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Abstract

In this work we deal with a symbolic approach to the general
quadratic polynomial decomposition. By means of a symbolic imple-
mentation, we investigate some properties of the components sequences
like orthogonality and symmetry. We present some explicit results for
a collection of well known orthogonal cases.
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1 Introduction

The quadratic decomposition (QD) of a symmetric orthogonal polynomial
sequence into two non-symmetric polynomial sequences goes back to the
work of Szegd [36], Carlitz [6] and Chihara [7, 8, 9, 10]. One example is



given by the relationship between Hermite and Laguerre polynomials

Hop(z) = (—1)" 22! L1 (22) (1)
Hong(2) = (—1)" 22 Hnla L2 (22) (2)

Since then the type of QD has been generalized in order to decompose a non-
symmetric sequence [21, 24] and to admit a full quadratic mapping leading
to the so-called general quadratic decomposition (GQD) [16, 17]. In this
work we propose a symbolic approach to the GQD in the sequel of what was
done in [31] for the general cubic decomposition [28].

In general, when we decompose a polynomial sequence, we may natu-
rally ask if certain properties of the original sequence are also verified by its
components and reciprocally leading to questions of characterization. If we
are dealing with an orthogonal sequence the first fundamental property to
consider is the regularity [16, 17, 21, 24]. We can also study the same prob-
lem for specific properties like semi-classical [5, 29], Laguerre-Hahn [3, 4] or
Appell characters [14], among others. Also, the decomposition can reveal
interesting connections between a sequence and its components and allows a
deep study of all families involved as it was the case in [15, 32]. Symmetriza-
tion and the application of other polynomial mappings have always been a
constructive method for obtaining new orthogonal families [13, 18, 19, 20].
Polynomial mappings lead to special kinds of orthogonality measures [12]
and are related to the so-called sieved polynomials [2, 11].

The study of different types of polynomial sequences demands frequently
a great amount of algebraic recursive computations which motivates the in-
troduction of symbolic software as a fundamental research tool in the frame-
work of orthogonal polynomials. The recurrence relations established in this
field fit naturally within an algorithmic approach and the symbolic compu-
tation is currently growing towards a consistent partner in theoretical and
applied research in this area. This has been the case in some contributions,
we indicate as examples the references [27, 30, 34, 35|, where the compu-
tational environment was determinant to give explicitly several theoretical
properties regarding, in particular, semi-classical orthogonal polynomials.
In this work we adopt the same point of view, we exploit the capabilities
of symbolic computations in order to study some properties and to explicit
closed formulas related to the GQD.

This article is organized as follows. In Section 2 we recall some notation
and basic concepts about polynomial and dual sequences, symmetry and
orthogonality that will be needed in the sequel. Section 3 is devoted to the
GQD, its definition and properties when the original sequence is orthogonal;
in particular we have collected from [17, 16] the theoretical results and for-
mulas that we have implemented in this work. In Section 4 we describe step
by step the symbolic implementation done in order to compute and inves-
tigate some properties of the component sequences. In Section 5 we begin



by considering two study cases of orthogonal sequences, one symmetric and
another non-symmetric. We decompose these two examples and give in de-
tail new results about their GQD provided by the symbolic implementation.
Next, we study a collection of well known orthogonal sequences consisting
in all classical families, the generalized Hermite and the Charlier sequences.
By means of the symbolic implementation, we explicit new closed formu-
las for the extended coefficients for arbitrary parameters. If one, two or
three of the parameters presented in the GQD vanish, we furnish the indica-
tion of orthogonality or non-orthogonality, the existing vanishing component
sequences and also we highlight some interrelationships between the com-
ponent sequences and the original one concerning shifting, association and
perturbation transformations. We finish this article with some conclusions
about the implementation and results obtained.

2 Notation and basic concepts

Let P be the vector space of polynomials with coefficients in C and let P’ be
its topological dual space. We denote by (w, p) the effect of w € P’ onp € P.
In particular, (w,z") := (w), ,n > 0, represent the moments of w. In the
following, we will call polynomial sequence (PS) to any sequence {Wp}, -,
such that deg W,, = n, Vn > 0. We will also call monic polynomial sequence
(MPS) to a PS so that all polynomials have leading coefficient equal to one.
If {W,},>0 is a MPS, there exists a unique sequence {wy,}n>0, wn € P/,
called the dual sequence of {W,,},>0, such that,

< Wy, Wiy >= 0, n,m > 0. (3)
The form wy is called the canonical form of {W,},>0; it is normalized, i.e.,
(wo)o = (wo, 1) = 1. Let us write W,,(x) in the canonical basis

m—1
Wo(x)=1 , Wpy(x)= Z ampx’ +2™, m>1. (4)
v=0

Replacing (4) in (3), we obtain the moments of the form w,, in terms of the
canonical coefficients of Wy, (z) [33, p.144]

0, m
m

0,....,n—1,
1 n,

()

(wn)m - m—1
- Zam,u(wn)u , m=n+1n+2 ...
v=n

In particular, taking n = 0, we get the moments of the canonical form wq

m—1

(wo)o=1 , (wo)m=—Y_ amu(wo)y , m>1. (6)

v=0



Furthermore, given a MPS {Wn}nzm applying the euclidian division of
Wyt2 by Wiy, we can always define complex sequences, {8,},~, and
{Xn,u}[)gzzgn, n>0, such that

Wo(z) =1, Wi(x) =z — Bo, (7)

n

Wn_:,_g(.%') = (ac — ,3n+1)Wn+1(fE) - Z Xn,yWV(x)- (8)
v=0

This relation is usually called the structure relation of {W,}, 5, and { s },,5¢
and {xn. }o<v<n, n>0 are called the structure coefficients. Their relationship
with the dual sequence is given by [25, 22]

Bn =< wp,2Wy, >, n>0 ;5 xpy=<w,,2Wp41>,0<v<n,n>0.

