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The solutions of the quantum mechanical wave equations for singular potentials are re-examined. It is
shown that a set of orthonormal wave functions with complex energy eigenvalues (E,=W,£%T,) is
obtained if certain natural analyticity requirements are imposed on the form of the potentials. In general,
the result is interpreted in the following way: W, is the most probable position of the energy level for
various types of cutoff and T', is a measure of the probable error.

1. INTRODUCTION

OR nonsingular potentials, the solutions of the
quantum mechanical wave equations are unique
and of great value in the discussion of physical problems.
Thus, an idealized, unbounded potential (V= —Ze?/7)
leads to a meaningful description of the hydrogen
atom, even if the physical cutoff (finite proton size,
etc.) is ignored. For singular potentials, such a corre-
spondence between physical and idealized systems has
not generally been found because the latter do not
possess unique solutions unless the normalization re-
quirement is supplemented (Sec. 3). The aims of this
paper are: (a) to find some boundary condition which
gives conventional results for nonsingular problems and
unique discrete spectra for singular potentials; (b) to
show that these singular levels are useful as approxi-
mations to many physical (cutoff) problems, even if
the detailed location of the cutoff is unknown.

With these objectives in mind, the consequences of
the following assumptions are investigated: (I) All
physically realistic potentials are represented by func-
tions of the coordinates which are analytic except at
isolated poles and branch points. (IT) All normalizable
solutions of the quantum mechanical wave equations
are meaningful and acceptable. Assumptions (I) and
(IT) do give standard results in all nonsingular problems
(Sec. 2) and unambiguous point spectra for singular
Hamiltonians. In the latter case, the ambiguity is
removed because the wave function ¢ (—x) [or ¢(—1)]
is determined in essentially a unique manner from
Y(x) [or ¢(r)] by analytic continuation around the
singularity (Sec. 4).

In general, the levels obtained by continuation have
complex energies. The virial theorem suggests that
these states correspond to the periodic or asymptotic
orbits of classical singular problems. In the last section,
it is shown that the complex eigenvalues contain
information about the density of states for an inde-
terminate cutoff and can be used to approximate levels
for repulsive core cutoff problems. This technique is

* Supported in part by the U. S. Atomic Energy Commission.
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chusetts Institute of Technology. A preliminary account appeared
as Laboratory for Insulation Research Technical Report 109,
June, 1956 (unpublished).

possible because the logarithmic derivative of a wave
function is large if the potential is singular and attrac-
tive, or if it is strongly repulsive; thus, solutions for the
two cases can be joined smoothly.

2. NONSINGULAR POTENTIALS

Throughout the years attempts have been made to
solve anomalous nonsingular problems by imposing new
boundary conditions (together with the normalization
requirement) on the solutions of the quantum mechani-
cal wave equations.! In most cases, as pointed out by
von Neumann and others,? the extra conditions are
unnecessary and not generally applicable; von Neu-
mann maintained that (II) is sufficient to give correct
results if problems associated with the ordinary con-
tinuous spectrum are excluded.

As an example of this reasoning, consider the one-
dimensional Schrodinger equation for an attractive
potential:

V(e)=—=Vof(x)a™*, f(0)=1.

w'+[Uof ()2~ * =42 Ju=0, (1)

where Uo=2mV /%% and n?= —2mE/h2(n=1i\, E>0).
If 0<#K1, and 0<%<2, the two linearly independent
solutions of Eq. (1) behave like

u® (x) =a[14+0(x)],
1@ (x)=[14ax Inx [14+0(x)].

Both #® and #® are quadratically integrable near the
origin, so that for any #, some linear combination is
normalizable in the interval 0<x< e if V(e0)>0.
Thus, when V(x)= -V, 0<a< o, V(0)=, a con-
tinuum results if (II) gives the only restriction on
Y=A[u®P+Bu?7] (several of the boundary conditions
of reference 1 eliminate #®, leading to a discrete
spectrum). However, (I) cannot be used if the potential
has an infinite discontinuity at the origin. In fact, the

Then

(2)

1 G. Jaffe, Z. Physik 66, 770 (1931); R. M. Langer and N. Rosen,
Phys. Rev. 37, 658 (1931); G. Araki, Progr. Theoret. Phys. Japan
3,97 (1948) ; G. Falk and H. Marschall, Z. Physik 131, 269 (1952).

