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Abstract A matrix method for the solution of direct fractional Sturm-Liouville
problems on bounded domain is proposed where the fractional derivative is de-

fined in the Riesz sense. The scheme is based on the application of the Galerkin

spectral method of orthogonal polynomials. The order of convergence of the

eigenvalue approximations with respect to the matrix size is studied. Some

numerical examples that confirm the theory and prove the competitiveness of

the approach are finally presented.
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1 Introduction

This paper concerns the numerical approximation of the eigenvalues of a time-
independent one-dimensional fractional Schroedinger equation defined on a
bounded interval which, without loss of generality, we assume to be (—1,1).
This problem has several important applications. Among them we cite quan-
tum mechanics with a Feynman path integral over Lévy trajectories, [21,22].
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Many other applications appear in mathematical physics, biology and finance.

In more details, we shall consider the following eigenvalue problem

(=2 y(2) + q(x)y(x) = Ay(z), zeD=(-1,1), (1)
y(x) =0 foreach x € R\ D, (2)

where \ and y are an eigenvalue and a corresponding eigenfunction, respec-
tively, ¢ represents the potential, and, for o € (0,2), the fractional Laplace
operator (or quantum Riesz derivative) is defined as

e 1 y(x) — yla— 1)
CATYD = B Sy e ®)

with
/20 (—a/2)
22((1+ «)/2)
Indeed several definitions of the fractional Laplacian can be found in the
literature which are equivalent to (3) if y and/or « verify suitable hypothe-
ses (see, for instance, [20,23,24,28]). One of them is given by the pseudo-
differential operator with symbol |w|%, i.e.

n(a) = = —2I'(—a) cos(am/2).

a — o 1 oo o IWT
(-2 y(@) = 7 {wl g wro) = 5 [ e i) de.
where g is the Fourier transform of y. It is known that this definition is equiv-
alent to (3) if y € L*(R) with s € [1,2], [20].
Alternatively, if a € (0,2) \ {1} then (3) can be written as
o sin(arw/2) d” _
()2 (o) = MDAy, (@)

sin(aw) dz®

where n = [a] and

n—o _ 1 e s n n—oa—
10-y(e) = s [ st = )" e = oy
7 T (x _ t)TL*Oéfl o +o0 (t _ I)nfafl
_ /W Ry V0 () /m R

= 1" y(a) + (-1 1"y (),

Here, Ij([nfa) are the left- and right-sided Riemann-Liouville fractional inte-

grals (sometimes called Weyl integrals) of order n — .

)

Justified by passage to the limit o ' n, Ij([o are defined as the identity op-

erator and, consequently, (—A)o‘/2 is set equal to —% for o = 2, [23]. This
implies that, for such value of a, (1)-(2) reduces to the classical Sturm-Liouville
problem in normal form with Dirichlet boundary conditions at both ends.
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Concerning the special case of ¢(x) = 0 in D, sometimes referred to as
the infinite potential well problem, it is known that the eigenvalues of (1)-
(2) form an infinite sequence tending to infinity. More precisely, if we denote
them with Ay then it is known that 0 < A\g < A1 < Ay < A3 < ... and that
the corresponding eigenfunctions, say yx, form a complete orthonormal set in
L?(D), [3,6]. Regarding the simplicity of the eigenvalues in [19], see also the
references therein, it was proved that this property is surely verified if « € [1, 2]
and it was conjectured that indeed it holds for every a € (0, 2]. Moreover, in
the same paper, the following asymptotic law

A = <(k+21)77 @ _SQ)WY +0 (kil) (5)

was determined (please observe that we number the eigenvalues starting from
k = 0 instead of k = 1 as done in [19]). It must be said that an asymptotic
growth like ((k 4 1)7/2)* was already proved in [8,9].

Now if ¢ € L?(D) then for the classical problem with a = 2 it is known that

1

MO NO)+a. a=g [ a@dn k>0 (

where A;(q) and A, (0) are the eigenvalues of index k for the problems with
potential ¢ and zero potential in D, respectively. More precisely, the residuals
0k = Me(q) — M\e(0) — G, k € Ny, depend on ¢ — ¢ and constitute a square-
summable sequence. In addition, their rate of decrease is connected to the
smoothness of ¢ over [—1,1], [27]. Tt is reasonable to assume that (6) holds
true for each « € (0, 2] under the same hypothesis for g.

In the literature, the numerical schemes currently availables for the problem
under consideration belong to the family of so-called matriz methods, namely
methods that discretize the eigenvalue problem for the differential operator
as an ordinary or a generalized matrix eigenvalue one. In particular, a num-
ber of finite difference schemes that constitute a generalization of the classical
three-point method (or discrete Laplacian in 1D) are available. This is the
case, for example, of the method proposed independently by Ortigueira and
by Zoia et.al. in [25,35] and of the WSGD method (acronym for Weighted and
Shifted Griinwald Difference) studied in [31]. In the former case, the discrete
fractional Laplacian is represented by the symmetric Toeplitz matrix 7T, with
symbol (2(1 — cos#))*/? (note that 2(1 — cosf) is the symbol associated to
T = tridiag(—1,2, —1)). The WSGD method, instead, provides an approxima-
tion of the left- or the right-sided Riemann-Liouville fractional derivatives by
using a suitable combination of the Griinwald and the shifted Grinwald dif-
ference schemes. In both the previous cases, in [7,31] it was proved that if y is
sufficiently regular over R and if o € (1, 2] then the error in the approximation

of (—A)O‘/2 y(z,,) behaves like O(h?), where x,, and h represent a meshpoint
and the stepsize, respectively. Unfortunately, the eigenfunctions of (1)-(2) are
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not smooth in proximity of the boundary of D. For the problem with zero po-
tential in D, in fact, it is known that there exist suitable constants Cy, Csy, Cs
and 6 such that

