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Abstract

The Levinson theorem is a fundamental theorem in quantum scattering theory,
which shows the relation between the number of bound states and the phase
shift at zero momentum for the Schrédinger equation. The Levinson theorem
was established and developed mainly with the Jost function, with the Green
function and with the Sturm—Liouville theorem. In this review, we compare
three methods of proof, study the conditions of the potential for the Levinson
theorem and generalize it to the Dirac equation. The method with the Sturm—
Liouville theorem is explained in some detail. References to development and
application of the Levinson theorem are introduced.

PACS numbers: 03.80.+r, 03.65.Nk, 11.80.—m

1. Introduction

The Levinson theorem is a fundamental theorem in quantum scattering theory, which shows the
relation between the number of bound states and the phase shift at zero momentum. Levinson
first established and proved this theorem in 1949 [47] for the Schrodinger equation with a
spherically symmetric potential V (). In a book on quantum scattering theory [72], Newton
rigorously re-proved the Levinson theorem for the Schrédinger equation and studied the case
with a half bound state. The spherically symmetric potential V (r) in the Schrodinger equation
is assumed to satisfy the asymptotic condition

(o]
/ drr|V(r)| < oo. (1.1)
0
This condition is necessary for the nice behaviours of the wavefunction at the origin and at

infinity. In the analytic continuation of the Jost function to the complex plane of the momentum
k, the additional demand for the potential V (r) is required (see p 337 of [72]):

/ dr r?|V(r)| < oo. (1.2)
0
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Under those conditions the phase shift §,(k) at zero momentum with the angular momentum
£ is related to the number of bound states n, with the same angular momentum:

(n¢+1/2)m, ahalf bound state occurs,
8¢(0) — 8¢ (00) = - (1.3)
nem, the remaining cases.
This is the Levinson theorem for the Schrodinger equation, where a half bound state may
occur when £ = 0. A zero-momentum state is called a half bound state if its wavefunction
is finite but does not decay at infinity fast enough to be square integrable. As is well known,
there is degeneracy of states for the magnetic quantum number due to the spherical symmetry.
Usually, this degeneracy is not expressed explicitly in the statement of the Levinson theorem.

It is understood that the Levinson theorem (1.3) will not hold if the restriction (1.1) for the
potential V (r) is violated. However, the additional demand (1.2) for the potential V () was
required in the analytic continuity of the Jost function, and it is too strong for the Levinson
theorem.

The phase shift §,(k) appears in a trigonometric function so that it is determined up to
a multiple of 7. In the Levinson theorem (1.3), the phase shift §,(0) at zero momentum is
determined with respect to the phase shift §,(co) at infinity momentum, where the phase shift
is assumed to be continuous with respect to the momentum k. In the usual case when the
potential has a nice behaviour, the phase shift §,(c0) is vanishing, but it may not in some
special cases, where the appearance of the term §,(c0) in the Levinson theorem will cause
trouble [65, 96]. See the detail in section 5.

Most papers [3, 70, 85, 99] have been devoted to the proof of the Levinson theorem
and its generalization based on the Jost function. In the proof, the Jost function is made the
analytic continuation to the upper complex plane of k. The study of the analytic property and
the multiplicities of zeros of the Jost function on the complex plane is quite complicated. It
obstructs the generalization of the Levinson theorem to the relativistic cases [3, 44, 45, 85, 99].

Jauch [41] proved the Levinson theorem with the orthogonality and completeness relations
for the eigenfunctions of the Hamiltonian, where the restriction (2) for the potential was
released [96]. He applied the operator formulism of the scattering theory to the proof, which
was similar to the method of the Green function [76]. The total number of the eigenstates of
the Hamiltonian is proved to be invariant as the potential changes. In other words, the bound
state is transformed from the scattering state or vice versa as the potential changes. This is an
important idea for simplifying the proof of the Levinson theorem. Jauch [41] claimed that, if
without any inelastic scattering, his conclusion is in principle suitable for the relativistic case.
However, he did not give the explicit relativistic form of the Levinson theorem.

Ni [76] used the retarded Green function to explicitly prove the Levinson theorem for the
Schrodinger equation and to generalize it for the Dirac equation and for the Klein—Gordon
equation. Unfortunately, there were some mistakes in his proof for the relativistic cases.
The correct statement of the Levinson theorem for the Dirac equation with a spherically
symmetric potential was first proved with the retarded Green function [53]. The method of the
Green function was also applied to generalization of the Levinson theorem for the relativistic
cases in one or two spatial dimensions [11, 50-52]. In the proof with the Green function,
the difference of total numbers of the eigenstates of the Hamiltonian with and without the
potential is calculated. But it is a difference of two infinite quantities. In the proof, two
limit processes are interchanged without a strict proof. The term of §,(o0) still appears in the
obtained Levinson theorem for the Schrodinger equation.

In a talk on monopole theory [103, 104], Professor C N Yang presented a new form
of the Sturm-Liouville theorem for the coupled partial differential equations of first order.
The proof of the Levinson theorem with the new form of the Sturm-Liouville theorem for
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the Schrodinger equation [54] is more simple, intuitive and easy for generalization than the
previous methods. The term of §,(c0) is removed in the obtained Levinson theorem. The
additional demand (1.2) on the potential V (r) is released. It becomes evident that as
the potential changes, the phase shift at zero momentum jumps by m when a scattering
state transforms into a bound state and vice versa. The modified form of the Levinson theorem
when the potential V (r) has a tail r=2 at infinity is easy to obtain [54] and holds for two
counterexamples raised by Newton [72]. With the Sturm—Liouville theorem, the Levinson
theorem is generalized to the Dirac equation [55, 56, 58], to the Klein—Gordon equation [48],
as well as to the non-local interaction [59]. Recently, the Levinson theorem was established
for the cases with the arbitrary spatial dimensions [11, 24-27, 29, 35, 50, 51, 93], including
one spatial dimension [4-7, 16, 18, 20, 28, 30, 34, 42, 52, 61, 62].

Another approach to the Levinson theorem with the Sturm-Liouville theorem was
presented by Iwinski—Rosenberg—Sprouch [36], where the nodal structure of zero-energy
wavefunctions was related to the number of bound states through the Sturm—Liouville theorem
and then to the zero-energy phase shift. They extended the method to scattering in a potential
with repulsive Coulomb tail [37], to the multiparticle single-channel scattering [38, 88] and to
the electron—atom scattering [89].

The Levinson theorem was also established for a charged particle moving in the field of
the Aharonov—Bohm magnetic flux with a short-range potential [49], for a fermion-monopole
system [68, 102] and for time-periodic potential [7, 67]. The Levinson-type theorems were
derived for the systems with non-central potentials [70, 78], for the KdV system [64], for
the integral equation of the vertex function [17], for three-body systems [101] and for the
eigenfrequency models of fluctuating fields at a sphaleron [2]. This theorem and the technique
used in its proof were developed and applied in relation to the problems of fractional charge
[9, 32, 57], regularized index [10] and anomalies in quantum field theories [12, 77], as well
as in the method of bosonization [13, 100]. The technique was widely used in the inverse
scattering method [18, 71, 73, 74], in the study of low momentum scattering [21, 22] and in
the multichannel scattering with non-local and confining potentials [98]. The applications of
this theorem to the two-dimensional electron gas [83, 84], to spontaneous fermion production
[15], to cosmology [43, 90], to the second virial coefficient [33] and to the exact solutions
of the Dirac equation with surface delta interactions [23] were investigated. The threshold
behaviour of the Jost function for the atom polarization potential was evaluated up to the order
k* [63]. The semiclassical version of the Levinson theorem was derived and applied to the
sine-Gordon theory [39].

The plan of this review is as follows. We sketch the main idea of the proof of the Levinson
theorem based on the Jost function in section 2 and on the Green function in section 3. In
section 4, we first introduce the Sturm comparison theorem and then we show a new form of
the Sturm-Liouville theorem where a phase angle is monotonic with respect to the energy.
This monotonic property of a phase angle is the main spirit in the proof of the Levinson
theorem with the Sturm—Liouville theorem. In terms of this method, the Levinson theorem is
proved for the Schrodinger equation in section 4 and for the Dirac equation in section 6. Some
special cases for the Schrodinger equation are discussed in section 5. Finally, a conclusion is
given in section 7.

2. The Levinson theorem and the Jost function

Newton gave an elegant review [72] of the Levinson theorem based on the Jost function. In
this section, we will sketch the main idea of this proof.
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2.1. Solutions of the Schridinger equation

The three-dimensional Schrodinger equation with a spherically symmetric potential V (r) is

2

—;—M Y, E,A) =[E — AV ¥ (r, E, L. 2.1

A real parameter A is introduced for convenience and eventually X is set to be 1. The radial
function R, (r, k, A) with the angular momentum ¢ satisfies the radial equation

U(r, E,A) =r "Ro(r, k, MY (),
R)(r, k, M)+ [k* — AU (r) — £(€+ Dr 2Ry (r, k, 1) = 0, 2.2)
k=~2ME/n, U(r) =2MV (r)/R?,

where the prime denotes the derivative with respect to r. Provided that

/Oodr rlU(r)| < oo, 2.3)
0

Ry (r, k, A) is an entire function of A for each fixed k and r, and an entire function of & for each
fixed A and r (see p 334 in [72]). Equation (2.3) demands the potential U (r) be less singular
than 2 near the origin and to vanish at infinity faster than r~2.
Equation (2.2) becomes the Bessel equation for z(r) = r /2R, (r, k, 1) when the potential

can be neglected:
Hr i K= (0 +1/2)2r Nz =0. (2.4)

Thus, the regular solution R, (r, k, 1) has the asymptotic behaviour at the origin like /7 Jy4 /2
In this section, following Newton [72], we choose the normalization factor such that the regular
solution R, (r, k, 1) satisfies the boundary condition at the origin:

lin(l)r_e_lRe(r, ko) =1. (2.5)
Since the dependence on k in equation (2.2) is only via k2, and the boundary condition of

R,(r, k, )) is independent of k, Ry (r, k, A) is an everywhere regular function of k2, and an even
function of &,

Ry(r, =k, A) = Ry(r, k, 1). (2.6)
In the analytic continuation to the complex value of k, one has
Ry (r k", 1) = Re(r, k, 1). 2.7

There are two linearly independent solutions for a linear differential equation of second order.
Another solution of equation (2.2) is irregular with the behaviour » ¢ near the origin.
Two solutions Ry (7, k, A) of equation (2.2) are defined from the boundary condition at

infinity:

lim e Roy(r, k, 1) = 1,

Ros(rik, 1) = Ro—(r, —k, &) = R (r, k", 1),
Generally speaking, Ryi(r, k,A) both are irregular at the origin. The regular solution
Re(r, k, A) is a combination of R,.(r, k, A):

Ri(ryk, ) = a(k, \)Ros(r, k, A) +a_(k, \)Ry_(r, k, 1). 2.9)

For a free particle, A = 0, one has

Qe+ DN [wkr oo 20+ DI
Ry(r, k,0) = | 5 e nkr)y =% T sin(kr — €7/2). (2.10)
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For a given A, due to the restriction (2.3), R, (r, k, A) with E > 0 is an oscillatory solution and
describes a scattering state. The phase shift §,(k, 1) is introduced to describe the asymptotic
behaviour of the scattering state at infinity:

Re(r, k, ) o sin[kr — £€m /2 + 8¢ (k, M)], r — o0. (2.11)
Comparing equation (2.11) with equation (2.9) one has

a.(k, A) — _il—tr28e(k )] 2.12)

a_(k, L)

The phase shift §;(k, A) is determined from equation (2.11) up to a multiple of 7. In
comparison with equation (2.10), equation (2.11) implies a convention for the phase shift:

80(k,0) = 0. 2.13)

The phase shift is determined uniquely if &,(k, A) with k& > 0O is assumed to be a continuous
function of A.

When E < 0, aregular solution of equation (2.2) in the whole space does not always exist.
If a_(iw, A) = 0 in equation (2.9), there is a regular solution R;(r, iw, A) of equation (2.2),
which describes a bound state at the energy £ = —h*w? /(2M). In fact, Ry (0, iw, A) = 0 in
this case. Equivalently, the condition for the existence of a bound state can also be expressed
as a,(—iw, A) = 0and R,_(0, —iw, 1) = 0.

Aspointed out by Newton (p 337 of [72]), for the continuity of the derivative of Ry (7, k, A)
to include the point k£ = 0, the additional demand for the potential U (r) is required:

/ dr r?|U(r)| < oo. (2.14)
0

If equations (2.3) and (2.14) hold, R..(r, k, A) for each r is an analytic function of k regular
for Im k£ > 0 and a continuous function with a continuous k derivative in the region Im k > 0.
The restriction (2.14) demands the potential U () to vanish at infinity faster than 3. In fact,
this restriction (2.14) is not necessary for the Levinson theorem [96], but is required in the
proof for the Levinson theorem with the Jost function.

2.2. The Jost function
The Wronskian of any two solutions of equation (2.2) is defined as
d
WIRS (ki ), R G ko, 20)] = R 0, A) R G Ko, )
d
= Rk, 22) - R G e, ). (2.15)
By making use of the radial equation (2), one obtains

d
—W[R" (r, ki, 1), R (r, k2, 1]

dr
) ¢ o ® & o
= R( (r7 kl’)")mR( (ra k27)\')_Rg (ra kZaX)@R( (r9 kla)\')
= (K2 = 13) R (r, ki, MR (1, ko, 1), (2.16)

Similarly, one has

d
S WIRY ¢k 1), RP 0k, 30)] = =0 = A) U R 0k AR (r k ha). (2.17)
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Whenk; =k =kand A; = Ay = A,
d M p@)
EW(RZ LRk, 2) =0,

W(R", RY k1) = W[R" (r, k, &), RY (r, k, 1)].

