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We give two examples of algebras of differential operators as-
sociated with families of matrix-valued orthogonal polynomials
arising from representations of SU(N +1). The first gives a com-
mutative algebra and the second a noncommutative one.

1. INTRODUCTION

The study of certain representations of U(N), considered
in [Grinbaum et al. 02] for N = 2 and fully explored in
[Pacharoni and Tirao 07b], leads to a second-order differ-
ential operator D with matrix-valued coefficients and a
family of orthogonal matrix-valued polynomials {P,, },,>0
that are common eigenfunctions of this ordinary differ-
ential operator with a matrix-valued eigenvalue A,,:

DP: = PrA,,.

Different representations of U(N) give rise to differ-
ent differential operators, each one with its correspond-
ing families of matrix-valued orthogonal polynomials.
Thus one obtains large sets of examples of the type
contemplated in [Durdn 97]. A detailed look at two
such examples arising from the representation theory of
U(N) is given in [Grunbaum et al. 05]. The theory of
matrix-valued orthogonal polynomials, without any con-
sideration of differential equations, goes back to [Krein
71, Krein 49]. The question raised in [Durdn 97] is a ma-
trix version of the question raised and settled in the scalar
case in [Bochner 29]; see also [Routh 84]. By considering
this noncommutative setup one obtains a situation that
is much richer than the scalar one. For a sample of ap-
plications of matrix-valued orthogonal polynomials, see
[Sinap and Van Assche 96].

Starting in [Castro and Griinbaum 06] one considers
for a fized family of matriz-valued orthogonal polynomi-
als the algebra of all such differential operators D. Each
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differential operator in the algebra will bring in its own
sequence of matrix-valued eigenvalues, which can be de-
noted by A,, (D). This algebra of matrix-valued differen-
tial operators and the algebra of matrix-valued eigenval-
ues are isomorphic, as we will show in Section 3.2.

In [Castro and Griinbaum 06] one finds a discussion
of this general question in a few instances in which the
family of matrix-valued orthogonal polynomials { P, },,>0
is not related to any underlying group. These examples
were obtained previously in [Durdn and Griinbaum 04]
and [Griinbaum 03].

In Section 2 we introduce two differential operators
obtained by conjugating another pair of “original” differ-
ential operators arising from the representation theory in
[Grinbaum et al. 05]. Section 3 is devoted to the first
one and Section 4 to the second.

In Section 3.1 we give another conjugation of one of the
original operators and compute a sequence of orthogonal
polynomials that are common eigenfunctions of it. Those
polynomials are then related to those obtained using the
new tools introduced in [Tirao 03] in terms of the matrix
version of Gauss’s equation.

In Section 3.2 we return to the conjugation in Sec-
tion 2 and compute its corresponding family of orthog-
onal polynomials and consider an algebra of differential
operators attached to this sequence. This family of or-
thogonal polynomials is fully explored in the appendix,
Section 5. In Sections 4.1 and 4.2 this process is repeated
for the second original operator.

Using the families detailed in the appendix, we present
convincing computational evidence that leads us to state
the following: In the first example the algebra of opera-
tors is commutative, while in the second example this is
not so. In each case, we can exhibit the generators of the
algebra and a basis for the space of operators of a given
order. Finally, in the first example we can write down ex-
plicitly a polynomial relation among the two generators
of the algebra, while in the second example we give a col-
lection of some of the relations among the five generators
of the algebra.

2.  FROM THE CASIMIR OPERATOR TO SOME
EXAMPLES OF ORDINARY DIFFERENTIAL
OPERATORS WITH MATRIX COEFFICIENTS

In this section we give an extremely sketchy indication
of the way in which one goes from the Casimir operator,
namely a differential operator acting on matrix-valued
functions on the group SU(N + 1), to certain ordinary
differential operators acting on matrix-valued functions

defined in the interval [0, 1]. There are many details miss-
ing in the presentation below, and the reader is advised
to consult either [Griinbaum et al. 05] or even better
[Pacharoni and Tirao 07b, Grinbaum et al. 02] for a full
account.

The main goal here is to give the explicit differential
operators that will play a crucial role in the rest of the
paper.

In this paper, following the lines of [Griilnbaum et al.
05], we use two different skew-Hermitian matrix-valued
forms, namely

(P.Q) = / Pty W () Q" (1) dt

and
<P’Q> = (P*’Q*)*'

Here W (t) is a positive definite matrix-valued weight.

Two matrix-valued functions are called orthogonal if
(P,Q) = ©, the null matrix of the appropriate dimen-
sion. On the other hand, and for reasons explained in
[Grinbaum et al. 05], a differential operator D is called
symmetric if

(DP,Q) = (P,DQ),

for all matrix-valued polynomials P and Q.

In the first example, considering representations m of
GL(N,C) that correspond to one-step N-tuples of the
form

r=(m+2,....m+2,m,....m), 1<k<N-1,

—_————  ——
k N—k
and making the changes N = 4+ 1 and m = «, we have

one family of examples that depends on three parameters
a, 3, k, where the differential operator is given by

2 a+3 0 0
0 0 a+1
a+B+4 0 0 J
—t 0 a+p3+3 0 pn
0 0 a+p3+2
L [2B-k+1) 26-k+1) 0
+— 0 —(B—k+2) B—k+2
o 0 0 0
¢ 0 0 0
(k1 —kt+D) 0
—t\ 0 % 2%k
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This operator is symmetric with respect to the matrix
weight function

’LU1t2 0 0
W) =t*A—t)? 0 wt 0], afp>-1,
0 0 w3

where

The example above arises naturally in the context of rep-
resentation theory with 8 and k£ natural numbers. It is,
however, possible to consider both D and W (¢) under the
conditions > —1land 1 < k < 3.

The name one-step for the (8 + 1)-tuples or partitions
discussed above is very natural if one looks at the corre-
sponding Young diagrams; see [Vilenkin and Klimyk 92].
The same is true in the second type of example, discussed
later in this section.

This operator is not yet written in hypergeometric
form (the coefficients are not matrix polynomials of de-
gree less than or equal to the corresponding order of
differentiation). Just as in [Griinbaum et al. 03a], we
proceed to do an appropriate conjugation by a certain
matrix-valued function, namely

100\ /1 0 0
vt)y=[1 1 oo 1-t o0 ,
12 1)\0 0 (1-t?

such that we get

for the new weight function. The new differential opera-
tor becomes DF = (U*)~1D(¥U*F), where

~ - d? ~ d ~
D= Az(t)@ + Al(t)% + Ao(t),

with 212, 211, go given by

As(t) = t(1 - 1),

_ a—+3 0 0
Al(t): —1 Oé+2 0

0 -2 a+1

a+p3+4 0 0

—t 0 a+pB+5 0 ,
0 0 a+0+6
B 0 20B-k+1) 0
Agt) =10 —(a+B—-k+2) B—k+2 ,
0 0 —2(a+p—k+3)

written now in hypergeometric form. This differential
operator is symmetric with respect to the new weight
function W (¢) and will be the starting point of the dis-
cussion in Section 3.2.

