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Abstract

In (Ramos and Iserles| “Numerical solution of Sturm-Liouville prob-
lems via Fer streamers”, |2013)), the present author and Arieh Iserles put
forth a new numerical method to compute eigenvalues and eigenfunc-
tions of regular Sturm-Liouville problems in Liouville’s normal form, with
continuous and piecewise analytic potentials and self-adjoint separated
boundary conditions. In this paper we revisit and extend the results of
(Ramos and Iserles| [2013)) to the general case with absolutely integrable
potentials and self-adjoint separated, real coupled or complex coupled
boundary conditions. We prove that the numerical method in (Ramos
and Iserles, 2013), which is based on a non-standard truncation of Fer
expansions, called ‘Fer streamers’, retains the same four properties either
in the original setting or in this general case: i) it does not impose any
restriction on the step size for eigenvalues which are greater or equal than
a certain constant, i) it requires only a mild restriction on the step size
for the remaining finite number of eigenvalues, #44) it can attain any con-
vergence rate, which grows exponentially with the number of terms, and
is uniform for every eigenvalue, and ) it lends itself to a clear under-
standing of the manner in which the potential affects local and global
€rTors.

1 Introduction

Regular Sturm-Liouville problems in Liouville’s normal form with absolutely
integrable potentials and self-adjoint separated, real coupled or complex coupled
boundary conditions are ubiquitous in applications and it is of great interest to
develop numerical methods to compute their eigenvalues and eigenfunctions.



In (Ramos and Iserles, [2013)), the present author and Arieh Iserles put forth
a new numerical method to compute eigenvalues and eigenfunctions of regu-
lar Sturm-Liouville problems in Liouville’s normal form, with continuous and
piecewise analytic potentials and self-adjoint separated boundary conditions.

The point of departure in (Ramos and Iserles, |2013)) is to interpret the prob-
lem setting in a Lie-group/Lie-algebra formalism and to capitalize on the low-
dimensionality of the Lie algebra to rewrite any analytic function of any com-
mutator matrix in a very useful form. This basic idea was then melded with Fer
expansions to produce a new concept called ‘Fer streamers’, setting the stage
for a non-standard truncation of Fer expansions.

This new concept was nurtured throughout (Ramos and Iserles, |2013) and
resulted in a numerical method, which ¢) does not impose any restriction on the
step size for eigenvalues which are greater or equal than a certain constant, i)
requires only a mild restriction on the step size for the remaining finite number
of eigenvalues, i) can attain any convergence rate, which grows exponentially
with the number of terms, and is uniform for every eigenvalue, and v) lends
itself to a clear understanding of the manner in which the potential affects the
local and global errors.

It is of note that there exist numerical methods that possess one or two of
these four properties, e.g., (Moan, [1998)), (Iserles et al.,2000), (Ixaru, 2000) and
(Ledoux et all |2010), but the numerical method based on Fer streamers is the
only one that enjoys all four (Ramos and Iserles| |2013)!

In this paper, we revisit and extend the results of (Ramos and Iserles| |2013)
to the general case with absolutely integrable potentials and self-adjoint sepa-
rated, real coupled or complex coupled boundary conditions.

In particular, we prove that the numerical method in (Ramos and Iserles,
retains the aforementioned four properties either in the original setting
or in this general case.

Continuity and piecewise analyticity are often used as a means to develop
and increase the local and global order of a numerical method, either by bound-
ing the approximation error of function by a polynomial around a point, by
bounding the interpolation error of a function by a polynomial in a interval, or
perhaps by using integration by parts to derive an asymptotic expansion. For
example, (Moan), [1998)), (Iserles et al.l [2000)), (Ixaru) 2000) and
use continuity and piecewise analyticity as basic tools to develop their
numerical methods. In addition, and (Iserles et al., 2000) invoke
boundedness and piecewise analyticity to increase the order of their commu-
tators, while (Ixaru, [2000) and (Ledoux et all |2010)) call upon boundedness
to compute constant approximations of their potentials and exploit piecewise
analyticity to increase the order of their approximations.

Our first contribution in the extension of Fer streamers is to observe that
(Ramos and Iserles, 2013) does not call upon continuity and piecewise analyticity
as basic tools to develop the numerical method: they are used to increase the
local and global order, but nothing else! Taking this into account, we prove
that it is possible to leave the comfort and security of continuity and piecewise
analyticity, and consider absolutely integrable potentials. Although the basic




idea is the concept of Fer streamers introduced in (Ramos and Iserles| [2013),
this general case presents several subtleties which need to be identified and
addressed. In particular, we identify four different classes of potentials which
require different treatment, e.g., different inequalities, different restrictions on
the step size, different selection criteria on the numerical mesh, different flows
or different non-linear characterizations of the eigenvalues. For example, the
last three points are especially important whenever the potential is absolutely
integrable but not in L” ([a, b], R), p € (1, o], since i) the mesh points, which are
not boundary points, have to be Lebesgue points of the potential (this is always
possible according to Lebesgue’s differentiation theorem), and i) if the left
boundary point is not a Lebesgue point of the potential then the flow needs to be
separated into ‘positive’ and ‘negative’ parts and the non-linear characterization
of the eigenvalues needs to be changed. These endeavours account for the main
part of the paper.

Self-adjoint separated boundary conditions are sometimes used as a con-
stituent part of a numerical method. For example, this is the case with Priifer’s
method which relies on self-adjoint separated boundary conditions to charac-
terize the eigenvalues as the solutions of a certain non-linear equation, which is
written in terms of the solution of a non-linear first-order differential equation
called the Priifer angle (Prycel 1993]).

