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Abstract

The quantum mechanical hypervirial theorems (HVT) technique is used to
treat the so-called ‘uncertainty’ relation for quite a general class of central
potential wells, including the (reduced) Poeschl-Teller and the Gaussian one.
It is shown that this technique is quite suitable in deriving an approximate
analytic expression in the form of a truncated power series expansion for
the dimensionless product P,; = (r?),/(p*)u /h?, for every (deeply) bound
state of a particle moving non-relativistically in the well, provided that a
(dimensionless) parameter s is sufficiently small. Attention is also paid to
a number of cases, among the limited existing ones, in which exact analytic or
semi-analytic expressions for P,; can be derived. Finally, numerical results are
given and discussed.

PACS numbers: 02.60.—x, 03.65.—w, 21.80.+a

1. Introduction

The quantum mechanical hypervirial theorems (HVT) technique [1, 2] is a very useful
technique in dealing with various problems encountered in physics and chemistry. Its main
advantage is that one can calculate expectation values of interesting quantities, avoiding the
use of the wavefunction and thus achieving considerable simplification. Particular attention
was paid in obtaining energy eigenvalues for a particle moving in a potential and a lot of work
has been done in this direction for various types of potentials [3].

The case of a general class of even-power series central potentials and in particular
those of the form V(r) = =V, f (%) was studied in [4, 5]. In that procedure, one obtains
in a unified way the general expressions of the (lower) bound state energy eigenvalues and
of the expectation values of certain other physical quantities with respect to the eigenstates
of the single particle Hamiltonian. Application of these expressions to specific potentials
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of the class leads immediately to the corresponding expressions for the particular potential
considered. These expressions are of the form of expansions in powers of a small parameter
and the first terms of the expansions are expected to provide a reasonable approximation of
the calculated quantities, as long as the parameter is sufficiently small. For potentials of the
form V(r) = =W f (%), the expressions are power-series of the dimensionless parameter

s = (ZMF",; e )1/ * and the structure of the first terms of the expansions is fairly simple. The
successive terms of each expansion are obtained by means of suitable recurrence relations
on the basis of Swenson and Danforth hypervirial relations [6] and the Hellmann—Feynman
theorem [7]. See also Killingbeck [2].

In a recent paper [8] another useful application of the HVT technique was considered,
namely the study of inequalities of physical interest. Two basic inequalities were studied,
relating the lowest energy level spacing AE of a particle in its ground state, moving non-
relativistically in a central well, to the mean-square radius of its orbit and the expectation
value of its kinetic energy, respectively, with the aim of investigating their (approximate)
‘saturation’, that is whether they become equalities approximately (e.g. within a few
per cent) [9].

The aim of this paper is to discuss another inequality which is important to physics. It has
been pointed out (see [10] and section 2 of [11]) that for a particle moving non-relativistically
in a central potential V (), the following ‘uncertainty’ relation holds:

() (p*)/n* = 3. (1)

It was pointed out that the inequality becomes equality for the ground state of the
harmonic oscillator (HO) potential. In all other cases the above relation is an inequality
and it would be of interest to provide analytic ways of calculating the dimensionless product
Py = (r)(p*)/n* > %, where the expectation values are calculated with respect to the
Hamiltonian single-particle eigenstates. This would provide the means to investigate to what
extent the inequality is saturated, depending on the potential shape considered and on the
specific state. We may recall that the usual uncertainty relation for the position and its
conjugate momentum: AXAp > h/2 and its generalizations have been the subject of detailed
investigations since the publication of Heisenberg’s original paper [12] until recently (see, e.g.,
[13] and references therein). We refer for detail in this respect to the very informative review
article [14]. Among the topics of interest have been the analytic calculations of the uncertainty
product (Ax)(A p) for various types of one-dimensional potentials (see, e.g., [14]).

Before proceeding to the main topic of this paper (in the third section), attention is paid (in
the following section and in the appendix) to certain typical cases in which the product P,; can
be given exactly analytically or semi-analytically. The final section is devoted to numerical
results and to discussion.

2. Exact analytic results for the dimensionless product P,,; for a number
of potentials

Among the various central potentials, only a few have the property to lead to an exact analytic
expression for the dimensionless product P,; = (r?),;(p?)u/h? for any bound eigenstate
|nl) of the Hamiltonian. It should be clear that not only should the energy eigenvalues be
given analytically, but also the integrations in (r2),; should be performed analytically and the
result be given by a closed-form analytic expression. Typical examples of central potentials
having these desired properties are the isotropic harmonic oscillator, the Coulomb (C) potential
and the spherically symmetric rectangular well with infinite walls (IW). In this section the
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corresponding expressions for the dimensionless products P,; are given and discussed. These
expressions are also useful for comparisons.