As a remark connecting the matrix weight given above
with some considerations in [Durdn and Griinbaum 04,
Pacharoni and Tirao 07a], note that W(t) admits the
factorization

W) = L8 (1> T (1)

with 7' (1) = I and p(t) = t*(1 — t)°. The matrix T'(t)
solves the equation

1—t
with
1 -3 0
A=10 1 -1
0 0 0
and
0 -1 0
B=(0 -1 -1
0 —2

To obtain the second example, we consider representa-
tions 7 of GL(N, C) that correspond to two-step N-tuples
of the form

r=m+2,....m+2m+1,....m+1m,...,m),
N—_——

k1 ko—kq N —k2

1 <ki <ky <N —1, and replacing N and m as above,
we have one family of examples that depends on four
parameters «, (3, k1, ko, the differential operator D being
specified in Figure 1.
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a+3 0 0 0
d’ 0 a+2 0 0
D=t0=0%z + 0 0 a+2 0
0 0 0 a+l
a+p+4 0 0 0
. 0 a+f+3 0 0
0 0 a+pB+3 0
0 0 0 a+p8+2
kit ke —2(841) ettt e p)(ft2) 0
L1 0 —(B—Fk1+2) 0 B—ki+2
1—t 0 0 —(B—ka+1) [B—ka+1
0 0 0 0
0 0 0 0
t B +1  —(k241) 0 0
* 1—1t k1 0 —k1 0
0 Rygeghd® (BoRCetl (ki o k)
FIGURE 1. The two-step differential operator D (see text for details).
This operator is symmetric with respect to the matrix ~ (see [Griinbaum et al. 05])
weight function
1 0 0 0
. 1 1 0 0
w2 0 0 0 =11 o 10
0 wet 0 O 1 k=kd2 ko
— (1 _ )8 2 ka—ki+1  ko—ki+1
W(t) =t*(1-1t) 0 0 wst 0| 2—k1 2—k1
0 0 0 wy 1 0 0 0
» 0 1—-t 0 0
0 0 1-—¢ 0 ’
with a, 8 > —1, where 0 0 0 (1-1)7?
and we get

Cha—kt1( 8 B+1
YT o —1) \k1—1)°
ko — k1 +2 B+1

W= 1 ko +1 ko ki —1
ka — k1 Ié)
o= (70 ().
kg—kl—i-l I6]
o=t (@) )

Once again, both D and W (t) can be considered for 8 >
—land 1 < ky < ke <.

As in the previous example, this operator is not yet
written in hypergeometric form. A possible conjuga-
tion in this case is given by the matrix-valued function

W(t) = U)W (£)T*(t)

for the new weight function. The new differential opera-
tor becomes DF = (¥*)~1D(U*F), where

~ o~ d? d

D:A()dt2+A1()dt+Ao() (2-1)

with ;12, gh ﬁo given in Figure 2, written now in hyper-
geometric form. This differential operator is symmetric
with respect to the new weight function W(t) and will
be the starting point of the discussion in Section 4.2.
Again, as a remark connecting the matrix weight given
above with some considerations in [Durdn and Griinbaum

04, Griinbaum et al. 05], note that W (t) admits the fac-
torization
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Ay(t) =t(1 —1),
a+3 0 0 0
. 1 a+t2 0 0
A =1 0 a2 0
ko —kq+2 ko—k
0 —¥5H “mimaT otl
a+pB+4 0 0 0
., 0 a+pB+5 0 0
0 0 a+B+5 0 ’
0 0 0 a+p3+6
0 (k2=k142)(B—katl) (k2—k1)(a—ki1+2) 0
ko—ki+1 ko—ki1+1
Zo(t): 0 —(a+pB+2)+k B —ki+2
0 0 —(a+pB+3)+ k1 B—ke+1 ’
0 0 0 —2(a+ B+3) + k1 + ko

FIGURE 2. Ay, A;, Ay from (2-1).

with 7' (1) = I and p(t) = t*(1 — t)°. The matrix T'(t)
solves the equation

A B
T'(t) = (t + H)T(t)
with
1 -3 -1 0
A0 3 0
0 0 5 sESiy
0 0 0 0
and
0 -1 —3 0
g_|0 1 0 Dt
0 0 -1 %
0 0 0 —2

The point of these conjugations is to ensure that the
new differential operator will have matrix-valued coeffi-
cients that are polynomials in ¢ of degrees not higher than
the corresponding order of differentiation. This new form
of the differential operator is referred to as a hypergeo-
metric form.

Given a differential operator there may be more than
one way of conjugating it into a hypergeometric form.
In the next section we will introduce another operator,
denoted by D, which is obtained from the one we called D
at the beginning of this section by means of a conjugation
that is different from the one used to produce D out of D.
We will retain the symbol W (¢) to denote the new weight
matrix obtained as in this section by conjugation of the
original W (t). A similar step will be taken in Section 4.1.

3.
3.1

THE ONE-STEP EXAMPLE

Generating the Polynomial Eigenfunctions of the
Differential Operator

We retain the symbol D for the new differential operator
given in hypergeometric form for the one-step example of
the previous section. It is now given by the expression

D=t(1 wd2+¢X ﬂmd—+v
N dt? at
where
0 0 0
V=10 —(a+5—-k+2) 0 ,
0 0 —2(a+p—k+3)
a+pB+4 -1 m
_ 2(a+B—k+3)
U= 0 a+B+5 —=re |
0 0 a+06+6
and
(a+1)(a+B—k+4) (a+1)(a+B—k+4) 0
atB—k+2 (a+B—k+2)(at+B—k+3)
x=| 255ES C1 (a8, k) o |
0 G et = B CIGHEND
where
2(a+2) 2(a+1)

Ci(a,B,k) =a+2+

a+B8—-k+4 a+B—k+2

and
2(a+2)

CQ(O[,ﬁ,k/’):Oé“F?)—m
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The conjugation that was used above to produce D
was chosen so that V' turns out to be diagonal. The co-
efficients are not so pleasant as those we will use in the
next subsection, but it will be easier to find a relation be-
tween some matrix-valued orthogonal polynomials whose
adjoints are eigenfunctions of this new D and the matriz
hypergeometric function, introduced in [Tirao 03].

The operator D above and the new weight W (t) are
such that the (unique) sequence of monic matrix-valued
polynomials {Q, },,>0 with respect to W (t) satisfies

d

—n?+n(I-U)+V.
Now, if {P, }n>0 is a sequence given by

where I',, =

= S, 1P (1),

Qn(t) det S, # 0,

we have

DP;(t) = Py(t)(S;) ™' TS,

We now make the genericity assumption that the eigen-
values of I';, are different for all n. Then by choosing S}
as the matrix whose columns are the eigenfunctions of
T',, (unique up to scaling), we have that the P} (t) satisfy

E d * * *
DP;=t(1 =)z Pr+ (X tU)d P+ VP
= P*A,, (3-1)
with
b 0 0
Ap=1[0 ta 0] =(S)"'T,S,
0 0 t3

and the values of ¢; are given in (3-3). If we put
Pr(t) = Z?:o A;?tj, the equations satisfied by A%, j = n,
n—1,...,0, are

I A, = ArA,
S AN = —( (X + )AL,

(3-2)

forj=n-—1,...,0.

All these equations are of Sylvester type; see [Gant-
macher 60]. Under the genericity assumption made ear-
lier, the first equation has a solution A that is unique up
to the choice of three scalars. Each of the equations that
follow has a unique solution A7 if we assume an extra
genericity assumption, namely for each n the spectrum
ofeachI';, 7=0,...,n
of A,.
the reader can consult [Pacharoni and Romén 07].

—1, is disjoint from the spectrum
For a careful treatment of the nongeneric case,

If {P,}n>0 is a family of matrix-valued polynomials
satisfying (3-1) and D is symmetric, it follows that

and

<P;’DP;1> = <P::)P;;1Am> :A:n(vaPn)-

Now, under the genericity assumptions made earlier,
the spectrum of A,, and that of A}, are disjoint if n # m.
The classical uniqueness result for Sylvester’s equations
gives that P, and P,, are orthogonal if n # m.

It is now our purpose to obtain a relation between
the matrix-valued orthogonal polynomials {P,},>0 in-
troduced above and the matrix hypergeometric function.
We use the tools in [Tirao 03]. For a warmup, the reader
can consult [Griinbaum et al. 03b], where these tools are
used in the same fashion as below. The main idea is to
replace elements in M(3,C) by vectors in C. We will
denote this map by vec. It will be important to replace
right and left multiplication in M (3
in C°.

This allows us to rewrite the differential equation
above as the following equivalent differential equation:

,C) by linear maps

2

t(l—t)th vec(P!)+(C— tU)£Vec(P*) Tvec(P) =0,

where C and U are the 9 x 9 matrices obtained by the
rules (see [Horn and Johnson 91])

C=X®I, U=U®I, and T=V&I-IxA~.

