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The method of numerical differentiation is applied to solve the coupled set of ordinary differential equations
for a three-body system derived in the previous paper. This is done for the ground state of the He atom. The
matching of the forward and backward numerical solutions of the coupled system of differential equations is
achieved by repeated applications of Newton’s correction method. The matching of up to 16 coupled curves is
carried out successfully, but the results obtained show that a very large number of coupled terms are required

to obtain a good convergence of the ground-state energy.

INTRODUCTION

In the previous paper! (to be referred to as I),
a coupled set of ordinary differential equations for .
the calculation of the energy of a three-body sys-
tem was derived. This coupled self-adjoint set
is given by
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where CY2:/R are the matrix elements for the
Coulomb interaction derived in Appendix A. In
this paper, we apply Eqgs. (1) to the calculation
of the atomic ground-state energy of He by using
the method of numerical differentiation. The pur-
pose of the study is (i) to study the number of
coupled equations required to make the energy con-
verge. Few numerical results are available to give
a full appreciation of the method of hyperspherical
harmonics (h.h.). Simonov? has done a study of the
problem of the triton, and Brayshaw and Buck?®
have done similar calculations of the nuclear
binding energy of *H and *He. Both works state
that only four h.h. or less are sufficient to give
a good approximation of the wave function, and
Ref. 3 indicates a surprisingly good agreement
between theory and experiment. Erens ef al.,*
on the contrary, and Bruinsma and Van Wagen-
ingen,® have made some extensive calculations
on the triton, and they report that the low-order
h.h. might seem to approximate the wave func-
tion, while indeed a very large number of these
h.h. is required to give a good convergence of
the energy value. All these previous studies use
the variational principle, which is not the method
used in this article.

(ii) The second purpose of the present study is
to investigate the possiblity of using the method
of numerical differentiation to calculate the ground-
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state energy of He. A previous attempt was made
by Winter ef al.,® who derived a coupled set of
partial differential equations in the two variables
7, and 7, (7, and 7, are the respective distances

of the two electrons to the nucleus). Because of
this two dimensionality, the number of pivotal
points needed to achieve the required accuracy
was prohibitive, and the energy value was cal-
culated by using numerical extrapolation. The
coupled set of ordinary differential equations (1)
suggests the possiblity of trying once more the
method of numerical differentiation. The low cycle
time and high storage capacity.of modern com-
puters make such an effort tempting. This method
not only computes the energy but also produces
the numerical values of the radial coupled solu-
tions, provided only that proper boundary condi-
tions are assumed. This avoids the approximative
trial methods used until now in the literature to
try to determine some analytic expression for the
wave function of the He problem.
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FIG. 1. Different regions along a radial curve corre~
spond to different mesh sizes used to carry out the nu-
merical differentiation process.
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NUMERICAL PROCEDURE

The transformation of a coupled set of differential equations into a coupled set of difference equations
has been discussed by several authors.”® The method of Noumerov’ is used, and one obtains
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The boundary conditions are
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R =nh is the pivot point, and € =2E; £ is the mesh
size, and 7 is an integer.

The procedure used to solve Egs. (2) is to deter-
mine the value of the coupled functions at the pivot
point 7 +1 from a knowledge of the values of these
functions at the pivots #» and #-1. The dimension
of the matrix to be solved at each pivot is equal to
the number of coupled equations. This method
allows the increase of the number of pivots more
easily than the method of Winter ef al.,® where the
matrix corresponding to the total number of pivots
is diagonalized (the dimension of the matrix, which
is the number of pivots times the number of coupled
equations, can give rise to difficult storage prob-
lems in the computer memory). We distinguish
four regions in the radial solutions (see Fig. 1):

(i) The first region, with R, ~0.5, necessitates
a fine mesh size (2~0.05).

(ii) The second and third region necessitate an
intermediate mesh size (2~0.1).

(iii) The fourth region, where the coupled curves
are very smooth, only requires a relatively large
mesh size (~0.4).

