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ABSTRACT

Computation of the ground-state energies of H, and H,O 1is concerned. Based on the density

functional theory (DFT) the ground state energy:ofra, many-electron system can be expressed by
electronic density and is the minimum value of a-density functional. So the computation can be done
by finding a minimum value of a total energy density functional. Firstly, we use linear combination
of atomic orbitals (LCAO) to construct the molecular orbital and calculate each term of the density
functional, for example, kinetic energy, electron-electron Coulomb energy, electron-core Coulomb
energy, and exchange-correlation energy. Next, we take an initial guess and minimize the total
density energy functional by using Largrange multipliers method. Finally by steepest descent method,
the ground state total energy is obtained. In some special care is needed for the computation of

Coulomb potential to avoid the singular points.
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1. Physics

Nearly all physical properties are related to total energies or to the differences between
total energies. There is an advantage of Ab Initio total energy calculations. While just one
piece of given data is needed to calculate all the physical properties that are related to total
energy. The ground-state energy is meaningful in physics which is a stationary state with the

lowest energy of a system and it is the most often state of a stable system. The object of this

study is to find the ground state total energies of H, and H,O by Ab Initio method.

1.1 Density-functional theory (DFT)

The first mentioned by Thomas and Fermi (1927), they submit a theory said we can use
electron density to express energy. But it is coarse of the era even there are some problems in
molecular system. The most famous people are Hohenberg and Kohn (1964), they submit the
Hohenberg - Kohn (H-K) theorem which contains two main statements of a many-electron

system. One is that the ground state properties of a many-electron system are uniquely
determined by an electronic density 72(7) . And the other is that a energy functional for the

system can be defined and it can be proved that the ground state electronic density minimizes
this energy functional. Therefore, we can put any guess density n(7) into the total energy
functional E[n(7)] until generate the minimum value which guarantees the ground-state

total energy.



Unfortunately, Density-functional theory (DFT) only proves the existence of the

ground-state total energy functional E [n(7)] but it does not provide the exact form of the

total energy functional. In general, the ground-state total energy functional of a many-electron

system can be expressed by

Eq[n(P)] =E, [n(P)] +T,[n(7)] +E,[n(7)]

where Eec [n(?)] = J‘Vm(f)n(f)di’ and vm(f) is the external potential (the Coulomb

potential is due to the nuclear charges), T [n(7)] is the kinetic energy and E, [n(7)] is the

energy of electron-electron interaction. The last two terms of the density functional are
unknown.

One year later, Kohn-Sham (1965) provided a method to derive exact forms for
T, [n(F)] and E,[n(F)]. They transform the intractable many-body problem of

interacting electrons in external potential to-a/non-interacting electrons in an effective

potential. Thus they can rewrite the total energy functional as the sum of the kinetic energy of

single-particle Ty[7(7)], the Coulomb energy between electrons E, [1n(7)], and the rest

( called exchange-correlation energy E _[n(7)]). Therefore, we have the form of the total

energy functional

Esln(M)] = E, [n(N]+ Ty[n(P)]+ E,.[n(P)] +E [n(7)]



1.2 Local density approximation (LDA)

The wave functions of electronic orbitals of atomic system are written as :

¢.(r) =R, (1Y, (6.9)

represented by the index i={p,/,m}, the main quantum number p, the angular momentum

quantum number /, and the magnetic quantum number m. The electron density is

n = > fle@|

ieoccupied

For example, O-atom has atomic number of Z=8 and occupies=1S,2S,2P, the
density of O-atom is

n(7) = fi | s |05 PN+ [0 (P = 2|0 (PO 2] (P +4 | (P

In this thesis, we use the atomic unit with i=m=e=1.
Kohn and Sham (1965) provided a simplest method to treatment E[7(7)]. The total

energy functional is

Esln(P)] = E, [n(F)l+ Ti[n(r)l+ EAn(7P)] +E, [n(F)]

-] [ ”(”’”(”) drdr o T, [n(F) 4 E, [n(F)]+ E..[n(F)]

= > [r P TP+ E P4 E (P (1)

Here, the electron density satisfies

N = j n(F)dr, (1.2)
where N is the total electron number in this system. Eeg [1(7)] is the electron-electron

Coulomb energy functional and V,, () is the electron-electron Coulomb potential

ee( ) = I|n(r)




To[n(?)] is the kinetic energy functional expressed in terms of a system of

non-interacting electrons (under the assumption of independent particles)

Tln(MHl= 3 fj¢(r>[——j¢(r>dr—5 >, L[Ve ) Ve rdr

i€eoccupied i€eoccupied

E,.[n(7)] is the electron-nuclear Coulomb energy functional

E, [n(P)]=[V,,(F)n(F)dF

where Vext(l" ) =_; is the external potential ( Z is an atomic number and the Coulomb
potential is due to the nuclear charges) . Exc([n]) is the exchange-correlation energy

functional

E, ([n])= [ &, (7)) n(7)dF
where €_(n(7)) is the exchange-correlation energy per unit density ( more detail of

£_.(n(7r)) will be explained in section 2.5).

To compute molecular system, we should add one more term Ecc which is the core-

core Coulomb energy given by

Eo 2 hie]



1.3 Linear combination of atomic orbitals (LCAQO)

Linear combination of atomic orbitals is a technique to calculate molecular orbitals.

A mathematical description is

v = Ca+Ch+...Cop, = > Co,
where ¥ is a molecular orbital, ¢, ,i=1,...,n, are the atomic orbitals,

C, ,i=1,...,n, are the coefficients corresponding to ¢, . Roughly speaking, we shall use

1

atom’s wave functions to construct the molecular wave function.



2. Process of study

In this study, we want to find the ground-state total energies of H,and H,O. We take
the atomic orbitals as the basis functions to construct the molecular orbital. Because these
basis functions are at different sites, we have to orthonormalize of them firstly. Next, we take
these orthonormal functions to calculate each term of the density functional, for example of

kinetic energy, electron-electron Coulomb energy, electron-core energy, and exchange-

correlation energy. Then, we write the total energy functional as F(C) where

C=(C,C,,....,C)) are the coefficients which corresponded to the basis functions. Finally,

we take an initial guess and minimize the total€nergy functional F(O) by using Lagrange

multipliers method and steepest descent method-to/get the ground state total energy.



2.1 Orthonormalize basis functions

We take the radial wave function R, (r) of Hydrogen-like atom to be construct our

basis function. For example, H, has two H-atoms with distance 0.74A. In Cartesian
coordinate, we put the first H atom on the origin and the other H atom on point (0.74 , 0, 0).