Then T is given as follows:
T = diag{ty,ta, t3,ts, t5, te, t7, s, to},
where
t1 = —n® —n(a+ B +3),
to=-n>—nla+B+4) - (a+8—-k+2),
ty=—-n?>—n(a+B+5)—2(a+p—k+3),
ty=-n’—nla+p+3)+a+p—k+2,
ts = —n? —n(a+ B+ 4), (3-3)
to=-n>—n(a+B+5)— (a+8—k+4),
tr=-n?>—nla+B+3)+2(a+p—k+3),
ts=-n>—nla+B+4)+a+p—k+4,
tg = —n? —n(a+ B +5).

Continuing with the strategy in [Tirao 03], we need to
find matrices A and B such that

U=I+A+B and T = AB.
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The fact that T is diagonal will make this easier than
it would be otherwise. This was the reason for choosing
the conjugation that made V' diagonal. The introduction
of A and B allows us to rewrite our new equation in a
form that is very much like the classical hypergeometric
equation of Euler and Gauss; see (3-4).

The factorization in the last equation is not unique,
and we look for A in the form

A A Az
A= © Ay A,
(S © Ass

where each A;; is a 3 x 3 diagonal matrix. Once we have
found A, the matrix B will be given by the expression

B=U—-A-1.

With this form for B, the factorization above gives a
number of conditions on A.

We put
p; 0 0
Aii = 0 Pi 0 ) i= 172537
0 0

with ¢;, v;,1; to be determined later.
The elements of the diagonal of A5 are of the form

gi!
N —Y2ta+B+4

with v = ¢, ¢, in each entry.
If we denote by

2

w13:a+ﬂ—k+2

and
2(a+B-k+3)

a+pB—k+2
the elements of the last column of U, the elements of the
diagonal of As3 turn out to be of the form

w23 =

—W2372
—Y2—v3+a+B+5

with v = ¢, p, % in each entry.
The elements of the diagonal of A;3 are a bit more
complicated. They are given by

“1371
Y1 —7v3+a+B+5
_ w2371
(=71 —v3+a+B+5)(=v1 —v2+ta+pB+4)
_ w237Y172
(=71 —v3+at+B+5)(—v1 —v2tatf+(-r2—v3+ta+B+5)

with v = ¢, p,1 in each entry.

The parameters ¢;, @, ¥;, © = 1,2,3, are subject to
the following conditions, resulting from the factorization
above:

pr=-n or ¢or=n+a+f+3,
3 — (a+B+3)p1 +t2 =0,
Y} — (a+ B+ 3)¢1 + 13 =0,

¢35 — (a+B+4)py + 14 =0,
po=-n or ws=n+a+p+4,
V5 — (a+ B+ 4)s +tg =0,

¢35 — (a+ B+45)ps +t7 = 0,
@3 — (a+ B +5)ps3 +ts =0,
3= -n or P3=n+aoa+B+5.

We have reached the main point of [Tirao 03], namely,
that the vector vec(P)) satisfies the matrix hypergeomet-
ric equation

d? . d «
t(1—t)—5vec(Py)+ (C—t(I+A+ B))@ vec(P))

dt?
— ABvec(Py) = 0. (3-4)

Here, by abuse of notation, © denotes the null vector.
The eigenvalues of C' are {a + 1, + 2, + 3}, each

with multiplicity 3, so if @« > —1, we meet the conditions

required to make sense of the following definition:

(C, A7 B)iJrl
= (C+il) M A+il)(B+4i)(C+ (i —1)I)~*
x (A+ (G —-1D)I)(B+(G—-1)I)---C'AB

for all i > 0 and (C, A, B)g = I.
Then we define the matrixz hypergeometric function as

ti
2F1(C, A, Bit) = Z(C,A,B)ii—!.

i>0

It is proved in [Tirao 03] that o Fy(C, A, B;t) is ana-
lytic on [¢] < 1, and the analytic solutions at ¢ = 0 of
(3-4) are given by

vec(D(t)) =2 F1(C, A, B;t) vec(®(0)).

The function o F;(C, A, B;t) is not a polynomial func-
tion as in the classical case, but nevertheless we have
that

vec(Py(t)) = 2 F1(C, A, B;t) vec(P;(0)) (3-5)
is a vector-valued polynomial of degree n in t.

In (3-5) we can give explicitly the value of P}(0):

Following the strategy explained around (3-2), we have
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Pr(0) = A}, and we obtain

p11(n) pia(n) p1z(n)
P, (0) = 0 poa(n) pas(n)|,
where
p11(n) = (D" (a+B-—k4+n+2)(a+B—-k+n+3)(a+l)n
P T T k9@t ktD(atBtntdn
2(-)"n(B —k+(a+B8—k+n+3)(at2),_1
pr12(n) =

(ktn+)(a+B—k+D(a+pB—k+2)(a+B+nt+d), 1

(=D)"n(n =B -k +1)(B—k+2)(a+3), 2

p13(n) = s
(E+n)(k+n+(a+B-k+3)(a+B—k+4d)(a+pB+n+5), o
o (D" a+B—k+2)(a+B—k+n+4a)(at+2)n
p22(n) = ,
22 n@+p—k+td(at+htntn
(- B -k +2)(a+ B8 —k+2)(a+3)p_1
p23(n) =
(k+n)(a+B—k+4)(a+B+n+5),_1
(-1 (a+ B —k+2)(a+p—k+3)(a+3)n
r33(n) = ,

n(n+1)(a+ B+ n + 5)n

and (a), denotes the shifted factorial defined by
(a)p=ala+1)---(a+n—1)

forn >0, (a)g =1, (a)-1 = (a)_2 = 0, with a any real
or complex number.

3.2 The Algebra of Operators

For convenience we use in this section the conjugation of
the second-order differential operator D arising from the
representation theory introduced in Section 2 instead of
that introduced in Section 3.1.

This will give rise to a new family of orthogonal poly-
nomials that are easily related to those obtained in the
previous section. This new family has certain computa-
tional advantages compared to the previous one, but in
principle one could use either of them.

The resulting operator is

a+3 0 0
—1 a+2 0
0 -2 a+1

d2
Dy =t(l—t)—
1= )dt2+

a+fB+4 0 0 J
—t 0 a+B+5 0 <
0 0 at+p+6)1dt
0 2B-k+1) 0
o0 —(@a+B-k+2) B—k+2 .
0 0 —2(a+ B —k+3)

This operator has a sequence of (nonmonic) matrix-
valued orthogonal polynomials {P,},>o and

DyP; =P\, (D7), n=0,1,2,...,

where the eigenvalue can be chosen (by an argument like
that given in Section 3.1) to be the same as that in Sec-
tion 3.1,

t7 0 O
An(Dl) = 0 t2 0 3
0 0 t3

and the values of ¢;, i = 1,2,3, are given in (3-3).

An explicit expression of the coefficients of these
{P, }n>0, using (3-2), is given in Section 5.1. These ex-
pressions feature some denominators whose nonvanishing
is equivalent to the genericity assumptions made above.

The main goal of this section is to study the structure
of the following set:

D={D:DP'=PA,(D), n=0,1,2,...}.

Here, D is a differential operator of arbitrary order.
Using the fact that the leading coefficient of PX(¢) is a
nonsingular matrix, we can see that D = 7" _, F;(t)d]
F;(t) a matrix polynomial of degree less than or equal to
j,j=0,...,r, with r the order of D. Clearly, D is both a
complex vector space and an algebra under composition.

We observe that the map between differential opera-

tors and the corresponding eigenvalues given by

Ap:D— M3,C), n=0,1,2,...,

is a faithful representation. The property A,(D1Ds3) =
Ay (D1)A,(Dy) with Dy, Dy € D is easy to prove. If
A, (D) = © with D € D for all n, then DP} = ©, and
we can easily conclude that D = ©.

For all the calculations in the rest of this section it is
very useful to begin with monic matrix-valued orthogonal
polynomials and then return to those considered at the
beginning. It is important to note that the algebra D is
independent of the choice of the family of matrix-valued
orthogonal polynomials. The eigenvalues are changed by
an n-dependent conjugation as noted earlier.

We now set out to solve the equations DP; =
PyA, (D), where D = 377 _ F;()d!, Fj(t) a matrix poly-
nomial of degree less than or equal to j, j = 0,...,r, with
r the order of D and P as above.

