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The Schrodinger-Infeld-Hull factorization method is extended within the perturbation scheme in
order to treat nonfactorizable Sturm-Liouville eigenequations in the same way as factorizable ones.
It is shown that, provided suitable choices of the expansion basis set for the perturbing potential
and for the associated perturbed ladder function are made, the solution of the factorizability condi-
tion associated with the perturbed eigenequation can be achieved by using an elementary finite
difference calculus. An algebraic manufacturing process allowing the determination of the per-
turbed ladder and factorization functions, capable of handling any order of the perturbation and
any type of factorization (Infeld-Hull types A to E), is given. This procedure, well adapted for com-
puter algebra, allows an analytical determination of the perturbed eigenvalues and eigenfunctions
without calculation of either the excited unperturbed eigenfunctions or any matrix element. This
extension of the exact factorization method within the perturbation scheme can be applied to many
model equations of current interest in quantum physics. Special attention is paid to perturbed fac-
torizations that correspond to unperturbed ladder operators that are linear functions of the quan-
tum number (types A to D). Illustrative applications are given. Particularly, the perturbed
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harmonic-oscillator ladder operators and eigenenergies are obtained in closed form.

I. INTRODUCTION

In many problems of current interest in quantum
mechanics, particularly in atomic and molecular physics,
one has to determine wave functions and calculate matrix
elements of Hermitian operators between these wave
functions. In this respect, one is usually led to the solu-
tion of wave equations and, at many stages of the physi-
cal modelization, after exact or approximate separation
of variables, one requires the solution of one-variable
linear second-order differential equations with associated
boundary conditions. In many cases, these equations are,
or are amenable to, factorizable eigenequations. Without
being exhaustive, let us recall that the generalized spheri-
cal harmonics Y, ,(60,¢), the symmetric top functions
D,(,{,’,l,(q), 6,¢), the harmonic oscillator. Morse oscillator,
Poschl-Teller, Manning-Rosen, and Rosen-Morse dia-
tomic vibration-rotation functions, the hydrogenic and
generalized Kepler functions, and more generally the
Gauss hypergeometric and the confluent hypergeometric
functions, can be directly related to solutions of factoriz-
able equations.! Let us add that Weyl’s spherical har-
monics, Dirac’s radial functions in the usual Euclidean
space' and also in a space of constant curvature? can be
expressed in terms of solutions of factorizable equations.
Hence, when dealing with problems involving these func-
tions, one can apply the Schrodinger-Infeld-Hull factori-
zation method.>!

When a given equation is factorizable, one has at one’s
disposal ladder operators that generate the eigenfunc-
tions, step by step, downward or upward, and allow the
determination of any eigenfunction ¥,,(x) from the
knowledge of the top or bottom eigenfunction ¥ ;;(x), i.e.,
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the “key” function, which is the solution of a first-order
differential equation. Moreover, analytical expressions of
the eigenvalues in terms of the quantum numbers are
readily obtained as well as closed-form expressions of the
eigenfunctions* involving orthogonal polynomials, and
closed-form expressions of matrix elements are easily ob-
tainable.* " ® Let us mention that the factorization
method is closely related to the theory of supersymmetry
quantum mechanics (SSQM): as pointed out recently,”’
both methods are special cases of an old procedure
developed by Darboux!® for generating isospectral
second-order linear differential equations. Particularly, it
can be shown!! that the shape-invariance condition for
supersymmetric potentials is equivalent to the factoriza-
bility condition.

If real problems encountered in physics, or even many
sufficiently elaborate model problems, do not lead, at
once, to the solution of factorizable eigenequations, nev-
ertheless, they can be conveniently described by a kernel
potential, corresponding to a factorizable equation, to-
gether with an additional perturbation. In such cases, it
is possible to extend the original range of applicability of
the exact factorization process within the perturbation
scheme. Summarizing grosso modo the principle of the
perturbed factorization technique, one assumes that the
perturbed potential function, as well as the associated
ladder and factorization functions to be found, can be ex-
panded in a perturbation series where the unperturbed
potential leads to a factorizable equation. Then, one tries
to build up the perturbed ladder operators and the associ-
ated factorization functions allowing the factorization of
the perturbed equation at any rank of the perturbation.
Once the “factorization instruments’ have been found,

1096



42 PERTURBED LADDER OPERATOR METHOD: AN ALGEBRAIC...

the exact factorization scheme applies: one obtains
closed-form expressions of the perturbed eigenvalues and
of the perturbed eigenfunctions to the required accuracy
without having to calculate either the excited unper-
turbed functions or any matrix element.

The straightforward extension of the unperturbed
scheme, which tries to determine ab initio the perturbed
ladder operators as a series of powers of the quantum
number m, was recognized early.>"'2 However, this pro-
cedure leads to rather intricate calculations involving
antidifferences in the quantum number. This is probably
why Infeld and Hull have limited their pioneering use of
this procedure to second-order Stark effect calculations.
Many years after, we have proposed several procedures of
determination of the perturbed ladder and factorization
functions which, according to the factorization type un-
der consideration, involve either successive integra-
tions!*~!° or successive finite summations.'®* Unfor-
tunately, the complexity of these integrations (or summa-
tions) rapidly increases with the order of the perturba-
tion.

In the present paper the perturbed ladder operator
method is revisited. An efficient procedure is proposed
for the determination of the perturbed eigenvalues and
associated ladder operators. Indeed, when assuming par-
ticular “ladderlike” properties for the x dependence of
the perturbed ladder functions to be found, general alge-
braic formulas can be derived. These formulas, well
adapted for computer algebra, valid for any factorization
type and at any order of the perturbation, allow an alge-
braic recursive determination of the perturbed ladder and
factorization functions associated with the given pertur-
bation. Hence, closed-form expressions of the ‘“‘per-
turbed” eigenvalues and eigenfunctions can be obtained
in the same way as within the “unperturbed” exact fac-
torization scheme.

After a brief recall of the exact and perturbed factori-
zation methods (Sec. II), the novel procedure is described
and general formulas allowing the determination of the
perturbed ladder and factorization functions are derived
(Sec. III). The perturbed factorizations (Infeld-Hull types
A to D), which correspond to unperturbed ladder opera-
tors which are linear functions of the quantum number,
are considered in detail and several illustrative applica-
tions are worked out (Sec. IV).

II. EXACT AND PERTURBED FACTORIZATION
SCHEMES

In order to set up the definitions and notations, it is
first necessary to briefly recall the exact and perturbed
factorization schemes.

A. Exact factorization

After exact or approximate separation of variables,
many problems of current interest in quantum mechanics
lead to the solution of eigenequations of the Sturm-
Liouville type. By an appropriate transformation of vari-
able and function, these equations can be reduced to the
standard form
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d—2+U(x,m)+Aj ¥, (x)=0

2.1
dx 2.1

associated with the boundary conditions (x, <x <x,)
Wix 2= W(x,) =0, [ *lwxldx=1, @2
X1

where m =my+1,my+2,... is a quantum number
which takes successive discrete values labeling the eigen-
functions.

Such an equation as (2.1) is factorizable when it can be
replaced by each of the following two difference-
differential equations:

H,  H} ¥V, =[A,—L(m+1]¥
HyH, ¥, =[A,—L(m)¥

a (2.3)
jm >

where j is the guantum number associated with the eigen-
values Aj, H, =K(x,m)x(d /dx) are the ladder opera-
tors, and L (m) is the factorization function that does not
depend on x.

Owing to the mutual adjointness of the ladder opera-
tors H,, and H,, , the necessary condition for the ex-
istence of quadratically integrable solutions of Eq. (2.1),
i.e., the quantization condition, is €(j —m)=v equal to a
non-negative integer and €e=+1 (or e= —1) according to
whether L (m) is an increasing (or decreasing) function of
m.
The associated eigenvalues are

jrE+ L

A;=L >

. (2.4)

The normalized eigenfunctions ¥, (x) are solutions of
the following pair of difference-differential equations:

K(x,m)“}‘gd; \l/jm:./‘/j(rn)‘l’jm_l ’
2.5)
K(x,m+1>—;id; W, =N m A1,

with NV;(m)=[A;— L (m)]'"2.

These “ladder” equations allow the determination of
any ¥, (x) function from the knowledge of the “key”
function W ;(x) which is the solution of the first-order
differential equation

x,j+§+%

d

K dx

v, =0. (2.6)

From the comparison of Egs. (2.3) and (2.1), it is easily
shown that the necessary and sufficient condition to be
satisfied by K (x,m) and L (m) allowing the factorization
of equation (2.1) is

(K (x,m +1)]2+—‘—;§-K(x,m +1)+L(m +1)=—Ulx,m)

2.7
[K(x,m)]z—:id;K(x,mH-L (m)=—Ul(x,m) .

There are six fundamental types of factorization
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TABLE 1. Infeld-Hull exact factorization types.

Types U'%x,m) K%x,m) L®m)
2
A — 'az [m(m+1)+d*+(2m +1)d cos(ax)] am cotax + — a*m?
sinax sinax
B —a’d** > +a*2m +1)de™ —am +ade®* —a’m?
c —mim D oy L —4bm
x x
D —bX*x*+b(2m +1) bx —2bm
2 2
E —LW-—Zaq cotax am cotax + 4 azmz——q—2
sinax m m
F _mm+1) 2 m.,q _ g
x? x x m m?

(denoted types A to F, within the Infeld-Hull nomencla-
ture) with potential functions U'”(x,m), and associated
ladder and factorization functions K ‘©(x,m) and L'®(m)
which are summarized in Table I. Closed-form expres-
sions of the eigenfunctions are known* and involve classi-
cal orthogonal polynomials (see Table II).

As pointed out by Infeld and Hull,! when direct factor-
ization is not possible solely because of the inadequate m
dependence of the potential function U(x,m) under con-
sideration, one can resort to ‘“‘artificial” factorization, i.e.,
one can consider U(x,m) as “embedded” in a new poten-
tial function u (x,m ;) which depends on a supplementa-
ry artificial parameter u such that u(x,m;u) can be
identified in m with a factorizing potential U'®(x,m) and

that u (x,m;u=m)=U(x,m). Then, Eq. (2.1) is factor-
ized using wu(x,m;u), and the eigenvalues A;(u)
=L(j+e€/2+1;u) are determined as well as the eigen-
functions ¥, (x;u), both depending on the parameter u.
At the end of the ladder procedure (2.5), one merely sets
p=m and  obtains the required solutions
Aj(m)=A;(u=m) and V¥, (x)=V¥,, (x;u=m). This
artificial or embedded factorization device is widely used
all along the “perturbed ladder” scheme.

