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Abstract

We consider the general theory of the modifications of quasi-definite linear functionals
by adding discrete measures. We analyze the existence of the corresponding orthogonal
polynomial sequences with respect to such linear functionals. The three-term recurrence
relation, lowering and raising operators as well as the second order linear differential
equation that the sequences of monic orthogonal polynomials satisfy when the linear

functional is semiclassical are also established. A relevant example is considered in details.

1 Introduction.

Let u be a linear functional in the vector space P of polynomials with complex coefficients.
This functional is said to be quasi-definite [8] if the principal submatrices of the infinite Hankel
matrix associated with the sequence of the moments (u,), of the linear functional U are non-

singular. Notice that u, = (U,2") where (-,-) denotes the duality bracket.
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Assuming U is a quasi-definite linear functional, there exists a sequence of monic polynomials
(P,)n with deg P, = n, such that

(M, Py P = knGnms  kn #0.

We introduce a new linear functional
M N
U=U+)Y Aid(z—a;) =Y B;d'(x —by), (1.1)
i=1 j=1

where (A4;)X, and (B;)L, are real numbers, §( — y) and ¢'(x — y) mean the Dirac linear

functional and its derivative, respectively, defined by

(6(x —y),p(x)) =ply), (' —y),px)=-p(y), VpeP

Such a kind of linear functionals have been studied intensively in the last ten years. For
instance, if B; = 0, ¢ = 1,2,..., N and U is a classical linear functional (Hermite, Laguerre,
Jacobi, and Bessel) necessary and sufficient conditions in order to U be quasi-definite are given in
[3]. Notice that in the Laguerre case (with M =1 and a; = 0), Jacobi (with M = 2 and a; =1,
ay = —1), Bessel case (with M =1 and a; = 0) we get the so-called Krall-type orthogonal
polynomials which are related to the spectral analysis of linear differential operators (see e.g.
[10, 15]) and also appear in the Darboux transformation on the Jacobi matrix associated with
the three-term recurrence relation which such polynomials satisfy (see [12, 13], as well as [14]
for some iteration of the Darboux transformation).

If some B; is nonzero, then a general approach to the quasi-definiteness of the linear func-
tional U is presented in [6]. For the case of classical functionals we have studied the corre-
sponding sequences of orthogonal polynomials in several papers: For the Laguerre functional
see [1, 2], for the Bessel linear functional see [4] and, finally, for the Jacobi linear functional see
[5]. Notice that in these cases the points where the Dirac linear functionals are supported are
intimately related to the end points of the support of 1.

Very recently and following a multiple integral representation of Heine for Hankel matrices
as well as the corresponding sequences of orthogonal polynomials, in [9] a similar study has
been done. Surprisingly, the authors do not refer the above contributions and even, they do
not discuss the quasi-definite character of the linear functional . Basically they obtain our
original results using a different approach.

The aim of this contribution is to analyze the linear functional U introduced in (1.1) and to
find necessary and sufficient conditions for its quasi-definiteness. Next, we deduce an explicit
representation of the corresponding sequence of monic orthogonal polynomials (ﬁn)n This
constitutes the contents of the section 2. In section 3 we obtain the coefficients of the three-
term recurrence relation. In section 4 we assume U is a semiclassical linear functional and then
we deduce a raising as well as a lowering operator associated with U. In section 5 we deduce a
second order linear differential equation from the above results. Finally, in section 6 an example

related to the Hermite polynomials is worked out.



2 Definition of the functional u.

Consider the linear functional U given in (1.1), i.e.,

M N
=1 j=1

If U is quasi-definite then there exists a sequence of monic polynomials (ﬁn)n orthogonal with

respect to U and therefore we can consider the Fourier expansion

Py(x) = Pa(z) + Y MuiPi(2). (2.1)
Then, for 0 < k <n—1,
- A;P (ai) Pe(a;) + Bjﬁn(bJ)Pl;(bj) + Byﬁn(bJ)Pk(bj)
N (U, Py (x)P(x)) _ _; ; ;
" (u, P (x)) (u, P¢(x))
R Pi(a:) N p Pby)
L AP ) ;Bﬂp”(b’ S e ZB Pl paay

Thus, (2.1) becomes
_ M N N
P, (z Z Kni1(z,0;) = Y BiPo(b)KY” Z K1 (, b;),

where, as usual, we denote

N n_ pl) (. pli) Z. d' -
KS’J)(:L’,y) — Z M pl( )(:1:) = d:):ipl(x)’ 1,7 € N.

For a sake of simplicity K(*9 (z,) := K, (z,y) denotes the reproducing kernel associated with
the linear functional ut. Tt is very well known that (U, K,,(x, y)p(z)) = p(y) for every polynomial
p(z) of degree less than or equal to n.