(2.18)

The Wronskian W(Rél), Rz(z), k, 1) is a constant with respect to r and can be evaluated in any
r. For example, the Wronskian W (R4, R,—, k, A) can be evaluated in the limit as r — oo:

W (Res, Ro_, k, 1) = —2ik. (2.19)

Hence, the combinative coefficients aL (k, 1) of R,(r, k, 1) in equation (2.9) can be expressed
by the Wronskians:

W(Rex, R, k, 1)

ar(k,A) ==+ - (2.20)
2ik
The Jost function 7,(k, A) and its auxiliary function J;_ (k, A) are defined as
€ g—imt/2
k,A\) = ———W(Ry+, Ry, k, 1), 2.21
Te(k, ) a2+l (Res, Ry ) (2.21)
€ gimt/2
_(kyA) = ———W(Ry_, Ry, k, V). 2.22
Je—(k, 1) 20+l (Re—, Ry ) (2.22)

For real A and complex & one has
Je—(=k, X)) = Tk, 1), To—(k, 1) = T} (k*, 1). (2.23)
Substituting the definitions of the Jost functions into equations (2.12) and (2.20), one obtains
Jo—(k, 1) — eimt W(R—, R, k, 1) _ eziaﬂ(k,x)'

— = = (2.24)
Je(k, 1) W (Re+, R, k, )
Due to the boundary conditions (2.5) and (2.8), equation (2.21) becomes
€ g—imt/2 ,
%(k, )\.) = W}%r Rg+(}’, k, )\.) (225)

Ju(k, &) = 0 means that R,.(r, k, 1) is a regular solution of equation (2.2) such that it is
proportional to R, (r, k, A).

When |k| — oo with Im k > 0, the potential AU (r) in equation (2.2) can be neglected,
and due to equation (2.10)

Re(r, k, 2) ~ 20+ DNk~ sin(kr — w€/2). (2.26)

In evaluating W (R, Ry, k, 1) of equation (2.21) at a large r, sin(kr — 7£/2) in Ry(r, k, A)
can be replaced with ie=**17¢/2 /2 due to Im k > 0,

lim J;(k,A) = 1, Imk > 0. (2.27)
|k|— 00

2.3. The Levinson theorem

In this subsection, we set A = 1 and omit the argument A in all functions. Under the restrictions
(2.3) and (2.14), the Jost function J; (k) is analytic and contains finite number of zeros in the
upper half of complex plane of & so that

1
~— ¢ dInJi(k) = n, (2.28)
21 Je



Topical Review R631

where the contour C is a path along the real axis from —oo to +00, avoiding the origin by a
small upper semicircle of radius € and closed by a large semicircle of radius K in the upper half
plane. 7 is the residue number. We are going to analyse the positions and the multiplicities of
zeros of the Jost function in the upper half of the & plane.

First, we prove that the zeros of J;(k) in the upper half of the k plane must be located
on the imaginary axis. In fact, if J;(k) = 0, from equation (2.25) there is a regular complex
solution Ry (r, k) of equation (2.2):

Ry(r, k) = a (k)R (r, k) # 0, k=ko+iw, o =0. (2.29)

R, (r, k) is vanishing at the origin and its logarithmic derivative at infinity is ik = ikg — w. The
Wronskian W[R,(r, k)*, Ry(r, k)] satisfies equation (2.16):

d

T VIR, Re(ry )] = (7 = kD) R, DI
Integrating it from O to ry, where ry ~ o0, one has

ro
2iko| Ry (ro, k)|* = —4ik0a)/ dr|Re(r, k)[*. (2.30)
0

The coefficients of (ikp) on both sides of equation (2.30) have different signs, so that ko = 0.
Second, we prove that the zeros of [J;(k) on the positive imaginary axis are simple. If
yes, n is the number of the bound states of equation (2.2) except for the possible bound state at
k = 0. Now, the solution R, (r, ki) with k; = iw in equation (2.29) is real. Calculate J;(k,),
where the dot denotes the derivative with respect to k;. Due to J;(k;) = 0, one obtains from
equation (2.21)
. kf e—i@n/2
Tk = o

From equations (2.16) and (2.29)

{WIRe,(r, k1), Ro(r, k)1 + W[Re(r, k1), Re(r, ki)1}.

. : a
WIRe.(r, k1), Re(r, k)] = lim Py WIR(r, k1), Ry(r, k)]
— K] 1

8 r
= lim — {[k% —kz]f dr’R“(r’,kl)Re(r’,k)}
0

k—ki 0k;
=2k1a+(k1)_1/ dV/RZ(r/y kl)zs
0

. . d
WIR (1, k1), Re(r, ki)] = khﬂkl Py WIR (r, k), Re(r, k1)]
— K] 1

8 o0
= lim — {[k% —kz]f dr’Rg+(r’,k)Rg(r’,kl)}

o0
=2k1a+(k1)*1/ dr'R(r', ky)%.

Thus,

2kf+l efiZT[/Z
a,(k))2€+ 1!
It shows that the zero k; = iw of J; (k) is simple.

Third, if £ = 0 is a zero of J;(k), careful calculation shows [69] that the multiplicity of
this zero is 2 for £ > 1 and 1 for £ = 0. Note that the asymptotic behaviour of the regular
solution Ry (r, k) of equation (2.2) with k = 0, if it exists, is r=tat infinity, which means that
R;(r, 0) is square integrable for £ > 1 and finite but not square integrable for £ = 0. The
zero-momentum solution with £ = 0 does not describe a bound state.

Jo(ky) = / dr'Re(r', ki)* # 0. (2.31)
0
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Now, evaluate the integral along the contour C. Due to equation (2.27), the integral along
the large semicircle (|k| — oo0) is vanishing. Then, as discussed above, if 7,(0) = 0, J; (k)
when k ~ 0 is proportional to k2 for £ > 1 and to k for £ = 0, so that the integral along the
small semicircle is

0 when  7;(0) # 0,
/dlnjg(k) —={ 27i when J,(0)=0 with €3> 1, (2.32)
€ —mi  when J,(0)=0 with £=0.

Moving this term to the right-hand side of equation (2.28), n is replaced with ny; + 1/2 when
£ = 0 and Jy(0) = 0, and with n, for the remaining cases, where n, is the number of bound
states of equation (2.2) with the angular momentum £. At last, from equations (2.23) and (2.24)
one obtains that on the real axis of the k plane, J; (k) = Jo_(k)* = Jy(—k)* = | T, (k)| e % ®,
Namely, | J¢(—k)| = |J¢ (k)| and 8,(—k) = —8,(k). Thus, the integral along the real axis is

—€ K

lim lim {/ dIn J; (k) +/ dIn jg(k)} = 2i[8,(0) — 8¢(c0)]. (2.33)
K—00€e—>0 _K €

When ¢ = 0 and Jy(0) = 0, the wavefunction Ry(r, 0) is finite but not square integrable. In

this case, the state is not a bound state, but called a half bound state. A half bound state occurs

only when ¢ = 0 and J,(0) = 0. Altogether, the Levinson theorem for the three-dimensional

Schrédinger equation with a spherically symmetric potential is proved:

(ng +1/2)m, ahalf bound state occurs,

3¢(0) — 8¢(00) = { . (2.34)
nem, the remaining cases.

The Levinson theorem (2.34) contains a difference of two phase shifts, namely the phase
shift 6,(0) is determined with respect to the phase shift §,(co) at infinite momentum. In some
literature, the phase shift §,(co, 1) at infinite momentum was ‘defined to be zero’ (e.g. p 357
in [72]). However, §,(co, 1) may not be zero in some special cases as discussed in sections 4
and 5.

2.4. Brief summary

The proof of the Levinson theorem with the Jost function is based on the property of the
Jost function in the analytic continuation to the complex plane of k. In order to study the
analytic property of the Jost function, a stronger restriction (2.14), which is not necessary for
the Levinson theorem, has to be imposed on the potential. The positions and the multiplicities
of zeros of the Jost function in the upper half of the complex plane of & are quite difficult to
study. This difficulty is an obstacle for the generalization of the Levinson theorem. The phase
shift 6,(0) in the Levinson theorem (2.34) is given with respect to the phase shift §,(co) at
infinite energy, which is vanishing conditionally. In some special cases where §,(0c0) is not
vanishing, the form (2.34) of the Levinson theorem will not hold.

3. The Levinson theorem and the Green function

In this section, we will sketch the proof of the Levinson theorem for the Schrodinger equation
with the Green function [76]. The main idea is the same as, but more intuitive than, that with
the operator formulism of the scattering theory raised by Jauch [41].
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3.1. Orthonormal eigenfunctions

The radial equation (2.2) of the Schrédinger equation with a spherically symmetric potential
V (r) is rewritten in a Hamiltonian form:

Hy(r, )R(r, E, 1) = ER(r, E, 1),

n? [dz e+ 3.1

Hy(r,2) = Hy(r,0) + AV (r) = —

m d? 2 ] +)\.V(}’)

In this section, the variable k in the radial function is replaced with the variable E for
convenience. The real regular solution R, (7, E, A) in equation (3.1) is orthonormal:

o0 S8(E—E, when E >0,
f dr Ry(r, E,M)R,(r, E', 1) = (3.2)
0

SrE s when E <0.
There is a continuum for scattering states when E > 0, and a discrete spectrum for bound
states when E < 0. Denote by n, the number of bound states of the system. The complete
condition for R,(r, E, A) is

Y Re(r E, )Ry E 2) = 8(r — 1), 3.3)
E

where ), is a symbolic sign which means an integral for the continuum and a sum over the
discrete spectrum:

oo ny
> Ry(r.E. MR, E) = / dER(r, E, MRy(r', E, 1) + Y Ry(r, Ey, MRe(r, Ey, 3).
E

0 v=1

(3.4)

For a free particle, A = 0, H,(r, 0) only has a continuum. The explicit form of R,(r, E, 0)
for a scattering state with E = 7°k*/(2M) > 0 is

Ry(r, E,0) = ~/MrJyp(kr)/h,

00 M (3.5)
/ dr Ry(r, E,0)R¢(r, E',0) = 8(E — E') = —-8(k — k.
0 hk
The set of R, (r, E, 0) is also complete
[o.¢]
Z Ri(r, E,0)R;(r', E,0) = / dERy(r, E,0)R,(r', E,0) = §(r — 1'). (3.6)
z 0
The asymptotic behaviours of R,(r, E, 0) near the origin and at infinity are
(kr)t*! 2M
m ﬁ’ when r — 0,
Ry(r, E,0) = - (3.7

1 [2M .
—/ —— sin(kr — €x/2), when r — oo.
hY mk

Although the solution R,(r, E, A) with a given A is hard to solve explicitly, some of
its asymptotic behaviours are known. If the potential V() satisfies the restriction (2.3),
Ry (r, E, 1) is proportional to r**! near the origin. Since the integral in the orthogonality (3.2)
is equal to a Dirac delta function for a scattering state, the main contribution to the integral
in equation (3.2) comes from the part of the wavefunction at large r, so that the asymptotic
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behaviour of Ry(r, E, A) at infinity can be written as the following combination of a Bessel
function and a Neumann function:

R,(r, E,}) o ! — 0, when r — 0,
Mr .
Re(r,E,A) = W [cos 8 (k, A)Jop1/2(kr) /[l — sinSg(k, M) Noy1 2 (kr)]
1 /2M .
— i sinfkr — £ /2 + 8,(k, M)], when r — oo. 3.8)
i

The asymptotic behaviours of R,(r, E, 1) for a bound state with £ = E, < 0 are

( ) il ~0, when r — 0, (3.9)
R,(r, E,, \) x .
‘ e V2MEs/h () when r — oo.
3.2. The retarded Green function
The retarded Green function G(r, r’, E, A) is defined as
[E—Hy(r, M) +in)G(r,r', E,X) =80 —r'). (3.10)
From equation (3.3) one has
, Re(r, E'", M)Ry(r', E', 1)
G(r,r',E,\) = - . 3.11
(r.r' E. %) ; Db (3.11)
The retarded Green function G(r, ¥/, E, 0) for a free particle is
[E— Hy(r,0) +in]G(r, 7', E,0) =80 — 1), (3.12)
, Ry(r, E'",0)R,(r', E', 0)
G 9 9 E? 0 = . . 3.13
(r.r',E.0) ; FE+h (3.13)
The Dyson equation can be shown by multiplying it with E — H,(r, 0) + in:
o0
G(r,r",E,\) =G(r,r",E,0) + / dr'G@r, v, E,OAV (NG, ", E, L. (3.14)
0

Taking " = r and integrating equation (3.14) with respect to r, one has

o0 o0 o0
/ dr{G@r,r, E,A\) — G(r,1, E,0)} = / dr/ dr'G@r, v, E,OMV(E"GF ,r, E, N
0 0 0

=> 3 [/Ooo drRe(r, E", M) Ry(r, E', 0)]

E E"
[fo dr'Re(r', E', )LV (') Re(r', E”, 1) ]
x (E—E+i(E—E'+i7) '
Due to AV (r) = H(r, \) — H(r, 0),

(3.15)

o0 o0
/ dr'R,(r', E',OAV (I R,(r', E", L) = (E" — E')/ dr'R,(r', E',O)R,(¥', E", 1).
0 0

(3.16)
In the meaning of integral one has (see [40], for example)
1
— =P —in8(E — E), (3.17)
E—FE +in E—-F
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where P denotes to take the principal value. Thus, the imaginary part of the following fraction
is

E' — E'
Im - ;
(E—E' +in)(E — E" +1n))
= —n(E —E){PE_ENB(E—E)+PE_E/8(E—E )}
=n[8(E—-E)—68(E—-E"]. (3.18)

Substituting equations (3.16) and (3.18) into equation (3.15) and integrating it with respect to
E from —o0 to 0o, one finds that the contributions from two delta functions are exactly the
same and cancel each other:

o0 o0
Im/<w/ dr (G(r.r E. 3) — G(r, v, E, 0))
—00 0

=7 /OO dEY > [/Oodr Ro(r, E", )R, (r, E', 0)]
—00 0

E' E"

x Uoodr’m(r’, E,0O)R,(r, E", ,\)} [8(E—E)—8(E—E"]=0. (3.19)
0

From the complete conditions (3.3) and (3.6), equation (3.19) can be rewritten as

o0 o0
Im/(wf dr{G(r.r. E. 1) — G(r, . E, 0))
—00 0

o0 o0
=7 / dE ZS(E — E’)/ dr Ry(r, E',0)R,(r, E', 0)
- 0

%) E
00 00
—x / dEY S(E—E") | dr Re(r. E". MRe(r. E". 3) = 0. (3.20)
—00 E 0

Namely, equation (3.19) contains a cancellation of two infinite quantities which are exactly
the same. Its physical meaning is shown in equation (3.20) that the number of eigenstates of
H(r, 1) is the same as that of H (r, 0).

