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Abstract

In this paper we study families of semi-classical orthogonal polynomials of class one.
We derive general second or third order ordinary differential equations (with respect
to certain parameters) for the recurrence coefficients of the three-term recurrence
relation of these polynomials and show that in particular well-known cases, e.g.
related to the modified Airy and Laguerre weights, these equations can be reduced
to the second and the fourth Painlevé equations.
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1 Motivation

The subject matter of the present paper lies within two well-known topics
of special functions: semi-classical orthogonal polynomials and the Painlevé
equations.
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Semi-classical orthogonal polynomials have been extensively studied in the
literature, from many points of view [3,16,18]. A key feature of semi-classical
orthogonal polynomials is the Pearson equation for the weight, w'(z)/w(z) =
R(z), where R is a rational function of z (see Section 2 for more details). A
frequently encountered study in problems in Mathematical Physics is the anal-
ysis of modifications of semi-classical weights as functions of some parameters
and their consequences for basic structures of the polynomials - the recurrence
relation and the deformation derivatives. In this topic, the connections with
the Painlevé equations are very well-known, showing that the three-term re-
currence relation coefficients are often governed by equations of the Painlevé
type (see, for instance, [2,6,7,8,10,15,16,22]).

Recall that the Painlevé equations (P;)—(Py ) are nonlinear second order or-
dinary differential equations having the property that all movable singularities
of an arbitrary solution are at most poles (the so-called Painlevé property). See
[9] for various properties, symmetries and application of the Painlevé equa-
tions. In this paper we shall deal with the second and the fourth Painlevé
equations which are respectively given by

y// _ 2y3 + 2y +a P[](Oé)
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where a and § are arbitrary parameters. Note that by a simple scaling y(z) —
iy(—iz), where > = —1, equation Pry(a, 3) is transformed to Pry(—a, 3). A
similar scaling transformation exists also for the second Painlevé equation
changing o to —a. The second Painlevé equation has classical solutions ex-
pressible in terms of the Airy functions if and only if

a=n+1/2, nelZ.

The fourth Painlevé equation has special solutions expressible in terms of
parabolic cylinder functions if and only if either

B=-22n+1+ea)? =1, necZ, (1)
or
B=-2n% necZ. (2)
We shall also need another form of the fourth Painlevé equation, given by
A T E R )
2y 2y’

which is obtained from Py after the change of variables y(z) — 1/y(2).



In this paper we focus on families of semi-classical orthogonal polynomials
in the so-called class one, w'/w = C/A, under the restrictions deg(A) <
1,deg(C) = 2, and some of their extensions, through a dependence para-
meter. The main goal is to obtain second order differential equations (with
respect to the parameter) for the three-term recurrence relation coefficients of
the orthogonal polynomials. Our approach uses a method similar as in [14].
As examples show, we recover some Painlevé equations in the well-known
particular cases. Our results are illustrated by the modified Airy and Laguerre
weights from [7,16,20]. We show that in these cases our general differential
equations are reduced to the second and the fourth Painlevé equations. To the
best of our knowledge, we believe that the results in Example 4 are new.

The paper is organised as follows. In Section 2 we present notations as well
as results on semi-classical orthogonal polynomials and on discrete Painelvé
equations to be used in the sequel. In Section 3 we present the main results
of the paper: the derivation of two types of differential equations for the re-
currence relation coefficients depending on some parameters to be specified in
the text. We illustrate our results by using the well-known modified Airy and
Laguerre weights from [7,16,20]. Moreover, we obtain conditions under which
the general equations are reduced to the second and fourth Painlevé equations
up to scaling transformations.

2 Preliminary results
2.1 Semi-classical orthogonal polynomials

Let u be a linear form defined on the space of polynomials with complex
coefficients P = span{z* : k € Ny}, and let {P,(z) = 2" + ...} be the
sequence of monic orthogonal polynomials (SMOP) related to u, that is,

(u, PoPr) = hnbnm s hn 0, n,m >0. (4)

It is well known that there exists a sequence of orthogonal polynomials related
to u if, and only if, the moments u,, = (u,z™), n > 0 (where we take uy = 1
for simplicity), satisfy A, # 0, n > 0, where A,, is the Hankel determinant,
A, = det |:ui+j]” ,n > 0 (see [21]). Furthermore, if A, > 0, n > 0,

1,j=0
then u has an integral representation in terms of a positive Borel measure, u,

supported on an infinite point set, I, of the real line

(u, 2"y = /Ix” du(z), n>0, (5)



and the orthogonality condition (4) becomes

/Pn(q:)Pm(:c)du(a:) = hubums hn >0, nym>0.
I

In the more general case, whenever p is an absolutely continuous measure
supported on some set I, and w denotes its Radon-Nikodym derivative with
respect to the Lebesgue measure, i.e. du(x) = w(x)dz, then we will also say
that {P,} is orthogonal with respect to the weight w.