B. Perturbed factorization

Now, let us consider the Sturm-Liouville differential
equation (2.1) involving a potential function U(x,m)

TABLE II. Eigenfunctions of Infeld-Hull factorizable equations. P{*#(), LX( ), and H,() are, re-
spectively, a Jacobi, Laguerre, and Hermite polynomial of degree v =e(j —m). j=j+e/2+1/2;
€= +1 or —1 for class-I or class-II problems; N, is a normalization constant.

Types wiol(x) Parameters
a+172 B+1/2
A N, sin% cosaz—x P{*P)(cosax) a=elm+d+1/2)
B=€elm —d +1/2)
B N, exp[ 4 (aax —Be™) L Be ™) a=—2¢j
pB=—2ed
C ijxcim+]/2)+1/2exp ebx’ LEm+1/2( —gpx?)
2
D N,exp ‘%‘ H,[(—eb)'x]
E N, (sinax )exp |£4% | pleB(—j cotax) a=—ej—iqg/j
! j
B=—€j+iq/j
m+1 gx _ |p2m+1 2gx
F N,.x exp j+1]” IS
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which does not belong to any of the six Infeld-Hull fac-
torization types and let us assume that this potential
function, as well as the associated ladder and factoriza-
tion functions K(x,m) and L (m) to be found can be ex-
panded in a perturbation series with a parameter 7
Ux,m)=U"x,m)+qU"V(x,m)+n*UP(x,m)
+ e
K(x,m)=K90,m)+nKV(x,m)+n*KP(x,m)
+ SRR

(2.8)

L(m)=L(0)(m)+77L(”(m)+7]2L(2’(m)+ e,

where K9(x,m) and L'®(m) are the ladder and factori-
zation functions allowing an exact factorization of Eq.
(2.1) with U'%(x, m).

Then, one has to satisfy the factorizability condition
(2.7) up to a given power of the parameter 1. The re-
quired K'M(x,m), L"™(m), and U"™(x,m) are found to
be solutions of the following equations:

KMx,m+1D)+LYm+1)=—UN(x,m),

(2.9)

N

S K0m + DEY 0 x,m +1)+ -+

v=0 dx

N d

b K<”’(x,m)1<‘”—“’(x,m)—d—xK‘N’(x,m)+L‘M(m)=—U“‘”(x,m) .
v=0

These equations will be solved recursively, i.e., when considering the determination of K'V(x,m) and U'"™(x,m), it is
assumed that all the K"(x,m), for v=1,2,...,N —1, have already been found. Their finite difference aspect deter-
mines the m dependence of the functions while their differential aspect determines their x dependence.

Since, in the present paper, the solution of the factorizability condition (2.9) is worked out by means of finite
difference calculus, it is convenient to introduce the usual first difference A operator in m

AF(m)=F(m +1)—F(m) . (2.10)
Then, the difference-differential equations (2.9) can be written again
N-—1
2A[K(°)(x,m)K(N)(x,m)]+%[K(N)(x,m +1D+KENM(x,m)]=—ALM(m)—=A S Kx,m)KN¥"(x,m), (2.11)
v=1
N
UM (x,m)= d%—:ZK“”(x,m) KM(x,m)—L™(m)— 3 K"(x,m)K"""(x,m) . (2.12)
v=1

Equation (2.11) is used to determine the ladder and fac-
torization functions KV (x,m) and L'Y(m). Once they
are known the required potential functions U'¥(x,m) are
given by Eq. (2.12) and one obtains the required “factor-
izing” potential function U(x,m) of the eigenequation
(2.1).

Thus one can solve physicomathematical problems
with a potential function ¥V (x,m) such as

Vix,m)=Ux,m)+nVV(x)+n* VP (x)+ - -,
(2.13)

where the VV(x) have the same dependence in x as the
U'”(x,m) and, in most cases, do not depend on m. '’

In order to match V(x,m) with the factorizing poten-
tial U(x,m), one has to resort to the artificial factoriza-
tion process. The following condition must hold, for any
value of x:

Vo x)=U"Yx;m=p) . (2.14)

Finally, one can factorize an eigenequation (2.1) with a
given potential function ¥ (x,m) by determining the asso-
ciated perturbed ladder and factorization functions which
are solutions of the difference-differential equation (2.11)

and, as a consequence of Egs. (2.12) and (2.14), which
satisfy the following condition:

i—ZK‘O)(JC,;L)

KM(x,u)—LW™
dx (x,u) (n)

N1
=VvMx)+ 3 KY0pK N T (xp) . (2.15)

v=1

Once the perturbed ladder and factorization functions
KW(x,m;u) and L'"(m;u), both depending on the
artificial parameter u, have been found, the perturbed
problems (up to the Nth order) may be handled in the
same way as the exact factorizable (unperturbed) prob-
lem.

The total perturbed eigenvalue and associated ladder
function are [see Eqgs. (2.4) and (2.8)]

1
A(m)y=LO [j+£ 4+
j(m) J 513
< vy (v) 1 € 1 —
+3I 9L Im=j+—+—;u=m|, (2.16)
v=1 2 2

N
K(x,m;u)=KPx,m)+ 3 n'K"(x,m;p),

v=1

where €e=+1 (or e=—1) according as the unperturbed
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factorization function L‘'®(m)
creasing) function of m.
The normalized key (m =j) perturbed eigenfunction

is an increasing (or de-

W, (x;u) is the solution of the first-order differential
equation
J
— w0 N v (v) ., € 1
Wi (x;u)=¥j;"(x)exp 6217] fK x,j +-2-+E;p,
p=

The closed-form expression of any normalized per-
turbed ¥, (x ;1) function can be obtained stepwise from
the key eigenfunction W ;;(x;u) by using the u-dependent
ladder equations

d
K(x,m +l;p)—g; V, (x;u)
=[A;(w)—L(m + 1,1, 41 (x50) ,
(2.19)
) d )
K(x,m,y)+T W, (x;p)

_[A H')—L(m’.u)]l/zwjm—l( xX;u) .

At the final stage of the ladder process, one sets u=m
and obtains the required perturbed -eigenfunction
¥, (x)=W¥;,(x;u=m).

When perturbed eigenfunctions ¥, (x) far from the
key eigenfunction ¥, (x) are requnred it may be con-
venient to use an alternatwe procedure which provides
the perturbed eigenfunctions as linear combinations of
the unperturbed eigenfunctions [see, for instance, Ref. 15
or 16].

Let us now return to the determination of the per-
turbed ladder and factorization functions, KM (x,m ;u)
and L'™(m;u), and show the interest of choosing, for
the perturbed potential V'¥(x) and ladder functions
K™(x,m), associated expansion basis sets satisfying par-
ticular “ladderlike” properties.

III. ALGEBRAIC DETERMINATION
OF THE PERTURBED LADDER FUNCTIONS
AND EIGENVALUES

A. Determination of the perturbed ladder functions

Let us first consider the x dependence of the
difference-differential equation (2.11) and assume that, at

J

[Bs,(m +1)+Bs 1r§Y(m +1)—[Bs, (m)—Bs ly§\(m

[B,_(m+1)+B, _ 1y (m +1)—[B,_,(m)—8

dx

(N)
—l]Ys—l

=—[A,(m +1)+a,lyMm +1)+[4,(m
ALM(m)=—[Ay(m +1)+aoly"(m +1)+[ 4o(m)—aolyV(m)— Awi" (m) .
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., €, 1 da
K(x,]+2+2,u) Ix Vi(x;p)= (2.17)

In terms of the unperturbed normalized key eigenfunc-
tion W (x), one gets

(2.18)

r
each order N of the perturbation, the perturbed ladder
function can be written

SN
=3 yMm)Y,(x),

s=0

KM (x,m (3.1)

The Y (x) basis set, specific to each factorization type,
is to be chosen so that all terms appearing in Eq. (2.11)
can be expanded on a common basis set y,(x). Namely,
let us assume that one can find suitable associated basis
sets Y (x) and y (x) such that

2K, m)Y,(x)= A, (m)y,(x)+B,(m)y, , (x) ,

ay, (3.2)
dx =asys(x)+Bsys+l(X) ’

Y (x)Y,(x)=T h(s,t,r)y,(x), (3.3)
and that, as a consequence of Eq. (3.3), one can set
N-1 Sy
S KYP0%,mKYN Vx,m)=F wN(my(x), (3.4
v=1 s=0

where the w!"(m) functions originate from the preceding
orders of the perturbation.

Let us note that, if at the first order N =1 of the per-
turbation, w!"(m)=0 and the upper bound S, which is
involved in K'"(x,m) can be chosen arbitrarily, this is
not true for the higher orders Sy. Indeed, owing to the
presence of the term (3.4) in the factorizability condition
(2.11), it can be easily inferred that the value of Sy will
depend both on the values of N and of S,.

When conditions (3.2)-(3.4) have been fulfilled, after
substituting for K'Y and S¥' KKV~ from Egs.
(3.1) and (3.4) into Eq. (2.11) and by equating the
coefficients of y (x) in both sides, one obtains the follow-
ing finite difference e(iluatxons allowing the determination
of the y'¥(m) and L V(m) functions:

=0, (3.5)

m)
—a, Iy Mm)—AwM(m), (3.6

(3.7)

The solution of the first-order linear homogeneous finite difference equation (3.5) is obtainable in closed form. Using
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elementary results of finite difference calculus,'®

YSV(m)=Qs (mkg)

one gets

where kg’ is an arbitrary constant of summation and

T BB,
Q;tm)= 11 B.i+D)+8B,

=1

(3.9)

Then, the inhomogeneous finite difference equations (3.6) can be solved recursively, the integer s descending stepwise
from s =S, down to zero. For each value of s, one obtains the general solution'®

rM(m)=Q,(m) kN +FN(m)], (3.10)
where kS(N 'is an arbitrary summation constant and
FVm)=A""[R{Y (m)/Q,(m +1)],
i) — —[A,(m +D+a,lyNMm + D) +[A4,(m)—a, Iy V(m)— AwN(m) 61D
B, _(m+1)+B,_,
[
At this level, since the F/"(m) functions are defined m—pu Cim—p+1)

within an additive arbitrary summation constant, it is
well advised to impose the following vanishing condition:

FN(m=p)=0. (3.12)

As will be shown hereafter, this imposed condition great-
ly simplifies the determination of the KM (x,m;u) per-
turbed ladder functions satisfying Eq. (2.15).