Furthermore, if the integral of E in equation (3.19) runs from —oo to 0, the term with
8(E — E’) vanishes because there is no bound state for a free particle. Thus, setting A = 1,
one has

0 o)
Im/ dE/ dr{G(r,r, E, 1) — G(r,1, E,0)}
—00 0

0 o)
=7 / dES(E — E") Z U dr R,(r, E", )R,(r, E", 1)]
—00 B 0

= —n,m. 3.21)

Due to equation (3.19) one has

ng=7l’_llm/ dE/ dr{G(r,r,E,1)_G(rsr7E10)}
0 0

=/ dE/ dr {Re(r, E,0)R;(r, E,0) — Re(r, E, )Ry(r, E, 1)}. (3.22)
0 0

It shows that when A changes from O to 1, some scattering states may transform into bound
states or vice versa, but the total number of the eigenstates remains invariant. The Levinson
theorem will be proved from equation (3.22). In the proof of equation (3.22), two infinite
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quantities cancel each other (see equation (3.19)). This problem also occurs in the operator
formulism [41]. This cancellation seems to be strict because two infinite quantities are exactly
the same.

3.3. The Levinson theorem

Integrating equation (2.16) with respect to r from the origin to infinity, one has

1 o0
——— lim W [Ry(r, E, M), Re(r, E', M) = dr'Re(r', E, )R, (', E', 1). (3.23)
k2 — k2 roo00 0

From the boundary condition (3.8) the Wronskian becomes

lim W[R,(r, E, 1), Re(r, E', M)]
r—0o0

2M
lim ————{k'sin[kr — €m/2 + 8,(k, A)] cos[k'r — €m /2 + 8,(k', L
lim hzn«/ﬁ{ [ /2 +8¢(k, A)] cos| /2+80(k, M)]
—ksin[k'r — €m )2 + 8,(k', M) cos[kr — € /2 + 8,(k, )]}

= lim L{(k’ — k) sin[(k + K)r — €7 + 8, (k, A) + 8¢ (K, A)]

0 B2 KK
+ (k' + k) sin[(k — k")r +8,(k, 1) — 8,(k", M1}
. M —k?) ' sin[ (k + k")r]
= lim ———— { (=D cos[8,(k, A) + 8¢ (k', \) | ——————
M {( ) cosldy (k. 1)+ 8e (k' M= ——7
in[(k — k'
ook, 1) — (K 1
in[8,(k, A) + 8, (K", A
(=)™ cos[(k + Ky 2O * 0K, )]
k+k'
in[8,(k, M) — 8o(k', A
teos|(k — kyrp im0 K 2) = (K, M (3.24)
k—k'
Due to rapid oscillation, cos[(k + k")r] — 0 as r — oo and
lim 22 5. (3.25)
r— 00 X
Substituting equation (3.24) into equation (3.23), one obtains
o
lim dr Ry(r, E, )R, (r, E', 1)
E—E [
M 41 . , 1 d§e(k, 1)
= . {(—1) * cos[28,(k, M)16(2k) + El/linES(k -k + ;T} ,  (3.26)
where
in[8,(k, A) — 8, (K", A dé,(k, A
im sin[d¢(k, A) — 8¢(k", )] _ dde(k, )_ (3.27)
E'—>E (k—k") dk
For a free particle, the phase shift is zero such that
. * / / M 0+1 : /
lim drRi(r, E,0)R,(r, E',0) = — 1 (=1)""8(2k) + lim §(k —k') (. (3.28)
E—E [, 2k E'—E

Substituting equations (3.26) and (3.28) into equation (3.22) and noting

/OodEM(S(Zk)—lfoodE«S(E)—l (3.29)
o n2k 2o 4 '
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one obtains the Levinson theorem
1 1 .
ne = —[800) = 81(00)] — 5 (=" sin’[3,(0)], (3.30)

where §,(k) = §4(k, 1). The Levinson theorem (3.30) coincides with the form (2.34) because
sin?[8¢(0)] is one for the half bound state of S-wave and zero for the remaining cases.

3.4. Brief summary

The proof of the Levinson theorem with the Green function is much simpler than that with the
Jost function. The restriction (2.14) for the potential is released in this proof. This method of
proof is generalized to the Dirac equation [53, 76], to the Klein—Gordon equation [76] and to
the equations with different dimensions [50-52]. On the other hand, some problems appear
in the proof, such as the difference of two infinite quantities and the interchange of two limits
of E/ — E and r — o00. The phase shift §,(0) in the Levinson theorem (3.30) is also given
with respect to the phase shift §,(co) of infinite energy, which is vanishing conditionally.

4. The Levinson theorem and the Sturm-Liouville theorem

The Sturm—Liouville theorem [95, 103] is a fundamental theorem in the theory of differential
equations. It studies the eigenvalue problems in the differential equations of second order, and
was generalized to those of higher order, to the coupled ones of second order and to the partial
differential equations [1, 19, 87, 97]. This theorem has a broad application in physics because
the Schrodinger equation is a Sturm-type equation. In this section, the Levinson theorem will
be proved with the Sturm-Liouville theorem.

4.1. The Sturm comparison theorem

The Sturm comparison theorem. If y(x) and Y (x) satisfy
Y+ fx)y =0, Y"+ F(x)Y =0,

.1
y(a) =Y(a) =0, y'(a+) =Y'(a+) > 0,

where f and F are continuous functions with f(x) < F(x) in the region [a, b], and c is the
first zero of Y to the right of @ in [a, b], then (a) y(x) > Y (x) in (a, c¢); (b) there is at least
one zero of Y between two neighbouring zeros of y in [a, b]; (c) the kth zero of y in [a, b] is
located at the right of the kth zero of Y.

Proof. Taking the Wronskian of equation (4.1), one has from equation (2.16)

Y —yY'T = / [F (1) — fOly®)Y (2)dr. 4.2)

X1

Letting x; = a, one obtains

LY d ry
Iim = =1, — (=) >0, when a < x <c,
x—aY dx \Y

(a) is proved. If d; and d, > d; are two neighbouring zeros of y in [a, b], y does not change
its sign in (dy, d), and both y'(d;) and —y’(d,) have the same sign as that of y in (dy, d»).
Hence, Y has to change its sign in (d}, d;) because from equation (4.2)

dy

Y (@)Y (dr) — y' (@)Y (dr) = / [F() — fOly(Y @) dr.

d
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This conclusion holds when d; = a, namely, the first zero of y in (a, b) is located at the right
of c. Thus, (b) is proved and (c) is obvious. O

The Sturm comparison theorem studies the positions of zeros of y(x) as f(x) changes.
It has broad application both in mathematics and in physics. For example [46], with it one
is able to prove that the kth zero 9,5") of the Legendre function P,(cos@) in [0, ] satisfies

00" > 0" (k < n)and ) — 0 > 67" — 0"V (k < n/2). For the kth zero x,; of the
Bessel function J, (x) one has x,x > x, if v > @ > 0and x, /v 2 x0 /e if v > p > 0.

4.2. Monotonic property of a phase angle
For the three-dimensional Schrodinger equation (2.1) with a spherically symmetric potential,
its radial equation is a Sturm-type equation,
Ry(r, E, 1)+ F(r, E,)R(r, E, }) = 0,
L€ +1) } 4.3)

72

2M
F(r,E, ) = {h_2 [E—AV(r)]—

The zero of the wavefunction R, (r, E, A) is usually called the node of R,(r, E, A) in physics.
A regular solution contains a node at the origin. Due to the Sturm comparison theorem, the
remaining nodes in the solution move towards the origin as the energy E increases. A new
bound state occurs when a new node appears at infinity as £ (E < 0) increases. Namely, the
number of nodes contained in the radial functions of bound states increases one by one as the
energy E increases, and the radial function of the ground state contains no node except for two
nodes at the origin and at infinity.

Another form of the Sturm comparison theorem is called the Sturm—Liouville theorem.
Professor C N Yang said in a talk on magnetic monopole theory [103]: ‘For the Sturm—
Liouville problem, the fundamental trick is the definition of a phase angle which is monotonic
with respect to the energy’. The phase angle is the logarithmic derivative of the wavefunction
for the Schrodinger equation:

Ge(r, E, 1) = Ry(r, E,A)_I%Rg(r, E, ). 4.4

From equation (2.16), the Wronskian of the radial equation (4.3) satisfies

d d &

|:Rz(r, E, k)d—Rz(h E', 1) — Re(r, E', K)d—Rz(h E, k)}
r r

L

2M 2
= h_z[E — E/]/ Ri(r', E, )Ry (r', E', 1) dr'. 4.5)

r

Letting r; = 0 and r, = r¢ in equation (4.5), due to Ry(0, E, 1) = R;(0, E’, ») = 0 one
obtains

d
Ry (ro, E, Mzﬁm(m—, E, M)

. R(ENIR(rE' L) — R(r, E', )& R(r, E, M)
— hm dr dr
E'—>E E — FE
ro—
2M [0
-7 R,(r', E, \)2dr’ < 0. (4.6)
0

The logarithmic derivative ¢, (ro—, E, 1) at a given point rop— decreases monotonically as the
energy increases.
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Similarly, if the solution R,(r, E, ) with E < 0 tends to zero as r goes to infinity,
0
Re(ro, E, \)* —¢¢(ro+, E, A
e(ro ) Yo ¢e(ro )

Ri(r, E, ) - Ry(r, E', &) — Ry(r, E', M) 3L Re(r, E, 1)

= lim
E'SE E - FE
rot+
2M 00 / 2 /
=0 R/, E, »)*dr' > 0. 4.7
ro

The logarithmic derivative ¢,(ro+, E, 1) at a given point ro+ with £ < 0 increases
monotonically as the energy increases.
For two solutions with the same energy E but different A, equation (4.5) becomes
d d "2
[R[(I’, E,\)—Ri(r,E,\) — Ry(r, E,\)—Ry(r, E, X):|
dr dr .

2M !

2
= h—z[k/ — Al VIRe(r', E, )R, (r', E, M) dr'. (4.8)

8

Letting r; = 0 and r, = ry in equation (4.8), one has

0
R¢(ro, E, k)za@z(i’o—, E, )

i R E, MER(r, E,)) — R(r, E, )3 Ry(r, E, 1)
= o A — A
ro—
ro
=7 VR, E, M)?dr'. 4.9)
0

The logarithmic derivative ¢, (ro—, E, A) at a given point ro— is monotonic with respect to A
if the potential V (r) does not change its sign in the region (0, ry).

For a scattering state, the asymptotic behaviour of R,(r, E, ) at infinity is given in
equation (3.8). Substituting it into equation (4.9) where r( tends to infinity, one obtains

Re(r, E,2) s Re(r, E, X)) — Re(r, E, M) Ry(r, E. )

lim lim
r—o00 A=A A=A
2M . sin[8e(k, X)) — 8¢ (k, M)]
= ——— lim
B2 M—>a A=A
o0
== | V@R, E,N*dr.
ne Jo
38, (k, A e
PlD o n / V() Re(r, E. 1) dr. (4.10)
0

The phase shift §,(k, 1) is monotonic with respect to A if the potential V (r) does not change
its sign in the whole space. If the potential V (r) in equation (4.3) is neglectable as E goes to
infinity, Ry(r, E, 1) tends to Ry(r, E, 0). Thus,

8¢ (k, A M ‘
m L ~ _7T_2 lim / V(r)rJg+]/2(kr)2dr
E—o0 oA h E—oo 0
“4.11)

M/m'zk e /2)V (r)d
El_)ngoﬁg sin” (kr w/2)V(r)dr,

where € is a small real number. Equation (4.11) means that it is conditional to set §, (oo, ) = 0.
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4.3. The bounded potential

We are going to prove the Levinson theorem with the Sturm—Liouville theorem through two
steps. First, we assume that the interaction area of the potential V (r) is finite. There is
a distance ry far away from the interaction area such that out of ry the interaction can be
neglected. Namely, in addition to the restriction (2.3), the potential V (r) is assumed to be a
bounded one:

V(r)=0, when r > ry. 4.12)

Second, we will discuss the case where the potential has a tail at infinity, and study under what
condition the potential can be neglected in the region (7, 00).