Each of them takes five orbital basis functions which are written as

¢(1,0,0) (’7) ) ¢(2,0,0)(?) ,¢(2,1,-1)(’7) ) ¢(2,1,0)(’7) ,¢(2,1,1)(’7) , therefore, we use ten basis

functions to compute H, . In the same way, H,O has one O-atom and two H-atoms (the

position as illustrated in Figure 1.) O-atom takes six orbital basis functions and each of

H-atoms takes two orbital basis functions, therefore, we use ten basis functions to compute

H,0

2
H (-3.9584cos 7 ,0.9584sm 8 ()

g = 7555 H!
. X
(0,000 (1.9584,0,0)
H,0

Figure 1 : The position of atoms in H,O

Because the atoms are at different sites, we use Gram-Schmidt method to these basis

functions. By the Gram-Schmidt method,



i—1
8,'(F)=¢.(F) = D (§,(F) 1 6.(F)) 9,(F)
j=1
g L
0 - (@19
l
For convenience, the orthonormalized basis functions are denoted by

G(7),0,(7),.... 0 (7).

Then, by linear combination of the above orthonormal basis functions, we can construct the

¢i "(?) = where i

wave function by
p(F) = 2.CHF) 2.1)

The density of molecule is

n(7) =) =

ZC,.(»,.(?) =

2.CC; ¢ (P)g;(7) 2.2)

2.2 Kinetic energy functional Ekin [n(F)]
- <W(?)I;IW(7)>
= ZC C<¢(i’)|—|¢(i’)>
_ %;Ci*CjIVQ*(?) V§,(F)dF
Vector 7' = (X,¥,2) in rectangular coordinate

8¢) 8¢ ¢
Ty az

Then V@ (x,y,2)= (



Vo, (x,y,2)=(=+

2, 2%, 2,
dy

0z

0099, 39' 90, 30" )
ox ox dy dy dz 0z

V@ (x,y,2)-Vo,(x,y,2) =

We use the following space discretization :

0" _ ¢ (x+hy,20)=¢ (x—h, y,z)

ox 2h
99, _¢(x+hy,2)~¢(x—h,y,2)
ox 2h ’

08 _ ¢ (x,y+h2)—¢ (x,y- hz)
dy 2h

%: ¢j(x’y+h,Z)_¢j(x’y_h,Z)

dy 2h
o9 ¢(X)’Z+h) @ (x,y,2— h)
0z 2h
99, _ 4 (xy.z+ )= (x,y.20h)
0z 2h '
-
The computation domain is [a,bl’, ==, m is the partition number on [a,b], (m
m

must be even, since we use the Simpson’s rule ).

2.3 Electron-electron Coulomb energy functional E,[7]

_ 1 ¢en(rn(r) .,
Eee[n(r)] =Eﬂwdrdr
By (2.2),
v, (n(7)) _I|n(r ) j¢ T )

r—r|



(CHFN (X CH ()

E, [n(F)] ZEI o dr ' dr

j¢i (79,(7 )¢, (?)¢h(?)d’_;,d’_;

[F=7

= > CC,CC,

i,j.k,h
Now we need to calculate

8/ (P9, I < 520,

” [F—F

and that is a 6-dimension integral. By solving the Poisson’s equation :

1
=7

¢k(r)¢,,(r)> (2.3)

AU(F) = —$(F)p,(F) on Q
UiF) = 0 on 0Q

for €2 large enough, (2.3) is J.U(T”)”(?)d?.

2.4 Electron-nuclear Coulomb energy functional E, [n]

E,[n(P)] = [v,,(F) n(F)dr

~ -Z,
In molecule, Ve, (7) = Z |}7 - | , where Z, isthe I -th atom’s atomic number and 7;
AN S

1s its atomic site.

2
E, [n(®)] = [v,, (P CH(F)) dr
= Y CC[ v, ()¢ ()¢, (F)dr
i.j
Thus, the electron-nuclear Coulomb energy corresponding to each orbital can be written by

DNV (FID) tor i j=12,...n

Because of the singular points 7; , we must be careful to take the integral range otherwise

10



some grid points may be close to 7; and this results in computational inaccuracy.

We divide the integral range into two parts : A ; B. Part-A contains the singular point and

the rest is part-B. After partitioning the integral range [a,b] , finding the minimum interval

which contains the singular point named [c,,d,]. Next, we extend interval [c,.d,] for N

intervals as [c,,d,] namely part-A. Then, taking a large partition number to part-A for

getting a more precise result. Finally, we integrate part-A and part-B and sum them up.

For example, the extend interval N equals to 1 and 2 as illustrated in Figure 2 and Figure 3.

A N=1 A : N=2
C: . _dl‘ fg - ri2
a a :
= o =111
Figure 2 : Extended interval N = 1 Figure 3 : Extended interval N = 2

Then (@ |V, ()] ¢J> can be expressed by

[ v B Er+ [ v, (P)g (g, (F)dF

[a,.bNA-part A-part

11



2.5 Exchange-correlation energy functional E. [n]
E.([n]) = [e () n(F)dr
=Y CC,[e.n(F)) ¢ (P)g,(F)dF
i,j
The exchange-correlation energy per unit density £,.(7(7)) depends only on the
density 71(7') at the position r _€..(n) can be decomposed into a sum of the exchange

energy € (n) and the correlation energy €.(7).

£ .(n)=¢€.(n)+e.(n)
They are obtained from a system of uniform electron gas with the corresponding

density 7 and they are frequently expressed in terms of the radius /5 of a unit charge

defined by

R
(4ﬂ'n)

N

0.458

The exchange energy is €, (n) =-— and the correlation energy is

N

¢ - ~y/(+ BJr, + Br,) s for = 1
‘ Alnr,+B+Cr,Inr, + Dr, ; for <1

where
¥=0.1423; [=1.0529; [,=0.3334

A=0311;B=—0.048 ; C=0.002 ; D=—0.0116.