2J. von Neumann, Mathematical Foundations of Quantum
Mechanics (Princeton University Press, Princeton, 1955), p. 29.
See also K. Kodaira and T. Kato, Progr. Theoret. Phys. 3, 439
(1948), T. Tits, J. Exptl. Theoret. Phys. U.S.S.R. 30, 948 (1956)
[translation: Soviet Phys. JETP 3, 777 (1956)7].
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SINGULAR POTENTIAL PROBLEMS

indeterminate result [for V' (0)= e ] is physically cor-
rect since classically a particle with infinite velocity
impinges on an infinite barrier at =0, and the situa-
tion is not well defined.

If the barrier at x<0 is removed, the origin becomes
an interior point and (II) is sufficient to determine the
levels. All even states must have ¥ (x) =#® (x) because
#® (even) is a Green’s function and not a solution of
Eq. (1). Therefore, a unique discrete spectrum is found
since #V(—x)=—uD(x), u®(—x)=u®(x) [this im-
plies V(x)=V(—x)].

In anticipation of the singular potential discussion,
it is significant to note that the same spectrum can be
found without examining ¢ at x=0, if assumption (I)
is used. The potential may be represented as

V()=—TV, lin(} (x2+€2)73,

and ¢(—x) can be obtained from y¥(x) by analytic
continuation around x=0. A branch cut must be crossed
for |x| > e so that the continuation is not unique; while
solutions which are neither even nor odd may be
selected, the ones consistent with V(—x)=V(x) have
lu®(—x)| =|u®(x)|, etc. The relative parity is de-
termined by the requirement that the Wronskian,

W=uWy® — Qg ®’ 3)

have the same constant value on both sides of the
origin. If #® is odd, #® must be even, and this leads
to the same discrete spectrum.

More subtle difficulties are present in multidimen-
sional problems. The two linearly independent S-state
solutions for the hydrogen atom are Y@ (r)=u® (r)/7,
Y@ (1r)=u®(r)/r where #¥ and #® are given by
Eq. (2) for <1. The supplementary boundary condi-
tions! have been proposed to eliminate y,® because
both series are quadratically integrable near the origin,
and both are genuine solutions of the radial equation.
However, Dirac has pointed out that ¢,® is a Green’s
function, not a solution, for the three-dimensional
Schridinger equation?; hence it must be discarded. The
use of spherical coordinates obscures this fact since the
origin is treated as a boundary instead of an interior
point.

The series ¥o® can also be eliminated, as in the one-
dimensional case, by using (I) without explicit examina-
tion of ¢ at r=0. The reflected solution, ¢(—r1), is
obtained from ¥/(r) by rotation in the complex (x,y,2)
planes (Cartesian coordinates are used to avoid the
additional singularity at the origin). Although the
process of analytic continuation for functions of several
complex variables is not completely understood (this
is discussed further in Sec. 4), it can be established that
[o®@(—1)| = |¢o®(r)]|, etc. The subsidiary condition
that the Wronskian, W=y ®Ovy®@ —y@wy® must

3P. A. M. Dirac, Quantum Mechanics (Clarendon Press, Oxford,
1947), p. 155. For a more general proof, see T. Kato, Trans. Am.
Math. Soc. 70, 195 (1951).
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satisfly v-W=0 everywhere, leads to an integral re-
lation,

1(1_1}101 [ f f dydsW ,(e,y,%)
—fj; dydsW ,(—e, y,z)]=0, (4)

where the surface of integration is arbitrary. Equation
(4) implies that

hI%l [‘P(Z)/‘l/(l):lz:e: _hn(,l [‘p(Z)/‘p(l)]x:_e;

for the same energy, any two linearly independent
solutions of a Schrodinger equation must have opposite
parities, and ¥¢® can be eliminated.

For any nonsingular problem, two series with distinct,
integral exponents can be found. If the singularity is
not at a boundary, the eigenfunction must be y=y®
or y=y¢@, since only these choices have analytic
properties consistent with (I) [¥=A4 @Y+ By?®) does
not], and also satisfy V-W=0. This leads to the con-
ventional spectrum in every case. However, if the
boundary is singular, (I) and (II) do not determine
the spectrum and the Green’s function argument also
fails. Since the ambiguity should be present, (I) and
(II) seem to represent correct boundary conditions,
while those of reference 1 are incorrect.