Our second contribution in the extension of Fer streamers is to observe that
self-adjoint separated boundary conditions are not essential to develop the nu-
merical method in (Ramos and Iserles| 2013)), and that it is also possible to
consider self-adjoint real coupled or complex coupled boundary conditions.

1.1 Problem statement

In this paper we consider the solution of regular Sturm-Liouville problems in
Liouville’s normal form with absolutely integrable potentials,

—yX(t) + q(t)ya(t) = Mya(t) ae. t € [a,b], a,b€ER,
ge L' ([a,b,R), XER, wyxvh€AC([a,b],C), (1.1)

and self-adjoint separated, real coupled or complex coupled boundary conditions

o [hie] +en o) - [} »

where

0

C, C,cC*? C, [1

1] ct=c, [0 1] Cz, rank (C, : Cp) =2
0 a 1 0
and where a, b, ¢, C, and C} are known, while the eigenvalue and eigenfunction
pairs (A, y») are unknown.

It is instructive to note (c.f., (Zettl, 2005, Chapter 4)) that regular Sturm-—
Liouville problems in Liouville’s normal form with absolutely integrable poten-
tials and self-adjoint boundary conditions (L.1)-(L.2), possess an infinite but



countable number of eigenvalues which are real, isolated with no finite accumu-
lation point, bounded below, not bounded above and such that the multiset

{)‘j } jeza'
has multiplicity one or two, i.e., that each eigenvalue is either simple or double.
Moreover, the multiset can be ordered to satisfy

—OO</\0S/\1§>\2..., hm )\j=—|—OO. (13)
J—+oo

1.2 Four classes of potentials

It is insightful to cluster the set of L' ([a, b], R) potentials in four different classes
according to their regularity. In particular, it is of the utmost importance to
identify the largest
p € [1,00]
such that
q € L? ([a,b],R).

Class I (Essentially Piecewise Absolutely Continuous Potentials). A potential
q is said to belong to this class if

p=00
and there exist
m ez, (1.4)
co=a<c1 < < Cmo1<Cn=b, (1.5)
Pronin = i o), 1.6
e {ert1 —cx} (1.6)
Rmax := — , 1.7
ke{o,Ill,l.ia.),{mfl} {C]H_l ck} ( )
p e [l,00q], (1.8)
qo € AC ([COa cl}vR) yers@m—1 € AC ([C’m—la cmLR) ) (19)
such that, for all k € {0,1,...,m — 1},
g € 7' (lcg, cx 1 R), (1.10)
q(t) = qi(t) a.e. t € [c, Cy1]- (1.11)

In this case, it is assumed that the numerical mesh (1.4)—(1.7) has been refined
in such a way that

A>essinf{q} = hmax < (esssup{q} — essinf {q})fé ) (1.12)

A <essinf{q} = hZ, (esssup{q} —\) <1, (1.13)
hmax

<2 1.14

hmin -7 ( )



and that the big O notation and the small o notation refers to one of the three
asymptotic regimes

ke{0,1,...,m—1},

hmax — 07 uniformly with respect to < t € [ck, Cht1] (1.15)
A —esssup {q}| < h2,,
ke{0,1,...,m—1},

hax — 01 uniformly with respect to < t € [k, Ckt1], (1.16)
A —esssup {q} > h 2.,
ke{0,1,...,m—1},

Pmax — 07 uniformly with respect to { t € [ck, Cry1] (1.17)
A —esssup {q} > —h 2 .

Class II (Essentially Bounded Potentials). A potential ¢ is said to belong to
this class if

p = 00.
In this case, it is assumed that the numerical mesh (1.4)—(1.7) is such that

(1.12), (1.13) and (1.14) hold true and that the big O notation and the small o
notation refers to one of the three asymptotic regimes (1.15)), (1.16) and (L.17).

Class III. A potential ¢ is said to lie in this class if
p € (1,00).
In this case, it is assumed that the numerical mesh (1.4)—(1.7) is such that

A>0 = hmax < @Wldllerqnr) 7, (1.18)
2p—1
A0 = hmx [[4ller(apr) T oAl < 1, (1.19)
hmax
<2 1.20
hmin - ( )

and that the big O notation and the small o notation refers to one of the three
asymptotic regimes

ke{0,1,...,m—1},

Pmax — 01 uniformly w.r.t. LE Lk el . (1.21)
Al < hiax (1 — hmdx allLe(am®) ) -
ke{0,1,...,m—1},

himax — 01 uniformly w.r.t. L€ [exs chal, . (1.22)

zp—1
A > h;éx (1 — hmax ||Q||Lp([a,b],R)> )



ke{0,1,...,m—1},

t € [cx, Cry1ls

- (1.23)
A>—h 2 (1 — hmax ||Q||LP([a,b],R)) :

hmax — 01 uniformly w.r.t.

Class IV (Absolutely Integrable Potentials). A potential ¢ is said to lie in this
class if

p=1.
In this case, it is assumed that the numerical mesh (1.4)—(1.7) is such that

c1,...,Ccm_1 are Lebesgue points of g,

that (1.18)), (1.19) and (1.20)) hold true with p = 1, and that the big O notation
and the small o notation refers to one of the three asymptotic regimes (1.21)),

(T22) and (T23) with p = 1.

1.3 Three types of self-adjoint boundary conditions

Classically, it has been extremely fruitful in the theory of Sturm-Liouville prob-
lems to note that the self-adjoint boundary conditions are invariant under
multiplication by a non-singular matrix, and to divide them into three mutu-
ally exclusive types, deemed canonical in view of the aforementioned invariance
(Zettl, 12005, Chapter 4). We do not require this division, but we present it here
for completeness and the reader’s convenience.

