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ABSTRACT. This paper examines some solutions for confluent and double-confluent Heun equa-
tions and their applications to the Schrodinger equation with quasi-exactly solvable potentials. In
the first place, we review two Leaver’s solutions in series of regular and irregular confluent hyper-
geometric functions for the confluent equation [E. W. Leaver, J. Math. Phys. 27, 1238 (1986)] and
introduce an additional expansion in series of irregular confluent hypergeometric functions. Then,
we find the conditions under which one of these solutions can be written as a linear combination
of the others. In the second place, by means of limiting procedures we generate solutions for the
double-confluent equation as well as for special limits of both the confluent and double-confluent
equations. In the third place, solutions of the Heun equations are used to solve the one-dimensional
Schrédinger equation for quasi-exactly solvable potentials. We consider a symmetric and an asym-
metric double-Morse potentials which appear in the theory of quantum spin systems [O. B. Zaslavskii
and V. V. Ulyanov, Sov. Phys. JETP 60, 991 (1984)], a bottomless volcano-type potential which
gives degenerate eigenstates [S. Kar and R. R. Parwani, Europhys. Lett., 80, 30004 (2007)], and a
potential which leads to quasinormal modes, that is, to solutions presenting complex energies [H. T.
Cho and C. L. Ho, J. Phys. A: Math. Theor. 40, 1325 (2007)].

I- INTRODUCTION

We deal with solutions of Heun equations and their possible applications to the Schroédinger
equation with quasi-exactly solvable (QES) potentials. We consider only the confluent (CHE) and
the double-confluent (DCHE) Heun equations, and one limiting case of each of these. The solutions
for the CHE come directly from the differential equation, while the solutions for the other equations
are obtained from the solutions of the CHE by limiting processes. Initially, we briefly discuss each of
these equations and their connections; some more details are found in previous works [15, 16, 17, 27].
Then, we outline the main features of their solutions and present the QES potentials that will be
used as examples.

The CHE [11, 12, 36], also known as generalized spheroidal wave equation [44, 45], in the form
used by Leaver [27] reads

d*U

z(z — ZO)W + (B1 + Bgz)cfl—g + [Bs — 2nw(z — 29) + w?z(z — 20)] U =0, (w#0) (1)

where B;, n and w are constants and z = 0 and z = zp are regular singular points with indicial
exponents (0,1 + Bj/zp) and (0,1 — By — By/zp), respectively. At the irregular point z = oo the
behavior of the solutions, obtained from the normal Thomé solutions [27, 35], is given by

lim U(z) ~ eFiw?Fm=(B2/2), (2)

Z— 00

The singularity parameter zyp may take any value and, when zg = 0, the CHE gives the following
DCHE with five parameters [27]
o d*U

daUu
z w+(31+322)%+(33—277WZ+W222)U=0, (B1#0, w#0), (3)

where now z = 0 and z = oo are both irregular singularities (B; = 0 and/or w = 0 are degenerate
cases [16]). At z = oo the behavior is again given by Eq. (2), while at z = 0 the normal Thomé
solutions afford

lim U(z) ~ 1, or lim U(z) ~ eP1/7227 52, (4)

z—0 z—0
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The CHE and the DCHE admit a limit which changes the nature of the irregular singularity at
z = 00, keeping unaltered the other singular points. This limit is obtained by letting that [16, 17]

w— 0, n— oo, such that 2nw = —¢q, (Whittaker-Ince limit) (5)

where ¢ is a constant. It is called Whittaker-Ince limit because Whittaker and Ince have used a
similar procedure to get the Mathieu equation (12) from the Whittaker-Hill equation (11) [19, 21].
The Whittaker-Ince limit of the CHE is

2

U B+ B 4Byt alz— 20U =0, (¢ £0) (6)

Az =20) s pE

(if ¢ = 0 this equation can be transformed into a hypergeometric equation), while the Whittaker-Ince
limit of the DCHE is

o d?U dU

z W—F(Bl—i-Bgz)E—F(Bg—qu)U:O, (g #0, B; #0) (7)
(if ¢ = 0 and/or By = 0 the equation degenerates into a confluent hypergeometric equation or simpler
equations [16]). Egs. (6) and (7) differ from the CHE and DCHE, respectively, by the behavior of
their solutions at the irregular point z = oo, which now is obtained from the subnormal Thomé
solutions [35], namely,

lim U(z) ~ e=2V (/4= (B2/2), (8)
zZ— 00
in contrast with the behavior of original equations (normal Thomé solutions). Eq. (7) also results
when we take zp = 0 in Eq. (6).
The preceding equations and their connections are summarized in the following diagram which
is a modified version of a diagram given in Ref. [17]. The upper boxes (9) display the CHE and the

DCHE. The lower boxes (10) show the Whittaker-Ince limits corresponding to the CHE and DCHE,
respectively.

i dU 42U aU
—20)—— + (B1+ B22)—— 2=~ + (B1 + Byz) —
2z = %) dz? +(B1+ Byz) dz + w—0| © d22 + (B1 + Baz) dz + o)
[Bs — 2nw(z — 20) + w?2(z — 20)] U = 0. (Bs — 2nwz + w?22) U = 0.
Il (w—0andn— oo, such that 2nw = —q) [}
—20) o T (Bt Baz)—— 22—+ (Bi+ By2) —
2z~ =) dz? + (B + Bez) dz + 00| ° 422 + (B1+ B2z) e + (10)
[B3+Q(Z_ZO)]U:O. (B3_|_qz)U:0‘

These connections among equations having different types of singularities become fully effective only
when solutions of the CHE admit both the Leaver and the Whittaker-Ince limits. Counter-examples
are provided by Hylleraas [20] and Jaffé’s [22] solutions which admit none of these limits, as we can
see by using Leaver’s form for such solutions [27].

Now we introduce the Whittaker-Hill and the Mathieu equations which are particular cases of
both the CHE and the DCHE [11]. A trigonometric (hyperbolic) form of the Whittaker-Hill equation
(WHE) is [2, 21]

d>W
du?

+ K2 [0 — é&Q — (p+ 1)§ cos(2ku) + %52 cos(4ku)| W =0, (WHE). (11)
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If w is a real variable, this equation represents the usual WHE when x = 1 and the modified WHE
when k = i. On the other hand, the Mathieu equation has the form [32]

d*w 9 9 ) )

T2 + 0 [a — 2k* cos(20u)|w = 0, (Mathieu equation), (12)
where 0 = 1 or o = ¢ for the Mathieu or modified Mathieu equation, respectively. Some details about
solutions for the WHE and Mathieu equation regarded as CHE or DCHE are given in Ref. [17]. The
Mathieu equation is also a particular case of equation (7) as shown in section III. Incidentally, the
original Whittaker-Ince limit [19, 21] is obtained when ¢ — 0, p — oo so that pé = 2k%, k = o and
¥ = a in the WHE. This gives the Mathieu equation.

On the other hand, the solutions of the Heun equations assume one of following forms [36]

[e.9]

00 N
Zan fn(z) = Z 29 fn(z)7 Zan fn(z)7 Zan fn(Z), (13>
n n=0 n=0

n=—oo

where the series coefficients a,, satisfy three-term or higher order recurrence relations, f,(z) is a
function of the independent variable and N is a non-negative integer. These are called, respectively,
two-sided infinite series, one-sided infinite series and finite series. The finite series are also known as
quasi-polynomial solutions, quasi-algebraic solutions or Heun polynomials. Notice the convention

oo
do=> (14)
n n=—oo

Expansions in two-sided infinite series are necessary to assure the series convergence when there
is no free constant in the Heun equations. Thus, all the parameters of the CHE and DCHE which
rule the time-dependence of Klein-Gordon and Dirac test-fields in some Friedmannian spacetimes
[6, 15] are determined from conditions imposed on the spatial part of the wave functions [37, 38].
Similarly, in the scattering problem of ions by a finite dipole [27] or by polarizable targets [7, 16] all
the parameters of the radial Schrédinger equation are known.

When some parameters of the Heun equations assume special values, one-sided infinite series
truncate on the right giving expansions in finite series. These Heun polynomials are important to
get solutions for QES problems [39, 40, 42, 43]. In effect, according to Kalnins, Miller and Pogosyan
[23], a problem is exactly solvable if its solutions are given by (generalized) hypergeometric functions;
a problem is QES if its solutions are given by finite-series whose coefficients necessarily satisfy three-
term or higher order recurrence relations. This definition suggests a relation between Heun equations
and QES problems. We will consider only the CHE and the DCHE, but in fact there are potentials
for which the Schrédinger equation leads also to the general, biconfluent and triconfluent Heun
equations, as explained in Appendix A.

Excepting possibly the Heun polynomials, in general the solutions for the Heun equations do
not converge for the entire range of the independent variable. Then, it is necessary to consider two
or more solutions converging over different domains and having the appropriate behaviors at the
singular points. It is also necessary to take into account the transformation rules which generate new
solutions from a known solution (these rules result from substitutions of variables which preserve the
form of the Heun equations but modify their parameters).

We will start with a set of three solutions for the CHE, represented by two-sided infinite series
which have coefficients that satisfy three-term recurrence relations. These solutions admit both the
Leaver and the Whittaker-Ince limits and, so, we can generate sets of solutions for all the equations
discussed above. Solutions obtained from this set by means of transformation rules are given in
Appendices C and D.

More precisely, in Sec. 1I we take two Leaver’s solutions in series of regular and irregular confluent
hypergeometric functions for CHE and introduce another expansion in series of irregular confluent
hypergeometric functions - see the solutions given in Egs. (43a) and the recurrence relations (43b) and
(43c). The expansion in series of regular functions converges for any z, whereas the two expansions in
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series of irregular functions converge for |z| > |z9|. From the properties of the three-term recurrence
relations and of the hypergeometric functions, we shall find conditions which permit to write one
solution as a linear combination of the others in the region |z| > |zp|. These conditions also assure
that the series coefficients of the three solutions are proportional to each other.

The solutions for the limits of the CHE, given in the diagram, are obtained by the same procedure
used in Ref. [17], where a set having only two solutions in terms of one-sided series of hypergeometric
functions was considered. Thus, in Sec. III we find a set of three expansions in series of Bessel
functions for Whittaker-Ince limit (6) of the CHE, the three solutions possessing exactly the same
series coefficients. In Sec. IV we find that the solutions for the DCHE are again given by series of
confluent hypergeometric and the solutions for Whittaker-Ince limit of the DCHE are given by series
of Bessel functions once more.

The solutions of the CHE and DCHE are applied to the one-dimensional Schrédinger equation
with QES potentials. For a particle with mass g and energy E the time-independent Schrédinger
equation is written as

d*y

Ta -Vl =0 u=ar &

_ 2uE

where a is a real constant, z is the spatial coordinate and V' (u) is a function proportional to the
potential. This is the so-called normal form of a second order differential equation (Appendice A)
and, for each potential, Eq. (15) must be converted to the canonical form of the CHE and DCHE,
Egs. (1) and (3), in order to use the mentioned solutions. The wave function v is required to be
bounded for all values of the variable u and, in particular, at the singular points of the equation.
We select three QES potentials. First we regard double-Morse potentials [26], more exactly the
potentials used by Zaslavskii and Ulyanov in the study of quantum spin systems [46, 41], namely,

B? oA 1 1.3
= — (sinhu——=|) —B - h =0,-,1,=,--- 1
V(u) 1 (sm U B) <8+2>COS u, s 0,2, 5 (16)
where C'is a real constant such that C' > 0. If C' = 0, the potential is symmetric [V (u) = V(—u)] and
the the Schrodinger equation reduces to a modified Whittaker-Hill equation which will be treated as
a CHE in Sec. II.D. On the other side, if C' > 0 the potential is asymmetric and the Schrédinger

equation becomes an instance of the DCHE, considered in Sec. IV.B. The second is a potential given
by Cho and Ho [8], namely,

b? [(6+1)? = 1]

V(u):—zsinhzu— , (0=0,1,2,---) (17)

cosh? u
where b > 0 is a real constant. This is a bottomless potential in the sense that V(u) — —oo when
u — +oo. If b* < 4(¢+1)% — 1, it is a volcano-type potential [24] given by an inverted double well;
if b2 > 4(¢ 4+ 1)% — 1, the potential is similar to the one of an inverted oscillator. This potential is
discussed in Sec. III.C where the Schrodinger is reduced to the Whittaker-Ince limit (6) of the CHE.
The third example deals with a QES potential given again by Cho and Ho [9], namely,

2 2
V(u) = —%62“ — (0 +1)de ™+ dze*?“, (t=0,1,2,--) (18)
where b and d are real constants. As u — Foo, V(u) — £o0 and so the potential is unbounded from
below on the right, that is, when u — oco. This potential gives rise to quasinormal modes, that is, to
solutions having discrete complex energies. In Sec. IV.B we find that these energies can be obtained
from a DCHE.

The quasi-exact solvability results from the values attributed to the parameters s and ¢, since
these values imply finite-series solutions from which we can determine a limited number of energy
levels. On the other hand, there are also infinite-series solutions which in principle could afford the
remaining part of the spectrum, but these solutions have been discarded on the grounds that they
are not finite (bounded) for all values of the independent variable [23].
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We will find that for the potential (17) there are finite- and infinite-series solutions which are
bounded for all values of u. For the potential (18) there are two possibilities: if d > 0, only finite
series are bounded; if d < 0, only infinite series are bounded. For the double-Morse potentials (16)
there are finite-series solutions which are bounded for all values of u, but there is no single infinite-
series solution bounded for all values of u. However, for the latter problem there is one solution that
is bounded at one singular point and another solution that is bounded at the other point. A third
solution (which can be written as linear combination of the others) is bounded in the intermediate
region.