Solve the radial equation (4.3) separately in two regions, [0, r9) and (rg, 00), under the
conditions (2.3) and (4.12), and then match the logarithmic derivatives of two solutions at r(:

¢€(r0_7 E’A):¢Z(r0+7 E’)") (413)

In the region [0, rp), the regular solution R,(r, E, A) of equation (4.3) with R,(0, E,A) =0
can be calculated in principle, although hardly. Then, its logarithmic derivative ¢ (ro—, E, A)
at ro— can be obtained as a function of £ and A. On the other hand, the solution of
equation (4.3) in the region (ry, 00) is easy to solve due to V(r) = 0. When E > O,
there are two independent solutions of equation (4.3) in the region (ry, 00), and one can
always find their linear combination such that its logarithmic derivative ¢, (ro+, E, A) matches
¢¢(ro—, E, 1). Namely, a scattering state exists for any £ > 0. When E < 0, there is only
one physically admissible solution of equation (4.3) in the region (ry, 00). If its logarithmic
derivative ¢, (ro+, E, 1) matches ¢y (ro—, E, A) at one energy E, a bound state appears at that
energy. The monotonic property of ¢, (ro—, E, A) and ¢ (ro+, E, L) with respect to the energy
will greatly help to determine how many bound states occur for the system.

4.4. The phase shift of zero momentum

For a scattering state with £ > 0, the general solution of equation (4.3) in the region (r, 00),
where V (r) = 0, can be written as

Mr
Re(”, Ev)\') =

[cos 8¢k, A)Jor1y2(kr) — sin g (k, A) Ny (kr)]

1 /2M
— i sinfkr — €x /2 + 84(k, A)], when kr — oo. 4.14)
T

In fact, the solution (4.14) holds approximately when V (r) is not bounded but satisfies the
restriction (2.3) (see equation (3.8)). Through the matching condition (4.13) at ry one is able
to determine tan 6y (k, 1), where the normalization factor in R,(r, E, A) plays no role. In fact,

AR (r, E, 1)

dr r=ro+
_ 1 . cos 8y (k, )»)k]é+1/2(kr0) — sin &y (k, )L)kNé+l/2(kr0)
C2rg o8 8(k, M) p(kro) — sine(k, M) Neyijp(krg)

where the prime on the Bessel function (or the Neumann function and later the Hankel function)
denotes its derivative with respect to the argument (kr). Substituting equation (4.15) into the
matching condition (4.13), one has

[@e(ro—, E, 2) — 1/(2ro)] Jes12(kro) — kJ i, )5 (kro)
[pe(ro—, E, L) — 1/(2ro)] Nes12(krg) — kN(/.;.l/z(krO).

Qe(ro+, E, L) = Ry(r, E, M)~

(4.15)

tan 8, (k, A) = (4.16)
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Thus, through the matching condition (4.13) the phase shift, as well as the solution (4.14),
depends on A. The phase shift §,(k, A) is calculated from equation (4.16) up to a multiple
of w. It can be determined uniquely by the convention (2.13) that §,(k, A) with k > O is a
continuous function of A and vanishing when A = 0.

The logarithmic derivative ¢, (ro—, E, A) changes as X increases from 0 to 1, so does the
phase shift §,(k, A). For a givenk = CME )12 /h, one obtains from equation (4.16)

08¢(k, \)
a(b@(ro_r E’ )") k
X A[pe(ro—, E, %) = 1/Q2ro)INesja(kro) — kNp,, 5 (kro)} > <0, (4.17)
where the identity J, (z) N} (z) — J, (2) N, (z) = 2/(mz) is used. Namely, for a given k the phase
shift 8, (k, A) increases monotonically as the logarithmic derivative ¢, (ro—, E, 1) decreases.
In fact, this conclusion coincides with the Sturm-Liouville theorem (see equations (4.9) and
(4.10)).

The phase shift §,(0, A) of zero momentum is defined to be the limit of §,(k, A) as k tends
to zero:

= —2(7rg) " cos?[8(k, M)]

8¢(0, 1) = l}l_I)I(l] 8¢k, A). (4.18)

In order to calculate §,(0, A), one takes the series expansion of equation (4.16) with respect
to kro,
—7t (krg)2*! Ge(ro—,0,2) — (L +1)/ro
22410+ 3/2DT (L + 1/2) pe(ro—, 0, L) — 2k — [—£/ro + k2ro/(2¢ — D]’
(4.19)

tandg(k, A) =

where ¢? > 0 due to the Sturm—Liouville theorem (4.6). In equation (4.19), only the leading
terms in the numerator are reserved, but the next leading terms in the denominator are also
kept down because they are sensitive for the later calculation. When £ = 0, equation (4.19)
reduces to

¢o(ro—, 0, 1) — 1/ry
O bo(ro—, 0, ) — k2 + k2ro

The following conclusions can be made from equations (4.17)—(4.20).

tan 8y (k, A) = —kr,

(4.20)

(a) Due to a factor (krg)**! in equation (4.19), for a sufficiently small kry, |tan 8 (k, 1)

is very small, and §,(k, A) = ny(k, A)m + oy(k, A), where n,(k, A) is an integer and
ay(k, 1) is a small acute angle, positive or negative. As k goes to zero, n,(k, ) remains
invariant and oy (k, A) tends to zero. Namely, §,(0, 1) is always equal to a multiple of
7, and it changes discontinuously as A increases. There is an exception with £ = 0 and
¢o(ro—, 0, 1) = 0, where tan 8g(k, ) ~ (kro)~! and ng(k, A) is a half of odd integer.

(b) As A increases from O to 1, ¢¢(ro—, 0, A) changes continuously except for the jump
between oo when R, (ro—, 0, A) changes across zero. If ¢y(ro—, 0, A) changes across
the value (£+1)/ry, the numerator of tan §, (k, 1) changes its sign, where o (k, 1) changes
sign but ny(k, A) remains invariant. If ¢¢(ro—, 0, 1) changes across the value —£/ry, the
denominator of tan 8, (k, A) changes its sign and tan 8, (k, A) jumps between 0o such that
n¢(k, A) changes by one. For the critical case where ¢, (ro—, 0, 1) = —£/ry, tan e (k, 1)
with small kr( is negative when ¢ > 1 and is very large (proportional to (kro)~") when
£=0.

(c) Due to equation (4.17) &,(k,A) increases (decreases) as ¢(ro—, 0, A) decreases
(increases). For a sufficiently small but fixed krg and ¢ > 1, as A increases from 0
to 1, each time ¢, (ro—, 0, 1) decreases to reach or across the value —¢/rg, tan §,(k, A)
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increases from a positive value to a negative value through a jump from positive infinity
to negative infinity, and ny(k, A) increases by one. Conversely, each time ¢, (ro—, 0, 1)
increases across the value —¢/ry, tan §,(k, A) decreases from a negative value to a positive
value through a jump from negative infinity to positive infinity, and n,(k, 1) decreases
by one. Note that when ¢ (r9p—, 0, A) increases to reach the value —¢/rg, tan §,(k, A)
decreases but remains negative, and ny(k, 1) does not decrease.

The situation is a little bit different for £ = 0. For a sufficiently small but fixed kry and
£ = 0, each time ¢ (ro—, 0, A) increases to reach the value 0, tan §y(k, 1) decreases from a
negative value to infinity and n¢(k, A) decreases by 1/2, and each time ¢ (79—, 0, A) increases
from 0, tan 8y (k, A) decreases from infinity to a positive value and ny(k, 1) also decreases by
1/2. Conversely, each time ¢y(r9o—, 0, 1) decreases to reach the value 0, or decreases from 0,
no(k, A) increases by 1/2.

In summary, as A increases continuously, &,(0, ) changes by jumps. As A increases,
8¢(0, A) jumps by m if ¢¢(ro—, 0, A) decreases across the value —¢/ry and jumps by —m
if ¢¢(ro—, 0, 1) increases across the value —¢/ry. Denote n,(0, 1) by n, for simplicity. If
¢¢(ro—, 0, 1) # —L€/rg, 8,(0) = ngmw where n, is equal to the times ¢¢(ro—, 0, A) decreases
across the value —¢/ry as A increases from O to 1, minus the times ¢,(ro—, 0, 1) increases
across that value. If ¢,(ro—,0,1) = —£/rp, as A increases to reach 1, n, with £ > 1
increases an additional one if ¢y (r9—, 0, A) decreases to reach —£/rg, but does not decrease
if ¢¢(ro—, 0, A) increases to reach —¢/rg, and ny with £ = 0 increases (or decreases) an
additional 1/2 if ¢g(ro—, 0, 1) decreases (or increases) to reach 0.

4.5. Number of bound states

Discuss the solutions of equation (4.3) with £ < 0 in two regions [0, ry) and (9, 0c0). There
is only one regular solution of equation (4.3) in both regions, respectively. For a given
energy E < 0, if the logarithmic derivatives of two regular solutions in two regions satisfy
the matching condition (4.13) at ry, there is a bound state with that energy E. Otherwise, no
physical admissible solution in the whole space [0, co). We will neglect the normalization
factor in the solution because it does not matter with the matching condition (4.13). The case
with £ = 0 needs specification.

In the region (rg, 00), where V (r) = 0, the real regular solution of equation (4.3) does
not depend on A,

Ry(r, E)= D72 /akir [2HY,) , (ikir)
{[m — D)8, when k;r — 0, 4.21)

e kir when kir — oo,

where k| = ~/—2M E /h and H‘fl) (z) is the Hankel function of the first kind. The logarithmic
derivative ¢, (ro+, E) of Ry(r, E) at ro+ is

_1dRy(r, E)
Ge(ro+, E) = Re(r, ) ———
dr r=ro+
—L/ry, when E — O,
= (4.22)
—k; = —o0, when E — —oo.

When E = 0, the finite solution of equation (4.3) in the region (ry, 00) is

Ri(r,0) = r—*t, G (ro+, 0) = —£/ry. (4.23)
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The solution (4.23) is square integrable when ¢ > 1 and is equal to a finite constant when
£ =0.If ¢¢(ro—, 0, 1) is equal to —€/ry, a bound state with £ = 0 occurs for £ > 1, but only
a half bound state with £ = 0 occurs for £ = 0.

Equation (4.3) is difficult to solve analytically in the region [0, ) except for A = 0.
When A = 0 the real regular solution R,(r, E, A) of equation (4.3) is

Re(r, E.0) = e VT2 dnkyr d k)

2k )20 + DN, when kir — 0,
_ (kir)™/( ) 1 4.24)
ehr when kr — oc.
The logarithmic derivative ¢, (r, E, 0) of R,(r, E, 0) at ro— is
dR,(r, E, O
bu(ro— E.0) = Ry(r, E,0) 1 SR ED
dr r=ro—
L+ 1)/r, when E — 0,
_ |+ (4.25)
ki — +00, when E — —oo.

It can be seen from equations (4.22) and (4.25) that as E increases from negative infinity
to 0, ¢¢(ro+, E) increases monotonically from negative infinity to —¢/ry and ¢, (ro—, E, 0)
decreases monotonically from positive infinity to (£ + 1)/ry. There is no overlap between two
variant ranges of two logarithmic derivatives when A = 0, such that there is no bound state
for a free particle.

As A increases from 0 to 1, ¢¢(ro+, E) remains invariant, but ¢,(ro—, E, ) changes.
Due to the Sturm-Liouville theorem (4.6), one only needs to pay attention to variance
of ¢¢(ro—,0,1) at E = 0. For the repulsive potential, V(r) > 0, from equation (4.9)
¢¢(ro—, 0, 1) increases as A increases, so that no overlap occurs and no bound state appears for
the repulsive potential. ¢, (r9—, 0, ) cannot increase to be larger than ¢, (rg—, —00, A) owing
to the Sturm-Liouville theorem (4.6). For the attractive potential, V (r) < 0, ¢¢(ro—, 0, A)
decreases as A increases. If ¢y (ro—, 0, A) decreases across the value —£€/r(, one overlap occurs
between two variant ranges of two logarithmic derivatives at two sides of ry. Due to the Sturm—
Liouville theorem, there is one and only one energy with which the matching condition (4.13)
is satisfied and one bound state appears. As A increases again, ¢, (ro—, 0, A) may decrease
to negative infinity, jumps to positive infinity, and decrease again. If ¢, (ro—, 0, ) decreases
second time across the value —£/r, a new overlap occurs between two variant ranges of two
logarithmic derivatives, such that another bound state appears.

Generally speaking, as A increases from O to 1, a new bound state appears if ¢, (ro—, 0, 1)
decreases across the value —¢/rp, and a bound state disappears if ¢¢(ro—, 0, A) increases
across the value —¢/ry. For the critical case where ¢¢(ro—,0,1) = —€/ry with £ > 1, as
A increases to reach 1, a new bound state appears if ¢,(ro—, 0, A) decreases to reach —£€/ry,
but no bound state disappears if ¢, (ro—, 0, X) increases to reach —€/ry. For the critical case
where £ = 0 and ¢y (r9—, 0, 1) = 0, as X increases to reach 1, no new bound state, but a half
bound state, appears if ¢o(ro—, 0, A) decreases to reach the value 0, and a bound state becomes
a half bound state if ¢y (r9—, 0, A) increases to reach 0.

Together with the conclusion in the preceding subsection, the Levinson theorem comes.
As A increases from O to 1, each time ¢, (ro—, 0, 1) decreases across the value —¢/ry, the phase
shift §,(0, A) jumps by 7 and a bound state appears, and each time ¢, (ro—, 0, 1) increases
across —¢/rgp, 8;(0, 1) jumps by —r and a bound state disappears. For the critical case where
¢¢(ro—,0,1) = —€/rp with £ > 1, as A increases to reach 1, the phase shift §,(0, A) jumps
by an additional 7 and a new bound state appears at E = 0 if ¢, (ro—, 0, 1) decreases to reach
—{/rg, but 6¢(0, 1) does not jump and no bound state disappears if ¢, (ro—, 0, 1) increases to



R644 Topical Review

reach —¢/rq. For the critical case where £ = 0 and ¢o(r9—, 0, 1) = 0, as A increases to reach
1, the phase shift 9(0, A) jumps by 7 /2 and no new bound state with £ = O (only a half
bound state) appears if ¢o(r9—, 0, 1) decreases to reach the value 0. Similarly, 6y(0, A) jumps
by —m/2 and a bound state becomes a half bound state if ¢o(r9p—, 0, A) increases to reach 0.
Therefore, the Levinson theorem is written as

(n¢+1/2)w, ahalf bound state occurs,

80(0) = { (4.26)

nem, the remaining cases,

where 8,(0) = 8,(0, 1) and n,, respectively, are the phase shift of zero momentum and the
number of bound states with the angular momentum ¢ and A = 1. The half bound state only
occurs when ¢ = 0 and ¢o(ro—, 0, 1) = 0. We would like to emphasize the difference of
equation (4.26) from equations (2.34) and (3.30) that the phase shift §,(0) here is determined
not with respect to the phase shift §,(co) of infinite momentum.