3. SINGULAR POTENTIAL PROBLEM

Singular Hamiltonians (%22 in nonrelativistic equa-
tions) are characterized by wave functions with non-
integral exponents. For example, the choice k=2,
f@)=[142vx/Uy] (x>0) in Eq. (1) leads to the
general solution

Y(@)=A[u® )+ B, (n)u ()], ®)
u P (x)= et (Fi(3ds—v/n; 14255 29x), (6)

where s= (}— Uo)* and 1F1(¢; ¢; 2) is a confluent hyper-
geometric function. If Uy>%, s is imaginary (s=io)
and therefore, for any Uy, #™ and # are quadratically
integrable near the origin. The condition ¥ («)=0 is
satisfied if

T2 s
Bi(n)=—(2n) T(1—25) TG+s—v/n)

and in the interval 0<% < o, thereis a normalizable con-
tinuum. Moreover, both functions yo® (r)=u® (r)/7
are solutions, not Green’s functions, for the three-
dimensional Schrédinger equation.

For Uo<% and k=2, ad hoc boundary conditions
have been used to obtain discrete bound states or
unique scattering phase shifts.* However, when Uo>%

Y]

4 G. H. Shortley, Phys. Rev. 38, 120 (1931); N. F. Mott and
H. S. W. Massey, Theory of Atomic Collisions (Clarendon Press,
Oxford, 1949), p. 40.
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(F=2) or k>2 (all Uy), the functions @ differ only in
phase and the extra conditions do not clarify the
situation. Some authors have concluded that singular
problems have no meaning in quantum mechanics
although they are meaningful in classical physics.®
Case has suggested that one should consider only an
orthogonal set of solutions.® This additional restriction
on the spectrum (the singular Hamiltonian is not self-
adjoint) is equivalent to the requirement that prob-
ability current density be conserved for an arbitrary
superposition of eigenfunctions. As shown by Case,
solutions with eigenvalues 7, and 7., will be orthogonal
if and only if

Bs*(ﬂn)"Bs(ﬂm)=0, U0<%: k=27 (8)
Bio*(na)Bis(nm)=1, Us>% k=2o0r k>2. (9)

Since |Bi,| =1 [(u®P)*=u4) for these problems],
we may write Bi,(n)=exp[2év,(n)] and Eq. (9) be-
comes Yo (M) =vo(nn)+Nmw, N=0, =1, +2, ---. Thus,
if one chooses any 7o or Ao (presumably corresponding
to a definite cutoff at some ®x¢), an orthonormal set of
eigenfunctions is determined.”

The function B;(n) of Eq. (7) is periodic with an
infinite number of poles and zeros at (3=s—v/n)=—n,
n=0, 1, 2, ---. Moreover, for almost every no there is
a finite lowest solution with B;(70) = Bs(Mmax). Thus, if
Us<% the spectrum is generally bounded from below,
and there are an infinite number of negative energy
states. However, when U¢>%, v,(n) is given by

¥4 (p) =3%r—0 In2n+argl' (14 2i0)
+argl' (3—io—v/1), (10)

and it can be seen that there is no lower bound to the
spectrum for any no because the term (o In2n) is
monotonically increasing.

Case asserted that eigenvalue formulas for singular
potentials always contain an arbitrary constant. Fur-
thermore, although spectra associated with the Dirac
equation have finite lower bounds, Case concluded that
the use of a singular potential in the Schrodinger
equation is academic since the spectrum is always un-
bounded from below, if Uy>% or £>2. Vogt and
Wannier? criticized the first of these conclusions; they
pointed out that in many cases only one value of # is
likely to be relevant. This idea is discussed further in
Sec. 5, however, it will be demonstrated here that

5 E. C. Kemble, Principles of Quantum Mechanics (McGraw-
Hill Book Company, Inc., New York, 1937), p. 198; P. M. Morse
and H. Feshbach, Methods of Theoretical Physics (McGraw-Hill
Book Company, Inc., New York, 1953), p. 1666.

6 K. M. Case, Phys. Rev. 80, 797 (1950).

7 For all of these cases, the “continuous’ spectra are examples
of limit circle problems. [See E. A. Coddington and N. Levinson,
Theory of Ordinary Differential Equations (McGraw-Hill Book
Company, New York, Inc., 1955), Chap. 9.] In an unpublished
manuscript Professor E. Gerjuoy has examined anomalous quan-
tum mechanical problems and shown that the specification of a
real 5o corresponds to choosing one point on the limit circle. He has
also noted that this makes the problem self-adjoint.