Thus, in Sec. II we deal with the CHE, in Sec. III with the Whittaker-Ince limit (6) of the CHE,
and in Sec. IV with the DCHE and its limit (7). Sec. V presents some conclusions. Appendix A
discusses relations among Heun equations and quasi-exactly solvable problems, Appendix B gives
some properties of the confluent hypergeometric functions, while Appendices C and D are devoted
to the transformations of the CHE and its Whittaker-Ince limit, respectively.

II. THE CONFLUENT HEUN EQUATION

In this section we review the two Leaver solutions in series of regular and irregular confluent
hypergeometric functions for the confluent Heun equation [27] and introduce the extra expansion
in series of irregular confluent hypergeometric functions. The fact that the expansion in terms of
regular functions converges for any z (the expansions in terms of irregular functions converge for
|z| > |20|) distinguishes the present solutions from the Leaver expansions in series of Coulomb wave
functions [27] since the latter converge only for |z| > |zg].

In Sec. TI.A we recall some features of three-term recurrence relations for the series coefficients
and supply properties of the confluent hypergeometric functions which enter the solutions for the
CHE and DCHE. We also write down the Barber-Hassé solutions in power series since these are
important to obtain finite-series solutions as well as to cover the cases in which the expansions in
series of regular confluent hypergeometric functions are not valid. In addition, we derive a new result
concerning the solutions of the Whittaker-Hill equation (11).

In Sec. I1.B we analyze the set constituted by the expansions in series of confluent hypergeometric
functions. This is called the fundamental set of solutions because, by means of the transformation
rules given in Appendix C, it originates other sets of solutions for the CHE and, by way of limiting
processes, it affords sets of solutions for the other equations given in the schema of the first sec-
tion. We find the conditions under which one solution of the fundamental set is given as a linear
combination of the others. After that, we truncate the two-sided series from below in order to get
one-sided series solutions as well. In Sec. II.C we discuss the convergence of new expansion in series
of irregular confluent hypergeometric functions and, in Sec. II.D we examine the solutions of the
Schrodinger equation for the symmetric double-Morse potential.

II.A. General remarks and the Barber-Hassé expansions

If b,, denotes the series coeflicients of one-sided series solutions, then the three-term recurrence
relations are written in the form

by + ﬂObO =0, anbn—H + ﬂnbn + ’ann—l =0 (TL > 1) (19)

where «,,, 3, and 7, depend on the parameters of the differential equation. These relations form
a infinite system of homogeneous linear equations which has nontrivial solutions for b, only if the
determinant of the respective infinite tridiagonal matrix vanishes. This demands some arbitrary
parameter in the differential equation, that is, in the elements of the matrix. Equivalently, these
recurrence relations imply a characteristic equation given by the infinite continued fraction [27]

apy1 Qq7y2 Q273
Bo = :

T Bi— G- B—

which must be satisfied in order to assure the series convergence.

(20)
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If v, = 0 for some n = N + 1, where N is a positive integer, the one-sided series terminates at
n = N and, consequently, gives a finite-series solution with 0 < n < N [2]. In effect, if yy4+1 =0 we
can choose the parameters of the equation so that by, = 0 in the relation

ant1bnt2 + Bryibyyr +0 x by = 0.

This implies that by1o = 0 and, from the recurrence relations (19), b, = 0 for any n > N + 1. Thus
the recurrence relations can be written in the form

Bo ag O - 0 bo
by

Mm b oo by

0 7 B2

: =0 (21)

IN-1 BN-1 an-1 b

U 0w By o

N
If the elements «;, 8; and ~; of the previous matrix are real and if
aivi+1 > 0, 0<i<N-1, (22)

then all the N + 1 roots of its determinant are real and different [2]. This theorem is important to
determine a part of the energy spectra in the case of quasi-exact potentials. On the other hand, if
an = 0 for some n = N, the series begins at n = N + 1, but in this case one may set n =m+ N +1
and rename the series coefficients in order to obtain a series beginning at m = 0.

Now we suppose that there is a second solution with coefficients c¢,, satisfying

ager + foco =0, Gnng1 + Bncn +Fncen-1 =0 (n=>1), (23)
where (3, is the same as in Eq. (19). Then, if

QpYnt1 = AnYn+1, (24>

it follows from Eq. (20) that both solutions have the same characteristic equation if n takes the same
values in both series: in these circumstances, b, and ¢, in general are proportional to each other.
We emphasize that this proportionality requires the same range for n in Egs. (19) and (23) because
there are cases in which the relation (24) is formally satisfied, but one solution is given by a finite
series while the other is given by an infinite series, as we will see in the paragraph after Eq. (49c).
In these cases one series breaks off on the right and the other on the left.

We extend the previous remarks to doubly infinite (or two-sided) series. These expansions present
a parameter v which must be determined from a characteristic equation if there is no free parameter
in the differential equation, or can be chosen at will if there is a free constant. The recurrence
relations for the series coefficients b,, now take the form

anbnt1 + Bnbn + Ynbn—1 =0, (—00 <n < o0) (25a)

where a.,, O, 7 and b,, depend on the parameters of the differential equation as well as on v. These
recurrence relations lead to the characteristic equation [27]

50_0471 Y 271 @¥-37-2 QoY1 172 Q273

C Bo— Boa— PBos— Bi— [Bo— [B3—

If there is a second doubly infinite series having the recurrence relation &y, cn11+0Gncn+ncn—1 =0
such that the condition (24) is fulfilled, then both solutions satisfy the same characteristic equation
(25b). The two series are really doubly infinite if neither the coefficients of b,+1 and ¢,41 nor the

(25b)



CBPF-NF-003/08 7

coefficients of b,_1 and ¢,_1 vanish, since such conditions assure that the summation extends from
negative to positive infinity in both solutions. This requires that

Qpn, Gpn, Yo and 7, do not vanish for any n, (26)

a requirement which imposes constraints on the parameters of differential equation and on the char-
acteristic parameter v, in the case of two-sided series. These conditions will be useful for study-
ing the sets of two-sided solutions of the CHE and DCHE. In addition, if we choose v such that
a_1 = a&_1 = 0, then the series are truncated on the left since the summation begins at n = 0. Thus,
we have

a1 =a_1 =0 = one-sided series with n > 0. (27)

Other restrictions on v and on the parameters of the Heun equations come from the properties
of the special functions used to construct the series solutions. Thus, let us consider expansions in
series of regular and irregular confluent hypergeometric functions for the CHE, denoted by ®(a, ¢;y)
and VU(a, c;y) respectively. These are solutions of the confluent hypergeometric equation [13]

d2cp

dp
ydT/QJr(c—y)*—asOZO, (28)

dy

where the parameters a and ¢ will depend on summation index n, on the parameters of the Heun
equations and also on the characteristic parameter v in the case of two-sided infinite series. In fact,
the following four solutions for Eq. (28)

on(y) = @(a,c;y), en(y) = Y(a,cy),

ony) =yl —a,2—c—y),  way) =€’y V(1 -a,2 - ¢ —y) (29)
are all of them defined and distinct only if ¢ is not an integer [13]. Furthermore, if
a, ¢ and c—a arenot integer, (30)

then any two of the solutions (29) form a fundamental system of solutions for confluent hypergeo-
metric equation [13]. The formula

I'l—c¢)

[(c—1)
INa—c+1)

U(a,c;y) = ()

®(a,c;y) + Yy a—c+1,2—cy), (31)

gives the analytic continuation of ¥ in terms of ®. The expression of ® in terms of ¥ is obtained

from the previous one by using the relation I'(z)I'(1 — z) = 7/ sin(7z). One finds [13],

I'(c)
I'(c—a)

imae \Il(a, c y) + eiﬂ'f(a—c) LC) eY \I/(C —a,c; —y)’ (5 = :|:1) (32)

O(a,c;y) =e T(a)

where the plus or minus signs are to be taken throughout following the conventions
e=1Lif —1=¢€"; e=-1if —1=e"" = (=1)=€" (-1)°=e"

The relation (31) allows writing ®(a, ¢;y) as a combination of a regular and an irregular confluent
hypergeometric functions; analogously, Eq. (32) gives ¥(a,c;y) in terms of regular and irregular
functions.

In the following we deal only with one expansion in series of regular and two expansions in series
of irregular confluent hypergeometric functions as solutions for the CHE and DCHE. These solutions
correspond to the above solutions @2 (), ©2 (y) and ¢4 (y) for the confluent hypergeometric equation.
@3 (y) is discarded because it would lead to a solution whose domain of convergence excludes all the
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singular points of the CHE. Then, the formula (32) is the only necessary to link the solutions.
Consequently, the conditions (30) are replaced by

a, ¢ and c—a arenot zero or negative integers. (33)

The present conditions combined with conditions (26) will allow us to use Eq. (32) in order to write
one solution of the CHE or DCHE as a linear combination of the others.

Now we write down some of the Barber-Hassé solutions in series of (z—zp) for the CHE [4, 17, 27].
They converge for finite values of z. The first solution is

U{Jarber — giwz Z ay ) (z — )", (|z| = finite) (34a)

where recurrence relations for the coefficients are given by (a(lz =0)

20 (n—i—Bg—l—%) (n—l—l)af}ll—i— [n(n—i—Bg—l—i—%wzo)—l-

Bj + iwzg <BQ+%1)}CL7(11) +2iw (n+in+ 8 —1)d, =0 (34D)

This expansion will provide solutions to the CHE for the case in which the Leaver expansion in
regular hypergeometric functions, given in the following, is not valid, and admits both the Leaver
and the Whittaker-Ince limits. Furthermore, it provides finite-series solutions with 0 < n < N when
i+ By / 2=—N.

In fact we may generate a group containing 16 sets of solutions for the CHE by applying to the
previous solution the transformation rules given in Appendix C. We write the solutions obtained by
using the rules 71 and T applied in the order given in Eq. (C6). The solution UP»P¢ which admits
only the Whittaker-Ince limit, is

. B (X)
U;arber(z) _ ezwzzl‘f‘jé Z ag) (Z B Z[))n, (35&)
n=0

(2)

where the recurrence relations for a,,’ are

B
20 <7’L+BQ+1

2B, B
: > (n+1)a?), + [n (n 1+ 2iwzg + By + > T iwzg (BQ T 1) +
0

20 20

B B B, B
<1 + 1> <32 + 1) + Bg:| a? 4 2iw <n +in + 2y 2) af_)l =0. (35b)
20 20 20 2

The solution Ug’arber admits both the Leaver and Ince limits. It reads
. By _b1
Ubarber(y — giwz 1t % (2 —2) ™ Z ay’(z — z)", (36a)
(3)

where the a,,’ satisfy the relations

By .
<n+2—B2—Z>(n—|—1) S’ll—i—[ (n+ 3+ 2iwzg — B2) + 2 — Ba+
0

B B
B3 + iwzg <2 — By — 1) ]a,(f’) + 2iw (n +1+in— 22> angfl =0. (36D)
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Ubarber swhich admits the Ince limit but not the Leaver limit, is
; 1-By-B1
Ubarber () = 2 (5 — 29) 7% =0 Z a%)(z —20)", (37a)
n=0
with the recurrence relations
B 2B
% <n+2—32 _ Zl> (n+1)al, + [n <n+1+2iwzo—32 - ;) 1 B+
0 0
B B B B B
iwzo <2 — By — 1> 4L (B2 i 1)] a® + 2iw <n i — =t — 2) a, =0. (37h)
20 20 20 20 2

The solutions for the CHE give solutions for the Whittaker-Hill equation (WHE). If U(z) sym-
bolizes the solutions for the CHE, the solutions W (u) for the WHE (11) are obtained by writing
[17]

W(u) =U(z), z = cos?(ku), (k =1,1) (38a)
where the parameters of U(z) are given in terms of the parameters of the WHE by
1 1 1
20=1, B =5 By =1, Bgzz[(p—ﬁ—l)f—ﬁ], iwzg, inzl%. (38b)

For the WHE, the Baber-Hassé solutions solutions become even or odd solutions with respect to the
change of the sign of u.

Now we derive a result concerning the solutions of the WHE, to be used in Sec. II.D. For this,
first we apply the transformation rule 7y given in Eq. (C4) to the solution UP#™P°" and find the
solution Ug’arber for the CHE, namely,

Ug)arber(z) — eiwz Z(_l)nagf) 2"7 (39&)
n=0

. : 5
where the coefficients are given by (a(_l) =0)

B
20 <n — 1> (n + l)afil + [n (n+ By — 1 — 2iwzp) +
20

B
Bs + iwB) + 2nwzo] a®) — 2w (n +in + 72 - 1) CLS)_)l =0. (39b)
Hence, we find that

. B _ B
agl)'yi(i)l = 2iwz <n + By + zol) (n+1) (n +in + 22> ;

B B

which, for the WHE, reduce to

1 1
ol = —alnf2) =2istn +2) (e 5) (nin ). o

We can show that for the WHE
) (i j+4) (j+4 )

o ==Y (G =1,2,3,4) (41)
where the coefficients on the the left-hand side are obtained from the recurrence relations of the
solution Ujbarber7 and the coefficients on the the right-hand side are obtained from the recurrence
relations of the solution U})f_flber obtained from the former solution by the rule Ty. Consequently,

if there is one finite-series solution satisfying the condition (22) which assures real roots for the
characteristic equation, then there is also a solution for which that condition is not fulfilled.
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II.B. The fundamental set of solutions

First we examine the two-sided infinite series solutions and then we obtain the one-sided series. It
is worth advancing that the solutions in terms of regular confluent hypergeometric functions ®(a, c; y)
are not valid when the first parameter a is zero or a negative integer. This is true if a does not depend
on the summation index n, since the Kummer relations (B1) give another hypergeometric function
in which the first parameter depends on n.

