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ABSTRACT. The main goal of this research is to find the eigenvalues and the
corresponding eigenfunctions of the g-Stancu operator, Ly, s,q, introduced by
L. Yun and R. Wang. In this work, an explicit representation for moments of
all orders has been derived. Further, it has been proved that L, s 4 possesses
n — s + 1 linearly independent eigenfunctions whose explicit expression and
the corresponding eigenvalues are derived. In addition, for special choices of
parameters, several eigenfunctions are depicted.

1. INTRODUCTION

The discovery of the Bernstein polynomials by S. N. Bernstein in 1912 [2] paved
the way for a vast number of studies in the approximation theory. Due to their
elegant structure and remarkable properties, these polynomials have formed the
basis for research not only in mathematics but also in many other fields such as
physics, statistics, engineering (see [6,/8,/16]). The extensive research on the Bern-
stein operators has enabled the development of various generalizations and modified
forms.

In 1981, Stancu proposed a generalization of the Bernstein operator, represent-
ing an extension based on the non-negative integer parameter s, of the classical
Bernstein operator as follows:

Definition 1. [17] Let n and s be integers such that 0 < s < n/2. Then, for any
function f € C[0,1], the Stancu operator is defined by

Lus(Ji) = kfj_of (£) bussto) )

2020 Mathematics Subject Classification. 47TAT5, 47B38.

Keywords. g-integers, ¢-Stirling numbers, ¢-Stancu operator, moments, eigenvalues,
eigenfunctions.

& ovgu.gurelyilmaz@erdogan.edu.tr; © 0000-0003-1498-8526.

(©2024 Ankara University
Communications Faculty of Sciences University of Ankara Series A1 Mathematics and Statistics

820



EIGENSTRUCTURE OF THE ¢-STANCU OPERATOR 821

where
(1 - x)pnfs,k(‘r% 0<k<s,
brk,s(2) =< (1 —2)pn_s k(@) + 2Pp—sk-s(x), s<k<n—s,
xpn—s,k—s(x), n—s<k<n.

Here, p, k() are the Bernstein basis polynomials given by

k() = (Z) 1 —z)"F k=01,...,n

Observe that, for s = 0,1, reveals the classical Bernstein operator.

In [17], Stancu examined the remainder term of the approximation formulas for
operator L,, ; and established its asymptotic estimate using Voronovskaja-type for-
mula. He also estimated the order of approximation for operator in terms of
the modulus of continuity of a function f and its derivative f’. Moreover, he found
the eigenvalues of this Bernstein-type operator and proved that the sequence of the
eigenvalues is monotonically decreasing. In 2008, L. Yun and X. Xiang delved into
the monotonicity-preserving and convexity-preserving properties of the aforemen-
tioned operator. They provided a proof regarding the operator’s monotonicity for
convex functions and gave the theorem about simultaneous approximation [19]. Re-
cently, the Kantorovich extension of Stancu operator was proposed and investigated
in [3].

Another way to extend the operator is to obtain a modified version of the classical
operator by employing g-calculus. The first steps of this generalization were taken
by Lupas [12] and Phillips |15, who introduced g-generalizations of the Bernstein
operator. Owing to their works, the idea of generalizing operator using g-calculus
has been extended to many operators and this idea is still fruitful, see for example,
[7,/9,/14].

In 2011, L. Yun and R. Wang |20] introduced a g-generalization of the Stancu
operator, known as ¢g-Stancu operator. There, they studied shape-preserving and
approximation properties of this generalization. A year later, X. Xiang [18] obtained
more results pertinent to the g-Stancu operator.

For the convenience of the reader, some notations and definitions related to
g-calculus are provided, see |1, Chapter 10], and afterward, the definition of the
g-Stancu operator will be given.