8 E. Vogt and G. H. Wannier Phys. Rev. 95, 1190 (1954).
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unbounded spectra are not a general feature of the
Schrédinger equation.

Consider k=2, f(x)=x2cscx for 0<x<w/2 and
Jf(0)=f(w/2)= . The two linearly independent solu-
tions of Eq. (1) are hypergeometric functions,

u@® (x) = (sinx) X

oF 1(kkds+35in, $3s—3in; 1+£s; sin%), (11)
and ¢(r/2)=0 if
I'(14s) I'(3—4s—¥in) T (G—4s+%in) .
Bs(’?)z - (12)

T(1—s) T(§-+3s—in) T(§+is+3in)
Using the expansion

2 —3
it
(x—14n)?

[ 2]} o

where v is Euler’s constant, Eq. (9) becomes
I'(14s) I*(3—39)
(1—s) I*(§+39)

I(atip) =T () 11

n=1

Xexp

4 ()

Xﬁ [1+ i ]X[1+ ! ]_1.
n=1 (34s5+2m)? (&—s+2n)?
(14)

The infinite product is a monotonic function of
7(Us<%), and for any choice of By there is at most one
root, Bs(n)=B,. In general, n=c is not a solution.
When Uo> %, the spectrum for Eq. (12) differs markedly
from that of Eq. (10). The function v,(n) for Eq. (12)
is shown in Fig. 19; as p— 0, v, (9)—[7/2—argl'(14+i0) ]
and the spectrum is generally bounded from below.

It is desirable to find a criterion to predict which
potentials have generally bounded spectra and which
ones have 7= » as a solution for any 7. A distinction
can perhaps be made on the basis of the classical virial
theorem. All periodic or asymptotic orbits for classical
problems have

Epe=(V)+¥adV/dx). (15)

If f(x)=14ax(a>0), — 0 <E,:<0, but when f(x)
=x2 csc, Epee=Vo{csc[x ctnx—17]) so that —§V,
< Eper< . In classical physics, singular periodic orbits
have negative energies for the long range potential and
have Epe:> — 3%V for the short-range force. In quantum
mechanics, this result is reflected by the form of
v.(n); when f(x)=14-ax, the density of possible states
(with an indeterminate cutoff) is large for — 0 <E<O0,
but if f(x)=x? csc?x, the density of periodic negative

9H. Salzer ef al., National Bureau of Standards, Applied
Mathematics Series 34 (U. S. Government Printing Office,
Washington, D. C., 1954).
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energy states is vanishingly small. The classical argu-
ment based on Eq. (15) gives no information about
nonperiodic, localized states with E~—o. A similar
gap is present in the quantum mechanical discussion
since the asymptotic formulas used to determine B;,(n)
are meaningless in this limit, and an intricate study of
the solutions as 7— would be needed to discuss
these states.

When Eq. (15) is applied to potentials with £>2,
f@)=1, Epee= (32— 1)V o(x~*), suggesting that singular
orbits have E,;>0 (all classical examples do fall in
this range'?). For these problems, the functions v, (y)
are not well known since the solutions are represented
by semiconvergent power series with three term re-
cursion relations. However, on the basis of the above
correspondence, it is reasonable to expect that v,(y) is
independent of 5 as n— 0, so that for 2> 2 the spectrum
is also generally bounded from below.

4. ANALYTIC CONTINUATION

The eigenvalue formulas of the last section represent
non-unique, discrete levels because only one boundary
condition, ¥ (% )=0, has been imposed. If the other end
point is not singular, more information should be
obtainable from the requirement, y/(— o« )=0.

The discussion of Sec. 2 indicates that the use of
assumption (I) to define ¥ (—x) leads to meaningful

4.0
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Fic. 1. The phase function y,(\)[=cos™ Re(— %™ /) z1.]
for the potential V(x)=—Vocscx, V(0)=V(x/2)=c. The
dimensionless parameters are defined by: V,=#%(c2+31)/2m,
E=7222/2m.