Type I (Self-Adjoint Canonical Separated Boundary Conditions). All instances
where

[Oa az] € RlXQv [041 QQ} # [O O] v Cu= |:O(l)1 %2:| ’

B1 B2

These boundary conditions lead to simple eigenvalues, i.e., to strict inequalities
everywhere in (Zettl, 2005, Theorem 4.3.1). Special cases include zero
Dirichlet boundary conditions (ay = B2 = 0) and zero Neumann boundary
conditions (a; = 1 = 0).

B sl eRY (o ml £ 0, Go=|g Jl.

Type II (Self-Adjoint Canonical Real Coupled Boundary Conditions). All cases
where

K €SL(2,R), C, =K, CbB ﬂ

These boundary conditions lead to simple or double eigenvalues (Zettl, [2005]
Theorem 4.3.1). In particular, K = Ll) (1)] encodes periodic boundary condi-

tions.



Type III (Self-Adjoint Canonical Complex Coupled Boundary Conditions).
All cases where

K cSL(2,R), ~ve(-m0)u(0,7), C,=e"K, Cb_[(l) ﬂ

These boundary conditions lead to simple eigenvalues, i.e., to strict inequalities
everywhere in ((1.3) (Zettl, 2005, Theorem 4.3.1).

1.4 Methodology

Our approach consists of a three-step procedure: Firstly, when dealing with

potentials in Classes [I| or LI, we divide (1.12)) and (1.13)) into the two pieces

A€ [ess sup {¢} — h 2 esssup {q} + h;jx] U [ess sup {¢} +h 2., +oo) ,
and when dealing with potentials in Classes or we divide (|1.18) and
(1.19) into the two pieces

. 2p-1 . 2p=1
A€ |:_hmax (1 — hméx ||q||LT’([a,b],R)> ahmax <1 — hmix ||qu([a,b}aR)):| U

U |:hr_nix (1 - hjl%;”‘]lh"([a,b],ﬂ&)) 7+O<>> :
Then, we let
d be any point in [a, b
when dealing with potentials in Classes [I} [[T] or [[T]) and
d be any Lebesgue point of ¢ in [a, ]
when dealing with potentials in Class [[V] and approximate the solution of

D\ (t) = [q(t)o— A\ (ﬂ ®,(t) ae. t€fa,b], a<d<hb,

q € L ([a,b],R), AXeR, ®,(:)e€ AC([a,b],SL(2,C)), (1.24)
with initial condition
1 0
P,(d) = [0 J (1.25)

in the two asymptotic regimes and (1.16) when dealing with potentials in
Classesor and in the two asymptotic regimes (1.21)) and (1.22) when dealing
with potentials in Classes[[II|or [[V] To this end, we consider the auxiliary initial
value problems

&'(d,t) = [q(t)o_ N (1)} & (d,t) ae. t €[d,b], a<d<b,

geL'([a,b],R), X€R, @7(d,-) € AC([d,b],SL(2,C)) (1.26)



with initial condition

&(d,d) = B ﬂ (1.27)

and

‘I);/(*da t)=— {q(—t()) )\ (1)] ® (—d,t)ae te[-d —a], —-b<—-d< —q,

qeL'([a,b],R), XeR, ®, (—d, ) € AC([—d,—a],SL(2,C)) (1.28)

with initial condition
&, (—d, —d) = [1 0} . (1.29)

We note that
et
]

Secondly, we approximate the unknown eigenvalues A via

=&,
= a0 @) || = B3 |20

{Aj}jezg ={XAeR:det (C,®} (—d,—a) + C,®(d,b)) =0},

which relates 7 and 7, by approximating ®, (—d, —a) and
<I>;\~'(d, b) with Fer streamers, and solving the resulting equation with the use of
a root-finding algorithm.

If the task at hand is to compute every eigenvalue within a given compact
interval or, given a positive integer k and a real number ¢, compute the smallest
k eigenvalues which are larger than ¢, then our aim is to convert it to a com-
putation of the zeros of a continuous function in a compact interval or, to an
iteration of this procedure, with a well-defined stopping criteria in view of .
This is a well-posed numerical problem.

If the task at hand is, given two non-negative integers k and [, to compute
Aky Ak41, - - - Ak+1, then this is not a well-posed numerical problem, but it can
be made well-posed by pre-computing a certain py which is such that “there is
one and only one eigenvalue in the interval (—oo, o] and it is Ag” (c.f., (Zettl,
2005, Remark 4.6.1) and (Zettl, [2005, Remark 4.8.1)) and proceeding as above.

Thirdly, having approximated the eigenvalues, we continue by estimating
the corresponding eigenfunctions y,.

2 Fer expansions and streamers

We begin by recalling Fer expansions and revisiting the basic idea in (Ramos
and Iserles| 2013)), which is to rewrite the problem statement in a Lie-group /Lie-
algebra formalism and to call upon Fer expansions and the low-dimensionality



of the underlying Lie algebra to introduce a new concept called Fer streamers,
which played a pivotal role in that paper. We continue by extending the nu-
merical method based on Fer streamers in (Ramos and Iserles, [2013) from the
original setting with continuous and piecewise analytic potentials to the general
case with absolutely integrable potentials.

2.1 Fer expansions

Definition 2.1. Let X,Y € sl(2,C), and define the exponential, the adjoint
representation, and the derivative of the adjoint representation as

exXp (X) = Z T?
§=0
Adexp(x)Y :=exp (X) Y exp (—X),
adxY = XY - Y X.