(9)

A PS {Wy,(x)}n>0 is said to be symmetric if and only if W, (—z) =
(=1)"Wy(z), n > 0. Moreover, a MPS {W,}, - is symmetric if and only
if (won)2u+1 = 0 and (w2n+41)2, =0, ¥ > n, n > 0 if and only if [22]

Bn=0; Xont120=0,0<v<n,n>0; xop2041=0,0<v<n—-1,n>1.
(10)

Definition 2.1 [22, 25] A PS {Why}, 5 is (regularly) orthogonal with re-
spect to the form w if and only if it fulfils

<w,WoWpy, >=0, n#m, n,m >0, (11)
<w, W2 >#0, n>0. (12)

It is easy to prove that mecessarily w = (w)owo [22]. {Wn},>o and w can
always be taken normalized in such a way {Wp},~o is MOPS and w = wy.

Let {Wy},5, be an orthogonal MPS (shortly indicated as MOPS). It is
well known that the structure relation (7)-(8) becomes the following second
order recurrence relation:

Wol(z) =1, Wi(z) =2 — fo, (13)
Wito(z) = (2 — But1) W1 () — Y1 Wa(z), n >0,  (14)

where v,41 = Xnn 70, n >0 and

2 P2
(15)
Note that the regularity conditions (12) are fulfilled if and only if v,4+1 #
0, n > 0. The coefficients 3,, and 7,11 are called the recurrence coefficients

of {Wn},>0-



A MOPS {W,, },,>0 with respect to wy is real if and only if 3, € IR and
Ynt+1 € R\ {0}. These conditions are equivalent to (wg), € R, n > 0, i.e.,
wo is real. Furthermore, 8, € IR and 7,41 > 0, n > 0 if and only if wq
is positive definite if and only if (wp), € R, n > 0, and (w)2, > 0, n > 0
6, 22]. A MOPS {W,,}»>0 is symmetric if and only if 5, = 0, n > 0 if and
only if (wg)2n+1 =0, n > 0, i.e., wy is symmetric [6, 22].

Let {Wy},,~o be a MPS. Given A € C\{0} and B € C, let us define the
MPS provided by the shifting mapping = — Az + B, as follows

Wo(z) = A"Wy(Az + B), n>0. (16)

If {Wy},50 is a MOPS, then the MPS defined by (16) is also a MOPS and
its recurrence coefficients are [8, 23]

~ Bn — B ~ Tn+1
/Bn = A y o Tnt+l = A2 n > 0. (17)

Considering a MOPS and thus fulfilling the recurrence (13)-(14), we may
define the associated sequence of order r with > 0, a co-recursive sequence,
and a wider perturbation of order r, with » > 1 (which includes a strictly
co-recursive situation) as the next definitions explain.

Definition 2.2 [22] Let {W,},>0 be a MOPS satisfying (13)-(14). The
MOPS {W\ Y50 defined by

{ W{;(@ L W)@ e 55{()), (") (18)
Wn:—Z(x) = (.Z‘ - Bn’,;‘,-l)Wn:-l(x) - ’Yn:-1Wnr (l’) ’ n,r >0 )
where

B’r(zr) = Bntr '71(121 = Ynti4r , N, 7 2>0. (19)

is called the associated sequence of order r of {Why }n>0.

Definition 2.3 [22] Let {Wy},,~ be a MOPS satisfying (13)-(14). Given
p € C, the MOPS {W,(u;2)},,~ defined by

{ Wo(psz) =1 , Wi(pa) =2 — B —p, (20)
Wito(p;2) = (2 = Bnt1) Wat1 (145 2) — Y1 Wa(;2) , n >0,

is called a co-recursive sequence of {Wy}, <.

Definition 2.4 [22] Let {Wy,},,~o be a MOPS satisfying (13)-(14) and let
r>1.

Given g € C, p= (1, ..., ) € C" and A = (Aq,...,\p) € (C\{O})
where either pu, #0 or Ay # 1,

W(x)zl, W(x)::v—ﬁ,
(Wi =1 i) o

r
K

2(2) = (2 = By )Wt (z) = i Wa(z) , n>0,

5



with

Bo=Bo+nro
@nzﬁn+ﬂn sy M=V, 1<n<r,
Bn:ﬁn s '771:'}% , n>r+1,

1s called a perturbed sequence of order r of {Wn}nZO and is denoted by

Wi 5 757)§

n>0

3 General Quadratic Decomposition

In [16, 17] it was introduced the general quadratic decomposition as follows.
Given a MPS {WW,, },>0, and fixing a monic quadratic polynomial mapping

w)=a*+pr+q, pgeC (22)

and a constant a € C, it is always possible to associate with it, two MPSs
{Pn},>0 and {Rn}, 5, and two other sequences of polynomials {an},
and {bp},~, through the unique decomposition

Wan(z) = Polw(x)) + (2 — a)an—1(w(z)) (23)
Wonii(x) = bu(w()) + (2 — a)Rn(w(z)), n =0, (24)

where deg (an(x)) < n, deg(bp(z)) <n,and a_i(xz) =0. {P,},, and
{Rn},~¢ are called the principal component sequences and {a,},~, and
{bn},>o are said the secondary ones. Let us note the dual sequences corre-
sponding to {P,},~, and {R,},~o by (un)n>0 and (vy)n>0, respectively.

As the principal components are MPS, then given {Wy}n>0, there exists
two unique tables of coefficients [16, 17, 22|, (A}), (07) ,0<v <n,n >0,
such that:

an(z) = ARy(2) and by(x) = 67P,(x), n>0. (25)
v=0 v=0

Reciprocally, given {P,},>0 and {R,},>0 and the coefficients (A}) , (0),
0<v<n,n>0, the sequence {W),},>0 is determined uniquely by (23)
and (24).

An important particular case occurs when all parameters p, ¢ and a
are equal to zero. In this situation, if {W,},>0 is symmetric, then the
secondary components {an},~, and {b,},~, vanish. This is the case in
the example mentioned in the introduction gathering the Hermite and the
Laguerre sequences. When the secondary components vanish, {W,},>0 is
called w-symmetric [16, 17]. We notice that the QD of a non-symmetric
sequence with vanishing parameters is extensively studied in [21, 24].

We will now state the theoretical results needed in the symbolic imple-
mentation presented in Section 4 closely following [16, 17].