10 See, for instance, E. T. Whittaker, Analytical Dynamics
(Dover Publications, New York, 1944), Chap. IV.
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spectra. Since f(x)/x?=csc% is an analytic function of
siny for 0<x<w/2, Yy(—=x) is determined by setting
z=|sinz|expif in Eq. (11) and rotating from §=0 to
6=m. The continuation is straightforward because
neither %) nor % contain logarithms and both
series converge for |z| <1. (A branch cut must be
crossed; this cut may be taken at §==/2 for both
u® 4).) The most general result is %™ (—x)
=CuP(x), ) (—x)=Du () and the Wronskian is
constant over the interval —jr<x<}w if CD=—1.

This analysis is sufficient to show that ¢(&ir)=0
only if B=0 (Yy=u) or B=o (Y=u). The corre-
sponding roots of Eq. (12) for Uy<% are,

A= (§—s+2n)?, Y=u)
A 2= (%+S‘|"2n)2, Y=y

It is natural to choose branches so that C=1 exp(wis),
D=1{ exp(—mis).!* Then as U0, s—%, and the eigen-
functions and eigenvalues go over into those for a free
particle. When U, increases from zero to %, the eigen-
values for =% increase in magnitude; the problem
is thus not of Sturm-Liouville class, although the ¢, ®
do form an orthonormal set.!2
When U,>%, the continuation yields

n=0,1,2, ---. (16)

C==riexp(£mo), D==+tiexp(Fno).

No matter which branch is chosen, if it is consistent
with the restriction CD= —1, it will again lead to the
eigenvalue formulas B;,(\) =0, B;,(\) = . These equa-
tions have only complex roots:

M @’=[34i0+2n12=[ (342n)2—0o?]
+2ic[§42n]. (17)
The energies are of the form E,=W,+3iI', and the
complete spectrum for this problem is plotted in Fig. 2.
For 8mVo/h*>1, the W, are given by solid lines and
the dotted curves represent W,23I',. The complex
energies clearly describe nonstationary states with life-
times 7,=%/T, and (C*C)#1, etc., so that [¢®]|2 is
asymmetric. The asymmetry is not inconsistent with
[R.,H]-=0 since there is a source or sink at the
origin. The reflected wave functions, Ry, are also
eigenfunctions, and if the initial position of the particle
is unknown, an even or odd mixture can be considered.
When these techniques are applied to the long range
problem [Eq. (6)], f(x) is defined as [1+42»Uq!
Xlime,o(x2+€2)?] so that V(x) is even. Postulates (I)
and (II) lead to B,(n)=0, Bs;(n)= <, and the discrete

1 Although ¢ and ¢ have phase changes upon reflection,
|¢]% is symmetric. Since the reflection operator, R., commutes
with the Hamiltonian, R,¢" and R4 are also eigenfunctions
of H; however, R, on R} represents a complex rotation inverse
to that of R, on¢. An even or odd mixture of the degenerate solu-
tions, ¥ and R.y¥, can also be constructed.

12 Tt is useful to choose C, D= =1 when comparison is made with
a cut-off problem. See Sec. 5 below and F. L. Scarf, Bull. Am. Phys.
Soc., Ser. II, 3, 60 (1958).
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L n=1, odd ]
14— ,./" 1
L . T,
12— \,
\\
10— \‘\
A n=1,even ~~
2mE,
o[

F1c. 2. First four levels for the potential V(x)= —V, cscx,
|®] <w/2, V(£w/2)= . For Vo <#2/8m, the levels are station-
ary. For Vo>7%?/8m, the levels are quasi-stationary. The dotted
lines are W, 44T, where T',, is the width of the nth state.

eigenvalues are
ma® =t beesT, (18)

In any problem for which it is sensible to consider
adiabatic variations of U, the 7, (B= «) must be
discarded since none of the 2, are solutions of Eq. (1)
when U, is zero.

For £>2, f(x)=1 and o¢?=U,, two linearly inde-
pendent solutions of Eq. (1) are

n=0,1,2, ---.

u® (1) = kg () expl :i:i[ , (19)

20 ]
(k—2)x¥—1

where the g@&® are complex conjugate functions repre-
sented by semiconvergent series of the form

0
Z An(i)xn(%k—l).
n=0

The solutions % and % have distinct continuations
as arg(x) is rotated from 0 to = ; therefore, an arbitrary
linear combination Y= A[#™®+Bu7] with ¢(«)=0,
will not generally satisfy ¥ (— «)=0. However, if the
Stokes phenomenon does not mix solutions, g (—x)
=CgM(x), g (—x)=Dg (x) and Y (— o« )=0 implies
B=0 or B= «, so that N\, = (a,=4-18,). In any case,
a unique discrete spectrum will be found if (I) and (II)
are used along with the requirement that the Wronskian
be constant.

