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A new variational technique, the Global Element Method (GEM), is applied to a well-
known nuclear physics problem. The GEM enables the solution region to be divided into
physically meaningful subregions and appropriate expansion functions to be used in each
of these subregions. The continuity of the trial functions (and their derivatives) at the
subregion interfaces, together with the prescribed boundary conditions is enforced by the
variational principle. It is demonstrated that for the bound-state and scattering problems
for a typical discontinuous nuclear potential, the GEM obtains significantly faster con-
vergence rates than previous variational methods. Moreover this new approach will enable
the major components of existing computer programs, using conventional global varia-
tional methods, to be reused after suitable modification. The GEM, with the possibility of
high convergence rates, should hopefully prove to be a useful computational tool in many
areas of computational physics.

1. INTRODUCTION

Variational methods (or the closely related, but more widely applicable, Galerkin
methods) are at present popular numerical techniques for the solution of differential
equations. Two practical implementations of these methods have developed. In the
finite element approach (FEM), the trial functions are chosen to be nonzero only over
a small part (element) of the region under consideration, continuity being imposed
explicitly across the interface of each region and convergence being obtained by
increasing the number of elements (see, for example, Strang and Fix [1]). Typically,
a low-order polynomial, e.g., cubic spline is used as the trial function in a FEM.
Alternatively, in the global variational approach (GVM), the trial functions are
chosen to exist everywhere in the region of interest and typically, orthogonal poly-
nomials are used, convergence being obtained by increasing the degree of the poly-
nomial (see, for example, Mikhlin [2]).
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Conventionally in both a GVM and FEM, the trial functions are chosen to explicitly
satisfy the essential boundary conditions associated with the differential equation.
However, in many circumstances, this constraint can prove inconvenient and it is
preferable to work within a variational formalism which does not require this condition
on the trial functions. Some attempts along these lines within a FEM can be found in
Zienkiewicz {3]. Likewise, within a GVM, attempts to relax the boundary conditions
have been made by Arthurs [4], Yates [5], Hennell and Hendry [6] and Davies and
Hendry [7]. It should be noted that there are some possible advantages to be obtained
from using a GVM in preference to a FEM. There are three main points. Firstly,
Delves and Mead {8] have shown that high rates of (asymptotic) convergence can be
expected when the GVM is applied to a particular class of problem; in practice the
convergence rates obtained are usually much higher than from a FEM using low-order
elements. Secondly, the matrices produced in a GVM, though nonsparse are typically
much smaller than those from a FEM and efficient iterative techniques (Delves [9])
exploiting the structure of the matrices have been developed to improve on the O(N?)
cost associated with the direct solution of an N x N matrix. Finally, although difficult
to characterize completely, there should be a class of problems for which the GVM is
more efficient than a FEM. The GVM is best adapted to relatively simple regions
(e.g., squares, circles) for which a natural choice of trial functions can be made,
whereas the FEM is best for irregular shaped regions.

Both methods however give poor convergence rates for problems having a solution
containing nonpolynomial behavior (e.g., singular derivatives at a reentrant corner,
Fix, et al. [10], or a discontinuous second derivative at a point, Hendry and Hennell
[12, 13]). In these cases it is possible to improve the convergence rate by including
in the trial functions core terms (which reproduce the appropriate behavior) in addition
to the normal polynomial terms. However a certain amount of caution must be
exercised, since the systematic inclusion of core terms (to represent more precisely the
nonpolynomial behavior) tends to lead to progressively more ill-conditioned matrices
due to the presence of the two types of terms (Fix, et al. [10]).

Recently, there has been proposed by Delves and Hall [11] a new variational
method, the global element method (GEM). This method attempts to retain the
flexibility of the FEM for irregular shaped regions while at the same time retaining
the high convergence rate associated with the GVM. In the GEM, the region under
consideration is subdivided into a small number of subregions, the choice of these
subregions being dictated by the geometry of the region or by the anticipated different
solution behavior within the various parts of the region. Within each subregion, a
suitable expansion set is chosen, continuity across the interfaces of the subregions
being imposed implicitly in the variational functional (using an approach similar
to that used in Davies and Hendry [7] to relax the boundary conditions). Note that
by this approach it is hoped that terms describing nonpolynomial behavior can be
systematically and straightforwardly included without leading to ill-conditioned
matrices, since there will only be one type of trial function associated with each sub-
region.