Monic orthogonal polynomials satisfy a three term recurrence relation [21]
Poti(z) = (2 = Bn) Pu(x) — ynPoa(z), n=>1, (6)

with Py(z) =1, Pi(z) =2 — By, and 7, #0, n > 1, 7 = 1.

The recurrence relation coefficients, v,, and ,, are given by

(u,zP, P, 1)
<u7 P3—1>

2
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We also remark that the recurrence relation coefficients can also be computed

by using the ratios of Hankel determinants [21],

An1A,
%+1:%7 A=1. (7)

The constant h, in (4) is given by

ho =1, hn:H%, n>1. (8)
k=1
We introduce the moment generating function, the Stieltjes function, defined
+oo
by S(z) = > u,z~"". Note that whenever u is defined by a measure such as

n=0
(5), then S is given by

S(x):/ld'u(s), reC\I.

r— S

The sequence of functions of the second kind corresponding to {P,} is de-
fined by

Qn+1:Pn+1S_P7§1)a nZO,QO:5> (9)
where PV is the so-called associated polynomial of P, of degree n [21]. When-
ever we are dealing with measures such as in (5), then there holds the integral



representation

P,i1(s
qn+1(x):/l+1(>d,u(s), n>0,qg=S5.

Note that {g,} satisfies the recurrence relation (6), with initial conditions
-1 = 0,q0(z) = S(x). Thus, the following asymptotic expansions hold (see,
g., [20]):

Po(z) = 2" - (HZ ﬁj) 2"+ (n (i PiBi — %‘)) ", (10)
=0 =1 \i=o

%1(1’) == hn (ajnlﬂ + (i B]) ZE”1+2 + i (’7]-1—1 + Z/BZ/B]) ‘|’ (9 )

Jj=0 Jj=0

Also, recall the following equality, which can be obtained from the Christoffel-
Darboux identity [5,21]

Pn—i—lQn - PnQn—i—l = hn> n>0. (12)
Semi-classical orthogonal polynomials are defined as sequences of orthogonal

polynomials related to linear functionals u that satisfy a distributional equa-
tion with polynomial coefficients [18],

D(Au) = Yu, (13)

being D the derivative operator. To Eq. (13) one associates the class [18], a
non-negative integer given by the minimum value of max {deg(v))—1, deg(A)—
2}, for all pairs of polynomials (A, ) satisfying (13).

Equation (13) is equivalent to a differential equation for the Stieltjes function,
AS'=CS+D, C=¢—-A, (14)
with D a polynomial given in terms of A, C'.

If u is positive-definite admitting an integral representation via a weight func-
tion w with support on the real line, then the semi-classical character of u is
equivalent to the so-called Pearson equation

Au' = Cw. (15)

Here, C' is the same an in (14).



In the present paper we shall consider the class one. Essentially, we will con-
sider weight functions w satisfying (15) under conditions

deg(A) <3, deg(C) =2 or deg(A) =3, deg(C) < 2. (16)

In the sequel we will use the following matrices, for n > 0:

P, i1/ W
yn _ +1 4 +1/ : (17)
P, qn/w

which satisfy the difference equation

T — ﬁn —In
yn:Anyn—lv An: ! ) n217
1 0
T — w
with initial conditions ), = boarf :
1 q/w

The theorem that follows gives a characterization of semi-classical weights.

Theorem 1 [4,16] Let {P,} be a SMOP with respect to a weight w, and
let {qn} be the corresponding sequence of functions of the second kind. The
weight w is semi-classical and satisfies w'/w = C/A if, and only if, YV, =

Poii1 Gnyr/w

P, q/w

satisfies the differential system

AY, =(B,-C/20)Y,, n>1, (18)
where I 1s the identity matriz and
L, O,
—On-1/Tm  —ly
with 1,, ©, being polynomials of uniformly bounded degrees.
Remark 1 Let us take w'/w = C /A under conditions (16). Set

A(Z’) = (13133 + CLQZC2 +a1x + ag, C(Q}) = szQ + c1x + ¢,
ln(.’])) = En’Ql‘Q —I— f?’l,ll‘ + grmo ; @n("]j) = 0n71x + 071,0 .