Let ¢ > 0. For any non-negative integer n, the g-integer [n], is defined by

[0]q5207 [n]q:1+(1++qn717 n:1727"' (2)

The expressions below are g-variants of factorials and binomial coefficients known
as g-factorials and g-binomial coefficients, respectively,

0], :==1, [n]ly!:=[1]424:[nlgyy, n=1,2,...,

and
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Also, for each x € C, the g-analogue of the Pochhammer symbol is defined by
n—1
(@ q)o =1, (z;q)n =[]0 —2zd).
j=0
Definition 2. [20] Let n and s be integers such that 0 < s < n/2. Then, for
0<g<1andfeC[0,1], the g-Stancu operator, Ly, s, : C[0,1] — C[0,1], is given
by

Loalfin) =S ij) b4 2),

n

k=0
where

(1=q" > 2)pn s x(q; @), 0< k< s,
boges(32) =< (1= q" " 0)pp_si(;2) + " Fapp—sp—s(g;z), s<k<n-—s,

qnikzpn—s,k—s(q; 517)7 n—s<k< n,
and

n k
Pnk(q;T) = [k] 2 (z;Q)p—k, k=0,1,...,n. (3)
q

The polynomials are known as g-Bernstein basis polynomials.

Along with changing index as k — s = ¢ in the sum and then denoting again the
summation index by k, it becomes evident that the operator can be represented for
n=12,..., as follows:

Lipsq(f;x) = nz_f {(1 —q" ) f (gji) +q T af (“C[Z]j]q) }pn_s,k(q;w)~

k=0
(4)

See [20} formula (1.2)].

Note that, ¢g-Stancu operator reduces to the classical Stancu operator, as intro-
duced in [17], when ¢ is set to 1. Additionally, in the cases where s = 0,1, the
operators L, s 4 coincide with the ¢-Bernstein operators defined by Phillips [15].
Furthermore, this operator possesses some properties of the g-Bernstein polyno-
mials. In the case 0 < ¢ < 1, ¢-Stancu operator is a positive linear operator,
while in the case ¢ > 1, it is not. This operator enjoys the end-point interpolation
property, that is, L, s 4(f;0) = f(0) and L, s4(f;1) = f(1) for all ¢ > 0. Due
to Lysq(l;2) = 1 and Ly, 5 4(t;2) = x, the ¢g-Stancu operator leaves the linear
functions invariant.

The eigenvalues and eigenvectors of linear operators are important issues in the
applications of linear algebra to the theory of algorithms, the theory of Markov
chains and computer science. The spectral theory of linear operators is also used
extensively in other disciplines, like quantum mechanics and the field theory, see,
e.g., |11] and [21]. Even though quantum systems are generally described in L?
spaces of infinite dimensions, the quantum perturbation theory routinely uses their



EIGENSTRUCTURE OF THE ¢-STANCU OPERATOR 823

finite-dimensional approximations, see, e.g., [11, Chapter 5]. Apart from that,
eigenvalues and eigenvectors are used in the theory of parametric excitation of
oscillating systems, see [10], Section 27].

The present paper is devoted to examining the eigenvalues and the eigenfunctions
of the g-Stancu operators L, s ,. The structure of this paper is as follows: In
Section 1, some preliminary results that will be used through the paper and the
explicit formula for the moments of all orders for the g-Stancu operator are provided.
Hitherto, only the first three moments have been calculated. Section 2 focuses on
the eigenvalues and the corresponding eigenfunctions of the g-Stancu operator. It
is demonstrated that while £ = 1 is a double eigenvalue, the others are simple. In
the last section, the eigenvectors are graphically illustrated for selected values of
parameters.

2. MOMENTS OF ¢-STANCU OPERATORS

The calculation of the moments of linear positive operators plays a significant
role when studying their approximation properties. Regarding the g-generalization
of the Stancu operator L, 4, only the first three moments, L, s 4(e;;x), where
e; = t', i = 0,1,2 have been found so far, see [20, Proposition 2]. In this section,
explicit formulae for all the moments of the g-Stancu operators will be presented
through moments of the ¢g-Bernstein operator. To begin with, let us provide the
essential details regarding the g-Bernstein operator.