We can use them to calculate <¢, | Ee (n) | ¢j >

12



3. The iterative procedure

Because of the total energy density functional is

E, ()] = E, [n(P)]+E, [n(F)]+ E, [n(F)]+ E, [1n(7)]

and because the density 7(7) can be represented by n(r) =Zcz Cj ¢z’ (r) ¢j(7),
ij

we can write the total energy functional as F'(C) where C= (C,,C,...C,,) . Next, we

minimize the total energy functional F (C) under the constraints :
N = jn(f)df =y Cl.cjw,. ¢,d7
i,j

Because the basis functions {¢1 } i=1..;10 are orthonormal, the constraints can be

2 2 2
written as Cl + C2 +...+ ClO =N.
Then the problem becomes
min F(C,,C, ... C1o) under the constraints C12 + C22 +...+ C102 =N

Define G(C,,C,,...,C) = Clz + C22 +...+ sz — N =0 by Largrange multipliers,

we need to solve the problem

VF = AVG
C’+C}l+..+C, =N
or

VF = 1(2C,,2C,...2C,,)
C’+C/’+...+C, =N

Therefore, we have

13



I _ e,
aC,
oF _ 1o,
oC,
' 3.1)
oF (
S =42C,
10
C’+C’+..+4C, =N

3.1 The gradient of the total energy functional F(C)

The total energy functional F(C,,Cys::0:,C)y) can be rewrite by
F(O)=E,;, (O +ELO+E (O +E, (C) (3.2)

oF (E

Thus f a kin

O+E, (OH+E£A(C)+E (O)),

From section 2.2~2.5, we can get

9E,©O_1 (3 v Vi) =S v
% =2 (;c,(ml Viig)+(g,1-V |¢,->)J ;c,w,-l V1% 4

a%éC) = (ch (<¢1 | Vext | ¢j> + <¢J | Vot | ¢,>)} = ZZC/<¢I | V.. | ¢j>

¢k¢h> <<¢k¢h e |‘¢¢ >>

(3.4)

we note <¢¢

14



oE,(C) _ 1|
e T 2{12 CCLC <¢>¢

i, j.k=1

¢k¢h>+ 2. GC.C, <¢¢

i,j,h=1

o
o

¢k¢h> Z C.CC, <¢>¢

jk,h=1

+ i CiCkCh <¢z¢]

ik,h=1

1
=7 =71

{Z C.C,C, < ‘ _17“ ¢k¢h> Z C.CC, < ‘ _17,‘ ¢k¢h> ]
=2 Z CC.C, <¢¢ = ¢k¢h> (3.5)

If an initial guess (C,,C,,...,C,,) is given, then we can compute <¢, | Vee | ¢J> and (3.5)

10
becomes chj<¢i |vee |¢j> (3.6)
j=1

ok JE (C)

5C (Zc (g 1€, |93 +(0, lexc|¢>)j=2;c,‘<¢,‘|sxc|¢,.> o)

To calculate (3.7), we need insert initial guess to decide ch .

So we have
S (@19 1942010, 19)+ 20 17, 10) + 201 2,.19)).
aF C i
Denote it by : ( . ) _ZC A

l

After linearization, (3.1) can be represented by

15



10
1
D C,A\=22C,

J=1

10

2
lec A= 12C,
p=

10 (3.8)

D C,AY=22C,

j=1

C’+C}l+..+C, =N

In matrix form (3.8) is

AlA A6 G

Al2 A; A120 Cz Yy Cz
a S ; :

A’ AV o ARGy Cio 39
CP+Cl+...+C =N

3.2 The procedure of Ab Initio self-consistency
For a given c™ guess, we solve the eigenproblem (3.9), find the eigenvector
corresponding to the minimum eigenvalue, and let the eigenvector satisfy

C’+C}+...+C,, =N. In this way, we obtain new coefficients C"" =(C,,C,,...,C,,).

’ HCNew _ Code

.. new . . ol P n
Compare new coefficients C"" with the previous one C H CNew

<1E-6|.

If they are close enough, then we say the iterative procedure converges and then use them to
16



compute the total energy functional of coefficients F 1o get total energy (adding E cc )-

, Id L
Otherwise we replace C by C™" as the initial guess and repeat the above procedure , as

illustrated in Figure 4,

Orthogonalize - Normalize @,

Calculate <@;| T | @;> - <®;| Vo | @;>
o -
© <00, [Tyl 0,0,
:

Initial guess coefficiten C | «—

|

Calculate A'j and solve eigenvalue prob.

}

Gonsrtuct New coefficients C

|

=]
S
Yes | | NO
Compute Total Energy | | | et C = ™| -

Hew

IS <1lE-6 °?

Figure 4 : The procedure of computation
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3.3 Numerical results of H,
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Notinclude Exc
{
1
{

G20

2.6
.32
1.25

-}

3155
38811
641

Eec do not deal with the singular point
2

3887477

min

271448290402

S

A44433314809347

1.778703874829807

&

]
J
]

2]

=2
=
0

Ekin
Eec
Eee
Eec
Ekin
Eec
Eee

Result.4
Integral range
of Ekin
Eee
Eec
Each time
select eigenvalue
lteration number
Total Energy

Energy

First
Converge
Energy

( experimental value of energy for H: = -1.154948 ~ -1.175482)

The tables above do not include Exc. After observing the results given above and

comparing the total energies with each other, we can discover that the energy of Eec is the

main reason leading to an un-precise outcome. It shows that we could not get a more accurate

total energy, even though we have an more exact calculation around the singular points.
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change the integral range of Ekin and Eee and also add Exc.

By observing the values of total energies of result.1 and result.5, we can find that these total

energies do not change too much. By observing result.6, we can know that we get a even

more precise outcome, namely being more close to the experimental value, through doing

nothing to the singular points. Here, we got the best result : -0.9371.
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Final, we change the integral range of Eec and then observe the results. By comparing

with result.1, result.5 and result.7, we can discover that values of total energies have a big

change after changing the range of Eec. And also we can find that the total energies still do

not accurate enough.
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3.4 Numerical results of H,O
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(experimental value of energy for H,O = -75.58596)
Through observing the results above, we can discover that they even do not converge.
From the results of H, and H,O, we could know that it’s necessary to avoid the singular

points while calculating Eec, otherwise the outcome will not be precise even there is a
bigger partition number. It represents that we need to use other methods to calculate Eec. For

example, pseudo potential that might be a better choice.

29



3.5 Idea of pseudo potential
The pseudo potential is used to represent the complicated effects of the movements of an
atom’s electrons and nucleus with other effective potentials. We should know Kohn-Sham

equation first. Kohn-Sham equation is obtained from the energy functional (1.1) by using the

variational principle with respect to @ (F) under the constraint N = In(?)dr,
1 _ _ _ _ o
{_EVZ +v, () +v,,(n(r))+ vxc(n(r))}@(r) =&(r)p(r)

where &; is a Lagrange multiplier and eigenvalue corresponding to ¢1 (7).