If we evaluate (2.2) for x = ay, k =1,2,..., M we get
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A similar evaluation in (2.2) for z = by, k =1,2,..., N, yields

M
Pn(bk) = Pn(bk:) - ZAan(az) n—1 bkaaz
=1
N ~1
—ZBan(bj)anl(bkabj)-

j=1

DK (b, b,)

IIMZ

(2.4)

Finally, taking derivatives in (2.2) and evaluating the resulting expression for © = by, k =
1,2,..., N, we obtain

M N
Po(be) = Palbe) = Y AiPu(a) KD (b, ai) = > By Po(b)) KLY (b by)
i=1 j=1
v (2.5)
> B (b)) KL (b, b))
j=1

Thus we get a system of M + 2N linear equations in the variables (P, (az))M ,, (P, (b)Y, and
~
(P (b))
In order to simplify the above expressions we introduce the following notations (A’ is the

transpose of A):

iPn('g) = (Pn(zl)apn('z?)a - 'apn(zk))Ta ?:1(5) = (Pqi(zl)apvlz(@)a .- 'aPA(Zk))Ta

where Z = (21,22, -+, 2)" .

entry is Ksl ;(zm,yn) Here 2 = (21,22,...,2,) and ¥ = (y1,Y2,...,Y,). Finally, we in-

Also we introduce the matrices JCS_J%(E, y) € CP*7 whose (m,n)
troduce the matrices associated with the mass points A = diag (A4, Ay,...,Ay) and B =
dlag (Bl, BQ, ey BN)

With these notations the linear system of equations (2.3), (2.4) and (2.5) becomes

P (@) P (@) P, (d)
?n(b) = | Pul0) | —KpiD ?n(b) ’ (2.6)
P, (0) P, (0) P.,(b)
where @ = (ay, as, ..., an)7, b= (by, b, ..., by)7T, and
A0 0 Kp1(@ @) Koi(a@b) K" (@,b)
D=(0 0 B|, K.i=|%X.10bad K.108 xK"V&0) |,
0 B 0 K0 (b d) KV (6,6) 5D (5,5)
or, equivalently,
P, (@) P.(a) K1 (@, @) AP, (@) + KV(@,5)BP,(b) + K1 (d@, b) BP. (b)
Po(d) | = [ Pul®) | = | Kuoi(b, @) AP, (@) + KO (B,5)BP,(5) + Koey (5, 5) BP, (b)
P, (b) P, (b 5% (b, @) AP (@) + K (b, 6) BPo (B) + K1 (5, ) BP, (b)



Notice that all the involved block matrices have the appropriate dimensions. Thus, if the
matrix [+ K,,_; D, where I is the identity matrix, is non singular, then we get the existence and
uniqueness for the solution of (2.6).

In such a case (2.2) becomes

P, (@
Po(a) = Pala) = (KT, (2,@), KT, (2,8), Y (2,8) ) DA+ Kot D)™ | 2B | (27)
Pr(b

On the other hand, taking into account the quasi-definite character of U, we get

0# (U, P,(x)) = @, Pu(0) Pal2)) = (W, Py () P () + ZAiﬁn(ai)Pn(ai)

Using the previous notations, as well as (4, P,(z)P,(z)) = (1, P2(z)), the above expression

becomes -
P (@)
(W, P, () = (u, P2(x)) + (P (@), PL(), #,7(5)) D @L@) (2.8)
P, (b)
) ) Pa(@)
= (U, P(x)) + (PF(a@), Pr(b), P, (b)) D (1 + K, D)™ Pa(b)
Pr.(b)

Thus, as a conclusion, we have proved that if U is a quasi-definite linear functional then the

following conditions hold:

1. The matrix I + K, _; D is nonsingular for every n € N, i.e.

det(I +K,_1D) # 0, Vn € N. (2.9)

2. Foralln e N
P (a@)

(@, P, (x)) = (u, P2(a))+ (PL(@), PL(E), P,7(5)) D (1+ K, D)™ | () | #0. (2.10)

P, (5)
Conversely, (2.9) and (2.10) are also sufficient, conditions for the quasi-definite character of U.

In order to prove it we proceed as follows. Let P, be the polynomial given by (2.7). Then, for
0<j<n-1

(

Pn
(0, P () Py()) = (W, Po() Py () + (P] (@), P (8), P57 () ) D (1 + Ky D) | P
P

—~
= S:lEi

n
/
n



Now, taking into account the reproducing property of the kernel and (u, P;(z)K 0’1)(x,b)> =
Pi(b), we get

Pn(d)
(u, Py (2) Pi()) = (W, Py(2) P;()) — (P] (@), P] (5), »;7(5) ) D (I + K, D) ' TPn@
AW

From the above two formulas one has (11, ﬁn(x)Pj (z)) = (W, P,(z)P;(z)) =0,for 0 < j <n-—1

On the other hand,

~

i]:)n _’)
(W, P () Pa()) = (W, Po(0) P()) + (P (@), P7(5), P,T(5) ) D (I + Ky D)7 (Tn(§)>

=

P (b)
from (2.10). Thus, P, is the n-th monic polynomial orthogonal with respect to the linear
functional U. Then we have proved

Pa (@)
= (u, P(2)) + (?T()?T(”L?;T(*))D(uKn1D>1( @)%o

Theorem 1 The linear functional W given by (1.1) is a quasi-definite linear functional if and
only if

(i) The matriz 1 + K, 1D is nonsingular for every n € N.