(a) For the HO potential. VHO(r) = 1uw?r?, the energy eigenvalues E,; = Tyt + (Vs
where by T and V we denote the kinetic and potential energy operators, respectively, are given
by the well-known expression [15]

ELNC = (2n+1+2)ho = (N + 2)ho with 7,1=0,1,2,3,... (2

where N = 2n + 1 is the HO quantum number. In addition, application of the virial theorem,
to the case of the HO potential leads to the following relations:

. . EHO

(T = (Vi = =0 (3)

Multiplying (7)1 and (V)HO, the following very simple expression for PHO results:

PO = (PO (11O /52 = (2n +1+3)°. &)

It is apparent from (4) that the dimensionless product PY© increases as the quantum
numbers (nl) of the state increase, that is as the state becomes more excited. Furthermore,
states with fixed N have the same dimensionless product. In addition, P:llo is in accordance
with (in)equality (r2),;(p*)u > % and attains its minimum value 9/4 for n = 0, = 0, that is
for the HO ground state.

(b) For the Coulomb potential (in the case of a hydrogen-like atom). Ver) = —ZTez, the
well-known expression of the energy eigenvalues is
h? (a3 n* o1
EC = @GR e ay =~ -4 )
2n? nerz 7

and a is the atomic unit of length (the first Bohr radius: a = Mh—; =0.5292 A). Application of
the virial theorem in this case leads to the relation [15]

(T)E =-1(V)¢ = —EC. (6)

n 2

2
Therefore (p*)§, = (p*)¢ = agnz-

Furthermore, application of Kramer’s relation (see, e.g., [15]) with s = 2 leads to

n’a’
(r’¢ = TZ[5n2 +1=311+D]. (7)
Thus, the analytic expression for the dimensionless product in this case is
PG =15n*+1-311+1D)]. (8)
It should be recalled that here » is the principal quantum number: n = 1,2, 3, ... and

[=0,1,2,...(n = 1).

It is seen that Pncl attains its minimum value of 3 for the ground state (n = 1,/ = 0).

This minimum value is larger than the corresponding one of Pn}lIO that is 9/4, which ‘saturates
the inequality’. It is also seen that for fixed n, the minimum value of P,S corresponds to the

maximum possible value of [:/ =n — 1.
(c) Finally, for the spherically symmetric rectangular infinite potential well

if r<R

if r>R ©)

0
W,
v m—{m
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the energy eigenvalues reckoned from the ‘bottom’ of the well are given by [16]

n*x?
;‘IV = "é (10)
2R
where X,,; are the roots of the /th-order spherical Bessel function and n = 1, 2, 3, ... is the

principal quantum number, that is the number of the root in order of increasing magnitude.

From the above expression of (T'),;, the expression of (p?),; follows immediately. On
the other hand, the (r2),; can be obtained analytically as well, in terms of X,,; [17]. The result
is

RE[ Q+3)Ql—1)
2yIW
=— |1+ ——]. 11
o = 3 |: e (11
Therefore, the expression for P is
P =1[Xy+3Q+3)2 - D], (12)

It is seen that for the ground state (n = 1,/ = 0), the dimensionless product attains its
minimum value and becomes Py = [”T’ — %] ~ 2.79. This value is in accordance with
inequality (1). It is, however, larger than the corresponding HO minimum value PJI° = 2.25,
but smaller than the corresponding dimensionless product for the Coulomb potential Pl% =3.

We also see that the expression of P1)Y becomes very simple for any s state (/ = 0). Thus,

2.2
PV — ["3” — ﬂ . (13)

Finally, it is worth mentioning that there are potentials for which the dimensionless product
can be given ‘semi-analytically’, for certain states, when for example, an integral involved has
to be calculated numerically. This is the case of the s states of the (reduced) Poeschl-Teller
(PT) potential. The corresponding semi-analytic expressions for PnpoT which may be derived
are given in the appendix and the values obtained with them are useful in comparing them
with the HVT values (see section 4).