Next, we need to construct a pseudo wave function which has the same graph as real

wave function while 7> T. (. is a cutoff radius) and is a smooth nodeless function to 0

as '< F.. When the pseudo wave-function ‘have the same eigenvalue as real wave

function, the potential is pseudo potential. ~ Because the pseudo wave function is a smooth

nodeless function as ¥ < ¥ | there isno_such kind of problems about singular point by using

pseudo potential.

r

’ Fe
Y LIIreal
w/ /

L4

Figure 5 : The graph of pseudo potential and pseudo wave function
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A Appendix

A.1 The contents of the main program

! Ylm — fhfc:complex  [9:real
! iy — %%}}*ﬁ‘}ﬁﬁ?

beeeerenanenee i !
module global

implicit none
real(kind=8),parameter :: a0 = 0.529189379 ! Bohr radius ?ﬂ A
real(kind=8),parameter :: pi = 3.141592653589 ! [e!l ﬂJ
real(kind=8) :: x_max ! Ai,J ful# x_min—x_max
real(kind=8) :: y_max ! #fi;j &0 y_min—y_max
real(kind=8) :: z_max ! Ai’j#uE' z_min—z_max
real(kind=8) :: x_min ! A/ #uE x_min—x_max
real(kind=8) :: y_min ! Ffi/j il y_min—y_max
real(kind=8) :: z_min ! &i’j#0E# z_min—z-max
real(kind=8) :: EecX_min,EecY_min,EecZ_min
real(kind=8) :: EecX_max,EecY_max,EecZ_max
real(kind=8) :: Eec,Ecc,Eee,Eexc,E_kin,E_tol ! Fﬁ*EIH: £l

integer,parameter :: inn_m_parti=200 ! [*|*#iHi5]- ‘F‘“I}";\ji “’Jlﬂ@ﬂ SR | ﬁ

integer,parameter :: basics = 10 ! ﬁLﬁQ}Ig\r HeE!
real(kind=8) :: C(basics) DR (R
real(kind=8) :: C_new(basics),norm2,norm3 VAU R

complex(kind=8) :: singleEkin(basics,basics)

complex(kind=8) :: singleEec(basics,basics)

complex(kind=8) :: singleEec2(6,basics,basics)

complex(kind=8) :: ijkh_Eee(basics,basics,basics,basics)
complex(kind=8) :: singleEee(basics,basics)

complex(kind=8) :: singleExc(basics,basics)

complex(kind=8) :: Exc_N

real(kind=8) :: Exc_N2
real(kind=8)::xi(inn_m_parti+1),yi(inn_m_parti+1),zi(inn_m_parti+1)
complex(kind=8),allocatable:: wave(:,:,:,:) ! ®i,i=1,10
complex(kind=8),allocatable:: grad_phi(:,:,:),grad_phiA(:,:,:),grad_phiB(:,:,:)
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real(kind=8),allocatable :: vext(:,:,:)

real(kind=8),allocatable :: Exc(:,:,:)

integer,parameter :: CA_M =(1+BASICS)*BASICS/2 R E= IR
integer :: IC(CA_M),JC(CA_M) VEHELEE
end module
! = !
program main
use IMSL
use global

implicit none
Peeeerennnneeee L !

real(kind=8) :: r,x1,y1,z1,x2,y2,22 | A fERE g
real(kind=8) :: theta,phi
real(kind=8),external :: Rpl,vextF
complex(kind=8),external :: YIm
complex(kind=8),external :: basis_func
integer i 1,j,k,h,h2,counter,counter2
complex(kind=8) :: temA,temB,temC,temD
real(kind=8) :: F_diffC(basics,basics) | F_diffC(basics)£% F 5] C %77
real(kind=8) ;2 ANS
complex(kind=8) :: ANS2,ANS3,ANS4,ANS5
integer,parameter::nn=basics ! FfjI eigenvalue
integer,parameter::nm=basics

integer isl,is2,ierr,matz

double precision a(nm,nn),wr(nn),wi(nn),z(nm,nn),fv1(nn),extremaN

integer iv1(nn),select,extrema
allocate(wave(basics,inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))
allocate(grad_phi(inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))
allocate(grad_phiA(inn_m_parti+3,inn_m_parti+3,inn_m_parti+3))
allocate(grad_phiB (inn_m_parti+3,inn_m_parti+3,inn_m_parti+3))
allocate(vext(inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))
allocate(Exc(inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))
oA A T exe Al D
open(unit=_8,file='10wave_function.txt',status="old") ! ]ﬁj’f“éi‘i’ 10wave_function.txt

open(unit=60,file="new_10single_Ekin.txt',status='old") ! [ HﬁtiIﬁJ Ekin.txt
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open(unit=61,file="new_10single_Eec.txt',status="old") L[ (e IﬁJ Eec.txt
open(unit=62,file='new_10single_Eee.txt',status="old") [} HﬁtiIﬁJ Eee.txt

open(unit=90,file='"10TOTAL_ENERGY.txt') ! &gy Total Energy

L--FIRST START BT 5 SRRSO oo !

m ?ﬁ'{:ﬁ? sy EEE Exc PR ?T%,Iit{ﬁ?ﬁ? 73 HEIfE!

x_max = 10.0 ! 5T EElE x_min—X_max
y_max = 10.0 | A5 AuE y_min—y_max
z_max = 10.0 | F 5T i z_min—z_max
X_min =-10.0 | AT EElE x_min—X_max
y_min =-10.0 ! A5 fEE y_min—y_max
z_min = -10.0 | Fi 5T i@ z_min—z_max

IO IS S 5T R | RIE 0 F S —— !