A somewhat similar regional approach (and variational functional allowing the
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implicit imposition of the interface conditions) has previously been proposed in the
nuclear engineering field [19, 20]. However the present approach differs significantly
in the treatment within each subregion and the present variational functional permits
the relaxation (if so desired for convenience) of the essential boundary conditions
associated with the differential equation.

In nuclear physics, square well potentials (or more general discontinuous potentials)
are often used to describe nuclear forces [12]. As indicated before, if a conventional
variational method (either GVM or FEM) is used to solve the Schrédinger equation
for such a discontinuous potential, it is found that the obtained convergence rate is
very slow due to the second derivative of the true solution containing a discontinuity
(see Hendry and Hennell [12, 13]). In [12, 13], this convergence rate was significantly
improved by including suitable core terms having an explicit second-order discon-
tinuity at the appropriate point. However, this process of systematically including
more core terms to better represent the discontinuity (and hence improve the conver-
gence rate) could not be continued indefinitely since it was found that after a few
core terms had been included no significant improvement was obtained [13].

Since the continuity conditions across an interface imposed in the GEM are
exactly the physical conditions associated with the solution of the Schrédinger
equation for such a discontinuous potential, it is of interest to examine the performance
of the GEM to see whether it can reproduce the second-order discontinuity in the
wavefunction and at the same time achieve a high convergence rate.

In this paper the GEM is applied to the two-body s-wave system interacting via the
potential of Bressel, et al. [14], which was previously used in {12, 13]. In Section 2,
the GEM is outlined for the bound-state problem and the results from the method
presented. Similarly, Section 3 describes the GEM and the results for the scattering
problem with the elements being chosen to reflect the regions which arise naturally
in this case.

Finally Section 4 contains some conclusions.

2. THE GLoBAL ELEMENT METHOD APPLIED TO THE BOUND-STATE PROBLEM

2.1. Problem

We will be concerned with finding the binding energy of the two-body s-wave
system

Hu(r) = Eu(r) re [0, oo, (2.1a)

where

d2
H=— VO (2.1b)

and V(r) is a given (discontinuous) potential.
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Associated with Eq. (2.1) are the boundary conditions,
ur) ~r, r— 0,
(2.1¢)

u(r) — 0, r — oo.

For future reference, Fig. 1a shows a typical nuclear potential with a discontinuity
atr=r,.
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Fic. 1. A typical discontinuous nuclear potential ¥, showing the elements used in Sections 2
and 3.

2.2. Global Elements

The GEM applied to an inhomogeneous second-order elliptic differential equation
has previously been described in detail in [11]. For completeness, the modifications
required to handle a homogeneous problem and a brief outline of the method are
given here.

Referring to Fig. 1a, it is natural to identify two distinct regions for the potential ¥,

(i) a core region (c), 0<r<r,
.2)
(ii) a background region (b), r, < r < .

Accordingly, as indicated in Fig. 1b, we choose to implement the GEM with two
elements, these being the regions (b) and (c) in (2.2). Following [11], we then recast
Eq. (2.1) as the pair of equations

fuc(r):Euc(r)a o<r<r,,
(2.3a)
Hu(r) = Em(r), re<r < oo,
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subject to the boundary conditions

ufr) ~r, r—0,
(2.3b)
u(r) — 0, r— o0,
and the interface conditions,
uc(rc—‘) = ub(rc+)’
(2.3¢)
uro—) = uy(re+),
where
,_du
W=

Then, as shown in Appendix I, the functional

J o wH W, dr + f: Wy Wy dr + (WWedpap + (WeWo — WiWe)yer,
I;c WW, dr + L“Z wyw, dr 2.4)

is stationary for arbitrary variations in the trial functions w,, w, about the true

solutions of Eq. (2.3). Note that these trial functions do not exactly satisfy the boundary

conditions at r = 0 (although they do satisfy these at r = 00) or the interface conditions

at r =r,. The variational method will then reproduce the conditions, at r =0,

r, and at the same time approximate the solution in the interior of regions (b) and (c).
We introduce appropriate expansion sets in the two regions

Er(w,, wp) =

N,
We = z O‘c.ihc,i(r)a
i=1

(2.5)

Ny
Wy = Z Oty iy, (1).
i=1

Inserting these expansions into (2.4) and finding the stationary value of the functional
leads to the symmetric matrix eigenvalue problem (5# is Hermitian).