In order to determine the F{™(m) functions so that
condition (3.12) be fulfilled, it is rewarding to use
Newton’s formula (see Appendix A) and set

n

C Tm—p—n+D0(n+1)

is a generalized binomial coefficient and n!"’ is the degree

in m of F'¥(m). Hence, at each order N of the perturba-
tion, the determination of the F\"(m) functions amounts
to the determination of the values, for m =y, of the nth
finite differences A"FM(m) (n =1,n™).

Using elementary results of finite difference calculus to-
gether with some algebraic manipulations (see Appendix
B), one obtains the following relation allowing an algebra-
ic recursive determination of any A"F¥'=A"FN(m =pu)

(N)
o |m TR flicient in terms of the arbitrary summation constants
(N) 0y — NN, — coefficient in te of the a y
Fm) n§1 no |AET(m=p, (3.13) EM=AFM and of the contributions Aw!Y
=A'w!¥(m =pu) generated from the preceding orders of
where | the perturbation:
Qg nl i (N i+1, (N
A"FN= 3 i |G mMAFN + T (us50,m) A w N (3.14)
u=s+1i=0
where
Iu,s;i,n)=A""""1f (m=pu+i),
(w,s35n f # (3.15)
J(u,s;i,n)=A"_‘_‘guS(m =u+i),
Sus(m)={[4A,(m+1)+a,]0,(m+1)—[A4,(m)—a,]Q,(m)lg,(m), .16

u—1
gus(m)=(—1*"° I[ [4,(m+1)+a ]/‘

t=s+1

Particularly, when A4 (m) is a linear function of m (fac-
torization types A to D) and when also Qy(m)=0, does
not depend on m, the following “reduced” relation holds
for the determination of the A"F!" coefficients in terms
of the constant k\¥'=A°F!™ (see Appendix B):

u—1

m+1)H [B,(m +1)+p,]

Sy—n+1
np(N) —
AF: - 2

u=s+1

[I(u,5,m)A" T EN + F s, A w,N]

(3.17)

where
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Hu,s,n)
(n+u)AAd,+A,(m=0)+aq,
B, ’

(_l)u‘s u—1
3 IT

u—1l t=5+1
Ju,s,n)=(nA A, +2a,)Fu,s,n) .

The coefficients I(u,s;i,n) and J(u,s;i,n), or the re-
duced ones J(u,s,n) and &(u,s,n), do not depend on the
order N of the perturbation; as a consequence, for a given
problem, one can calculate once for all the expressions of
the A"F!V in terms of Sy (see Appendix B) and, then, use
the same expressions at the successive orders of the per-
turbation. At the first order (N =1) of the perturbation
w!(m)=0, and the final expressions of the A"F\" will
involve only the k!'"=A°F\" constants. At the higher
orders (N > 1) of the perturbation, the A"F{* will con-
tain, in addition, the contributions A’ "'w!"" which are
already known functions of the A'F\" of the preceding
orders (v =1 to N —1) of the perturbation (see Appendix
O).
Once the A”FS‘N ) coefficients have been computed, the
perturbed ladder function K'Y(x,m) is completely

known and involves the arbitrary summation constants
k” (v=1,N;u =0,S,)

K™NM(x,m;p)
va ”1!\/) m_#
_ N (M4 N ng(N)
SZ:‘,O Y (x)Q;(m) | kg +n§l n  |A"F;

(3.18)

The value of the upper bound ns(N) in (3.18), i.e., the de-
gree in m of F\Y(m), is easily obtainable from expression
(B3) of AF™.

The factorizing perturbed potential U'™(x,m ;u) asso-
ciated with K‘N)(x,m;,u) is given by Eq. (2.12) and, as
w(eg’l) as KW(x,m;u), depends on the arbitrary constants
k™.

Let us now consider the perturbed factorization of
eigenequation (2.1) with a given ¥(x,m) physical model
potential (2.13). In the same way as within the exact fac-
torization scheme, in order to apply the method to a
given problem, one has to determine the expressions of
the k'™ constants in terms of the data specific to that
problem by matching ¥'V(x) with UM (x,m;u). From
expression (2.12), it is easily seen that the theoretical fac-
torizing perturbed potential U'™(x,m ;u) associated with
KM(x,m ;i4) can be written as a finite expansion on the
y,(x) basis set. Consequently, in order to match VM(x)
with U'™(x,m ;p), one has first to expand the ¥'¥(x) on
the y,(x) basis and to set

Sy+1

V(N)(x)z 2 bs(N)ys(x) ,

s=1

(3.19)

where the b"’ constants are specific to the physical mod-
el potential under consideration.

Hence, using the artificial factorization device, the
determination of the K(N)(x,m;p;bi(”’) ladder function
associated with ¥'¥(x) amounts to the determination of
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the K‘Y(x,m ;u; k") function satisfying condition (2.15).
Introducing the expressions (3.1), (3.2), (3.4), and (3.19) of
the perturbed ladder and potential functions into the con-
dition (2.15) and equating the coefficients of y,(x) in both
sides, one obtains the following relations to be satisfied by
the y™(m) and LY (m) functions:

[Bs, (W) —Bs Wy (w)=—b5" 1 (3.20

[A,(p)—a ]Y(SN)(#)+[BS () =B —1]?’(5@1(#)
=—=bM—wMu), (3.21)

LNuw)=—[4o(p)—aolyiM () —wi™ (u) . (3.22)

As a consequence of the vanishing condition
F¥(m=u)=0, it follows that y'¥V(u)=Q (u)k [see
Eq. (3.10]; then, Egs. (3.20) and (3.21) allow the deter-
mination of closed-form expressions of the arbitrary con-
stants k'Y in terms of p and of the 5" expansion
coefficients of the ¥'V(x) potential.

Indeed, for s =S, using (3.20), one gets

(N
o bsy's i
Sw Qs, (w)[Bs, (1) —bs ] '

(3.23)

For s#S), one applies (Sy —s) times the two-terms re-
cursive relation (3.21) and obtains

Sy+1
KV="3 C,(wbM+wMw]l, (3.24)
u=s-+1
where
u—1
I1 (4, (p)—a]
Cus(/,l.)'—_-‘ t-:+u141

t=s

Finally, the required expression of the perturbed ladder
function KV(x,m;u) associated with each given physi-
cal model perturbation term ¥'V(x), readily follows from
the general expression (3.18). It involves, by means of ex-
pression (3.24) of the k", the expansion coefficients b."’
of the perturbations ‘¥ (x) on the suitable basis set y(x)
and, also, via the already known expressions of the
w™M(u) and A" 'w!™ in terms of the k;* (see Appendix
C), the b."’ coefficients originating from the preceding or-
ders of the perturbation (v=1,N —1).

B. Determination of the perturbed eigenvalues

At each order N of the perturbation, the perturbed fac-
torization function L'V (m;p), associated with V'¥(x), is
the solution of the first-order difference equation (3.7).
Let us use again the Newton’s formula (see Appendix A)
and set

"101\1'1
L‘N’(m;u)=L(N’(u)+ 2
n=1

where LM (u) is given by Eq. (3.22).
Introducing the (n — 1)th discrete derivative of expres-

m—
B AmL ™(m =u),
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sion (3.7) and using few algebraic manipulations, one ob-
tains

L™Nmsp)=—wg" (m)—Ao(m;p)k "
10’V)
-3 A (myu)A"FN (3.25)
n=1
where
nlNi .
0o m—u | Jj |I
}»,,(m;,u)=2 [ j _2 n | Zi(1)
j=n i=n

XA Qo (m=p+n),
(3.26)

Zoo(‘u-)— Ao([Jv)_aO y

and, for j >0,
Z, ;(W=2atjAAds(im=p+j—1),
I j=i . .
Z,(p)= i AN Agim=p+j—1), i<j—1.

Particularly, when Agy(m) is a linear function of m
(factorization types A to D) and when, also, Qy(m)=Q,
does not depend on m, the expression (3.26) reduces to

(3.27)

A,,(m;,u)=Q0[ [ag+ Ag(u+n)]

+ [200+(n +1)A A4,]

n>0.

Closed-form expressions of the A"F3" have been ob-
tained in terms of the expansion coefficients b/” of
V'™(x), when computing the perturbed ladder function
KM (x,m;u); therefore the perturbed eigenvalue is readi-
ly found: ANV (m)=L™M(m =j+e/2+1/2m=p).

It is interesting to note that, when rearranging the
terms in order to put in evidence the coefficients of
(b,Y+w,™) in the expression of A{M(m), one obtains
Sy+1

S Ay BN +wM)+(),

s=1

AN (m)= (3.28)
where () stands for the contributions involving the
A'w ™ and the (y,) do not depend on the order N of the
perturbation.

When comparing the first-order (N =1) expression
A(j”(m) with its alternative first-order expression within
the classical Rayleigh-Schrodinger framework, it follows
that (y,) is merely the expectation value of y (x) be-
tween the unperturbed eigenfunctions ‘I/(O (x) of Table II;
in other words, one obtains, as a by- product of the com-

putation of the eigenvalues, closed-form expressions of
the diagonal matrix elements

<ys>=f WPy (x

Such integrals, involving products of Jacobi, Laguerre,
or Hermite polynomials, are not always trivial and easy
to compute by brute termwise integration. Let us men-
tion that they can also be obtained in closed form by
means of an algebraic procedure.>®

(3.29)

C. Practical use of the perturbed ladder operator method

General expressions (3.18) and (3.25) of the perturbed
factorization instruments K'V(x,m;u) and L'V (m;u)
associated with a given perturbation ¥'¥(x) have been
derived. They are valid for any order N of the perturba-
tion and allow perturbed factorization of any eigenequa-
tion which can be viewed as a factorizable equation with
an additional perturbation V(x)

dZ

——5 +U0x,m)+V(x)+A;(m) |,

dx? m(X)=0,
X

(3.30)

where
V(x):nV(li(x)+n2V(2)(x)+ s

— o AlD 25(2)
A;(m)=nA(m)+n"A;(m)+

Let us briefly summarize the main steps of the compu-
tation.