Ci(1+ x)o‘/2 for z close to — 1,
y(x) = { Co(1 — z)*/? for x close to 1, (7
Cssin(A\Y®x 4 ) for x € D away from the boundary,

see, for instance, [19] and [18, Example 1]. We expect that if ¢ € L?(D) and
if ||g — g|2 is not too large then the eigenfunctions have a similar behavior.
The lack of regularity near the boundaries of the domain is a peculiarity of
the solution of differential problems that involve fractional operators and, in
addition to the nonlocality of the latters, it represents a further important
source of difficulties for their numerical treatment. With reference to the ma-
trix methods previously mentioned, such behavior of y determines an order
reduction in the approximation of its fractional Laplacian and consequently
in the resulting numerical eigenvalues. Alternative matrix methods are those
proposed recently in [5,10,15]. In particular, the method in [5] is based on
finite element approximations and it can be applied to problems in a generic
dimension d > 1, the approach considered in [10] is that of using suitable
quadratures for the approximation of the integral in (3) and, finally, in [15] a
Control Volume Function approximation with Radial Basis Function interpo-
lation is proposed. All these schemes, however, appear to be of the first order,
namely the error in the approximation of the eigenvalues decreases like N1
where N is the matrix size.

In this paper, we propose a matrix method based on the Galerkin spectral
schemes named method of orthogonal polynomials in [26] (see also the refer-
ences therein). Indeed, the principal idea has been recently presented in [11]
which concerns the eigenvalue problem for the fractional Laplace operator in
the unit ball of dimension d > 1 (so the potential is identically zero in D). In
such paper, it is proved that the eigenvalues provided by the matrix method
with matrices of order IV, say )\,(CN), are such that \p < )\éN), for each k£ < N.
This is done by using the standard Rayleigh-Ritz variational method. In ad-
dition, the Aronszajn method of intermediate problems, see e.g. [4], is used
for getting a lower bound for the eigenvalues. The aim pursued in [11] is that
of proving that if 1 < d < 9anda=1orif 1 <d <2 and a € (0,2] then
the eigenfunctions corresponding to A\; are antisymmetric. In this paper, we
are going to study such matrix method for d = 1 from a numerical point of
view. More precisely, differently with respect to what has been done in [11],
we shall consider a generic potential ¢ € L?(D) and we will study the order
of convergence of |\; — A;N)| with respect to N. Before proceeding, it must
be said that the application of the method of orthogonal polynomials to frac-
tional eigenvalue problems has been recently considered also in [33,34] which
however concern different fractional operators. For example, one of the gener-

alization of the differential term - [p(z)-L] of the classical Sturm-Liouville
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operator considered in [33] (see also [17]) is given by IEELDT‘/2 p(x) ng/Q .

Here B2 DS/? and G DS/? are the right-sided Riemann-Liouville derivative of
order «/2, and the left-sided Caputo derivative of the same order, respectively.

The paper is organized as follows. In Section 2 we introduce the approach
based on the spectral method of orthogonal polynomials. In Section 3 we derive
the generalized matrix eigenvalue problem that discretize (1)-(2). Moreover,
we describe how we have handled a generic potential ¢ € L?(D) and we study
the behavior of the entries in the resulting coefficient matrices. Section 4 is
devoted to the analysis of the error in the eigenvalue approximations while
Section 5 to the study of the conditioning of the numerical eigenvalues with
respect to a perturbation of the potential. Finally, in Section 6 we report the
results of several numerical examples that confirm the theory and prove the
competitiveness of our method.

2 Spectral method of orthogonal polynomials

By virtue of (7), we consider the following expansion of an eigenfunction of

(1)-(2) N
y(z) = (1— 2?23 e, Pl (z). (8)

n=0

Here a; = max(a,0) and, for 8,y > —1, {Py(bﬁﬁ)} is the sequence of
nE€Np

orthogonal Jacobi polynomials in L?(D,w) with weighting function w(x) =
(1—2)%(1+2)7, ie (PP, P,SQB’V)%&AY = 0 for each n # m being

(f,9)pn = / (=) (U +a) @) gla) do. fg € (D). ()

In particular, the following normalization
pT(LB,“/)(l) -1

will be used for such polynomials. If 8 = « then we shall use the simpler
notation
Pr(zﬁ) = Pv(zﬁﬁ)’ <" '>ﬂ = <'7 '>5,3' (10)

As we are going to show in Theorem 1, the expansion in (8) is favorable since
(—A)*/? ((1 — 22)%/2ple/?) (g:)) x P/(z) for each z € (—1,1).