By equating coefficients in (18), we have



lno = (n+1ag+c2/2, (20)

lpa = as(n + Po) + (n+1)ag +¢1/2, (21)

lno = Ano = Ont, (22)
Ano = —2a3(Vp + Bonn — 1) + (0 + 1)ay + co/2

+(1n + Bo)(as(mn + Bo) +az),  (23)

On1 = —Yn+1((2n + 3)as + c2) , (24)

Ono = —Vnt1{2a3(10n + (0 4 2) Brgr + Bo) + az(2n + 3) + c2fBpy1 + c1}(25)

with . . "
M= Bk, tn= >, BiBi—> wm, n=>1. (26)
k=1 k=2

1<i<j<n
Also, we have

a; + ¢y + (2@2 + Cl)ﬁo + (3&3 + 62)53 + (3&3 + CQ)’)/l =0. (27)

Condition (27) can also be obtained by finding the expansion of the Stieltjes
function S at infinity from the differential equation AS" = CS + D. We can
find the first few moments ug = 1, uy = By, us = —(1 + co + ¢160)/c2 and by
computing v1 using (7) we get (27).

Throughout the paper, f’ will denote the derivative of f with respect to z and
f denotes the derivative of f with respect to some parameter to be specified
in the context.

2.2 Discrete Painlevé equations for the recurrence relation coefficients of
semi-classical orthogonal polynomials

We collect some results on discrete Painlevé equations for semi-classical or-
thogonal polynomials of class one. They follow from [13], taking B = 0. These
results concern differential equations for the Stieltjes function, AS’ = C'S+ D
under the assumption deg(A) < 1.

Theorem 2 [13] Let S be a Stieltjes function satisfying AS" = C'S + D with
Alx) =ag #0, C(x) = c2* + 1z + ¢y, D(x) = dyw +dy,

where dy = —co, dg = —caffg—c1 and ca # 0. Let { P, } be the SMOP associated
with S, satisfying the recurrence relation (6),

Poii(z) = (v — Bn)Pu(z) — Poa(z), n=0,1,2,...,

with B, #0, n=0,1,2,....
Setn = co, p = co/2, A\ = c1. The recurrence relation coefficients By, 7, are
related through the following discrete system:



Bu(Bn +A) = = + 1) — (M1 + 1), n>1,

N(Bn + Brs1) + A = —nao + (ot ) +A) n>1.

771—!—1

Moreover, the sequences

T =0Bn+ A2, 2o =1 (—nag+1m(Bo+ B1) + N))

satisfy the alternative discrete Painlevé equation dPy

Zn—1 Zn
Tp—1 + Tn Tn, + Tn41

=—a2 47, v=()\2)?-2un

with the initial conditions xo = 1Py + A/2, x1 =nh + A/2.

(31)

Theorem 3 [13] Let S be a Stieltjes function satisfying AS" = C'S + D with

Alx) =z —t, C(x):ch2+clx+co, D(z) = dix + dy,

where dy = —cq, dg = —coflg—c1 and ca # 0. Let { P, } be the SMOP associated

with S, satisfying the recurrence relation (6),

Poii(z) = (v — Bn)Pu(z) = Poa(z), n=0,1,2,....

Then the sequences

. kico
 kalcr + eat) + Bucy
k3(2n + co + 2con + cat? + c1t)

Tn

Yn = 202]{% )
satisfy
~ 2(k3(2n + co + ot 4 c1t) — 2c2kTyy)
xn—lxn - k2 2 . 4 2
okt (cf Ya)
and
]fgl’n c1 + 202t — Cgl{?l
Yn + Ynt1 = ( ) >

Cgkll%

where kv and ky are constants. The initial conditions are given by

Cgkl
ko(c1 + 20 + cat)

Ty —

and yo, which is obtained from the formulae above with n = 0.

(32)

(33)



2.3 Differential Toda-type systems for the recurrence relation coefficients of
semi-classical orthogonal polynomials

There might be parameters in the weight, and so the recurrence relation co-
efficients become functions of these parameters. In case the weight is of the
form w(x) exp(tx), the coefficients of the orthogonal polynomials depend on ¢
and they satisfy the Toda system (this is a well-known result, see, for instance,
[14,19] and the references therein).

Theorem 4 [19] The recurrence relation coefficients of polynomials orthogo-
nal with respect to the weight w = wy(x)exp(tx) on the real line satisfy the
Toda system

771 = 771(671 - 571—1)7 (36>
571 = Yn+1 — Tn- (37)

The initial conditions (,(0) and ~,(0) correspond to the recurrence relation
coefficients of the orthogonal polynomials for the weight wo(x).