Defining the function ®(a, b;y) by [27]

bla.ci) = S

the fundamental set reads

@(a,c;y)zr(c_a) [ a ala+1)

1+ Ly R0 2, 42
o | "1l Ty T (42)

, -~ (B . .
Ui(z) = e *? Z(—l)”bg) P (22 —in,n + v + By; 22wz> ,

n

< B
U (z) = e ™ Z(—l)”bg)\l’ <22 —1in,n + v + Ba; 2iwz> ,

_ . B
U (z) = e™* Z D (=2iwz)t B2 g (1 +in — 72, 2—n—v— By; —2iwz) , (43a)

(1) (1)

where the recurrence relations for b,,’ and ¢;,’ are

(n+v+1) (n+u+in+%)b£}ll+ [(n+y)(n+y+B2—1+2iwzo)+

Bs + iwzo (32 + fg”b&” 1 2iwzg (n+u+32 + 8 )b —0. (43b)

and

(n+v+ l)cfllll + [(n +v)(n+v+ By — 1+ 2iwzy) + Bs + iwz (Bg + %)} V4

Ziwz()(n—f-v-i-Bg—i-%l— )(n+u+z‘n+%—1)cfjjl:0. (43¢)

Apart from a multiplicative constant, the coefficients bg) and cg) are connected by

(M =7 (n +v+in+ B;) b, (44)

provided that the argument of the gamma function is not zero or negative integer.
The solutions U;(z) and Up°(z) have been taken from Eqs. (166) and (167) of Leaver’s paper
[27] with v replaced by v 4+ By. On the other hand, by using a Kummer relation given in Eq. (B1),

Us®(z) is rewritten as

- ; B
U (z) = e“’Zch)\I/ <n +v+in+ ?Q,n—i- v+ Bo; —2iwz> . (45)
n

Then, it becomes clear that this solution can be obtained by substituting n + v for n in the one-sided
solution given in Eq. (33a) of Ref. [17] and by allowing that the summation runs from negative
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to positive infinity. The solution U; converges for any z [27], while both U® and U® converge for
|z| > |z0]. From the fact that ®(a,c;0) =1 and from Eq. (B2), it follows that

lim Uy (z) ~ 1, lim U°(z) ~ e*"wzz"”*%, lim U°(z) ~ gz == (46)
z—0 z—00 2—00
Thus, two different behaviors at z = oo are included in the solutions belonging to the same set.
Since we are dealing with three solutions for a second order linear differential equation, now we
establish the conditions to get one of these as a linear combination of the others in a domain where
the three solutions are valid. From the recurrence relations (43b) and (43c) we find that the three
series are really doubly infinite if

B B
v, v+By+ =22 and v+in+ ?2 are not integers, (47a)
20

since under these conditions neither the coefficients of b$}) and c%l) nor the coefficients of b

01(1121 vanish, that is to say, the series do not truncate on the left or on the right. The last condition
also assures that the series coefficients are linked by Eq. (44) and in turn this implies that there is

a unique characteristic equation. If, in addition to conditions (47a) are valid, that is,

(1)

n_1 and

By . ! -
n + v + Ba, 5 im and n+v+in+ > are not zero or negative integers,

then Eq. (32) may be used to prove that any of the three solutions is a linear combination of the
others. Since n extends from —oo to co (two-sided series), the above conditions are equivalent to

B B
v+ By and v+ in + 72 are not integers; 72 — i1 is not zero or negative integer, (47Db)

which repeat one of the conditions (47a).

In summary, to express one solution in terms of the others, the three solutions must be given
by two-sided series and the formula (32) for analytic continuation of the hypergeometric functions
must hold. These are the general conditions which may be applied to any set of solutions generated
from the first set through the transformation rules of the CHE. In fact, they are equivalent to the
conditions (26) and (33).

If Uy is a superposition of U and U in the common domain of convergence (|z| > |29), then
the behavior of U; when z — oo must be given by a combination of the behaviors of U and U®.
However, for certain problems as in Sec. II.D, one of the expansions in irregular functions may be
inadequate when z — oo and, consequently, U; becomes inappropriate as well. This conclusion also
results if we consider only the solution U; and the behavior of ®(a, ¢;y) when y — oo [13].

Only the restriction on the values of (Bz/2) — in cannot be satisfied by a convenient choice of
v. This restriction also arises if we consider the solution Uj(z) by itself, disregarding its connection
with the other solutions. In fact, if (By/2) —in = —m (m =0,1,2,---), the hypergeometric function
®(a,c;y) which appears in U; becomes a polynomial of degree m with respect to its argument [1]
and, then, the summation from negative to positive infinity is meaningless. The solution

UP(z) = e 2> dD(z—2)",  (|2| = finite) (48a)
n=0

where recurrence relations for the coefficients are (d(_li =0)

B .
20 (n—i—Bg—i—Zl) (n—&—l)dg_)H + [n(n—i—Bg — 1 —2iwzy) +
0

B B
Bs —iwz (Bg + zl> }dgll) — 2iw (n —an + 72 — 1> dnl_)l =0, (48b)
0
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takes the place of Uy when (By/2) —in = —m. Notice that Ul was obtained from the Barber-
Hassé expansion (34a) by substituting (—w, —n) for (w,n). Furthermore, even if (B/2) — in = —m,
by means of the transformation rules we can find two-sided series expansions in terms of regular
confluent hypergeometric functions.

Now we consider the one-sided series solutions. From the recurrence relations (43b) and (43c)
we see that for truncating the three solutions on the left at n = 0 the only choice of ¥ common to
the three solutions is ¥ = 0 — see Eq. (27). We rewrite these one-sided series solutions as

. (—1)”021) By . .
U =e W E — P = - + By;2
1(z) =€ 2 T N 5 ~imn 9; 2iwz | ,

U (z) = e~ W= Z b < —in,n + Ba; 2zwz>

e e
_ . B
U (z) = e* Z M w <n +1in+ ?2, n + Bo; 2iwz> , (49a)
where the recurrence relations are (b(_lz (1} 0):
. B B
(n+1) <n+z77+22> )+ B + 20wz <n+B2+z01_1> bV =0, (49D)
B B
(n+ 1)0&31 + BWell) 4 24wz <n + By + 2—01 - 1> (n +in+ ?2 - 1> cnlzl =0, (49c¢)
in which B
B = n(n + By — 1+ 2iwzg) + Bz + iwzo <Bz + l)
20
According to the previous subsection, if in + (B2/2) = —I (I = 0,1,2,---), the series in U; and

Uf° break off on the right and these solutions reduce to Heun polynomials (0 < n < [), while the
solution U{° truncates on the left (n > [+ 1). However, there is no need of considering these Heun
polynomials since the Barber-Hassé solution (34a) also suplies finite-series solutions with the same
characteristic equation.

The preceding remarks suggest that the one-sided solutions become useful only when the three
solutions are given by infinite series and each solution of a fixed set can be expressed as a superposition
of the others. For the solutions (49a) the series are infinite, with n running from 0 to infinity, if

B B
By + =% and i+ 72 are not zero or negative integers, (50a)
20

as we see from the recurrence relations (49b) and (49c). The solutions can be connected by means

of Eq. (32) if

B B
Bo, 72 —in and in+ 72 are not, zero or negative integers, (50b)

as we see from conditions (33). Then, the relation cﬁf) =T (n +in + %) bg) is well defined and
Heun polynomials are excluded from (49a). The one-sided infinite series solutions, together with the
Baber-Hassé solutions, are used in Sec. I1.D.



CBPF-NF-003/08 13

I1.C. Convergence of the third solution

For one-sided infinite series the convergence of UP® have already been established in Ref. [17].
Next we show that the two-sided infinite series converges in both directions, that is, when n — oo
and when n — —oo. First we write the solution as

o0
_ . B
U (2) = e 37 Dyt Bemnmv (), W(y) = 0 <1 i = 52— n—v = By; y) , (51
n=—oo
where y = —2iwz. To determine the convergence of the series, we have to find the ratios

C7(Ll+)1 ‘I’n+1(y) lim ngl Y \I’n—l(y)

el ngl) Yy \Ijn(y) e Cgll) \Ijn(y)

(52)

(1)

For this, in the first place we divide the recurrence relations (43c) by nc;, ’ and retain only the leading
terms, that is,

(1)
1 1
<n+’/+ >cn+1 i {n+2u+32—1+2wz0+0<n>]

n CS)

1
3 B 1 o’

+2iwzg |:n+2V+BQ+1+Z'n_2+O<>:| n—1 -0
2 20 n

Cn
The minimal solutions for this equation are
(1)
c 1 B B
lim 4l = 24wz [1 + — <i77 —1+ 2ty 2)] , (53a)
n——+oo cg) n 20 2

1 B -
lim ool = [1 - M] . (53b)
n——oo (1) n n
On the other hand, by applying Eq. (B6) to the function ¥, (y), we get
. B
- <n +vH4in+ 22> Upi1(y) + (n+v+Bo—1—y)¥n(y) + y¥n_i(y) = 0.
Dividing this equation by n¥,,, we obtain
1 B v By —1— v,
i+ (v 22) | S 4 R S
n 2 v, n n ¥,
Then we can verify that
. \I]nJrl _ 1 . By . U1 _ 1
nll)l}_loo 7, —1—n<1+m—2>, nll)IEloo v ;(TL'FV'FBQ 1). (54)

In fact there are other possibilities, but the preceding are the only ones compatible with Eq. (B7).
Hence, since y = —2iwz, we find

(1)
v, 1
mw:%[l+<Bl—2>], (55a)
n—eo oty \Iln(y) Z n o\ 2o

=14+ =, (55D)

Therefore, by the ratio test the series in Eq. (51) converges in the region |z| > |2o.
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I1.D. Schrodinger equation for the symmetric double-Morse potential

For C' = 0, the potential (16) given by Ulyanov and Zaslavskii is

B? 1 1.3
V(u):4sinh2u—B<s+2> cosh u, 820,5,1,5,2,'”

where B is a positive constant and u € (—o0,00). Then, the Schrodinger equation reads

d? B? 1
diuf—{— |:8—451Dh2U+B<5+2) COSh’LL:|¢:0, (56)

By transforming this equation into a CHE, we will find even and odd solutions for each value of
s. First, we use the four Barber-Hassé solutions to find bounded states given by Heun polynomials
associated to a finite number of real energy levels. Second, we consider the solutions given by one-
sided infinite series in terms of confluent hypergeometric functions and find that only one expansion
in irregular functions vanishes at infinity (u = +00). This constitutes an example in which the Leaver
expansion in regular confluent hypergeometric functions is not bounded at infinity and, therefore, is
not appropriate for the entire range of the independent variable. Finally we regard other solutions
and, in particular, the finite-series solutions for which there is no guarantee that the eigenvalues are
real for all values of s.
The substitutions
U

Y(u) =U(z), 2z = cosh? <2> , (2>1) (57)

convert Eq. (56) into

d*U 1\ dU 1 1
z(z—l)d22+<z—2>dz+ [8+B<8+2>+2B<3+2> (z—l)—BQz(z—l)]Uzo,

which is a CHE (in fact, a Whittaker-Hill equation) with the parameters

1 1
z0 =1, Bl:_§7 By =1, 33:8+B(S+2>,
. . 1 . . 1
iw=—-B, n=-s—5 or iw = B, 277:34‘5- (58)

Finite-series solutions. For the present case, we redefine the coefficients of the Barber-Hassé
solutions given at the end of Sec. II.A according to

R G ) O S o R S G Vi R N G )i
"ol +(1/2) " AT+ (1/2)] ™ alln+(3/2)] ™  allln+(3/2)]

Then, if s is a integer the solutions (34a) and (36a) in conjunction with Eqgs. (57) and (58) give the
finite-series expansions

¢barber( ) —BCOShZ% i (_l)np’gll) . h2n (u> O 1 2 (59 )
— _ — —g§In — — “ e
L= 2l + (1/2)] 2)" TTh AT &
s—1 (3)
barber oo —Bcosh? ¥ (_1)np'fl s 1on (U _

¢3 (U) =sinhu e 2 ;WSIH}I (5) , S= 1,2,3,"‘ s (59b)
which are even and odd solutions, respectively. The recurrence relations for the coefficients are
Y =% =0)

1
p&)_l = [+ Bs+n(n— 2B)]p§11) +2Bn <n — 2> (n —5— 1)p£}_)1, (59c)
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P = [€+Bs—B+1+n(n+2-2B)]p® +2Bn <n + ;) (n - 8)29513_)1’ (59d)