I_—-Ic" Ecb [%e Mcc (__)_ o,
(135» Elb”) (ab) - ( o lzlbb) (“b) 2.6)

Equation (2.6) is a (2 x 2) block-matrix eigenvalue problem and the definitions of
the various matrix quanties H,, , B, , etc. are given in Appendix I. As the notation
implies, the matrix H,, is the matrix of the operator 2 in region (c), while the matrix
B, is the matrix describing the interface term in functional (2.4). In Eq. (2.5) N, and
J_V,, can take any suitable values, and thus the matrix B., is not necessarily square.
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It should also be noted that the trial functions A, ; and A, ; need not have the same
form—rather, they should be chosen to reflect the anticipated solution behavior
in the appropriate region.

Finally, as should be apparent from the functional (2.4) and Eq. (2.6), the GEM is
very similar in concept to the conventional Rayleigh-Ritz approach—indeed this
latter approach can be interpreted (if so desired) as a single element GEM (with no
interface conditions).

2.3. Results

For a realistic nuclear discontinuous potential we have taken

vy | = 670 x 1.4/41.5 r<re,
= —1.4 x 139.4 x 0.08Z(1 + 8.7Z -+ 10.6Z?)/41.5 r=r,, @n
r. = 0.688 fm Z = exp(ur)/ur p = 1/1.415,

this being the 1S, potential of Bressel, et al. [14], adjusted by a factor of 1.4 to produce
a bound state. From previous work using this potential [12, 13], the value of the
binding energy is

E = —0.0377155

and the exact value of the wavefunction discontinuity at the core du” is

4u” = 36.3816,
where
aw = (5], [G+], ) e 2.8

When using global trial functions, it is desirable for stability reasons to use orthogonal
polynomials (see Mikhlin [15]). Accordingly, in Eq. (2.5)

h, {(r) = P;_,Qrir, — 1) i=1,..,N,,

2.9)
hyi(r) = Li_y(2B(r — rp)) e i=L.,N,,
where in (2.9), P; and L, are, respectively, Legendre and Laguerre polynomials (see
Abramowitz and Stegun [16]). With this choice of trial functions, the boundary
condition at r = 0 is not satisfied exactly (but that at r — oo is) and the normalization
matrices M., and M,, in Eq. (2.6) are diagonal as desired.

The required matrix elements in (2.6) were evaluated by numerical quadrature, a
scaled Gauss—Legendre rule being used in [0, r.] and a scaled Gauss—Laguerre rule in
[r. » o). The results presented here used a 30-point rule in each region, it being found
that stable results were produced for sufficiently high-order quadrature rules. The
nonlinear parameter 8 in Eq. (2.9) was set to 1.5 this being the value previously used
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in [13]. Figure 2(a) shows the results (plotted on a logarithmic scale) obtained for
| Ey — E| where Ey is the estimate of the binding energy for N = N, 4 N, trial
functions. Two distinct sets of results are shown for the choices

(I) Ny = N, N = 2N,,

2.10
(i) N, =2N,, N = 3N,. (210

10"
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Fic. 2. Results for the bound-state problem of Section 2, in which X indicates N, = N, and
indicates N, = 2N, . The gradient of the straight line is indicated thus (G), where G is the asymptotic
convergence rate of Section 2.3: (a) | Ey — E | —— results from Ref. [13]; and (b) | w(rs—) — wi(rs + )I.

As is clear from the graph, both sets of results converge as N increases. However it
is also apparent that the results for choice (ii) in (2.10)} are much better in the sense
that for a total number of trial functions N, more accurate results are obtained. This
is not surprising, since the form of the potential (2.7) would lead one to expect the
true solution to have a more complicated form in region (b) than in region (c), and
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hence require more trial functions to give a good description. Figure 2(a) also shows
a straight line which is the best fit (by eye) to both sets of results. The gradient G of
this line is a measure of the asymptotic convergence rate, i.e.. for large N.

| Ey — E | = (constant) N—°,

As indicated on the graph, G ~ 12 confirming the hope mentioned in the introduc-
tion of achieving high convergence rates in the GEM. For comparison, we have also
included on Fig. 2(a) the results obtained in [13] from the conventional R—R approach
(with continuous t.f.s.). Clearly there has been a significant improvement. It should
also be noted that the GEM here has achieved a convergence rate better than that in
[13] even with the inclusion of core terms.