P (a)
(i) (u, P}(x)) + (P} (@), P (0), ®,7(5)) DI+ K, D)~ | Py @ # 0, for every n € N.
AW

In such a case, the corresponding sequence (Py), of monic orthogonal polynomials is given by

—

Pn(@)
Po(z) = Po(x) — (KT, (z,), KT_, (x, 5), K (2, @) ) D(I + Kyp_, D)™ ( ?n@ ) .
Pr(b)
Remarks:

1. If the entries of the matrix D are nonzero, then D is an hermitian matrix which is non-
singular. Then

DI+K, (D)= (D" +K, ) =M, ,,
where D™' + K, _; is an hermitian matrix. Thus (2.10) means that

~ ~

~ ) ) ?n(cz)
L+ e (P(@), Py (), P (D)) Mn (ffn(b)) 70,

and £, = sign ((u, P2(z))).



2. If some entries of D are zero, then we can reduce the size of our system. The same
situation holds when (a;)}, ((b;)}Z; # 0. In such a case, the corresponding equations in

(2.3) are reduced because of the repetition in (2.4).

3. Taking into account the Christoffel-Darboux formula we have

) kﬂ = <u’ PZ(‘T)>J

n

anl(gj, y) — i |:Pn(!L')Pn_1(y) - Pn(y)Pn_l(Q?)

kny r—y
as well as

1

KOD (2, ) = - [Pn(ﬂf)Pél(y) — Py()Pa-i1(®) | Pu(x)Poi(y) = Pu(y)Pua(x)

Tr—y (. —y)?

Inserting this two expressions in (2.7) and denoting ¢(z) = [, (z — a;) vazl(x —b;)?,

we deduce

é(x)Pp(x) = A(z;n)Py(x) + B(x;n) Py (x), (2.11)

where A(z;n) and B(x;n) are polynomials of degree independent of n and at most 2N+ M
and 2N + M — 1, respectively.

On the other hand, from the three-term recurrence relation that the sequence (P,),

satisfies

2P, (x) = Pyi1(z) + BuPu(z) + v Po1(2), (2.12)

and taking into account (2.11) we get, for n > 1

d(x)Pp_1(x) = C(x;n)Py(x) + D(x;n) Py (), (2.13)
where
C(x;n):—%, D(:J:;n):A(x;n—1)+%@;13(x;n—l).

4. An inverse process can be done in order to recover the linear functional U in terms of U
(we need to add to U the same masses but with opposite sign). In such a way we can
deduce the existence of polynomials A(x;n) and B(z;n) with degrees independent of n
such that

¢(z)P,(z) = A(z;n) P, (2) + B(z;n) P, 1(z), (2.14)

as well as the counterpart

¢(z)Po_i(7) = C(z;n)Pp(z) + D(250) Ppy (7). (2.15)



~

3 A Three-Term Recurrence Relation for (P,),.

In the following we assume that U is quasi-definite. Then, the sequence (ﬁn)n of monic poly-

nomials orthogonal with respect to U satisfies a three-term recurrence relation (TTRR)

2P (2) = Poi1(2) + BoPu(z) + FuPp_1(z), ne€N, (3.1)
with the initial conditions P_;(z) = 0, Py(z) = 1.

Our aim is to obtain the coefficients En and 7, of the TTRR (3.1) for the polynomials P,
orthogonal with respect to U, in terms of the coefficients 3, and =, of the TTRR (2.12) of the
monic polynomials orthogonal with respect to u.

To do it we proceed as follows. By definition

S ) 52)

U, P, ()

Taking into account (2.10) as well as remark 1 of theorem 1, we get, for n > 1

B)) Moo

- 1+, (PT(a), PT(), P, (@), P (5), P4, (8))
(6)) My—e (Pust (@), P (0), P,y (5))"

_ (
e (@), T (), 7T

as well as, forn =1

o~

L WP@) _ WP)
@, Py(x)) (U, Pol)) + XM, A,
1+, (P1(@), PT(0), " (0)) Mo (P1(a), P1 (b), P (B))

= N )
]_ + ZzAil Al/UO

where uy = (U, 1) is the first moment of the functional u.