The explicit form of the moments of B, ;, mentioned in [5, formula (2.4)], is
provided below:

k )
Sq(k,1) ()
qu(@k; J}) = Z [q(kz) )‘z(',q)x ’ (5)
= [nlg

where S;(i,7) is defined as the ¢-Stirling numbers of the second kind [5], formula
(2.5)] as follows,

T r T(r 1)/2 ' R
Sq(lvj) [ qJ(J 1)/2 Z |:T:|q[j T]q7
with S,(0,0) =1, S,4(¢,0) = 0 for i > O7 Sq(l,j) =0 for j > i.
Here are the eigenvalues )\gf;,)q of the g-Bernstein operator [13]: form = 2,3,...,n,

ot (o) (- ) (-5

Theorem 1. Form =1,2..., there holds

Lnsq Em; T Zansqrm (6)

where
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r

[n—s] s
an,&q(’r, m) = [n]m qu(mvr)Ag“,q g
q
m—r+17—1 m j—1
+ Y Y AGiar-D+ > Yoo AGir=1) (1)
j=1 =0 j=m—r+2i=r—1-m-+tj
and
. m =1 n—s i in_srsj . . n—s
agin = (") (1o P Tl g g i A, (8)
j i [n];

Proof. From the definition , one has

Lps,g(em; ) = ni: {(1 —q" ") <Ejz>m +q" <M’>m }pns,k(q; z)

k=0 [n]q
-y (&%)mpns,k(q;x) + [nTm iq”"“‘s ([k+ sl = (K1) pr—s.e(q; @)
k=0 g 4 Lo

(=" B o)+ = ST s (s — .
_( [n]q > Bn_s’q( " )+ [n]gl k:oq (U{;+ ]q [k}q)pn—s,k(% )

Using the relation [k + s], = [k], + ¢"[s], and the binomial expansion formula in
the second sum, we get

Ln,s,q(e’rn; l‘)

- <[”[;]j]q>m3n_s,q(em5x) + [n;]} gi <Tj”> K794 (¢*151a)’ pu_sn(a: @)
B (W)m Brnsqlemi @) + q[;;x é (T) [s1; :::[k}gn_jqk(j_”pn_s,k(q; z).

Applying ¢* =1 — (1 — ¢)[k],, one can write

L ssg(emi ) = ([”[;]])m Busglems)

q
qn_s‘r m m n—s . -
F I (M)t L~ (1= Y a0
¢ j=1 \J k=0
With the use of the binomial theorem,

Lusalens) = (20) " B fenia)

i W zi; (T) [SES <j ; 1) (—1D)'Q =)y K py s k(@ @)

3
|
»

=0 0

~
Il
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~ () st + L (7 )

3 (77 )0 @ sl B o)

Lns.q(emi®) = o Z[n — s]gSq(m, T))‘g?qis)xr

T

159 Dl D (6 T it e B e e

imti=0 =0 \J ‘ Il

Changing the order of triple sums leads to:

m j—1lm—j+< m—1m—rj—1 m—1 m j—1
SN AGar) =YD 0> AG ) + > > A,
j=1i=0 r=0 r=0 j=1 i=0 r=1 j=m-—r+1li=r—m-+j

which allows us to write

n—s) r
Ly sqlem;x) = m g (m r))\( )z
‘1 r=0
m—1m—rj—1

JrZZZA],zr THJrZ Z Z A(j,i,r)z"

r=0 j=1 i=0 r=1 j=m—r+4+1li=r—m-+j

where A(j,4,r) is given by . The first sum can be started from r = 1 due to the
equality S,(¢,0) = 0 for ¢ > 0. In the last triple sum, an empty sum is obtained for
r = 0, so it can be started from zero. Additionally, if we make the shift of index
r +— r — 1 in the second and third sums, we arrive at:

Ly sqlem;x) = R Z m,r))\("q g
q r=1
m m—r+1j—1 m m j—1
+Y0 Y AGiyr = D"+ A(j,i,r —1)z"
r=1 gj5=1 =0 r=1j=m—r+2i=r—1—-m+j
m
=: Z an,s,q(r,m)z"
r=1
where the coefficients a, s 4(r,m) are as in (7). This completes the proof. g

Remark 1. It should be noted that the expression for m =1,2 in @ recovers the
same result as the ones in (20, Proposition 2].
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3. SPECTRUM OF THE ¢-STANCU OPERATOR

In this section, we will investigate the spectral properties of the ¢g-Stancu opera-
tor, including its eigenvalues and associated eigenvectors. In the next theorem, we
will prove that, similar to the g-Bernstein operators, the subsequent eigenvalues,
excluding the first two, will be found as simple eigenvalues.