As explained by Fox,® we consider the forward
and the backward curves, and instead of matching
the solutions and their derivatives at a point R,
we have chosen to match the solutions at two points
R, and R, =R, +mh (m is an integer and 4 the
mesh size of the intermediate region). There is
an evident difficulty® in the choice of the matching
point R_, and we believe that the best way is to
choose R, in the region where the derivatives of
the coupled functions with respect to € are of the
same order of magnitude |(8/8¢), x 2| =|(8/8€),X |
[see Eqs. (6); the left-hand subscript f refers to

CRoxi(R)

k', v'#k, v

[“éhz( Cik (K?a%)th}%) ﬂxz(R_h)+[_2+%hz<czz _ (k+3)(k+3) )]x:(m

R R?

CYYix2l (R +h) >

R 1z R+h

k', v ®=k, v

=—€h?[ & XkR—=h)+Z XXR) + XER +h)]- - - .
@)

—

the forward solutions, and the left-hand subscript
b refers to the backward solutions]. Figure (2)
shows the drawback of matching too far to the
right. Instead of getting curves like a and & which
match together, one can get curves like ¢ and b
or d and b, Similar considerations apply when
the matching point is too far to the left, where the
backward solutions can behave like 1/R**%/2 jn-
stead of R**3/2*1 35 R~0,

We start the step-by-step iterations by assuming
arbitrary but reasonable values to the different func-
tions ;X (R),

£Xc(0)=0, (xi(t)=sy, (4)

where the /. are the numerical values of the ,x,’é
functions at the first pivot point. By repeated use
of Egs. (2), the values of the coupled functions
sXn(Ry) and ; X} (R,,) are calculated. These values
depend on the starting parameters (€, f9,/5,/3

0sY 237 4
9 ...). Similarly, we start the backward solu-
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FIG. 2. Mismatch resulting when the matching point
is too far to the right along the radial curve. Curvesa
and b show the normal behavior of a radial solution.
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tions with boundary conditions
1/2
pXE(R)=bY, JXYR —h)=el<" oY 6)

where R, stands for the end point of the range of
J
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with a similar set of equations at R,,. We have
one parameter in excess for the solution of New-
ton’s formula, and we have chosen arbitrarily /9
=const =1.

The differential equations obeyed by the different
partial derivatives with respect to f? and b are
the same as Eqs. (1), except for the derivatives
with respect to €, where a term - X% (R) has to
be added at the rlght -hand side of Egs. (1). The
boundary conditions on these derivatives are
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Equations (6), together with a similar set of
equations at R, give a system of simultaneous
linear algebraic equations which are solved by
using the Gauss-Jordan ehmmation procedure
for the unknowus be GjK, 6bY:;. New values €
+0¢, f,u +0f pr , b2 +5b,<: are calculated and the
process repeated until, say | 6e| <1071°,

RESULTS AND DISCUSSIONS

Figures 3-5 show the shape of the radial curves
for k.,,=4,8,12, respectively. The correspondence
between the numbering of the curves and the value

oY Sh ,xK(R>[
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iteration. Repeated use of Egs. (2) in the backward
direction allows the calculation of , X, (R,), X(R),
which in general will depend on the parameters
(,b9,b1, 02 ...). The correction 0€ to the eigen-

$702 72y "4y
value is calculated from Newton’s formula

Z Gbx' ab"' bX:R =0, (6)

P
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FIG. 3. Partial waves for k,,=4. An explanation of
the numbering of the curves is given in Table I.
(a) Curves 1 and 2; (b) curves 3 and 4.
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(k,v) is given in Table I. These curves show clear- TABLE I. Relation between the values of (k, v) and the

ly that the zero-order wave function has a dominant
contribution in the approximation of the wave func-
tion compared with the contribution of the higher-
order partial waves. (We have the following rela-
tions between the maxima of the curves; X;
=0.065%3, x%=0.176x3, x3=0.108x3, x5 =0.001x3,

X3 =0.037xJ.) However, an examination of Table

II shows that a very large number of these
curves are needed to make the ground-state
energy of He converge (compare the trend

of convergence of the results shown in the last
column of Table II with the value of —2.9033 a.u.
reported by Pekeris®). Erens ef al.,* in their study
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FIG. 4. Partial waves for K;,,,=8. (a) Curves 1, 2, 5,
and 7-9; (b) curves 3—5 and 6.

numbering of the curves.