~

On the other hand, 3, = (1, xﬁQ( ))/(u, ]3721( )). Nevertheless, it is better to compute 3, in
a different way. If b denote the coefficient, of 2™ ! for P and b, the corresponding coefficient
of 2" ! for P, we have, Bn = bn —b,,_1. To obtain bn we use the Eq. (2.7) which yields

P (@)
bn = by = Engni|7n]'? (Pa_i(@), Py (0), P T (0) ) Myy ?T(b)
P,.7(5)
Thus, for n > 1,
N o Pos1(@)
Bn = Bn+ 5n5n+1|7n+1|1/2 (?g(ﬁ)a ?g( )7 iP;zT( ) ) M, iPg—l—l(b)
P’ (0)
Ph @)
— entntlnl' " (PL1 (@), DL (B), Py, () My Pa(b)
P ()



Finally, for n = 1 we have

~ () w+ S aiAs + Z;V:I B;
u1) o+ NL A

~

4 Raising and lowering operators for (P,),.
In the following we assume that the linear functional U is semiclassical, i.e., there exist polyno-
mials ¢ and v, with degv > 1, such that

d

D(yu) = vu, D = e

(4.1)

Here we use the distributional notation in the sense that for a polynomial © we define the linear

functional 7U in such a way that
(ru, p) := (U, p), (Du,p) := —(u,p'y, Vp € P.

Proposition 1 Ifu is a semiclassical linear functional, then the linear functional W introduced

in (1.1) is also a semiclassical functional.

Proof: Taking into account the fact that for the polynomial ¢(z) = [T, (z — a;) H;V:1(x —bj)?

we get ¢U = ¢ll, we can consider

D(¢*pu) = D(¢*pu) = ¢*D(u)+206" P = ¢°1u+2¢"pou = (vP+2¢"P)pu = (vP+2¢')) I,

i.e., there exist polynomials {E = ¢*¢ and v = (v¢ + 2¢'1))¢ such that D(zZﬁ) = . [ ]

Notice that the choice of {bv and v is not, in general, optimal. For instance, if

D(¢ptt) = D(¢yput) = ¢D(yu) + @' = (v + ¢'P)u,

and we assume ¢'¢) is a multiple of ¢, i.e., ¢'¢) = n¢, where n is a polynomial then the above
equation yields
D(¢ptt) = (v +mu = ¢(v + ),

and thus ibv = ¢ and v = ¢(v + n). This is the reason why the study of the cases when
the set (a;);2, J(b;)}2, is reduced to the set of zeros of 1 allows to reduce substantially the
computation.

Proposition 2 (Maroni [16]) If W is a semiclassical linear functional, then there exist polyno-

mials Mi(x;n), Ni(xz;n) with degree independent of n, such that

Y(x)Pl(x) = My(x;n)Py(x) + Ni(x;n)Py_1 (). (4.2)



In such a sense the operator £,, ;== ¢)D — M;(z;n)I reads as a lowering operator. On the other
hand, using the TTRR (2.12) we get

V() Py (1) = Mo (a;n) Py(x) + No(w;n) Py (7). (4.3)

Thus the operator R,, := D — My(x;n)l reads as a raising operator. As a consequence of
the existence of lowering and raising operators associated with a semiclassical linear functional,
there exist polynomials with degrees independent of n, R(z;n), S(z;n), and T'(x;n) such that
(see [16, 17])

R(x;n)P!(x) + S(x;n)P.(x) + T(x;n)P,(x) = 0.

The interest of such a differential equation for the electrostatic interpretation of the location
of the zeros of P, was increased in the last years. For more details in the case when the linear
functional U is associated with an external field with eventually mass points outside its support
see [18, 19] (see also [11] and references therein).

With the above notation we have

Proposition 3 The lowering operator En associated with the semiclassical linear functional U
is Ln = (x)D — My(z;n)l, i.e.,
~ ~1

O(x)P,(x) = My (z;n) P, (2) + Ni(2:n) Po_i (), (4.4)

where P(z) = ¢*(x)h(x) and ]T/_fl(x; n) and ]%(x, n) are given by formulas (4.5) and (4.6),

respectively.

Proof: Using (2.11) we have

~ ~1 ~

V(@) Py(x) = d(@)(@)[((x) Pa(x)) — ¢/ (x)Pu(w)]
= Y(@)[A(z;n)¢(x) Pa(z) + B'(w;1)p () Py (1))
+0(2)[A(z; n)v(x) Py () + Blw;n)i(x) Py, (x)] = (2) ' (x)(x) Pu ().
But from (4.2) and (4.3), the above expression becomes
(@) Py () = (2)[A'(2;1)(x) Po(x) + B (2;1) () Py ()]
+(2){Az; n) [Mi (5 n) Po(2) + Ni(z;n) By (2)]

+B(@;n)[Ms (w50 = 1) Poy (2) + No(23n — 1) Pa(2)]} — $(2) @ (2) () Pr (),

V(@)P, = () Po(2)[¢(2)A'(z;n) + A(z;n) My (z;n) + B(z;n) Na(z;n — 1)]
+¢(x) Py () [0 () B' (z50) + A(2;n) N1 (23 0) + B(a;n) Ma(z;n — 1)

—p(x)¢' () () Pn(z).

