mya Hy)

by computing the intersection
ANC(z,y,by).

The computation of the intersection above is more expensive than the method explained in Example 3.1,
because the elimination is done in the ring of 4 variables in this case and in the method explained in Example
3.1 the elimination is done in the ring of 3 variables. Notice that we can see that the operator

20y (0, — 1)(b—c— 0, + 1)+ y8, (0, + b )(az — bz + ¢ + 20, + 0, — 1) — y* (6, + V') (0, + b' + 1)(6, + a),

is in the left ideal
Rby + REy 4+ RE,.

§4. New algorithms

We will explain new efficient algorithms to solve the fundamental problems (3.1) and (1.5) in sufficient
forms for the application to proof and derivation of connection formulas. We assume the variables are x, y,
O, and 0y and the number of generators of a given left ideal 2 is 2 for the simplicity.

Put

AZ:C<x)y)8.’L‘aay>) AIQZC(x‘)yaHxa&y), A:C<0x7yaay>'

For given operators P, Q) € A5, we have unique expansions

K,

Q:ZkuLW Pk, qk GA'
k=0

Put A= AP + A2Q. Then the set A is the left ideal of the ring A2. We will show an algorithm of solving
the fundamental problem (3.1) for the left ideal 2.

We inductively define operators R;-i) and S](-i) (j=0,1,2,...) satisfying the condition
ROP +8Q = 0(xi*1)
where O(z?*1) denotes a term expressed as z/*1w, w € A}. The space
{(R,S)| Rpo+ Sqo = 0, (R, S) € A%}

is the left A module. For j = 0, let (Rgi), S(()i)) (i=1,---,90) be generators of the left A module. For j, we
put

95-1 . . .
R;z): ngzk)ng)l_i_m]ry)! Z:l,;gj,
k=1
0 _ K= g L)
5= St +als i=1 g
k=1
Here, (d;-?, cee d® el s(i)), (i=1,---,g; ) are generators of the left A module

Jgi-1"§ 7]

gi—1

{(dly t '1dgj~1)rj3sj) E Agj_1+2 I Z dkry(i)l + (ij() + sjqo) = 0}
k=1
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where we define the operator Tj(f)l € A as
R¥ P4 59,Q = T, + 0.

Notice that we have ) ) )
RYVP +5Q = O(xit)

from the definition. Eliminating the operator 9, from {T]k |k =1,---,g;}, we can solve the fundamental
problem (3.1). The correctness will be proved in Theorem 4.1. Summarizing the above procedure, we have
the following algorithm.

AvcoriTEM 4.1 findBoundaryData(P, @, J)

(1) exponents := 0

(2) boundaryValues := 0

(3) T—(-ll) = Po

(4) T£21) = qo

(5) g-1:=2

(6) exponents := ﬁndExponents({Tfkl) lk=1,2})

(7) boundary Values := findBoundary Values(exponents,{T Ekl) lk=1,2})
(8) Let (Rgi), Sgi)) (i=1,---,g0) be generators of the left A module:

{(R,S)|Rpo+ Sq0 =0, (R, S) € A%}

(9) for j:=1to J do

(10) T](k) = the coefficient of 27 of R(k) P+ S’(]”)IQ, (k=
(* gk_)lP + S}]_c_)l = :c]T](_)lmod i TLAL *)

(11)  exponents := ﬁndExponents({Tj(k) li==1,---,j—Lk=1--,95-1})

(12)  boundaryValues := ﬁndBoundaryValues({Tj(k) lji=—-1,---,ij—Lk=1,---,g;-1})

(13) Let (dgil), - ,dgzg)J . ](Z), 8; )) (i=1,---,g; ) be generators of the left A module

Lo gj-1)

gij—1

{(d1,~- 9; 117'1,51)6 Asi- 1+2| deT( 1+(7°]P0+6390 —0}
k=1

(14) Return(exponents, boundary Values)

ArcoriTHM 4.2 findExponents( {Z; |i=1,---£} )

(1) G := the Grobner basis of {T}} in A by the order {y,d,} > 6,
(2) G := G N Cly, b)

(3) Return( {6 € C| f(y,0) =0,Yf € G})

ArcoriTaM 4.3 findBoundaryValues(exponents, {T; |i=1,---,¢})
(1) B:=

(2) for e € exponents do

(3) G:= {Ti]az_wli“_‘lv"'?g}

(4) B := BU{ Grobner basis of G}

(5) Return(B)
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Suppose that there exist R',.S’ € Ay such that
R'P+SQ=T(0:,y) +2U(z,y,0:,0,).
In this case, there exists N satisfying
eV R NS € Ay = Clz,y,0,,08,).
The following theorem shows that if the number J is sufficiently large, then Algorithm 4.1 ( findBoundaryData(P, Q, J)

) returns the exponents and solves the fundamental problem (3.1). Notice that the upperbound of the number
J is not known.