However, the weight might depend on the parameter in a different way. The
result that follows is given in [16, Theorem 2], but here we state it according
to our notation for SMOP.

Theorem 5 [16] Let {P,} be the SMOP with respect to the semi-classical
weight w satisfying w' /w = C /A with the conditions

k=1
(it) the residues e, = C(xy) /A (zx) are not integers, k=1,...,m,

and where we assume that at least one of the xy’s depend on a parameter t.
Then, we have the following Toda-type equations:

o _ i (@n_2(xk) B @n_1($kz)> T, (38)

Tno k=1 Tn—1 Tn Al(zy)
B = 3 (@) = ba(an)) s (39)

where l,,, ©,, are the polynomials introduced in Theorem 1.

Next we give some remarks on the proof of Theorem 5 which will be used later
on.



Remark 2 Under the notations of Theorem 1, define the matriz H, such that
V. = Hoh, that is,

Thus, we have
2y - 1 Pot1Gn — PaGngr + %QnJran — Poi1nst + Posidnsr — %Qn+1pn+l
fin PnQn — Pugn + %ann _PnQn+1 + Poy1dn — %ann—H
(41)

with h, given in (8), and where (12) was used to compute det(),,).

Recall the system given in (18), AY, = (B, — C/21)Y,. The compatibility

A8 AL
between BT and 2, yields
o (B,-C/21\ _, B, B,

Then, equations (38)-(39) follow from (42), taking into account the asymptotic
expansion of (41) (for details see [16, pp. 224-225]).

Furthermore, it should be emphasized that equation (42) is of particular rel-
evance when dealing with the case deg(A) = 0. In such a case, assuming
that w/w = E/A, with E some polynomial, the matriz H, is now expected
to have polynomial entries (see [12, Section 2]). Hence, for some degrees of
A,C, E, the matrices B,,, H,, are easy to determine, and, consequently, differ-
ential equations for the recurrence relation coefficients B, vy, are expected to
be enclosed.

3 Main results

3.1 Case deg(A) =0

In this subsection we shall deal with the weight w that satisfies the differential
equation of the form w'/w = (coz® + 1@ + cp)/ag. Let us write w'/w =
Gox? + €12 + . The general solution is given by the exponential cubic weight,

w(x) = cexp(Cox + 6107 /2 + % /3)

where ¢ is an arbitrary constant.

10



3.1.1 Differential equations using Toda systems

In this subsection we assume the dependence on the parameter of the form
w = wy(x) exp(tx). Then, the coefficients of the Pearson equation for w depend
on t. Note that the recurrence relation coefficients, 5, = (,(t) and =, = v,.(t),
satisfy the discrete equations (28), (29) as well as the differential equations
(36), (37).

The main objective of this subsection is to deduce a differential equation for
B, and to show how in the particular case of the modified Airy weight such
an equation is reduced to the second Painlevé equation.

Theorem 6 Let w be a semi-classical weight such that w'/w = C/A, with
Alx) =ag #0, C(x) = cox® + 1o+ ¢y, ca #0.
Let {P,} be the SMOP with respect to w, satisfying the recurrence relation (6),
Pocs(s) = (& = Bu)Palt) — uPar(), n=0,1,2,...

with B, #0, n=20,1,2,....

Setn = cy, = co/2, A = cy. Assuming a t-dependence in the weight of the
form wo(x) exp(tx), the recurrence relation coefficients 5, = B,(t), n > 1,
satisfy the following second order differential equation

0B, = 20263 + 3n\BZ + H1B, + Hs, (43)
where
Hy = N +dnu—Nj+nh, Hy = 29\ +1(Bo+B1)) +2 -+ 21— 201 — 2nagn -

Here we assume that ag, n, X and p depend on t.

PROOF. To obtain the differential equation (43), we first take the four equa-
tions (28), (29), (36) with n replaced by n+1, and (37). From the first equation
we find ~,,. From the second equation we find S, ;. Next we substitute these
expressions into the third and the fourth equations. Finally, eliminating v, 1
between the resulting equations, we get a second order differential equation

for (,,.

Note that using (27) and (36) with n = 1 we can express 3 in terms of 3
and [y (see example below).