10



Finally, from (2.14) and (2.15) we get

~ ~1

(@) Py () = Mi(w50) Po(x) + Ni(w50) Pocy (),

where . . o
My(z;n) = ()[A(z;n)A'(z;n) + C(z;n)B'(z;n) — ¢(7)¢/ (1)
+A(x;n)[A(x;n) M,y (251) + C(x;n) Ny (25 0)] (4.5)
+B(z;n)[A(z;n) No(x;n — 1) + C(a;n) My (250 — 1)],
as well as

Ni(zin) = ¢(x)[B(w;n)A'(z;n) + D(x;n)B'(x;n)
+A(z;n)[B(z;n) My (z;n) + D(2;n) Ny (z;n)] (4.6)
+B(x;n)[B(x;n)Ny(z;n — 1) + D(z;n) My(2;n — 1)].

In a similar way we can deduce the representation for the raising operator. Taking into
account (4.4) and the TTRR (3.1) we obtain

~ ~1

b(2)P,(x) = My(z;n) P, (z) + No(;n) Posi (2), (4.7)

where _
~ ~ r— By = ~ Ni(z;n

Remark: Notice that is the degree of 1; and 7 is not optimal then we can reduce the degrees

of the polynomials M; and N, in (4.4).

~

5 The second order differential equation for (P,),.

From (4.4) and (4.7) a second order linear differential equation immediately follows. In fact,

from (4.4) we have, formally,

5 (@) P (x) — M (ar;0) Pu)

P,_(z) = — 5.1
@) o 5.1
But if we consider (4.7) for polynomials of degree n — 1 instead of n then
-~ . - - -
Y(x)P,_(x) = My(z;n — 1)Pp_q(x) + Na(x;n — 1) Py (2). (5.2)

Thus the substitution of (5.1) in (5.2) yields

~I

V(@) { 5 (i,, )P (w) + (@) Py () = M ()P () = M (3) Py (o)

B ]Sq(x’n) M2~($;n—1) Mxﬁl T —]\Z )P, (x }zﬁzx'n—lﬁ T).
(N%(x;n>+ N (z;n) )WU n() = Mi(w;n) Py ()] (w30 — 1) Pp(x)

11



If we now multiply the above equation by K/? (x;n), then we deduce that there exist polynomials
R(z;n), S(x;n) and T(z;n) of degree independent of n such that

R(z;n) P, (x) + S(z;n) Pl (x) + T(x;n) Py (2) = 0, (5.3)
with
R(z;n) = *(x) Ny (23 n),
S(w;n) = (x) Ny (w5 m) [ (2) = Mi (w3 n) = () Mol n — 1)] = N (;0) () -

T(w;n) = [Nf(w;n) My (25n) — Ni (23 0) Mj (2 0)](x) — Na(w;n — )N (w3 n).

6 Example: The modified Hermite polynomials

In this section we will consider an example related to Hermite polynomials. More precisely, we

will consider the polynomials H »(2) orthogonal with respect to the functional Ut such that

(i, p) = (u,p) + Ap(0) + Bp/(0) = / p(x)e="dz + Ap(0) + By (0). (6.1)

In this case we have

A 0
.100,0) K%0,00], D=0 0 B,
( ( 0 B

H,(0)
ﬁn(x) = Hn(x) - (anl(xa 0)7 anl(xa 0)7 Kq(zoill)(xa 0) ) D(I + anlD)il Hﬂ(o)
H,,(0)

As we already pointed out in the case when some point masses coincide with some points for
the derivatives of the delta Dirac masses, as in this case, the formulas can be reduced. In fact
since in this case (2.3) and (2.4) are the same, we can reduce the dimensions of the matrices
K,_; and D

~ (Kua(0,0) KV(0,0) (A B
o = (Kf}’“f(o,o) Kgll)(o,o)) , D= ( I ) : (6.2)
Thus (2.7) yields
H,(z) = H,(z) — (Kp_1(z,0), K")(2,0)) DA+ K, ;D) <g758;> |

or, equivalently,

Hy(2) = Hy(z) — AHp(0)Kn_1(2,0) — BH,(0)K®(x,0) — BH,(0)Kn_1(z,0),  (6.3)

n
where, using the notation (6.2) we have

() - e (0

Here (H,,) denotes the classical monic Hermite polynomials.