Definition 2.2. Let | € ZT and ¢ € [+cg, tcp+1], and set

+ . 0 1
B)\’O(:tck,t) == L](it) Y 0:| s
B}

Dio(ick,t) = / o(Eek, §)dE,
[Eck,t]

+ Ny j +
By, (£cx, 1) = Zl( 1) (j_|_1>!adDil_l(ith)B/\,lfl(iclmt)a
iz
Dy (g, t) = [ ]Bil(ick,g)df.
cp,t

Theorem 2.1 ((Fer, 1958), (Iserles, [1984, Theorem 3), (Iserles et al., {2000,
p. 267-270)). If g is absolutely integrable, then, the solution of (1.26)—(1.27),
‘I'j(d, t), and the solution of (1.28)-(1.29), ®, (—d,t), are given by the Fer

expansions

t> e, > +d = &5 (+d,t) = D3 o(Eent) D3y (Fewt) DX, (Fert) ®F(+d, +cy).



2.2  Fer streamers
2.2.1 Closed-form expressions

Definition 2.3. For every E € sl(2,C), let

[E]1,1
w(E):= |[El2],
|[E]2,1
[ o ~[El2n [Eli2
%E = —Q[E]LQ Q[E]l,l 0 s
i Q[E]QJ 0 —Q[E]Ll

p(E) :=24/—det (E).

Theorem 2.2. If [ € Z* and E, F € s((2,C), then
7 (adpF) = Com (F), €4 =" 2(B)6s, €3 =" 2B

Proof. The first assertion follows by straightforward computation, and the last
two follow by induction from

Definition 2.4. Let

o) i PR ZVER) |5 215y cosh(z) — 1~ zsinh()

2z = 25 +2)!7 22 ’
V(2) +U(—2) = 2j+2 ,. zcosh(z)—sinh(z)
$(z) = 222 - ZO (27 + 3)!22J - 23 '
j=

Remark 2.1. In the sequel, it will be crucial to observe that both ¢ and ¢ are
bounded along the imaginary axis:

L 41 241 22 l—cos(z)_sinx 1
olin) = > -0 - (== @)1

> 1 2+2 sin () 1
’LI jz j 2]+3)I]:(m—COS(1’) ﬁ

10



The exact closed-form expressions which appear in the following theorem
are named Fer streamers.

Theorem 2.3. If | € Z* and t € [*c, £cp+1], then, it follows that

™ (Bil(:tck,t)> =y (P (Dflﬂ(ickvt))) %Df,lil(ick,t)ﬂ- (Bf\[,lﬂ(ickat)) +

+é ( ( x -1 (e ))) %?Dfl_l(ick,t)ﬂ' (B;\t,l—l(iclwt)) .

Proof. The proof follows as in (Ramos and Iserles| [2013 Appendix A) by calling
upon Definition 2.2 and Theorem [2.2] O

Remark 2.2. As an example, let ¢ € [+cg, £cgp+1] and note that since

T (Bio(:lzck,t)) =+

we have that

f:l:c q g
p(D)\Q(ickv ) —2|t¥Ck| Ttt]:F—Ck‘—)\

and that Theorem yields (see Appendix |A)

m (BE, (o 1)) =
Jize, 1 q(ii)df)

¢ (0 (DEo(en ) 7 el (aten) - Lot
f[ick t] Q(if)dﬁ

| 2o (o (DEorenn)) e e (aten) - LS

30 (o (D5t 0) 2 (D) (- Lt

2.2.2 Estimates

It is important to observe that the £+ and F signs in Remark do not change
its overall features. This is one of the reasons to consider the ‘positive’ flow
& (d,t) and the ‘negative’ flow @} (—d, t), instead of the normal flow ®,(¢) and
the inverse flow (®,(t))” . Another reason to consider positive and negative
flows instead of normal and inverse flows is due to the fact that the normal
Fer expansion is given by an infinite product of exponentials from left to right,
whereas the inverse of the Fer expansion is given by an infinite product of
exponentials from right to left, and this leads to asymmetric formulas and less
tidy analysis.

11



It is also important to emphasize that with positive and negative flows it is
possible to assume without loss of generality that d = a. The reason is that it is
always possible to partition [a,b] = [a,d] U [d, ], to identify [a, d] with [-d, —a]
and to consider the positive flow in [d, b] and the negative flow in [—d, —a]. This
is assumed throughout this subsubsection.

Definition 2.5. Let

2R max < Classes I} or [II} and asymptotic regime (|1.15]),

(A—esssup{q})” 2 <« Classes[[|or [[I, and asymptotic regime (1.16)),
2N max < (Classes or and asymptotic regime (|1.21),

N2 <« Classes or and asymptotic regime ((1.22)),

[N

and

3

ZH(]/||L°C([a,b],R)h,2nax < ClassMand p’ = oo,
Gp' —1)p
(2 —1)2
€ 1= 2/1¢'[IL1 ([a,6],R)© (hamax) < ClassMand p’ =1,
2|lqlLes ([a,b],R) Pmax < Class [

2p—1 p—1
] lgllLe ((a,6),R)0 <hm%x) < Class [

lgllLr (ja,5,R)0 (1) < Class [Vl

2p’ —1
Hq/”LP/([a’b],]R)O (hmg)/( ) < Class[Mand p’ € (1, 0),

Theorem 2.4. If ¢ is in Class or and [ € Z*, then,

DY (ckycrt1) DY (a,e1) _ [ 0(1) O(el)]
e 2,0 el e A,0 — _ s
o) 0@

Proof. See Appendix [A] O

12



Definition 2.6. Let n € ZT, and define the

o0
I
exact flow: ‘I’;\F(Ckack.u) = HeD)Ul(Ck,CkJrl),
=0

fon- + -~ + +
exact solution: B (a,cp41) =¥ (ck, crg1) - T (c1,¢2) ¥ (a,¢1),
n
: =+ + _
approximate flow: W, (ck,cpi1) := H ePRalercrrn)
1=0