(a) Once the unperturbed potential U'®(x,m) has been
chosen in Table I and a suitable expansion basis set y (x),
satisfying the selective conditions (3.2) and (3.3), has been
found for the perturbating potential V(x), closed-form
expressions of the functions Q;(m), A, (m;u), C,(u) and
of the bounds Sy and n!™ appearing in the expressions
(3.18) and (3.25) of the factorizable instruments
K™(x,m;u) and L'Y(m;u) are easily obtainable [see
Egs. (3.9), (3.26), and (3.24)]. They are valid and will
serve at the successive orders of the perturbation.

(b) At each order N of the perturbation, the determina-
tion of the theoretical perturbed ladder function
K™ (x,m ;u) and of the perturbed factorization function
L™ (m ;u) amounts to the algebraic recursive determina-
tion of the required A"F™ coefficients (s =0,
Sy;n=1,n") in terms of the arbitrary constants
kN ’—AOF (m, ; one uses either the algebraic recursive rela-
tion (3.14) or the reduced one (3.17). At the first order
N =1 of the perturbation, A"w!"’=0 for any n and u. At
the higher orders N, one has to take into account the con-
tributions of the A"w'" increments originating from the
preceding orders (v =1,N —1) of the perturbation and
involving the kj(- v constants (j =0,S,) (Appendix C).

(c) One uses the closed-form expressions (3.24) of the
kN constants in terms of the expansion coefficients b
of the given perturbations ¥'V(x) on the y (x) basis set
and obtains the required perturbed eigenvalue
A‘N)(m)*L(N) (m=j+e€/2+1/2;u=m) and ladder
functlon associated with ¥'V(x). Following the class of
factorization of the unperturbed problem: €= +1 (class
I) or e=—1 (class II).
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TABLE III. Perturbed type-A and -B factorizations. Suitable basis sets and associated data.

Type A B
2s
Y, (x) a’ tangz)i a’exp(asx)
2s+1
Y (x) a tan% a exp(asx)
A(m) d+m —2m
B,(m) d—m 2d
a, s+1/2
B, s+1/2 0
0.(m) (s—d+m—1/2),, 1
* (s —d +1/2),,
Y Y, Yoii Y.,
Sy NS, +N—1 NS,
n™ 2Sy—s) Sy—s
Aolm;p) 2m —pu+d—1/2 2m
An(mu) (n+d+n+1/2) [’";f‘]+<n+2) ’Z;{‘] 2u+n) "’;“]+2<n+1){’;’;{‘]
(s —d+1/2)(u —p—d —1/2),_,_ ‘T
Cuslp) (u+2u—dfl/2)uH ] T 2a | T2

Common functions such as powers of x, powers of tri-
gonometric functions, or exponentials will satisfy the
selective conditions (3.2) and (3.3), and will provide ade-
quate expansion basis functions y,(x) for the perturba-
tions ¥'"M(x). Several illustrative examples, concerning
factorization types A to D, have been reported in Tables
III and IV. Let us remark that, in several cases, since

Q,(m)=1, the computation of the A"F' and of the
A,(m;p) can be performed by means of reduced formu-
las, such as (3.17) instead of (3.14) and (3.27) instead of
(3.26).

Let us emphasize that the main formulas to be used are
the expressions (3.18) and (3.25) of the factorization in-
struments K™ (x,m;u) and L'Y(m;u) together with

TABLE IV. Perturbed type-C and -D factorizations. Suitable basis sets and associated data.

Type C D

ys(x) x3 x¥ XsHa(b'2x)

YS(X) x25+l x2:+1 b_l/2X5+lH2s+l(bl/2x)

A (m) 2m 0 1

B.(m) 2b 2b 1

a; 2s +1 2s +1 1

Bs 0 0 0
s+er+1

YsYz Ys+1+1 Vs+1+1 [2 }h(sytru)yu
u=is—t

Q,(m) 1 1 1

Sy NS, +N—1 NS, +N—1 NS, +N—1

n!® Sy—s Sy—s Sy—s

Aolm;u) 4m —2pu—1 2m —2u—1 2(m —p)

. m—u m—u m—pu m—pu m-—u m-—pu
im0 (M ey [ ][ [ g
(u—s—3/2), -5 (u—1/2), -,
C - -_—— 5,
us (1) 2b“s 2B s s+




42 PERTURBED LADDER OPERATOR METHOD: AN ALGEBRAIC...

formulas (3.14), (3.26), and (3.24) (or their reduced ver-
sion). Other equations are mostly intermediate ones re-
quired for the demonstrations.

IV. ILLUSTRATIVE APPLICATIONS

In the present paper our attention has been focused on
the factorization types A to D with unperturbed ladder
functions K'®(x,m) which are linear functions of the
quantum number m (see Table I). The type-A factoriz-
able equation, i.e., the transformed Jacobi eigenequation,
is of particular interest in computational physics; it is
then interesting to work out at least one example of per-
turbed type-A factorization. As already known,!!°~2!
the Morse potential model leads to the solution of an ex-
act type-B factorizable eigenequation. Thus, perturbed
type-B factorization is of particular interest for an ela-
borate computation of diatomic rotation-vibration per-
turbed Morse-Pekeris energies, wave functions, and ma-
trix elements. Particularly, it is expected to be useful for
comparative studies of the rotation-vibration intensities
of diatomic molecules, and/or for calculating the centri-
fugal distortion contributions to their rotational spectra,

|

28y
k" — 3 A, A"FGY

n=1

LN(m;u)=—2m—p+d—

1
2

S 25 +1 25, —2s
N ax N N
KNVx,m;p)=3 tan=—~ o,(m) |kV+ 3
s=0 n=1
where
m—u m—pu
Ay =(pt+td+n+3) | 1+ +2) | |-

m—p
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when the radial dependence of the fine-structure interac-
tion terms is taken into account.?? In the present paper,
for sake of brevity, we give only the starting data con-
cerning one example of perturbed type-B factorization
(see the second column of Table III). Perturbed factori-
zations of harmonic-oscillator eigenequations are studied
in detail; let us recall that the radial equation of the D-
dimensional simple harmonic oscillator is simply related
to a type-C factorizable equation (see Appendix D), while
the one-dimensional linear harmonic oscillator is relevant
to type-D factorization (see Table I).

A. Perturbed type-A factorization with the associated
basis functions y,(x)=a[tan(ax /2)]*

Let us assume that the perturbations can be written
Sy +1 2s

V™(x)=a> ¥ b

s=1

(4.1)

ax
tan——
2

The perturbed factorization and ladder functions associ-
ated with V'V(x) are, respectively [see Egs. (3.18), (3.26),
and the first column of Table III],

(N)
A"FN |

Since Q,(m) does depend on m (see Table III), one has to compute the required A"F'"Y in terms of the k\¥'=AF™
by means of the general relation (3.14). Using Eq. (3.16), one gets

fum)=[2m+1DQu+1)—2d u+d+m+1/2), _,_(u—d+m—1/2),_,_,,
gu(m)=(s —d +1/2),,(u+d +m +1/2), _,_/(s—d +m +1/2), ., ,

where
(m),=m(m—1)---(m—u+1).

Closed-form expressions of the I (u,s;i,n) and J(u,s;i,n)
coefficients appearing in (3.14) are obtainable without
special difficulty by using both Eqgs. (4.3) and the expres-
sions (A4) and (AS5) of the nth discrete derivative of (m),
and 1/(m),.

As an illustrative example, let us apply these results to
the determination of the perturbed type-A eigenvalues as-
sociated with the following perturbing potential function:
2

4
+b% tana—zx—} ] . 44

(4.3)

r
In order to avoid reproducing cumbersome expressions,
we have limited ourselves to the second order (N =2) of
the perturbation and chosen the low values S;=0 and,
consequently (see Table III), S, =2S,+1=1.

1. First order (N =1) of the perturbation: S,=0

The theoretical perturbed factorization and ladder
functions are [see Eq. (4.2)]

LY m;u)=—2m—pu+d—1/2)k{" ,
(4.5)
K(”(x,m;,u):ké)“tangz1 .

2. Second order (N =2) of the perturbation: S,=1

The perturbed factorization and ladder functions are
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) ) mTH mH (2)

L2(mp)=—m—p+d —1/DkF — |(u+d+3/2) | | |+3| AF¢

m— m—pu
— [(u+d +5/2) 2“ +4| 5 A’F%
3 (4.6)
m — m—
KP(x,m;p)= |k + 1“ AFQ + 2“ NFQ | tan S+ 0, (m) tanﬁz?‘—l :
|

where AFE,Z): 6&3 +23“Zd k(12) ,

0,(m)=(m —d+1/2),/(3/2—d), . (3/2—=d), “s)
In order to obtain the required AF{ and A*FY A2F§)2)=—~6——k(12).

(3/2—d),

coefficients, one has first to calculate the contributions
w*(m;u) originated from the first order (N =1) of the
perturbation. Let us use their definition (3.4). Since on
the one hand, (K'")*=(k{!)}[tan(ax /2)]? and on the
other hand, (K")?=w{?(m)[tan(ax /2)]?, one gets

wi=(k{")? AwP =0 for any i#0 . 4.7)

Then, one uses the general expressions (B4) with Sy =1,
I1(1,0;0,1)=fo(m =p), 1(1,0;0,2)=Af,,. From Eq.
(4.11) one gets fo(m)=(6m+3—2d)/(3/2—d);
Af10=6/(3/2—d), and, since Aw'? =A%w'? =0, one
obtains

J

(Sy—d +1/2)5_

3. Expression of the total eigenvalue and ladder function

One now has to express the arbitrary constants k. in
terms of the expansion coefficients b;" of the perturbed
potential ¥'¥(x). Since the maximum value of S N 1S
S| =1, one first writes down, once for all, the required ex-
pressions to be used for N =1 and 2. Picking up the ex-
pression of C, (u) from the first column of Table III and
using Eq. (3.24), one gets

kN = pN
SN (SN+.U'——d+1/2)2SN+1 Syrio (49)
(Sy—p—d+1/2)b{, | bs™ +wg
kY =(Sy—d—1/2)ys _, et X a
N N (SN+IJ‘_d+1/2)2SN (SN+.u‘_d—l/2)ZSV—]
Setting, successively, N =1, Sy =S,=0and N =2, Sy =S8,=1in these expressions, one finds
(1)
kD= b
©  (u—d+1/2)"
(3/2—d)
kP =— 2 @ (4.10)
(u—d+3/2)
(1)2
k(2)=_ ([l+d—3/2) (2) 1 2) —('L
0 (p—d+3/20u—d+1/2) 2 ' pu—d+1,2 (w—d+1/2), |