12



6.1 An explicit representation formula

In order to give explicit formulas for these new polynomials H » we should compute the corre-
sponding kernels for the Hermite polynomials. We will distinguish the even and odd polyno-

mials. To compute the kernels K,,_;(x,0) we use the Christoffel-Darboux formula

1 Hy(x)Hn—1(y) — Hn(y)Hn—1(2)

Kln‘i ? = y Z 1 . 6.4
= ) ry " o
|
For the Hermite polynomials H,, we have (u, H?) = —nQ\T{% and
(—1)™(2m — 1)!
HZm(O) = 22m,1(m_1)! ’ H2m71(0) :0, m:1,2,3,... .

Then, using (6.4) we obtain

(=)™ Hy, (2) (=)™ Homy1(7)
Kop_1(,0) = m\T) K, (2,0 : 6.5
2m-1(7,0) 2/mm! om(7,0) = Vrm! x (6:5)
from where, taking the limit x — 0 and using the property H/(z) = nH,_1(x), we get
_ (2m — 1)! (Cm+1)!
KQm—l(Oa 0) — 22m,2\/7—_‘_(m _ 1)!27 KQm(O 0) 22m\/—m'2 (66)

Next we compute the kernel KE{’;? (x,0). For doing that we take the derivative of (6.4) in y
and put y = 0. With the help of the aforesaid properties of the Hermite polynomials this yields

(—1)™ Y dmxHop (x) + HY, () K(U’l)(:r 0) = (—=1)™ Homy1(x) — xHs,, 4 ()
2y/mm! x? PooEm Vrm! z?
(6.7

from where easily follows the values Kg%lzl(0,0) = Kg%ll)(0,0) = 0. Thus K )(0 0)

n—1

0,1
K9V (2,0) =

~— -

Kflliol) (0,0). Finally, we need to compute the value ngll) (0,0). For doing this we take derivatives
of (6.4) in x and y, respectively and put 2z = y = 0. This yields the values

(1,1) _ (1, ) (2m + 1)
Using all the above results we obtain
- H,,,(0
H2m(0) _ 2 ( )
1+ AKyp,,1(0,0) — B2Ky,,1(0, O)KQm (0, 0)
7 (0= —BKEY (0, 0) Hap (0)
2m -
1+ AKyp, 1(0,0) — B2Ky,, 1(0,0)K%Y,(0,0) (6.9)
~ B(2m + 1)Ky, (0, 0) Hs,, (0)
H2m+1(0) - (1,1) y
1 + AKy,,(0,0) — B2Kap, (0, 0)Ks, 7 (0, 0)
~1 2m + 1)(1 + AK,,,(0,0)) H,,, (0
A (0) = ( )( 2m (0,0)) H2n (0)

1 + AKop (0,0) — B?Kopm (0, 0)KD(0,0)

13



Then, (6.3) transforms into the following explicit representation formula in terms of the classical

monic Hermite polynomials
2?Hop(z) =
*H 2m+1(«’1’) =

where

_ 2B(=1)"Ham(0)

(22 + a(m)z|Hopm (7) +

[#% + d(m)z + e(m)|Hom 1 (z) + f(m)x Hyp 4 (2),

[b(m)z + c(m)]Hy,, (x),

m > 0,

b(m) = =" (A, (0) + B, (0))

= - N
c(m) = B(—;\)/“;_Tfsr(o), d(m) = %[Aﬁm“(o) + BH,,,,,(0)],
o(m) = B(—l)’”’:/;f;mﬂ(o), Fm) = B(_l)\;lEHniTH(O)'

6.2 The TTRR relation

To compute the coefficient ¥, of the TTRR we use (3.2) 7,

cmo.mon (5 5) (0

@, i,

(z)) is given by (2.8), i.e

(U, H,,(2)) = (u, Hy(x))

~9 ~

— (W, H.(2))/(, H._,(x)), where

= (u,H2(2)) + AH,(0)H,(0) + BH,(0)H.(0) + BH' (0)H,(0).

Thus

\/_m'

" [AH 5, (0 ) +BH,

;?2771 = m ( )m+1

To compute Bn we use the formula Bn = gn

y  Vom41l = 5

1+ 25/7—1)71 Bﬁ2m+1(0)

" [AH 3, (0) + BH,,,(0)]

- 2m +1

14+ 5

—gn_l where En denotes the coefficient of 2"~ ! of

I;Tn. Then using (6.10) we find EQm = a(m), 52m+1 = d(m), thus

(=n"
Vr(m —1)!

(-1

Vrm!

B/?m —

B2m+1 =

[2BH,,,(0)

— AHyp_1(0) — BH,, ,(0)],

2B Ho, (0) + AH o1 (0) + BH,,, ,, (0)]:

6.3 The second order differential equation

Let now obtain the SODE. We will follow the same algorithm as in [3]. First of all, notice that

(6.10) can be written in the unified form

2?H,(z) = oz, n)Hy(z) + Bz, n)H' (z). (6.11)

14



Taking the derivatives of the above expression we have
xZﬁ;(:r) +2zH,(z) = o/ (z,n)H,(z) + B'(x,n)H' () + a(z, n) H. (z) + B(z,n)H" (z).