Theorem 7 Under assumptions in Theorem 6, the recurrence relation co-
efficient 5, = B.(t), n > 1, satisfies the following third order differential

11



equation:

0B, = (60282 + 6nA\B, + A2+ dnp — 2)) + 2n0) B, + n(2n\ — 200) B2
+(nPX = nNij + AP — 200\ 4 nAX + 20077 — dnun) — X*1) B,
=2\ + 4 + 2\ — A — 20y + 3. (44)

PROOF. Take equations (28), (36) with n replaced by n+ 1, and (37). From
the first equation we get v, 1. Substituting this expression into the other two
equations, we obtain two equations: the first one involves ¥, Vn, Bn, Bni1, and
the second one involves 8, B, V.. Augmenting these two equations with the
last with n replaced by n + 1, we get a system of three equations from where
we eliminate (5,1 and ~,, thus obtaining a third order equation for f,.

Example 1 Take w(z) = exp(23/3 + tx), the modified Airy weight with the
appropriate contour of integration in the complex plane. It is known (see [16]
and the references therein) that the recurrence relation coefficients are related
to the second Painlevé equation. Let us show how to reproduce this result using

(43). Here A(z) =1, C(z) = 2 +t. Equation (43) becomes

Condition (27) is then t + B2 +v1 = 0. Differentiating this equation with
respect to t and using equation 1 = v1(B1 — Bo) = —(t + BE)(B1 — Bo) from
(36) with n = 1, we get an expression for [y, Bo, B, from which we can find
B1. Ezxplicitly,
B — 1+ 180 + B3 + 2600

L t+ 83 '
We can substitute this formula into (45) and get

Bp =283+ 2B, — 483 — 4By(t + o) — 2n — 1.

If

By = —t — 3, (46)
then we get the second Painlevé equation (up to scaling of variables) for the
function B, namely

B = 23 + 2tB, — 2n — 1. (47)
By changing variables 3,(t) — 2Y3y(2'/3t) we get Pr(—n + 1/2) for y(z),
where z = 2'/3t. Note that parameters of Py in this case are as in (1). A
standard linearization of (46) gives the Airy equation. Moreover, when taking
n = 0 in equation (47), we can easily show that all solutions of (46) satisfy
it. Thus, we get a family of classical solutions of the second Painlevé equation
which are expressible in terms of the Airy function for the function (.

12



Equation (7) is reduced to

and, clearly, (47) solves it.

Moreover, we see that in order to reduce equation (43) to the second Painlevé
equation up to scaling transformations, we need conditions on the coefficients
of C(z) (for instance, if co = 1, then ¢; = 0 and ¢y is linear), which gives only
very special weights.

3.1.2  Differential equations using Toda-type systems

We can also derive similar equations with respect to some parameter ¢t. Indeed,
not necessarily when w = wy(x) exp(tx).

Lemma 1 Let w be a semi-classical weight under some dependence on a pa-
rameter t, satisfying w'/w = C/A, w/w = E/A, with A(z) = ap, C(z) =
e + 1 + ¢y, E(x) = eax? + e1x + eg. Let {P,} be the SMOP with respect
to w, satisfying the recurrence relation (6),

PnJrl(x):(z_ﬁn>Pn(x)_’ynPnfl<x>7 n:071727--- .

The matriz H,, defined in (41) is given as follows:

’yn-i-l(% — Tn+1 (Z%($ + Bn-‘rl) + %)
Zatf)+ g @ ma ) - R -2

€1 €2
ag ag ao

A=Y ( joﬁzﬂj) s (Z @ﬁj) - (;ﬁ) |

7=0 7=1 \i=0

PROOF. Under the assumption w/w = F/A with E a polynomial, the ma-
trix H, has polynomial entries (see [12, Section 2]). Thus, in the account of
(41) and the asymptotic expansions (10) and (11), the terms in O(z*), k > 0,
are obtained from

Ly e+ wdn+14n+1 . (49)

hn %qTLPTL Pn—i—lq.n - %ann—&—l

The use of the asymptotic expansions (10) and (11) in (49), together with
Vi1 = Pns1/hn (cf. (8)), yields (48).

13



Theorem 8 Under the conditions and notations in Lemma 1, equation (42)
gives the following Toda-type system for the recurrence relation coefficients:

aoCaYn+1 = (e2c1 — €1¢2)(Bn — But1)V¥nt1, (50)
aoc3Bn = erca(co + c1Bn + c2(B2 + 27n11))
—ea(aocs + ci(co + 1B + 2(B2 + 29n11))), (51)
(eac1 — er1ca)(co + €1 Bnt1 + C2(ﬁ72;,+1 + Ynt1 + Tng2)) =0, (52)
coGp + ag(e; — éo) =0, 2ages + c1ag — apty =0, cadg — agle = 0. (53)

The second factor in condition (52) is equation (28) with n replaced by n+ 1.
Moreover, system (50), (8), (52) implies

(e2c1 — e1¢2)(Bn — Bnyr1)(c1 + ca(Bn + Bny1)) + aoca(2ea + 02(671 + Bnﬂ)) = 0.