If s is a half-integer, the solutions (35a) and (37a) yield even and odd finite-series solutions, respec-
tively,

s—1/2 n(2)
barber(, \ _ U\ Beosh?(2) (=1)"pn” . on (U 13
Py (u) = cosh (2) e 2 ngzo 2T+ (1/2)] sinh <2> , 8= 55’ ) (60a)
s—1/2 n(4)
barber(, \ _ i+ (%) —Becosh?(2) (=1)"pn" . on (U 13
() (u) = sinh <2> e 2 nEZO T+ 3/2) sinh (2) 5= gy (60Db)

where the coefficients satisfy (p(_? = p(‘? =0)

Pl = [€+ Bs+ (1/4) + n(n+1 - 2B)]p?) + 2Bnln — (1/2)] [n — s — (1/2)]p{’),  (60c)

) = [€+Bs—B+n(n+1-2B)]pY +2Bn[n+(1/2)] [n — s — (1/2)] pV,. (60d)

The previous solutions are bounded for any u € (—o0, 00) owing to the exponential factor. On
the other hand, the energies are real because the coefficients of the recurrence relations are real and
satisfy the relations (22) since B > 0. These eigenvalues can be computed by equating to zero the
determinant of the matrices associated to the recurrence relations. However, there is a procedure due
to Bender and Dunne [5] that, in addition to the energies, also gives the coefficients p,, as polynomials

of degree n in the energy. As an example we consider the first solution. Taking p(()l) = 1 as initial

condition and using the recurrence relations (p(_lf = 0), we obtain
V=1, pV=Eg, p=[E)?>+(1-2B)E, - Bs,

Py = [Ey)* + (5 — 6B) [Es]* + (8B +4 — 6B — 7Bs) E, — 4B(1 — B)s,

and so on, where E; = & 4+ Bs. Thence, since the summation terminates at n = s, the eigenvalues

are obtained by requiring that pgi)l = 0. Thus, if s = 1 the equation pél) = 0 implies that

1 1 1 1
Ef[:B—Ei B2+1 o 8i=—§i BQ+Z,

which correspond to the eigenfunctions

+
+ _ sh2 ¥ E . u
Vi (u) = e Beosh™ s [1 - F(31/2) sinh? 2} .

Infinite-series solutions. The Barber-Hassé solutions which are given by finite series when s
is integer (half-integer) become solutions given by infinite series when s is half-integer (integer).
However these infinite-series expansions are not convergent at u = oo (2 = 00), just at the point
where V' (u) — oo. For this reason, we consider the sets of one-sided infinite expansions in series of
confluent hypergeometric functions. We will find no single solution bounded for any u but, in a given
set, the solution in series of regular hypergeometric functions is bounded in the vicinity of z = 1
(u = 0), other solution vanishes at z = co and the remaining solution (which is a linear combination
of the others) is bounded in the intermediate domain (z # 1, z # o0). Due to Eq. (24), these
solutions lead to the same energies as the Barber-Hassé infinite-series solutions, that is, there is a
correspondence among the energies of the following infinite-series solutions

PP (s, 5, 5. (61)
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From the solutions (49a), if s is half-integer, we obtain the following set of even infinite-series
solutions

o0
u n =~ u
P1(u) = eBeosh’ 5 z_;(—l) bN o (s +1,n + 1; —2B cosh? 5) ,
00 _ Bcosh2£<>C> _1ynp(1) . 2 U
D (u) = e 2;( 1y \I’(3+1,n+1, 2B cosh 2),
7.00 _ —Becosh? & - (1) _ . 2 E
P(u)=e 2 nz:Ocn v (n s,m + 1;2B cosh 2), (62a)
where the b} satisfy (b( % =0)
1
(n+1)(n— 5)b7(11+)1 +[&+ Bs+n(n—2B)]b) — 2B <n - 2> bgllll =0 (62b)

and c%l) =I'(n— s)bg). Sincea =s+1,c=n+1and ¢ — a =n — s are not negative integers, the
formula (32) can be used to express one solution as a superposition of the others. The solutions 9{°
and ¢$° converge for cosh?(u/2) > 1 and, when u — +00 (2 — o0), we find

w —25—2 2s
lim 7 (u) ~ ~ eBeosh® 3 [cosh 2} — 00, lim 0 (u) ~ ¢~ Bcosh? § [COShQ] = 0.

u—=300 u—=+00
Therefore, ¥ is bounded in the neighborhood z = 1, 9{° is bounded near z = oo, whereas ¥{°
bounded in the intermediate region (z # 1,z # 00) . When s is half-integer, a set of odd solutions,
having properties similar to the ones of the above set, is obtained from the third set given in Appendix
C (with v = 0), namely,

Y3(u) = eBeosh’ 5 ginh Z 1)) (s +2,n + 3; —2B cosh? 2>
n=0

¥ (u) = B cosh® & smhuz nb(3)q> (s + 2,1 4 3; —2B cosh? )

n=0
P (u) = e~ Beosh” 5 ginhy Z 3w (n +1—s,n+ 3;2B cosh? %) , (63a)
n=0

where the recurrence relations for b7(13) are (b(_?’% =0)
1
(n+1)(n+1—sBP), +[€+Bs—B+1+n(n+2—2B)b? —2B <n+> b3 =0  (63b)
and c) = 'n+1- s)bg’).

The sets of solutions for integer values of s are obtained from the second and fourth sets given
in Appendix C (with ¥ = 0). The even solutions, obtained from the second set, are

2w 3 u
Yo (u) = B2 cosh — Z 1)@ ¢ <s + " + 2; —2B cosh? 2) )
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Bcosh2” (2) § . 2 U
Y5 (u) = cosh — Z 1)"b,; \If<s—|—2,n+27 2B cosh 5 )

o0
_ u 1
5o (u) = ¢ Beosh® coshg E 2 g (n + 375N + 2; 2B cosh? ;) , (64a)
n=0
where the bg) satisfy (b(_? =0)

(n+1) <n—s+;> %), + [8+Bs+i+n(n+1—23)} b® — 9B (n—2> B2, =0 (64D)

and ¢\ = Iin—s+ (1/2)]b£l2). The odd solutions (s =integer) are

o0
W2y . U ~ 3 U
Yy(u) = BN 2 ginh B nE_O(—l)"bgf)CI) (s + oL + 2;: —2B cosh? 2) ,
u 3
Yo (u) = eBeosh? 3 ginp ¥ E <S + - ik + 2; —2B cosh? Z) ,

oo
- " 1
et (u) = g Beosh® 5 sinh% E A (n + g —Snt 2; 2B cosh? ;) , (65a)
where the b satisfy (b(_4% =0)

1 1
(n+1) (n—s+2> )+ {8+Bs—B—|—4+n(n—|—1—23)] b — 2B (n—|—2) b =0,

and ¢ = I'[n —s+(1/2)]b7(14).

Other solutions. We have considered only four (sets of) solutions for the CHE, but the transfor-
mation rules given in Appendix C lead to 16 (sets of) solutions. The other solutions are obtained by
using the rules Ty and T3, which for the present problem are equivalent to the operations

Ty : (u,B) = (u+im,—B), (66a)

T3 : (B,s) = (—B,—s—1). (66D)

We can check that these operations leave the Schrédinger equation (56) invariant.

Using the rule Ty, we can generate four finite-series solutions that do not satisfy the condition
(22) which assures real energies for an arbitrary s, as noted at the end of Sec. II.A. One example is
the bounded Heun polynomial

s (5)

barber barber —Bsinh? & Pn 2n <u> _
I = E _ h — =0,1,2,--- 67
¢5 ( ) ¢ ( ) € 2 —~ 'F[n (1/2)] COS 2) S s Ly 4y ’ ( a)

where the series coefficients satisfy the recurrence relations

1
pS’J)rl = [~ Bs+n(n+2B)]p® —2Bn <n - 2) (n —5— 1)])515_)1. (67b)
In addition, 75 and Ty generate new infinite-series solutions when applied to the previous expansions
in series of confluent hypergeometric functions. Probably some of the infinite-series solutions may
be discarded by requiring real energies for any s.
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IIT. THE WHITTAKER-INCE LIMIT OF THE CHE

In this section we show that for the Whittaker-Ince limit of the CHE, that is, for equation

2

2z 20) s + (B + Bo2) T 4 [Bstalz— 20U =0, (q#0) (68)

dz?
the solutions of the CHE reduce to expansions in series of Bessel functions. The procedure is the
same used in Ref. [17] for one-sided solutions, but we correct the following systematic error: the
Bessel functions of the first kind J\ which appear in Ref. [17] must be replaced by (—1)"Jy.

In Sec. III.LA we write the first set of solutions for Eq. (68) but, using the transformations
rules 71, % and J3 given in Appendix D, we can generate new sets of solutions. This time the
three solutions have exactly the same series coefficients and, in order to write one solution as a
linear combination of the others, no restriction must be imposed on the parameters of Eq. (68). In
Sec. III.B we show how these solutions are obtained from the solutions of the CHE by using the
Whittaker-Ince limit (5). Finally, in Sec. III.C we use solutions of Eq. (68) to solve the Schrodinger
equation for a quasi-exactly solvable potential given by Cho and Ho [8]. As far as we are aware, the
only other example for Eq. (68) is a problem considered by Malmendier [29] and Mignemi [34].

III.A. The first set of solutions
The Whittaker-Ince limit of the fundamental set of solutions given in Eqs. (43a) yields

Ur(z) = D (=1l (vaz) " g, (2v42), Y,

n

7 n —(n+v+Ba—1 ) .
UP(z) =Y (~0)elD (yaz) " EVEY L (2v@E), > Jwl, (i=1,2)  (69)

n

where the limits of the recurrence relations (43b) and (43c) are

(n+v+1)ct) + [(n+v)(n+v+ By — 1) + Bs] D+

B
qz0<n+1/+Bz+1—1>cl = 0. (69b)

<0

(1)

In these solutions Jy(z) denotes Bessel functions of the first kind of order A, whereas H, ’(z) and
H )(\2) (x) denote Hankel functions of first and second kind respectively. The solution U;(z) comes from
the solution U (z) of the CHE, while the solutions denoted by Ui(i)(z) follow either from Ul(oo)(z) or
U (2).

The Bessel functions which appear in the solutions are all independent since their Wronskians
are [14]

2 2i 4i
W (@), B @) = = W(h(@), B @) = -, W(H (@) 5 @) = -—.
Then, the relation
1
N@) = 5 [H (@) + 2 (@), (70)

can be used to write each solution as a linear combination of the others in a region where the three
solutions are valid.
On the other hand, for a fixed A\ the asymptotic behaviors of the Bessel functions as |x| — oo are

[14]
2 1 1
JA(:U)NU%COS <$—2)\7r—47r>, |arg x| <
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2 .
H/(\l)(x) ~ a2 el(l“*%/\”*i”), - < arg x < 2m;
T
2 ,
H§2) () ~ — e—l(ﬂﬁ—%/\“_i“), —2m < arg x < m. (71)
T

Thus, for the solutions Ul(i) we find

lim Ul(l)(z) ~ 2N 2(1/4)—(32/2)—@/2)’ lim U1(2)(z) ~ o= 2IV@E (1/4)=(B2/2)—(v/2)

zZ—00 zZ—00
The behavior of U; when z — oo is a linear combination of these due to Eq. (70).
Notice that, by setting

w(u) =U(z), z= COSz(O'u), (0 =1,1i),

1 K a

—1. Bj=—-. By=1 Ba=-—-—_2

20 ) 1 9’ 2 ) 3 2 4’

in Eq. (68), we obtain the Mathieu equation (12). Then, from the solutions (69a) and (69b) we get
the following even solutions for the Mathieu equation

(72)

wi () = Z<_1)n6g) [k Cos(gu)]fnfyjmr,, (2k cos(au)), Yu,

n

wi? (w) = D=1l [keos(ow)] "V HLL, (2K cos(ow), | cos(om)| > 1, (732)

n

where the coefficients 07(11) satisfy

(n+v+1)c) + [(n+ 1)+ (+2/2) = (/)] D + k2 [n+v - (1/2)] ), = 0. (73b)

In this set of two-sided infinity series solutions, the first solution converges for any u, in contrast
with the usual two-sided solutions for the Mathieu equation which converge, all of them, only for
|cos(ou)| > 1 [1, 33].

One-sided infinite series are obtained by putting v = 0 in the two-sided series solutions.

II1.B. Derivation of the solutions

To compute the Whittaker-Ince limits, first we rewrite the solutions of the CHE in a form
convenient for using the formulas (B8) and (B9). Thus, we rewrite the solutions (43a) as (¢ =
—2nw)

U(z):e_i“’zi %@ B ., n+ v+ By L2 (74a)
1 ~ F(n+y+B2) 2 TI? 2’ Z'I7 )

o0 fiwzz , By By . qz
Ul (z):e nDnF(].—ZT]—TL—V—2)\1’(2—n7n+y+327m>, (74b)

_ , B
Uloo(z> _ ezszEn(_qz)l—n—V—Bzr <in+n—|— v+ 22> %
n

B
\If<1—|—i7]—22,2—n—1/—B2;—(§:>, (74c)
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where the new coefficients are defined by

np(1 . \p4v (1
b (~1) b PN /) s
T T(l-n—v—in=58) " T(n+tntv+B)

Inserting these relations into Egs. (43b) and (43c) we find

(n+V+1)Dn+l+ﬂr(Ll)Dn—|—2z’wzo(n—i—l/—{—in—l—%— )(n+u+BQ+f—Ol— )Dn_lzo,
(n+v+1) [%:(32/2)] En+1+/87(11)En_277w20 (n+V+BQ+%1— >En—l:O7

where

B
B = (n+ 1) (n+ v+ By — 1+ 2iwzy) + Bz + iwzo <Bg—|—1>
20

Thence, we find that the Whittaker-Ince limits of these relations are identical since
limel) =lim D, = limE,, (w—0, n—o0, 2nw=—q).