THEOREM 4.1  If there exist a number N, an operator T' € C(0,,y) and operators P,Q, R, S € C(z,0,,y, 0y)
such that

RP +5Q = 2" T(0z,y) + O("*?),
then the operator T is the member of the left ideal of A = C(0;,y,0y) generated by

TE k=1, gn, T =po, T = go.

We need a lemma to prove the theorem.
LEmMMA 4.1 Let (R, S) be a solution of
RP 4+ 5Q = Oz *).
Then the solution (R,S) can be expressed as

g~
(R,S) =Y N (RY, S + 0N, o € A.
k=1

Proof. We can suppose that the degrees of R and S are N with respect to the variable 2. We use the

induction on N. We have the conclusion in case of N = 0 from the definition of ng) and S((Jk'). We express
the operators R andS as

R=R 42z, S=5+2"s
where the degrees of R’ and S’ with respect to z are less than N — 1. Since
RP +5Q = R'P+ 8'Q + 2™ (rpo + 5g0) + O(2*1),

we have R'P + 5'Q = 0(z"). It follows from the assumption of the induction that

gN-1 . .
(B.S)= 3 ¥Ry S, e d
i=1

Therefore R'P + S'Q can be written as

gN-1
RP+8Q=a" 3" NP 4+ 0N ).

i=1
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Since R'P + S'Q + &N (rpo + 5g0) = O(zV+1), we have

gN-1 .
Z Civ—lT](g;)_l + rpo + sqo = 0.
i=1
Any solution
N—-1 N-1
(cl ,'~~,CgN_1,7’,S)

of the above linear indefinite equation can be expressed as
gi . . . - o
S di(dWy, S, Y sV, di€ Al
=1

We have the conclusion from the above and the definition of (RE\};), 5\];)) 1
Proof of Theorem 4.1. The operators R and S can be expressed as

R= R’+xN+1T+O(IN+2),
S =542+ 0(aN*?),

where the degree of R’ and S” with respect to z is less than N. It follows from Lemma 4.1 that there exist
ey € A such that

gN
RP+5Q=Y eI +0N*?).
k=1

Since we have
RP 4 SQ = zV*17(0,,y) + O(2N*?),

then

N
ZCiVTJ(Vk) + rpo + sq0 = T(0z,y),
k=1

which means that o . .
T(0s,y) € Y AT + Apo + Ago.[

Let « be one of the exponents of the ideal 2. In order to derive connection formulas, we need to find
the left ideal for the boundary values with respect to «;

(27 Az + £ A2) N C(y, Oy).
The above problem is the fundamental problem (1.5). We gave algorithms for solving (1.5) in [Tak2] and
[Tak3]. Algorithm 4.1 does not always give correct answer, but it is faster than the algorithms given in
[Tak2] and [Tak3]. Let 7" be the generator of

(7 %Az® + 2A>) N Cly, 0y).

The following theorem gives a sufficient condition for the correctness of Algorithm 4.1 — findBoundaryData(
PQ,J).

THEOREM 4.2. If there exist operators £ and U satisfying

L=T +2aU, L€z *Uz*, U € Ay = Clz,0,,y,0y),
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then for sufficiently large number J, Algorithm 4.1 returns a generator of the left ideal for the boundary value
with respect to the exponent a.

Proof. Without loss of generality, we assume that o = 0. It is enough to prove that if there exists a
number N such that
RP + SQ = eV [T(y,8,) + 6.U (0,9, 0,)] + O +?),

T,U,R,S € C(z,0:,y,0y),
then the operator T' is the member of the left ideal of C'(y, d,) generated by

k) (k= 1,"',yk),T£ﬁ)|gi=(,, (k: 1,2).

/ leg=0>

We can see, in a similar way to the proof of Theorem 4.1, that
T(y,0y) + 0:U (02,4, 0y) € 3 AT + S AT,

Putting 6, = 0 in the above, we obtain the conclusion. |

ReEMARK. 4.1.  (Complexity) The complexity of Algorithm 4.1 is a research problem. We only notice the

following observation. Let £, ---, £, be elements of C(0,y,0y). Put d = max;=1,..., deg ;. Suppose that
T(d) and D(d) are upper bounds of the time of the construction of the Grébner basis of ¢4, -+, £, by the
order

Ay > {6z, y}

and the maximum of the degrees of elements in the Grébner basis. Put dg = max{deg(po), deg(qo)}. Then
an upper bound of the execution time of Algorithm 4.1 is Zi:o T(Dy) where

Dy = max{D o -0 D(dp), D-1}:
k

ExampLE 4.1.  (The Appell function F;.) Put

P=0,(0s+y0y +c—1)—x(0; + y0y + a)(b; +b),
Q = Y0y (0 +ydy + ¢ — 1) — y(8, + ydy + a)(ydy +b").