Now we multiply by z and use (6.11) to eliminate the function ﬁn(x) as well as the SODE for
the classical Hermite polynomials H!(z) — 2z H] (x) + A\, H,(z) = 0 (A, = n/2) to obtain

2 H, (2) = y(z,n)Ho(2) + 0(z, n)H. (z), (6.12)
where
Y(z,n) = xa/(x,n) — 2\, B(z,n) — 2a(x,n), &(z,n) = za(z,n)+z8 (z,n) +2(z* —1)3(x,n).
Applying the same procedure but starting with (6.12) we obtain

o' H, () = e(w,n) Hy(x) + €(x, n) H} (2), (6.13)
where
e(z,n) = 27 (z,1n) — 2Ad(z,0) — 37(2,n), &(x,n) = 2y(z,n) + 28 (z,n) + (222 — 3)8(x, n).

From (6.11), (6.12) and (6.13) it follows that

or, equivalently,

~1n ~1

2*[a(z,n)o(x, n) = y(z,n)B(x,n)|H,(z) + x[e(z,n)B(x,n) — a(z,n)¢(x,n)|H,(z)
+Hy(a, n)é(w,n) = e(w,n)3(z,n)| Hy(z) = 0.
For the even case, we have a(x,2m) = 22 +a(m)x, B(z,2m) = b(m)x+c(m) and Ay, = 4m,

then, after some straightforward but cumbersome calculations (we use Mathematica in order

to simplify the expressions) we find

5(z,2m)Hy (z) + 7 (2, 2m)Hy (2) + Nz, 2m) Hom(z) = 0,
where

o(x,2m) = 2? [m4 + 22a®(m) + 4mz?b*(m) — 2zc(m) + 2x3c(m) + 4mc?(m)

+xb(m) (—z + 22% + 8mec(m)) + a(m) (2% + 223b(m) — c(m) + 2z%c(m)) ] :

7(x,2m) = —x [2x6 + 222 (2% — 1) a®(m) + 4ma? (1 + 222) b*(m) + 9xc(m)
—6a3c(m) + 4zPc(m) — 4mc(m) + 8ma?c®(m) + 22b(m) (5 — 222 + 42* + 16mac(m))
+2a(m) (205 — 23 + 7 (3 — 22 + 22%) b(m) + be(m) — 3z2c(m) + 2ate(m)) ] ,
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and

Mz, 2m) = 32* + 4ma® + (622 + (=2 + 4m) %) a(m) + 4ma? (=3 + 222 + 4ma?) b2 (m)
—6zc(m) + 6x3c(m) — 12mac(m) + 8ma’e(m) — 16mc*(m) + 16m?*z%c*(m)
+xb(m) (—3x + 62 + 8ma® — 36mc(m) + 8ma?c(m) + 32m%x2c(m))
+a(m)[72® — 22° + 8ma® + 2z (522 + 6ma? — 22 + 4mat — 3) b(m) — 14¢(m)
+14z%c(m) — 4z*c(m) + 8mz*c(m)].

For the odd case, a(x,2m+1) = 2> +d(m)z+e(m), B(z,2m+1) = f(m)z, and g1 = 4m—+2,
then

5z, 2m + 1) Hy, o (x) + F(a, 2m + 1) Ho, oy (1) + Ax, 2m + 1) Hopyr (1) = 0,

where

F(z,2m+1) = 22 [x2d2(m) +e2(m) + e(m) (202 + f(m) + 222 f(m)) + 22 (22 — f(m))
+a? (227 f(m) + 2f2(m) + 4mf?(m)) + 2zd(m) (e(m) + 2° (1 + f(m))) ] ,

7~'(:r,2m—|—1):—x[2:1:2( 2-1)d*(m)+2 (2?2 —2) e*(m) + e(m) (4z* —42* + 5f(m) — 222 f (m)
+4z* f(m)) + d(m) (42° — 223 + (423 —62) e(m) + 6z f (m) —223 f(m) + 42° f (m))
+? (2:r4—|—5f(m)—2x2f(m)+4:r4f(m)+2f2(m)+4mf2(m)+4x2f2(m)+8m:r2f2(m))],

and

Mz, 2m + 1) = (622 + 4ma*) d*(m) + (11 — 222 + 4ma?) €2(m) + zd(m) (72* + 22* + 8ma?
+ (15 — 222 + 8mx?) e(m) — 6 f(m) + 162> f(m) + 12ma? f(m) + 8ma* f(m))
+e(m) (622 + 8mat — 7f(m) + 2222 f(m) + 24ma? f(m) — 42 f(m) + 8ma? f(m))
22 (322 + 22* + 4mat — 3f(m) + 622 f(m) + 4z f(m) + 8ma* f(m) — 6£2(m)
—12mf?(m) + 822 f2(m) + 24mz? f*(m) + 16m?z> f?(m))

Using the above SODE we can study the distribution of zeros of the H » polynomials by means

of the central moments [7] and the WKB algorithm [20] in a similar way as it was done in [3].