4.6. Potential with a tail

Now, we turn to the case where the potential has a tail at r > rg [54]:
V() ~br ™, when r > ry. 4.27)

Let r( be so large that only the leading term of V (r) is concerned in the region (ry, 00). Divide
the potential into two parts for convenience:

{V(r) when r < rg,
1 =

0 when r > rg,
(4.28)

{0 when r < ry,
2 =

V(@) ~br™™ when r > ry,
and AV (r) in equation (4.3) is replaced with AV (r) + TV, (r). 1 first increases from O to 1,

and then A increases from O to 1.
In the region (ry, 00), equation (4.3) becomes
d*R,(r, E, 1, T) [2M b L +1)
- 4y —|E - — | -
dr2 { h2 |: rm i| r2

Although equation (4.29) does not depend on A, the solution R(r, E, X, 7) with E > 0
depends on A through the matching condition, but the solution R,(r, E, t) with E < 0 does
not depend on A. If m = 1, the tail of potential is like the Coulomb potential, where, as is well
known, there is an infinite number of bound state and the phase shift changes logarithmically.
If m > 3, the potential term is too small to affect the phase shift (see the end of this subsection).
Form = 2, let

}Rz(r, E, A, 1)=0. (4.29)

2M
a; (a; +1) = h—ztb +L(L+1), a; =a. (4.30)

If 2Mb/h*> + £(£ + 1) < —1/4, this potential causes an infinite number of bound states,
which is not interesting to us. The case with 2Mb/h?> + £(£ + 1) = —1/4 is complicated
where the next leading term in equation (4.27) becomes important. For the case with
2Mb/R* + (€ + 1) > —1/4 (a; > —1/2), the solutions (4.14) and (4.21) in the region
(rp, 00) become

Mr

h
1 /2M .
— ﬁ‘/—ksm[kr —a.;mw/2+ ek, A, T)], when kr — oo, (4.31)
bid

Ri(r,E, A, T)|g=g =

[cosne(k, A, T)J4,41/2(kr) — sinng(k, A, T) Ny, 41/2(kr)]
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Re(r E. 7)|go = ™22 [y /2H]) ,Gkir)

24T (ay + 1/2)] Y2 (kyr) %, when kjr — 0,
_{[ (ar +1/2)1x "2 (kar) | 32

ek when kir — o0,

where k = /2M E /h and k| = «/—2M E /h. Comparing equation (4.31) with equation (4.14)
one finds that the phase shift is

Selk, Ay T) = ne(k, X, T) + (€ —a)m/2. (4.33)
For a free particle, A = 7 = 0. Thus, the convention (2.13) for the phase shift becomes

8¢(k,0,0) =0. (4.34)
From equation (4.32), the logarithmic derivative ¢, (ro+, E, t) with E < Oand t = 1 is

—a/ry, when E — 0,
e(ro+, E, 1) = (4.35)
—ky ~ —00, when E — —o0.

The solution R, (r, E, A) of equation (4.3) in the region [0, r() and its logarithmic derivative
¢¢(ro—, E, A) at ro— do not depend on t. From the matching condition (4.13) one obtains
[pe(ro—, E, 0) — 1/2ro)] Ja,+1/2(kro) — kJ, 5 (kro)
[¢e(ro—, E,0) — 1/(2r0)] N, +1/2(kro) — kN[/,,H/z(kVo)’
[Pe(ro—, E, 1) — 1/2ro)] Jas1y2(kro) — kJ, 5 (kro)
[¢e(ro—, E, L) — 1/(2ro)] Nas12(kro) — kN;H/z(kro).

tanne(k, 0, 7) =

(4.36)

tanne(k, A, 1) =

(4.37)

For a sufficiently small kr, the series expansion of equation (4.36) with the leading terms is

— 71 (krg)>**! $e(ro—,0,0) — (ac +1)/ro

(4.38)
226410 (g, +3/29)T(a, +1/2)  ¢e(ro—, 0,0) +a,/rg

tann(k, 0, 7) =

Since ¢y (ro—, 0, 0) = (£+ 1) /1y, the denominator in equation (4.38) is never equal to zero, so
that n,(k, 0, 1) is very small for a sufficiently small kry. On the other hand, when kr is large,
the matching condition (4.13) requests —am /2 +n¢(k,0, 1) = —€x /2, so that 6,(k, 0, 1) = 0.

ne(k, 0, 1) is the initial condition of 7,(k, A, 1) in equation (4.37). From equation (4.37)
one has

one(k, A, 1)
de(ro—, E, M) |
The series expansion of equation (4.37) whena > 1/2 and a = 0 is
—7'[(](70)2a+1

22041 (g + 3/2)(a + 1/2)

o Ge(ro—,0,2) — (a+1)/ro
Ge(ro—, 0, 1) — c3k? — [—a/ro + k2ro/(2a — 1)]

(4.39)

tann,(k, A, 1) =

(4.40)

Straightforward calculation shows when a = 1/2

—7(kro)? [¢e(ro—, 0, 1) — 3/(2ro)]
4[pe(ro—, 0, 1) — c3k* +1/(2ro) + k?ro In(kr)]’

tann,(k, A, 1) = (4.41)
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and where —1/2 <a < 1/2buta # 0,

_n(kr0)2a+l
22¢+1T (a + %)l"(a + %)
y $e(ro—, 0,4) — (a+1)/ro

e (ro—, 0, 1) — 2k2 + a/ro + k(kro/2)% 7 cot (a + 1) /[T (a + )]’
(4.42)

In the critical case where ¢,(ro—,0,1) = —a/ro, for a sufficiently small kry,
tanny(k, 1, 1) is negative whena > 1/2 and is equal to tan(a +1/2)wr when —1/2 < a < 1/2.
On the other hand, when ¢, (ro—, 0, 1) = —a/ry, the zero-energy solution of equation (4.29)
in the region (ry, 00) is R,(r, 0, 1, 1) ~ r~%, which describes a bound state whena > 1/2 and
not when —1/2 <a < 1/2.

In terms of the similar analysis to that in the preceding subsections, we obtain the modified
Levinson theorem [54]:
ne+ ({+a+1)/2, thecritical case with —1/2 <a < 1/2,

8,(0)/m = 4.43
0/ ne+ (€ —a)/2, the remaining cases, ( )

tan ek, A, 1) =

where §,(0) = 6,(0, 1, 1) and the critical case means ¢y (ro—, 0, 1) = —a/ro with —1/2 <
a < 1/2. In the critical case, the zero-energy solution of equation (4.29) in the region
(rg, 00) is Ry(r, 0, 1, 1) ~ r~¢, which does not describe a bound state because it is not square
integrable.

Finally, we will further discuss the restriction (2.3) which demands the potential V (r) to
vanish at infinity faster than r 2. Let

V()| < [V (ro)l(ro/r)?, when 1 > ro,

M s (4.44)
ala+1) = h—2V(r0)r0 +4(0+1).

For an arbitrarily chosen small number €, one can always find a large r( such that
[ —al <e. (4.45)

Thus, the effect of the tail of the potential at infinity to the phase shift is small enough to be
neglected.

4.7. Brief summary

The proof of the Levinson theorem with the Sturm-Liouville theorem is simpler and more
intuitive than the other methods. The restriction (2.14) on the potential is released in
this proof. The phase shift §,(co) of infinite energy does not appear in the Levinson
theorem (4.26). Due to its simplicity, the Levinson theorem with this proof was introduced in
a textbook on quantum mechanics [31]. The modified Levinson theorem (4.43) is proved for
the case where the potential has a tail of r=2 at infinity, which violates the restriction (2.3).
The proof of the Levinson theorem with the Sturm-Liouville theorem is easy to generalize to
the Dirac equation [55], to the Klein—Gordon equation [48] and to the equations with different
dimensions [24, 25, 27-29, 35, 61].

5. Release of restriction on potential

The phase shift §,(k, A) in the form (4.26) of the Levinson theorem is determined with respect
to the phase shift §,(k, 0) of a free particle, which is vanishing owing to the convention
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(2.13). But in the forms (2.34) and (3.30) of the Levinson theorem, the phase shift 8, (k, 1) is
determined with respect to the phase shift §,(co, A) at infinite energy. This difference plays
an important role in some special examples discussed in this section.

5.1. An infinite square-well potential

The radial equation (2.2) with an infinite square-well potential
00 when r <a,
V(r) = 5.1)
0 when r > a,
can be solved exactly. The scattering solution Ry(r, E, A) with E > Oand X = 11is

Mr

Re(r, E, 1) = Jer12lk(r — a)]

1 /2M .

— —. —sintkr — € /2 — ka) when r — oo. 5.2)
hY mk

The phase shiftis §;(k, 1) = —ka [96]. The restriction (2.3) is violated for the infinite square-

well potential, and the forms (2.34) and (3.30) of the Levinson theorem do not hold owing to

8¢(00, 1) = —oo. But the form (4.26) of the Levinson theorem still holds.

5.2. The non-local interaction

The radial equation (2.2) of the Schrédinger equation with a spherically symmetric non-local

interaction is
2

d 2 M > 4 ’ /
ﬁRg(}’, E,)\)'Fk Rg(r, E,)\) = h—z V(r,r)Rg(r ,E,)»)dr . (53)
r 0

The potential V (r, r’) is assumed to be Hermitian, real and vanishing at a distance larger
than ry:
Vi, )=V, r), Vi, r)=0 if r>rg or r >r. (5.4)

Martin [65] investigated the possibility of a degeneracy of the wavefunction for a positive
energy and found that the Levinson theorem (2.34) has to be slightly modified as

8¢(0) — 8,(00) = m(ng +ny), (5.5)
where n, is the number of bound states and n;, is the number of eigenstates of positive energy
with vanishing asymptotic form.

As a matter of fact, when an eigenstate of positive energy with vanishing asymptotic form
occurs, the phase shift §,(co) decreases by 7 (see figures 1 and 2 in [65]) and the form (2.34)
of the Levinson theorem is modified. On the other hand, the form (4.26) of the Levinson
theorem still holds, because in its proof with the Sturm-Liouville theorem, including for the
non-local interaction [26, 59], the property of scattering states only with small £ is concerned.

5.3. Newton’s two counterexamples

Newton (see pp 438439 in [72]) gave two counterexamples where the potential has a tail
r~2 at infinity such that the Levinson theorem (2.34) does not hold. However, the modified
Levinson theorem (4.43) holds in those cases.

Example 1

Ur)y=— — — as r —> oo. (5.6)
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The regular S-wavefunction is given by

sin(kr)  a? kr cos(kr) — sin(kr)

R()(r, E) =

k k3 1+ar
in(k k
sm](c ) - acoksz( ) = C sin[kr + 8y(k)], as r — 0o,

where tan §o(k) = —a/k and sin§y(k) < 0. The phase shifts of S-wave are §o(0) = —m/2
and §p(co) = 0. There is no bound state for S-wave, ny = 0, such that the Levinson
theorem (2.34) is violated. However, since the potential has a tail of a(a + 1)r~? witha = 1
at infinity, the modified Levinson theorem (4.43) holds.

Example 2
Ur) = —6rM 8 as r —> 00 (5.7)
(N2 + r3)2 72’ ?
where N is a constant. The regular S-wavefunction is
Ro(r, E) = sinkr - 3 (sinkr — kr coskr)
’ k K3(N2+r3) (5.8)

20 JIBN - V3ANr(N2 + 3.

Removing the factor /1/3 N, one obtains the normalized wavefunction of a zero-energy bound
state of S-wave. Since §p(0) = 0, the Levinson theorem (2.34) does not hold. However,
in this example, £ = 0,a = 2,n9 = 1 and §y(0) = 0, so that the modified Levinson
theorem (4.43) holds.

5.4. Brief summary

The form (2.34) of the Levinson theorem proved with the Jost function and the form (3.30)
proved with the Green function both contain a term §,(00), but the form (4.26) of the Levinson
theorem proved with the Sturm-Liouville theorem does not contain that term. In the usual
cases, §¢(00) is vanishing and three forms are equivalent. However, some special examples
are discussed in this section where §;(c0) is not vanishing and only the form (4.26) of the
Levinson theorem holds.

In two counterexamples raised by Newton [72] where the potential has a tail 2 at large
r and the restriction (2.3) is violated, the forms (2.34), (3.30) and (4.26) of the Levinson
theorem all do not hold, but the modified form (4.43) of the Levinson theorem proved with
the Sturm—Liouville theorem holds for those examples.

6. The Levinson theorem for the Dirac equation

In this section, we will prove the Levinson theorem for the Dirac equation in (3+1)-dimensions
with the generalized Sturm-Liouville theorem. It is assumed that only the zeroth component
Ay of the gauge potential is non-vanishing, eAy = AV (r), where V () is spherically symmetric
and satisfies the condition (2.3).