In the following table, obtained by direct computa-
tions, we exhibit the number of new linearly indepen-
dent differential operators that appear as one increases
the order of the operators in question:

order 01 23 456 789
dimension | 1 0 2 0 3 0 3 0 3 O

There are no odd-order differential operators, two
linearly independent second-order differential operators,
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and three new linearly independent differential operators
in each subsequent even order. We denote by ®3; the
space of differential operators of order less than or equal
to 2i that have our family of orthogonal polynomials as
their eigenfunctions.

A possible second-order differential operator linearly
independent of D; is the following:

t(1—¢) 0 0\
Dy = < t/2 t(1—t)/2 0) -
dt2

0 —t 0

a+B-k+4 B—k+1 0
+ —(a+B—k+4)/2 (a+4)/2 B—-—k+2)/2
0 —(a+B-k+5) —(B—k+2)
a+B+4 B—k+1 0 d
—t 0 (a+pB+5)/2 (B—-k+2)/2 —
0 0 a+pB+6 dt

—k(B—k+1)

0
Ela+B8—k+2)/2 —k(B—k+2)/2
0

k(a+6—k+3))'

0
+10
0

The eigenvalue associated with Dy is

—n?—n(a+B+3) 0 0
An(D2) = 0 L 0 )
0 0 kla+B—Fk+3)

where L = £ (—n?—n(a+8+4)+ k(a+B—k+2)). This
means in particular that [Dy, Do) = D1 Dy — DDy = O.

We come now to the problem of exhibiting, for each
value of ¢ = 2,3,..., a set of three linearly independent
differential operators that will have order 2i and will span
a subspace Ry; such that

Do; = Doi—o O NRoys.

In the case of ¢ = 2 we can choose the set 24 consist-
ing of {D?, D3, D1D5}. One can easily check that these
operators are linearly independent. Moreover, it is also
easy to check, using the isomorphic bijection between
differential operators and the corresponding eigenvalues,
that the set {Di, Db, Di™ Dy}, i = 2,3,..., is linearly
independent and can be chosen as a basis for PRy;. Since
all these operators are obtained from Dy and Dy, we can
conjecture that the algebra D is abelian and coincides
with the subalgebra A generated by {I, D1, D2}.

We turn our attention now to finding relations among
these generators. One relation follows from what we said
earlier regarding Rg. The operator Dy D3 cannot be lin-
early independent of the elements in the basis of Rg. One
is thus inclined to look for sq, sa,...,S9 such that

81] + 82D1 + 83D2 + S4D% —+ S5Dg —+ 56D1D2 + $7D:13
+ 8§D + s9DiDy = Dy Dj. (3-6)

The result is
Namely, we obtain

apparently rather unilluminating.

8120,

32=—%k(m1)(a+ﬁ—k+3)(a+ﬁ—k+2)7

33=%k(k—l—1)(a+ﬁ—k+3)(a+ﬁ—k‘+2),

1
34=—§k‘(a—|—ﬁ—k—|—3),

2 1 1 4
= —Ca—kB+1)+E —ka—-pf— -k
S5 3 30{ (/6+ )+ o 36 37
2 1 4 4 4 1
=4 -a+-k(B+1) -k + -ka+0+2k
S6 3+3a+3(6+) 3 +3a+36+ ,
PR T |
87_7 88_3a 59_3'

(3-7)

Now something remarkable happens: If we put (3-7)
in (3-6), we obtain the following amazing factorization:

(D1 — D3) (D2 — k(a+ B —k+3)) (3-8)
X (Dy—2D2+ (1+k)(a+B-k+2)=6.

We are grateful to an anonymous referee for point-
ing out a way to make this factorization quite transpar-
ent. The argument goes as follows: Since the algebra
of operators generated by D; and D is isomorphic to
the quotient of Clz,y] (the algebra of polynomials in
two commuting variables) by the ideal of polynomials
p € Clz,y] that satisfy p(Dy, D2) = © and the mapping
A, : D — M(3,C) is a faithful representation as indi-
cated earlier, it follows that the condition p (D1, D2) = ©
is equivalent to

An(p(D1, D2)) = p(An(D1),An(D2)) = O,

forn=0,1,2,....

Since the matrices A, (D) and A, (D) are diagonal
with eigenvalues t1(n), ta(n), tz(n), and ri(n) = t1(n),
ro(n) = 3(ta(n)+(k+1)(a+B-k+2)), r3(n) = k(a+3—
k + 3), respectively, it is easy to spot three polynomials
that should be included as factors of any polynomial in
the ideal in question. These polynomials are

(1,1),
(2,2),
from the entry (3, 3).

x —1y from the entry
r—=2y+(1+k)(a+8—-k+2)

y—k(a+B—k+3)

from the entry

These are the factors that appear in the simplest of the
relations that is obtained by multiplying these factors
and replacing x,y by Dj, Do, namely (3-8).
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0 0 0 0
o0 ~@+s-k+3) 0 0
= o 0 —(a+f— ks +2) 0 ’
0 0 0 —(2a+28— ki — k2 +6)
2a+28—k1—ko+6
a+B+4 -1 -1 @T ka2 +2) (ot HF1T3)
(k1—ko)(a+B—k1+4)
- 0 a+B+5 0 _(a+1g—k21+3)(k1—}62—1)
(k1—ks—2)(a+B—ka+3) |’
0 0 atfB+5 - (kifkifl)(a+/3*kz+2)
Chi(a, B, k1, k2) (at1)(atf—ka+3) (atL)(atf—ky+4) 0

(k1—k2)(B—k1+2)
(a+B—k1+3)(k1—ka—1)

(k1—ko—2)(B—ko+1)
(k1—ko—1)(a+B—k2+2)

022(a7 /Ba k17 k2)

032(047 /67 k17 kQ)

(at+B—ka+2)(a+B—k1+3)

0 (at+B—k1+3)(B—ko+1)

(at+B—ka+2)(a+B—k1+3)

(k1—k2)(a+2)
(a+B—k2+3)(k1—ka—1)
(k1—ko—2)(a+2)
(at+B—k1+4)(k1—k2—1)

Caz(a, B, k1, k2)

033(%577411,]%)

(at+B—ka+2)(B—k1+2)

(a+B—k1+4)(a+B—ka+3)

(afB—ki+4)(a+B—Fk2+3) Caa(a, B, k1, k2)

FIGURE 3. Matrices defining V, U, and X for (4-1).

One can consider this curve as the analogue of the
Burchnall-Chaundy curve, an algebraic-geometric object
associated with a commutative algebra of differential
operators acting on scalar functions. For a sample of
the literature on this beautiful and deep subject, which
traces its origin to some early work of J. Burchnall and
T. Chaundy, see [Ince 26] and its references. This has
become more recently a very active area, and one can
consult [Krichever 78, Mumford 77, Van Moerbeke and
Mumford 79].

It is worth noting that in the scalar case, as long as the
eigenfunctions are orthogonal polynomials and the differ-
ential operators are of order two, the algebra is trivial.
See [Miranian 05] for a proof.

It is important to note that it is only the product of
the three factors in (3-8), and not the product of any
smaller subset of them, that vanishes.

4. THE TWO-STEP EXAMPLE

4.1 Generating the Polynomial Eigenfunctions

of the Differential Operator

We consider now the example resulting from the two-step
situation described in the second half of Section 2. This
subsection proceeds along the lines of Section 3.1.

As in the one-step case, we retain the symbol D for the
new differential operator given in hypergeometric form by
the expression

2

D:t(l—t)d——i—(X

d
a3 —tU)— +7V,

7 (4-1)

where V', U, and X are defined in Figure 3, in which

(a+1)(a+B—ki+4)(a+ B —ka+3)

Cii(a, B, k1, ko) = N Y Py gy

)

(k1 — k2)(B — k1 +2)
(ki1 — ke — 1) (a+B—Fk1 +3)(a+B—ke+3)’

Cag(a, B, k1, k) =

(k1 — k2 —2)(B — k2 +1)

Caa(en B krka) = o T B+ D@t f—ka ¥ 2)

The elements Cas, Cs3, Cyy are given in Section 5.2.