Before this important result, for later convenience, we recall a list of known
properties of the Jacobi polynomials revised according to the normalization
that we have considered:

a/2 a/2 at1lpin I'’(a
P 0= (07, PP, o - S
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P2: if n is even then P*/?(z) = Pé%Q’_l/z)(Z:ﬂ —1);
P3: if n is odd then P{*/?(z) = xP((fﬁ’)l/;)(Qﬁ —1);
P4: for each 8,v,0 > —1, [13, 16.4 formula (17)],

(PO, P =
(-1 =2 (B o+ ) D(y+r+s+ 1D)I(B+1)(0+1)
r+r—s+0\)Il'c+s—r+1)I'(v+B+o+r+s+2)

P5: the polynomials PT(LO‘/ 2) verify the following recurrence relation

PY? (@) =0,
L,

a/2
PP (@) = (11)
2n+ 1+« n 2
P(Oé/2) _ P(a/Z) _ P a/2) 12
D) = TS el ) - PO (12)
= Cu1a P (2) = (o PP (), n>0; (13)
P6: P\ (z) = LletIntD) ole/201/2) () where C*/*T/%) is the Gegen-

I'(n+a+1) n
bauer polynomial of degree n with its usual normalization, [2,30];

P P,(L’B m(:c) coincides with the following Gauss hypergeometric function
PP (z) = oFy (—n,n+B+v+ 18+ 1;(1—12)/2). (14)
The latter property allows to extend the definition of P,(LB " to all B,y € R
with —3 ¢ N, [30].

We can now prove the following spectral relationship which is fundamental
for the development of the method.

Theorem 1 If a € (0,2] then for each n > 0 and each x € (—1,1)

(~2)*2 (1 =) 2P (@) ) = pun PL2 (@), (15)
where F(ntatl)
Hn = W (16)

Proof If & = 2 then P,gl)(ac) = L, (x) where L,41(x) is the Legendre poly-
nomial of degree n+ 1, with a suitable normalization, and p,, = (n+2)(n+1).
It follows that (15)-(16) reduce to the well-known identity
d2
(= )y (@) = (04 D0+ DEa(e), € (L)

Let’s consider the case o € (0,2) and « # 1. After some computations, by us-
ing (4) and (14), one obtains that (15)-(16) are an application of Theorems 6.2
and 6.3 in [26]. The special value oo = 1 follows by continuity.

Alternatively, by virtue of properties P2 and P3, the statement is an appli-
cation of Theorem 3 in [12] for every « € (0,2]. |
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Now, if y satisfies (1)-(2) with eigenvalue A then for each m € Ny

(P2 (=) y)asa + (PP qy)ass = MPLD y) oy, (17)

see (9)-(10). Therefore, from (8) and (15)-(16) one gets that the first term in
the previous equation reduces to

<P7(no¢/2)’ (_A)a/Z y>a/2 _ //"m<P7(na/2)7 P7(na/2)>oc/26m = AmCm
where, see property P1,

20H1 2 (/2 + 1)
/2 /2
am = i (PP, PP q s = 2m+a+1

(18)

Concerning the inner product on the right-hand side of (17), from (8) it
follows that

(PY oz =Y bmntns  bmn = (PP, P2y (19)
n=0

It is evident that b,,, = 0 for each m and n such that m + n is odd. Moreover,
the application of properties P2-P4 allows to determine the remaining values
analytically.

Let us consider the case where m = 2r and n = 2s. By using property P2,
one deduces that

1
b = [ (1= 0P ) P/ )

-1

1
= 2/ (1 — 22)*p/2=1/2) (952 _ 1) p(/271/2) (222 _ 1)dx
0

1 1
/ (1 —8)*(1 + )~ V2 ple/2=1/2) (1) ple/2:=1/2) (1)t

~ 91/21a .
B (=D)m=2 P(a+ 1) T((m+n+1)/2) T (a/2+1) (20)
CI'((a—m+n)/24+ D) I ((a—n+m)/2+ D) ((m+n+3)/2+a)

In particular, the last equality follows from property P4 with v = —1/2,

B =0 =a/2,r =m/2, and s = n/2. It must be said that the previous
formula was already determined in [12], with suitable changes in the notation
and by considering the different normalization of the Jacobi polynomials.
Now (20) holds true also in the case where m and n are odd, i.e. m = 2r + 1
and n = 2s + 1. In fact, from property P3, we get

1
bon = 2/ (1 — 22)222P(@/21/2) (222 — 1) PL/21/2) (222 — 1)dx
0

1 1
= W/ (1 _ t)(x(l +t>1/2PT(a/2’1/2)(t>PS(a/2’1/2)(t)dt
—1
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which one can verify to be equal to the right-hand side of (20) by using prop-
erty P4 withy=1/2, f=0=0a/2,r=(m—1)/2, and s = (n — 1)/2.

We observe that the application of Euler’s reflection formula I'(1—2)I"'(z) =
m/sin(nz), see also [25, eq.(4.21)-(4-23)], allows to get that if m + n is even
then

(=plmm _sin(ma/2) T ("5 - §)
I'la—m+n)/2+ 1) T (e —n+m)/2+1) T (=2l +9+1)°

This implies that the coefficient by, in (20) can be written as

bmn = Hahm+nt|n7m| (21)
where

0. — _sin(ra/2)(a + 1) I'*(a/2+1)

I'((m+n+1)/2)

S I(m+n+3)/2+a)
(o)

b = E i)

3 Numerical scheme

In order to get a numerical method for the approximation of the eigenval-
ues and of the eigenfunctions of the fractional Sturm-Liouville problem, we
truncate the series in (8), i.e. we look for an approximation of y of the form

N—-1
y(@) =y ™M (@) = (1 -2} Y &unP? (@) (24)
n=0

where the coefficients &, y are determined by imposing that (17) holds true
for m = 0,...,N — 1 with y and X replaced by y®™) and AN) respectively.
This leads to a generalized matrix eigenvalue problem of the form

(AN + QN)&N = )‘(N)BNgNa (25)
where &€y = (Co.n, &1 - Env—1.n) " and, see (18)-(19),
AN = dlag (ao, ey aN—l) 5 BN = (bm")m,nzo,...,Nfl .