6.4 The raising and lowering operators

For the raising and lowering operators we follow the algorithm described in section 4. We need
to obtain the relations (2.14) and (2.15). Since (6.1) we have (U, p) = (U, p) — Ap(0) — Bp'(0),
i.e., the classic Hermite functional can be obtained from the functional U via the addition of
the same masses A and B but with a different sign. Then we have the following representation
(compare with (6.3))

(0,1

Ho(2) = Ho(z) + AH,(0)Kp_1(2,0) + BH, ()K" z,0) + BH.(0)K,_1(2,0),  (6.14)
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~ ~(0,1 . . N T ;
where K,, and K; : are the kernel polynomials corresponding to the family H,,. Then using
the Christoffel-Darboux formula for the H,, polynomials we obtain

22 Hop (7) = [2% + a(m)x + b(m)|Hom (z) + [6(m)z + d(m)]|Hom-1(z), m >1

N - - (6.15)
22 Hopi1(7) = [22 + €(m) x| Hopmy1 (2) + f(Mm)zHop(x), m >0,
where
o Hyp(0) = = 3y BHyn(0)Hyon (0)
a(m) = @ o) [AH2m-1(0) + BH,,, 1(0)],  b(m) T o)
o Hyp(0) = = o\ BHu(0)Hy(0)
c(m) = @ Hons) [AH 2, (0) + BH,,, (0)], d(m) T o)
S(m) = B(2m + 1) Hpy (0) Hoyy, (0) Fom) = _ B(2m + 1) Hop (0) Homya (0)
- (1, Hop,) ’ a (1, Hap) '

From the last equation in (6.15) if we change n by n —1 and use the TTRR for the polynomials
H, we obtain the following expression for the polynomials Ho,, 1(z)

P Hams (1) = |22+ 8m — D+ =200 Fon — 1) | o (2) = Ly (2). (6.16)
Yom—1 Yom—1

Next, we rewrite the first equation in (6.10)
22 Hop () = a(m, 2m) Hop (z) + 2mB(z, 2m) Hap—1 (). (6.17)

Thus A(z,2m) = a(x,2m) and B(z,2m) = 2mf(x,2m). Using the TTRR for the Hermite
polynomials the second equation can be easily transformed as follows

22 Hop 1 (2) = —2B(x, 2m — 1) Hop (2) + [a(, 2m — 1) + 228(z, 2m — 1)]Hop_1(z).  (6.18)

Thus C(z,2m) = —28(x,2m — 1) and D(z,2m) = a(z,2m — 1) + 228(x,2m — 1).
From (6.15) and (6.16) we have

A(z,2m) = 2° + a(m)z + b(m), B(z,2m) = ¢(m)z + d(m),

C(x,2m) = —{f(m), D(z,2m) = 2° +¢e(m — 1)z + %xﬂm —1).

Yom—1 Y2m—1

Finally, from the properties of the Hermite polynomials in formulas (2.11) and (2.13) we get
M(xz,2m) =0, Ni(x,2m)=2m, My(z,2m —1)=2x, No(z,2m —1)=—2.

Substituting all the above formulas in (4.5) and (4.6) we obtain the lowering operator, and in
(4.7) the raising operator. The same can be performed for the odd case.
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Before concluding this section let us point out that there exist the lowering-like and raising-
like operators. For the sake of completeness we will show how they can be obtained for the

even case. The odd case in completely similar. If we rewrite (6.12) in the form
:1:3ﬁl2m(x) = y(z,2m)Hyp () + 2mo(z, 2m) Hyp— 1 (),

and use the equations (6.17) and (6.18) we get the lowering-like operator

~ ~1

Uz 2m)H,, (x) = M, (2;2m)Hop(2) + Ny (z:2m)Hopm 1 (), (6.19)

where

P(z,2m) = zla(z,2m)(a(r,2m — 1) + 228(x,2m — 1)) + 4mp(x, 2m — 1) 5(x, 2m)],

Mi(z;2m) = ~(z,2m)a(z,2m — 1) + 2z5(x, 2m — 1)] + 4mpB(z, 2m — 1)d(x, 2m),
Ni(z;2m) = 2m|a(z,2m)dé(z, 2m) — B(x, 2m)y(z, 2m)].

To obtain the raising-like operator we can use the TTRR for the polynomials H n to substi-
tute Hop_y(z) in (6.19) that leads to

D(w; 2m) Hy, () = Mo(x; 2m) Hopm () + No(@; 2m) Hopen (3), (6.20)

My(z;n) = My(z;n) + x % ﬁnﬁl(x; n), Ny(z;n) = _T'

The odd case can be obtained in a similar way.
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