(x,v) (%, v) (k,v) (k, V) (k, v)

0,0) 6 (6,1) 11 (10,3) 16 (12,0) 21 (16,8)
2,1) 7 (8,4) 12 (10,1) 17 (14,7) 22 (16,6)
4,2) 8 (8,2) 13 (12,6) 18 (14,5) 23 (16,4)
4,0) 9 (8,00 14 (12,4) 19 (14,3) 24 (16,2)
6,3) 10 (10,5) 15 (12,2) 20 (14,1) 25 (16,0)

UL W N

of the triton problem, conclude similarly that al-
though the first few partial waves might seem to
give a good approximation of the wave function,
indeed a very large number of these partial waves
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FIG. 5. Partial waves for «;,, =12. (a) Curves 1, 2,
5, and 7-12; (b) curves 3—6, 11, 13, 14, and 16,
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TABLE II. Variation of the characteristic value ¢/2 with «,

k is the mesh size.

'max*

RASHAD M. SHOUCRI AND BYRON T. DARLING 12

Np is the number of pivots;

Kmx Ri/Np Ry/Np R,/Np R, =Nph Ry =Nph /2 @.u.)
1 4 0.5/10 6/60 8/20 9% 0.1 10x0.1 —2.7839755
2 6 0.5/10 6/60 8/20 9%0.1 10%0.1 —2.7846076
3 8 0.5/10  10/200  24/60 25X0.05  26x0.05  —2.8498216
4 8 0.5/10 2/40 10/200  25x0.05  26x0.05  —2.8498216
5 8 0.5/10 6/60 10/25 10%0.1 15%0.1 -2.8498129
6 8 0.5/10 6/60 8/20 9% 0.1 10%0.1 -2.8498129
7 8 0.5/10 6/60 8/20 20% 0.1 25x%0.1 -2.849 8129
8 8 0.8/20  6.4/80 8/25 24x0.08  26x0.08  —2.8498054
9 8 0.8/20  6.4/80 8/25 11x0.08  12x0.08  —2.8498054
10 8 0.8/20  6.4/80 8/25 10x0.08  12x0.08  —2,8498054
11 8 0.7/20  5.6/80  8.4/30 13x0.07  14x0.07  —2.8498044
12 10 0.5/10 6/60 8/20 9% 0.1 10%0.1 -2.8499751
13 12 0.5/10 6/60 8/20 8% 0.1 10%0.1 —2.8756033
14 12 0.8/20  6.4/80 8/25 11x0.08  12x0.08  —2.8755955
15 16 0.5/10 6/60 8/20 8x0.1 9%x0.1 -2.8871376
16 16 0.8/20  6.4/80 8/25 11x0.08  12x0.08  —2.8871305
17 20 0.5/10 6/60 8/20 8x0.1 10x0.1 ~2,892 xxx X

is needed to get a good convergence of the energy
value.

The results of Table II are summarized as fol-
lows:

(i) The effect on the eigenvalue of varying the
mesh size of region 1 (see Fig. 1) from 0.05 to
0.04 and 0.035 is shown for the case «,,,=8 (lines
6,9, and 11 of Table II). The effect on the eigen-
value of the variation of the mesh size of region 1
from 0.05 to 0.04 is also shown for the cases K,
=12 and k,,,=16. The improvement in the accuracy
of the eigenvalue in all three cases is of the order
of 1075 or less.

(ii) Lines 3 and 4 (compared, for instance, to
line 5) show the effect of round-off errors on the
eigenvalue when the number of pivots becomes
large. The error is of the order of 1075, One
loses about 3 digits accuracy in the numerical
values of the radial functions for every 50 pivots.