M
(i) ERFGT-C B [
! call othonormal()

e )RV L B OB
do h = 1,basics
doi=1,inn_m_parti+1
do j = 1,inn_m_parti+1
do k = 1,inn_m_parti+1
read(8,*) temD
wave(h,i,j,k) = temD
end do
end do
end do
end do
(D= ﬁﬁ;’} RHEERE <Qia [T @jB)> 0 - !
! call calEkin()
!----(2)?:7‘-1*1} ’gx fﬁﬁtﬁﬁﬁ SRS <Dia | Vext| @jB)> - !
! call calEec(2) !!f-.’\ﬁl ﬁ: {L'l":"]qF B [ S gl

!----(3)?:7‘-% ’T—Eﬂ fﬁﬁtﬁﬁﬁ CFETV 2 MY ERb<ijl kh> 0 e !
! call calEee()
! GOTO 115

- R f.’ﬁ%‘: singleEkin - singleEec ffi ~ -seeeeeeeeeeee-



do i = 1,basics

do j = 1,basics

read(60,'(TR8,(E30.20,E30.20)))temA ! TR8:7§-57 8 [ v’_v?fgl' F'#Ji{f‘[i?

read(61,'(TR8,(E30.20,E30.20))")temB
singleEkin(i,j) = temA 1<®j| T | ®i>
singleEec(i,j) = temB 1<®j | Vext | Oi)>
do k = 1,basics
do h = 1,basics
read(62,'(TR13,(E30.20,E30.20))")temC
ijkh_Eee(i,j.k.,h) = temC 1<®j| T | ®i)>
end do
end do
end do

end do

AEEHCT IR TR R Q) VR B
do select = 1,2

if(select==1)then
write(90,%)"(1):#HV Jiﬁ i
write(90,%)

elseif(select==2)then
write(90,%)
write(90,*)"(2):E vV ﬁ*iﬁ Egf"
write(90,%)

else
write(*,*)"select é%ﬁnii!"
GOTO 115

endif

b A PO !

Cl)= 1.0
C2)= 10
C3)= 1.0
C4= 10
C5)= 10
C6)= 1.0
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C(hH= 10

Cc@®)= 1.0
CO= 1.0
C(10= 1.0

(I CY YOS 171113 oF {——

call calExc() ! F I Exc-------

call calTol() ! Fj[[1i37—~ “#[Y total energy
write(90,%) "8Y- VISR
write(90,*) "Ekin ", E_kin

write(90,%) "Eec ", Eec

write(90,%) "Eee " , Eee

write(90,%) "Exc ", Eexc

write(90,%) "Total Energy ",E_tol

write(90,%)
counter = 1 U EHENE R C B
lemeeeee FHET<®i | Vee | @j)> ¥ %[ singleEee(:,?) 1 ft 17417 Zfl- =1

113 singleBee(:,:) = (0.0,0.0) !113 (R&SF & f&@’r’@iﬁ%ﬁl r’aﬂtrf’}
do i = 1,basics
do j = 1,basics
do k = 1,basics
do h = 1,basics
1<@i| Vee | ®j)>=XiXkCiCj<Dk()Dh(') | Vee | Qi(r)Dj(r))>
singleEee(i,j) = singleEee(i,j) + C(k)*C(h)*ijkh_Eee(k,h,i.j)
end do
end do
end do

end do

if(counter==1)GOTO 114

call calExc() ! FHET <®i | exc@m) | Oj)>

([— f,Jt F_diffC(i,j) #riy
114 F_diffC(;,))= 0.0

do i =1,basics
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do j =1,basics
| F_diffC(i,j)= <®i | T+2Vec+2Vee+2exc | Oj)>
F_diffC(i,j) = singleEkin(i,j)+2.0*singleEec(i,j) +2.0*singleEee(i,j)+2.0*singleExc(i,j)
end do

end do

|----iff: eigenvalue prob------- !

matz=1 | A1 B

do i =1,basics
do j =1,basics
a(i,j) = F_diffC(,j)
end do

end do

call rg(nm,nn,a,wr,wi,matz,z,iv1,fv1,ierr)

! if (counter<=2)then ! Fj[|¢! ’,ﬁf 12 TRERFRRY ’;}ﬁ r%ﬂ@%’?qﬁj f‘;’m’lji}

! write(90,*) counter

! do j=1,nn

! write(90,%)

! write(90,*) "eigenvalne:",wr(j),wi(j) ! 7[]&“.’%%@5@_’[ '*gj'ﬁ'ﬁ[ﬁ 'ﬁﬁﬂ

! write(90,%) "eigenvector:"

! do i=1,nn

! write(90,%) " " 2(ij) ST AR B
! end do

! end do

! end if

extremaN = wr(1)
doj=l,nn
if(select==1)then =L J’iﬁ f%ﬂga_’l ﬁ’?‘%f’f?\flffﬁ %’YTFIJ El
if(wr(j) <= extremaN )then
extremaN = wr(j)
extrema = j

end if
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elseif(select==2)then ! ?Vﬁd*’ﬁ i ﬁﬁ*‘ééf’f?\ﬁlffﬁ %@TF[]'E_‘-F
if(wr(j) >= extremaN )then

extremaN = wr(j)

extrema = j

end if
else

write(*,*)"j%?ﬂﬁ g H'.é?ﬁ!"
end if
end do
Loeeee U B SR BB R 4 ST C_new
norm2 = 0.0

do i =1,basics

norm2 = norm?2 + z(i,extrema)*z(i,extrema)
end do
do i =1,basics

C_new(i) = (z(i,extrema)*sqrt(10.0))/sqrt(horm?2)

end do

(N[ S !
norm2 = 0.0

norm3 = 0.0

do i =1,basics
norm2 = norm?2 + (C_new(i)-C(i))*(C_new(i)-C(i))
norm3 = norm3 + C_new(i)*C_new(i)

end do

if(sqrt(norm2/norm3)<1E-6)then
write(90,'(A2,15,A8)") "371" counter," [ 1"
C(:) = C_new(:)
do i =1,basics
write(90,%)" ", C@)
end do
call calTol() ! FF{I total energy
else

call calTol() ! FF{I total energy
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write(90,%) counter,E_tol ! Fj[Jt15=— TV total energy
do i =1,basics

write(90,%)" ", C@)
end do

counter = counter+1

C(:) = C_new(:)

if(counter>100)then
write(90,%) " PR NHE G 100 87 fre”
GOTO 115

else
GOTO 113

end if

end if

ST BHIEEE !
write(90,%)

write(90,*) "Ekin =", E_kin

write(90,%)

write(90,%) "Eec =", Eec

write(90,%)

write(90,*) "Eee =", Eee

write(90,%)

write(90,%) "Exc =", Eexc

write(90,%)

e FtETBecTH s !