. . =+ =+ -+ <+
approximate solution: ~ ®, , (a,cry1) 1= ¥y, (ck;crp1) - Py, (c1,02) ¥y L, (a,c1),

~+ —1
local error: L;‘—’n(Ck,CkJ,_l) := log (‘Ilj\'(ck,ckﬂ) (‘II/\m(ck,ck_s_l)) ) ,

~+ -1
global error: G;n(mck“) :=log (‘I'j(a,ck+1) (‘p/\’n(a,Ck+1)) ) .

Theorem 2.5. If ¢ is in Class or and n € Z*, then

| O(e)
T (L;n(ck,ckﬂ)) = € e? -1 O(e%) ,
o (1)
0(61
7 (G la,ce1)) = bk &1 O (&)
o)

Proof. The proof follows as in (Ramos and Iserles, 2013, Appendix C). The
main obstacle in estimating the local and global errors is the fact that the
lower-left entry of exp (D;O) is very large. This is circumvented by calling
upon three Baker-Campbell-Hausdorff (BCH) type formulas. Firstly, the local
error is estimated by calling upon Definition [2.6] the aforementioned BCH type

formulas and Theorem [2:4] Secondly, the global error is estimated by invoking
Definition the aforementioned BCH type formulas, Theorem as well

as assumption (1.14) (when dealing with Classes [I| or [lI) or assumption (|1.20)
(when dealing with Classes or . This is done by observing that the global

error obeys a certain recurrence relation. O

Theorem [2.5] can now be specialized to the following notable cases. These
are important to write down, since they make clear what is what.

Corollary 2.1. If ¢ is in Class|l, p’ = co and n € ZT, then, in the asymptotic

13



regime (1.17),

3 SN
ﬂ(L;\r,n(Ckvck—H)) = <4||q/|L°°([a,b],R)) hfr:;?( !

3 CAN
”(Gj,n(avckﬂ)) = <4||Q'|L°°([a,b],n@)) hiza =2

Corollary 2.2. If ¢ is in Class|[, p’ € (1,00) and n € ZT, then, in the asymp-

totic regime ([1.17)),

(Bp' =1y ?
T (Lin(c’“c’“*l)) B ((2]9'1)2”ql||w’<[a,bm> hmdix

(3p" — 1)p’

2 ’
™ (Gj\r,n(%ckﬂ)) = ((21),1)2||q/||Lp’([a,b]7R)) max

Corollary 2.3. If g is in Class[l, p’ = 1 and n € Z*, then, in the asymptotic

regime (T.17),

2n n__
™ (Lir,n(ck,ckﬂ)) = 2l Nl (anr) hie "

2" n_
™ (G;n(aa Ck+1)) = (2||q/HL1([a,b],]R)) h12n>;)2c ?

Corollary 2.4. If g is in Class [[Iland n € Z™T, then, in the asymptotic regime

&1,

omn n_
7 (Lf lerscnin)) = @llalls asm)” h2s2

7 (G (@ ce01)) = (Nl onm)” W22

14
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Corollary 2.5. If g belongs to Class and n € ZT, then, in the asymptotic
regime (1.23),

2" _ o(
2p—1 2=l xom—1
™ (Li_,n(ck7 CkJrl)) = < p—1 ”qL’)([a,b],]R)> hmax o (

on _ 0(
2p—1 201 yon 2
™ (G-)tn(aﬂ Ck+1)> = ( p—1 ”qLP([a,b],]R)> hmfx o (

Corollary 2.6. If g belongs to Class and n € Z*, then, in the asymptotic

regime (|1.23)),

n o (hmax)
™ (L;\r,n(ckack-&-l)) = (anLl([a,b],R))Q hive "o (hax) | >
o(1)
+ 2" 1x2"—2 O(hgnax)
™ (G)\,n(aa Ck+1)) = (HqHLl([a,b],R)) hmax o (h(me)ux)
o(1

3 Conclusions

We have seen that the numerical method based on Fer streamers put forth in
(Ramos and Iserles, 2013) can be extended to cover not only regular Sturm—
Liouville problems in Liouville’s normal form, with continuous and piecewise
analytic potentials and self-adjoint separated boundary conditions, but also
regular Sturm—Liouville problems in Liouville’s normal form, with absolutely
integrable potentials and self-adjoint separated, real coupled or complex cou-
pled boundary conditions. Much remains to be done and future work include:

e Efficient discretization schemes,

e Singular Sturm—Liouville problems.