Proposition 3.1 [16, 17] A MPS {W,},~, defined by (7)-(8) fulfils (23)-
(24) if and only if the following recurrence relations hold.

b[)(.’L') = a — 50

n+1 Z X2n, o P, 1/ (33 - w(a)) Rn(x) + ((I - BQnJrl) bn(x)

- Z X2n,2v+1 bl/ (-’L‘)
v=0

= - Z X2n,2ual/—1(l‘) - (CL +p+ 5211—5—1) Rn(x) + bn(x)

n—1
- Z X2n,2v+1 R, (l')

bn+1 Z X2n+1, 2v+1by ( ) (a - ﬂ2n+2) Pn+1($)
v=0

+ (z —w(a)) an(z) — Z Xon+1,20 P (2)
=0

Ryi1(x Z X2n+1,204180 () + Ppy1(x) — (a + p + Bant2) an(x)
v=0

n
- Z X2n+1,20Av—1 (55)
v=0

We point out that among the component sequences the principal ones
{P.},~o and {R,},~, are MPSs, and thus we may ask if they are or-
thogonal when the given sequence {W,}, -, is orthogonal. The answer is
negative as we can realize from the next proposition or by some computa-
tional experiments.

Proposition 3.2 [16, 17] A MPS {Wy}, - defined by (23)-(24) is ortho-
gonal if and only if the following recurrence relations are fulfilled for n > 0,

ap(r) = — (p+ Bo + B1)

(l’) =a— 50 (26)
n+1(2) = —Yon42bn () + (a — Bant2) Pot1(2) + (2 — w(a)) an(z)
an+1(56) = —Yon+3an(x) — (a +p + Bant3) Rnt1(x) + by ()

Py(x)=1, Pi(x) :l'—ﬁéj ,

Paia(@) = (2= BE 1 ) Pusa (@) = 481 Pal) = o8 1busa (@) = oy 1ba(a) |

7



with the following extended coefficients of {Pp}n>0 and

B =m +w(a) = (a—po) (a— p1)

Bl =w(a) + Yon+2 + Y2nt3 — (Bontz + a+p) (a — Pant2)

VP = Yont172n+2 (27)
0b i1 = (Bong2 + Bonys +p)

pE 1 = Yon+2 (Bont1 + Bons2 + p)

Ro(z) =1, Ri(x) :m—ﬂé% ,

Ryqa(z) = (m - 5§+1)Rn+1($) - 'Yf-s-an(x) - Q§+1an+l(x) - p§+1an(3}) )

with the following extended coefficients of { Ry }n>0

Ft=w@)+v+v—(a—po)(a—p1) — (p+Bo+pB1) (B2 +a+p)
BE . =w(a) + Yon+s + Y2nta — (Bonts + a+ p) (@ — Bants)
fyrlii-l = 72n+272n+3
o1 = (Bonss + Bonta +p)
PR = Yon+3 (Bont2 + Bonts + p)

This proposition is equivalent to the following one.

Proposition 3.3 [16] A MPS {Wy}, - defined by (23)-(24) is orthogonal
if and only if the following recurrence relations are fulfilled for n > 0,

PnJrl(fE) = _72n+1pn(55) + ($ - w(a)) Rn(x) + ((L - B2n+1) bn($) (29)

Rni1(x) = —Yont2Rn(2) + Pora(2) — (@ +p + Pant2) an(z) (30)
(a+p+ B2nt1) (@ — Pant2) #0 (31)
([ ao(z) =—(p+ 6o+ A1),
ny1(z) = {(a — Bant2) " (@ +p + Banys) (& — w(Bant2))
—v2n+2(a+p+ Bans1) " (a+p+ Ponss) — 72n+3}an(33)
— on1Y2n+2(a + P + Bant1) " (@ + p + Bonss)an—1(z)
— (a = Bant2) " (P + Banta + Bont3)bnsa (2)

— Yonta(a+p+ Bant1) Ha — Bany2) Ha+ p+ Bangs) X
L (p + 6271—&—1 + 52n+2)bn<x) )

(32)



bo(z) =a— Bo,

bu(@) ={a— (p+ o+ 81 + B2) } (2 = w(@)) = 1(a — o)
—2(a — Bo) + (a — Po)(a— p1)(a— B2),

bria(x) Z{(a +p+ Bonts) (@ — w(Bonts))(a — Bonta)

— Yonts(a — Bont2) t(a — Bania) — 72n+4}bn+1(96)
(33)
— V2n+272n+3 ((Z - B2n+2)_1(a - ﬁ2n+4)bn (.’L‘)

+(a+p+ Bonts) H(p + Bants + Banga) ¥

(z — w(a))ant1(z)

+ Yon+3(a = Bont2) " (p+ Banta + Bonts)
\ (a+p+ Bonts)” (a— Bonta) (@ — w(a))an(z).

Relations (32) and (33) involve only the secondary sequences {an(z)}n>0
and {b,(z)}n>0. They will be crucial in Section 5, because they allow to do
an induction reasoning to prove, for all n > 0, some models for secondary
sequences inferred from the first polynomials computed by the symbolic
implementation of Section 4.

Corollary 3.4 Let {Wy},q be a MOPS. If the extended coefficients {Qf}n>1 ,
{pﬁ}nm, {fo}n>1 and {pf}n>0 are equal to zero, then the MPS { Py}, <
and {Rn}nzo are orthogonal.

This corollary is obtained directly from (27) and (28), because under its
hypothesis the principal components will verify recurrence relations of order
two of type (13)-(14) and consequently they are orthogonal. We notice
that the reciprocal of this corollary is not true. In the case {W,},~, is a
MOPS, the characterization of the orthogonality of the principal components
is provided by the next proposition.

Proposition 3.5 [16, 17] Let {Wy},,~o be a MOPS. The MPS {Py,},~ is
orthogonal if and only if the coefficients X! and 0], given in (25), satisfy:

(Ban+2 + Bonts +p) 00 + (Bans1 + Bant2 +0) 0 =0,
0<v<n—-1,n>1,

%1;.1 = Yont1Y2n+2 + (Bont2 + Bonys +p) 00T +
Yon+2 (Bony1 + Bony2 +p) 0, #0, n>0 .

Likewise, the MPS {Rn}nzo is orthogonal if and only if the coefficients A}

9



and 6, given in (25), satisfy:

(Bonts + Boansa + ) N+ y9,13 (Bont2 + Banss +0) A =0,
0<v<n—-1,n>1,

B = Yontov2nts + (Bants + Banta +p) AT 4
Yon+3 (Bont2 + Bongz +0) Ay #0, n >0 .