PROOF. The entries of the matrix B,, defined in (19) are given by

C: & C
ln(7) = §2$2 + %f + 50 + 2Ynt1 5 On(®) = —Vng1(C27 + c2fpg1 + 1)

By collecting the coefficients in z in (42) and eliminating h,,, we obtain the
result after simplifying expressions using (53).

Example 2 Let us take w(z) = exp(z®/3 + tx). This ezample was already
studied in [16]. However, we shall use equations derived in this subsection.

We have A(z) =1, C(z) =2* +t, E(x) =z, and

2
= + : + n —In T+ Pn 0 — Yn
O R R VA R G
Theorem § gives
’Yn.—I—l = (/871+1 - ﬁn)%‘n-{-l ; (55)
B =t + 2941 + B, (56)
Tn+2 = —Vn+1 — 5727,-}—1 - t7 (57)
ﬁn—&-l + Bn - ﬁi - 72L+1' (58)

Note that equation (55) is the same as equation (36). By simple manipulations
we can also recover (37). The second and the third order differential equations
for B, are the same as in the previous subsection.

14



3.2 Case deg(A) =1

In this subsection we shall deal with the weight w that satisfies the differential
equation of the form w'/w = (cox*+c17+¢p) /(. — ) with the general solution

a(acz+c1)+co

:c—oa)(cz(3o¢+x)+201)(x o Oé) ’

1
w(x) = ce2'
where c is an arbitrary constant.

In the subsections below we will use the same method as in [14] to derive
differential equations. It is as follows.

Assume that we are given six equations of the form

f(xn, Bn) =0,

9Wn>7m) =0,
fi(@n-1,20,y0) =0,

Fo (%0, Yns Yns1) = 0,
gl(ﬂnfla 5717 s 'Yn) =0 )
92<5n77n77n+1> =0,

N N N N N N
(@) e
[N

~— — — ~— ~— ~—

where the functions on the left-hand sides also depend on the coefficients (as
functions of some parameter t) of the Pearson equation for the weight, and
Tp, = Tn(t), Yn = Yn(t), Bn = Bu(t), Yo = 7u(t). Equations (59), (60) intro-
duce new quantities x,, and y, related to the recurrence relation coefficients;
equations (61), (62) are discrete equations as in Theorem 3; equations (63),
(64) are the Toda-type equations. The aim is to derive an ordinary differential
equation for the function z,. To do this we first find expression of x,_; in
terms of x,, and y, to be used later on from equation (61). From equations
(59) and (60) we find expressions of (3, in terms of x, and of -, in terms of
Yn. Substituting them into (64), we find y,, 41 in terms of z,, &, and y,. Sub-
stituting this expression into (62) we notice that we can express ¥, in terms
of x,, and z,,. Expressions of 3, and ~, in terms of x,, and y, found earlier can
also be substituted into equation (63), from where we get 7, in terms of x,_,
x, and y,. Substituting x,,_; found at the beginning, we get equation for y,,
x, and y,. Hence, replacing v, by its expression in terms of z,, and x,,, we get
the required second order differential equation for z,,.

3.2.1 Differential equations using Toda systems

In this subsection we assume that the parameter with respect to which we
shall derive a differential equation is the parameter t in the weight w =
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wo(x) exp(tz). In this case Theorem 4 is applicable. Throughout this subsec-
tion we assume the t—dependence of the polynomial C' in the Pearson equation

w'/w = C/A.

To derive differential equations we use the algorithm described at the begin-
ning of the section. We have the following result.

Theorem 9 Let w be a semi-classical weight such that w'/w = C/A, with
Ax)=2—a, C(x) =z’ + o+ ¢y, c2 #0.
Let {P,} be the SMOP with respect to w, satisfying the recurrence relation (6),
Poii(z) = (v — Bn)Pu(®) = Poa1(z), n=0,1,2,....