Finally, the entries of Qn are given by

1
G = (PSP aP{?))o = / (1= ) q(2) P/ () P/ (2)da. (26)
~1
Clearly, they are not known in closed form for a generic potential ¢(z). We
will talk about their approximation in Subsection 3.1.
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Remark 1 By is permutation similar to a 2 x 2 block diagonal matrix. The
same holds true for @y if the potential is an even function.

Remark 2 By is symmetric positive definite since

-1

1 N-1
vIByv = / (1 —2®)*?(z)dz > 0, v(z) = Z Unp7(La/2)(x)7
n=0

for each v = (vg, ..., UN_l)T € RV \ {0y} and its simmetry is obvious.

We observe that from (21)—(23) it is not difficult to deduce that By is
an Hadamard product between an Hankel matrix and a symmetric Toeplitz
one. Moreover, its nonzero entries can be computed with a computational cost
rather low by using the following recurrence relations

m+n-—1
B T
[n—m|—a—2
tnem| = ———————— tjn—m|-2;

[n —m|+«

that, in addition, allow to avoid problems of overflow and/or underflow.
Finally, for the error analysis in the eigenvalue approximations, it is important
to analyze the behavior of such coefficients and, consequently, of b,,, when
m +n and/or |m — n| become large. We recall the following expansion of the
ratio of two gamma functions

I'(z+a) _ a-b <1+(a—b)(a+b—

1) Ly
T(z 1) 5 + (4 )) L0,

Its application to (21) and (22)-(23), for m + n even, allows to obtain that
— if m +n > 0 then
Pogn = 29T H(m +n) ! (1 +O0((m+ n)_l)) ;
— if [n —m| > 0 then
tin—m| = 20y — |7t (1 +0((n— m)_z)) ;
— if n > m then

a+1
b = b =0 () (14 Ol(mo+ 1)) 4 Of(n = m) )
(2n)
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3.1 Computation and properties of the entries of Q

We are now going to talk about possible techniques for computing the entries
of the matrix @y in (25) and about their asymptotic behavior.

Considering the definition of gy, in (26), the first idea for its approximation
is trivially that of applying a Jacobi quadrature rule with weighting function
(1 — 22)®. This is surely a possibility which, however, requires the applica-
tion of a formula with degree of precision rather large since the integrand is
q(2) P (2) P ().

A second approach is suggested by the following results, [14].

Proposition 1 For each m,n > 0, let ¢y be defined as in (26) and ¢pm,—1 =
g—1,m = 0. Then, see (12)-(13),

Cn,1Cm,
qm+1,n + %mel,n = Cn,09mmn—1, m,n > 0. (28)
m,1

q _ Cn,l
n+l — T
m,n C

m,1
Proof From (26) and (12)-(13), we get

dm,n+1 = <q P7(na/2)a P’I(L?:-/IQ)>O‘
- Cn,l <C] P7(na/2)’ x Prga/2)>a - Cn,O <q Pr(na/g)a Pr(zci/12)>a

= Cn,l <q x P#LX/Q)a Pr(La/Z)>a - Cn,qu,nfl-

Therefore, the statement is a consequence of the fact that

1
2P/ (1) = . (P,(n"ﬁ) (z) + Cm,opﬁi/f)(iﬂo ~

)

O
Proposition 2 Let Qs = (qm")m,neNo , Boo = (bm")m,neNo and
qon bOn
= | D | €lo,  by=[bn | ety (29)

i.e. let q, and b, be the n-th column of Qs and Bs,, respectively. If we
define the following linear tridiagonal operator z € by, — Hz € U where, see

(12)-(13),

o
‘ —

¢ Co,1 0 1
S1,0 1 1 2+a
C1,1 0 Ci1 3+a 0 3+a
o o _1 _2 3+a
H = C2,1 C2,1 = Sta Sta , (30)

then
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1. HE = E where E = (1,1,...)7;
2. by setting q_1 = (0,0,...)T, one gets

qn+1 = Cn,lIan - C’n,anflu fO’f‘ each n > 0, (31)

Proof The first result is trivial while the second and, consequently, the third
ones follow from (28). Concerning the last point, it is sufficient to observe that

By = Qo if g(z) = 1. O

Let now assume that we know the first S + 1 entries in qg. By using (31)
with n = 0 we can compute the first S entries of q;. At this point, from the
same formula with n = 1, we determine the values of the first S — 1 entries
of g2 and so on. By observing that Qu in (25) is of order N, we deduce that
it is entirely determined once the values of ¢, for m < S = 2N are known.
Clearly, in the actual implementation, the symmetry of @y is taken into ac-
count.

The following result will be useful for the error analysis in the eigenvalue
approximation.

Proposition 3 Suppose that q is analytic inside and on the Bernstein ellipse
&, given by

1 . )
&= {z eClz= §(peze +p e 0<0 < 277} ,
with p > 1. If m+n > 1 and m # n then ¢, defined in (26) satisfies

Gun = O (m+1) =" (m = n) ™71 (32)

Proof The regularity of ¢ implies that its Fourier-Jacobi expansion

o (a/2)
(a/2) <q, P, >a/2
q(z) =) %P7 (@), = - - ;
2 <R 5,

converges in uniform norm with an exponential decay of the coefficients ~,.
More precisely, see P6, in [32] it is proved that

’YZ ~ E(a+3)/2p—(f+1) . (33)

Now, from the definition of the entries in qg and by and from the fourth point
in Proposition 2 we get

Qo =Y by = (Z 1P 2><H>> by = q(H)bo. (34)
£=0 £=0
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In addition, by applying the principle of induction and by using (11)—(13)
and (30) in a way similar to what was done in the proofs of the previous two
propositions, one obtains that the entries of Pé(a/ 2)(’H) are given by

< Péa/Q)Péla/Z)’P;a/Q) >a/2
mj < P;a/?)’P;a/Z) >a/2

(Pe(a/Q)(H)) . m,j€eN,.