The expressions of the perturbed eigenvalues Al{"(m)

and A?(m) directly follow from the expressions (4.5) of

L'Y(m;u) and (4.6) of L ®(m ;1); one replaces m by j=j+e€/2+1/2, u by m and, rearranging the terms in order to
put in evidence the coefficients of the given potential expansion coefficients b.”, one obtains

2
A;”(m)=< tan < >b‘1”,
2
(b(l))Z
(2) — ax (2) !
; = —_ +— |+
A= Jtan ‘> e TRO

where

(4.11)
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+[(2m +2d —3)m —d —1/2)+

+24

1107

2 -
a2< tan 2* >:2j—m +d—1/2
2 m—d+1/2 ~
) 1
2 ax N\ — —d—
a< tan 5 > (m—d +3/2), (m+d—1/2),(m —d —1/2)

(m+d+3/2)(6m +3—2d)]

j—m
1

j—m
3

Finally, the total eigenvalue and total ladder function of a type-A eigenequation (3.30) with a perturbing potential

J
+24(m+1) |,
(4.4) are
— ,2(; 2 1 2402
Aj(m)=a*(j+e/2+1/2)+ A (m)+9°AP(m) ,
K(x,m;u)=

The computation could be pursued up to higher orders
of the perturbation without special difficulty, the central
point being, at each order N of the perturbation, the
determination of the Aw'™ in terms of the k,(v) of the
preceding orders (v =1 to N—1;, u=0to Sl,) and then
the determination of the A"F'Y in terms of the k.’ and
Alw!M

The results are valid for both classes of factorization:
for class-I problems, i.e., when the constant a involved in
the unperturbed potential U'®'(x,m) is a real constant,
e=+1, j=j+1, while for class-II problems, i.e., when a
is a pure imaginary constant, e=—1, j=j. Problems in-
volving spherical harmonics or symmetric-top functions
are relevant to class-I factorization (see Appendix D),
while the use of perturbed type-A factorization for
finding, for instance, an analytical approximate solution
of the Schrodinger equation with a Gaussian potential re-

(4.12)

D, m )+ K Px,m;u) .

quires class-1I factorization.?’

Let us remark that, as a byproduct of the computa-
tion, compact expressions of the  diagonal
(jm|[tan(ax /2)]*|jm ) matrix elements (k =2,4) be-
tween the unperturbed type-A eigenfunctions (see Table
II) have been obtained. As already pointed out,>>® such
integrals, involving products of Jacobi polynomials, are
not so easy to calculate by brute termwise integration: a
possible way (valid for diagonal and off-diagonal in-
tegrals) is to use the orthonormality property of the
eigenfunctions after expanding the Jacobi polynomials
P;*P(cosax) on the finite basis of the P;*"'(cosax) by
means of Miller’s formula?*

w_ _ Dla+B+v+k+1)T(a+b+k+ 1) (a+v+1)

C
k (v

—k)W(a+B+v+1)T(a+b+2k+1)T(at+k+1)

X Fy(k —v,a+B+v+k +1l,a+L,a+k +1,a+b+2k+2;1).

3F,() is a hypergeometric function. When working out
analytical expressions of the A;‘V’(m) within the classical
Rayleigh-Schrodinger perturbation scheme, the final ex-
pressions of the A‘jN)(m) involve intricate and hardly re-
ducible summations.

B. Perturbed type-C factorization with the associated
basis functions y, (x)=x>

Let us assume that the perturbations can be written
sw +1

=3 b¥

s=1

yV(x (4.14)

The associated perturbed factorization and ladder func-

P\*Plcosax)= 3 C'Pi*"(cosax) , (4.13)
k=0
where
I
tions are (see Table IV)
S’\
LNYm;p)=—@m—2u— kM — 3 A, A" FN
" (4.15)
KN 25+1 | 1 (N) L |m—p ng(N)
(x,m;u)= 2 x kM + ,,21 n A"F; s
where
— m—pu
A, =Q2u+2n+1) +(2n +4) n+1
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Since Q,(m)=1, the reduced relation (3.17) holds for
the determination of the A"F™ coefficients in terms of
the k{V=A°F™. One gets

Sy—n+l1

>

u=s+I1

u-—s

(utu+n—1/2), s,

A'F N = p

X[(2u+n—DA"T'FN+ 1AM .

(4.16)

As an illustrative application, let us apply these results
to the determination of perturbed ladder functions and
eigenvalues up to the fourth order (N =4) of the pertur-
bation and consider the octic anharmonic perturbation

V(x)___,r’b(ll)x2+n2(b(12)x2+b(22)x4)
b P2+ b P x b Px )
+* b x4+ b Px4+bPx+bx®) . 4.17)

In order to avoid reproducing too many results, the low
values S;=0 and (see Table IV) §,=2§5,+1=1,
S,=3S,+2=2,and S, =4S, +3=3 have been chosen.

One writes down, once for all, the required expressions
of the A"F'¥ to be used at the successive orders of the
perturbation. Using Eq. (4.16), one gets

AF = —% (2Sy +2)ks, +1Aws, |,
AFSN_2=—%P(SN—1,1)+ ;12—(#+SN+1/2)P(SN,1) ,

Lp(sy—2,1)

AF5 3= b

+.b1_2(#+sN—1/2)P(sN—1,1)

-$<u+sN+1/2>P(sN,1) : (4.18)

AZFSN—2= —%P(SN— 1,2),

NF = —%P(SN——Z,Z)
+_bl;(p+sN+1/2)P(sN—1,2) ,

NFs, == P(Sy=23).

The shortened notation k, =k!M'=A°%FN, A"F, =A"F™,
]

m—
L®m;u)=—(4m —2u— Dk + [(2u+3) 1” +6

Km(x,m;,u)= k£,3’+ AF£)3)+ AZFB” x+

m—p
1

m—p
2
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m—p

and P(s,n)=(2s +n+1)A" 'F¥V+1A"™ has been
used.

1. First order N =1 of the perturbation: S;=0
The perturbed factorization and ladder functions are
LYm;pu)=—(4m—2u—1k{"

(4.19)
KV, m;u)=kix .

2. Second order N =2 of the perturbation: S,=1

Let us first calculate the contributions A'w? originat-
ing from the first order (N =1) of the perturbation.
Since, on the one hand, (K‘V)?=(k{")x?, and, on the
other hand, (K")?=w!? (m)x?, one gets, for any i,

w(12) =(ké)” )2, Aiw(12)=0 .

(2)
u

(4.20)
The perturbed factorization and ladder functions are

LP(m;u)=—(4m—2u— 1k

m—p
1

m—p

+ 2

(2u+3) +6 AF(Y |

(4.21)

K(Z)(x,m;,u)= AF&Z) x+k(12)x3,

m—p
k§ + ‘ |
where [see Eq. (4.18) with Sy =1]

AF52’=—%k‘12’ )

3. Third order N =3 of the perturbation: S;=2

Since, on the one hand, 2KVK®=w'¥(m)x?
+w5(m)x* [see the definition (3.4) of the w M(m)],
and, on the other hand, 2K'VK?=2k{V[k{»
+("MAFP 1x2+2k(Vk{Px* [see Egs. (4.19) and
(4.21)], one gets the following nonvanishing increments
originating from the preceding orders of the perturba-
tion:

(3) =~ (1) (2)
wy =2ky’ky
Aw(l3)=2k‘(:)l)AF82) ,

w(23) zzké)l)k(lZ) .

(4.22)

The third-order perturbed factorization and ladder
functions are

m—p
2

m—u
) AFY — |(2u+5) +8 | ;5 A’FP

(4.23)

AF(]}) x3+k(23)x5 ,

m—p
k‘,3’+[ |
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where [see Eq. (4.18) with Sy =2]
6

AF(lzjz_Ek(zm ,

AP = ut 5 /0K 2k = L,
30

AZF(().’))_____zk(z}) .

4. Fourth order N =4 of the perturbation

Usmg, on the one hand, the already known expression
of 2K VK +(K?)? [see Egs. (4.19), (4.21), and (4.23)]
and, on the other hand, their definition (3.4), the w\¥(m)
are obtained as series of (] #). Such series can be
viewed as their Newton’s expansion and one gets

w® =2k VKB + (kP )
w =2k VKD +2k Pk P
Awy =2k AF +2k P AFP

w(14)=2k(0”k§)3’+(k2)2))2 , (4.24)
Awi® =2k AF +2k P AFP +(AFP)?
APw(Y =2k (N ATFP +2(AFP ) .
The expressions of the factorization and ladder func-
tions follow from Eq. (4.15), with ¥ =4 and Sy =3, and,

for brevity, are not reproduced. From Eq. (4.18) with
Sy =3, one obtains, after a few algebraic manipulations,

AF‘Z‘”=—%k(3‘” ’
AP =t 172k — 2P+ )
A== (u+7/2)k4
+—b6—(,u+5/2)(k“”+ L Aw®)
4 @ LA,
— 4 LA (4.25)
J
A(l (x2)b(l
AP (m)= (x>} (b +wi)+(x*)b P

A
A;”(m):(xz)(b‘,”+w‘13))+(x4)(b‘23’+w‘23’)+(x6)b‘33’+71

(4)
A (m)

Ay
—[bAw“"

where X, =(2m +2n +1)(J ™)+ (2n +4)(I 3"

AZF(]4) 54k|‘4 ,
b 3

96

e T (n+7/2)k + 3

A =—— bo kY 4+ LAws

1
" 2b
_ 336

b3

2
SoAwY

A3F(04) k(4)

5. Expressions of the total eigenvalue and ladder operator

The last step of the computation is the determination
of the arbitrary constants k!" in terms of the potential
expansion coefficients b/”. One picks up from the first
column of Table IV the expression of C, (1), and using
Eq. (3.24), one obtains the following required expressions
to be used successively for N=1 and S, =0, N =2 and
S,=1,N=3and S;=2,and N =4 and S,=3:

1

kSN':EbS_Vﬁ—I ,
_——1—*( —Sy—1/2)b +— L bs,,
Sy—17 252 KON /2) Syt 9
1
SN—ZZF(“_SN—F1/2)2bSN+1
1 1
“W(M-SN-FI/Z)bSNWL b bs 1> (4.26)
ksh.fsz‘W(#*SN'*:’/ZBI)SNH
+511)—3<u—s,v+3/2)2bs~
2b2(,u Sy+3/2)bs, 1+ 2bb51v—2 ,

where k, =k and b, =b"+w!". Using these expres-
sions together with the above expressions of the factori-
zation functions L'‘™(m;u), substituting m with
j=j +€/2+ 1, p with m and rearranging the terms, one
obtains

Aw(, 4.27)

=(xD b +w)+{(x) b +wi)+(x) (b +w{)+(x®)bY
X,
(m+5/2)Aw“‘>]+T (A%w'® —5A%2w5") ,

™), the A'w '™ are given by Egs. (4.20), (4.22), and (4.24), and
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(x2)=—'%(2f—m —-1/2),

<x4>=;15 [(m —1/2),+(6m+3) l] ;|12

<x6)=—;1§ [(m—5/2)3+3(4m2+4m+5) g 1

+30(2m +3)

j—m
3

+120

j— i
(x —b14 (m —7/2)y+5(4m>+6m?>+23m +21/2) [* | |+15(12m>+40m +49) | ,
j= j—m
+420(2m +5) 3 +1680 4
I
For class-I problems (J~™)=(’*'), while for class-II v+1 v+1
problems = 2|, 41| forclass I
jmmy o |To| i v+n—1 v+n
n 1T a T n , A, =(—1) " =2, 41 || forclassII.
where v =0,1,2, . ...