3.1 Efficient discretization schemes

These are particularly challenging because of their highly oscillatory nature
which was already present when dealing with continuous and piecewise analytic
potentials (Ramos and Iserles, 2013, Subsection 4.1), but also because of their
lack of regularity which was not present in the original setting (Ramos and
Iserles, [2013). For example, in this case, it is not clear whether it is possible to
call upon integration by parts or similar techniques which rely on derivatives,
in order to resolve the high oscillations.
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3.2 Singular Sturm—Liouville problems

Extending the numerical method based on Fer streamers to this setting in-
volves at least two new and exciting problems: infinite intervals and boundary
conditions. Infinite intervals have to be transformed into compact intervals or
approximated by compact intervals. Boundary conditions depend on the na-
ture of the singularity: limit-circle (boundary conditions are required, but are
different and lead to a different non-linear characterization of the eigenvalues)
or limit-point (boundary conditions are not required or allowed) (Zettl, 2005|
Parts 3 and 4).
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A Proof of Theorem [2.4]

A.1 Estimating exp (Dio(ck, ck+1)) -+ - exp (Dj\io(a, cl))
A.1.1 Classes [l and II

In this subsubsection it is assumed that g belongs to Class [[] or to Class [[T}
Recall Definitions 2.2l and 2.3 and note that

d
p(Dio(%t)) =2t—ck|\/W -\ (A1)

|t—Ck

Note further that (A.1)) and assumptions (1.12)) and (L.13]) ensure that
A € [esssup {q} — hpay, essinf {q}] =

=p (Dio(ck,t)) € [0, 2hmax/esssup {q} — A] C [0, 2], (A.2)

A € [essinf {q},esssup {q}] =

= ‘p (Dio(ck, t))‘ < 2hmax\/ess sup {¢} — essinf {¢} <2, (A.3)
A € [esssup {q},esssup {g} + hp o] =

= (D;O(ck,t)) e i[0, 2], (A.4)
A > esssup {q} + h 2, =

=p (D;O(ck, t)) € i[2 [t — ck| (A — esssup {q})%,—koo)7 (A.5)
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which, together with Definition [2.4] and Remark lead to the following esti-
mates in the asymptotic regime (|1.15])

[ (o (DX o(ers0) ) 1t = el < 2mas, (A.6)
6 (¢ (DE o) ) It = euf?| < @hunas)? (A7)
6 (¢ (DEolet))) 02 (DX o)) | <2 (A.8)
and to the following estimates in the asymptotic regime (T.16)
o (0 (DLoler0) ) [t —crl| < (A —esssup{ah ™2, (A9)
6 (0 (DX ole D) ) 1t = | < (A —esssup )", (A.10)
6 (0 (DXoers1)) 0 (DX olent)) | < 2 (A.11)

If ¢ belongs to Class [l observe that assumptions (1.8), (1.9, (1.10) and (1.11)

and Holder’s inequality imply that

(1) — f[ck,t] q(§)dg B
1 It — cnl
Jio qan(€)de
= Jan(t) = "I e t € ek, o]
|t—0k‘
i \@ler) + [0, g @(&2)dE2 ) d€
= qk<ck>+/ Gh(E2)des | — o = )
(e |t — cxl
Jiew ) Jiew 1 140 (E2)|d€2d€
< / (€ + Aot d
[ek 1] | ck|
e
-1
21 fc glé—cul® ||Qk||LP’([ cr ],R)df
< |t—Ck‘ P’ ”q;CHLp/([ck,ckJrl],]R) [ex,t] Ck>Ch+1

|t—0k|

p' -1, v
W||qk||Lp,([Ck7Ck+1],R)|t — Ck| P

o3 -1,
= qu HLP/([Ck)C’C+1]7R)|t — Ck‘

7

17



and result in
o 2(62)dE
/ o6 - Jeea 1% |
(ko] 1€ — cxl

B =1, 22 -1
= Wllq ||LP’([ckyck+l]7R)hmax

3
Z||q/||Lw([a7b]ﬁR)h12DaX = p/ = o0,
< By -1 22 L A12
N W”q/'|LP’([a7b]7R)O hmax = p/ S (1, —‘,—(j)o)7 ( )
2||q/||L1([a,b],R)0 (hmax) <= p/ = 1.

If ¢ belongs to Class [[I observe that Holder’s inequality yields

/[, . Q(f)—M

€ — ca| d§ < 2[|gllL>= (jer,crsa].B) rmax
Finally, we are in a position to estimate

< 2||q||L°°([a,b],]R)hmax~ (Alg)

exp (D;O(Ck, Ck+1)) -+ exp (D;O(a, cl)) .

To this end, we require a different approach for each of the two asymptotic

regimes (|1.15) and ([1.16). Firstly, in the asymptotic regime (|1.15)), we have

eDi,o(Ck7Ck+1) _

p(D;O(Ck,CkH)) {1 0] N

= cosh 5 01
sinh A(PXo(ckerin)) 0 Cost — o
2 + C C
(PLolenenin) | (ersr —cx) ™! (W) 0
2
= L0 0 O(1) (2hmax)
=0(1) [0 J +0(1) {0(1) Ch) ! ;
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where we have called upon assumptions ([1.13]) and (1.14]) as well as (A.2]), (A.3))
and (A.4). Secondly, in the asymptotic regime (|1.16[), we have

BD;O(CIC,CIC-H) _

p(Di’,o(CkvckH)) [1 0]+

= cos % 0 1
D+ ( ) O Ck4+1—Ck
+sin P 2,0\ Cks Ck41 (20)1p(DF o (circrin))
2 o (Qi)*lp(Dj;O(Ck,C]H,l)) 0
Chy1—Ck

1 0 0 (1) ()\—esssup{q})_%
:0(1)[ 0}+O(1) _1\~

0 1 0(1) (()\—esssup {¢}) 2) 0

where we have taken advantage of (A.5)) and of the fact that assumption (|1.12))
ensures that

Cht1 — Ck _ 1
(20)~'p (D;r,o(ckv Ck+1)) A — Jienen ) 1O
Ck+1—Ck
<1- !