(iii) Comparison of the results for «,,,=10 with
those for K,,,=8 and «,,,,=12, and k,,=6 with
those of k.,,=4 and K,,,=8 suggests the idea that
some terms contribute poorly to the improvement
of the eigenvalue. The inclusion of the partial
waves (k,v)=(10, 5), (10, 3), (10,1) or (k,v)=(6, 3),
(6,1) gives little improvement in the eigenvalue
(Kmax /2 is 0dd).

To explain this, we notice that for a heavy nu-
cleus system as in the case of He, 0 ®7/4 (see
Appendix B, Paper I), and when 7,;—~0 or 7,,

-~ 0 (collision of an electron with the nucleus), A
=+7/2 [ see Eqs. (B1), Paper I]. Our orthonormal
set of functions developed in Paper I involves the
function cosv, and cos(¥7/2)=0 for v odd, which
corresponds to the case X, /2 odd. Thus we see

that the partial waves for odd values of v are mini-
ma at points of singularity of the potential, where
the partial waves are expected on physical grounds
to have large amplitude because of the attractive
nature of the potential. The behavior of the eigen-
value as noted above testifies to the correctness of
the numerical solution, since the functions of the
internal angles ¥, A have been eliminated, and the
mentioned physical effect is indirectly reflected

in the radial equations through the influence of

the coupling coefficients. In the case of the triton,
the three masses are equal and 0 =7/3; the results
of Erens ef al.* show that in this case the main

/2 =-2.8871376
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R3/#points = 6/60
R4/#points = 8/20

FIG. 6. A typical example of a mismatch occurring
for the high~order curves for k.,, =16, v=0. The scale
in this figure is 50 times larger than the scale in Fig. 5.



TABLE III. Relation between the correction 6¢, calculated from Newton’s formula, andthe matching of the partial waves for k,,=8 (this is the result

shown on line 11, Table II).

Note the improvement in the matching as 6¢ gets smaller.

Ryy,=0.7/20, Ryy,=5.6/80, Ryy,=8.4/30
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contribution to the convergence of the energy comes
from partial waves for which v is a multiple of 3.

(iv) The matching of the forward and backward
curves has been carried out successfully for all
cases up to and including «,,,=12 (16 coupled
curves). A slight mismatch occurs for the high-
order curves for the case k=16 (25 coupled
curves) that we have been unable to overcome.
Probably a finer mesh size should be chosen for
regions 2 and 3 (Fig. 1), but this point requires
a little more study. A typical example of the mis-
match which occurs for these high-order curves
is shown in Fig. 6.

Usually by repeated application of Newton’s
formula [Egs. (6)] the matching of the low-order
curves takes place first, and the matching of the
high-order curves follows. A look at Table III
gives an idea of the relation between the magnitude
of the correction 8¢ as calculated by Newton’s
formula [Eqgs. (6)] and the slight mismatch occur-
ring in the high-order curves (8,4) and (8,2). The
magnitude of 0€ gets smaller as the matching im-
proves. It must be noted that the rate of change
of the derivatives (which determines the shape of
the coupled curves) is controlled by the second-
order derivatives, which, from Egs. (1), can be
expressed as a sum of a diagonal term and a non-
diagonal term,

- X

(k' v")=(kyv)

V'
crr AL
and a slight inaccuracy in the partial waves af-
fects the second-order derivatives, without af-
fecting appreciably the eigenvalue (the effect on
the eigenvalue is of the second order or less for
an error of the first order in the partial waves).

(v) A superposition of the curves of Figs. 3-5
shows visually little effect on the low-order curves
(small v and k) as higher-order curves are added
(Kmax increasing). That is to say, our calculations
indicate a lack of sensitivity of the radial functions
to truncation of the series expansion. Although we
have no analytic justification why this is so, we
believe that our low-order functions represent
well those that would result from the actual (non-
truncated) solution of the He problem.