6.1. The Dirac equation in (3+1 )-dimensions

The Dirac equation in the natural units 2 = ¢ = 1 is [8]
3
DYy (O +ieA )W (r, 1) = MU (r, 1), 6.1)

n=0
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where y#y” + yVy* = 2p*'1 and the metric tensor n*" is §,,, when u = 0 and —4§,,, when
w # 0. y* are usually taken to be

0 o 1 0
a __ _ _ a 0 _ _
y - J/u - <_O_a 0) ) V - J/O - (O _1> ’ (62)

where a = 1, 2, 3 and o, is the Pauli matrix. We discuss a special case where only the zero
component of A, is non-vanishing:

eAg = AV(r), A, =0, a=1,2,3, (6.3)

where V (r) is spherically symmetric and satisfies the condition (2.3). A is a real parameter
and eventually is set to be one. The Hamiltonian H () of the system is expressed as

10gW(r,t) = H(r)¥(r, 1),

S o (6.4)
Hr) =) vy pa+ 2V () +y'M,
a=1
where p, = —id,, 1 < a < 3. Since the tail of potential at large r can be neglected, we will
first discuss the bounded potential
Vr)=0, when r > rg. (6.5)

The orbital angular-momentum operators L, the spinor operators S, and the total angular-
momentum operators J, are defined as follows:

3
L, = —L% = izeahc (xbac - xcah) ’ L2 = ZLaLav
be a=1

3
Sa=—S"=1)_ €wmcVp¥e/2, S =" SuSa, (6.6)
bc a=1
3
Ja:La"'Sav JZZZ.ILIJG.

a=1

There is another conservative quantity «, which is commutable with the Hamiltonian H (r)
and the total angular-momentum J2 and Js,

3
szo{zzLaSa+l} =y0IP - L -8 +1}, (6.7)

a=1

k here is different by a sign from that given in p 53 of [8], but the same as that in p 483 of [91].

Denote by Vg (7, E, A, m) the common eigenfunction of H(r), J 2 J; and « with the
eigenvalues E, j(j + 1), m and K, respectively, where K is a non-vanishing integer and
j=1|K|—1/2. Let [8]

U(r, 1) = e Eyg(r,E, A, m),

Fg(r, E, ) Ykm () ) (6.8)

|
wK(T, E,)\,,m)—r (iGK(}", E,)\.)y—l(,m(’i;)
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where the spherical spinor function Yk ,, () is constructed from the unit spinor x (o) and the
spherical harmonic Y/ (#) through the Clebsch-Gordan coefficients:

jtm 0 N
37 V12(T)

y\Kl,m('f'): g ) sz_l/zv
jz_ijn/z(’")
(6.9)
j—m+1 A
. ']2j+J2r Ynl;—]/Z(r) )
Yok m(P) = T, , t=j+1/2,
— 12j+2 Y10 (P)
3
(L-o+ 1) Vi@ =KV n(®),  L-o=Y L.y,
o=t (6.10)
(0 -#) Vi) =V g n(P), o= 0.x/r
a=1
By making use of the following formula
3
(o-7)? (Z aapa) rT O Ve (@) = (o #) (=0, +ir~ o - L)r™ f () Vi m (®)
a=1
i df(r Kf(r
__[__f( ) Kr© )}(a.my,(,m@«), 6.11)
r dr r

one obtains the radial equation by substituting equation (6.8) into the Dirac equation (6.4) [8],
where the y,, matrices (6.2) are applied:

dGg(r,E,») K
o+ Gx( E.2) =[E =1V () = MIFk(r. E. 1),
r r

dFx(r,E,») K
— it F(n E ) = [E = AV () + MIGk (. E. 3.
r r

It is easy to see that the solution with a negative K can be obtained from that with a positive
K by interchanging Fx(r, E, A) <> G_g(r, —E, —1). The negative A can be understood as
the change of the sign of the potential V (r). Hereafter, we only discuss the solution with a
positive K. The main results for the case with a negative K will be indicated in the text. In
solving equation (6.12), two momentums k and k are introduced for different energies:

k=+~E?— M2, when |E|> M,
ky = VM? — E2, when |E| < M.

For a free particle, A = 0, there is no bound state (|E| < M) for equation (6.12), and the
orthonormal radial functions of a scattering state with |E| > M are

Fi(r, E,0) = (E/|E|) VIE + Mr/2Jg—12(kr),
Gk (r,E,0) = /IE — M[r/2Jks1)2(kr).
Their asymptotic behaviours are
E  (kr)X |E+ M|
|E] 2K — ! wk

E [|E+ M| K
— cos | kr — — |}, when kr — o0,
|E]| wk 2

(6.12)

(6.13)

(6.14)

— 0, when kr — 0,

Fx(r,E,0) =
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(kr)X*t J|E — M|
oK+ D1 X — 0, when kr — 0,
1 b4
|E — M| . Kn
—r sin | kr — - ) when kr — oo.
b4

For a given A, equation (6.12) is solved in two regions [0, ry) and (rpo0) separately, and
then match two solutions through the matching condition at ry:

Gg(r, E,0) = (6.15)

Fx(ro, E, \)
Gi(ro, E, A
As far as the matching condition is concerned, the normalization factors in the solutions are
not important.

In the region [0, ry), there is only one regular solution to equation (6.12). The asymptotic
forms of the regular solutions at the origin are

ok (ro—, E, L) = ¢ (ro+, E, 1), ok (ro, E, 1) = (6.16)

Fe(r, E,3) = e(E/IENQK + rk =20,
K ( ) (E/IEN( ) when |E|> M, (6.17)

G (r, E,2) = c(|E — M)rk+ =2 0,

Fx(r. E,\) = —c(2K + 1)rk 29 0,
when |E| < M, (6.18)

1 r—0

Gx(r,E,)) =c(M — Eyr¥*1 5 0,

where ¢ is the normalization factor. In the region (ry, 00), equation (6.12) can be solved
analytically due to equation (6.5). There are two linearly independent solutions when |E| > M,
which are combined to satisfy the matching condition (6.16). From the orthonormal condition

foodr[FK(r, E',\)Fx(r, E,A)+Gg(r, E',\)Gk(r, E,N)] = 8(E — E), (6.19)
0

the scattering solution is

E [[E+Mr .
Fx(r, E,A) = —/ ——=——I[cos Sk (E, A)Jx—1/2(kr) — sinSg (E, \) Ng_12(kr)]

|E| 2
s E+M K
"—5"7 | p | cos [kr—T”mK(E,x)]
EIY = (6.20)
|E — M|r .
Gg(r,E,A) = T[COS Ok (E, X)Jks12(kr) —sindg (E, M) N2 (kr)]

oo [[E=M K
k—go,/gsin kr — = f s (E.0 |
Tk 2

The phase shift §x (E, A), as well as the radial functions Fx (r, E, A) and Gk (r, E, 1), depends
on the parameter A through the matching condition (6.16):
ok (ro—, E, MkJg12(krg) — (E/|EN(E + M|)Jg—1/2(kro)
¢k (ro—, E, VkNk1/2(kro) — (E/|EN(IE + M[)Ng_1,2(kro)
Since the phase shift §x (E, A) is calculated from its tangent function, it is determined up to
a multiple of w. A convention for the phase shift is accepted to determine it uniquely that
Sk (E, A) with |E| > M is a continuous function of A and vanishing at A = 0:

Sx(E,0) =0. (6.22)

In fact, the forms of the solutions (6.15) and (6.20) have implied this convention.

tan g (E, A) =

6.21)



R652 Topical Review

For a given k, one obtains from equation (6.21)
A8k (E, A) _ E2E+ M|
0ok (ro—, E, 1) |, |[E| mro
x{px (ro—, E, MkNgs1/2(kro) — (E/|EN(IE + M)Ng_12(kro)} 2, (6.23)

where the identity J,(z)N,—1(z) — J,—1(2)N,(z) = 2/(wz) is used. Different from
equation (4.17) in the Schrodinger case, equation (6.23) contains a factor E/|E|, namely,
as the ratio ¢k (ro—, E, A) increases the phase angle §x (E, A) decreases when E > M, but
increases when £ < —M.

There is only one regular solution for a given E with |E| < M in the region (g, 00),

Fi(r, E) = &2 [\ + Eykyr [2H) |, Gikyr) WX UM+ Eehr,
G (r, B) = K772 [(M — Eykyr [2HY), ,Glar) =5 VM — Ee™.

6.2. The generalized Sturm—Liouville theorem

cos’[8x (E, 1)]

(6.24)

Usually, the Sturm-Liouville theorem refers to the eigenvalue problems in the differential
equations of second order. The Dirac equation is a coupled differential equation of first order.
The Sturm-Liouville theorem has to be developed to study the eigenvalue problems in the
differential equations of first order. The new form of the Sturm-Liouville theorem, raised by
Professor C N Yang, shows the monotonic property of a phase angle, and is suitable for the
Dirac equation, where the phase angle is the ratio of two radial functions [66, 103, 104].

The radial equations (14) can be rewritten in the matrix form

Fk(r, E,A))

Q= Pk(r,E, 1) = (GK(r E. 3

(6.25)
. do K
102d— +—01P=[E—-AV({@)]P —Mo;d.

r r
The key for the monotonic property of the phase angle is that the matrix on the term with
derivative in the radial equation is anti-symmetric and those on the remaining terms are
symmetric. Letting ®g = &g (r, E', 1) and ©; = Dk (r, E, 1) for simplicity, one has from
equation (6.25)

d

o [@Lio,®] = [E — E'1®®, (6.26)
p

d

T [@]ior®] =1 — A1P] V(1) D. (6.27)
p

From equation (6.26), one obtains the generalized form of the Sturm—Liouville theorem
for the Dirac equation:

9 . P E MNTioy®k(r, E, A
2 _ — K K
{Gk(ro, E, 1)} —8E¢K(l’0 ,E,2) = lim T E

ro—
ro
= —/ (F(r, E, )+ Gg(r, E, M)?} dr < 0. (6.28)
0

The ratio ¢ (ro—, E, A) at a given point ro— decreases monotonically as the energy increases.
For the solution with |E| < M, ®k(r,E,A) tends to zero as r goes to infinity (see
equation (6.24)). Thus,

{Gk(ro, E, M))? %W(W, E, ) = /OO{F,((r, E, N+ Gg(r, E,\)*} dr > 0. (6.29)
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The ratio ¢k (ro+, E, A) at a given point ry+ with |E| < M increases monotonically as the
energy increases.
From equation (6.27), one has

0 . CDK(I,E,)L/) iUquK(}’,E, )L)
Gr(ro. E 2_¢ ro— —
{ K( 0> 7)")} I K(O ,E,)L)—Allll’n)L - .

= /0 V(r){Fx(r, E, )+ Gg(r, E, \)?} dr. (6.30)
0

The ratio ¢ (ro—, E, A) at a given point ro— is monotonic with respect to A if the potential
V (r) does not change its sign in the region [0, rp).

For a scattering state, the asymptotic behaviour of ®k (r, E, 1) at infinity is given in
equation (6.20). Substituting it into equation (6.30) where r( tends to infinity, one obtains

.. Ok E, ) ioy®k(r,E, 1) 1 E . sin[6x(E,\) — 0k (E, A)]
lim lim =———lim
F—00 A=A AN —=A 7w |E| ¥—x AN —A

= /oo V() {Fx(r, E, )+ Gg(r, E, M)} dr > 0.
0

Sk (E, \)
EY -

The behaviours of the phase shift §x (E, A) depend upon the sign of the energy E, but the phase
shifts both for positive and negative energy are monotonic with respect to A if the potential
V (r) does not change its sign in the whole space.

If the potential V (r) in equation (6.12) is neglectable as | E| tends to infinity, @k (r, E, 1)
tends to @k (r, E, 0). Thus, due to equation (6.14)

E o0
—nmf V(r)®g(r, E, )T ®k(r, E, 1) dr. (6.31)
0

Sk (E, ) . e (E+M)r
P T L. A {T“K—l/ﬂ’””z
E— M)r
+ (T(JKH/Z(kr))Z} dr,
38k (—E, X [ (E — M)r
jim SECED i [T v | ey
E+M)r
+ (T(Jkﬂ/z(kr))z} dr,

a €
Aim oo {0k (B, A) + 8k (—E, M} = — M lim / rV{Uk-172kr)? = (g2 (kr))*} dr
— 00 -0 Jo

. 2M
— lim - V(r)cos[2kr — Km]dr =0,

E—oo

(6.32)

where € is a small real number. Equation (6.32) means that it is conditional to set
Sk (00, A) + 6k (—00, A) =0 [3, 14].
6.3. The Levinson theorem for the Dirac equation in (3+1 )-dimensions

We will pay more attention to the phase shift 6x (M, A) of zero momentum, which is defined
to be the limit of §x (E, A) as k tends to zero:

Sk(£M. 1) = lim 8x(E.}). (6.33)
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For a sufficiently small kr(, one takes the series expansion of equation (6.21) with respect to
kry, where only the leading terms are reserved. But the next leading terms in the denominator
are also kept down because they are sensitive to the later calculation:

—1r (kry)?K 1
22K+IT(K +3/2)T(K +1/2)
ok (ro—, M, M) (krg)®> —2M Q2K + Dry

tan g (E, A) =

. , (6.34)
i (ro—, M, 2) — 2> — 2% [1 + i ]
when E > M, and
—ﬂ(kr0)2K+1
tan g (E, L) =
22K+IT(K +3/2)T(K +1/2)
ok (ro—, —M, L)+ QK + 1)/(2Mry) 6.35)

X Sk (ro—, —M, %) + k2 + K2ro/2M 2K — )]’
when £ < —M. The term c? occurs due to the generalized Sturm-Liouville
theorem (6.28). Note that k% increases as E decreases when E < —M. When K = 1
and E > M, equation (6.34) reduces to
kr() ¢1(}’0—,M, A)(kro)2—6Mr0

3 ¢i(ro—, M, 1) — c2k? — 2Mro[1 — (kro)?]