A sequence of (nonmonic) matrix-valued orthogonal
polynomials {P, },,>¢ is then obtained by solving the fol-
lowing differential equation:

d? d
t1— 1) P? + (X — tU) =P + VP! = PFA,,

ez " dt
where
t7 0 0 O
ot o0 o0
An 0 0 ts O
0 0 0 t4
and t;,1=1,...,4, are given below in (4-2). The reason-

ing behind this choice is exactly the same as in Section 3.1
and it is not repeated here.

Proceeding as in the previous section along the lines
in [Tirao 03], we replace the differential operator by an-
other operator acting on functions that take values on
C'® and consider left and right multiplication by ma-
trices in M (4,C) as linear maps in C!¢. Thus we can
consider the following equivalent differential equation:

2

t(l—t)% vec(Pf{)—i—(C—tf])% vee(P)—Tvec(P?) = ©,
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where C and U are the 16 x 16 matrices obtained from X
and U respectively, in the same manner as was done ear-
lier. A similar procedure is applied to obtain the matrix
T, and we have

T = diag{t1, ta, t3,ta, s, t6, t7, s, to, tro, ti1, tia, ti3,

tia,t1s, ti6 ),

where

t; = —n? —nla+ +3),
to=-n?—nla+B+4)—(a+p—k +3),
ts=-—n?—nla+B+4) - (a+B—ky+2),
ty=-n?—nla+B+5) - (2a+28—k — ks +6),
ts =-n*—n(a+B+3)+a+p—k +3,

te = —n? —nla + f+4),
tr=-n>—n(a+B+4) +ky—k +1,

ts=—n* —n(a+B+5) — (a+ -k +3),
to=-n?—n(a+B+3)+a+ 8-k +2,
tio=-n>—n(a+pB+4)+k — ks — 1,
t11 = —n? —n(a+ 3 +4),
( ) —

( )

( )

( )

( )-

tig =-n?—n(a+B+5)— (a+ -k +4),

tiz =-—n?—n(a+B+3)+2a0+28—k — ko +6,
tu=-n>—nla+B+4)+a+8—k+3,
tis=-n*—n(a+p+4)+a+ 8-k +4,
tig=-n?>—nla+p+5

(12)

Now we find a pair of matrices A, B as in the previous
section satisfying the nonlinear matrix equations

U=I+A+B and T = AB.

As in the previous section, we pick

A A Az Aun
O Ay O Ay
© © Az Ay
© 0 0 Ay

A:

and
B=U-A-1,

where each A;; is a 4 x 4 diagonal matrix. Observe that
Agz = O, a fact that will have important consequences.
We put

N

Aj =

coc oS
ool o
o oo
Mo oo

fori =1,2,3,4, with ¢;, p;, ¥4, & to be determined later.
The elements of the diagonal of A5 are of the form

T
—n—rtat+f+4

with v = ¢, p,1, € in each entry.
The elements of the diagonal of A3 are of the form

gi!
N = tatf4d

with v = ¢, p,1, € in each entry.
If we denote by

_ 200+ 203 — k1 — ko +6
M@t -kt -k +3)
s — (k1 — ko)(a+ B — k1 +4)

AT A+ B =k +3) (k1 —ky— 1)

(ki =k —2)(a+B—ka+3)
W3g = —

(k’l—k’g—l)(a—i-ﬁ—k‘g-i-z)

the elements of the last column of U, the elements of the
diagonal of A3, are of the form

—Ws3473
—v3—Y+a+8+5

with v = @, v, 1, € in each entry, and the elements of the
diagonal of Ay, are of the form

—W2472
Y2 —mta+f+5

with v = ¢, ¢, 1, ¢ in each entry.
The elements of the diagonal of Ay, are a bit more
complicated. They are given by

w1471 - w2471
—v1 —v4+a+B+5 (=71 —vata+B+5) (=71 —v2ta+p+4)
w3471

(=71 —va+a+B+5)(=v1 —v3+a+p+4)
w247172

(=71 —va+a+B+5)(=v1 —v2+a+B+4)(—v2 —v4+a+B+5)
w347173

(—v1—va+tat+B+8)(—v1 —v3tatB+a(-v3 —vatatB+5)

with v = ¢, ¢, 1, ¢ in each entry.
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(D)™ (a+B—-—ki+n+3)(a+B—k+n+2)(a+1),

P = Rt 90+ Bkt D@t B+
(n) = (=1)"n(ks —k1)(B—k1 +2)(a+ B — ke +n+2)(a+2)n1

b2 (ki +n)ks—ki+D(a+B—ki+3)(a+B—ka+3)(a+B+n+4)n1’
S(n) = (=1)"n(k2 — k1 +2)(B—ka + 1)(a+F — ki +n+3)(a+2)n

s (hs+n+1)(ks—kr+ 1) (a+B—F1+4)(a+B—hks+2)(atB+ntan 1’
(n) = (=1)"n(n—1(B—ka +1)(B— k1 +2)(+3)n_2

P = G ) (ks +n+ (a+B—ki+4)(a+ B —ka+3)(a+B+n+5)ms
(n) = (D)™ a+B—ket+n+4)(a+f—ki+3)(a+2)n

pzzin) = nla+B—ka+3)(a+B8+n+4), ’
(n) = ()" (B =k +D(a+B8—ki +3)(a+3)n

b (Fs+n+1)(a+B—ka+3)(@a+tB+ntb)nq’
(n) = ()" a4+ 8-k +n+4)(a+b—k+2)(a+2),

pastn) = (@+B—ki+Da+f+ntd., !
(n) = (D" (B-ki+2)(a+B—ka+2)(a+3)n1

Pt = e ) (a+ B— ki + ) (@t B+n+5ma

paa(n) = (D" (a+B -k +3)(a+ B~k +2)(@+3)n

nn+1)(a+8+n+5)n

FIGURE 4. The p;; from the matrix of (4-3).

The parameters ¢;, @i, ¥, &, @ = 1,2, 3,4, are subject
to the following conditions:

$pr=-n or ¢r=n+a+f+3,
©f — (a+ [+ 3)p1 + 12 =0,
V7 — (a+ B+ 31 +t3 =0,
&€ —(a+B+3)& +t, =0,

¢35 — (a+ B+ 4)p2 + 15 =0,
po=-n or wa=n+aoa+pF+4,
V3 — (a+ B+ 4)e +t7 =0,
& —(a+p+4)6 +1s=0,

¢3 — (a+ B+4)p2 + 19 = 0,

¢35 — (a+ B+ 4)ps +t10 =0,

Y3 =-n or Ys=n+a++4,
(a+ B+ 4)&s +t12 =0,

&5 —

¢7 — (a+B+45)ps+t13=0,

05 — (a+ B+ 5)ps +t1s =0,

2 — (a+ B+ 5)y +t15 =0,
&=n+a+p3+5.

&, =—-n or

Now vec(P’) satisfies the matrix hypergeometric
equation

2

d d
(1 - t)@ vec(Pr)+ (C —t(I+ A+ B))@ vec(PF)

— ABvec(Py) = 0.

The eigenvalues of C' are {a + 1, + 2, + 3} with
a + 1 and o + 3 with multiplicity 4, and « + 2 with

multiplicity 8. So if & > —1, we meet the conditions
(see [Tirao 03]) of the definition of the hypergeometric
function, as in the one-step case.

The function o F; (C, A, B;t) is not a polynomial func-
tion, as in the classical case, but nevertheless we get, as
in [Tirao 03], the following family of vector-valued poly-
nomials of degree n in t:

vec (P (t)) = 2F1(C, A, B t) vec(P;(0)).

In this case we can also give explicitly the value of
Px(0), as before, using (3-2):

p11(n) p12§n; P13(n) p14§ng
" . 0 P22 (n 0 Pas(n B
BO=1 0 0 g puim |0 0
0 0 0 paa(n)

where the p;; are given in Figure 4.
Note that paz(n) = 0. This is related to the vanishing
of the (2,3)-block of A.