3. The formalism and the expression for the dimensionless product P,;

In this section the s-series expansions, mentioned in the introduction, are used, which were
derived by means of the HVT technique [4, 5].
The class of two-parameter potential wells of the general form

V(r)==Wf/R) 0<r <o (14)

is considered and a particle of mass w is assumed to move (non-relativistically) in a well of
this form. In the above expression, Vy > 0 is the potential depth, R > 0 its ‘radius’ and f
(f(0) = 1) the ‘potential form factor’ which determines its shape. The function f is assumed
to be an appropriate analytic function of even powers of x = r/R with d? f/dx?|,—o > 0.
Such potentials behave like a harmonic oscillator potential near the origin and therefore the
terminology ‘oscillator-like’ potentials has been used. The results of this paper corroborate
the suitability in using such terminology (see section 4). Apart from the above mentioned
resemblance, their shape is quite different from that of the harmonic oscillator.
Typical potentials of the class are

(a) The Gaussian potential

Vo(r) = —Voe /R,
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(b) The (reduced) PT potential
Vpr(r) = —Vy cosh™2(r/R)

but there are many others belonging to the same class.

In order to obtain the dimensionless product P, it is convenient to use for the energy
eigenvalues and the expectation values of the kinetic energies and the mean square radii of the
particle orbits the dimensionless expressions of their s-expansions of [5] which are denoted
by a tilde on the top of the corresponding symbol. In the pertinent formulae, displayed below,
it was found appropriate to rearrange somehow the terms in the coefficient of powers greater
than 2, so that there is a more convenient way of factorizing the two sorts of contributions, that
is those originating from the quantum numbers n, [ of the state and those from the numbers dy,
determined by the potential shape, which are related to the derivatives of the potential form
factor f

1 d2k
© (k) dx

The above rearrangements of terms in the coefficients of the s powers will facilitate their
use in the following.

We also note that it would be desirable to consider in addition a renormalized hypervirial
perturbation theory [2, 18] which is a very efficient one and has been used in treating various
problems [19, 20]. This matter is under investigation and requires further work in order that
the method is adjusted to our purposes. Among the recent work in connection with the HVT
perturbation theory, we mention in particular the paper by Killingbeck e al (2001). In that
paper, the advantages which stem from an appropriate choice of the unperturbed potential and
of the origin at which the energy expansion is carried out, are discussed.

The expression of the expansion for the energy eigenvalues is as follows:

k f(x)|x:() k=071725"-7 dl <0 (15)

A S 16)
nl — V() - rar k
where
60 = —1 (17)
1/2 3
e = 2a,,(—dy) ap] = 2n+l+§ (18)
d, 5
er = — (12a5, — 41 +1) +3) (19)
8d,
an(—dp)'? 2 2 2
e3 = —327{4611[13[20%, —120(1 + 1) +25] + d;[—68a,, + 36/(1 + 1) — 67]}  (20)
1
e@=1s {12d,d>d5[880a;, — 8ay [841(1 + 1) — 295] + 3[4l (I + 1) — 3][4l(I + 1) — 35]]
1

+d;[—6000a;, + 24ay,[1721(1 + 1) — 569]

—[41(1 +1) — 3][441( + 1) — 513]]

+8d7dy[—560ay, +40ay,[121(1 + 1) — 49]

— 3[4l + 1) = 3][41( + 1) — 35]]}. (21)
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For the mean-square radii of the particle orbits we have

(P2 = 2 _ ir sk 22)
nl = R2 - k
k=0
where
ro=0 (23)
_ _ Gu 24
" G o
d 5
ry = —s(12a%, — 41l + 1) +3) 25)
8d:
an (—dy)'? 2 2 2
I {12d,d5(20a,, — 121(1 + 1) + 25) + 5d5[—68a,, + 361(I + 1) — 67]}
1
(26)
1
ry = —W{9dldzd3[—880aﬁl +8a,[841(1 + 1)—295] — 3[4l(1 + 1) — 3][4l(I + 1) — 35]]
1

+d;[6000a,,;, — 24a2,[1721(1 + 1) — 569] + [41(1 + 1) — 3][441(I + 1) — 513]]
+4d}dy[560a,, — 40a,, [121(1 + 1) — 491+ 3[41(1 + 1) — 3][41( + 1) — 35]]}.
(27)

Finally, for the expectation value of the kinetic energy operator in the various energy
eigenstates we have

~ T, —
(Thw = — =Y ns* (28)
I Vo kX:(; k
where
k
lkZEek k=0,1,2.... 29)

For the product (r2),;(p*); We may write
(P ut (PPt = 20 Vo R (r2) (T

32
hz 00 o0
= s_2 <Z rksk> (Z tksk)
k=0 k=0
N
== (Z Vies ) (30)
k=0
where
k
Vi =Y Tplip- 31
p=0