Denoting by ¢V the above limits, we obtain the recurrence relations (69b).
Now, by letting (—in) — oo and using Eq. (B8) we find

B ) z
q)<22_“77n+1/+32;§n> —Tn+v+By)(vaz) " P durin, (2042).

Thus the limit of Eq. (74a) is the solution Uj(z) written in Egs. (69a). On the other hand, to obtain
the limit of the solution (74b) we define L;(2) by

B B
Li(2) ::F(l—m—n—y—;)W(;—zn,n—i-u—i-Bg, ,77>.

Then, when (—in) — oo the relation (B9) gives

Li(z) — 2(+ i\/q»z)l_n_V_B2Kn+u+Br1( + 2i\/qz) =
—imeimUonv=B) () TR ) L (20R),

ime U B (gE) LY g (V).

where in last step we have used the relations among the functions K and H )(\Z) given in Eq. (B11).
Inserting these into the limit of the solution (74b) and supressing multiplicative factors, we find the
solutions U 1(1) (z) given in (69a). The same solutions follow from the limit of the solution (74c). Notice
that these are formal derivations which involve some tricks. However, we may check the resulting

solutions by inserting them into Eq. (68).

II1.C. Schrodinger equation for the volcano-type potential
For the potential (17) given by Cho and Ho [8] the Schrédinger equation (15) is

de b2 9 [(0+1)%—(1/4)]
du? &+ Zsmh vt cosh? u

b =0 (75)

where b > 0 is a real constant. We transform this into the Whittaker-Ince limit (68) of the CHE
and find bounded finite-series eigenstates corresponding to discrete energies, as in Cho and Ho. In
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fact, we prove that there are pairs of (even and odd) degenerate eigenfunctions for any value of the
parameter ¢. This degeneracy was first pointed out by Kar and Parwani [24], and by Koley and Kar
[25] who have not provided a general proof for such degeneracy. We also find bounded infinite-series
solutions.

In fact, the substitutions

Y(u) = [coshu] _Z_%U(z), z = —sinh®u (76)

bring Eq. (75) to the form

d*U 1 (1 v (& B (1 0\ P
-1 —= - —/ — - — — —+=] —=(z—1 =0
2z )d22+[2+<2 >Z} & |1 16+<4+2> AR
which is a particular case of Eq. (68), with the following set of parameters
1 1 A b?
=1, Bi=—-—-, By=—-—-/{, Bs3=-—— = =——.
20 ) 1 5’ 2=575 35717 16 + < + 2) g 16 (77)

Thus, if we denote by % 1/1 zpj(z)) the solutions of the Schrodinger equation corresponding
(Uj

(¥
to the each set of solutions (7 U (2)) of Eq. (68), we have

—

J](u) = [coshu] 3 Uj(z), z = —sinh? u, (78)

where on right-hand side we must use the parameters given in Eq. (77). In the present case it is
sufficient to regard only the solutions v; in series of Bessel functions of the first kind. First we study
the solutions given by finite series and then the ones given by infinite series.

Finite-series solutions. The first and the second sets of solutions, given in Egs. (69a) and (D4),
afford solutions in finite series if v = 0. We redefine the series coefficients as

- ED"P o) (F1)"@n

n! n n!

Thence from the first set (69a) we obtain the even solutions

¢ —(n—t=3)
o1 P, (b . 2 b .
Y1(u) = [coshu] 2 E_On! (4 sinh u> JTFL% (2 sinh u> ,  (even) (79a)

where the recurrence relations for P, are

& b 1 0\?
Py = Ey B, Ezi=—+< +),

1 b2
Py = [Eg+n<n—€—2>] Pn+173 nn—¢—-1)P,_1, (n>1). (79Db)

The second set (D4) yields the odd finite-series solutions
1 d 0 —(n—t+3) b
Yo(u) = sinhu[coshu] 2 g == ( sinh u) o1 (2 sinh u) , (odd) (80a)
2
where the @), satisfy the recurrence relations

Q1= [Ez - g] Qo, Qnt1= [EH (n—¥) ( ﬂ Qn + b2 (n (—1)Qpn—1, (n>1). (80Db)
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These solutions are Heun polynomials because the coefficients of P,,_1 and @),,_1 vanish forn =/+1
and, consequently, the series terminate at n = ¢. Further, 1);(u) represents even solutions because
the relations (B12) give

1

Ty ()= ()L (@)

and this implies that 11 (—u) = 91 (u). Analogously we may show that 12 (u) represents odd solutions.
On the other hand, using the fact that Jy(z) ~ (x/2)* when x — 0, and the first of Eqs. (71)

we find

[tanh u]’ b

1 . . . .
lim 1)1 (u) ~ [cosh u] 475, lim ¢ (u) ~ k1 gty sinhu | kg e~tesinhul

u—0 u—+too v coshu
where ky and ko are constants. Thus 1 (u) is bounded for any u. The same holds for 1s(u).

Notice that the coefficients (aﬁf), ﬁff),%(f)) (¢ = 1,2) corresponding to (P41, P, P,—1) and
(Qn+1,Qn, Qn—1) are real and that

NG b2
a9%3f=ﬂ¥n+nwfm>wx 0<n<l-1, (81)
where in the present case ozgf ) - 1. Thus, the condition (22) is satisfied and consequently there are

£+ 1 real and distinct eigenvalues.
Now we show that there are an even and an odd state corresponding to each energy eigenvalue,
that is, the solutions are degenerate. First we rewrite the relations (79b) and (80b) as

Pn+l + 571 Py +v P =0, Qn—i—l + Bn Qn + Vn Qn—l =0, (P—l = Q—l = O) (82&)

where
1 - 1 v?
Bn=—|Er+n n—€—§ y Bn=—|Ei+(n—1) nt g 'yn:—ﬁn(n—f—l). (82b)
The (¢ + 1)-by-(¢+ 1) tridiagonal matrix P corresponding to the first system of equations is
Gy 1 0
m b1
P= 72 P2 . (83a)
Ye-1 Be-1 1
0 Yo o Be
Since By = B¢, B1 = Bi_1, B2 = Br—2, -, Be = Bo, the matrix Q of the second system is
Be 1 0 B¢ 1 0
7 B 1 Yo Be-1 1
Q= Y2 Be—2 _ Ye-1 Be—2 - . (83D)
Ye-1 B 1 Y2 A1
0 ve Bo 0 7 Bo

where the last equality results from the fact that v; = ¢, 72 = v,_1 and so forth, as inferred from
the definition of v,. To prove the degeneracy, it is necessary to show that both matrices possess the
same roots, that is, det P = det Q. For this, use the (£ + 1)-by-(¢ + 1) antidiagonal matrix A having
1’s on the antidiagonal as the only nonzero elements, that is,

1
A=A"t= : : (84a)
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Then, using the last form given in Eq. (83b) for Q, we find the similarity relation
P=A"1QTA = AQTA, (84b)

where Q7 is the transpose of Q. From the properties of the determinants, it follows that det P = det Q
and, therefore, the solutions are degenerate.

To determine the eigenvalues we can apply the procedure of Bender and Dunne [5]. For this
we take Py = Qo = 1 as initial conditions and use the recurrence relations to generate the other
coefficients. For a fixed ¢ the eigenvalues are obtained by imposing that P,y1 = 0 or Qpy1 = 0, since
the series terminate at n = ¢. For example, the recurrence relations (79b) for P, give

(e
Py=1, P = Ey, P, =FE;+ —— 0| Ey— —¥¢,
2 16
2 2

7 b 1 b
Py =FE} + <2—3£) E? + {16(2—3e)+(3—2£) <2—€>}Eg—|—16(2€—3),

and so on. The recurrence relations for @, yield

Qo=1 Q—E—f Q2 = E} + 3o E+§£(£—1)—ﬁe
0o— 41 1= 14 27 2 — 4 2 4 4 167

, 1 b 3 5 3
_ 3 - . 2 e _ e _ Yy 2
Qs =E} +5 (1390 Ef + [16(2 30) + U= 1)+ 5(0~2) <2e 2)} Eo+

2
%e <72£ - 6> - %z(z —1)(e—2).

Thus, for ¢ = 0 the energy that follows from the condition P = Q1 =0 is

1
Ey=0 = &= ["-1], (85a)

corresponding to the degenerate pair of eigenfunctions

2c4) 2
v mwbhcoshu v mbcoshu

where the expressions (B15) for the Bessel functions have been used. For ¢ = 1 the condition
P, = Q2 = 0 leads to the energies

1 (u, 0 =0) = cos (g sinh u) , a(u,l=0)= sin (; sinh u) , (85Db)

Ef:ﬂu: 1402 = Ei:i[bQ—E)]i 1402 (86a)

which correspond to the parity-paired degenerate wave functions

Y (u, £ = 1) = [cosh u}_% [—Z (sinh u) sin (3 sinhu) + (EfE - ;) cos (g sinh u)} ,

Y (u, £ = 1) = [cosh u]_% [Z (sinh u) cos <12) sinh u> + (Eli - ;) sin (Z sinhu)} , (86b)

where normalization factors have been omitted.
The solutions found by Cho and Ho [8], for £ = 0 and ¢ = 1, have no definite parity and can be

obtained from the expansions in series of Hankel functions. The solutions 1#@ associated with
are

¢ ~(n—t-3)
Gy, \ _ -1 Py, (b . 20 () b . .
17 (u) = [coshu] 2 g — (4 sinh u) H”, 3 sinhw |, (i=1,2). (87a)

n! 2
n=0
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Notice that 1 is a superposition of wgl) and w?) due to Eq. (70). Likewise, the solution 2 can be

obtained as a combination of the solutions wél) and ¢£2)7 given by

: 1 d Qn (b —(n—t+3) b
wé’)(“) = sinhu[coshu] 2 Z ﬁ (4 sinh u> HY(Q”% (2 sinh u) (i=1,2). (87b)

n=0

Infinite-series solutions. Supposing again that ¢ is a non-negative integer and using the third set
of solutions (D6) with v = 0, we obtain the odd infinite-series solutions [odd due to Eq. (B12)]

8 & b —n—t=3 b
Ps3(u) = simhu[coshu]”3 Z(—l)"cff’) (4 sinhu) Jn+£+g <2 sinhu) ,  Vu, (88a)

n=0

where the ¢\ satisfy the recurrence relations (c(f? =0)

(+1 1 b?
(n+ 1)07(13421 + |:E[ + % +(n+€+2) <n + 2)] - —(n4+L+1)c =0, (88b)

being Ey defined in Eq. (79b). From Eqs. (71) it follows that

]453 612smhu_|_k4 e 12smhu
v/sinh u

where k3 and k4 are constants. Then, in addition of being bounded in the neighborhood of u = 0,
this solution is bounded also at infinity. An even infinite-series solution, also regular for any u, is
obtained by replacing U;(z) in Eq. (78) by the Us(z) given in Egs. (D8) and (D9) with v = 0. We
find

P3(u) ~

—0, (u— £00),

00 —n—t—32
Pa(u) = [coshu]“_% Z(—l)”cgl) (Z sinhu> i JnHJr% <l2) Sinhu> , (89a)

n=0

where the 024) satisfy the recurrence relations

@ (+1 BN @
(n+ 1)0n+1 + [Eg + 5 +n (n+£+ 2)] ey — —(Mn+L+1)c,”; =0. (89b)

The solution 3 can also be obtained by changing ¢ by (—¢ — 2) in the solutions 9 (u) given in
Egs. (80a) and (80b) and allowing that the summation runs from zero to positive infinity, whereas
14 is obtained by the substitution ¢ — (—¢ — 2) in the solution ;(u) given in Eq. (79a).