CONCLUSION

The numerical integration for the forward and
backward solutions of the set of coupled ordinary
differential equations for the He atom has been
successfully carried out for up to 16 coupled
curves, and the method would probably work to
match 18 or 20 radial curves. The radial solu-
tions shown in Figs. 3-5 are not sensitive to the
truncation of the series and consequently are likely
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truly representative of the coefficients of the ex-
pansion of the wave function. However, to obtain
the required accuracy in the eigenvalue is beyond
the possibility of computations. High values of
Knax DOt only make the problem of the matching of
the curves difficult, but also introduce problems
of round-off errors, because of the large matrices
involved in the calculation. Besides, the total CPU
time on an IBM/370/158 machine for one iteration
(70 pivots) is of the order of 25.25 sec for K,

=6, 32 sec for «.,,=8, 40.5 sec for k., =10, 85.5
sec for k,,,=12, 185 sec for «,,=16, 394 sec for
Knax=20; the increase in CPU time becomes very
rapid for large k,,.. It may be noted that the ap-
proach developed here compares favorably with
the method of Winter et al.® For all k<12, only
around 70 pivots are necessary to get an adequate
convergence of the eigenvalue (a four-decimal ac-
curacy). This is to be compared with the 60X 60
pivots used by Winter et al.,® which gave a value
of —2.808902 a.u. and required diagonalization of
a 3600%X 3600 matrix. In contrast, in the method
used here the number of iterations (application of
Newton’s corrections) required to get | 6¢| smaller,
say, than 107!° becomes excessive for large «,,,, .
But this number is reasonable for k. less than

or equal to 12 (around 10 iterations or less). It

is important that proper starting values be as-
sumed, and we believe that the best way to do

this is to proceed gradually from K,,,=4 to k.
=6,8,10 and higher values.
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APPENDIX A

In this appendix, we give the expression used to
calculate the matrix elements C;.,. The potential
function is given by

2 2 2 N
v & _Ze _zZe (a1)

7‘12 713 723

The expression of the interparticle distances in
terms of R has been derived by De Celles and
Darling.!® Making use of these relations, one can
easily get

Caxi 2f [T uwen(E - L2 - 28 Y o rtedpan, (a2)

1

, L an 1
vl 2 1/2 v
Crxr =2Z¢" (1) fj; u“([1+coszpcos()\—26)]1/2 +

0

v 2
[1+coszpcos(h+25)]1/é>u,<, T2pdpdAr

1 2T 1 ,
— 922 /2 v v, w2pdpadn . A
2¢(m, ) f fo U (1 +cosy cosA)l/2 U TPAP (a3)

0o

The right-hand side of expression (A3) has to be divided by €*(m, )l/z/h’2 if it is to be expressed in atomic

units [ note that in Eq. (A3), Z=1].
write Eq. (A3) as

cuv —2262(2u)1/2[(K+2)(K +2)]1/26 0,

Taking into account the expression of u”(\, %) [Egs. (24), 1], one can

cosvAcosv’A cosvicosy’A

1 2m
vipvyl.o —9p2\pV:° —20%)0d - )dA
xfo P Putgtuyy (1 = 20%) Piefp-n o1 = 20%)p pf; ([1 +pcos(r+20)]772 " 1 +pcos(r - 20)] '/

6,6,

- 2¢20m, )2 (k+2) (K +2)] /2 L

T, 2
xf P Plcif-ury /5 (1 —2pz)p"P(",'<‘}2-y)/2(1—2p2)pdpf
0 0

T cosVAcosv’A
(1 +pcosr)i A (a4)
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The expression of the Jacobi polynomials P,/ /,-») is given by"

(</2=¥)/2 T(1 + (k/2 +V)/2+7)(=1) p?”