The expressions of y;, k =0, 1, 2. .. follow easily from the expressions of 7, and ;. We
find
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v=y1=0 Yo =nt = a ys =rilp +rt; =0
Va = i3 + oty + 13t = %df{dldg[man;(anl — 1)(20a% +25 — 1211 + )]
+d3[(12a2, — 410 + 1) +3)* + ay (Sa, — 3)(—68a% +361( + 1) — 67)]}
(32)
and
Vs = rily + 1otz + 13ty + 1yt = —% {6d1d2d3 [q,(lll) + qr(f) + qr(;)] + d; [qr(;) + qﬁ)]}
1 (33)
where
q\) = —8a’[110a2 — 84I(I + 1) +295]
g = —3a, 41+ 1) = 3][4l( + 1) — 35]
g =2(1 + a)[12a2 — 411 + 1) +3][20a2, — 1201 + 1) +25] (34)
q\) = 24a3[250a2, — 1721( + 1) + 569]
g = a4 +1) — 3][441(1 + 1) — 513]
+(3+5ay)[12ay, — 41(1 + 1) + 3][—68az, + 361(1 + 1) — 67].
Therefore, the result for the dimensionless product P,; is
P <r2>n;l<2p2>nl
= (2n +1+ %)2 +yus? + pss® + 9 (sh)
=P)+P7+PY +0(sY). (35)

Itis seen that the structure of the dimensionless product is fairly simple, but the coefficients
¥« become progressively more complicated as the power of s increases. It is further seen that
there is no contribution of terms proportional to the small dimensionless quantity s but of
terms of s2 and higher.

4. Numerical values of the dimensionless product P,,; and discussion

In this section we report the numerical results obtained with the derived expression (35) of
the dimensionless product P,; for the first bound states and the various values of the small
quantity s. Each contribution to Py;: Pn(lo), Pn(lz) and P,ff) is also given in each case. The detailed
results obtained with the PT potential are given in tables 1-4, while those with the Gaussian
potential are displayed in tables 5-8, respectively.

It is clear from the results obtained in all tables that the main contribution to P,;, for
each bound state, comes from the corresponding zeroth-order term Pn(lo) (see expression (35)).
This is more pronounced for the ground state (n = 0, / = 0) and the smaller values of s, as is
expected. It is also noted that the (absolute) values of P,S) are smaller than the corresponding
ones of P,flz) and often the difference between the two values is quite substantial.

On the basis of the above observations, it is therefore seen that the values of the
dimensionless product P,; are quite close to the corresponding values of the harmonic oscillator
potential Pn(,HO) = Pn(lo). This fact corroborates the suitability of the terminology of the

potentials of this class as ‘oscillator-like” potentials. Pertaining to other types of potentials,
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Table 1. Numerical values of the dimensionless product P,; and the partial contributions P;l” to
it for the states n/ = 00 for the various values of s. The reduced PT potential was used.

0 2 3
s P(go) Pgo) Po(o) Poo

0.00 2250 O 0 2.2500
0.02 2250 0.00014 0.00001  2.2501
0.04 2250 0.00055 0.00004 2.2506
0.06 2250 0.00124 0.00014 22514
0.08 2250 0.00220 0.00033  2.2525
0.10 2250 0.00344 0.00064 2.2541
0.12 2250 0.00495 0.00110 2.2561

Table 2. Numerical values of the dimensionless product P,; and the partial contributions Pn(f) to
it for the states nl = 10 for the various values of s. The reduced PT potential was used.

) () 3)
s Py Py Py Pio

0.00 12.250 0 0 12.2500
0.02 12250 —0.00256  —0.00021  12.2472
0.04 12250 -0.01025 —-0.00167  12.2381
0.06 12250 —-0.02306 —0.00565 122213
0.08 12250 —0.04100 —0.01339  12.1956
0.10 12250 —0.06462 —0.02616  12.1598
0.12 12250 —0.09225 —0.04520 12.1126

Table 3. Numerical values of the dimensionless product P,; and the partial contributions P;ZS) to
it for the states n/ = 01 for the various values of s. The reduced PT potential was used.