We call ﬁndBdundaryDat.a,(P,Q,-l). In this case, we have

Do = ex(e:v + yay +c— 1)7
g0 = Y0y (0 + Y0y + ¢ — 1) — y(0- + yd, + a)(ydy +V').

Let GG be the Grobner basis of the left ideal generated by py and go by the order {y,d,} > 6,. We have
GNC{y,b:)3(a—c+ Dyby (0 +c—b —1).

In fact, we have
by :=y - ydypo + 0z qo,
ty 1= t1 — YOy po,
tg:=ty—ylc—1—b —a)po,
=(a—c+ 1)yb (0, +c— b —1).
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Hence we have exponents = {0,1+ ¥ —c¢}. Since we have

polang = 01
Qole, =0 = YOy (yy +c— 1) —y(y0y + a)(ydy + b')

and
= (—c+b +1)(ydy + V),

= [ydy — y(ydy + a —c+b" + 1)}(ydy + '),

p0|9x=1+b’—c

qo|a$=1+b/—-c

then
boundaryValues = {QOIe,m POlg, _ytyr - 1.

We can prove that the above “boundaryValues” are the maximal annihilating left ideal of the boundary
values by using [Tak3; Proposition 2.1].

ExampLE 4.2 Put ‘
P=0,(0; +y0y +c—1)—x(0: +y0y + a)(6. +b),

Q = —ybs(y0y + ') + 2ydy (6. + b).

We call findBoundaryData(P, @, 0). Notice that the operators P and @ above generates the samie left ideal
with the ideal generated by P and @ in Example 4.1 in the ring C(a, b,V ¢, ¢, y){0z, 0y).
Put
Po = 61:(01* + yay -+ ¢ - 1),

g0 = —yb:(yo, +').
The Grobner basis G of the ideal generated by po and go by the order {y,d,} > 0, is
{000 +yBy +c—1),ybs (0, +c—1—=b"), —0,(6; =2+ c)(—0: +c+ b — )}
Hence, the step (6) returns {0, 1+ — ¢} and the step (7) returns {0, (14 —c)(yd, +b')}. In this case, the

ideal for the boundary value with respect to the exponent 0 is not correct. The step (8) computes generators
of the module, which can be easily obtained from the Grobuer basis of pg and ¢o. In fact, we have

(RS, 5V) = (y(ydy +b'),y0, + ¢ — 2+ 0,),
(RS, 5 =+,

In the step (10), we have

T = —y(yd, + )6 + ydy + a)(0, + b) + (ydy + ¢ — 1 + 0,)ydy (6 + b),
(2 ‘
T—l = ...

The step (12) returns the correct ideal for the boundary value with the exponent 0;

blydy (ydy + ¢ — 1) — y(ydy + a)(ydy +b')].

ExampLE 4.3.  (The zonal spherical system on SL(3,R)/S0(3).)
Consider the system of differential equation ([Sekl; 14p])

(41) (Ag - Lz)‘u = (Ag + Lg)u =0
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where Lo, L3 € C and
Ay = —4(6% — 6,10, + 03)
142 14 29 1+zi29
9 —
+( l—2zy 1—29 1-—2xz129
14z 1421 142120
2 - By —1,
+( 1—2z, 1—:cl+1—331l‘2)2

A3 = -‘89162(01 - 02)

)01

(4.2)
14 29 l+zi20 4 14z 14 22
07 +4 - 6,0
+2(1—m2+1——x-1$2)1+ (1—-131 1‘1/"2)12
1+zy  l4+z22, 9
-2 05
(1—1'1 + 1—35‘1162) 2
214 z)(1 = ax3) 2(1 4+ z2)(1 — 22z,)
(I—z)(1—2)(1—2122) = (I—z1)(1 —22)(1 — z129)
Here, we use the notation 6; = z;0; and §; = 5—2—. Changing the independent variables (zi,z3) into

(2", y") =Ty o To(w1, 22) where Th(z',y) = (¢’ — 1,y1’ — 1) and Ta(xq,23) = (1/z1, x2), we obtain a system
of differential equations P of which locus of singularities is