Other infinite-series solutions are obtained by using the solutions U (z) which result from the four
(sets of) solutions given in Sect. II.A and in Appendix D by means of the transformation .73 given in
Eq. (D3). That transformation changes the independent variable z = — sinh? v into 1 — z = cosh? u
and also changes the parameters in accordance with Eq. (D3). Then, instead of Eq. (78), we can
use

- =1 =
Yjpa(u) = [coshu] 2 Uj(z), z=cosh?u, (j=1,---,4) (90a)

to construct the four additional solutions. Now, on the right-hand side, the parameters are

1 € (1 0\ b
ZO_]-) Bl_gy BQ_Q_E) B3_4+<4+2>7 q_ﬁ (90b)

Again we use only the expansions in Bessel functions of the first kind, Jy, with v = 0.
Thus, the solution U; given in Eq. (69a) yields the even infinite-series solution

Ys(u) = Z(—l)nq(f) (Z cosh u) - Jn7£7% <2 cosh u) , (91a)
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(5)

where the ¢, satisfy the recurrence relations

n n—ﬁ—} —|—§+ 1-0-{ :
2 4 4 2

The solution ¢(u) obtained from the Us given in Egs. (D4) is also even and reads

2
(n+ 1)0521 + ) 4 s (n - 1> B =o. (91b)

16

Ye(u) = Z(—l)ncgﬁ) <z coshu) JnHJr% <g coshu) , (92a)

n=0

where the coefficients satisfy the relations

PV DA 2+£+—1
A 2) "1 \17" 3 2

The solutions 15 and g are connected by the change ¢ — —¢ — 2.
On the other hand, the solutions Us and Uy given in Eqgs. (D6) and (D8), respectively, lead to
odd wave functions, namely,

(6)

b? 1
(n+1)c, /1 + O+ — (n — > an_1 =0. (92b)

Yr(u) = tanth(—l)”cg) <Z cosh u) Jn+£+g <;) cosh u> , (93a)
n=0

(7)

where the recurrence relations for ¢;,’ are

5\ & [1 ¢\? 3
(n+1)el); + n<n+€+2>++<+> +O+ =

4 4 2 2

c<7>+E nt i) =0, (93b)
"6 2) ml

and the solution

. b o b
n (8
Yg(u) = tanhu E_O(—l) c(®) (4 cosh u) Jth% <2 cosh u) , (94a)

where the 07(18) satisfy

(n+ 1)05521 +

) e (Lt >
n(n— +2>+4+<4+2> D)
The solution g can also be obtained by replacing ¢ by (—¢ — 2) in 5 .

Notice that in the characteristic relations (20) for the solutions 3 and 14 the product a;7v;4+1 is
negative, while for the other infinite-series solutions it is positive. We do not know if this fact implies
some significant difference to the energy spectra which results in each case.

0(8)—|—£ n+1 ¥ =0 (94Db)
" 16 2) n-t—

IV. THE DOUBLE-CONFLUENT HEUN EQUATION

In Sec. IV.A we obtain sets of solutions for the double-confluent Heun equation (3) by applying
the Leaver limit (z9 — 0) to solutions of the CHE. The expansions in series of regular hypergeometric
functions converge for any z, whereas the expansions in series of irregular functions converge for
|z| > 0. We also give the conditions to express one solution in terms of the others and obtain
one-sided series solutions by truncating the two-sided series on the left.

In Sec. IV.B we use the solutions of the DCHE to solve the Schrédinger equation with the quasi-
exactly solvable potentials given in Eq. (16) when C' > 0 and Eq. (18). Finally, in Sec. IV.C we
write the solutions for Eq. (7), that is, for the Whittaker-Ince limit of the DCHE.
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IV.A. Solutions for the general case

For zp — 0 the solutions (43a) are not affected formally, but their recurrence relations change.
We find

; ~ (B . ,
Ui(z) = e ™= Z(—l)”b%l) ) (22 —in,n + v + Bo; 2@(.02)

n

» B
UX(z) = e Z(—l)”bg)\ll <22 —1in,n + v+ By; 2iwz> ,

n

_ _ B
U (z) = eWZch)\I/ <n +v+in+ ?Q,n—i— v+ By; —2iwz> . (95a)
n

(1)

The recurrence relations for the ¢’ are

(n+v+1)cl), + [(n+v) (n+v+ By — 1) +iwBy + Bs] M+

n—1 =

B
2iwB, <n Futin+ 72 - 1) M=o, (95b)

wherefrom we get relations for b§}) by means of

cg) =T (n+u+in+B22> bg).

The behavior given in Eq. (46) for the CHE is also valid for the present solutions.
These three solutions are given by doubly infinite series if

B
v and v+in+ 72 are not integers. (96a)

If, besides this,
. . By .
v+ B is not integer and 5 i1 is not zero or negative integer, (96D)

then any of these solutions can be written as a linear combination of the others by using Eq. (32).
Again, as in the CHE, only the restriction on (B3/2) —in cannot be satisfied by an suitable choice of
v. In addition, if (By/2) —in = —m (m = 0,1,2,---), the expansion U; becomes meaningless. For
this case, instead of Uy, we can use

[e.9] n
. z .
UPe) = Y () (el =t (97a)
n=0
where recurrence relations for the coeflicients are (d(_lf =0)

B
(n+1)dY), + [n(n+ By — 1) —iwBy + By d) — 2iwB, <n —in+ = — 1) dY, =0.  (97b)

2 n—1
This U}, which reduces to a Heun polynomial when (By/2) —in = —m, was obtained by letting
zp — 0 in Eq. (48a).
A second set follows from the solutions (C10) and the corresponding recurrence relations (C11).
Using the L’Hospital rule we find that
B B, 51 By

Zl+ > (Z _ Zo)li 272 — Z(Z o zO)I—BQ (1 _ @)75 N 22_B2€Bl/z, (20 N O) (98)
z
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and, hence, we obtain the solutions

) ~ B
Us(z) = 22 Brem @t 2 3 (1) d (2 —in =t v+d - By 2wz> ,

n

) B B
Us®(z) = 22 Prem i+ 3 (1) w (2 —in— 72 n+v+4— By; 2iwz> :

n

UQOO(Z) _ Z2fBzeiwz+BT ch)lll (n +U4+24+ 7;,,7 B

n

B
22,n+1/—|—4—Bg;—2iwz> , (99a)

where the coefficients cg) obey

(n+y+1)cfﬁl+ [(n—l—u)(n+1/—|—3—Bg)+Bg+2—Bg—inl]cg)—
B
2iwB; <n +v+in+1— 22) 2 =o. (99b)

The recurrence relations for the b,(f) are derived from these via the relation

B
NON, <n+y+m+2_;> b,
Now the conditions to assure that the three solutions are given by doubly infinite series are

B
v and v+in-— ?2 cannot be integers, (100a)

and if, besides this,

B
v+ By is not integer and i + ?2 is not zero or negative integer, (100Db)

then Eq. (32) can be used to express one solution in terms of the others. If in + (B2/2) = 2,3, -,
instead of Uy we can use the solution obtained from (104) by the substitution (n,w)— (-7, —w).

One-sided series solutions are obtained by putting v = 0 in the two-sided solutions, in the same
way as in Sect. II.B. We write only the first set together with the limit of the Barber-Hassé solution
(34a), since this last will be used next.

> n (1)
» (—1)"c By . ,
Ur(z) = e @23 22 @ (22 —in,n + By; 2
1(z) =e nzor(n By) 5 —imn 9; 2wz |,

R B
UP(z) = e ™? Z(—l)”bg) v (22 —in,n + By; 2iwz) ,

o
_ . B
U (z) = e™? E cg)\ll <n+in+ 227n—l—Bg;—2iwz> ,

n=0

U{oarber(z) — pwz ch) (BZ1> , (101&)

n=0
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where the recurrence relations for by and cg) are (b(lf =c 1% =0)

(n+1) <n +in+ ) B, + [n(n+ By — 1) + iwBy + Bs] ) +2iwB; b, =0,  (101b)

B
(n+ 1)), + [0 (n+ By — 1) +iwB) + Bs] V) + 2iwB, <n +in+ 72 - 1> A =0, (101c)

Notice that the solution Uf°(z) does not admit finite-series solutions, while the other solutions do.
However, for finite-series it is sufficient to consider only Barber-Hassé solution. On the other hand,
the condition in order that the three expansions in series of confluent hypergeometric functions are
given by infinite series (n > 0) is

. By o
in+ - B not zero or negative integer, (102)

since in this case the series do not truncate on the left or on right. In addition, if

B
By and ?2 —4n are not zero or negative integer, (103)

then Eq. (32) can be used to connect the three one-sided infinite-series solutions.
The Barber-Hassé solution of the second set, obtained from solution (36a), is

Ué)arber( )_ezwz+(31/z 2— BQZ (2)< Bl> , (104)

(2)

where the recurrence relations for ¢, are obtained by putting v = 0 in Eq. (99b). The corresponding
solutions in series of hypergeometric functions can be obtained by taking v = 0 in the solutions (99a).

IV.B. Applications to the Schrodinger equation

First we consider the QES potential (18) related to quasinormal modes and, after this, the
asymmetric double-Morse potential (16). In addition to the finite-series solutions, once more we look
for infinite-series solutions. We find that for the first case it is sufficient to use one-sided infinite series
and in the second case it is necessary to use two-sided infinite series in order to get infinite-series
solutions bounded for all values of w.

The potential of Cho and Ho. Inserting the potential (18) into Schrédinger equation (15) we find

d*y d?

8+—2“ + (4 1)de™ —

—2u _
Tz 1 e 1 =0.

We will show that for d > 0 complex energies corresponding to bounded finite-series solutions are
obtained by treating this equation as a DCHE; in this case infinite-series solutions are not regular at
u = +o00. However, if d < 0 we find bounded infinite-series solutions given by expansions in regular
hypergeometric functions; in this case the finite-series solutions are unbounded.

The substitutions

p=et p(u) = e V) ) U(z), 2 e 0,00) (105)
transform this equation into a particular case of the DCHE (3), namely,

1 2o,
8+(2+€) + 7

d? d
Z—U—i-[d 262]—U+

U=0
dz? dz ’

and then we choose the following set of parameters for the DCHE

1 2 b
Bi=d, By=-2, Bgze+<2+£>, w=g5, n=0 (106)
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(If we take w = —b/2 the solutions are obtained by changing b by —b in the following ones). Hence,
from Eq. (105) the solutions ¢ (u) can be constructed by writing

(u) = exp [—ge“ - <£ + ;) u} Uz = e, (107)

where U (z) are solutions of the DCHE with the parameters specified in Eq. (106). To get finite-series
solutions we take the Barber-Hassé solution given in Eq. (101a). This yields

l
b d _ 1 (=)"P, [e*\"
barber You_ Y —u - n
(U (u) = exp [126 5€ (ﬁ + 2> u} E . < ¥ ) , d>0, (108a)

n=0

where the recurrence relations for P, are

1 2
P, = E,Py, E;:=&+ (2+£> +%bd,

Poit1=[E/+nn—20—1)] P, —ibd n(n — € —1)P,_1, (n>1). (108b)

Only if d > 0 this wave function is bounded for any w and, in particular, at © = —oo where
V(u) — —oo. As the coefficients of these recurrence relations involve imaginary terms, there no
guarantee of real eigenvalues. In effect, taking Py = 1 as initial condition, we find

Py =1, P, = E,, Py, = E? — 20E, + ibd/,

Py = E} + (2 —60) Ef + [40(2¢ — 1) — ibd(2 — 30)] B, — 2ibd((2( — 1),
and so on. Then, by requiring that P; = 0 for £ = 0 we obtain

1 i - b, od_, 1
__-_° arber _ You Y —u - 1
IS 1 de = Y] (u) = exp [126 5¢ 24, (109a)

and requiring that P, = 0 for £ = 1 we find

] 1+v1—1
g =2 bk VT=d > v = [1 - W} exp [‘2’ e zu} (109b)

For d > 0, solutions given by infinite series are discarded because they are not bounded for all values
of u. In fact, we have found no solution regular at w = —oo (z = 0) where the potential tends to
positive infinity.

In the following we show that, if d < 0, the two-sided solutions (99a) for DCHE with v = 0 lead
to solutions bounded for all values of u (the solution ; is not valid for this problem). For this, we
insert the solutions (99a) into Eq. (107). This yields

Yo (u) = exp —z’ée“ + gle*“ + (€ + 3) u] Z(—l)”bg) O (0 +2,n + 20 + 4; ibe")

2 2 =
¥5° (u) = exp -—iée“ + ge_“ + (04 3 u i(—l)”b(z) U (0+2,n+ 20+ 4;ibe")
2 |2 2 2) ]~ " ’ ’ ’

- [ b d 3
00 _ You Y —u 9 (2) . ihU
¥5° (u) = exp -Z26 +2e +<€+2> u] E e W (n+0+2,n+ 20+ 4; —ibe"), (110a)

n=0
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where 0%2) =T'(n+0+2) %2), being the recurrence relations for cg) given by

n—1 =

1\? ‘
(n+ 1)), + [n(n+3+20) + &+ <€ + 2) +2(0+1) — ;bd] ¢ —ibd(n+ 0+ 1)c?, = 0.
(110b)

In the function <i>(a, ¢;y) the parameters a = +2, c=n+2¢+4 and ¢ — a = n+ £+ 2 are not zero
or negative integers. For this reason, in a region where the three solutions are valid, one solution
can be written as a linear combination of the others by means of Eq. (32). On the other hand, the
solutions 9 (u) converges for any u and from ®(a,c;0) = 1 we find

lim  y(u) ~ exp [—ige“ + ge_" + (E + g) u] — 0.

U——00

The solutions 15°(u) and ¥$°(u) converge only for e* > 0. From Eq. (B2) we find

lim ¥5°(u) ~ exp —iée“ + —e ¥ — u] — 0, lim 5 (u) ~ exp [ibe“ + e —-u| —0.
Thus, 1) vanishes for u — 0o too, since it can be written as a linear combination of 1$° and ¥S°.
Therefore, we have found a case where the solution 1 (u) in series of regular hypergeometric functions
is convergent and bounded for any u provided that the energies satisfy the characteristic equation
which follows from the recurrence relations.