Complications arise in multidimensional problems.
For physical interactions, V (r) is usually defined as a
regular function of the curvilinear coordinates except
at isolated singular points. However, the non-Cartesian
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coordinate systems themselves introduce additional
singularities. It is therefore desirable to discuss singular
problems in Cartesian coordinates, even if the equations
are not separable for these variables. With this point
of view, the solution of a partial differential equation is
regarded as a function of several complex variables
(w,3,2) which is analytic except at the singular points of
the potential. The solution is defined as ¥ (ry) (7o is an
ordinary point) plus its analytic continuations to all r.
Much work has been done in this field, however, it does
not seem to have been carried far enough to discuss
rigorously the very singular cases of interest here.’
A nonrigorous justification of analytic continuation in
multidimensional problems must suffice.

Consider, for example, V (p,0,2) = — Ush2(142vp/U)/
2mp® and let ¥(p,0,2)=R(p)O(0)Z(z)/p*. All states
with Ly=1%, k,=0, R;()=0, have R;(0)=A[u;" (o)
+Bsi(n)u:) (p)] where 4, (p) and B,(n) are defined
by Egs. (6) and (7), and s;2= 2~ U,. For s;>1, B must
be zero if ¢ is to be normalized, but if s;<% and p is
defined as | (x*+y?%)%|, there is no restriction on B.
However, if p=1lim.,o(x?+y>+ €)%, then ¢ is an analytic
function of #, y, z except for isolated singularities and
branch cuts, and ¢ (&=, &=y, 2) is obtained from ¥ (x,y,2)
by rotation of arg(x) and/or arg(y). If ¢ and ¢
correspond to B=0, o, respectively, then

YO (=2, 3,0) =Yy P (n,y,2), |x|<y
=+CYDP(x,9,9), |2]>y;

VO (=09 =4O (mpe), x| <y )
=Y (x,y,2), |x]>y,

and ¢y (—w, —y, 2)=E£CY D (x,9,2), etc. for all (x,y).
An even or odd mixture of ¥ plus its reflection about
the line x=—y can be used to reproduce the 4 de-
pendence. However, since ¢y and ¢ must have
negative relative parity [Eq. (4)], only ¢ o7 ¢ may
be used to describe a state of given /. In practice,
¥ is retained since o tends to a Green’s function
as U¢—0.

The details of this discussion are not rigorously
justified but the main results seem well founded.
Only series with distinct exponents can be taken as
solutions of the eigenvalue problem consistent with
(I), (IT) [a combination such as 7 cos(s Inr+v) or
7tk cos(or'¥+) is ruled out]. Equation (4) insures
that the two solutions do not combine so that B=0 or
B= o,

These ideas can also be applied to the relativistic
wave equations. For example, the two linearly inde-
pendent sets of solutions for a Dirac electron in a
Coulomb field behave as 1+ [52= (j+31)2—aZ ] near
the origin. If s;>%, the more singular set is eliminated

13 For a summary of the ideas behind this approach to such
problems and its present limitations, see the discussion by F. John
in Proceedings of the Symposium on Spectral Theory and Differential
Problems (Oklahoma Agricultural and Mechanical Press, Still-
water, 1951), p. 113.
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because it cannot be normalized, and the energies are

Eosfmet=[1+a228/ (1= j— ks T,
M’=172)3) ey .7=

%) %7 Tt (21)
However, the problem is singular for aZ> (j+3)2—1%
and s; is imaginary when aZ>1. The technique out-
lined above leads to Eq. (21) for all Z, with s; replaced
by io; if aZ>(5+3%)% Thus, for j=3%, Z>137, E,
= (W%i%il‘n%), and