Finally, since L'O(m)=—4bm (see Table I), for both
classes of factorization (e=-+1 or —1), the total eigen-
value of the eigenequation (4.12) with the perturbing po-
tential (4.13) is
Aj(m)=—4bj +nA (m

j VAP (m)+ P AP (m)

+7* A (m) . (4.28)

The expression of the associated ladder function follows
from Egs. (2.8) and (4.15) (with N =4 and S, =3) and, for
brevity, has not been reproduced.

C. Perturbed type-D factorization with the associated
basis functions y, =x %

The perturbations and the associated ladder function
are still given by Egs. (4.14) and (4.15), while the associat-
ed factorization function is (see Table I1V)

Sy

LN m;u)=—2m—2u— Dk — 2 A, AMFY

n=1
(4.29)
where
m—pu m—pu

k,,-‘ +2 n+1 (4.30)

One substitutes (m —p) with (v +1) or (m —pu) with

(—v) for class-I problems (b <0,e=+1) or for class-II
problems (b >0,e=—1) and one gets the following ex-
pression of the perturbed eigenvalues:

Sy
S XA

n=1

AN=—2eb(v+1/2)k — (4.31)

where

Since Q,(m)=1, the reduced relation (3.17) holds for
the determination of the A"F" coefficients in terms of

the kM'=A°F'N. One gets
Sy —n+1 u=—s
AnFS(N)z 2 —_— (u +1/2)u—s
u=s+1
Anw(N)
AnNTIpN L T T 4.32
u 4u+1/2) ( )

As a short illustrative application, let us consider the
solution of a perturbed type-D eigenequation (3.30) with
the sextic perturbating potential

V(x)=nb{"x>+b5"x*

+Ab P x2+b x4 +bPx0) (4.33)
The maximum value of Sy is §,=2S,+1=3. The re-
quired expressions of the A"F!Y to be used at the succes-
sive orders of the perturbation are easily obtained by
means of Eq. (4.32) and a few algebraic manipulations,

2 _
AFSNA1=~E(SN+1/2)kSN ,
2 — 2 _
AFSN_Z-—?(SN+1/2)2kSN~;(SN—1/2)kSN_1 ,
_ 2 — 2 _
AFSN_3——F(SN+1/2)3kSN+;2—(SN—1/2)2k5,~f1
2 _
_3(5',\,—3/2)kSN_2 ,
4 (4.34)
AstN_zzp(SN*”l/Z)zksN ZbA Ws, —1
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AFy 4= ~%($N+ 1/2)31?5N+—;7(SN—1/2)21?5N41

1
+F(SN_—3/2)A2LUSN_I— EAZwSN_Z ’

8

F(SN +1/2)3ks, + —l—(sN —3/2)Aws,

A3FSN~3=E— b2

1
20

where the shortened notation k,=k\"+[Aw,/4(u
+1/2)] is used.

Picking up the expression of C,(u
using Eq. (3.24), one gets

—A° Ws, —2 »

) from Table IV and

Syrlo[ e
KV==13 4| w-1/2),,
u=s+1 b
X (N +wN) . (4.35)
Particularly, at any order N of the perturbation
ks.=——=—b
SyT T pp USytle
1
ksNﬂ sz(SN+1/2)bS 1 beSN,
1 (4.36)
kSN,_2="F(ASN_{'_1/2)2bs}v+l_F(;S’N_1/2)[)5!V
1
_EbSN~l’
1
ksNﬂ:_Eb*;(SN"'1/2)3bsy+1_‘2b_3(SN“1/2)2175\.
L (Sy—=3/20bs. 1~ b
‘;z_(SN /2) Stvﬁl 2b S[\'_Z’

where k, =k\™ and b, =bV+w! ™.
1. First order N=1 of the perturbation: S,=1

The perturbed ladder function and eigenvalues are [see
Egs. (4.15) and (4.29)]

K(l)(x,m;‘u)z [ké)l)_{_ [m 'l—,u}AFz)l)}x +k(11)x3 ,

AV =k =2k +AF)

v+1]
1
—2AFV {U ;1 ] for class I , (4.37)
AS =k + 2k +AFE) [‘I’J

—2AF(V [v ;_1 } for class II ,

where [set S =1 in Egs. (4.36) and (4.34)]

1

ki=— L

1 T

=3 po_1,m

0 4b2 2 2b 1 ’

3 3
AF(])— k(l) b(l)
0 262 °

1111

2. Second order N=2 of the perturbation: Sy =3

the

Since on one hand, (K'")?=w'?(m)x>
(21(

+w? (m)x*+w )x°, and on the other hand [see Eq.

(4.36) and use ("X =({)+2(1].

(K'V)y?= [k5+(2kOAFO+AF5> {"’ K ]+2AF§]x2
moH ]AFO

one gets the following expressions of the w,?*'

w (m)=(k{" ),

+2k, |ky+ x4+ kix®

(m).

wi (m)=2k "k +2k\V AF) [’" 1““} , (4.38)

wi? (m)= (k! + 2k AFY +(AFY)?] \’" ]‘“]

+2(AF (1) [m 2‘“] )

The required nonvanishing expressions of the
A"wP'=A"w P (m =p) directly follow from the compar-
ison of these expressions with their Newton expansion
[see Eq. (A9)].

The expression of the perturbed elgenvalue AP i
terms of the k\*' and nonvanishing A'w'?’ is given by Eq
(4.32) where [see Eq. (4.34) with N =2, Sz =3]

105 15 3 3 1
AF =——"ki+—Sk,— =k +——Aw,— —Aw, ,
0 3t 2b22 b ap2 w; bwl
AFP = 105k +—k +—32—Aw2——fA w, , (4.39)
b3 2b
105
A3ng’=———b3 ks,
and, finally, in terms of the potential expansion
coefficients, one gets
105 15 3
ki =——b*— —(by+w;)— ——(b, +w,)
0 16b2 8bS 0 4pr 2
1
Zb b +w1) N
105 15 3 15 3
AF =—"rb,— ——b;+—=b wyt —sw
O gptt 23 3 2p202 gpr T gp2 2
3 1
+mAw2—EAw] ,
(4.40)
105 15 15 3 1
2102 _ 1
ARG = e bs T gpita T gy s 267 2T 3 A
105
3p2
A°F 2b4b4'

The associated perturbed ladder function K'¥(x,m :u)
directly follows from Eq. (4.15) where the required
(u#0) A"F.? are given by Eq. (4.34) (set N=2 and
Sy=3).

Finally, since L'”(m)=—2bm (see Table I), it fol-
lows that 2E=AQ+b(2m +1)=—2b(j +€/2+1/2)
+b(2m +1)=—2be(v +1/2) and the total eigenvalue
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of the perturbed type-D eigenequation, with the pertur-
bating potential (4.33), is

E,=—belv +1/2)+ 1AV +1AP .

As a particular case, let us consider the x*-perturbed
harmonic-oscillator eigenequation

dZ
—5 X 2—2gx*+2E |W(x
dx?

)=0.

Setting b'!) = —2q and otherwise b."’=0 in the above re-
sults, one gets, at the first order of the perturbation

RN

1
k(l)z- ,
1 bq bzq’

and, for both classes (b=—1,e=+1orb=1,e=—1)
one finds
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51 [vp+2 51 v+1] 21 u]
o |_21 o1 _ 21
E, 2 13 I+ Rt
—% g? for class II .

It is easily checked that these two expressions of E'? are
quite equivalent and, as well as E\", give again previous
results. 2’

Of course, the algebraic recursive determination of the
A'™ can be pursued up to any order N of the perturba-
tion without special difficulty: the expression of the k"
in terms of the potential coefficients is straightforward
[see Eq. (4.36)] while the determination of the A"F." and
of the A'‘w."’ only requires some few algebraic manipula-
tions.