-

2 13 [ tkel| s !
Ecc = 2.0%(8.0/0.9584) + 1.0/(0.9584*sqrt(2.042.0*cos(75.55*pi/180.0)))
write(90,%) "Ecc =", Ecc

write(90,%)

%j[ILTt Ekin + Eee + Bec + Ecc :TEL[F\, !
write(90,*) "Total Energy =",E_kin + Eec + Eee + Eexc + Ecc
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write(90,%)
enddo ! < select

115 DEALLOCATE(wave) !%”Fvﬁ‘%’gwﬁm[ﬁc'@fﬁi}
DEALLOCATE(grad_phi)
DEALLOCATE(grad_phiA)
DEALLOCATE(grad_phiB)
DEALLOCATE(vext,Exc)

stop

end

! S !

| radial function Rpl(r) - !
real(kind=8) function Rpl(atom,p,l,r)

use global

implicit none

7

integer apl I'p = EIVHE ;1 E"’JEI*JEH‘EJ satom LA
real(kind=8) :: r,atom
if (p==1 .AND. I==0)then 'R10
Rpl = 2.0*((atom/a0)**(1.5))*exp(-(atom/a0)*r)
else if (p==2 .AND. I==0)then ! R20
Rpl = ((atom/(2.0*a0))**(1.5))*(2.0-(atom/a0)*r)*exp(-(atom/(2.0*a0))*r)
else if (p==2 .AND.I==1)then 'R21
Rpl = (1.0/sqrt(3.0))*((atom/(2.0*a0))**(1.5))*((atom/a0)*r)*exp(-(atom/(2.0*a0))*r)
else if (p==3 .AND. I==0)then ! R30
Rpl = (2.0/27.0)*((atom/(3.0*a0))**(1.5))*(27.0-18.0*((atom/a0)*r)+ &

& (2.0*atom*atom/(a0*a0))*r*r)*exp(-(atom/(3.0¥a0))*r)

else
write(*,*)" Rpl @’FH R30!"
end if
return
end
| — spherical harmonic function Ylm(0,p) ~  ------—--- !



N BTG KR phi 53 — W s !
complex(kind=8) function YIm(l,m,theta,phi)
use global

implicit none

real(kind=8) :: theta,phi 10,0
integer :: L,m P1E AR R s m BT
if (1==0 .AND. m==0)then 1'Y00

YIm = 1.0/(sqrt(4.0*pi))
else if(I==1 .AND. m==-1)then !YI-1

Ylm = (sqrt(3.0/(8.0%pi)))*sin(theta) *(cos(phi)-csqrt((-1.0,0.0))*sin(phi))
else if(I==1 .AND. m==0)then ! Y10

Ylm = (sqrt(3.0/(4.0%pi)))*cos(theta)
else if(I==1 .AND. m==1)then  !Y11

Ylm = -(sqrt(3.0/(8.0*pi)))*sin(theta)*(cos(phi)+csqrt((-1.0,0.0))*sin(phi))
else if(I==2 .AND. m==-2)then !Y2-2

Ylm = (sqrt(15.0/(32.0*pi)))*((sin(theta)) **(2.0))*exp(-2.0*csqrt((-1.0,0.0))*phi)

else if(I==2 .AND. m==-1)then !Y2-1

Ylm = (sqrt(15.0/(8.0%pi)))*(sin(theta))*(cos(theta))*exp(-csqrt((-1.0,0.0))*phi)
else if(I==2 .AND. m==0)then ! Y20

YIm = (sqrt(5.0/(16.0%pi)))*(3.0*(cos(theta))**(2.0)-1.0)
else if(1==2 .AND. m==1)then ! Y21

Ylm = -(sqrt(15.0/(8.0*pi)))*(sin(theta))*(cos(theta)) *exp(csqrt((-1.0,0.0))*phi)
else if(I==2 .AND. m==2)then  !Y22

YIm = (sqrt(15.0/(32.0%pi)))*((sin(theta))**(2.0))*exp(2.0*csqrt((-1.0,0.0))*phi)
end if

return

end

lomee ’FLZI]"‘IﬁL ’Kﬁ@{f O1I~D10 - ( ® =Rpl*YIm )--------m-mmmmeemme !
complex(kind=8) function basis_func(i,x1,y1,z1)
use global

implicit none

integer :: i

real(kind=8) :: x1,y1,z1,atom 1x1,y1,z1 %ﬁ%l A A
real(kind=8) :: r,r1,r2,r3 Irl flrsf HL 2 flI-e 8587 i H2
real(kind=8) :: theta,thetal,theta2,theta3 ! E1% O :theta
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real(kind=8) :: phi,phil,phi2,phi3 ! % @ :phi

real(kind=_8),external :: Rpl ! F}’[@T Rpl

complex(kind=8),external ::YIm ! f}’[EJ\f Yim

rl = sqrt(x 152,04y 1#¥2.0421%%2.0) 'r s I xyz  flretl o

12 = sqrt((x1-0.9584)**2 . 0+y1*%2.04z1%%2.0) ! fl1-= 8% H1

3 = sqrt((x1+0.9584%*co0s(75.55%pi/180.0))**2.0+(y1-0.9584*sin(75.55*pi/180.0))**2.0+z1#%2.0)
Fl1-= £ H2

thetal = atan2(sqrt(x1**2.0+y1**2.0),z1) | < arctangent(a/b)

theta2 = atan2(sqrt((x1-0.9584)**2.0+y1¥%2.0),z1)

theta3 = atan2(sqrt((x140.9584*cos(75.55%pi/180.0))**2.0+(y1-0.9584*sin(75.55*pi/180.0))**2.0),z1)

phil = atan2(yl,x1)

phi2 = atan2(y1,x1-0.9584)

phi3 = atan2(y1-0.9584%sin(75.55*pi/180.0),x1+0.9584*cos(75.55*pi/180.0))

if(i<=6)then ! iﬁzr}*[@(:ﬁ 10 7E ﬁ'J 6Efl1- 0
atom = 8d0
r =rl

theta = thetal

phi  =phil

elseif(i==7.0R.i==8)then ! 3778 Fifl 1= H-1
atom = 1d0
r =12

theta = theta2

phi  =phi2

elseif(i==9.0R.i==10)then ! 379,10 Zfiff 1~ H-2
atom = 1d0
r =13

theta = theta3
phi  =phi3
else
write(*,*)"wave function ! 'vF}FJ FE"

end if

if(i==1)then
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basis_func = Rpl(atom,1,0,r) * Ylm(0,0,theta,phi)
elseif(i==2)then