4.2 The Algebra of Operators

In this case, just as in the one-step example, we use a
different conjugation of the second-order differential op-
erator arising from representation theory and introduced
at the end of Section 2. This is done only for computa-
tional convenience, and all these operators (and the cor-
responding orthogonal polynomials) are related to each
other by simple conjugations.
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Az (t) = t(1 —t),

201

a+B+4 0 0 0
0 a+B8+5 0 0
0 0 a+B+5 '
0 0 0 a+pB+6
0
B—ki+2
B—ka+1

—2(a+B+3)+ki + ks

FIGURE 5. AQ, A1, Ao from (4*4)

a+3 0 0 0
-1 o+ 2 0 0
A =1 _; 0 a2 0
0 -EIRE ik ot
0 (k2=k1+2)(B—k2+1) (ko —k1)(B—k1+2)
ko—k1+1 ko—ki+1
0 —(a+B+2)+ko 0
Ap(t) =
=1 0 —(a+ B+ 3) + ki
0 0 0
The operator now is
D —A(t)d2 +A(t)d+A(t) (4-4)
1= A2l o5 1) ol?),

with As, Ay, Ap given in Figure 5.
The eigenvalue associated with Dy can be chosen, as
before, in the form

tt 0 0 0
t3 0 0

An(D1) =1 o3 t, 0 |
0 0 0 t4

where t;, i = 1,2,3,4, are given in (4-2). Note that to
and t3 above do not appear now in the natural order.

An explicit expression of the coefficients of these
{P, }n>0, using (3-2), is given in Section 5.3. These ex-
pressions feature some denominators whose nonvanish-
ing is equivalent to the genericity assumptions implicitly
made in Section 4.1.

We now consider the analogue of the algebra D from
Section 3.2. Recall that these differential operators have
matrix-valued polynomial coefficients of the appropriate
degrees.

One finds that the commutator of the operator Dy,
within the class of operators of order less than or equal
to two, has dimension four. A basis is made up of three
operators of order two and the identity. One of the lin-
early independent operators is given by

d2

d
Dy = B2(t)ﬁ + Bl(t)ﬁ + Bo(t),

with Be, By, By given in Figure 6.
The eigenvalue associated with Dy is

(4-5)

00 0 0
00 0 0

MlD2) =19 0 ¢, 0o |
00 0

where to save space we have defined

¢ _ (ntki+)nta+B—ki+3)(ki —k—1)
n — kl—kQ k)

—(n+ki+)(n+a+p—Fk +4).

n

The last second-order linearly independent operator is
given by
d2

D3 = Cy(t)—5 + C’l(t)i + Co(1),

4
dt? dt (4-6)

with Cy, Cy, Cy given in Figure 7.
The eigenvalue associated with Dj is

0 0 0 O
0 kK, 0 O

A’!L (D3) = 0 0 /«Ln 0 b
0 0 0 X\

where again to save space we have defined
A (ntk+2)(nta+B -k +2)

" ky — ko —2 ’
pn=Mn+k+1)(n+a+F—k +3),
Mo=n?+n(a+B+5)+ki(a+B—k +2)

+2a + 28 — ko + 6.

We show in the following table, by direct calculations,
the growth of the dimensions of the space of differential
operators in D as the order increases:

01112

order 0
dimension | 1

123456789 10111
0306 06 060606

There are no odd-order differential operators, three
linearly independent second-order differential operators,
given by D1, Do, and D3, and six new linearly indepen-
dent differential operators in each subsequent even order.
We denote by ®,; the space of differential operators of
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0 0 0 0
B _ 0 0 0 0
2(t) = Bty ly 0 bioka-lyg ) 0 |
0 Ha—it Tt t(1—1t)
—(B—Fk1+2) 0 —(B—k1+2) 0
(B—k1+2)(k1—ka—2) B—ki1+2
Bi(t) = 0 S —EEE Bk
)= (0+B=Fk14+3)(k1—ka—1)  _ (B—ko+1)(k1—ka—2) b _ B—ka+1
k1—ko (k1—ko—1)(k1—k2) 33 k1 —ko
(k1—ko—2)(a+B—k1+4) a+B—k1+4
0 B e T T atf—ki+4
00 —(B—k+2) 0
00 0 —(B—k1 +2)
“tlg o (etBEs)(ki—ky-1)  Bkatl )
k1 —ko k1—ko
0 0 a+B+6
0 0 (14 k1)(8 — k1 +2) 0
0 0 0 (L+k)(B—F1+2)
Bo() = | ¢ _Otkn(a+s—ki+3)(k—ks—1) (k) (B—ka+1) ;
k1 —ko ki—ko
0 0 0 —(1+k)(a+B—ki+4)
where
B— k1+2 o+ 2
bss = —k 3 — .
33 =a+ [ —ki + +k:2—k1—|—1 —
FIGURE 6. By, By, By from (4-5).
0 0 0 0
1 L__t(1—1t) 0 0
_ | Fi=ka—2 k1 —ko—2
C:2(t) —t 0 —t(1—t) 0 ’
0 —t 0 —t(1—t)
—kot1 k1 —ka) (B—k1+2
B—Fki+1 Ic‘i—é—l (k1 klzl(k2+l1 ) 0
a+B—ko+42 c (B—k1+42) (k1 —k2) (B—k1+2)(k1—ko—1)
Ci(t) = k1—ky—2 . (1 —h2—2) (k1 —k2—1) Foi—ky—2
—(a+ B~k +3) ,fl__ﬁtll —C33 0
0 —C33 — )Cl,i?,l kfi;fil 7(C¥+ﬁ*k]1 +3)
0 —B=katl (k1—k2)(B—k1+2) 0
Ty —ko—1 k1 —ko—1
0 a+B+5 0 (B=k1+2)(k1—ka—1)
—t k1—ko—2 k1—ko—2 ,
0 —(a+B+5)
0 0 0 —(a+ B +6)
0 (2+k2)(B—ka+1) _ (Atk1) (k1 —k2)(B—k1+2) 0
Fi—Fka—1 1 —kg—1  ehika)
(a+B—k2+2)(2+k2) (B—k1+2) (ko +2—k7 +
Co(t) = 0 —= k1—2k2—2 2 0 : k1—2k2—2 L
0 0 (T4 k1)(a+B—ki+3) —(B—ka+1)
0 0 0 C44
where
57 ki1+2 o+ 2
=0B—ki+3
I Sy e T S S
B—ki+2
= —k 4+ =
czz=a+f 1+ +k1—k2—1’

044=2a+2ﬂ—k1—k‘2+6+k1(a+ﬁ—k1+3).

FlGURE 7. CQ, 01, Co fI‘OII’l (4*6)
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order less than or equal to 2i that have our family of
orthogonal polynomials as their eigenfunctions.

We come now to the problem of exhibiting, for each
value of i = 2,3,..., a set of six linearly independent
differential operators that will have order 2¢ and will span
a subspace Ry; such that Do; = Do; o D Ra;.

For each i = 2,3,..., fRy; has a basis consisting of
four differential operators that commute with each other
and two extra ones that do not commute with any other
element in the base. This decomposition of Ry; is spelled
out in the table below.

We denote the two extra operators in Ry alluded to
above by E and F. The corresponding eigenvalues are
given by

AE)=n+a+8—-ki+3)(n+a+5—ky+3)

X (n+k1)(n+ k1 + 1) Ess,
and

A(F)=n+a+B—ki+4)(n+a+p—ke+2)

X (Tl + k’g + 1)(n + kg + 2)E’327

where E;; denotes the 4 x 4 matrix with (4, j) entry equal
to 1 and other entries equal to zero.