T VA —esssup (g}
(20)~'p (DL o(er crt1) ) S 90

Ck+1 — Ck Ck+1 — Ck

A — essinf
< JAzesintla} AT

A —esssup {q}

< /14 h2,, (esssup {q} — essinf {q}) - v/A — esssup {¢}

The result now follows from Definition

A.1.2 Classes [III and IV]

In this subsubsection it is assumed that ¢ belongs to either Class[[II]or [[V] The
treatment follows that of the previous subsection, but presents new subtleties
which require additional care. Rewrite (A.1]) as

i 2p—1 1-p 1
p(Dlolen ) =20t =l [l 7 [ a(€)dg — |t - exl# A
[C/ﬁt]
and observe that assumptions (1.18)—(1.19) and Holder’s inequality yield

< llallve (b)) (A.14)

= el 5 /[ e
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and

2p—1
Al < oo (1 — hméx IIqIqua,b},R)) = |p (Dio(ck,ﬂ) | <2, (A.15)

2p—1
N>t (1 — Bk ||q|Lp<[a,b],R>) = p (DS oler,t)) € 0,2 UiRT. (A.16)

mates in the asymptotic regime (

Like before, (A.15]), Definition d Remark lead to the following esti-
1.21)

‘Qp <p (Dio(ck,t))) |t — ck|‘ < 2hmax, (A.17)
’(;5 (o (D olers0) ) 1t = x| < (2hamar)’ (A.18)
6 (p (D oler1) ) 0* (D olert))| < 2. (A.19)

The new subtlety appears in the asymptotic regime (1.22]). Unlike before, (A.16)
does not lead to ‘good’ estimates. A possible workaround is to partition

[Ck,ck_;,_l] = {ck,ck —+ )\7%] U [Ck + /\7%,616_;,_1] .

Ifte [ck, cr + )\_%}, then it is clear that (A.16]) results in

o (0 (DXolent))) 1t = exl | <2272, (A.20)
6 (¢ (DY o) ) It = | < (zxé)2, (A.21)
6 (0 (DXolerst)) 0? (DX olent)) | <2 (A.22)

Ift e [ck + )\_%,Ck+1}, then it follows from assumption (1.18]), (A.14]), (A.16])
and the inequalities

|t—ck|p”/[ (€~ ¢~ rlFA <
cg,t

2p—1
< llallieapry — A7
2p—1
_2p—1 2p—1 2 2p—1
< —hmay” <<1 — hmix ||q|LP<[a,bLR>> — hmix ||61|Lp<[a,b1,R>>
_2p—1
< _hmaxp
=TT
<0
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and

that

and

1-p
t— cul T f,, g a(E)de
It — ci|? A

_2p—1

< llaller fa,n,m)A” >

2p—1

P [14llLe ([a,0),R)

IN

2p

2p—1
2p—1

<1 — Pk IqILv([a,bLR)>

1

3

IN

‘s@ (p (Dio(c/c,t))) It — Ck|‘ =
¢ (r(Dfoest))) o (DLolensd) 2t —
2 P (D;\r,o(ckat)>

1 2
/\7% |tfck|5)\
[t — Ck|%/\ — |t - Ck|Tp f[ck,t] q(§)d¢

- _
t—cel ™ [f.qa(6)dE
It — ck|P A

IN

=

‘¢ (p (D;O(ck,t))> It — ck|2’ =

o (o (PRotert)) 0* (DEolent))  apy— o

a 4 p? (Dio(% t))
It — x| 7 A

jt = culP A= |t — el 7 fi,, q a(€)dE

g |t—Ck|%f[%t] q(&)d¢§
|t,ck|%)\

< (2>\‘%)2

<\t

‘Cﬁ (P (DI,O(Ck,t)>> 0> (Dj’o(ck,t))‘ <2
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If ¢ belongs to Class [[TI} then Holder’s inequality yields

J
[ek,t] |£ - Ck|

2p —1 per
p—1 HqHLp([Ck’CkH],R)hmax

q(§) — dé <

2p—1 p=t
= 1 lgllLe (.01, )0 (hm%x> . (A.23)

If ¢ belongs to Class [[V] and ¢ is a Lebesgue point of ¢, then Lebesgue’s fun-
damental theorem of calculus ensures that the mapping

€ € [ex, t] — - lq(&2)|de2 € RY

is continuous and Lebesgue’s differentiation theorem ensures that

o g1 1a(62)]dE2
3 lim Jiagy la(E2)1dE < +oo.
e € — cxl

Hence,

fonglt@)lde
€= cnl 0

is continuous (with removable singularity) and
q(&2)d
/ _ f[ck,g] (52) 52 df <
[ert]

€ — el
f[c ,€] ‘Q(f2)|d§2
< Jicwsenin 19ONE Jioy o €
> ||q||L1([a,b],]R) +
HQHLI([a,b],R) ||(J||L1([a,b],R)
< lalle ap,r) (0 (1) + O (hmax)) - (A.24)

Finally, we have the capacity to estimate

exp (D;O(ck, Ck+1)) -+ exp (D;O(a, cl)) .