The analysis of equations (6.23) and (6.34)—(6.36) is similar to that in section 4.4.
The different point is that now one has to consider the changes of both ¢ (ro—, M, 1) and
¢k (ro—, —M, X). As A increases continuously, §x (=M, A) changes by jumps. As X increases,
8k (M, L) jumps by 7 if ¢pg (ro—, M, 1) decreases across the value 2Mry/(2K — 1) and jumps
by —m if ¢ (ro—, M, A) increases across the value 2Mry/(2K — 1), and §x (—M, 1) jumps by
—m if ¢pg (ro—, —M, L) decreases across zero and jumps by 7 if ¢ (ro—, —M, L) increases
across zero.

If px(ro—, M, 1) # 2Mro/(2K — 1), §x (M, 1) = ng (M) where ng (M) is equal to
the times ¢ (ro—, M, A) decreases across the value 2Mr,/(2K — 1) as X increases from 0
to 1, minus the times ¢k (ro—, M, A) increases across that value. If ¢gx(ro—, —M, 1) # 0,
Sk (—M, 1) = ng(—M)m where ng(—M) is equal to the times ¢k (ro—, —M, A) increases
across zero as A increases from O to 1, minus the times ¢ (ro—, —M, )\) decreases across zero.

If px (ro—, M, 1) = 2Mry/(2K — 1),tandg (E, 1) given in equation (6.34) is negative.
As A increases to reach 1, 6x (M, 1) with K > 1 increases an additional 7 if ¢g (ro—, M, 1)
decreases to reach 2Mry/(2K — 1), but does not decrease if ¢g(rg—, 0, A) increases to
reach 2Mry/(2K — 1). When K = 1, as A increases to reach 1, §;(M, 1) increases (or
decreases) an additional 7 /2 if ¢;(ro—, M, L) decreases (or increases) to reach 2Mry. If
¢k (ro—, —M, 1) = 0,tanég (E, 1) given in equation (6.35) is negative. As A increases to
reach 1, §x (—M, 1) increases an additional 7 if ¢g (ro—, —M, X) increases to reach zero, but
does not decrease if ¢px (ro—, —M, A) decreases to reach zero.

Now, we turn to discuss the number of bound states. In the region (ry, c0), the
solution (6.24) with |E| < M gives

tand; (E, 1) = — (6.36)

ZMV()
) when E — M,
2K — 1
¢k (ro+, E) = ) (6.37)
kl ro
—— ~0, when E — —M.
2M (2K — 1)
When E = +M, the finite solutions of equation (6.12) in the region (ry, 00) are
Fx(r, M) = 2Mr—X+1, 2Mry
 (ro+, M) = (6.38)

Gy (r, M) = 2K — D)r K, 2K —1°
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Fic(r, =M) =0,
ok (ro+, —M) = 0. (6.39)
Gg(r,—M) = r’K,

If ¢pg(ro—, M, 1) = 2Mry/(2K — 1), the matching condition (6.16) is satisfied and the
solution (6.38) describes a bound state at E = M except for K = 1. When K = 1, the
solution (6.38) describes a half bound state because it is finite but does not decay at infinity
fast enough to be square integrable. If ¢px (ro—, —M, 1) = 0, the solution (6.39) describes a
bound state at E = —M.

In the region [0, rp), equation (6.12) is difficult to solve analytically except for A = 0.
When A = 0, the real regular solution of equation (6.12) with |E| < M is

Fx(r, E,0) = efi(Kfl/Z)n/ZV 2m (M + E)klr.][(_l/z(ik]r),
Gk (r, E,0) = e K372 Du(M — E)kir Jxs12(iki7).

The asymptotic form at the origin coincides with equation (6.18). Their ratio ¢k (r, E, 0) at
ro— is

(6.40)

2M (2K + 1)
B when E — M,
—,E,0) = 1’0 6.41
¢k (ro ) 2K + 1 (6.41)
— , when E — —M.
ZM}"O

It can be seen from equations (6.37) and (6.41) that as E increases from —M to M, ¢k (ro+, E)
increases monotonically from zero to 2Mr /(2K — 1) (see equation (6.29)) and ¢ g (ro—, E, 0)
decreases monotonically from —(2K + 1)/2Mr to negative infinity (see equation (6.28)).
There is no overlap between two variant ranges of two ratios when A = 0, such that there is
no bound state for a free particle.

As X increases from 0to 1, ¢k (ro+, E) remains invariant, but ¢ (ro—, E, A) changes. Due
to the generalized Sturm-Liouville theorem (6.28), one only needs to pay attention to variances
of ¢px (ro—, =M, X). If ¢x(ro—, M, A) decreases, through a jump from negative infinity to
positive infinity, across the value 2Mry /(2K — 1) as A increases, one overlap appears between
two variant ranges of the ratios at two sides of ryp. Due to the generalized Sturm—Liouville
theorem, there is one and only one energy with which the matching condition (6.16) is satisfied
and one bound state appears. As A increases again, ¢k (ro—, M, A) may decrease, through
another jump, second time across the value 2Mry/(2K — 1), a new overlap occurs between
two variant ranges of two ratios, such that another bound state appears. Different to the case
of Schrodinger equation, ¢k (ro—, —M, ) also changes as A increases. If ¢px (ro—, —M, A)
decreases, through a jump, across zero as X increases, one overlap between two variant ranges
of the ratios at two sides of r( disappears and a bound state becomes a scattering state with a
negative energy and vice versa.

Together with the conclusion for the phase shifts, each time ¢x (ro—, M, A) decreases
across the value 2Mry/(2K — 1) as XA increases, a scattering state with a positive energy
becomes a bound state and the phase shift §x (M, A) jumps by w. Conversely, each time
¢k (ro—, M, A) increases across the value 2Mry/(2K — 1) as A increases, a bound state
becomes a scattering state with a positive energy and the phase shift §x (M, A) jumps by —r.
For the critical case where ¢k (ro—, M, 1) = 2Mro/(2K — 1) with K > 1, if ¢ (ro—, M, A)
decreases to reach 2Mry/(2K — 1) as A increases to reach 1, a new bound state appears at
E = M and the phase shift §x (M, 1) jumps by an additional . Conversely, if ¢px (ro—, M, 1)
increases to reach 2Mry/(2K — 1), no bound state disappears and dx (M, A) does not jump.
For the critical case where ¢ (ro—, M, 1) = 2Mry with K = 1, if ¢ (ro—, M, L) decreases to
reach the value 2Mr as A increases to reach 1, no new bound state (only a half bound state with
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E = M) appears and the phase shift §; (M, 1) jumps by /2. Conversely, if ¢;(ro—, M, 1)
increases to reach 2Mr, a bound state becomes a half bound state and the phase shift §; (M, A)
jumps by —m /2.

Similarly, each time ¢x (ro—, —M, \) decreases (or increases) across zero, a bound state
disappears (or appears) and the phase shift 6x (—M, A) jumps by —m (or 7). For the critical
case where ¢g (ro—, —M, 1) = 0, if ¢pgx(ro—, M, L) increases to reach 0 as A increases to
reach 1, a new bound state appears at E = —M and the phase shift §x (M, 1) jumps by 7.
Conversely, if ¢ (ro—, —M, X) decreases to reach 0, no bound state disappears and éx (M, A)
does not jump.

Through an interchanging Fg (r, E, A) <> G_g(r, —E, —A), the conclusion for a negative
K can be made. Therefore, the Levinson theorem for the Dirac equation with a spherically
symmetric potential is written as

nkg + 1/2, ahalf bound state occurs,
[6x (M) + 0k (—M)] /. = . (6.42)
ng, the remaining cases,
where ng is the number of bound states with the angular momentum K, and §x (£M) =
8k (M, 1) is the phase shifts at the energy £ = M. A half bound state may occur only
when K = £1. When K = 1 ahalf bound state with E = M occurs if ¢;(ro—, M, 1) = 2Mry,
and when K = —1 a half bound state with E = —M occurs if ¢_; (ro—, —M, 1) = QMry)~".

6.4. Potential with a tail

Now, we turn to the general case where the potential has a tail at infinity. Since the potential
V (r) satisfies the restriction (2.3), V (r) vanish at infinity faster than r=2. We will explain
why the potential V (r) can be neglected at large r > ry.

Differentiate equation (6.12) in the region (ry, 0c0) with respect to r:

d*gx (r, E) N [l N % i| dgg (r, E)

dr2 r E—V_M dr

2 /
+[k2—W—ZEV+VZ+M]§'K(V,E)=O,
r 2r(E -V — M) (6.43)
Efxe B 1,V dfx (r, E) '
dr? r E-V+M dr
,  (K—1/2? »  VCK-1) _
+[k r2 2EV +V S E VD fx(r, E) =0,

where Fx (r, E) = /T fx(r, E) and Gk (r, E) = \/rgk (r, E). Obviously, if only the leading
terms with respect to r ~! are remained in equation (6.43), all the terms related to V (r), which
vanishes at infinity faster than r~2, are neglected. Namely, solutions (6.20) and (6.24) satisfy
equation (6.12) in the region (7o, 00) approximately if the condition (2.3) holds.

6.5. Brief summary

The character of the Levinson theorem for the Dirac equation is that the number of the bound
states is related to the sum of two phase shifts at the energies =M. The generalized Sturm—
Liouville theorem holds for the coupled differential equations of first order and plays an
important role in the proof of the Levinson theorem for the Dirac equation. The so-called
‘strong Levinson theorem’ [16, 80—82] showed that the phase shifts at the energies =M
were separately constrained by the numbers of bound states transformed from the positive
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energy continuum and by the numbers of bound states transformed from the negative energy
continuum. Another ‘stronger form of Levinson’s theorem’ constrained the phase shifts at
the energies =M separately by the numbers of bound states having even and odd numbers of
nodes [86]. But it is hard to distinguish those two bound states. Those relations are only the
medial step in the proof of the Levinson theorem [60, 61, 75]. In my opinion, the stronger
version of the Levinson theorem does not make new sense.

7. Conclusion

At its beginning stage, the Levinson theorem (2.34) for the spherically symmetric Schrodinger
equation was proved with the method of the Jost function. In the request of the analytic
continuation of the Jost function to the complex plane, the potential V (r) was restricted by the
conditions (2.3) and (2.14). The condition (2.14) is too strong for the Levinson theorem. The
term of the phase shift 6,(oc0) at infinite energy appears in the Levinson theorem (2.34), but it
is vanishing in the condition (2.3). In some special cases, for example, in the infinite square
well and in the case with a non-local interaction, §,(c0) is not vanishing and the Levinson
theorem (2.34) has to be modified. The proof method with the Jost function is quite difficult
to generalize to the relativistic equation of motion.

Later, the Levinson theorem was proved with the operator formulism of the scattering
theory or, equivalently, with the method of the Green function. The restriction (2.14) was
released, but the term of §,(00) still exists in the Levinson theorem (3.30). The proof method
can be generalized to the relativistic cases. In this proof some problems have to be studied
more carefully, such as the difference of two infinite quantities and the interchange of two
limits of £’ — E and r — oo.

Professor C N Yang raised another form of the Sturm-Liouville theorem where a phase
angle is monotonic with respect to the energy. The monotonic property of a phase angle is very
effective in the proof of the Levinson theorem. This proof method with the Sturm—Liouville
theorem is intuitive in physical meaning and easy for generalization. The restriction (2.14)
was released, and the term of §,(oc0) disappears. The obtained Levinson theorem (4.26) holds
for the infinite square well and for the non-local interaction. When the potential has a tail
of r~2 at infinity, which violates the restriction (2.3), a modified Levinson theorem (4.43) is
proved by the Sturm-Liouville theorem and holds for two counterexamples raised by Newton.
In terms of this method, the Levinson theorem is easy to be generalized to the Dirac equation,
to the Klein—Gordon equation [27, 48, 76, 79, 92, 94], to the arbitrary spatial dimensions and
to the cases with variant potentials.

Acknowledgment

This work was supported by the National Natural Science Foundation of China (Refs 10475082
and 10675050).