Fig. 2(b) shows the discontinuity in the solution across the interface at r,

du = | wyre—) — wylre+)!

0, Lo L L 10

L 1
10 20 3BV HOH B0 20 30 40
N N

Fic. 3. As Fig. 2: @) | w(0)|; (b) | wi(re — ) — wy(rs 1+ )!; and (c) D (see Section 2.3).
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for a total of N trial functions. Again it is apparent that as N increases, both sets of
results are tending to zero, showing that the GEM is indeed reproducing the interface
conditions (2.3c). The results for choice (i) in (2.10) display the “double convergence”
effect very often seen in global varational methods, but those for (i) appear to decrease
smoothly. Also shown is the best fit line to the results, and from this we deduce an
approximate convergence rate O(N—°) as might be expected from the result of Fig. 2a.
Figure 2b only demonstrates that the discontinuity in the solution decreases as N
increases—it should be emphasized that both w.(r,—) and w,(r,+) separately con-
verge.

Figure 3(a) shows the reproduction of the boundary condition at r =0, i.e.,
| w(0)l. As N increases, this quantity is tending to decrease, the convergence rate
being similar to that obtained for 4u.

The discontinuity in the first derivative at r =r,,

Au = | wire—) — wi(re+)l

is shown in Fig. 3b. Comments similar to these for du apply in this case, with the
exception that the convergence rate is now approximately O(N-%).

The results obtained for 4u and 4u’ are not totally unexpected since the variational
functional has been deliberately constructed in order to force these quantities to be
continuous across the interface. However, there is no analogous term for the second
derivative discontinuity. In order to represent this quantity, we must rely on obtaining
a good numerical solution in both regions by systematic increase of the terms in the
expansion sets.

Figure 3c shows the quantity

D = 4w — du" |,

where Au” is given by (2.8) and Aw” is the similar quantity constructed from the
numerical solution,

av = [(G) (G Ittty + mira)

The sets of results in Fig. 3¢ display a different behavior, but after an erratic start,
they tend to decrease for large N. For the results corresponding to choice (i) in (2.10), a
reasonable estimate of the convergence rate is O(N-3) as shown. However for the
choice (ii) in (2.10) no sensible estimate can be obtained, but an O(N~3) rate is not
totally incompatible with these results.

In the results presented here we have chosen 4, ; so that the boundary condition
at r = 0 is not satisfied exactly. If A, ; is chosen to exactly satisfy this condition,
results very similar to those presented here are obtained, the only difference being
that they are slightly more accurate for small values of N (<510).
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3. THE GEM APPLIED TO A SCATTERING PROBLEM

3.1. Problem

The s-wave scattering of a two-body s-wave system is described by
Lur) =0, 0<r< oo, (3.1a)

where
L = — ———2 + V() — k? (3.1b)
dr? ’

and k2 is the energy. As in Section 2, ¥V is a (discontinuous) potential.
Asymptotically (r — o0),

u — F + 4G, (3.1¢)
where

F = sin(kr)/k, G = cos(kr), g = tan 3/k,
and & is the scattering phase shift. The boundary condition at r = 0 is
u(r) ~r. (3.1d)

3.2. Global Elements

In this section, we indicate the application of the GEM to a scattering problem.
Two elements could be used, but since in the scattering problem it is possible to
identify (and to handle simply) a third region, we use three elements by introducing a
break point r, (see Fig. 1c) chosen so that for r > r, the potential V'is essentially zero.

Thus there are now three regions,

(i) a core region (c), 0<r<r;
(ii) a middle region (m), r,<r<rnr; 3.2)
(iii) a background region (b), r, < r < o0.

Following Section 2.2, we introduce the problems
Lu, =0 Il=1¢,mb, (3.3a)

subject to the conditions

(3.3b)
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and the interface conditions at r, and r,,

uc(rc_) = um(rc+)a um(rb_°) = ub(rb+)a
(.3¢)
ulre—) = up(re+),  up(re—) = wy(ro+).