Theorem 2. For all 0 < g < 1, the q-Stancu operator owns n — s + 1 eigenvalues
f(” ) expressed as

e =g =1,

0,9
n—g|m-1
i’ = [[”]JZ (In—slg = [m =1y +¢" “[msly) \nZihy m=23,...,n—s.
q
Moreover, they obey the following order:
1= (()qu,s) glr’z,qs > g(n ,8) > g(n 9) 51(171 Z)q
Proof. The polynomial L,, s 4(em;x) can be written as
Lns.qemi ) = £0303™ + P (), (9)
where
(n,s) [TL— S]ZIR ' (n—s)
gm,q = an,s,q(mvm) = W ([’I’L - S}q - [m - l}q + q [ ] ) >\m 1,q°

and P,,_1 is a polynomial of degree at most m — 1.
By @D, the matrix representation of L,, 5 4 in the standard basis {1 x,x2,. ”}

is an upper triangular matrix, whose diagonal entries are {§(" S)} Therefore the
numbers {f(" g)}, =0,...,n — s are the eigenvalues of Ly, s 4.

Next, let us demonstrate that the sequence {55,?;5 )} m>1 is monotonically decreas-
ing. Obviously,

) I (g, — il g m o+ D)8l A
é—(ns B [n—s]g" ™ ! 1 n—s )\(n s)
Li™ (= sl — [ — g + "= [msly) AG

_ [n—s]q . [m— 1]q [n—s}q— [m]q+qn_s[<m+1)5]q
B [n]q <1 [n — sy ) [n —slqg — [m —1]q + ¢"~*[ms],
[n—slg — [m — 1] . [n— slg — [mlq + ¢"*[(m + 1)s]q

[n]q [n —slqg — [m — 1], + ¢"*[ms],
_[n—=slg—[m—1] . [n + ms]y — [m]q
[n]q [n+ms — sy —[m —1],

m—1 n—s m n—+ms
" —=¢" q" g

1— qn qul _ qn+msfs .
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In order to prove that &, (" S) is monotonically decreasing, one needs to show

fgﬂ,q qul _ qnfs qm _ anrms 1
g(n,s) - 1—g» ’ qm—l — gntms—s )
m,q
which means that
(1 _ qn)(qm—l _ qn+ms—s) _ (qm—l _ qn—s)(qm _ qn+ms)
— qul _ anrmsfs _ qn+m71 _ q2m71 4 qn+ms+m71 + anrmfs > O

Dividing both sides by ¢™~!, the latter inequality takes the form
n+ms—s—m-+1

1— q _ qn o qm 4 qn+ms 4 qnferl > 0.
Adding and subtracting ¢"*™ on the left side of the inequality and making some
simplifications, one gets
1— qn+ms—s—m+1 _ qn _ qm + qn+ms =+ qn—s—i-l =+ qn+m _ qn+nz >0
<:>(1 - qn) qm(l o qn) + qn+m(7qm57372m+1 4 qmsfm 4 q7m75+1 o 1) >0
<:>(1 _ qn)(l _ qm) + q7L+7rn(qms—m(1 _ q—m—s+1) _ (1 _ q—m—s+1) >0
S1l-¢")A—q™) +q" (@™ =)l —qg ") >
S1—g")A—g™) +¢" 1 —g™ ™A —g™ ) >

which yields that, for s > 1 and m > 1, the sequence {fn?”; }m>1 is decreasing,

implying that the numbers 552’5), m=1,...,n — s are distinct. O
Remark 2. [t is worth mentioning that {5 % are the eigenvalues of the

classical Stancu operator found in [17, Theorem 5.1/. Additionally, when s = 0
or s = 1, we obtain the eigenvalues of the q-Bernstein operator defined by Phillips
115, and, accordingly, when q equals 1, we recover the eigenvalues of the classical
Bernstein operator given in [4].