Clearly they are nonzero if and only if m and j are such that m + £+ j is

even and the sum of any two of £,m, j is not less than the third. Moreover,

these entries are known in closed form thanks to properties P1, P6 and to [2,

Corollary 6.84, pag. 321]. In particular, long and tedious computations allow
to get that if k € {—¢, —¢ +2,...,¢} then

a a+ 1)k

(P 00) otk

=7 1
u«( + 2

+O(j‘2)> . i

ik

where

B (Liktatl fokiail)
Yo = 22 }
- 0B (o, o) B (1, )

being B(-, ) the beta function. This implies that, see (34),

lim (q(H));y,; = > vl
J =k kt2,...

Specifically, thanks to (33), the modulus of the entries of ¢(H) decays expo-
nentially when going away from the main diagonal, i.e. when |k| increases.
Therefore, by considering that from the third and the fourth points in Propo-
sition 2 one gets

an = B\ (H) ag = P{** (H)a(H)bo = ¢(H) (Péa/z)(ﬂ)bo) = q(H)by,
the estimate in (32) follows from (27). O

Remark 3 It is important to underline the fact that if ¢ is a polynomial then
(31) and (34) allow to compute @y in a simple way.

4 Error analysis

This section is devoted to the analysis of the order of convergence of \(N)
versus A as N increases. We will always suppose that ¢ satisfies the following
hypotheses:

H1 ¢ is analytic inside and on the Bernstein ellipse £, with p > 1 (see Propo-
sition 3);
H2 ||¢ — 7|2 is not too large where g is the mean value of ¢ defined in (6).
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Let ¢y = (co,cq,--- ,cN_l)T be the vector containing the first N coeffi-
cients of the expansion in (8) of the exact eigenfunction corresponding to A
and, see (25), let

™) = (Ay + Qn) ey — AByey (35)
be the local truncation error. By applying standard arguments one obtains
A= AN = |(5r™) / () By en)| - (36)

Clearly, the error in the eigenvalue approximation is independent of the nor-
malization considered for its exact and numerical eigenfunctions. Therefore,
for later convenience, we normalize y(x) as follows

yo) = (1 =a®)*Ph@), J)=1 <= =1 (37

n=0

and, ideally, we scale the numerical eigenfunction so that
&N =Cs where s is such that ¢y =...=cs_1 =0, c¢5#0.

Let us consider, first of all, the denominator in (36). From Remark 2, it follows
that

lim £yByey = lim (ckByen + (€y — cn) Byen)
N—o00 N—o0

Iyl + Jim 6y —cn)"Brex = [y} (39)

provided that, by Cauchy-Schwarz, the Ly-norm of (1 — 2:2)*/2 Zf::ol(fn,N -
cn)PT(La/ 2)(x) approaches zero (at least slowly) as N tends to infinity. This
implies that the denominator in (36) is kept away from zero as N increases.

Concerning the local truncation error, from (8), (17)—(19) and (26) one gets

oo 0o
AmCm + E gmnCn = A § bmncn .
n=0 n=0

It follows that the entries of 7(™) in (35) can be written as

T,(,LN) = ez;H_l‘r(N) = Z (Abrn —@mn)Cn = Z UmnCn, m = 0,..., N—1. (39)
n=N n=N

We have already studied the behaviors of by, and of g, see (27)—(32).
It remains to establish how |c,| decreases as n increases. Let us separate the
even and the odd parts of §(z), y(x) and of the potential

9(x) = ge(z) + Jo(), Je(z) = (9(2) + 9(—2))/2,
Y(2) = ye(2) + yolx),  yelr) = (1 —2?)*?§e(2),
q(7) = qe(w) + qo(7), qe(z) = (q(z) + q(—2))/2.
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It is not difficult to verify that
(=2)*?ye(@) = (A = ge(@)ye(@) = go(2)yo (), (40)
(=2)2yo() = (A = ge(@))yo () — go()ye (). (41)

Now, if ¢ satisfies H1 and H2 then there exist suitable ., 8, > 0 such that
when z — £17 it results

Je(x) = g ()P () + O((1 — 2?)%)
Jo(z) = Go(1) P () + O(z(1 — 2*)%),
ge () = qe<1>P<“/2><x> +0(( —x2>>,

In addition, from the recurrence relation in (12), one gets

a/2 2 a/2 24+ a (a2 1 a/2
(P2@) = 2Pl @) = 5o B @) + 5 B @)

It follows that in proximity of the extremes the terms on the right-hand side
of (40)-(41) can be written respectively as

(A = qe(®))ye () — qo(2)yo(z)
= (1 —a?)*/? (uOPO(a/Z)(a:) - UQPQ(O‘/2) (m)) +ro(x), (42)
(A= qe(@)yo (%) — go(@)ye(x) = (1 — 22) 2 PP (2) 4 1 () , (43)
where
vo = (A= qe(1))7e(1) — qo(1)70(1)/(3 + ), (44)
vi = (A= qe(1))90(1) = go(1)ge(1), (45)
v2 = ¢o(1)3(1)(2 + @) /(3 + ),

and 7.(z) and r,(x) approach zero faster than (1 — 22)*/2 as x — +1F. All
these arguments allow to prove the following result.