4 Symbolic implementation of the general quadratic
decomposition

We would like to decompose a MOPS {W,},>¢ and to obtain the four
component sequences of its GQD in order to study their properties and re-
veal relationships between them and with {W,,},,>0. The original sequence
{Wh}n>0 is given by its recurrence coefficients {3, }n>0 and {yn+1}n>o0-
In the majority of examples, the closed formulas of these coefficients are
known for all n. If not, the knowledge of their first elements is sufficient
for computing the first polynomials of the components. We fix the param-
eters of the decomposition, that is, the mapping stated by the polynomial
w(r) = 2% + px + ¢, given by its coefficients p and ¢, and the zero a of
the auxiliary polynomial (x — a) appearing in (23) and (24). Also, we fix a
positive integer nmax, for the maximal degree of the first polynomials we
are going to compute.

Established the starting data, we begin by computing the closed formu-
las, valid for all n, to the extended coefficients of the principal components
from identities (27) and (28) of Proposition 3.2. If the last two extended
coefficients of {P,},>0 or {Rn}n>0, i€, 0011, phii, n >0, or oy, pl. ;.
n > 0, vanish, we conclude that the corresponding principal component is
orthogonal. We have also the possibility to compare the recurrence coeffi-
cients of the principal components with those of {W,,},>¢ with the aim to
identify any existing relationship between all these sequences with respect to
shifting, association and perturbation transformations. The first moments
of the canonical forms of {P,},>0 and {R,}n>0 can always be computed
recursively from the canonical coefficients of the first polynomials using the
general procedure stated by (6). If the last two extended coefficients of
{Pn}n>0 or {Rp}n>0 are non-zero, the component can or can not be or-
thogonal. We may inquire about this property by computing the structure
coefficients of the first polynomials of the sequence making the euclidian di-
vision, or using the direct identities (9) which demand the first moments of
the dual sequences. Then, we can analyse the structure coefficients obtained
and conclude about the orthogonality of the first polynomials, that occurs
if xn, = 0,0 <v <nand x,, # 0. The computation of the first poly-
nomials of all component sequences is done recursively by the recurrence
relations of Proposition 3.2. This computation could also be done using

10



the general relations of Proposition 3.1, but the ones of Proposition 3.2 are
more efficient. Studying the properties of the first polynomials, we can ob-
tain some negative answers about the sequences. In the case some positive
affirmations are true for the first polynomials, this give us an indication to
try to demonstrate those properties, for all n. Furthermore, in some cases,
it is also possible to infer models for the closed formulas to the moments,
the structure coefficients or to the recurrence coefficients. Afterwards, we
should demonstrate these models by others means.

In the case {Wy, }n>0 is only a MPS, not orthogonal, we start our compu-
tations by its structure coefficients {8, }n>0 and {xn to<v<n,n>0. We will
use the recurrence relations of Proposition 3.1 for computing recursively
the first polynomials of all components sequences. These first polynomials
are expanded in the canonical basis. With respect to the principal compo-
nents, we can always compute the first moments of their dual sequences and
their structure coefficients and wonder if they are orthogonal and symmet-
ric. Concerning the secondary components, we analyse if they vanish or not,
have or not the exact degree, or if they are symmetric or not. It is worth
mentioning here that from the first polynomials, we can also study several
other properties.

For each fixed PS {W,, },,>0, we can test several choices of the parameters
p, ¢ and a and investigate their effect on the properties of the component
sequences. This aspect is particularly interesting when we search for pre-
serving the orthogonality.

Let us summarize step by step the symbolic implementation.

e ORTHOGONAL CASE: {W,},>0 is a MOPS

Step 1 - Starting data

- the definitions of the recurrence coefficients 5, and 7,1 for all n > 0
to the MOPS {W,, },,>0, or their first elements.

- the parameters p and ¢ of w(z), the parameter a of (z — a).

- the value of nmazx.

Step 2 - For principal components

- Compute and analyse the closed formulas to the extended coefficients.
Step 3

- For principal components

In the case the last two extended coefficients do not vanish, compute
the first polynomials, compute and analyse the first moments of the
dual sequences and the first structure coefficients.

- For secondary components

11



Compute and analyse the first polynomials.

e NON-ORTHOGONAL CASE: {W, },,>0 is a MPS

Step 1 - Starting data

- the definitions of the structure coefficients /3, and x,, for all n, and
all v: 0 <v <n,n >0, to the MPS {IW, },,>0, or their first elements.

- the parameters p, ¢ and a.

- nmazx.

Step 2

- For principal components

Compute the first polynomials, compute and analyse the first moments
of the dual sequences and the first structure coefficients.

- For secondary components
Compute and analyse the first polynomials.

e For each sequence {W), },,>0, test several values of parameters p, ¢ and
a.

5 Study cases

In this section, we present new results obtained with the symbolic imple-
mentation for several cases of orthogonal sequences.

5.1 A symmetric case

Let {Wy},5, be a symmetric, semi-classical of class 1 MOPS [1, 8, 30] with
coefficients

Bn=0,n2>0,
+n+1)(a+B8+n+1
- (B )+ ) >0,
(a+B+2n+1)(a+p+2n+2)
1 1
(n+ )0 +n+1) so.

T Y B+ )@t Bront3) T

and regularity conditions @ # —(n+1), 8 # —(n+1), a+  # —(n + 1),
n > 0. From symmetrie, we know that (wg)2p+1 = 0, n > 0. The extended

12



coefficients of { P, }n>0 and { R, },>0 are

P p+1
= aptqt
fo PraT 52
n+1l)n+a+1
,{;1 = d*+ap—ala+p)+q+ ( I )

@n+a+B+2)2n+a+pB+3)
m+p+2)(n+a+5+2)
Cn+a+p+3)2n+a+B+4)
n+)n+)n+a+1)(n+a+1)

P —
Tl T OntatBrDCntatB+222ntatBt3)
_— ro (n+1)(n+a+1)
Ontl = P Pl TP G T B 2)2ntat B 1 3)
gn — o83 tqatBr3) A2
U a+p+3
gr_ _ P(0+2) + 2020+ Do+ F+4) af+dat 545648
n+l = 2n+a+pf+3)2n+a+5+5)
(o +2a(8 +4) + 8° + 85 + 15)
Tontatpr3)ntatB+s)
r 4B+ at B+t )n+atl)
Tt T ontatB8+2)CntatB+322ntatBita)
_— R (m+B+2d(nta+pB+2)
Gl TP P G T T B 3)2ntat B+ 4)