D. Perturbed type-D factorization with the associated
basis functions y,(x)=yx,H,,(b'/*x)

E(V=1A=3g|" +1 ]-{-iq Let us use the expansion of the perturbating potential
: 2 ¢ V(x) on the Hermite basis®® and set
At the second order N =2 of the perturbation, the ex- S,v+1
pressions  (4.40) reduce to k{'=—21q%/4b° YV M(x)=3 bNx,H,(b'"*x), (4.41)
AFQ =0, A*F@® =—51¢%/2b°, and one finds s=1
where the factor y,=b(s —1)!/2(2s —1)! is introduced
E¥= |- S1 [v ;’”1 } 3Ly ;_1 ]— % [U +l ] for computational convenience and we have limited our-
2 4 selves to class-Il problems (b>0,e=—1,m—j=v
21 =0,1,2,...).
+== |g? forclass I, The associated perturbed factorization and ladder
8 functions are
J
S\
L(N)( ”u)___z(m /L k(N) 2 }\’ AnF(Ni
n=1
5 s (4.42)
K(N)(x,m;‘u):b_l/z2X5+1H25+1(b1/2x) kS(N)+ 2 [mn#JAnFS(N)
s=0 n=1
—
where Since Q,(m)=1, the reduced relation (3.17) holds for the
m—p m—p determination of the A"F" coefficients in terms of the
A, =2 [ n ] 2 [ n+1 ] kM'=A°F'™ constants and one gets (see Table IV)
Replacing m by j and p by m in the above expression (N Sy _ 1o -
of L'N(m ;u), one obtains the following expression of A"F = _2 (=2)* (A" F, A%, ) . (4.44)
the perturbed harmonic-oscillator eigenvalue uzstl
(b>0,v=m—j): Owing to the simplicity of this relation, a closed-form
Sy expression of the A"F!™ in terms of the k(M A°F™ and
AM=20kM+2 3 (— D" Y :‘1?1 ]A"F{)N’ (4.43) of the Aw!™ can be derived. One obtains (see Appendix

B)

n=1

o—t—i

1+1
n—t—l a

(—2)"“’[

(4.45)

g—n
np(N) —
A FSN_" [;0 n —1

-1 n—1 ;
|y +1'S =1 QL,A,.] .
i=0

Finally, after substituting for A"F{" this last expression into Eq. (4.43), one finds, after rearranging the summations
and using (A11), the following closed form expression of the perturbed harmonic-oscillator eigenvalues:
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Sy u—I1
- N u U+l
At}N)__ §OZu+l k‘ )+ 21 2 Z’O —1) +1

where

(N)— p(N)
k, b, Vi tw

N—1 Sv SN7V

A1+1 (N)

l(‘N) 2 2 2 h SZ u) U)kI(N~v) ,
v=1s=0 t=0
(N) N—1 Sp Sy~ S, ~sSy—v—t i

335 3 hstw 3 Iy
v=1s=0 t=0 =
_ 2‘+’""(2u—1)'s't‘

h(s,t;u)= .

(u —1Ms+u—e)Mt+u—s)l(s+t+1—u)!

The expression of k!V is obtained by picking up the ex-
pression of C, (u) from Table IV and using Eq. (3.24),
while the expressions of the w'" and of the Aw."’ direct-
ly follow from the general results of Appendix C [see Egs.
(CDH-(C3)].

Since L'%%m)=—2bm (see Table I),
2E=L9j)+b(2m +1)=2b(v+1/2),
perturbed harmonic-oscillator energy is

E,=bw+1/2)+ 1AV +IAP+ - -

one obtains
and the total

(4.47)

Of course, keeping in mind that x4=%
+3H,(x)+ L H,(x), formula (4.46) should be used for
computing the x *-perturbed harmonic-oscillator energies
up to high orders of the perturbation. The eventual in-
terest of such a computation is under consideration.

Note that the use of an Hermite polynomial x basis in-
stead of the familiar x* basis greatly simplifies the com-
putational algorithm. Indeed, when using the perturba-
tive series

5, +1
Vix)=3 bxH,y,(b'*x),

s=1

instead of
S, +1
Vix)= 2 B,x*?
s=1
one obtains the following compact expression of the first-
order eigenenergy involving only one summation:
5, +1
(H—
A= 3 2
s=1

f27

v
Y |bs (4.48)

instead o
5, +1

(2s)!
A(l)
v El sl(4b)*

(4.49)

JAIHE

As already pointed out,’ this simplification is not a
matter of algebraic manipulation, it is a telescopic effect:
indeed, the two expressions of V(x) are not equivalent
unless the mathematical assumption S;— o« holds. This
simplification still persists at the higher orders of the per-
turbation.

5 3
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(4.46)

Wy —i»

n . AnFS(uJAth(N—uJ ,

V. CONCLUSION

The perturbed ladder operator method has been ren-
dered hopefully operational for solving analytically wave
equations which can be viewed as ‘“perturbed factoriz-
able” equations. This can be done by extracting from the
given physical model potential V(x,m) an unperturbed
kernel U'”(x,m) leading (directly or eventually via the
artificial device) to a factorizable eigenequation. Of
course, this unperturbed potential U'®(x,m) has to be a
fair approximation of the given potential and has to in-
volve the same kinds of singularities. In many cases, the
accuracy of the results can be significantly improved by
incorporating in U'”(x,m) a part of the perturbation in a
homogeneous way, i.e., in terms of functions already ap-
pearing in U'®(x,m); this is equivalent to a scaling de-
vice, 23:28,29

Once the kernel U'°Y(x,m) has been so chosen, the
main ingredients for the computation are fixed. Indeed,
to each factorization type correspond specific x-basis
functions y (x) satisfying the required selective condi-
tions (3.2) and (3.3). The perturbing potential ¥ (x) has
to be expanded on such a basis. Then, the general formu-
las, which are given in the present paper, allow an analyt-
ical computation of the perturbed ladder K(N)(x,m;y)
and factorization L"(m ;u) functions, at any order N of
the perturbation solely by means of algebraic manipula-
tions. Once these ‘“factorization instruments’ have been
obtained, the perturbed eigenequation may be handled in
the same way as an exact factorizable (unperturbed) equa-
tion. Its solution is readily obtained without prior
knowledge of the unperturbed spectrum and without hav-
ing to calculate any matrix element.

The efficiency of the present perturbed ladder operator
method follows from the consideration of basis functions
y,(x) which satisfy selective ladderlike properties and the
use of Newton’s binomial (™, #) expansions of the ladder
and factorization functions. A subsequent computational
advantage of the method is that many intermediate func-
tions do not depend on the order N of the perturbation
and thus can be calculated once for all; the Nth order of
the perturbation is not significantly more difficult to han-
dle than the first order.

Although the ladderlike conditions (3.2) and (3.3) im-



1114

ply a rather selective choice of the specific x-basis func-
tions y,(x) associated with each factorization type, the
particular perturbed (A to D) factorizations which have
been examined in the present paper are not at all exhaus-
tive. For instance, one can also apply perturbed type-A
factorization with an associated potential basis set
y(x)=a*[cos(ax /2)]* or y,(x)=a’[sin(ax/2)]* (see
Table V) and both bases y,(x)=a%** or y,(x)=a’e ~*
can be associated with perturbed type-B factorization (see
Tables IV and V). It is interesting to note that, when
dealing with problems involving perturbed spherical har-
monics Y, (0,p), one can use not only the above-
mentioned potential basis sets, but also the basis func-
tions y,(x)=(cosf)* (see Table V). Indeed, the spherical
harmonics are directly related to the solutions of a re-
duced type-A factorizable eigenequation with d =0 (see
Appendix D).

Of course, since the procedure worked out in the
present paper is valid for all factorization types, it can
also be applied to the solution of perturbed type-E or -F
eigenequations. However, it may be worthwhile to exam-
ine separately these cases and, possibly, take advantage of
the fact that the following m-parity relationships hold:'
KMx,—m)=—=K™M(x,m), L'N(=m)=L""(m), and
that, as a consequence, U™ (x,m) is a function of
m(m +1). In another way, since the factorization types
are interrelated, ' by an adequate transformation of vari-
able and function, one can obtain an alternative factoriz-
able equation corresponding to the same problem. Con-
sequently, perturbed type-E (or perturbed type-F) prob-
lems can also be worked out by making use of the con-
nection between type-E and -A factorizations (or between
type-F and type-B, -C, or -D factorizations).

The solution of perturbed type-E and -F eigenequations
is under investigation and special attention is paid to per-
turbed type-F factorization with the potential basis func-
tions y,(x)=x° [with associated ladder basis functions
and coefficients: Y, (x)=x*"!, A (m)=2m, B,(m)
=2q/m, a,=s +1, and B,=0]. This choice is particu-
larly interesting to show the capabilities of the method
for an elaborate treatment of the generalized central field
problem and for studying the Stark effect up to a high or-
der of the perturbation.
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APPENDIX A: SOME RESULTS
FROM FINITE DIFFERENCE CALCULUS

1. Generalized factorials, reciprocal factorials,
and binomial coefficients

These functions are, *° respectively,

(m),=m(m-—1)---(m—u+1), (A1)
(m)_,=1/(m +u), , (A2)
[m]__: C(m+1) (A3)

u Nu+1DIm—u+1) "’

where I'(m) is the gamma function which satisfies the
functional relation I'(m +1)=mTI(m).
These functions play the same central role in finite

difference calculus as x“ in differential calculus. Their
finite differences A" are
A"m),=(u),(m), _, , (A4)
Am)_,=(—D)"u+n—1),(m)_,_, , (AS)
n|m | _ m
s frl= L)

For negative arguments, the following relations hold:

(—m),=(—1D)*m+u-—1),, (A7)
-_m|_, _qywu|m+tu—I1
[ =y m | (A8)
2. Expansion of a function F (m) into a series
of binomial coefficients
We have

Fim)=F(m=p)+ ™ TH|aFom =p)

+ [’";“]Mmm —)t (A9)

This is Newton’s formula. Conversely, the following rela-
tion holds:

TABLE V. Some other perturbed factorizations. Suitable basis sets and coefficients.

Type A Reduced A B
2 2
p,(x) a? cos% a? sin% a’(cosax )* ale o
2541 25+1
Y,(x) a sin— |cos 52{ acos% sin%{ a sinax (cosax)® *! ae ~alsthx
A(m) d—m d+m 0 2d
B,(m) 2m —2m 2m —2m
a —(s+1/2) s+1/2 —(2s+1) 0
B. s+1 —(s+1) 2% +2 —(s+1)
Y. Y, Vs+t+17 Vs+i+2 Vs+1+2
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n

S (=D |7 [Flu)=(—1)"A"F (u =0) . (A10)
u=0
Particularly,
éo<—1)" e re =1, (A1)
3. Finite differences of a product
We have
aFG)= 3 [*aFim) 3 [i]A"'“”G(m). (A12)
1=0 1=0
Particularly,

n

[A"FG)], -, = go [:l ]A’F(m =u)A" 'G (m =p+i) .

(A13)

This last relation directly follows from (A12). One notes
that when introducing the discrete difference with regard
to the i argument, namely A,G(m +i)=G(m +i+1)
—G(m +i), one obtains A'G(m)=[A]G(m +i)]; .
Hence the last summation, in (A12), can be viewed as the
Newton’s expansion of A" /G (m +i) in a series of the

().