In the following table we summarize the decomposition
of MRy, discussed above:

COMM NON-COMM
Ro I
9%2 D17D27D3
M4 | D? D32 ,D2 DD, E,F
MRe | D3, D3 D3 DD, D.\E,Dy;F
Ms | DI, D3, D5 D3D;y D?E,D3F
Ry, | Di, Dy, Dy D7Dy | DIT2E, Di2F

This is, of course, not the only possible choice of a
basis. The operators F and F' themselves are given by

d* &3 d? d
E =Gyt )dt4 + Gsl(t )E+G2( )di2 +Gi(t )dt
+ Go(t)
and
d4 d3 d2 d

+ HO( )7

with G4(t) and Hy(t) given by

(B—k1+2)(k1 — k2)t2

Gya(t) =
4@ (B—ka+ 1)
0 0 0 0
1
7k1 (1=t 0 7,“_162_2(1—@2 0
X
0 0 0 0
1
T k1—ko—1 0 T k1— kz 2(1_t) 0
and
H4(t) — (/87]624"»1)(]{:1 7k272)t2
(B—k1+2)
0 0 0 0
0 0 0 0
X
1
-0 -2 0 0
1
o (-t 00

The remaining coefficients are too unpleasant to be
displayed here.

The operators Dy, Do, and D3 are symmetric with
respect to W (t) at the end of Section 2, whereas F and
F' can be seen not to be symmetric by considering the
coefficients G4(t) and Hy(t). The symmetry of E and F
would require

WGy =GW and WHy = H;W,

which is easily seen to be false.
In contrast to the one-step example, in this case we
have found many relations among the generators

{IaD17D23D3aE7F}'
We display a few of them below:

Dy(Dy+ D3 — ki(a+ 8-k +3)) =0,
[(k1 — k2) Dy + (k1 — ko — 1) D3]
X [ =Dy + (k1 — ko — 1) Do + (k1 — ko — 2)Ds
+ (14 ke)(a+B—ky+2)] =0,

D\E+ EDs = (k1&+ﬁ—k1+2)+1+k2)E
EDy — D1E = (ky — ky — 1)E,
FDy+ D3F = (ki(a+ 8 — k1 +2)+ 1+ k) F
D\F — FDy = (ky — ko — 1)F,

DoE =0,

FDy; =0.
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11 = (—1)'T(n+ 1)1 -2 —a—n)[(=2 — 6 — a — 2n)(5n° + 2n + 2k — 20 + 2In® + 2In — 3kI* + 5kl + k*I°
— 3k%1 4 Tnk 4 2k° + 21* — 18% — 318 4 31° B + 4kIB + 3k*n + na’ + 3na + 5n’a + k*n’ 4 Tkn®
+2kn® + na® + 2n®a — 2kin® — 2k*nl + dakn® + 2ak’*n + 2a%kn + 2in*8 — 20knl + 2alnB
+ 2knlB + n* 4 2nlB8 + 8akn + 2aln + 4n® + 2akl + 3ak? + 3ok + o’k — 20k*l + ok + 1*8*

— 2kI*B + 2aklﬁ)/(f‘(l +DI'(n—Il+ 1) (—a—n)l—-2—-8—a—2n)(k+n+1)(k+n)),

(=D (na+ ak +18+ 20 +nk — kIl + 2k +n* + 20)[' (=8 -3 —a — 2n)T(1 =2 —a —n)['(n + 1)
(k+n)I(n—1+1)Il-3-F—a—-2n)T'(-a—n—-1)IT1+1) ’

T2 = —

()T + DT -2 —a—n)T (- —4—a—2n)
i+ 1)fn—1l+1)I'(—~a—n—-2)'l—4—8—a—2n)’

T13 =

_(=D'(na+ak+18+20—B—2+nk—kl+2k+n’+n)I(-2—B—a—-2n)'l—-2—a—n)'(n+1)
(k+n)k+n+1)I’n—14+1DI'(l-3—-F—a—2n)'(—a—n)(]) ’

21 =

To2 = (—1)'T(n+ 1Dl — 2 — a — n)[(=F — 3 — a — 2n)(—4lnk + 4n* + 4n + 4k + 121 — In® + 4in + 2kI*
— 10kl + K21 + 2nk — 2k* — 41% + 2kB + 213% + 1013 — 21° + 2laf + akB — 3kiB + n’B — k’n
+na® + 2nB + 4na + 2n°a + 3nlB + knB + akn — aln + naf + n® — 3akl — ak® + 4ak + 4lo + azk)/
QI+ DT -1+ D) (—a—n—1)T(1 -3 -8 —a—2n)(B+1—Ek)(k+n)),
(D' (B+34+a—k+n—-DI'(-B—4—a—2n)([(—-2—a—-n)(n+1)

T23 = )

B+1-kI(l—-4-B—a—-2n)(-a—n—-2)(n—1+1)I'(l+1)

(-D)'Th+ DIl -2 —a—-n)(-2—-3—a—2n)
(k+n)k+n+1)II—-DI'(n—l+ 1) (—a—n)I'(l—4——a—2n)’

C(-D'B+3+a—k+n-DI(-B-3—a—2n)T(1—2—a—n)(n+1)
(k+n)B+1—kT(l-4—B—-a—-2n)T(n—I1+ ) (—a—n—1T() ’

(-D)'B+4+a—k+n-DB+3+a—k+n—DI(-B—-4—a—2n)T(1—-2—a—n)(n+1)
B+1-K)(B+2—-kKT(l-4—-B—a-2nT(-a—n—-2)[(n—1+1I({+1)

T32

33 =

FIGURE 8. The z;; from (5—1). Here I" denotes the Euler gamma function.

Cas = (18 4+ ki — k3a® + 21la — ks + OkoaB — kikoor + kao® + kikia + ko8 — k1o3” + 2kac® B — 2k10°8
— kikoa — 11k103 + kia® — 27k1 + 128 + 15ka — 5k3 + 8 + 8ki + ® — k1a® — kiks — 27k1a + 6kia
—dkja — 9k10° 4 Thao® — 2kT ko 4 2k1k3 4+ 1Tkac + 26° + 8% + 1008 + 20° 3 — 2k1 5% — 15k1 8 + 2k25°
+ 11koB 4 2k1 8 — 2k38) / (k2 — k1 + 1) (o + B — k1 + 3)(a + B — ko + 3)),

Caz = (16 + ki af — k3a® + 18 — k3af + k2B — kikoa + koo® + krksa + kaa8% — k1aff® + 2k20’ B — 2k10°
+ Bkiksa — 11k + kia® — 18k + 148 + 4ky — 10k3 + 8a” + 3k + o® — k1o + 9k1ko — 21k1 a0 + 3k}
— Tk — k10> + Thoo? — 2kiko + 2k1k3 + 11koc + 287 + af” + 1008 + 20° 8 — 2k1 8% — 15k1 3 + 2ko 3
+ 11k + 2k B — 2k38)/ (k2 — k1 + 1)(a + 8 — k1 + 4)(a + 8 — k2 + 2)),

Cus = (24 4 23a — kaafS 4 kikaor — kyaB — Thy + 173 — 10ka + 8% + o® + 3k1ka — bkia — k1a® — kaa® — 6kacx
+36° + af” + 11af +20°6 — 3k18 — 3k28)/ (a4 B — k1 +4)(a +  — k2 + 2)).

FIGURE 9. Values of Cs2, Cs3, C44 of Section 4.1.
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11 = (=D T+ DI =2 —a —n)T(=2 — B — a — 2n)(=In’ky — In’ka + akalB — kal®B — k1128 + 5n° + 2k, 13

+ ak1lB + 2kolB + 2nks + 5nky + 2k1ks — 182 + 3128 + 3n%ko + 4n’ky — 318 + 3nki1ks — k12 — 21

+2n 4 3aky + 2k1 + 217 — 2ko1® + dkol + kil + Inks — Inky + 2ln + 2In° + k1kol? — 3k1kol + 1282

+ o’k + a®kika + 3akikz + kin® + 20kl + 2akikan — akinl — akanl + kinlf + ken® + 5n°a

+ 2018 4 4n® + k1kan® 4 kanlB + 3akan + 2akan® + bakin + 2akin® + 2anl + o’ kin + na’ks

+ 3na + na® — 2k konl — 2akikal + 2anlB + 2n’a + nt + 2ln26 + n20¢2)/
Tl+1)P(n—Il+1)I(—a—n)T1—2—-8—a—2n)(n+ ks + 1)(k1 +n)),

(DT + DO — 2 — o — n)D(—B — 3 — o — 2n) (2l + 2k1 + aky + 18 4+ n® + na + 2n — kil + nk;)