Choosing the parameter p = 0, we obtain orthogonality of the princi-
pal component sequences with the following recurrence coefficients obtained
from the preceding formulas after some simplifications

P a+1
= l4+q— ———
Fo 1 a+p+2
P m+1l)(nta+l) @m+2)(n+2+a)
n+l  — 1+Q+ -
a+B+2n+2 a+B+2n+4
p (n+1)(a+n+1)(B+n+1)(a+B+n+1)
Trtl (a+B+2n+1)(a+B+2n+2)%(a+B+2n+3)
R a+1
& 1" a+p+3
1 1 2 2
BR, = 1+q+O%F)@+n+ ) (n+2)(at+n+2)
a+B+2n+3 a+B8+2n+5
N (n+1)(a+n+1)(B+n+2)(a+B8+n+2)
n+l

(a+B8+2n+2)(a+B+2n+3)%2(a+ +2n+4)

We remark that the recurrence coefficients of { Ry, },>0 can be obtained from
the ones of {P, },>0 replacing 5 by 8+ 1.
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For n = 0,1,...,nmax, we obtain a,(x) = 0, by(z) = a R,(x), which
leads us to infer that the sequence {by,},,~, is orthogonal and the sequence
{an}, o is void. It is possible to prove this for all n > 0, using the relations
(32) and (33) of Proposition 3.3. In fact, in this case, the GQD is

Won(2) = Po(z® —q) , Wapsi(z) = 2Rn(2* — q) . (34)

From this and Proposition 4.1 in [17, p.1326] it is possible to deduce that

(uo)n = z": (Z) ¢ * (wo)ar, - (35)

k=0

With respect to the canonical forms ug and vy of the principal compo-
nents, their first moments for nmax = 3 are

B+1
— puy 1 —
(u0)n=0,1,2,3 { g Tht2

2 2B+ (B+D(E+2)
T e B+2 (@+B+2)(a+B+3)’
f+3f@+1) 3¢(B+1)(B +2)
a+8+2  (a+B+2)(a+p+3)
(B+1)(B+2)(8+3) }
(a+p+2)(a+B+3)(a+B8+3))
(V0)n=0,1,23 = {1,Q+m,
2, 24(B+2) (B+2)(8+3)
T a1 B+3 " (a+B+3)(at+B+4)’
3, 36 +2) 3q(8+2)(8 +3)
Tt B+3 T (atp+3)(atB+4)
(B+2)(B+3)(8+4) }
(a+B8+3)(a+B+4)(a+B+5))

_l’_

+

Analysing the moments for higher values of nmaz, allow us to infer the
next models for the closed formulas valid for all n > 0, supposing that

I, () =1.
k
. H(BH)
w), e Y (1)at , (36)
k=0 (a+B+1+1)

=1

14



k
H B+1+14)

e, < 3 (7)o .
[[a+B+2+1i)
i=1

From (35) and (36), we can also identify the following model
k

H B+ i)

i=1

- .
[[(e+8+1+1)

i=1

(wo)or <

Afterwards, we should demonstrate these formulas by other means.

5.2 A non-symmetric case

Let {Wpy},,~ be MOPS with constant recurrence coefficients, also considered
in [31] in the context of cubic decomposition

Bn=PF 5 Ynt1=7#0, n>0.

It is worth noting that this MOPS can be obtained by applying a shifting
transformation to the monic Chebyshev sequence of second kind {Up}n>0
whose recurrence coefficients are 87 = 0 and ~Y,; = 4, n > 0. From
identities (17), we obtain

Wy(x)=A"U,(Az+B) , Azx+B-= :I:— (x—p).
23
Since the Chebyshev sequence of second kind belongs to the Jacobi class
of classical polynomials, and the shifting transformation preserves the class
[25], we know that {WW,}, -, remains in the Jacobi class. The extended
coefficients of { P, }n>0 and {R,}n>0 are

B =q+v—pB*+alp+28) , BE=q+2yv-38(p+p)—

un =4+ 260 +0) . B =a+2+Bp+p),

T = , ’Yngl =7,

Oni1 =P +20 y Op1=Dp+20,

phir =7 (p+28) . PR = +20) .

Taking the parameter p = —24, the principal components are orthogonal
with the following recurrence coefficients

B =q+2y-p R =92 n>0.

Boiﬁo_fy /Bn-i-l 571—}-1 ’77}1)—;-1:75-1-17”20-

15



These identities show that if all parameters are real, then the principal
components are both positive definite, because 3%, 3P ¢ R and 'yfﬂ > 0,
n > 0. Furthermore, we see that { P, },>0 is a co-recursive of { Ry, },>0 with
perturbation —~, i.e.,

P.(z) = R,(—v;z), n>0. (37)

Also, we can state that {R;, },>0 is a shifting of {IW,,},,>¢ as follows

R, (z) = AW, (Az + B) A:i\ﬁ . B=—A(g+2y—B)+8.

For n = 0,1,...,nmaz, we obtain that a,(z) = 0, by(x) = (a — B)Rp(z),
which allows us to infer that the sequence {by(z)}n>0 is orthogonal and the
sequence {a,(x)}n>0 is void, which can be proven by Proposition 3.3. In
fact, in this case, we have (37) and thus the GQD of {W,},~, is given by
16, 17]

Won(z) = Ry (= 1sw(z)) , Wopga(z) = (z — B) Ry (w(z)) , n>0.

Regarding the canonical forms ug and vy of the principal components,
we obtained for nmax = 3 the next first moments

(wodn=o23 = {1, 7v=8+a, 2 +8'+¢ - 28 (v +9) + 27q,
5y° — 8%+ ¢® — 367 (29° + ¢* + 2vq) +
3vq®> +67°q + 38 (v +q) }

(Vo)n=o,123 = {1,2y=p+q, 5 +B ' +¢*—28°(2v+q) +4vq,
2y =B +4q) (TP + B8 +¢* —28°(2y+q) +4vq) }.