Theorem 2 If o € (0,2) and if q is such that H1 and H2 hold true then
cn=0n"2"Y, n>k, (46)
where k is the index of the eigenvalue.

Proof First of all, we observe that for each ¢ and each x € (—1,1)

0o p(a/2) 2ya/2 pla/2)
PP 1 - P
(1 _ x2)a/2pi(0‘/2)(m) E < ( z ) 7 >

a/2 5(a/2)
- - PN (x)
(P2 P o

n=0

(Pl plar2)

= P/ (0
2 (T P

=0

_ i p(a/2)
St

3

3
o>
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« = 0.75, even part « = 0.75, odd part
102 Kes ] 102
"
102 1072}
k=10

107 107
10710 1010

100 10" 102 103 10° 10" 102 103

n n
« =1.50, even part « =1.50, odd part
102 i 102 k=5
SN /

-2 2 —=< A <— k=25

10 10 AR
RN
k=10

107 107
10-10 0 1 2 3 10-10

10 10 10 10 100 10" 102 10°

n n

xZ

Fig. 1 The coefficients |cy| (solid lines) and |é,| (dashed lines) for g(z) = e®.

see (19) and property P1. As a consequence, by inserting (42) and (43) into
(40) and (41), respectively, and by considering the expansion of both sides of
the equations in terms of the Jacobi polynomials, we obtain that for x — +1F

> o« = b n - b n «
S oo PP (@) = 3 (%20”222 N m) PO ()
n=0

o
n—0 2n

i /2 o~ [ V1bant1a /2
Z /~‘2n+102n+1P2(nJ/rl)($) = Z (+ + 7"2n+1) P2(n4/r1) (2),
n=0

o
n=0 ntl

where 1, becomes negligible as £ increases. Therefore, if n is sufficiently large
then from (18) we get

Voban,o — vabano  vobano — vabana .
Con ™ = = Cap, (47)
H2n02n Qa2n
v1bopt11 vibany11 _
Cont1 = - = S = o (48)
H2n+102n+1 A2n+1
The statement follows from (27) by observing that a, = O(¢71). O

In Figure 1, some numerical illustrations of the estimates in (47) (left
plots) and (48) (right plots) have been reported for g(x) = e*, @ = 0.75,1.5
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and k = 5,10,25. As one can see, for this example, such approximations of the
coefficients are rather accurate for each n > 3k.

Before proceeding, we need the following notation. For each v > 0 and
€ (0,1) let
x vl — "
J(z,v,p) = / 71— )t = Mgﬂ(l, v+ l+uvym)  (49)
0

v
where the second equality is an application of Euler’s hypergeometric trans-
formations [1]. By using a suitable Taylor expansion one deduces that

— if z — 0% then

¥ (1 —x)H

S, v, 1) = (1+0(x)); (50)

— if p < 0 then o F1(1,v + p; 1+ v;1) = —v/p and consequently

Vil = g)H
J(m,v,u):—u(l—ka(l)), asxz /17, (51)
More precisely if ¢ < —1 then Lo Fy (1, v+ ;1 + v; ac)|gc=1 = EZi’f)): This
implies that
¥ (1 —z)H v+ )
J(x,v,p)=———"——""—[(1+ l—z)4+o((l —2x . 52
(@021 “ (1 s o). (2

We are now ready for the analysis of the entries of the local truncation error
in (39).

Theorem 3 Let o € (0,2) and suppose that q verifies the assumptions H1
and H2. If k is the index of the eigenvalue and Ny is sufficiently larger than
k, then for each N > Ny one has

C m2\
(N) 0 _ — _
T < it <1 2) ., m=01,....N—1,  (53)
where Cy is a constant independent of N.

Proof By using an integral estimate, from (39), (27), (32) and (46) one deduces
that there exist a constant Cj, independent of N and m, such that

e oo
TS 3 umalleal < Co [ (0 = m?) et = Gt (54)
n=N N

If m > 0 and if we apply the change of variable n = mt~/2 then, after some
computation, from (49) with v = 2a + 1 and p = —a, we get

IN) = stz (m®/N? 20+ 1, —a)

1 AN
:W (1_N2> oFi (1, + 15 2a + 2;m? /N?).
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It is not difficult to verify that this equality holds true also for m = 0. We
observe that o F1 (1, + 1; 2 + 2;x) is increasing over [0, 1] and its value at
x = 11is (2a + 1) /. Therefore

1 m2\ “
N) « = _
19 < s (1 )

which, together with (54), gives (53). |

The immediate consequence of this result is that the first and the last en-
tries of 7(V) behave like O(N~%*~2) and O(N~3*~2), respectively.
The following theorem completes the error analysis in the eigenvalue approx-
imation.