)

rl+1)rn—1l+1)I'(—a—n—-1HI'1l -3 -5 —a—2n)(k1 +n)

(D" + DIl —2—a—n)T(=B -3 —a —2n)(2ka + 2 + a + 1 + n? + 3n + aks + nks + na + 13 — kal)
(n+ka+ 1)l -3—-F—a—2n)T(—a—n—1)(n—1+1)C1+1) ’

(—D)'IT(n+ 1)l —2—a—n)I(—B —4 — o — 2n)

T+ DI —Il+ 1) (—a-—n—-2)T(l—4—F—a—2n)’

- (—D)'Tn+ DIl —2—a—n)T(=2 -8 —a —2n)(na+ aks + 18+ 21 — 8 — 2+ nki — kil + 2k +n? —n)

)

(k1 +n)(n+ ks + DI (n — 1+ DT(—a —n)I'(1 =3 - B — a — 2n)

(D) T(n+ DT =2 — a —n)[(—=8 — 3 — o — 2n)(In*ky — In®ko + kokil + 2nkil — 2k21 — kT kol + okl
— kal®B+ k1?8 + 4n® + aky B+ 2k1kaB — k318 — k1lB® — 6k11B — akilB + akika B + K118 + k2l + 3k2l3
+ 2nko 4 2k1 ko — 4k% — k2 8n + 2187 + 2alB — 21°8 + 3n°ka — 2nks — 30k + 1016 + 2k18 — k31 4 4k71
— 2k3ky — 4nkS + 2kT ko + Snkiko + 4k 17 4 120 + 4n + dak + dal + 4ky — 417 — 2k7 8 — 2kal® + 2kol
— 12k1l — 4lnky + 4ln — In® + k1kol® — kikal — &°k} — K2 Ba 4+ o®k1 — 4ak? + o®k1ks + 3aki ks + ok ko
— akjky — kin® — 5akil + 2aksl + kikonf + 3akikon + akinl — akanl +n’8 — kinlB — akinf + akang
+ kon® + 200 — kin® — kin® + 208 — k3kin + k¥kan + 3nlB — kin®B — kinB + kan®B + 2kang + n®
+ 2k1k2n2 + konlB + 3akan + 2ak2n2 — 2akin — 2ak1n2 — naké - 2ak%n —anl — o¢2k1n
+ na’ky + 4na 4+ na’ + naf — 2k1kanl + 2akil — 20k kal)/

U+ DI =i+ DI (—a—n - I =3 =B —a—=2n)(B+1 = k2)(k1 + n)(k2 — k1 + 2)),

(=)' (n4+ 1)l —2—a—n)I(—3 —3 —a — 2n)

Ttk IR — L+ DD (—a—n -1l —4—8—a—2n)’

(D' + D)l —2—a—n)(-B—4—a—-2n)(B+34+a—ka+n—1)
B+1—ko)T(I—4—f—a—2n)T(—a—n—2)(n -1+ )T+ 1)

)

(—D)'Tn+ DIl —2—a—n)I'(=2— 8 — a —2n)(na + «a + aky + 18 + 1 — B + nky — kal + 2ks + n? + 2n)
(k1 +n)(n+ ke + )T (n — 14+ DI (—a—n)I'(l =3 — B — a — 2n)

)

(=D T+ Y@ -2 —a-m(-f -3 —a—2n)

T (ki +)D(OT(n — 1+ D) (—a—n — 1)l —4 - —a —2n)’

(=)' T+ DI =2 —a—n)I(=B — 3 — a — 2n)(6 + In’ky — 2Ink2 — In’ky + k2k1l — 5k21
— kikal + akalB — kaol®B + k1% 8 + 6n° — ak1 8 + ak3 B — 2k1kaf + 20k 8 — k318 — k118” — 5k113
— ak1lB — akikaB + K318 + kalB® + 4kalB + o + 16nks — 14nk1 — 10ki ke + 2k5 4 6k + af3
+ Tn’ka + 5nks — Tn’k1 — 18 — 2k18 4 k31 — 2k3k1 + 3nk} + 2kiks + k3l® 4 2k38 — Onkiks + kil®
— 3l 4+ 4k + 11n + 10aks — 6ak; — al + 12ks — 8k + 5o — kol? — 2k11 — 2lnks + 2ink; — 4ln
—In? — kykal® + 5kikal + a’k2 — a®k1 + 20 ks + ak? + 5aks — o’kiks — Takiks + akiks + 28
— akik — 20kl — kin® — akel — k1kanf — 3akiken + akinl — akenl +n>8 — kinlB — akin8
+ akanf + kan® + 2n o+ kin® + k3n® + 308 — k3kin + kikan + kinB — nlB — kin®B — 3king
+ kan®B + dkanB + n® — 2k1kan® + kanlB + 9akan + 2akan® — 8akin — 2akin® + 2nak) + akin
— anl — a’kin + na’ks 4+ Tna + na® 4+ naf + 2ki kanl + 20k kal)/

(CU+ D) (n—Il+ ) (—a—n—DI1-3—-8—a—2n)(n+ky+ 1)(k1 — k2)(B+2 — k1)),

FIGURE 10. The z;; values from (5-2), part 1.
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(D" r(n4+ 1)l —2—a—n)D(—8—4—a—2n)(B+4+a—ki +n—1)

T34 =

T+ 1DI'(n—1l+ 1) (—a—n—-2)T(l—-4—B—a—2n)(B+2— ki) ’

(-D)!'P(n+ 1)l —2—a—n)T(=2— 8 — a — 2n)

41

Tttt ket DI - DI(n— I+ Dl (—a - —4—8—a—2n)’

(DB +3+a—ka+n—DI'(n+ DIl —2—a—n)[(—f —3 — o — 2n)

T42 =

(k1 +n)(B+1 = k) T(DT(n — I+ 1) (—a—n—1)T(l—4—B—a—2n) ’

(-D'B+a4+a—ki+n—OI(n+ 101 -2 —a—n)(—F -3 —a—2n)

43

Ttk +1D)B+2—-k)IOI(n—l+ D) (—a—n -1 —-4—3—a—2n)’

(D' T+ 1)l —2—a—-n)(—B—4—a—-2n)(B+3+a—ka+n—D(B+4+a—ki+n—1)

T4q =

Fl+DI(n—Il+ D) (—a—n—-2T(l—4—B—a—2n)(B+1—ka)(B+2— ki)

FIGURE 11. The x;; values from (5-2), part 2.

The expressions of FF and F'E are obtained in terms of
the elements {I, D2, D3}. For instance, we have

(k1 — ke — 1)°
(k1 — k2)?
= D2 [(k1 — k2) Dz + (k1 — ko — 1)(a+ 8 — 2k1 + 3)]

X [(ka = k1)D2 — (k1 — k2 — 1)*(a + B — k1 — k2 + 1)]
X [Dy+ Ds — (a+ B — k1 — k2 +2)].

FE

The set of all relations among the generators (some-
thing we have not found) should play the role of the
Burchnall-Chaundy curve.

We close our look at this two-step example by stating
the conjecture that D coincides with the subalgebra .4
generated by {I, Dy, Da, D3, E, F'}.

5. APPENDIX
5.1 Explicit Expression of { P, },,>¢ for the
One-Step Example

The polynomials introduced in Section 3.2 satisfy
D1(P}) = P:A,(D1) and can be expressed, after an ap-
propriate choice of the three parameters, as

Pift) =3 4je,
=0

where
T11 Ti2 T13
=1 xa1 x22 23 (5-1)
r31 T32 T33

with the x;; given in Figure 8.

5.2 Some Constants

In this subsection we give the values of Cyo,C33,Cyy of
Section 4.1. They appear in Figure 9

5.3  Explicit Expression of { P,, },,> for the
Two-Step Example

The polynomials introduced in Section 4.2 satisfy
Dy (Py) = P*A,(Dq) and can be expressed, after an ap-
propriate choice of the four parameters, as

n

i) =Y A,

=0

where
i1 Ti12 T13 T4
n To1 T22 X23 T24
T31 X32 T33 T34
Ta1 T42 T43 T44

with the x;; given in Figures 10 and 11.
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