Assuming a t-dependence in the weight of the form wy(x)exp(tz) and, thus,
the dependence on t of the polynomial C, the function x, = x,(t)

leQ
ka(c1 + acy) + Bacs

T, = (65)

satisfies the following second order differential equation:

k2\ 42 1 1
Ty = < — 22> Tn (len + Fy + ng) a‘cn+F4x§;+F5mi+F6xn+F7+F8x—,

Z)Zn n n
(66)
where
k’%(l — kQél) k;’clég
Fl = 5
leQ leQ
1
F5=2k|(1— =
3 1 ( k%) )
2c0 ]{5201 (6]
F=—-— 4+ — -2k
2 kg Co * kQCQ 20
F,— ]{?%Cg k%(?k‘gcl — k’%c? — 1) kg(kﬁgclélég — Cléz) k%c?cg
LT o2 2k2c2 k2c3 2k2ch
1 . . 2 . . ka 2. )
Fy = —— 2k + ¢ + oty — 2k5061 — koly) + —— (kaciéy — 2¢163)
]{3102 kICQ
1
+W(k¢201 — k2cié) — ég — 2néy — colo + (2k2 — 1)aciéy + 2kgéiéo + kaciés)
1€
1 ) 1 1 ) c1C9 2
Fs=—(2ko¢1 —cog— 3 —2-2n)— — — — 4k — =3
P 02( 9C1 — Co — 3aCy n) Tt 22 (1 + 4kots) + e a”,
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. 41{310[ 1 2]€1C2

b=

T k’g ]CQCQ ’
3k2

Fy=——1.

T 22

PROOF. The theorem is proved computationally using the algorithm for
(32), (33), (34), (35) (with ¢ replaced by « in all four equations), (36) and
(37).

Example 3 Let A(z) = z—a, C(x) = cor’+c1x+co with cg = 2b, ¢; = t—2ab,
co = v — at. This case corresponds to the modified Laguerre weight considered
in [20]. The weight function is given by
U}((L’) — ($ o a)ueblﬂ—i-tm’
where b < 0. We notice that in this case and when ke = 1, the structure
of the differential equation (66) resembles the alternative form of the fourth
Painlevé equation (3). Indeed, if « = 0, then by the substitution x,(t) =
2Vbky Jy(—t/(2v/D)) we get that the function y(z), where z = —t/(2v/b), satis-
fies the fourth Painlevé equation Pry(—1—2n—v, —8b?k{v?). Note that in [20]
only third order difference equation for the recurrence relation coefficients is
giwen. However, as we see, in order to get the fourth Painlevé equation up to
scaling transformation, one needs the extra condition o = 0. Moreover, if we
take ki such that 40k} = 1, then we have parameters of the fourth Painlevé
equation satisfying condition (1). If additionally b = —1, then we have the case
of the weight considered in [14] and the computations and the results agree by

taking ki = —1//2.

We can further study when equation (66) can be reduced to the fourth Painlevé
equation up to a scaling transformation. By taking x,(t) = p1/y(pat) we get
that the function y(z) with z = pyt satisfies Pry with B = —p}(—1—2n+A)?/2
when ky = 1 and C(z) = —2?/(2p3) + xt + V/—2B/p?, A(x) = x, which
esentially gives the case considered at the beginning of this example.

3.2.2  Differential equations using Toda-type system

In this subsection we assume that the parameter with respect to which we shall
derive a differential equation is the root of A(z), that is, A(z) = x —t. We
also assume the t—dependence of the polynomial C' in the Pearson equation
w'/w = C/A. Now, Theorem 5 is applicable. We have the following result.

Theorem 10 For the SMOP with respect to w such that w'/w = C/A with
A(z) = x —t, C(z) = cex® + 17 + ¢, the recurrence relation coefficients of

17



(6) satisfy the following Toda-type system.:

{7n = 2Yn(Bn — Bn-1),

67
Bn =1+ 62(7n+1 - fYn) ( )

PROOF. We have

O, (z) = —(c1 + 2 + c2Bnt1) Vo1

and

I(z) =1+ n+ (co + c1m + o2 + 2¢ + 27,11) /2.
Substituting these expresions to (38) and (39) with m = 1 we get the desired
result.

To derive differential equations we use the algorithm described at the begin-
ning of the section. We have the following result.