5.3 A collection of orthogonal cases

In this section we present explicit results obtained by applying the symbolic
implementation described in Section 4 to a collection of well known ortho-
gonal sequences. We consider all classical families of Hermite, Laguerre,
Bessel and Jacobi [25], the generalized Hermite sequence [8], which is an
example of symmetric semi-classical sequence of class one, and the classical
discrete Charlier sequence [8]. We give results for particular cases of Gegen-
bauer, namely for Legendre and all Chebyshev sequences, in order to be able
to identify some existing relationships between the original sequences and
their components.

From the recurrence coefficients of each MOPS {W,,},,>0 considered,
we have computed the extended coefficients of the principal components
{P.}n>0 and { Ry, },>0 with parameters p, ¢ and a arbitrary. After that, we
have fixed the values of the parameters considering the cases for which they
are all equal to zero (a = p = ¢ = 0), two of them are zero (p = ¢ = 0,

16



a=p=0o0ra=gq=0)and only one of them is zero (a = 0, p = 0 or
g = 0), resulting in a total of seven cases to study for each given sequence.
In each case we signalize the orthogonality or non-orthogonality of the com-
ponents and we point out vanishing secondary sequences. For Chebyshev
polynomials, we have taken others particular values of parameters that lead
to simplifications and we mention some relationships between the sequences
with respect to shifting, association and perturbation transformations. All
parameters inherent to each sequence were left free. We remark that in the
cases of Hermite, generalized Hermite and Gegenbauer (including Legendre
and all Chebyshev) sequences the parameter p = 0 leads to orthogonality of
the principal components.

6 Conclusions

The symbolic implementation described along this work allows an auto-
matic enquiry regarding the properties of orthogonality and symmetry of
the component sequences emerging from a GQD of a given MPS. We can
also test several choices of the parameters and conclude about their effect
on the properties of the components. In the case, the original sequence is
orthogonal, we explicit the closed formulas of the extended coefficients of
the principal component sequences. We recall that the extended coefficients
are reduced to the recurrence coefficients when the principal components are
orthogonal, furthermore they allow an efficient way of computation of the
first polynomials of all component sequences.

From the collection of results obtained, we point out the interest of the
general decomposition, even in some symmetric examples. In fact, for these
examples, when p = 0 the orthogonality of the original sequence is preserved
in such a way the principal components are also orthogonal.

In conclusion, we consider that this implementation is an efficient method
for computing the GQD, testing some properties and direct the theoretical
study about this kind of decomposition.
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CHARLIER

Bn ‘ Tn+1

n+a | (n+1)a

By

B =alp+2a+1)—a

Bl =4n?+2n(p+4a+4)+p(a+2)+a?+
9a + 4

P P
’Yn—i-l ‘ Qn+1

2n+1)(2n+1)a? | 4n+p+2a+5

P
lon-i-l

2(n+ 1)a(dn +p+2a+3)

By

ﬁgz_p2—3p(a+1)—3a2—3a—2

@ﬁrl = 4n? +2n(p+4a+6)+pla+3)+a?+
13a+9

R R
’.Yn—i-l ‘ Qn—‘rl

2(n+1)2n+3)a? | dn+p+2a+7

Pt (2n + 3)a(4n +p + 2a +5)

all cases H P,, R,, ay, b, nonorthogonal
GENERALIZED HERMITE

B | Y+ Brn=0 [ ynr1 =50+ 1+p1+(-1)")

B By =3+ap+atp, By =3+2n+q+p

i1 |0 T oh s(n+D@n+2u+1) [ p | p(n+1)

By Bi=5-P+a+n, Bl =F+2n+q+p

%ﬁrl | Q§+1 ‘ PEH

sn+1)2n+20+3) | p| sp(2n+2u+3)

p=20 H P,, R,, b, = aR,, orthogonal; a, =0
a=p=q= P,, R, orthogonal; a, =0, b, =0
p=q=0 P,, R,, b, = aR, orthogonal; a,, =0
a=p=0 P,, R,, orthogonal; a, =0 and b, =0
a=q= P,, R,, ay,, b, nonorthogonal

a= P,, R,, ay,, b, nonorthogonal

q= P,, R,, ay,, b, nonorthogonal
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HERMITE

Bn | Tn+1 0 | %(’I’L—F 1)
By B =g5+aptaq, B=5+20n+1)+q
Yot | 0 | o) s(n+1)2n+1) [ p | (n+1)p
B Bl=5-p+a, Bla=5+20n+1)+q
Tt | ofn | o s(n+1)@2n+3) [ p | (n+3)p
p=20 P,, R,, b,, a, orthogonal
a=p=q=0 P,, R, orthogonal ; a,, =0, b,, =0
p=q=0 P,, R,, b, = aR, orthogonal ; a,, =0
a=p=0 P,, R,, orthogonal ; a,, =0, b, =0
a=q= P,, R,, ay, b, nonorthogonal
a=20 P,, R,, ay, b, nonorthogonal
q=20 P,, R,, ay, b, nonorthogonal
LAGUERRE
Bn | 1 2n+a+1 | (n+1)(n+a+1)
i B =-2+q—-3a—a®+a(4+p+20a)
Bl =24+p+q+alB+p+a)t
4(n+1)(9 +6n+p+ 3a)
vl 2+ 1D)2n+1D)2n+a+1)(2n +a +2)
Qfﬂ 8n+p+2(a+6)
Pk, 2(n+1)(2n + a +2)(8 + 8n + p + 2a)
v B = —p" +q—3p(3+a) - 3(6 + ba + a?)
BR,=14+q+3p+ala+9+p)+
4(n+1)(6n+ 15+ p+ 3a)
YR 214+ n)(34+2n)(2+2n+ a)(3+2n + «)
o, 8n+p+28+a)
Pl (3+2n)(3+2n+a)(8n+p+2(6+ )
all cases H P,, R,, ay, b, nonorthogonal
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BESSEL

Bn

Tn+1

Q1+

Bo = —
1—

Pt = G mratn)

(n+1)(n+2a—1)
(2n+2a—1)(n+a)?(2n+2a+1)

/8]3 _ —24+q+3qa+2qa’+a(1+2a)(—2+p+pa)
0o — 14+3a+202

ﬁf;l = (64n4q + 64n3q(2a + 3)+
An? (—4p(a — 1) + q (240” + 7200 + 49) — 2) +
2n(2a +
3) (—4p(a —1) + ¢ (8a* + 24 + 13) — 2) +
p(—40® —8a? + T+ 5) +
4ga* + 24qa® + 499a® + 39ga + 10q + 4a? —
180 + 2)/

<(2n+a+1)(2n+a+2)(4n+2a+1)(4n+2a+5))

P
/ynJrl

4(n+1)(2n+1)(n+a)(2n+2a—1)
(4n+20—1)(4n+2a+1)2(4n+20+3) (4n2+4na+2n+o2+a)?