0
lek/z-V)/z(l -2p%) =

r=0

rI[(k/2=v)/2=7]ITA +v+7) ° (A5)

Making use of the relation cosvA cosv’A=3[cos(v +V')A +cos|v —v'| A],

’ 6,0, ' ' ;
v =4z e @u) 2 (e 2) (K +2)] /2 2 S (T2 (D cos2 18 + T (1) cos2 L]

6,0, ’ ' B
- 23, 2 (k+ 2)(K + 2)] RS [ (1) 4L (1] (46)
where l=v+v' I’ =|v~v’|, and
' L pe2m coSs A ' '
I (l)=f f (1 +pcosA)’2 PY Pliifamvy 15(L = 20)p P27,y 1, (1 = 20%) 12pdpdn . (A7)
[ ]

By expanding the quantity (1+pcosA)"1/2, it is easy to show that!2

2T ___cosa - P/ 1) I 1 14l p?
j; Wdh—Z(—l) —zngl‘l-!‘ F(4(2l+1),g(2l+3),1+l,[)) . (A8)

where F(5(21+1),3(20+3);1+1;p%) is the Gauss hypergeometric function. Equation (A7) can be written as

ot a2 (k/2=2)/2 ‘—‘]7;"(17+(K/2+V)/_2 +7)(=1)7
JKK"'(—I)lT :

ri[(k/2=v)/2-7] T +v+7)

(k=¥ T4 (k' /2 4+0)/2 47" ) (—1)7

X

where

l 1 '
I,(1’+'r’)=§2-§1£r %%—f 2' Flz)z" " dz .
M o

A= T /2-v)/2 -7 I +v" +7)

I, +7"), (A9)

(A10)

z =p%+1,(r +7') is calculated using the recurrence relations

16V2

I,(r+7")=

16( + 7" )L +7 +7")

1,00)=16vV2 /(2L +1)(21 +3) .

APPENDIX B

We give here briefly the connection between the
independent variables used in this work and the
work of Simonov,? since these two works develop
the two main methods used to derive the coupled
set of equations (1). The starting equations in the
work of Simonov are

n=(f, -T,)NZ , (B1)
-5:‘/%_[%(;1 +;2)";3] . (Bz)

Using the variables R, y, and X =1/2, one can
easily show that!®

n,=m2/2Rcos(y/2) cosx ,
ny:-mle/zR sin(y/2) sinx , (B3)

1% =3m,R2(1 +cosyp cos2x) ,

@I+1)2l+3)+16(7 +7 Yl +7 +7' +1) + @I+1)2l1+3)+16( +7" ) +7 +7' +1)

Lr+r'=1),
(A11)

(A12)

£, =m!/2R cos(¥/2) sinx ,
gy=m;/2R sin(y/2)cosx , (B4)
£ =3m,R%(1 - cosy cos2X) .

The angle @ in the work of Simonov? is given by

ExMy+8yny _ sin2X cosy
& (1 - cos?ycos?2x)’? *

cosg = (B5)

The quantity mR? is equivalent to p? in the work of
Simonov,? and the angle 6 of Simonov? is given by
cosf=3V2 (1 +cosycos2x)’? |

B6
sin6=3v2 (1 - cospcos2x)’? . (86)

The variable A and A in the work of Simonov? are
given by
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A? =c0s%20 +sin?26 cos?p =cos?y ,

cosA =(cos20)/A =cos2X ,

(B7)
sinX = (sin20cos@)/A =sin2x ,

h:zx;

~TS<SAST
and!®

~-m/2<sxsw/2.

APPENDIX C

The boundary conditions given in Eqs. (7) are
valid for the reduced function ¥, =27, ,X(Rux,¥),
i.e., the function ¥, is a solution of the reduced
KEO [ for the definition of the reduced KEO, see
footnote (5) of part I and reference (10)]. By
direct application of the definition given in refer-
ence (10), p. 73, it can be shown that the non-re-
duced function ¥ is related to the reduced function
¥, by relation ¥ =¥, /R5/2, The important result
is that when R~0, X9/R%/2~ o #0, as it should be,
while x2/R%/2~0 for (k,v)#(0,0).

*Work based on a thesis submitted by R. M. Shoucri in
partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Physics, Université Laval,
Québec. This work has been supported by a grant from
the National Research Council of Canada.
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