To this end we require a different way of dealing with each of the two asymptotic

regimes (1.21]) and (1.22)). Firstly, in the asymptotic regime ([1.21]), we have, like

before,

¢ e [Ck,t] —

q(§)

eD;O(CmckJA) _

p (DY o (ck, chs)
= cosh ( 0 >{1 O]—l—

2 0 1
inh P(PLo(er i) 0 A
sinh 5 (DY o(crrerin))
p(PLolen o) | (ersr —cx) ™! <W> 0
2
B 1 0 0 @ (1) (2hmax)
—O(l) |:0 1:| +O<1) |:O (1) (thax)_l 0
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where we have called upon assumptions ((1.19)—(1.20) and (A.15)). Secondly, in
the asymptotic regime (|1.22]), we have, unlike before,

eDj‘—'O (ekscrt1) —

= COS

p(D;O(CbckJrl)) [1 0} N

2% 0 1
D7 ( ) 0 (Diae
P £,0\Ck; Chk+1 (2i)~1p(DF o (chscr+1))
+ sin % B (21’)71p(Dj;0(Ck,Ck+1)) 0
Ck+1—Ck
- 0 o(1) (2a7%)
=0(1) {0 1:|+O(1) L
o (1) (2a7%) 0

where we have capitalized upon (A.16)) as well as the fact that assumption (|1.18)),
assumption ((1.20) and (A.14)) ensure that

1-p

(ck+1 —ck) P

/[ O~ (e~ a)iA <
CkCk+1

hmin % L
< llgllee(fa,p,r) — <h ) BhaxA
max
_2p=1 /1 3 2p-1
< —hAmax’ <2 — ihmapx ||q|Lp([a7b]7]R))
_2p—1
< _hmaxp
- 8
<0,

1-p 1
(Ck+1 - Ck) P f[ck,ck-H] q(f)df < (hmax> P ||qHLP([a,b],]R)

(Char — Cr) P A hisash

hmin

2p—1

e lgllre (ja,01,)

IN

2p—1
1 — hmix [l9lle (ja,6),R)

IN
wl o
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and

=

Ck+1 — Ck _ )\_% 1_ (Chy1 — Ck)% f[c,ﬁckﬂ] q(&)dE
(20)7'p (D;o(clw Ck+1)) A1 —cp)?
V3 ,
< V2 (oa—3
<3 ().
(20) "1 (DL o(enenin)) Ly =) 00
Ck+1 — Ck A (Ck—H — Ck);

Qg (2t)

The result now follows from Definition

IN

A.2 Estimating 7 (Bj,(ck,t)) and m (D3 (c,t))

Contrary to the previous subsection, it is now possible and convenient to cover
every class and asymptotic regime simultaneously. To this end, recall Definition

2.5 and rewrite (A.6)-(A.g), (A.9)-(A-11), (A.17)-(A.19) and (A.20)-(A.22) as

o (0 (PXolent) ) 1t = enl| < 1, (A.25)
6 (o (DX olen,t) ) 1t = eul?| < &, (A.26)
6 (0 (Dloert)) 0 (DR olert)) | <2 (A:27)

and (A.12)), (A.13), (A.23) and (A.24)) as

/ Jiewg) 162)%2 |
[crt]

(&) — < e (A.28)

1§ — cxl

Note that (A.25)—(A.27), in turn, imply that
¢ (0 (DXo(er0) ) C ot e (Bilolews 1)) =

¢ (o (DEo(enn)) ) it = el (ate) - L9 )

0
0
. pa©de\ [O(e)
(0525
4 0
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and

¢ (P (D:\F,o(ck’ t))) %QD;O(%@W (BI,O(CIW t)) =
0

—2¢ (P (Dj\’)o(ck,t))) It — ci|? (q(t) B W)
30 (p (D;:,O(Ckyt))> p? (D;O(ck,t)) <q(t) _ W)

o) 90)AEY | 0
:<q<t>—f[|;*]qif ) O (e)
¢ 0(1)

which, according to Theorem [2.3] lead to
w (B} (cp,t)) = DY (e, 1)) € 7w (Bl (e, t)) +
A, 1\Cks PPN 0\ Cks D (ckt) 2,0\Ck>

+¢ (P (Dj\_,o(ck» t))) %2131’0(%”7‘. (Bi_,o(ck’t)>

O (1)
(st D125 ) o
/Lo
and (c.f., (A:28))
O (e1)
7 (Dfy(ent)) = [ BY, (e 00t = e |O ()
[ek,t] O (1)

A.3 Estimating 7 (B (ck,t)) and 7 (D}, (¢, t)) for [ > 2

Our estimate follows by induction. The induction claim is that

g\ iy gea, | 90D
w(BL(ck,t)): q(t)—M g 'd THo(d)],
|t Ck| O(l)
1—1 ol—1 0(61)
m (Diient) =4 '¢ 1 o (4)
o)

A.3.1 First step: [ =2

Given Definition and the uniform estimates for = (B;l(ck, t)) in the pre-
vious subsection, it is now clear that

o (p (Dha(nn)) = 5 + 40 (&),

6 (o (DLaler0))) = 5 +0(&),
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and, according to Theorem that

™ (B;\F,Q(Ck,t)> = (p (D;\r_yl(ck,t))> %D;I(%t)fr (B;l(ckvto +
+6 (0 (Dha(0)) g e (Balenn)

ALl

d O (e1)
- <q(t) _ W) €261 %@)

|t — ckl
and (c.f., (A.28))

m (Dlalenst) = | Biylen s = e |0(d)
[er ] o (1)

A.3.2 Induction step: [ = 1+1

Given the induction claim, it is now clear that
+ 1 2! 2!
(o (Phet) -+ 0 ().
1 1 l
¢ (o (Dfulers)) = 5+ 0 ().
and, according to Theorem [2.3] that

™ (B;tl-‘rl(ck; ) ( ( Al Cka )) D+ (Ck t)ﬂ' (Bj;l(Ck,t)) +
t

+¢(p (D)\l(ckv )))% () (Bj\_,l(ck» ))

c (€)d§ 1 ! @ (61)

= <Q(t) - f[|kt7t]_qc|> 63 716% 1o (6%)

’ o)

and (c.f., (A.28))

) (61
™ (D;\F,l-i-l(ck,t)) = / B;tl_,’_l(ck,f)df = 62 ? -11¢ (6%)

o o1}
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