(0) ) 3)
S Por Py Py Poi

0.00 6250 O 0 6.2500
0.02  6.250 0.00071  0.00005  6.2508
0.04 6.250 0.00284 0.00037  6.2532
0.06 6.250 0.00639 0.00126  6.2577
0.08 6.250 0.01136 0.00299 6.2644
0.10 6.250 0.01774 0.00584  6.2736
0.12 6250 0.02555 0.01009  6.2856

Table 4. Numerical values of the dimensionless product P,; and the partial contributions P,f‘;) to
it for the states n/ = 02 for the various values of s. The reduced PT potential was used.

0) (2) 3)
§ Py Py Py Poy

0.00 12250 0 0 12.2500
0.02 12250 0.00324 0.00026  12.2535
0.04 12250 0.01295 0.00206  12.2650
0.06 12.250 0.02914 0.00697  12.2861
0.08 12.250 0.05180 0.01651  12.3183
0.10 12250 0.08094  0.03224  12.3632
0.12 12250 0.11655 0.05572  12.4223

such as the Coulomb and the infinite spherical well discussed in section 2, the values of P,
are quite different, as is clear, at least for the ground state, from the values quoted there.
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Table 5. Numerical values of the dimensionless product P,; and the partial contributions P;l” to
it for the states n/ = 00 for various values of s. The Gaussian potential was used.

0 2 3
s P(go) Pgo) Po(o) Poo

0.00 2250 O 0 2.2500
0.02 2250 0.00026 0.00001  2.2503
0.04 2250 0.00103 0.00010 22511
0.06 2250 0.00232 0.00033  2.2527
0.08 2250 0.00413 0.00077  2.2549
0.10 2250 0.00645 0.00151 2.2580
0.12 2250 0.00928 0.00261 2.2619

Table 6. Numerical values of the dimensionless product P,; and the partial contributions P,f‘;) to
it for the states n/ = 10 for various values of s. The Gaussian potential was used.

0) (2) 3)
s Py Py Py Pro

0.00 12250 0 0 12.2500
0.02 12.250 0.00668 0.00034  12.2570
0.04 12250 0.02672  0.00273  12.2794
0.06 12.250 0.06012  0.00922  12.3193
0.08 12.250 0.10688  0.02185  12.3787
0.10 12250 0.16699  0.04267  12.4597
0.12  12.250  0.24047 0.07374  12.5642

Table 7. Numerical values of the dimensionless product P,; and the partial contributions P,ils) to
it for the states n/ = 01 for various values of s. The Gaussian potential was used.

0) (2) (3)
§ Fo, Foi Fo) Po

0.00 6250 O 0 6.2500
0.02  6.250 0.00202 0.00010  6.2521
0.04 6.250 0.00809 0.00083  6.2589
0.06 6250 0.01821 0.00280 6.2710
0.08 6.250 0.03238 0.00663  6.2890
0.10 6.250 0.05059 0.01295 6.3135
0.12  6.250 0.07284  0.02239  6.3452

Table 8. Numerical values of the dimensionless product P,; and the partial contributions P,f‘;> to
it for the states nl = 02 for various values of s. The Gaussian potential was used.

L S L
0.00 12250 0 0 12.2500

0.02 12250 0.00778  0.00046  12.2582
0.04 12250 0.03111 0.00368  12.2848
0.06 12250 0.06999 0.01243  12.3324
0.08 12.250 0.12443  0.02945  12.4039
0.10  12.250 0.19441 0.05752  12.5019
0.12 12250  0.27990  0.09950  12.6294

We would also like to point out that the P,; values obtained with the Gaussian potential
are quite close to the corresponding ones resulted with the PT potential. However due to
the difference in their shape, small but marked differences are observed. We may recall [4]



7904 M E Grypeos et al

2.28 -

227 -

2.26 -

2 2 2
<I> <P >/ P

224 -

223 -

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 1. The dimensionless product P, = (rz),,/(pz),,//h2 as a function of s
(s = [M*/2uVoR?)]'/?) for the PT potential for the 00 state (n = 0, [ = 0) with the HVT
technique (solid line) and with the semianalytic formula of the appendix (dashed line).

12.6 -

12.4 -

122 -

<r2>10<p2>m/ﬁ2

12.0 |-

11.8 I I I I I I I )
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

S

Figure 2. The dimensionless product P, = (rz),,,(pz),,[/h2 as a function of s
(s = [M*/(2uVoR?)]'/?) for the PT potential for the 10 state (n = 1, [ = 0) with the HVT
technique (solid line) and with the semianalytic formula of the appendix (dashed line).

that the numbers d; which are determined by the potential shape are for the PT potential
dy = 1,dy = —1,d, = 2/3,d3 = —17/45,d, = 62/315, while those for the Gaussian
potential are given by d; = % Due to the difference in these values, the values of the
dimensionless product P,; differ a little. Our numerical results show that the values of P,
obtained with the Gaussian potential are a little larger than the corresponding ones obtained
with the PT potential.