basis_func = Rpl(atom,2,0,r) * YIm(0,0,theta,phi)
elseif(i==3)then

basis_func = Rpl(atom,2,1,r) * Ylm(1,-1,theta,phi)
elseif(i==4)then

basis_func = Rpl(atom,2,1,r) * Ylm(1,0,theta,phi)
elseif(i==5)then

basis_func = Rpl(atom,2,1,r) * Ylm(1,1,theta,phi)
elseif(i==6)then

basis_func = Rpl(atom,3,0,r) * Ylm(0,0,theta,phi)
elseif(i==7)then

basis_func = Rpl(atom,1,0,r) * Ylm(0,0,theta,phi)
elseif(i==8)then

basis_func = Rpl(atom,2,0,r) * YIm(0,0,theta,phi)
elseif(i==9)then

basis_func = Rpl(atom,1,0,r) * Y1m(0,0,theta,phi)
elseif(i==10)then

basis_func = Rpl(atom,2,0,r) * Ylm(0,0,theta,phi)

else
write(*,*)"basis_func ?’F@ on"
end if
return

end
! !
(- 71 e
| Vext(r) = Yo————— e !
[[— I |r-7I] e

real(kind=8) function vext_H1F(x1,y1,z1)
use global
implicit none
real(kind=8) :: x1,y1,z1
vext_HIF = -(8.0/(sqrt(x1*x1 + y1*yl + z1*z1)))

return
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end function

!

real(kind=8) function vext_H2F(x1,y1,z1)
use global
implicit none
real(kind=8) :: x1,y1,z1
vext_H2F = - (1.0/(sqrt((x1-0.9584)**2.0 + y1*yl + z1*zl)))
return

end function

!

real(kind=8) function vext_H3F(x1,y1,z1)
use global
implicit none
real(kind=8) :: x1,y1,z1
vext_H3F = - (1.0/(sqrt((x1+0.9584*cos(75.55*pi/180.0))**2.0+(y1-0.9584*sin(75.55*pi/180.0))**2.0+z1**2.0)))
return

end function

!----f—.’\ﬁi—’ﬁﬁl\ryﬂ wave(i,;,,) fli=1~10  meeeeeoendiaeoos !
subroutine sub1()
use global
implicit none
integer :: h,i,j,k

complex(kind=8),external::basis_func

L AEUER Xy 15 B
doi=1,inn_m_parti+1
Xi(i) = X_min + ((X_max-x_min)/inn_m_parti)* (i-1)
yi(i) = y_min + ((y_max-y_min)/inn_m_parti)* (i-1)
zi(i) = z_min + ((z_max-z_min)/inn_m_parti)* (i-1)

end do

I-- ?ﬁi—ﬁﬁlr/ﬂ wave(i,:,:,) =D (1,:,:,:)
do h=1,basics
do i =1,inn_m_parti+1

do j =1,inn_m_parti+1
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do k =1,inn_m_parti+1

wave(h,i,j,k) = basis_func(h,xi(i),yi(j),zi(k))

end do
end do
end do
end do
return

end subroutine

--F Tl <@il®j> 3-DF ‘F‘“’i I !
subroutine sub2(h1,h2,ANS2)
use global
implicit none
integer :: i,j,k,h1,h2
real(kind=8)::C_i,C_j,C_k

complex(kind=8):: ANS,ANS2

ANS =0.0
! %%};&E Ay § 5 0i- @jF ij=1m10
do i=1,inn_m_parti+1

if(i==1 .OR. i==inn_m_parti+1jthen ! Fi7fi » 17;!%? g 1

Ci=10

else if(mod(i,2)==0)then ! ﬁE@’rﬁ;J%ﬁ FEr 4
Ci=40

else ! F*@ﬂgﬁ R 2
C_i=2.0

end if
do j=1,inn_m_parti+1

if(j==1 .OR. j==inn_m_parti+Dthen ! F1°fi ~ %TFIF:"FF g 1

Cj=10

else if(mod(j,2)==0)then ! ”E@rfpgﬁ e 4
Cj=40

else ! ﬁ*@ﬂgﬁ e 2
Cj=20

end if

do k=1,inn_m_parti+1
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if(k==1 .OR. k==inn_m_parti+1)then ! Elfﬁ[ . 3}??![":"](? GrEr 1

Ck=1.0

else if(mod(k,2)==0)then : “ﬁgﬁgﬁ 4
C_k=4.0

else : ﬁ%ﬁ?gﬁ 2
C_k=2.0

end if

ANS = ANS+ C_i*C_j*C_k *conjg(wave(hl,i,j,k))*wave(h2,i,j,k)
end do
end do

end do

ANS2 = ANS*((x_max-X_min)*(y_max-y_min)*(z_max-z_min))/((3.0*inn_m_parti)**(3.0))

! write(*,*)h1,h2, ANS2

return

end subroutine

-—-FF ;Ei*l'ﬁ: grad_phi(i,j,k)= VO* XN/ ----mommmmmicioie- !
subroutine sub5(h1,h2)
use global
implicit none
integer :: i,j,k,h1,h2

real(kind=8)::delt1,delt2,delt3 ! T?‘IQ . E:\”\l!ff'gﬂflfjﬁﬁgfg

delt] = (x_max-x_min)/inn_m_parti
delt2 = (y_max-y_min)/inn_m_parti

delt3 = (z_max-z_min)/inn_m_parti

do i =2,inn_m_parti+2
do j =2,inn_m_parti+2
do k =2,inn_m_parti+2
grad_phiA(i,j,k) = conjg(wave(hl,i-1,j-1,k-1))
grad_phiB(i,j,k) = wave(h2,i-1,j-1,k-1)

end do
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end do

end do

! I-- f.’ﬁi—ﬁﬁlr/ﬂ othonormal_wave(i,:,:,:)=NEW_D(,:,:,:)
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
grad_phi(i,j,k) = &
& (grad_phiA(i+2,j+1,k+1)-grad_phiA(i,j+1.k+1))*&
&(grad_phiB(i+2,j+1 k+1)-grad_phiB(i,j+1 k+1))/(4.0*delt1 *delt]) + &
& (grad_phiA(i+1,j+2,k+1)-grad_phiA(i+1,j,k+1))*&
&(grad_phiB(i+1,j+2 k+1)-grad_phiB(i+1,j,k+1))/(4.0*delt2*delt2) + &
& (grad_phiA(i+1,j+1,k+2)-grad_phiA(i+1,j+1,k))*&
&(grad_phiB(i+1,j+1,k+2)-grad_phiB(i+1,j+1.k))/(4.0*delt3*delt3)
end do
end do
end do
return