Then, as is shown in Appendix II, the functional

»

Te b w©
01 = ar — [ wewodr — [ waLrwndr — [ wLw, dr
0 s Ty

- (waw::)r=0 - (meé - w;nwc)r=rc - (wbw;n - wl;wm)f=fb

is stationary for arbitrary variations in the trial functions about the true solutions of
Eq. (3.3) provided that (as in the conventional Kohn Variational Principle, see [17])

wy =F4 q:G+w

and w — 0 as r — c0. Note also that the trial functions neither satisfy the boundary
condition at r = 0, nor the interface conditions at r, , r, . As the notation implies, the
functional gives a second-order estimate of the quantity g.

Introducing appropriate expansion sets in the three regions

N,

Wy = Z o, ihyi l=cm,
i=1
(3.4)

Ny

w, = F + q:G + 2 oy, oMy, ;

i=1

and finding the stationary value of the functional leads to the equations for the
variational parameters &, (/ = ¢, m, b) and ¢,

L. B O O o, O

Bo Luw Buw Buc|f on —Bur

PR | I Y (3.5)
O By L Lec qr 3(1 — 2Lgp)

The definitions of the various quantities in this (4 X 4) block matrix equation are
given in Appendix II.

The variational parameters are found by solving the matrix equation (3.5) as
indicated in Appendix II. From these values, the second order estimate g5 is found
by substitution into the functional.
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3.3. Results

We again consider the potential of Eq. (2.7). From the detailed form of the potential,
it is possible (within a constant) to write down the exact solution in region (c).
Accordingly the trial functions were chosen as

_sinh(lp|r),p* >0
© sin(lplr),p? <0

hpi = P {Qr—r, — r)/(ry — 1)), i=1,., Ny,

PP=V({rf2) — K,

ho; = Liy(2B(r — rp)) e i=1,.,N,
a}
X
10k
X
16°
-5
10 B
16°
10 -
X
wbﬂ" 10-234)
-9
0
[ ]
AR AN TN NN L A N IS WO Y A

L 8 12 15 20 24 28 4 8 12 6 20 2% 28
N N
Fic. 4. Results for the scattering problem of Section 3. The gradient of the straight line is in-
dicated (), where y is the (exponential) convergence rate of Section 3.3: in (a) X indicates | ¢!&' —¢ (;
and in (b) X indicates | wy(r, —) — wu(r, +)| and - indicates | w,(r, —) — wi(r, +)..
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where L; , P; are as in Section 2.3. Note that there is only one trial function in region
(c) and that h, explicitly satisfies the boundary condition at r = 0. The results presented
below correspond to using the same type of integration rules as in Section 2.2, the
parameter f3 being fixed at the same value as was previously used. The value of k was
chosen to be 0.7 (corresponding to an energy of about 20 MeV) and for this value the
exact value of the scattering quantity ¢ was taken to be (to eight significant figures)

g = 2.9833377.

(This value of ¢ was obtained from a previous spline calculation based on the tech-

b}
X
[ ]
. X 41
X
A A
x -110
[ ]
18
(0108} 1
4
o
10-117)
10°1- ~10
X
W 16°
1 1 1 1 | I ] 1 1 I ] !
L 8 12 16 20 24 28 L 8 2 % 20 %4 B
N N

FiG. 5. As for Fig. 4: in (a) X indicates | wi(r, —) — w,,(r, +)| and - indicates | w(r, —) —
wi(r, +)I; and in (b) X indicates D and - indicates | Wilry —) — wy(ry +)I.
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niques used in {12] and confirmed by the results obtained here.) It was also found
“best” in practice to set N,, = 2N, and thus the total number of trial functions is
N = 3N, + 1. A suitable value of r, was taken to be r, = 4r,

The results obtained are shown in Fig. 4 and 5. It should be noted that these results
have been plotted on a log-linear scale. If the results presented in this section are
plotted on a log-log plot (as in Section 2), then the trend of the results has a distinct
downward curvature for large N (much more pronounced than in Section 2), indicating
the possibility of exponential convergence.