P
Qn+1

2—2a+p(3+4n?+dat+a?+4n(2+a))
(1+2n+a)(3+2n+a)

P
pn+1

4(14-n) (n+a) (2+4n>p+2(—1+p)atpa+dnp(1+a))
(2n+a)(1+2n+a)2(2+2n+a) (1+4n+2a) (3+4n+2a)

BR _ —6+p(9+60)—p?(6+Ta+202)+q(6+7a+2a?)
0 — 6+Ta+2a2

AR, = ( — 6+ 126 + 64ntq — 22 + 225qa + 4a? +

145ga2 + 40qa® + 4qa + 64n3q(5 +2a) — p(—21 +a +
1602 + 40?) + 2n(5 + 2a) (=2 — 4p(—1 + ) + q(45 +
40a + 8a?))+

An2(—2 — 4p(—1 + a) + (145 + 1200 + 24042)))/
((2+2n+a)(3+2n+a)(3+4n+2a)(7+4n+2a))

R
’7n+1

4(14n)(34+2n) (n+0) (14+-2n+20)
(1+4n+2a) (3+H4n+2a)? (5+4n+2a) (24+4n?+3a+a?+n(6+4a))?

R
Qn+1

p(4n2 +4n(a+3)+a2+6a+8) —2a+2
(2n+a+2)(2n+a+4)

R
pn+1

_ (3+2n)(1+2n+2a)(2—2a+p(3+4n’+4a+a’+4n(2+a)))
(1+2n+a)(2+2n+a)2(3+2n+a) (3+4n+2a) (5+4n+2a)

all cases H

P,, R,, ay, b, nonorthogonal
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| JACOBI

Pn

Tn+1

Oé2—ﬂ2

fo = a+,8+2 | i1 = (2n+a+B+1)(2n+a+B+2)2(2n+a+B+3)

4(n+1)(n+a+B+1)(n+a+1)(n+5+1)
@ntatp+1)(2ntatB+2)%(2n+at+B+3)

P
n

P _ 4(14+a)(1+8) —a+8
By = w(a) + GraraPGrass) — (a + 2+a+ﬁ)

(a + of 4 >
(B3Fat+B)(d+a+B)2(5+a+p)

P 8(14n)(24+2n+0a)(24+2n+8) (2+2n+a+5)
By =w(a) + BrantatB)(dtintatf)2(rantats)
4(3+2n) (3+2n+a) (3+2n+8) (3+2n+a+8)

(5+4n+a+B) (6+4n+a+p)2(T+4n+a+B)

(a=B)(a+B)
at+p+ (5+4n+a+ﬁ)(6+4n+a+ﬁ)2(7+4n+a+,8))

a+ —o? 457
(5+4n+a+8)(6+4n+a+B)2(7T+in+a+p)

P
Tn+1

32(1+n)(1+2n)(1+2n+a)(2+2n+a) (1+2n+8) (24+2n+8) (1+2n+a+B) 2+ 2n+a+3)

(1+4n+a+B) (2+4n+a+B)2 (3+4n+a+pB)2 (4+4dn+a+PB)2 (5+4n+a+p)

P
Qn—‘rl

(a=pB)(a+p)
P+ GrintarB)6rdntatp) i antats) T
(a=p)(a+p)
(T+4n+a+B) (8+4dn+a+B)2(9+4dn+a+p)

P
pn+1

8(1+n)(2+2n+a)(2+2n+6)(2+2n+a+ﬁ)
(a=B)(a+B) (a=B)(a+B) )

(3+4n+a+ﬁ)(4+4n+a+a)2(5+4n+a+3) (a+4n+a+,3)(6+4n+oz+ﬁ)2(7+4n+a+ﬁ)
(3+4n+a+B)(4+4dn+a+pB)2(5+4n+a+p)

R I(1+a)(1+P) 8(2+a)2+B)2+a+p)
B = wl@) + Grasay(rass) T Grara)drats?Grars)
bt 0B (a—B)(a+5)
2ta+B ' (3tatp)(4+at+p)? (5+a+p)
(a=p)(a+p)
TP Grath)Grath)(Trath)

7a+,8 7042 2
Ot orarp) (O F (3+o¢+6)(4+a+6)2(5+a+5)>
R _ 4(3+2n) (3+2n+a) (3+2n+8) (3+2n+a+p)
Bpg1 = w(a) + G+antatB) 6+antatB)2(T+intats) T
8(2+n) (4+2n+a)(4+2n+6) (4+2n+a+8)
(T+4n+a+8) (8+4n+a+pB)2(9+4n+a+p)

(a—p)(atB)
a+p+ (7+4n+a+ﬂ)(8+4n+a+5)2(9+4n+a+ﬁ)) X

a+ o>+
(T+4n+a+B) (8+4n+a+B)2(9+4n+a+p)

R
7n+1

32(1+n) (3+2n) (21 2nta) (31 2n+a) (242n+8) (31 2ntB) (2 2ntatB) (31 2n+a+p)

(3+4n+a+8)(4+4n+a+p8)2(5+4n+a+p)2(6-+4n+a+B)2 (7T+4n+a+3)

R
On+1

(a=B)(a+P)
P+ GnvatBrndntatpr8)Z@ntatito) T
(a=B)(a+p)
(4n+a+B+9)(dn+a+B+10)2(4n+a+B+11)

R
pn+1

4(2n+3)(2n—|—0¢+3)(2n+ﬁ+ 3)2n + o+ + 3) x
(a=B)(a+B) (a=p)(a+p) )
(4n+a+6+5)(4n+a+[3+6)2(4n+a+ﬁ+7) (4n+a+B+7)(An+a+B+8)2 (An+a+B+9)
(4n+a+B+5)(4n+a+B+6)2(dn+a+B+7)

all
cases

P,, R,, ay, b, nonorthogonal
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GEGENBAUER