The asymmetric double-Morse potential. For the asymmetric double-Morse potential (16) the
Schrodinger equation becomes

d*y c? B? B? B/C 1 B/C 1 B?
e e _ =z = —2u  =Z (¥ —u e - u 2 2u —0.
az t PR T 2< 5)6 +2< * +8>€ 6]7’[) 0

The substitutions [16, 28]
Plu) = e BIEC=50 2y 2 =¢% 2 €[0,00) (111)

transform the previous equation into the DCHE

d*U B daUu B? B/C 1 B?
2 2 2
—_— —4+(1+C-2 — E+ — —Cs+—|=—+= ——2°|U=0
St 2+(+ s)z]dz+[+8+s 8—|—2<2+2+3>z 162] ,
and then we can choose the following set of parameters
B B2 B c 1
Blz? By =1+C —2s, 33:8+?+82—SC, iw=—"7,in=—5—5—s (112)

Hence, ¥ (u) is constructed by inserting into Eq. (111) the solutions of the DCHE with the
parameters specified in Eq. (112) and demanding that these eigenfunctions are bounded for all values
of z. Finite-series solutions are obtained from the Barber-Hasseé expansions as in the previous case.
However, in order to get infinite-series solutions bounded for any value of u, now we have to use at
least two expansions given by two-sided infinite series, in opposition to the previous case.

The first Baber-Hassé solution, given in Eqs. (101a), yields the bounded finite-series solution

2s (1) n
arper —§cos u Q—s u Pn 2 u
() = o coshet(§9) Zom<‘36> ’ (1132)

whose recurrence relations for pq(ll) are ( p(fz =0)

B2
pgll =&+ 2 —sC+n(n+C— 2s)] pth) + - (n—2s— 1)p(1) (113b)

n—1-
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The other Barber-Hassé solution gives an infinite series which is not convergent for v = co.

On the other hand, in each set of expansions in series of hypergeometric confluent functions,
there are two solutions which allow to cover the entire range of . Thus, from the solutions (95a) we
obtain

. o ~ B
(I (u) — 3 simhut(S-s)u Z(—l)”b,(ll) d <1 +C,n+v+C —2s; —26“> ,

n

Y3 (u) = ez b er(G=u N () g (1 +Cn+v+C—2s; —Se“) ,

n

_ B
U (u) = e~ 3 coshut(5—s)u ZCS)\I’ (n +v—2s,n+v+1+C—2s; 26“) , (114a)
n
(1)

where the ¢’ satisfy the recurrence relations

(n+y+1)cgll+ (n+v)(n+v+C—2s)+s* —sC+E] M

~0, (114b)

being M = F'n+v-— 25)b7(11). These solutions can be connected through Eq. (32) if v and v + C
are not integer; such conditions also assure that the series are two-sided infinite series. In addition,

the solution 9 is bounded at u = —oo (z = 0), whereas for © — 0o (2 = 00) we find
lim wa(u) ~ e% sinhu—(%-‘rs—l)u — o0, lim 1;?0(10 ~ e—g coshu-i-(%-i—s—u)u 0.
U—oo U—00

Therefore, 1, and 1)$° cover the entire range of u. From the solutions (99a), we get

~ B
Yo (u) = ¢ coshut(1+s—5)u Z(—l)”bg) o <2 +2s,n+v+3+2s—C, —26") ,

n

B
V5° (u) = o5 coshut(14s—G)u Z(—l)”b,(f) \ <2 +2s,n+v+3+2s—C; —26“> ,

n

_ . B
¥5° (u) = ¢~ % sinhut(l+s—F)u ch)\ll (n +v+1-Cn+v+3+2s—0C; 26“) , (115a)

n

(2)

where the ¢,/ satisfy the recurrence relations

2
(n+y+1)c7(i)rl+ [(n+1/)(n+y+2+2s—0)+8+i+82—SC’—C+25+1] o

B2 9
T(n+l/—0)cn71 =0, (115b)
. 2) . (2 . (2) ..
being by, given by ¢, =T'(n+v +1— C)by,’. This time we find
: 00 ~ B coshu—(S+s+1)u : 7,00 ~ — LB sinhut-($+s—v)u
ulirglowz (u) ~e2 2 — 00, uli%wz (u) ~e 2 2 — 0.

If v is chosen such that v and v — C are not integer, the solutions of this second set are given by
infinite series and can be connected by using Eq. (32).

The solutions obtained by choosing iw = B/4 and in = (C 4+ 1 + 2s)/2 must be discarded.
Actually, we would find that the first parameter in the regular hypergeometric function given in Eq.
(95a) is @ = —2s and, therefore, that solution is not valid. Similarly, the first parameter in the
regular hypergeometric function given in Eq. (99a) is a = 1 — C and, so, the solution would not be
valid if C' is a non-negative integer.
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IV.C. Solutions for the Whittaker-Ince limit of the DCHE
For the Whittaker-Ince limit (7) of DCHE, namely,

2
z"'% + (By + BQZ)Z—Z + (B3 +q2)U =0, (g #0, By #0),
there is no finite-series solutions. For this reason, the equation is irrelevant for quasi-exactly solvable
problems. However, its solutions may be important for studying the scattering of ions which induce
dipole and quadrupole moments in polarizable targets [16]. Solutions for the above equation can be
found by applying either the Whittaker-Ince limit to the solutions given in Sec. IV.A or the Leaver
limit to the solutions (69a-b) and (D6-7). We use the latter approach because it is the easiest.

In effect the Leaver limit z9p — 0 does not modify the solutions (69a), which again read

Ui(z) = Y (=)D (vaz) " g V), Vs

i n —(n+v+Ba—1 i
U () = 3 (1"l (vaz) VR V), 12l >0, (116a)

n

but changes their recurrence relations to
n+v+ 1)07(11_&1 + [(n+v)(n+v+ By — 1) + Bs] M 4 qucgll_)l =0. (116b)

These three solutions are really doubly infinite if v is not integer. Furthermore, each solution can be
expressed as a linear combination of the others by means of the relation (70).

On the other side, the only detail to get the Leaver limit of the solutions given in Eqgs. (D6) is
the use the limit written in Eq. (98). The results are

Us(z) = P2 227 B N (—1ye® (az) ™ 7 Jnsso, (2V2), Yz

Uz(z')(z) — oB1/z ,2-B> Z(_l)ncg) (\/(TZ)_"_l’_?""B2 H’r(LiV+3*BQ (2\/(72), |z| >0; (117a)
(n+v+ 1)02211 +[(n+v)(n+v+3—By)+ Bs+2— By]cl? — quchl = 0. (117b)

V. CONCLUSIONS

We have started with a set of solutions for the confluent Heun equation (CHE) given by series
of confluent hypergeometric functions and, by means of Leaver and the Whittaker-Ince limits, we
have derived sets of solutions for all the equations included in the diagram described in the first
section. The Barber-Hassé expansions in power series also admit the both limits and have been used
to provide solutions for the cases in which the solutions in hypergeometric functions are not valid,
as well as to get finite-series solutions for the confluent and double-confluent Heun equations.

In the fundamental set of two-sided solutions (Uy, U, U®), the first and the second solutions are,
respectively, Leaver’s expansions in series of regular and irregular confluent hypergeometric functions
for the CHE [27], while U is the two-sided version of the expansion in series of irregular functions
given in Ref. [17]. We have seen that, although the solution U is not valid if there is a certain
constraint between two parameters of the equation, we can use the transformation rules to find a
two-sided solution valid for that case. We have also established the conditions to express each of the
three solutions as a linear combination of the others.
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The fact that the expansion Uj in series of regular functions converges for any z distinguishes
the present solutions from the Leaver expansions in series of Coulomb wave functions [27], since the
latter converge only for |z| > |zg|. On the other hand, we have seen that

. . By _ . . By
lim Up°(z) ~ e 22" 2 lim U°(z) ~ e™2z7"17 V"2
zZ—00 zZ— 00
where v is the characteristic parameter of the two-sided series. The behavior of Uy when z — o0 is
given by a combination of these. This explains why U; is sometimes inappropriate when the variable
z tends to infinity.

All the solutions for the double-confluent Heun equation (DCHE), obtained from solutions of the
CHE through Leaver limit (z9 — 0), are also given by expansions in series of confluent hypergeometric
functions. Then, the analysis used for the solutions of the CHE has been promptly adapted to the
solutions of the DCHE, including the conditions which allow to write one solution of a fixed set as
a linear combination of the others.

We have found one-sided infinite-series solutions for the CHE and DCHE, by truncating the two-
side infinite series on the left. These one-sided solutions can afford finite-series solutions, but the
latter are also suplied by the Barber-Hassé expansions in power series. Then, the one-sided infinite
series become useful only when we need expansions in infinite series, as illustrated in Sec. 11.D.

The Whittakker-Ince limit (5) of the CHE and DCHE have generated expansions in series of
Bessel functions of the first kind and in series of the first and second Hankel functions. In this case,
each solution belonging to fixed set can be written as a linear combination of the others without the
need of imposing restrictions on the parameters of the differential equations.

We have applied solutions of the Heun equations to the one-dimensional Schrodinger equation
with quasi-exactly solvable potentials. In addition to the expected finite-series solutions, we have
sought bounded infinite-series solutions. For the volcano-type potential (17) given by Cho and Ho
[8], in Sec. II1.C we have found infinite-series wavefunctions which are bounded for any value of the
independent variable, but we have not solved the eigenvalue equations. We have also proved that
there is a pair of degenerate finite-series eigenstates for any value of the parameter ¢ responsible for
the quasi-exact solvability.

For the potential (18) associated to quasinormal modes, in Sec. IV.B we have found unbounded
infinite-series solutions and bounded finite-series eigenstates for d > 0, as in Cho and Ho [9]. However,
for d < 0 we have found an opposite result: bounded infinite-series solutions and unbounded finite-
series eigenstates.

For the double-Morse potentials (16) we have found that no single infinite-series wavefunction
is bounded for the entire range of the independent variable. Despite this, in Secs. 1I.D and IV.B
we have seen that it is possible to get a pair of infinite-series solutions, both solutions possessing
the same eigenvalue equation, which covers all the values of the independent variable. A similar
result has already been reported in the literature [15, 17]. However, now we have found that, in
the intermediate region, there is a third solution which can be expressed as a superposition of the
other solutions. This fact may be relevant to match solutions bounded over different regions. On the
other side, it is necessary to investigate the solutions of the characteristic equations in order to know
if in fact we can determine the remaining part of the energy spectrum by using such infinite-series
solutions.

Finally, we mention that the problem of matching different solutions of the CHE appears also in
relativistic astrophysics, more specifically, in the study of the Teukolsky equations in Kerr spacetimes
[30, 31]. Thus, the solutions of the present paper may be important in this context. Inversely, the
procedures used in astrophysics could be useful for the problems considered here.

APPENDIX A: HEUN EQUATIONS AND QUASI-EXACT SOLVABILITY

We consider the Heun equations in their normal or Schrodinger form,

EERXCIER (A1)
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that is, in the form where there is no first-order derivative term [11]. The function Q(z) for the
general Heun equation and its confluent cases is given in the following [36], where it is understood
that, in general, there exists some constraint among the parametres A, B, and so on. In each case
we indicate the singular points of the equation.

General Heun equation. Four regular singular points at z = 0, 1, a, co:

Q(z):é_g_ B +L+Qg+ ?1)2+(zfa)2’ (a#0or 1). (A2)

z z—1 z—a 22 (z

Confluent Heun equation (or generalized spheroidal wave equation). Two regular points at z = 0, 1
and one irregular at z = oo:

B C D E

=A+—+ —+ =+ —. A3
Q) +z+z—1+z2+(z—1)2 (A3)
Double-confluent Heun equation. Two irregular points at z = 0, oo:
B C D FE
Biconfluent Heun equation. One regular point at z = 0 and one irregular point at z = oo:
D FE
Q(z):Az2+Bz+C+;+§. (A5)
Triconfluent Heun equation. One irregular point at z = oo:
Q(z) = Az* + B* +C2 + Dz + E. (A6)

Other normal forms are given in the tables constructed by Lemieux and Bose [28] who, however,
have not considered the triconfluent equation. These tables are helpful to recognize whether a given
equation is of the Heun type.

By using the Lemieux-Bose tables in addition to the normal forms written above, it is straight-
forward to establish relations among the Heun and the Schrodinger equations for some quasi-exactly
solvable potentials. We find: (i) a triconfluent Heun equation for the quartic potential given in Eq.
(5.34) of Gonzélez-Lépez, Kamran and Olver [18]; (ii) biconfluent Heun equations for the sextic
potential V120 + Vaz? + V322 + Vj + V5 /22 given by Turbiner [40] and Ushveridze [43], and for the
potentials II, IIT and VIII given in Turbiner’s list [40]; (iii) double-confluent Heun equations for the
inverse fourth-power potential V (r) = Vir =4+ Vor =3+ Var=24+Vyr~1 [39, 40], and for the asymmetric
double-Morse potential given by Zaslavskii and Ulyanov [46]; (iv) confluent Heun equations for the
trigonometric and hyperbolic potentials given by Ushveridze [42]; (v) general Heun equations in the
Darboux elliptic form [10] for the first and second Ushveridze’s elliptic potentials [42].