Figure 4a shows the results for

[g® —q|

against N, where ¢’ is the second-order estimate of ¢ produced by the GEM using
a total of N trial functions. Clearly satisfactory convergence is obtained. Also shown is
the best fit (by eye) line to these results, the gradient vy of this line being indicated on
the graph. Note that y is a measure of the asymptotic convergence rate,

| ¢ — g | = (Const) exp(—yN)

Figure 4b shows the corresponding results for the discontinuities in the solution
across the two interfaces at r, and r, . As N increases, both sets of results are tending
to zero, at approximately the same rate (as indicated by the straight line).

Similar remarks apply for the derivative discontinuities shown in Fig. 5a.

Finally Fig. 5b shows the results for the known second derivative discontinuity at
r. (the quantity D defined in Section 2.3 with w, replaced by w,,) and the discontinuity
at rg

| wi(rs—) — wi(r+)I.

After an erratic start (N < 12), both of these sets of results settle down and converge
smoothly at a rate as indicated on the graph.

Results, not presented here, for the scattering problem using two elements as in
Section 2 were found to have a behavior similar to those obtained earlier in Section 2.
There has been a significant improvement, both in the asymptotic convergence rate
and in the attained accuracy by the introduction of a third region. This improvement
is not due to using the exact solution in 0 < r < r,, since the results using Legendre
polynomials as the expansion set in this region show a behavior very similar to those
described in this section (differing only in the number of trial functions being 4N,).
Hence the improvement must be a reflection of breaking the region into suitable
subregions and using appropriate expansion sets within each subregion, in particular,
the sinusoidal terms now only contribute in the asymptotic region (r > r,) where
the potential V is essentially zero.
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4, CONCLUSIONS

In this paper, a recently proposed global variational method has been considered.
The results, for the example used, indicate that the method has been successful in
achieving, as hoped, a high convergence rate and at the same time reproducing the
nonsmooth behavior in the solution. Moreover, the GEM used here has attained a
convergence rate significantly higher than previous attempts [12, 13] using a conven-
tional variational method with the inclusion of specially constructed core terms. The
results also indicate that by choosing the elements of the GEM to reflect the physics of
the problem, an exponential convergence rate can be achieved.

The method is very similar to the conventional GVM in overall concept, and existing
computer programs require little adaptation to handle the GEM.

In this paper, we have not been primarily concerned with the efficiency of the GEM
from the point of view of the operational cost (i.e., the numerical quadrature required
to set up the matrices and the resulting linear equation solution). Rather by considering
a one-dimensional problem, for which this cost is not very large, we have concentrated
on the convergence rate and the reproduction of the second derivative discontinuity.
For a two-dimensional problem, however, a naive implementation of the GEM
could lead to a prohibitively large operational count, but recent theoretical develop-
ments [18] have indicated how these may be significantly reduced by careful choices of
trial functions, elements, quadrature technique, and linear equation solution technique.

APPENDIX I

Consider the functional
Er(we , wp) == N(w, , wp)[D(w, , wy)
where
NOwe, w)) = [ wodbwdr + [ wodw, dr + (wewD),o + (WoWe — Wiwo)r—r,
0 [
and
D(w, , wp) = J- ’ Wew, dr + Jm WyW, dr.
) e
We expand the trial functions w, , w, about the true solutions of Eq. (2.3)

W, = U, + €0, W, = Uy + €U,

where ¢ is a scalar and v, , v, are arbitrary variations in the appropriate quantity.
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Then

r

Nw,, wp) = fo ’ U U, dr + fw upHuy dr + (Uetiy)r—g + (st — tgli)rey,

+ €

f ’ . #u, + uHv,) dr + f b (0, uy, + 1, Hvy) dr
0 Te

+ (Ucué + Uéuc)rso + (Ubu:: + ubvz’: - ullavc - Ul,zuc)r=r,
+ €N (vc s vb)

Using relations (2.3a) and (2.3b) and inverting the order of integration in the ¢ term
lead to

T

Nw,,w) = E UO ’ uM, dr + Jw Upldy, drg -+ 2¢E

T

c @
f up, dr + f UL, dr
0 T

(@ — )0+ 20) — @ = 0% + tR))or,f + ENG.,v0)

7

= ED(u, , uy) + 2¢E gf ’ uL, dr + fw UyDy dr% + €2N(v, , vy)
0 e
= ED(w,, w;) + €* gf cvc(af—E)vcdr—l— fwv,,(.%’— E) v, dr
0 7o

+ Wv)r—o + (030, — vavc)r=rc$~
Hence
Er(ws, wp) = E + O(e?).
Thus the functional Ex(w,, w,) is stationary about the true solution of Eq. (2.3)
without requiring that the trial functions w, , w;, should satisfy the boundary condition
at r = 0 nor the interface conditions atr =r,.