4. Expansion of the product of binomials
into a series of binomial coefficients

We have
m|[m)|_ <« [u] [k+: m
)= 2 e A1
=0
Particularly,
\’}’ ’Z] :u[’gl+(u+1>[u’il]. (A15)

APPENDIX B: DETERMINATION
OF THE F!"(m) FUNCTION

Let us start with Eq. (3.11) which can be written
again AF,_,(m)=R (m)/Q,_(m +1). Since vy (m)
=Q,(m)[k,+F,(m)] and y,(m+1)=Q,(m +1)[k
+F.(m)+AF,(m)], one obtains the following two-terms

algebraic recursive relation for the determination of
AF,(m):

AFN, =GV (m)+a,(m)AFN | (B1)
where
G
GV .___L’
M(m) G,

a,(m)=—Q.(m)[4,(m +1)+a,]/G, ,
G, =[kN+FNm){[A4,(m)—a,]1Q,(m)
—[A4,(m +1)+a,10,(m +1)}

—AwN(m)
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G,=Q,_(m+1D[B,_,(m+1D+B_,].

Applying (Sy—s) times relation (B1) and keeping in
mind that, for s =Sy, Ang‘:" =0, one finds

S;’\' u—1
AFN= 3 GMm) [ a,(m) (B2)
u=s+1 t=s+1
or
Sy
AFN(m)= 3 | fu(mkN+FMm)]
u=s+1
+g,.(mAwN(m)} , (B3)

where f,,(m) and g,,(m) are given by (3.16). Expression
(A12) can be used to compute the value, for m =y, of the
(n —1)th discrete derivative of AF!Y(m) and, keeping in
mind that F/V(m =u)=0, one obtains the required rela-
tion (3.14).

As a consequence of (3.14), for any factorization type
and at any order N of the perturbation, one obtains the
following expressions of the A"FN(m =p)=A,FN
coefficients:

A”FSN=0 for any n ,

AFg . =1(Sy,Sy—1;0,Dkg_
+J(Sy, Sy — 1,0, DAwg

AFg ,=I(Sy,Sy—2;0,1)kg,
ISy 1,5y =20, kg, +(),

and so on, up to the required AFSN o

A’Fg =I(Sy,Sy— 1,0,2)ks
+J(Sy,Sy—1;0,2)Aws
+J(Sy,Sy—1;1,2)0%;

A’Fg ,=I(Sy,Sy—2;0,2)ks_

+1(Sy—1,5y—2;0,2)ks

+I(Sy—1,Sy—=21,2)AF, _+(),

and so on, up to the required A’Fs__,,
A3FSA“l=I(SN,SN~1;0,3)kSN+( ),
A3F51\_~2=I(SN,SN—2;0,3)k51v
+1(Sy—1,5y—2;0,3)ks__
+2I(Sy—1,Sy—2;1,3)AFs
+I(S_\,-~I,SJN»—2;2,3)A2FSA\__1+( ),

and so on, up to the required A3FSVAU,
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A*Fs =I(Sy,Sy—1;0,4)ks +(),

A*Fg _,=1(Sy,Sy—20,4)ks +1(Sy—

+30(Sy—1,Sy—2;2,4)A%Fg _+1(Sy—

The shortened
notation ( ) stands for the J (u,s;i,n)A’ “wu terms which
are easily obtainable from their I (u,s;i,n)A'F, (already
written) counterpart, by means of the substitutions

and so on, up to the required A"FSV*U.

n—1
I(SN,SN—G;O,n)kSN—> igoJ(SN’SN_G;i’n)AIHwSN s
for u =Sy, and, otherwise,

I(u,s;i,n)A'F, —J (u,s;i,n)A" w

u

1Sy —2;0,4)ks _+31(Sy—

1LSy—21,4)AF; _,

1,Sy—2;3,4)0°Fs _+(), (B4)
N
and so on.
When A (m) is a linear function of m and, also

Q,(m)=1 [with B,(m)
[see Eq. A9)]

=B, and B,=0], one can write

(m=pn),
where A% =k, and Vs, =ksv. Noting that

n n,—1

Note that, for any s and u, Ays= 2 [r'rzz :{L}A"'}’s= 2 mn—y A"y, (B6)
n=1 n=0
I(u,s;0,1)=f, (m=pn),
I(u,s;0,2)=Af,(m=pu), and that
I(u,s;1,2)=f,(m=pu+1), [m—p]zlm—u][m—p] [m—,u]
(BS) L 1 n JTHn
I(u,5;0,3)=A,(m =p) m—
= n+p)[ “1+< +1)[ My
I(u,s;1,3)=Af, (m=p+1), n
I(u,s;2,3)=f,,(m=p+2), [see Eq. (A15)], one obtains, after some rearrangements,
J
R, (m)=—B;" 2 [’"n‘“]{[(n +1AA,+2a, )" +[n +p+1+ A,(m =0)+a,JA" g +A" Tlw ) . (B7)

n=0

This last expression can be viewed as Newton’s expansion of R (m

A"y, _=—By ' {[(n+u)AA,+ A,(m=0)+a A"y, +

(nAA;+2a,)A" ™

) and, since Ay, ;=R (m), one finds

ly +Amw, ) (BS)

Keeping in mind that A"y, =0 for s > Sy —n +1, and applying Sy —s times this relation, one obtains the required re-
Vs N PP N

cursive relation (3.17).

For the particular case of perturbed type-D factorization with associated basis functions y (x
Let us set A"F;

cursive relation (3.17) reduces to Eq. (4.44).

= _2)S(AHFS+%An+le )’ An+lw5=%(

)=x,H,,(b'*x), the re-
—2)’A" 1w, and

k,=A°F, and let us remark that F™(m) and w " (m) are both®! of degree Sy —u in m. Then, relation (4.44) reduces to
Sy—n+l
AnFS(N)zA"+1 + 2 An*lFl(‘N) . (B9)
u=s+1
Using this last relation, the following closed-form expression is found:
RE(N) At S| [e—t—1 AL —t—i—1) i+1(™
A SN_"—A wSN_U+!§0 n—1 SN_’+ 2 t n—i—1 jA stv_“‘ll ’ (B10)

and, finally, one obtains the closed-form expression (4.45).

APPENDIX C: DETERMINATION OF THE A’ *!

The w'N(m) functions are defined by relation (3.4).

w!" COEFFICIENTS

Using the expression (3.1) of the perturbed ladder function

K'"™(x,m ;u) together with expression (3.3) of the product Y,Y,, both expanded in finite series of the y (x) basis func-

tions, one gets

N—1 S, Sy nt' n

wN(m ZZZhstuQS Q,(mz

v=1s=0 =0 =0

1‘\ vl

2 [m /.L] [m ,lL]AnF(u)AIF(V v) , (CD
j=0
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N—1 SL S‘V v u)nu\»u v
=3 3 S hist;u) S S Wils,t;n A FINFNTY (C2)
v=1s=0 t=0 v=0 ;=0

where

W,-(s,t;n,j)=A’[QS(m)Q,(m ’"‘“] ['" ._F‘” .

n ] m=u
It is easily found that
o)) Bl
h ] m=pu k -j ’

and one gets, after some rearrangements,

Wiis,t;n,j)= 3 [;(l ];] " -stQl)m =p+k * (C3)

k=0

It is worthwhile to note that, when Q,(m)=Q, does not depend on m, this last expression reduces to

Wisen=0.0 1] "] c4)
Particularly, when Y. Y, =y ., ., one gets

1y N—1 5 LIt (4 ) )
Al 2_‘,1 ; Q, Q,,_S,(,‘gorzo [ , ] l,ﬂ ]AF"AF# v (CS)
f
APPENDIX D: SOME PARTICULAR d? d
EIGENFUNCTIONS OF FACTORIZABLE z(1 —z)—; +[y —(a+B+1 )z]:i_ —af |F(z)=0
EIGENEQUATIONS dz z

1. Associated spherical harmonics
We have
Y (6,9)=(2m) " 2exp(iM)(sin0) " 2W,,,(0) .

W;(0) is a class-I (e=+1) solution of a type-A factoriz-
able eigenequation with x =0, 0<0=<m; a=1; d =0;
J=L—=1/2; m=M—1/2 and L —M =j —m equals a
positive integer or zero.

2. Symmetric-top functions
We have
DR (9,0,8)=exp(iM@)d iy (0)exp(iM'd) ,

where ¢,0,¢ are the three Euler angles:
0<6=<m;,0<¢=2m,

di(0)=[2/(2L +1)]"X(sin0) ™ '2W,,,(0) .

0=¢p=2m,

W, ,(0) is a class-I (e= + 1) solution of a type-A factoriz-
able eigenfunction with x =6, a =1, j=L —1/2. Since
both differences L —M and L —M’ are positive integers
or zero, W;,,(0) is a type-A eigenfunction either when
setting M =m +1/2 and M'=d, or when setting M =d
and M'=m +1/2.

3. Gauss hypergeometric functions

The differential equation satisfied by the Gauss hyper-
geometric function ,F, (a,B;y;z) is*?

Setting z =sin’x and
F =(sinx) """ 2(cosx) @ BT 17 29(x) |

one obtains

d>  4(m’+d*—1/4+2md cos2x)
dx*? sin?2x
(a—fB)? |¥(x)=0
where m =(a+B—1)/2andd =2y —a——1)/2.

W(x) is a class-I (¢=+1) solution of a type-A factoriz-
able equation with a =2, Aj =(a—fB)%. On the other
hand, the quantization condition requires j —m =v equal
to a positive integer and A;=L(j+1)=L(m+v

=4[v +(a+B)/2)%>. As a consequence, either
a=—v or B=—v, i.e., one finds again the well-known
condition for finite hypergeometric series.

4. Morse oscillator

The Morse potential is U,,(r)=D (1—e ~“")?, where D
is the well depth and a is a scale parameter. Setting
x =ar, H=(2MD)""?/a#, §=2ME /#%a?, one qbtains
the Morse oscillator wave equation [— o <x < + o,
within the Ter Haar extension’]



1118 N. BESSIS AND G. BESSIS 42

2
i“'—z——%%e*zhze )+ E—H |W(x)=0.
dx
W(x) is a class-II (e= —1) solution of a type-B eigenequa-

tion (see Table I).

Note that the change of variable
X =(2#)"?exp(—x /2) transforms the above eigenequa-
tion into the radial equation of a two-dimensional har-
monic oscillator with unit angular frequency and unit
mass (type-C factorizable equation).

5. D-dimensional harmonic oscillator

The radial eigenfunction #(x) of the D-dimensional
simple harmonic oscillator of mass M and angular fre-
quency w is a class-I (e= +1) solution of a type-C factor-
izable eigenequation with m=L+1(D —1),
b=—Muw /%, v =j —m which is equal to positive integer
or zero. One finds again the already known expression**
of the energies Ey = 1#iw(2N +D) where N =2v +L.
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