(n=1)[An(0)+1T40[An(o)— 17
W"%/mczz )
V24 (o) (n*—2n+2)*

o[An(o)+1J = (n—1)[4u(e)—1]
Toi/2mc?= ,
V24, () (n*—2n+2)}

where 4,%(c)=1+40%(n—1)2(n2—2n+2)"2 In Fig. 3,
the four lowest roots of Egs. (21) and (22) are plotted.
The higher levels are smoothly varying functions of Z
in the region Z~137; if %>, W,y/mci~(n—1)
X (n2—2n+2)"t and T3/ 2mci~0 (n*— 2n+2)~#, so that
W, >T . In common with spectra for other long-range
singular problems, only the lowest levels have appreci-
able widths (for aZ=1.4, T',;/2mc2=0.635, 0.220, 0.065,
0.025 as n goes from 1 to 4) since for high #, the electron
has a large orbit and the motion is insensitive to the
singularity at the origin.

(22)

(23)

5. CONCLUSION

Using assumptions (I) and (II), we have found
unique discrete spectra for essentially all quantum
mechanical problems. The results are mathematically
reasonable and they agree with conventional predic-
tions in nonsingular cases. Furthermore, (I) is not
independent of von Neumann’s assertion if the term
“solution” is understood to mean ‘‘solution in the
complex plane.” However, the spectra have no a prior:

e
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Fi1c. 3. The first four S states of an electron in a Coulomb field,
as given by the Dirac equation. For «Z>1, only Re(E,) is shown.
It can be seen that this quantity varies smoothly with Z if # is
large; the corresponding widths [Eq. (23)] are found to be small.
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significance for singular problems; they have meaning
only to the extent that they correspond to results for
physical, bounded-potential problems.

Consider a cutoff at x=xoso that the inside wave func-
tion has a logarithmic derivative D;(xo)= (i /¢:)z=w0.
Since the Wronskian must be constant, D;(xo) = Do ().
For k=2 and U,<%, it can be verified that eigenvalues
corresponding to B,=0, B,=c will be obtained if
xoD;=%+s (x<<1). A constant repulsive core cutoff
[V (x)=%2V1/2m, | x| <wxo] has even and odd states with

xo[ Vri-)\z]'é tanh[Vl—I—V]%xg

xoDi(0) = )
C\’)ol:V1+)\2]% ctnh[Vl—l—)\?]%xo
and if s=~% or s~~0, one can readily choose V1=U1(Uy)/
%02 so that B,(even)—w, B;(odd)—0 as xe—0. (For s
not near 0 or %, V; must be x dependent to obtain
these results exactly.) Thus, the energies found in
Sec. 4 for k=2, U,<% correspond exactly to those for
a specific set of repulsive core cutoffs in the limit x¢—0,
and can be used to approximate levels for any finite
repulsive core.

When U,>1, the exact solutions are not so useful.
The equation xoD;(x¢) =340, which implies E,=W,
#+14I",,, can be satisfied if V1 is complex, or if W,—— o
as x0—0 so that limaso—o[wo2n2(x0) ] remains finite.
When V; is real, the outside wave function is o
=x* cos[o Inx+v,(\) ], K1, and the (real) eigenvalues
are solutions of

Yo(A\n)=0 In(1/x0)+ P tan [ (3 —wxoD;)/c |+ nm, (25)

where P is the principal value. Since xoD; is independent
of A for 01, the finite eigenvalues are determined by
the variation of v,. The most probable values of A,
occur at the maxima of dvy/d\, and the probable
deviations from these values are measured by the
widths of the maxima. From Fig. 1, it can be seen that
the inflection points decrease slowly as ¢ increases, and
that the widths of the dvy/d\ peaks are zero at ¢=0
and increase with ¢. For o In(1/x0) <m, the lowest
level corresponds to the lowest inflection point of
Fig. 1.

When Figs. 1 and 2 are compared, it can be verified
that if dy/ON=0, E~W,, and that the I', measure the
deviations. This feature is not accidental. In any prob-
lem for which B;,(\)=0, © has roots A\, ® = (a,=1b.,),
Re(B) will have maxima on the real axis near A=a.,;
the width of each maximum corresponds to &,. There-
fore, for any problem, v,(\) (=P cos[ReB,(\) ]+n)
has the step-like A dependence, and roughly the same o
dependence as that exhibited in Fig. 1.