Theorem 11 Let w be a semi-classical weight such that w'/w = C'/A, with
Alx)=x—t, Ox) = ez’ + 1z + ¢y, ca#0.
Let {P,} be the SMOP with respect to w, satisfying the recurrence relation (6),
Poii(x) = (v — Bn)Pu(®) = Poa(z), n=0,1,2,....
The function x, = x,(t)

kyco

Ty =
ko(c1 + cat) + Bnce

(68)
satisfies the following second order differential equation:

k2\ &2 1 1
.l.‘n = ( — 2) $n+(G1$n + GQ + ng) ZL‘n—i—G4$§l—|—G5[EZ+G65L‘n+G7+G8; s

'CE’I’L n n

2
(69)
where
k‘20102 kg’cl k%
G = — 22
k162 k102 ]Cl
c1 + 2cot C
GQZ # - k2(cl - 202t) + j’
]{?2 Co

G . k?% i k%CgC% k:%cl i k%clélég k‘gc%c% I k§(201€.2 — C%)
T 2 Ko kG 2k 233
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1
(Cl — k‘;cl + 20275 — 2k302t + éo + Clt — ngclt)

Gs=—
5 ]{71
1
+ﬁ(k;262 — k‘gclc'l — 27102 — Coég — Clégt + 2]6%010'275 — k?gél)
162
1 2 9. .. .. 31{2610‘%
—l—@(kzclcg + 3koé1¢a + kociéa) — e
. Qk . . 2 2
Gﬁ = ;122 — 206162 — a _‘]; e — % + 2]€2é1 — 30162t — 02(271 — 2]{’2 + Co + 302t2) s
202 2 2
2k10162 + 4]{310%75
G7 = L )
2
3kic3
Gy=—"12 .
212

PROOF. The theorem is proved computationally using the algorithm for
(32), (33), (34), (35), (67).

Example 4 Let A(z) = z—t, C(c) = caz’+c1x+co with c; = 2b, ¢; = a—2bt,
co = v — at. This case corresponds to the modified Laguerre weight considered
in [20]. The weight function is given by

w(z) = (z — t)reP e (70)

where b < 0, a < 0. We notice that in this case and when ko = 1, the
structure of the differential equation (69) resembles the alternative form of
the fourth Painlevé equation (3). Indeed, if a = 0, then by the substitution
T, (t) = —2v/bky Jy(\/bt) we get that the function y(z), where z = /bt, satisfies
the fourth Painlevé equation Pry(—1 — 2n — v, —8b%kiv?). Note that in [20]
only difference equation for the recurrence relation coefficients is given and it
1s conjectured that if one obtains the differential equation with respect to the
parameter, then one gets one of the Painlevé equations. However, as we see,
in order to get the fourth Painlevé equation up to scaling transformation, one
needs the extra condition a = 0. Moreover, if we take ky such that 40°k} =1,
then we have parameters of the fourth Painlevé equation satisfying condition
(1). If additionally b = —1, then we have the case of the weight considered in
[7] (w(z) = |z —t|’e "), and by a scaling we get that the recurrence relation
coefficients are related to Pry (1 + 2n + v, —2v?%), which agrees with the result

in [7].

We can further study when equation (69) can be reduced to the fourth Painlevé
equation up to a scaling transformation. By taking x,(t) = p1/y(pat) we get
that the function y(z) with z = pot satisfies Pry(1 — 2n — v, —8V2k{p]) when
ko =1 and C(x) = —2p32* + 2p3tx + v, which gives the case considered at the
beginning of this example with b = —p2, a = 0.
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4 Discussion

In this paper we derived general differential equations for the recurrence re-
lation coefficients of the semi-classical orthogonal polynomials of class one
with an additional assumption that the degree of A in (14) or (15) is at most
one. In particular cases we showed a connection to the second and the fourth
Painlevé equations. Moreover, we considered the modified Laguerre weight
(70) (see [20]) and deduced differential equations with respect to two different
parameters.

In general terms, our approach uses a method similar as in [14]. Other meth-
ods are available in the extensive literature on Painlevé equations and semi-
classical orthogonal polynomials. For instance, some differential equations for
B, deduced in Theorem 6 can also be obtained using pairs of Backlund trans-
formations as in [11].

There are several open problems to be emphasized. Firstly, by considering
different combinations on roots of A, to show a connection of the recurrence
relation coefficients to other discrete and differential Painlevé equations. An-
other open problem is to deduce differential equations in larger classes than the
semi-classical one, for instance, the Laguerre-Hahn class [17]. Here, in the ac-
count of the results of [13], we conjecture that the structure of these equations
will be similar to the case considered in this paper, and for some examples of
Laguerre-Hahn polynomials, for instance in the case of the associated poly-
nomials, there will also be a connection to the Painlevé equations. Finally, it
would also be interesting to systematically study the general equations to find
all the cases when we have the second and the fourth Painlevé equations, not
necessarily up to scaling transformations.
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