Theorem 3. Forn € Nandm =0,1,...,n—s, the monic polynomzials Lpgn’ )( qQ; ),

which are the eigenfunctions of Ln,S,q(fv x) associated with the eigenvalues f

m q ’
are given by

m

9057?78) ((ﬂ -T) = Z dn,s,q (u’ m)xu’

u=0

where dnys,q(m m) =1 and ga(n’s (¢;2) =1, (p(" s)( ;@) = x, while form > 1 and
v=1,2,...,m

dn’s’Q(m_U7m) E(n ,8) (n s) Zd”SQ )aan(m_vvm_u)'

m v,q u=0
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Proof. Consider the monic eigenfunctions of Ly, s ,(f; z):
©3) (g Z dp,s,q(u, m)z dps q(m,m) =1, (10)

corresponding to the eigenvalue &, "’S). Then,

L s,q(wﬁfi D (a; ) z) = &5l (g ). (11)
Taking expression into account, (11)) can be written as

m m
( ’;) Z dp,s,q(v,m)x’ = Z dn,s,q(w,m)Ly, 5 4(t%; )

—ZdnsqumZansqvu ZZdnqqumangq(vu)

v=1u=v

Comparing the coeflicient of z® in both sides results in

m
f,(ff,’;)dn,s,q(vvm) = Zdnys’q(u,m)amsjq(v,u).

U=v

Substituting v with m — v and v with m — u leads to

f(ng)dnsq m—uv,m) Zdnsq m)an,s,q(m —v,m—u),
resulting
dn,sﬂ(m_vvm): (n,5) (ns Zdns,q )ansq(m_%m—u),
m,q ~ Sm—v,q u=0
which completes the proof. ([l

As an application of this theorem, the following result on the convergence of the
iterates can be stated.

Corollary 1. Let 0 < ¢ < 1, f € C[0,1] and L™, , stand for the m-th iterate of

n,s,q
Lin,s,q, which is defined by L}, . (fi2) = Ly sq(f;2),

neq(fa )* ns,q(L;ngtll(f;x))a m=23,...
Then, for fized n and s,

m—r oo

and the convergence is umform on [0, 1].
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4. NUMERICAL EXAMPLES

In this part, we will present the visual representation of the eigenfunctions

Lpgff ’S)(q; x) for some specific parameter values. Figure |1] illustrates the eigenfunc-

tions <p52’3)(q; x) for m = 0,1,...,6 normalized to establish a uniform norm 1. Fig-
ure [2| shows how the eigenfunctions <p§"’4) (¢; x) behave as the parameter n varies,

whereas Figure |3| displays the eigenfunctions gpéw’s)(q; z) for different values of s.
In Figure [4 while keeping all parameters fixed except for ¢, the eigenfunctions

¢g10’4)(q; x) are demonstrated with respect to the varying values of g.

|
05r —cpég’gi J
9,3
—
) —
2
0 o0
b
Sz)é‘},S)
_0 5 L SOE;J):S) il
-1 L L L L L ]
0 0.2 0.4 0.6 0.8 1

FIGURE 1. The normalized eigenfunctions of Lg 3 4 for ¢ = 0.5.
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0.5

0
_@5),1074)
134
_(pg )
05" §16,4) |
194
_90;, )
22,4
_90;, )
25,4
e ]
0 0.2 0.4 0.6 0.8 1
FIGURE 2. The eigenfunctions wé"’4)(q; x) for different values of n
and ¢ = 0.8.
1
0.5 1
0
(p(515,1)
05¢ _(p(515,3) |
Soélo,o)
80;15’7)
At ]
0 0.2 0.4 0.6 0.8 1
(15,5)

FIGURE 3. The eigenfunctions ¢y "’ (¢; z) for different values of
s and g = 0.8.
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-1 ! ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

FIGURE 4. The eigenfunctions goglo’4)(q; x) for different values of g.
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