Thus, energies E,~W ,=43T, will be found for any
repulsive core if 20<X1; if gr<oIn(1/x0)< (¢+1)m,
then m=q+n, and there are (2¢) negative energy
states. In Fig. 4, levels are shown for such a cutoff with
¢=0. The energies are between Wo+4T and Wo—3T,
and the degeneracy predicted by Eq. (17) is actually
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FiG. 4. The lowest levels (=0, even and odd) for V= — Vycsc?x,
%< x| <7/2; V(kn/2)=c0; V=aVo/x? |x|<w. The func-
tions Wy, Wo=T'o/2 are taken from Fig. 2 (note change in scale).
 The vertical bars represent values of ¢ which satisfy o In(1/x¢) =.
It can be seen that the #=0 levels are bounded by Wy+T/2
considerably beyond these limiting values of .

present -to a high degree. It should be noted that for
fixed o, the #=0 levels of Fig. 4 will be the n=(g)
levels when the cutoff is at x,=ux¢exp(—gwo); there
will then be (2¢) states with E~— |V (x,)].

When £ is greater than two, B,=0, c« implies

woD;(wo) = 3h[ 1= (dio/ku*1) ], (26)

if the higher terms in the power series can be neglected
in the region x¢<1. Again there can be an exact solution
of Eq. (26) only if V is complex, |x| <xo. For real
inside potentials there are two approximate solutions.
When (4o/kxot*1)<<1, then xeD.~~k/4, and V (x) must
be of the form %2V 1/2mx,? for |x| <xo. For small ¢ the
outside wave function is almost real and I', <KW, so
that the situation is similar to that shown in Fig. 4.
However, when (4o/kxo**1)>>1, Eq. (26) is approxi-
mately satisfied when the inside cutoff is horizontal
[V (x)=—%2Uo/2mxo*, |x| <wo] so that ¥,=exp(ikx).

In the general case, if V(x), |%| <o, is real, the
outside wave function is Yous (x)~at* cos[ 20x' 4/ (k—2)
+v,(\)] and the (real) energies are roots of

Ye(\) =20/ (B—2)xot1

— P tan™ [ (xoD;—k/D)xt* Yo +nmr. (27)

SCARF

If 20«1, then E,~W ,+3I', where m=g+n and
g <20/ (k—2)x* 1< (¢4 D).

The WKB method, which can be applied if 2> 2, tends
to confirm these results.* For E=0, p(x)dx can be
integrated from o to . The WKB quantization rule
gives E,=0 if

(n+3)r=0/(k—2)xe?* 1 (28)

Thus, there are no negative energy states for 2o/
(k—2)xo?*1<, which is in agreement with the pre-
diction of Eq. (27). Equation (28) also sets the lowest
maximum of dy/dN above zero energy as predicted by
the classical virial theorem.

It can be concluded that the complex energies found
by using assumptions (I) and (II) give definite infor-
mation concerning the density of possible levels. If the
singular potential is not too strong and the cutoff
distance not too small, the essential singularity in the
wave function does not appear, and the energies for a
repulsive core are E,~W ,43T,. In the other extreme,
if 2o is very small, there are many levels clustered near
n2=Ug/xo". For a very small, oscillating or fluctuating
%o, there is an effective continuum with (E,)=W,. In
this case, the complex E, might be interpreted as
energies of weakly quantized continuum states.}
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14 The WKB method is rigorously applicable if #%2|Qp~2| <1,
Q=3%(p"/p)2—p"/2p, p*=2m(E—V) (see Kemble, reference 5,
p. 96). If V=—Ve* and £>2, |Qp72|—>0 as x—0. When a
long-range nonsingular force acts together with the short-range
singular one, #?| Q72| is small for all  so that the WKB approxi-
mation is accurate.

I Note added in proof.—In a recent discussion, F. G. Werner and
J. A. Wheeler [Phys. Rev. 109, 126 (1958)7] have accurately
calculated Ei; for V(r)=—aZ/b (r<b) at Z=170. They found
Ey 3= —1.85 mc? for a range of b near 0.03%/mc. Equations (22)
and (23) describe a problem with V (r)=~<-+aZ/b (r <b) and should
lead to much smaller binding energies than the above, with little
dependence on b; we find Ey, 3= (—1.02£0.49)mc2. Since the prop-
erties of the »=1 state are most sensitive to the type of cutoff and
the precise value of b, the relatively close agreement between these
two numbers indicates that Eqs. (22) and (23) will lead to useful
approximations to E,, j, #>>1, for almost any cutoff.