Theorem 4 If the hypotheses of the previous theorem hold true then there
exist a constant C, independent of N, such that

A=AV < oN~Uat2) (55)
Proof From (36)-(38), we deduce that there exist a constant Cy such that
A= AN = el m ™ + (¢ — en)TTM/|(€x Bren| < Crleqm™).
Now, by virtue of Theorem 2 we have that |c,,| ~ m™2%~1 for each m >

S = S(k), being k the index of the eigenvalue. Therefore, from the previous
theorem, we get

S—1 N-1
RN <D lemllmm [+ D lemllmm]
m=0 m=S

Cg N-1 —2a—1 m2 -

where C5 is a further suitable constant. If we apply the change of variable
t =1—m?/N? we obtain

N-1 2\ ¢« x 7(N)
1 ! I
“Za-l(q m dm = 7/ 71—t = ——
/s m < N2 m= 5Nz ” ( ) oN2a’

where
ro= (2N —1)/N*~0, x;=1-S5*/N*~1. (56)

It follows that (55) holds true provided that V) = O(N2). This fact can be
verified, after some computation, for a = 1. If & € (0,1) then from (49), with
v=1—a>0and p = —a, (50)-(51) and (56) we get

IN) = J (21,1 —a, —) — J (w0,1 — o, —a) = O(N?*).
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Finally, if o € (1,2) then with an integration by parts and by using (49) with
v=2-—a>0and p=—a—1, see also (50)-(52) and (56), we obtain

T 1 T a—+1 1
I(N) = plme e / l—a] _4)—a—2
Tt (1—1) o T mot (1—1) dt
1 11—« —a—1|%1
=7t (1-1) ]m
- 1+a (J(z1,2—a,—1—a) = J(z0,2 —a,—1 — a))
-«
2l = mp) >t
=0 (a_lo) (1+ O(z))
l-a —a—1
T 1—x
+ = (1_;) (1—21(1—(1—-20)(1 —z1)/a+0(1 —x1)))
11—« 1— —a
= o)+ I G 4 sage o+ o1)
_ O(Na—l) + O(N2a) _ O(N2a)7
which completes the proof. O

5 Conditioning analysis
We now discuss the conditioning of the numerical eigenvalues with respect

to a perturbation of the potential. For a fixed N, let A\(M) = /\,(CN)(q) and

&n = & n(q) be the k-th numerical eigenvalue and the corresponding eigen-

vector as defined in (25). In addition, let y™)(z) = y,(cN) (x) be the resulting

approximation of y(x) = yi () specified in (24). If we apply the matrix method
to problem (1)-(2) with perturbed potential §(z) ~ ¢(z) then (25) becomes

(An +Qn) &en(@ = MY (@ Bréin(@
where the entries of Q are given by, see (26),
Gmn = (PGP m n=0,...N —1.

With these notations, we can prove the following result which concerns the
case of a small perturbation of g, i.e. of the initial datum.

Proposition 4 If || — §||e is small enough then

AN @) =AM @] S llg—dlles, k=0,1,...,N—1.
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Proof We observe that (Ay + Qn, Bn) is a symmetric (hermitian) definite
pair, see [29] and Remark 2. Hence, by using standard arguments, it is not
difficult to obtain that if ||¢ — §||co is sufficiently small then

€L n(a) (Qn — Qn) €1 (@)
)\(N) o )\(N) A — ’ ’
F @ ¥ @ €Z,N(Q)BN€1€,N(Q)
N SZ,N(C]) (QN - C?N) Sk,N(Q)
- sg,N(Q)BNgk,N(Q)

/ ' (4(e) - @) (@) da
== < lg = dllo-

[ (w) w

O

The numerical eigenvalues are therefore definitely well-conditioned with
respect to a perturbation of the potential. This fact and Remark 3 suggest
to consider a perturbed problem with g replaced by qr € II, the space of
polynomials of maximum degree L, where L represents a further parameter to
be specified by the user (in addition to N, the order of the generalized matrix
eigenvalue problem). In this way, in fact, the computation of @y is simple and
the resulting approximation of the eigenvalue verifies

M= A a)| < k= 2V @) + Y @) - A ()

which is approximately equal to ‘)\k - )\,(CN)(q)‘ if qr, is chosen properly.
In more details, even though different strategies are possible, we decided to
select q;, as the following partial sum of the Fourier-Legendre series of ¢

L (0) , (0)
- p0) o AeP; ) 25+ 1) (g, P
QL(I) - qup (:C)a q; = - ) (57)
= (PO, POy, 2

which converges in uniform norm versus ¢ as L increases if ¢ is analytic on
the Bernstein ellipse. One motivation that lead us to consider this approach
is that ¢ and ¢z have the same mean value (see (6) and the third example
in Section 6). It must be said, in fact, that all our experiments suggest that
the upper bound established in Proposition 4 may be not sharp if § = ¢, N is
sufficiently large and k/N < 1/2. Finally, we observe that we can approximate
<q,Pj(0)>0 = f711 q(x)Pj(O)(x)dac by applying a standard Gaussian quadrature
formula or, for example, the algorithm described in [16].
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6 Numerical experiments

The described method has been implemented in MATLAB (version R2015b) and
the generalized matrix eigenvalue problem (25) has been solved by using the
eig or the eigs (with option SM) commands depending on the number of
eigenvalues we were interested in. For the approximation of the coefficients
¢; in (57) we have applied the standard Gaussian quadrature formula with
degree of precision max(2L + 1,11) (the function legpts included in Chebfun
v4.3.2987 has been used for the computation of its nodes and weights). Con-
cerning the choice of L, we always select it in such a way that ||¢ — qr||co is of
the order of the machine precision. For the estimate of the error in the approx-
imation of A; we consider as “exact” the corresponding numerical eigenvalue
obtained with matrices of size Niyye > N with Nyye = Nipue (K, ). In fact, it
is important to underline the fact that if o € (0,2) then the exact eigenvalues
are not known in closed form even for ¢ identically zero in (—1,1) and that,
differently with respect to classical Sturm-Liouville problems, nowadays it is
not yet available a well-established numerical software for the solution of the
eigenvalue problem we have studied in this paper.