Introducing suitable expansion sets h,; and h, ; (see Eq. (2.5)) and finding the
resultant stationary value of the functional lead to the block matrix equations.

E—.I“ Ecb e I!‘[t:c 9 o,
(B H) () - ( 0 M) ()
where the matrices are given by

I_'Icc = % gJ. ) (hc,i%hc,j + hc,j'fhc,i) dr + (hv,ih::.j + hc.jh::.i)r=0§a i’j = l,"'s Nc ’
- V]

581/28/3-7
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Lgp= ..
gbb = i :f (hb.i%hb.i + hb.i‘#hb,i) dr ] L] = 1:*“9 Nb ’
Te
1 ’ ’ .
gcb = i{hc.ihb,i - hc.ihb,i}r=r,J > J = 1:"'a Nb s
N=Icc = J.o ckc,ihc.f dr’ 19.] = I,"'9 Nc b
Mbb = J- by shy,; dr, Lj=1.,Ny,
Te
Qe = Gg,g i=1,.., N,
a, = Qp,i s i= 1,..., Nb,

O = zero matrix of appropriate size.

AppPeENDIX 11

Consider the functional
re 75 ©
[99] = gqr — f W LW, dr — J Won We, dr — f ws LWy, dr
[} Te Ty

— (WeWreo — (WmWe — WcW;n)rmr,, — (WyWp, — Wyt {a)r=rb
As in Appendix I, we introduce
w, = u; + e, I=1¢,mb,

where u; is the solution of Eq. (3.3).
Using the ideas of the rapid derivation of the Kohn Variational Principle given in
Delves and the result

Wy — ty = evy, — (qr — q)G, r— o,

together with the manipulations given in Appendix I, leads to the functional [g¥
being stationary about the true solution of Eq. (3.2) without requiring the trial
functions w; to satisfy the interface conditions. Moreover, [¢,>] gives a second order

estimate of g,
97 = q + O(H

Introducing the expansions for w; given in Eq. (3.4) and finding the stationary value
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of the functional leads to the (4 x 4) block matrix equation (3.5) for the variational
parameters.
The definition of the various quantities in Eq. (3.5) are

1 rc 7’ ’
Lo =5 | Geahoy + hoshod dr + (ol + bt docs]s
0
iaj = 19'", Nc ’
Ty
I=4'mm = % gj. (hm.ighm,j + hm,jghm.i) dr§’ la.] = 1""3 Nm ’
1= .
I:"bb = 2 3_'. (oL hy5 + by ; Lhy ) d’$, L= L., N,
s
1., , . ,
QW = i{(hp'ihq'j - hl).iha,j)1‘=7‘p}’ 1 = 1,..., Np s J = 1,..., Nq S
pq = cm, mb,
L, = % H“’ (hosZA + ALh, ) drg, i=1..,N,, A=FG,
Ty
B,, = %{(Ah;,,,,. — Ahmdrer )y i=1,.,N,, A—=F,G,
L= % ; [" (2B + B21) dr:, AB = FF, GG, GF,
L)
o = oy, l=¢mb, i=1,.,N,,

O = zero matrix or vector of appropriate size.
To solve Eq. (3.5), we introduce the quantities 8, , y; , such that

o = —(B; + ¢rv)) l=c¢c,mb

and solve the pair of equations

L. Bn O B. Yo o O
g:m me ]_}mb B Ym ] = Bm F BmG
o Q;b ]__:_‘bb B T Lyr Lis

from which
gr = 31 — 2Lgr + 2B * B + 2L - Bs)/(Loc — Bhc * Ym — Lls * Yo).

Substitution of ¢, and «; , I = ¢, m, b, into the functional then leads to the second-
order estimate [g{>].
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