(n+1D)(n+2a+1)
Bn ‘ Tn+1 0 ‘ (an2a+1T)L(2ni2a+3)
BP B =ap+q+ 5755

/Bp _ 1148n2(14+2¢)+10a+4n(1+2q) (5+2a)+¢(21+20a+4a?)
n+l — 21416n24+20a+4a?+8n(5+2a)

P P
Tn+1 | On+1

4(1+n)(14+2n) (1+n+a)(1+2n+2a) ‘
(B+An+20)2(5+16n2+ 12a+4a2+8n(3+2a)) | P

P 4p(1+n)(1+n+a)
Prt1 15+16n2+16a+4a2+16n(2+a)
53 ﬁR — 3—p2(5+2a)+q(5+2a)
n 0 = 51+2a
R _ 23+8n2(1+2q)+14a+4n(14+2q)(7+2a)+q(45+28a+4a2)
n+l — 45-+16n2+28a+4a?+8n(7+20)

AT+ B+2n) (1 +nt o) (3+2n+2a) |
(5-tdn+2a)2(21+16n2+20a+4a?+8n(5+2a)) | P

R (34+2n) (3+2n+20a)
Pnt1 P35 i6n2t24at+402+16n(3+a)
p=20 P,, R, and b, = aR,, orthogonal a,, =0
a=p=q=0 P, and R,, orthogonal a, =0 and b, =0
p=q= P,, R, and b, = aR,, orthogonal a,, =0
a=p=0 P, and R,, orthogonal a, =0 and b,, =0
a=q= P,, R,, a, and b, nonorthogonal
a= P,, R,, a, and b, nonorthogonal
q=0 P,, R,, a, and b, nonorthogonal
| LEGENDRE
4(n+1)*%

Br | i 0 | (@n+1)(2n+2)%(2n+3)
By B =5+ap+q

P _ 11421¢+20n(1429)+8n?(1+2q)

n+l — 21+40n+16n2

P P P 4(14n)2(1+2n)? 4(1+n)?
Y1 | nga | Py (3+4n)2(5+24n+16n2) | P | P15732n+ 1602
By BE=2-p"+¢q
5R _ 23+45¢+28n(14+29)+8n%(14+2q)
n+1 — 45+56n+16n2
4(1+n)?(3+2n)? 3+2n)?

R R R (
Vg1 | Ong1 | Prsd (5+4n)2(21+40n—+161.2) || P35yagnt 1602

P,, R,, b, = aR, orthogonal; a,, =0

I
I
I
o

P,, R, orthogonal; a, =0, b, =0

P,, R,, b, = aR, orthogonal; a,, =0

P,, R, orthogonal; a, =0, b, =0

P,, R,, ay,, b, nonorthogonal

P,, R,, ay, b, nonorthogonal

Qe ITB I
Il
ookt |o
Il
o|lo|o|a

P,, R,, ay, b, nonorthogonal
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In the following tables, we consider the symmetric sequence {Qn}n>0,

with recurrence coefficients 5, =0, Y11 =

1
E,TLZO

CHEBYSHEYV 15 kind

Bn | Y1 0| m=35, Yr2=73

sy By =g+ap+a, Bii=5+q
%1;1 | Qﬁﬂ | P’fﬂ % ' p | ]

BE BE=3-p"+q,BE =3+4q
’Yr}Lerl | Q§+1 | p7]§+1 16 | p | 51’)

; 2 ;1;A1:), where A =

2

CHEBYSHEV 279 kind

Bn | Tn+1

01 %

By

T

/8(])3:%+ap+Q> 571;1:54—(]

P P P
Tn+1 | On+1 | Pr+1

% | p |k

By

B=5-p"+q, BF,1=35+4q

’Yﬁﬂ | Qﬁ-‘,—l | P§+1

% | p |k

PP = R, = Qu k > 1; Ryx) =
A7"Wp(Ax), where A = £2

CHEBYSHEV 1% and 2" kinds

P,, R,, b, = aR, orthogonal; a, =0
P,., R, positive definite, if a, ¢ € IR
PP _RP p>1,k>1

Po(x) = Rn(_% )

Pn(x) = Rn(_%; :E)

P,, R, orthogonal; a, =0, b, =0

P,, R,, b, = aR, orthogonal; a, =0

P,, R,, orthogonal; a,, =0, b, =0

P,, R,, ay, b, nonorthogonal

P,, R,, ay, b, nonorthogonal

P,, Ry, ayn, b, nonorthogonal
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CHEBYSHEV 3% kind

/Bn"}/n—i—l 50:%aﬁn+1:0‘ %
2 B =alp+3)+a+1 | BLL=35+4
%1;1 | 97];1 | Pﬁ+1 % | p | %
By F=5-p2(G+p)+ta, B =3+4q
%ﬁl | Qﬁﬁrl | P§+1 % | p | %
p= Pn(x):Rn(%(a—%);x)
p=0,q=—5 | Palz) = Ru(3(a— 3);2)
R, (z) = A™"W, (—3; Az) , where A =42
CHEBYSHEV 4" kind
Bn | 1 Bo=—%, Bay1=0 | §
By B =alp—3)+a+1. Bli=3+4a
%ILD+1 | erj—&-l | Pﬁ+1 % | p | %
B B =3 (=20 +p+2¢+1) , B =5 +4
%?H | Q§+1 | P§+1 % | p | %
p=0 Pn(x):Rn(—%(a—l—%);x)
p=0,q=—3 | Pu(e)=Ru(—5(a+3);2)
Ry (z) = A™"W, (3; Az) , where A = +2
CHEBYSHEYV 3" and 4" kinds
p=20 P,, R,, a,, b, orthogonal
P,., R, positive definite, if a, ¢ € IR
PP _RP pn>1,k>1
p=0, qg= —% P,, R,, ay,, b, orthogonal
PV =Ry =Qn k>1
a=p=q=0 P,, R,, a,, b, orthogonal
p=q=0 P,, R,, a,, b, orthogonal
a=p=20 P,, R,, a,, b, orthogonal
a=q=0 P,, R,, ay,, b, nonorthogonal
a=0 P,, R,, ay, b, nonorthogonal
q=0 P,, R,, ay, b, nonorthogonal
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