As first examples, we solved the problems with ¢(xz) = 2z(z + 1) and
q(z) = e™@+1/2 for several values of o and N. Clearly, see (57), for the
first potential we set L = 2 while for the second one we choose L = 15. In
Figures 2,3, the errors in the resulting approximation of the eigenvalues have
been reported with, as we are going to do for all examples, a logarithmic scale
on the abscissae. As one can see, in both cases, as soon as N is sufficiently
larger than the index of the eigenvalue k, it results

logyo (| Ak — >\](<:N)|> ~ —plog;o(N).

Estimates of the various values of p, determined with a least-square approxi-
mation, are listed in Table 1. It is evident that p ~ (24 4«) in agreement with
Theorem 4.

The aim of this second example is that of showing experimentally the
growth of the error in the eigenvalue approximation with respect to the index
k for a fixed N. In all our experiments it seems that if ¢ verifies the assumptions
H1 and H2 and if k/N is sufficiently small then

e = AV =0 (KN r=3a.

This can be partially explained by observing that A; grows like k%, see (5)-
(6), and, consequently, see (39), (44)-(45) and (47)-(48), the first entries of the
local truncation error behave like k2. Finally, by using (37)-(38) and (7), one
deduces that the denominator in (36) decreases like k=% (this fact is rather
simple to be verified for &« = 2 and ¢ = 0 over (—1,1) since the exact eigen-
functions are known in closed form). All these arguments lead to the value
of r previously specified. As an example, in Figure 4 we report the errors in
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Fig. 2 Errors in the approximation of the eigenvalues for ¢(z) = 2z(z + 1).

4() = 2a(a + 1)
k a = 0.50 a=0.75 a = 1.00 a=1.25

5 3.99 4.94 5.86 6.79
10 3.99 4.96 5.94 6.92
15 3.99 4.94 5.89 6.84
20 4.00 4.96 5.94 6.92

q(m) — em(z+1)/2
k a=050 | «a=0.75 | a=1.00 | a=1.25

5 4.00 4.96 5.91 6.85
10 4.00 4.95 5.91 6.88
15 4.01 4.95 5.90 6.85
20 4.01 4.95 5.92 6.91

Table 1 Estimates of the order of convergence in the eigenvalue approximations.

the eigenvalue approximations versus the index for q(z) = (z +1)/(2(z? + 1))
and for four values of a. In addition, we list estimates of the corresponding r’s
determined with a least-square fitting.

The third example is in support of the asymptotic estimate in (6). In par-

ticular, in Figure 5, we report log; <|)\,(CN)(q) - AISN) (0) — (j|> versus k, for

q(x) = —cos(3x) + sin(2z), with L = 18, N = 1000, and o = 0.7,1.1,1.5,1.9.
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Fig. 3 Errors in the approximation of the eigenvalues for ¢(z) = em(x+1)/2,

As one can see, for each «, )\,(CN) approaches )\,(CN) (0)+4 as k increases and this is
in perfect agreement with (6) by considering also that ¢ and ¢y, in (57) have the
same mean value. As done in the previous examples, we apply a least-square
fitting to determine the values of 1 such that \)\,(CN)(q) — )\,(CN)(O) —ql=0(k™™m)
and the resulting exponents are listed in the table on the right of the same
figure. For this example, we observe that n ~ a.

Finally, we consider the infinite potential well, i.e. g(z) = 0 for each
x € (—1,1), with @ = 1.25 and @ = 1.75. The variations in the numerical
approximations of its first two eigenvalues (sometimes called the energies of
the ground and of the first excited states) provided by the method proposed
in this paper are of the order of the machine precision for each N > 150. We
then compare )\(()150) and )\(1150) with the numerical eigenvalues given by the
methods proposed by

— Ortigueira/Zoia et al. in [25,35];
— Tian et al. in [31];
— Duo and Zhang in [10].

We shall call N;N) the estimate of Ay provided by one of the previous three
methods with a matrix of order N. The results so obtained are reported in Fig-

ure 6. It is evident that |)\,(€150) — ,u,(CN)| always decreases at the same rate; more



A matrix method for Fractional Sturm-Liouville problems on bounded domain

23

log 5 (1, -AM )

-11.5
5

20 40 80 160

a r

0.6 | 1.82
0.8 | 241
1.0 | 3.01
1.2 | 3.60

Fig. 4 Errors in the approximation of the eigenvalues versus their index for ¢(z) = (z +
1)/(2(z? + 1)) with N = 320 and L = 37.

- - -
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Fig. 5 Errors of the asymptotic estimate )\,(CN)(q) = A£N>(0) + g for q(z)

40 80

160 320

k

sin(2z) with L = 18 and N = 1000.

o n

0.7 | 0.70

1.1 | 1.09

1.5 | 1.48

1.9 | 1.86

= —cos(3z) +

precisely we have verified that such difference behaves like O(N~1). Finally,
it is important to mention the fact that we have done similar experiments
with other potentials and that the method that we propose turns out to be

absolutely competitive with the other three ones in all our tests.
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Fig. 6 Comparison of the estimates of the first two eigenvalues of the infinite potential well
problem provided by our method with N = 150 and by the schemes proposed in [25,35,31,
10] with various values of N.
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