{(:I:”, y//) l :L’”y”(ﬂ?” _ 1)(1/” _ 1)(1,// _ y//) - 0}.
Notice (0,0) = T107>(1,1). Blowing-up (z”,y"’)-plane at the origin, we naturally obtain the following system
of differential equations from the system Pr:

(4.3) Pu=Qu=0
where

P =po + zp + z°ps

Q =qo+zq1 +2%q2 + 273

po = 2(2¢°02 — 4y°0,6, + 24°02 — 24702 + 670,06, — 4y°02+
y*0, — 2y0.0, — yb, + 4yf. + yb, — 267)

p1 = 2y(4y7 0% — 6y 0.0, + y* 0. + 24707 — 4yf2 + 8yb.0, — 2y
0. + 4yfy — 20,0, — 0, — 202)

p2 = y* (Lay — Lo + 4y62 — 4y0,0, + 2y0, + 4y0> + 2yf, + y — 467
+ 46,0y — 40, — 467 + 20, — 1)

o = 4(2y°020, + 2y°0; — 4y° 0,0, — 4y*0,0, + 24703
+ 29707 — 29620, — Y02 + 6y6.0, + 26,0, — 4ybs — 26,02 + 203 — 202)

q1 = 2(4y3939y + 24362 — 8y39395 — 4y°0,0, + 4y30§’
+ 2y°07 + 47020, + 8y*62 — 124760, + 2y 0, — 4y*63
+ 8y°0; — y*0, — 8y0260, — 4y0 + 12y0,0. + 4y0.0, — y0,
— 4y0§’ - 8y6’§ —yby — 401,95 + 492 - 205)

g2 = 2y(8y7 620, + 4y*02 — 12y2919§ — 4y%0,0, + y*0,
+4y°05 + 2970, — 4y020, + 4y07 + 12y0,.07 — 8y.0,
+ 2y0, — 8yb — 4yb, — 4620, — 2607 — 0, + 467 — 262)

¢3 = —y*(Lay — L3 — 8y6§9y —4y6? + 8y9$0; — 240, + 4y9§
+ 2y8, + 8620, — 80,07 + 86,0, — 462 + 20,)

where ¢’/ = ¢ and y"” = 2y. Notice that = 0 is the exceptional curve of the blowing-up.
In this example, we obtain the exponents and boundary values of the system (4.3) along the line z = 0
which were not known ([Sek1]).



ProposITION 4.1
(1) If there exists a solution of (4.3) around the origin of the form

[ee]

zuzak(y)xkv (Io(y) 0,

k=0

then p =0 or :t%.
(2) If u = 0, then the function ag(y) satisfies the differential equation

Oyao(y) = 0.

Ifp= %, then the function ao(y) satisfies the differential equation

P01ao(y) = 0.

If p= —%, then the function ao(y) satisfies the differential equation

poz2ao(y) = 0.

Here,
Po1 = p0|0,=1/2’
= 49°02 — 49°0, + y° — 8y?6 + 8y*0, — y* + Bybl — y — 46
= y%(20, — 1)* — y*(862 — 860, + 1) + y(80, — 1) — 46
Doz = Pojy _ 100
= 4y°02 + 4y®0, + i — 8y%02 — 4y%0, — y* + 8yb2 + 4yb, +y — 462
=220, +1)* — y*(86] + 40, + 1) + y(80; + 46, + 1) — 46]

Proof of (1). Put
R=—(2y*0, — 44°8, — 4y® + 44”0, + Ty* — 2y0, — 4yf, — 5y + 20, + 2)P
+ @t =203 + 3y -2y + 1)Q
and
S = (6y*9, — 1240, — 8y°0, — 24y® + 12¢°9, + 12y°0, + 39y* — 6yd, — 33y — 20, + 12)R
+ (47 (4967 —y — 402 + 1))9(y — 1)P.
Then the operator S has the following form:
S = sg+ xs) + x2sy + 2353

where
Si e C<0:L‘7 y1 6y>a

s0(0z,y) = 49" (v* —y+1)*(y — 1)02(26, — 1)(20- + 1)

and
si(k,y,04) £0, si(k+1/2,y,0,) #£0, si(k—1/2,y,04) £0
fori=1,2,3and & € {0,1,2,---}. Since

3
SO(“ + ka y)ak(y) = Zsk(ﬂ +k— i>y1 gy)ak—ia
i=1
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the parameter u must be 0 or +1/2.

Proof of (2). Omitted.

REMARK.

and

por = 4y(y = D" —y+ 1oy + 42y — 1oy + (v —y - 1)

poz = 4y(y — 1)9; + 4(2y — 1)d, + 1.

The singularity y?> — y 4+ 1 must be apparent.
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