References

[1] Ahmad S and Lazer A C 1978 SIAM J. Math. Anal. 9 1137

[2] Akiba T, Kuroiwa J and Kakizaki J 1992 Prog. Theor. Phys. 88 571

[3] Barthélémy M C 1967 Ann. Inst. H Poincaré 7T 115

[4] Barton G 1985 J. Phys. A: Math. Gen. 18 479

[5] Berg B, Karowski M, Theis W R and Thun HJ 1978 Phys. Rev. D 17 1172
[6] de Bianchi M S 1994 J. Math. Phys. 35 2719


http://dx.doi.org/10.1137/0509092
http://dx.doi.org/10.1143/PTP.88.571
http://dx.doi.org/10.1088/0305-4470/18/3/023
http://dx.doi.org/10.1103/PhysRevD.17.1172
http://dx.doi.org/10.1063/1.530481

R658 Topical Review

[7]1 de Bianchi M S and Di Ventra M 1995 J. Math. Phys. 36 1753
[8] Bjorken J D and Drell S D 1964 Relativistic Quantum Mechanics (New York: McGraw-Hill)
[9] Blankenbecler R and Boyanocsky D 1985 Phys. Rev. D 31 2089
[10] Blankenbecler R and Boyanocsky D 1986 Physica D 18 367
[11] Bollé D, Gesztesy F, Danneels C and Wilk S F J 1986 Phys. Rev. Lett. 56 900
[12] Boyanocsky D and Blankenbecler R 1985 Phys. Rev. D 31 3234
[13] Callan C G Jr 1982 Phys. Rev. D 26 2058
[14] Calogero F 1967 Variable Phase Approach to Potential Scattering (New York: Academic)
[15] Calogeracos A, Dombey N and Imagawa R 1996 Phys. At. Nucl. 59 1275
[16] Calogeracos A and Dombey N 2004 Phys. Rev. Lett. 93 180405
[17] Charap J M 1965 Nuovo Cimento 36 419
[18] Clemence D P 1989 Inverse Problems 5 269
[19] Coppel W 1971 Desconjugacy (Lecture Notes in Mathematics vol 220) (New York: Springer)
[20] van Dijk W and Kiers K A 1992 Am. J. Phys. 60 520
[21] Dombey N, Kennedy P and Calogeracos A 2000 Phys. Rev. Lett. 85 1787
[22] Kennedy P and Dombey N 2002 J. Phys. A: Math. Gen. 35 6645
[23] Domingguez-Adame F 1990 J. Phys. A: Math. Gen. 23 1993
[24] Dong S H, Hou X W and Ma Z Q 1998 Phys. Rev. A 58 2160
[25] Dong S H, Hou X W and Ma Z Q 1998 Phys. Rev. A 58 2790
[26] Dong S H, Hou X W and Ma Z Q 1998 J. Phys. A: Math. Gen. 31 7501
[27] Dong S H, Hou X W and Ma Z Q 1999 Phys. Rev. A 59 995
[28] Dong S H and Ma Z Q 2000 /nt. J. Theor. Phys. 39 469
[29] Dong S H and Ma Z Q 2002 Phys. Rev. A 65 042717
[30] Eberly J H 1965 Am. J. Phys. 33 771
[31] Esposito G, Marmo G and Sudarshan G 2004 From Classical to Quantum Mechanics: An Introduction to the
Formulism, Foundations and Applications (Cambridge: Cambridge University Press) (section 8.5)
[32] Farhi E, Graham N, Jaffe R L and Weigel H 2001 Nucl. Phys. B 595 536
[33] Gibson W G 1987 Phys. Rev. A 36 564
[34] Goushch S S 2003 Phys. Rev. A 65 032719
[35] GuXY,MaZQ and Dong S H 2003 Phys. Rev. A 67 062715
[36] Iwinski Z R, Rosenberg L and Spruch L 1985 Phys. Rev. A 31 1229
[37] Iwinski Z R, Rosenberg L and Spruch L 1985 Phys. Rev. Lett. 54 1602
[38] Iwinski Z R, Rosenberg L and Spruch L 1986 Phys. Rev. A 33 946
[39] Jackiw R and Woo G 1975 Phys. Rev. D 12 1643
[40] Jauch J and Rohrlich F 1955 Theory of Photons and Electrons (Cambridge: Addison-Wesley)
[41] JauchJ 1957 Helv. Phys. Acta 30 143
[42] Kiers K A and van Dijk W 1996 J. Math. Phys. 37 6033
[43] Kiers K and Tytgat M H G 1998 Phys. Rev. D 57 5970
[44] Klaus M 1988 J. Math. Phys. 29 146
[45] Klaus M 1990 J. Math. Phys. 31 182
[46] Laforgia A and Muldoon M E 1986 Am. Math. Mon. February 89
[47] Levinson N 1949 Kgl. Danske Videnskab. Selskab Mat.-fys. Medd. 25 No. 9
[48] Liang Y G and Ma Z Q 1986 Phys. Rev. D 34 565
[49] Lin D H 2003 Phys. Rev. A 68 052705
[50] Lin Q G 1997 Phys. Rev. A 56 1938
[51] Lin Q G 1998 Phys. Rev. A 57 3478
[52] Lin Q G 1999 Eur. Phys.J.D 7 515
[53] MaZ Q and Ni G J 1985 Phys. Rev. D 31 1482
[54] MaZ Q 1985 J. Math. Phys. 26 1995
[55] MaZ Q 1985 Phys. Rev. D 32 2203
[56] MaZ Q 1985 Phys. Rev. D 322213
[57] MaZ Q, Nieh HT and Su R K 1985 Phys. Rev. D 32 3268
[58] MaZ Q 1986 Phys. Rev. D 33 1745
[59] MaZ Q and Dai A'Y 1988 J. Phys. A: Math. Gen. 21 2085
[60] MaZ Q 1996 Phys. Rev. Lett. 76 3654
[61] MaZ Q, Dong S H and Wang L Y 2006 Phys. Rev. A 74 012712
[62] Macia E and Dominguez-Adame F 1991 J. Phys. A: Math. Gen. 24 59
[63] Macri P A and Barrachina R O 2002 Phys. Rev. A 65 062718


http://dx.doi.org/10.1063/1.531083
http://dx.doi.org/10.1103/PhysRevD.31.2089
http://dx.doi.org/10.1016/0167-2789(86)90199-5
http://dx.doi.org/10.1103/PhysRevLett.56.900
http://dx.doi.org/10.1103/PhysRevD.31.3234
http://dx.doi.org/10.1103/PhysRevD.26.2058
http://dx.doi.org/10.1103/PhysRevLett.93.180405
http://dx.doi.org/10.1088/0266-5611/5/3/005
http://dx.doi.org/10.1119/1.16866
http://dx.doi.org/10.1103/PhysRevLett.85.1787
http://dx.doi.org/10.1088/0305-4470/35/31/309
http://dx.doi.org/10.1088/0305-4470/23/11/023
http://dx.doi.org/10.1103/PhysRevA.58.2160
http://dx.doi.org/10.1103/PhysRevA.58.2790
http://dx.doi.org/10.1088/0305-4470/31/37/010
http://dx.doi.org/10.1103/PhysRevA.59.995
http://dx.doi.org/10.1023/A:1003604830131
http://dx.doi.org/10.1103/PhysRevA.65.042717
http://dx.doi.org/10.1119/1.1970982
http://dx.doi.org/10.1016/S0550-3213(00)00665-9
http://dx.doi.org/10.1103/PhysRevA.36.564
http://dx.doi.org/10.1103/PhysRevA.65.032719
http://dx.doi.org/10.1103/PhysRevA.67.062715
http://dx.doi.org/10.1103/PhysRevA.31.1229
http://dx.doi.org/10.1103/PhysRevLett.54.1602
http://dx.doi.org/10.1103/PhysRevA.33.946
http://dx.doi.org/10.1103/PhysRevD.12.1643
http://dx.doi.org/10.1063/1.531762
http://dx.doi.org/10.1103/PhysRevD.57.5970
http://dx.doi.org/10.1063/1.528167
http://dx.doi.org/10.1063/1.528858
http://dx.doi.org/10.2307/2322698
http://dx.doi.org/10.1103/PhysRevD.34.565
http://dx.doi.org/10.1103/PhysRevA.68.052705
http://dx.doi.org/10.1103/PhysRevA.56.1938
http://dx.doi.org/10.1103/PhysRevA.57.3478
http://dx.doi.org/10.1007/s100530050379
http://dx.doi.org/10.1103/PhysRevD.31.1482
http://dx.doi.org/10.1063/1.526869
http://dx.doi.org/10.1103/PhysRevD.32.2203
http://dx.doi.org/10.1103/PhysRevD.32.2213
http://dx.doi.org/10.1103/PhysRevD.32.3268
http://dx.doi.org/10.1103/PhysRevD.33.1745
http://dx.doi.org/10.1088/0305-4470/21/9/022
http://dx.doi.org/10.1103/PhysRevLett.76.3654
http://dx.doi.org/10.1103/PhysRevA.74.012712
http://dx.doi.org/10.1088/0305-4470/24/1/017
http://dx.doi.org/10.1103/PhysRevA.65.062718

Topical Review R659

[64] Mallick B B and Kundu A 1988 Preprint SINP/TNP/88-35
[65] Martin A 1958 Nuovo Cimento 7 607
[66] Martin A and Stubbe J 1995 J. Math. Phys. 36 4680
[67] Martin P A and Debianchi M S 1996 Europhys. Lett. 34 639
[68] Martinez J C 1987 J. Phys. A: Math. Gen. 20 2903
[69] Newton R G 1960 J. Math. Phys. 1319
[70] Newton R G 1977 J. Math. Phys. 18 1348 and 1582
[71] Newton R G 1980 J. Math. Phys. 21 493
[72] Newton R G 1982 Scattering Theory of Waves and Particles 2nd edn (New York: Springer)
[73] Newton R G 1983 J. Math. Phys. 24 2152
[74] Newton R G 1984 J. Math. Phys. 25 2991
[75] Newton R G 1994 Helv. Phys. Acta. 67 20
[76] NiGJ 1979 Phys. Energ. Fortis. Phys. Nucl. 3 449 (in Chinese)
[77] Niemi A J and Semenoff G W 1985 Phys. Rev. D 32 471
[78] Osborn T A and Bolle D 1977 J. Math. Phys. 18 432
[79] Pauli W 1935 Princeton Mimeographed Notes
[80] Poliatzky N 1993 Helv. Phys. Acta. 66 241
[81] Poliatzky N 1993 Phys. Rev. Lett. 70 2507
Poliatzky N 1996 Phys. Rev. Lett. 76 3655
[82] Poliatzky N 1994 Helv. Phys. Acta. 67 683
[83] Portnoi M E and Galbraith I 1997 Solid State Commun. 103 325
[84] Portnoi M E and Galbraith I 1998 Phys. Rev. B 58 3963
[85] Prats F and Toll J S 1959 Phys. Rev. 113 363
[86] Piekarewicz J 1993 Phys. Rev. C 48 2174
[87] Reid W T 1980 Sturmian Mathematical Sciences vol 31 (New York: Springer)
[88] Rosenberg L and Spruch L 1996 Phys. Rev. A 54 4978
[89] Rosenberg L and Spruch L 1996 Phys. Rev. A 54 4985
[90] Rosu H 1999 Nuovo Cimento B 114 113
[91] Schiff L I 1955 Quantum Mechanics 3rd edn (New York: McGraw-Hill)
[92] Schiff L I, Snyder H and Weinberg J 1940 Phys. Rev. 15 315
[93] Sheka D, Ivanov B and Mertens F G 2003 Phys. Rev. A 68 012707
[94] Snyder H and Weinberg J 1940 Phys. Rev. 15 307
[95] Sturm C 1836 J. Math. Pures Appl. 1 106
[96] Swan P 1963 Nucl. Phys. 46 669
[97] Swanson C A 1968 Comparison and Oscillation Theory of Linear Differential Equations (New York: Academic)
[98] Vidal F and LeTourneux J 1992 Phys. Rev. C 45 418
[99] Warnock R L 1963 Phys. Rev. 131 1320
[100] Witten E 1984 Commun. Math. Phys. 92 455
[101] WrightJ A 1965 Phys. Rev. B 139 137
[102] Yamagishi H 1983 Phys. Rev. D 27 2383
[103] Yang C N 1982 Monopole in Quantum Field Theory: Proc. Monopole Meeting (Trieste, 1981) ed N S Craigie,
P Goddard and W Nahm (Singapore: World Scientific) p 237
[104] Yang C N 1987 Commun. Math. Phys. 112 205


http://dx.doi.org/10.1063/1.530914
http://dx.doi.org/10.1209/epl/i1996-00508-7
http://dx.doi.org/10.1088/0305-4470/20/10/034
http://dx.doi.org/10.1063/1.1703665
http://dx.doi.org/10.1063/1.523428
http://dx.doi.org/10.1063/1.524447
http://dx.doi.org/10.1063/1.525968
http://dx.doi.org/10.1063/1.526014
http://dx.doi.org/10.1103/PhysRevD.32.471
http://dx.doi.org/Ref71
http://dx.doi.org/10.1103/PhysRevLett.70.2507
http://dx.doi.org/10.1103/PhysRevLett.76.3655
http://dx.doi.org/10.1016/S0038-1098(97)00203-2
http://dx.doi.org/10.1103/PhysRevB.58.3963
http://dx.doi.org/10.1103/PhysRev.113.363
http://dx.doi.org/10.1103/PhysRevC.48.2174
http://dx.doi.org/10.1103/PhysRevA.54.4978
http://dx.doi.org/10.1103/PhysRevA.54.4985
http://dx.doi.org/10.1103/PhysRev.57.315
http://dx.doi.org/10.1103/PhysRevA.68.012707
http://dx.doi.org/10.1103/PhysRev.57.307
http://dx.doi.org/10.1016/0029-5582(63)90637-0
http://dx.doi.org/10.1103/PhysRevC.45.418
http://dx.doi.org/10.1103/PhysRev.131.1320
http://dx.doi.org/10.1007/BF01215276
http://dx.doi.org/10.1103/PhysRev.139.B137
http://dx.doi.org/10.1103/PhysRevD.27.2383
http://dx.doi.org/10.1007/BF01217686

	1. Introduction
	2. The Levinson theorem and the Jost function
	2.1. Solutions of the Schrödinger equation
	2.2. The Jost function
	2.3. The Levinson theorem
	2.4. Brief summary

	3. The Levinson theorem and the Green function
	3.1. Orthonormal eigenfunctions
	3.2. The retarded Green function
	3.3. The Levinson theorem
	3.4. Brief summary

	4. The Levinson theorem and the Sturm--Liouville theorem
	4.1. The Sturm comparison theorem
	4.2. Monotonic property of a phase angle
	4.3. The bounded potential
	4.4. The phase shift of zero momentum
	4.5. Number of bound states
	4.6. Potential with a tail
	4.7. Brief summary

	5. Release of restriction on potential
	5.1. An infinite square-well potential
	5.2. The non-local interaction
	5.3. Newton's two counterexamples
	5.4. Brief summary

	6. The Levinson theorem for the Dirac equation
	6.1. The Dirac equation in (3+1)-dimensions
	6.2. The generalized Sturm--Liouville theorem
	6.3. The Levinson theorem for the Dirac equation in (3+1)-dimensions
	6.4. Potential with a tail
	6.5. Brief summary

	7. Conclusion
	Acknowledgment
	References