APPENDIX B: PROPERTIES OF CONFLUENT HYPERGEOMETRIC FUNCTIONS

The regular and irregular confluent hypergeometric functions, denoted by ®(a, ¢; y) and ¥(a, ¢; y),
satisfy the Kummer transformations

Dla,ciy) = Blc—a,ci—y),  Ula,cy) =y V(L +a—c2-cy), (B1)

The behavior of of ¥(a,c;y) and ®(a,c;y) when y — oo is given by

Jim W)~y Oy (< <angy < ) (52)
ﬁgeyyﬂu Loy, (Ry > 0)

lim ®(a,cy) = (B3)

y=o0 I(c)

Te—a ¥ I+ O(ly™), Ry <0).
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These can be used to get the limits of the series expansions as y — oo. For Ry = 0, the limit of
®(a, c;y) is a combination of the limits on the right-hand side of the previous expression [13].

To find the expansions in series of irregular confluent hypergeometric functions for the CHE, in
addition to Eq. (28) we need the relations

yd\P(Z;JC;y) =(1-0)¥(a,c;y) + (c—a—1)¥(a,c—1;y), (B4)
d\IJ(Zycy) U(a,c;y) — Y(a,c+ 1;y), (B5)
[c—a—1]¥(a,c—L;y)+[1 —c—y]¥(a,cy) +y¥(a,c+ 1;y) =0, (B6)

where the ~last relation results from the first and second ones. These relations also hold for the
functions ®(a,b;y) defined in Eq. (42). On the other hand, if ¢ — oo, while a and y remain
bounded, we have [13]

I'(a)

which, in conjunction with Eq. (B6), is useful in the study of the convergence of the series solutions
for the CHE.

The Whittaker-Ince limit of the expansions in series of confluent hypergeometric functions for
the CHE and DCHE yields expansions in series of Bessel functions for Egs. (6) and (7) by means of
the limits [13]

W(a,c;y) = (—¢) ™ [1+O(le| ] + B2yl=eev=e [1 4+ O(|e| Y] (B7)

lim @ (a,c=2) =T(c) 1201 (25), (BS)

a—00

lim [F(a t1-0) U (a, ¢ g)] = 292K, | (2/7), (B9)

a—00

—ime™y1=92gM (2, ),  Tmy >0,
lim [F(a t1-0) U <a,c; —Q)} - (B10)
a—00 a ire mcy(l c /2H ( \/>) Im y < 0,

where Jy denotes the Bessel functions of the first kind of order A, K are modified Bessel functions of
the third kind, whereas H /(\1) and H >(\2) denote the first and second Hankel functions [14], respectively.
Some relations useful for Sec. III.B are

HY (@) = ™ HM (), HP (@) =™ HP (2),

1 1 )
Ky(—iz) = QWQWH“)( 2), KA(i:U):—Em‘e_%M)‘Hg)(x). (B11)

Bessel functions whose order is half of an odd integer reduce to combinations of elementary functions.
The following formulas [14] are used in Sec. III.C (m =0,1,2,---):

2 d \™"sinx 2 d \™ cosz
J = (—=1)"y/ — 2™ [ — J =)= ™t — - (B12
S T ) - R o () B )

HY | (2) = —i(~1)™ [ = zm <d>m HY @) = i(-1)mHY  (@); (B13)
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]2 D ()= i) 2 v gD () =i L i
J%(x)— — sinz, H% (x) = —1 — e H% (x) =1 e (B16)

APPENDIX C: OTHER SOLUTIONS FOR THE CONFLUENT HEUN EQUATION

In order to generate other solutions for the CHE we use the transformations rules resulting from
substitutions of variables which leave the form of the CHE unaltered but change its parameters.
Thus, if U(z) = U(By, B2, Bs; 29, w, n; z) denotes one solution of the CHE in the Leaver form (3), we
have the rules Ty, T», T3 and T, which operate as [17]

TV (z) = 21T B1/=0(Cy, Cy, Cs; 20, w,1; 2), 29 # 0, (C1)
ToU(2) = (z — 29) B2~ B1/20U(By, Dy, Ds; 29, w,m; 2), 20 # 0, (C2)
T3U(z) = U(B1, By, Bs; 20, —w, =15 2), V2o, (C3)
T\U(z) = U(—By — Bazg, Ba, Bs + 2nwzo; 20, —w, 1; 20 — 2), Yz, (C4)

where

2B B B
Clz—Bl—QZO, 02:2+B2“|‘71, C3233+<1+;><B2+1>,
0 0

D2:2—Bg—231,D3:Bg+Bl<&+BQ—1>. (C5>
20 20 \ 20

Applying these rules to the basic set (43a) we may generate a group containing 16 sets of solutions
for the CHE, while for the two-sided expansions in series Coulomb wave functions [27] and in series
of hypergeometric functions [15] we can generate only 8 solutions. We will write only the subgroup
obtained by using the rules 77 and 75 in this order:

(U1, U, T7°) o (U, Us®, Us®) <2 (Us, Us®, Us®) < (Uy, U®, U5) (C6)

where (U, Us®,Us®) denotes the first set of solutions (43a).

In each of the following sets, the conditions for doubly infinite series are obtained by choosing
v such that the coefficients of cg) and CS)—l do not vanish in the recurrence relations. Besides
this, one solution can be expressed as a linear combination of the others, if a, ¢ and ¢ — a are not
negative integers, where a and c are respectively the first and the second parameters of the confluent
hypergeometric functions: these conditions lead to some restrictions on the values of v as well as
on the parameters of the CHE. Despite the notation, it is understood that the parameter v may be
different in each set of solutions.

The second set of solutions admits the Whittaker-Ince limit but does not admit the Leaver limit.
It reads

. By ~ B B 2B
Us(z) = emiws 15 Z(—l)”b,(f)q) <1 —in+ 2+ 22 4424 By + 1;2iwz> ,
- 20 2 20
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: By B B 2B
Us°(z) = emiwz 145 Z(—l)”bg)\ll <1 —int+ 2+ 2 4424 By + 2iwz) ,
- 20 2 20

_ . By B B 2B
Us®(z) = ez ch)\ll <n—|—1/+ T+in+ L+ 2 n4+v+2+By+ 1;—2iwz> , (C7)
- 20 2 20

. 2
where the recurrence relations for cg) are

(n+v+ 1)0(2)

) 2B B B
2+ [(n—i—u) <n+u+1+2wzo+32+21)+Bg+<1+21> <BQ+ 1)
0 0

B B B, B
+iwz <B2+1”0§)+2iw20 <n+l/+Bz+1—1> <n+1/+i77+1+2>02
20 20 20 2

The recurrence relations for bg) are obtained from the previous ones by

B, B
6%2):F<n+1/—|—1+i77+201+2> bg).

C9
5 (c9)
The third set of solutions, which admits both the Leaver and Ince-Whittaker limits, is
. BB By ~ B
Ug(Z) = e_“uz(z — ZO) 2 Z(} zl+ 201 Z(—l)nbg’)@ <2 —n — 72,71 4+ v+ 4 — Bo; 2iwz> ,
n
. _B,_51 By B
US(2) = e (2 — 2) 2220 2150 > (=1 (2 —in— 72n +v+4— By; 2iwz> ,
n
_ . _B,_B1 By
Us®(z) = e"“*(z — zo)l N ZCS)) X
n
. B .
Y n—l—y+2—|—z77—7,n+1/+4—32;—2wz , (C10)
(3) ..
where the ¢’ satisfy
1)c?) 3— By+2i we (2— By — 21
(n+v+4+1)c, )+ [(n+v)(n+v+3— By + 2iwzg) +iwzg | 2 — 2= +
B B
Bg+2—32}c§§>+2m,zo (n—f—u—f—l—BQ— 1) <n+l/+1+i77— ;) =0 (Cc11)
20
and the recurrence relations for bq(f’) follow from
(3) : B2\
¢ =T n+1/—|—217+2—7 by (C12)

The fourth set of solutions is

F(z) e 3 (-1)"0B (1 _y_BL_B

2B
Uy(z) 2,n+v+2—Bg—1;2iwz>,
20 2 20

n
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; B B 2B
(L) — —iwz —1)"p@ g2t 22 B, 2219,
U (z) = f(z) e E (—=1)"b, W <1 in - 5 ,n+v+2— By ” ,2zwz>,

_ . B B 2B
U (z) = f(z) e“"Zchf)‘If <TL+I/+1 ting— 2 -2 n4 42— By— 1;—2iwz> , (C13)
- 20 2 20
where
1-B,—- 51
flz)=(2—20) 7 =;

(4)

and the recurrence relations for ¢’ are

20

(n+v+1)c?, + [(nJrV) (n+u+1—32—%+2mzo)+Bg+%1(B2+&—1)+

w2z (2—32—%)]024) + 2wz (n+u+1— 2 — 5—01) <n+l/+i77— % —5—01) cn{1 =0.
(C14)
The bgfl) and 024) are connected by
c@zf(n—l—u—l—in—i— —%—%) b$14). (C15)

APPENDIX D: OTHER SOLUTIONS FOR THE WHITTAKER-INCE LIMIT OF THE CHE

If U(z) = U(Bs, Be, Bs; 20, q; z) denotes one solution (or set of solutions) for Whittaker-Ince limit
(6) of the CHE, then the rules .77, % and 5 given by

’%U(z) = z1+B1/ZOU(Clv02703;207%2)7 20 7é 0, (D1>
BU(z) = (2 — 29) P27 B1/U(By, Dy, Dy 20,¢;2), 20 #0, (D2)
AU(z) = U(—=B1 — Bazy, B2, B3 — q20; 20, —q; 20 — 2), (D3)

can generate a group having 8 solutions. The constants C; and D; are defined in Eqgs. (C5 ). Next
we use only .77 and %5, following the sequence

() 2 (008) 2 (009) 2 1) 2 00,

where (Uj, Ul(z)) denotes the set of solutions written in Egs. (69a) and (69b). The conditions for
having doubly infinite series are obtained by choosing v such that the coefficients of cﬁf ) and cg)_l do
not vanish in the recurrence relations, as in the case of the CHE. Besides this, according to Eq. (70)
one solution can be expressed as a linear combination of the other solutions. The solutions for the
Mathieu equation are derived by using Eq. (72).

The second set of solutions resulting from previous procedure is

2B,

ZO Jn-i—V—&-l-i-BrF% (2vaz), V=,

UQ(Z) = Zl+% Z(_l)ncg)(\/q—z)fnfy717327

7 1+ n —n—v—1—By—= % i
U (z) = 2= 27;(_1) 2 (/qz) 2" % Hiiy+l+32+i?(2@), 2] > |z0];  (D4)
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2B B B
(n+v+1)c), + {(n—lru) <n+u+B2+1+Z1> + Bs + <1+z1> <Bg+1>]c£3>+
0 0

B
qz0 <n v+ By — — 1> cn2_)1 =0. (D5)

<0

For the Mathieu equation the corresponding solutions are even, as those of the first set, since

wa(u) = cos (ou) Z(—l)"cg) [k cos(ou)] 7n7V71Jn+l,+1 (2k cos(ou)), Vu,

n

wi? (u) = cos (cu) Y (=1)"cP [k cos(ou) et 2k cos(ou)), |cos(ou)| > 1;
2 n n+v+1

n

2

1- 1
(n+1/+1)c£i)rl+ [(n+u)(n+u+1)+2+ 4a} P 4 k2 [n+l/—2] cn2,)1=0.

Third set, which admits the Leaver limit zg — 0 as the first set, reads

By _B,- 51

Us(z) = 2720 (2= 20) 772 3 (=1)"e® (vaz) " T Jgns s (2V32), V2,

148 1-By— 21

o (z—z0) TR Y (=0 (vaE) TR Y, L (2VEE),

2| > [z0l; (D6)

U:,Ei)(z) =z

(n+v+1)c®) +[(n+v)(n+v+3—By) + By +2 — By] P+

B
q20 <n +v+1—DBy— zl> Cn3—1 =0. (D7)
0

For the Mathieu equation, these give odd solutions:

ws(u) = sin (20u) Z(—l)”cg’) [k cos(ou)] _n_V_QJnJrVJrQ (2k cos(ouw)), Vu,

n

(2k cos(ow)), |cos(ou)| > 1;

) (u) = sin (200) 3 (~1)"e® [k cos(ow)] " HY,

n

k? 1
(n+v+1)c? + [(n+u)(n+y+2)+—a+1} B 4 k2 [n+u+] &

n—

2 4 2 1 =0

The fourth set of solutions is

B1

Us(z) = (z — 20) 72770 S (=1)"e® (ygz) "t

2B,

ZO Jn+1/+17327% (2 Vv qz)’ VZ,

2B;

. B .
Uf)(z) _ (Z o Zo)l_B2_Z (71)nc$l4) (\/(]7)—n—y—1+32+ o H(z) (2\/(]»2)’

TL+V+1—BQ—%

2| > [z0l; (D8)
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2B B B
(n+v+1)c$l4ll+ [(n+1/) <n+u+1—32—1) + B3+ — <B2+1—1>} D+
20 20 20
B
q20 <n+1/+ 1— By — zgl) Cn471 =0. (D9)

For the Mathieu equation, these also give odd solutions:

wy(u) = sin (ou) Z(—l)”cgfl) [k cos(ou)] _n_u_lJn+l,+1 (2k cos(ow)), Vu,

n

n

wfli) (1) = sin (o) Z(_l)nc(4) [k Cos(gu)]fnfyleS)rVH (2k cos(ou)), |cos(ou)| > 1;

n

k2 —1 1
(n+v+1)ell); + [(n+v)(n+v+1>+2—“4} o) 4 1 [n+u+2] =0
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