In figures 1 and 2, the variation of P,; with s is shown for the states n = 0,/ = 0 and
n = 1,1 = 0 using the PT potential. In the same figures, the corresponding results obtained
with the semi-analytic expression (44) of the appendix are also shown (dashed lines). It is
seen that there is a fairly good agreement with the HVT results, as long as s is sufficiently
small. We should also point out that in those cases of small s the agreement is also satisfactory
with the corresponding results for the P,; values obtained with the more laborious numerical
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solution of the Schrodinger eigenvalue problem and the further numerical integration of the
two integrals involved.

It is clear, since s = (2“@(2) R2)]/ 2, that small values of s imply deep (large Vj) and wide
(large R) potential wells. An interesting physical system corresponding to the situation of a
wide well, (for which certain energy eigenvalues are known experimentally) is a rather heavy
A-hypernucleus. The self-consistent field felt by the A-particle in the hypernucleus is very
complicated, but suitable single-particle potentials can be used often very satisfactorily. Two-
parameter central potentials of the type used here may be considered as possible candidates
for a rough representation of a more realistic single-particle potential. These potentials are
in their turn, more realistic than the well-known harmonic oscillator potential, which because
of its considerable analytic advantages has been very popular in nuclear physics problems
for purposes of rough estimates. The use of the HVT technique has shown that potentials
of the class considered can be useful in a number of cases for these purposes [21, 22]. To
guarantee rather small values of s one should consider, however, hypernuclei with fairly large
mass numbers.

In conclusion, this paper shows that the HVT technique provides for sufficiently small
values of s, a rather simple and handy way to estimate the dimensionless product P,; for any
(deeply) bound eigenstate of a wide class of central single particle Hamiltonians, treating them
in a unified way.
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Appendix. The semi-analytic expression for P, in the case of the (reduced)
Poeschl-Teller potential

The (reduced) PT central potential has the advantage that its energy-eigenvalues and
eigenfunctions can be given analytically not only for the ground-single particle state but
also for any bound single particle s-state [22-24, 4].

The energy eigenvalues E,( are given in terms of the dimensionless parameter s by the
very simple expression

Eo=-Vofs[2n+3 —Vs2+41]}>  n=0,1,2,.... (36)

Application of the Hellmann—Feynman theorem leads to an analytic expression of the

o~

expectation value of the kinetic energy operator (7'),o from which the expectation value of the
square of the momentum follows. The result is

hZ
(pPhno = 3 Ano(s) (37)
where
Ano(s) = {=(2n+3)s 22447 )2 1572 [(2n4+3) — 2447 )P (38)

The corresponding normalized eigenfunctions are given in terms of the hypergeometric
function , F, by the formula
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() 53D +3/29T @0 —n+1/2)2h =20 — 1) 1/2< hr>—2/\ W
. = |2 ch— sh—
ot RT(n+ DT (2h —n) R R
3 ST
X o Fy —n,n—2k+1;§;—sh R (39

1 ) —1 1 2 1
where A = 3[vs2+4 . —5],andh§nces = Zomn-
For the mean square radius of the particle-orbit we have

C2 o]
(r*)a0 = —";)e(s) f r? ch’“% shz%zFl2 <—n, n—2x+1;
0

3 o
—; —sh"— | dr (40)
2 R

where

3 _ _ _
2T (n+3/2)0 (21 —n +1/2)(21 — 2n 1)} )

al'(n+ 1HIQAr—n)
By making the transformation x = r/R we get for (r?),o
(r*huo = Cro($)R* Lo (s) (42)

where the one-dimensional integral I,o(s) is given by

C2y(s) = [

o0 3
Lio(s) = / x%ch ™ x sh?x, F} (—n, n—2xr+1; 5 —sh2x> dx. (43)
0

Multiplying (37) with (42) we obtain the final result for the dimensionless product P, in
the case of the PT potential

P (s) = (110 (pPno/h* = Cro() 1o (s) Ao (s). (44)

This is a semi-analytic expression for P,o(s), since the integral 7,(s) has to be computed
numerically by using an appropriate subroutine.

The above expression (44) was used for the semi-analytic results shown in figures 1
and 2.
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