end subroutine

--F T <Qil TIOj> 3-DF %’f FIFH ST wmmmmmmmmeeeee !
subroutine sub6(ANS2)
use global
implicit none
integer :: i,j,k
real(kind=8)::C_i,C_j,C_k

complex(kind=8):: ANS,ANS2

ANS =(0.0,0.0)
! 5’%}}*}5 Eﬂﬁ:’? §§§Di- dj* ;ij=1~10
do i=1,inn_m_parti+1

if(i==1 .OR. i==inn_m_parti+1)then ! Elfﬁ[ . 3}??![":"}? GrEr 1

C.i=1.0
else if(mod(i,2)==0)then ! ”ﬁﬁ@?‘ o EHF GFET 4
C_i=4.0
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else ! v B :r'gﬁ e 2
C_i=2.0
end if
do j=1,inn_m_parti+1

if(j==1 .OR. j==inn_m_parti+Dthen ! F1°fI ~ %TFIF:"FF Grge 1

Cj=10

else if(mod(j,2)==0)then ! ”E@rfpgﬁ e 4
Cj=40

else ! ﬁ*@ﬂgﬁ e 2
Cj=20

end if

do k=1,inn_m_parti+1

if(k==1 .OR. k==inn_m_parti+1)then ! Elfﬁ[ . 3}??![":"](? GrEr 1

Ck=10

else if(mod(k,2)==0)then ! yﬁg\ffﬁ[ l":"]qF B 4
Ck=40

else ! ﬁgﬁf{%ﬁ fiege 2
C_k=2.0

end if

ANS = ANS+ C_i*C_j*C_k *grad_phi(i,j.k)

end do
end do
end do
R R 05

ANS2 = 0.5*ANS*((x_max-x_min)*(y_max-y_min)*(z_max-z_min))/((3.0*inn_m_parti)**(3.0))

! write(*,*)h1,h2, ANS2

return

end subroutine

Lo 41 VextF FS THIG[| --nmmmmemmmmmmeeeeee !
subroutine sub7(h,w)

use global

implicit none
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integer :: i,j,k,h,w,al,bl,a2,b2,a3,b3
real(kind=8) ::i1,i2,i3,i4

real(kind=8),external::vext_H1F,vext_H2F,vext_H3F

il = (x_max-(inn_m_parti+1)*x_min)/(x_max-x_min) ! 0.0fY ")J('FF'['
i2 = (inn_m_parti*(0.9584-x_min)+(x_max-x_min))/(x_max-x_min) | 0.9584 fiuik FF'['
i3 = (-inn_m_parti*(x_min+0.9584*cos(75.55*pi/180.0))+(x_max-x_min))/(Xx_max-X_min)

i4 = (x_max-(inn_m_parti+1)*X_min+inn_m_parti*0.9584*sin(75.55*pi/180.0))/(x_max-x_min)

al = CEILING(G1)+w

bl = FLOOR(1)-w

if(h==1)then
EecX_max = xi(al)
EecX_min = xi(bl)
EecY_max =yi(al)
EecY_min =yi(bl)
EecZ_max = zi(al)

EecZ_min = zi(bl)

I-- ?ﬁi—ﬁﬁlr/ﬂ vext(:,:,:)
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
if((i>=(b1-1).and.i<=(al-1)).and.(j>=(b1-1).and.j<=(al-1)).and.(k>=(b1-1).and k<=(al-1)))then
vext(i,j.k) =0.0
else
vext(i,j.k) = vext_HI1F(xi(i),yi(j),zi(k))
endif
end do
end do
end do
elseif(h==2)then
a2 = CEILING(i2)+w
b2 = FLOOR(i2)-w

48



EecX_max = xi(a2)
EecX_min = xi(b2)
EecY_max =yi(al)
EecY_min =yi(bl)
EecZ_max = zi(al)

EecZ_min = zi(b1)

I-- ?ﬁi—ﬁﬁlr/ﬂ vext(:,:,:)
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
if((i>=(b2-1).and.i<=(a2-1)).and.(j>=(b1-1).and.j<=(al-1)).and.(k>=(b1-1).and k<=(al-1)))then
vext(i,j.k) =0.0
else
vext(i,j.k) = vext_H2F(xi(i),yi(j),zi(k))
endif
end do
end do
end do
elseif(h==3)then

a2 = CEILING(3)+w

b2 = FLOOR(3)-w

a3 = CEILING(i4)+w

b3 = FLOOR(i4)-w

EecX_max = xi(a2)

EecX_min = xi(b2)

EecY_max =yi(a3)

EecY_min = yi(b3)

EecZ_max = zi(al)

EecZ_min = zi(bl)

I-- ?ﬁi—ﬁﬁlr/ﬂ vext(:,:,:)
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1

if((i>=(b2-1).and.i<=(a2-1)).and.(j>=(b3-1).and.j<=(a3-1)).and.(k>=(b1-1).and .k<=(al-1)))then
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vext(i,j.k) =0.0

else
vext(i,j.k) = vext_H3F(xi(i),yi(j),zi(k))
endif
end do
end do
end do
else
write(*,*)" Vext ﬁ@'?\ﬁ%‘:‘ﬂ%ﬁﬁ‘:ﬁ!!”
end if
return

end subroutine

—-Ft T < @il Vext 10j>  3-D E{’%} BT e !
subroutine sub8(h1,h2,ANS2)
use global
implicit none
integer :: i,j,k,h1,h2
real(kind=8)::C_i,C_j,C_k

complex(kind=8):: ANS,ANS2

ANS =(0.0,0.0)
! %%};&E Ay § 5 0i- @jF 1ij=1~10
do i=1,inn_m_parti+1

if(i==1 .OR. i==inn_m_parti+1)then ! Elfﬁ[ . 3}??![":"](? GrEr 1

Ci=10

else if(mod(i,2)==0)then ! ﬁﬁ\ﬁ@’rfp%ﬁ FEr 4
Ci=40

else ! F*@ :r'gﬁ R 2
C_i=2.0

end if
do j=1,inn_m_parti+1
if(j==1 .OR. j==inn_m_parti+Dthen ! F1°fI ~ %TFIF:"FF g 1
Cj=10
else if(mod(j,2)==0)then U FRCER R 4
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C_j=40
else ! ﬁ* B :r'gﬁ e 2
C_j=2.0
end if
do k=1,inn_m_parti+1

if(k==1 .OR. k==inn_m_parti+1)then ! Elfﬁ[ . 3}??![":"](? GrEr 1

Ck=10

else if(mod(k,2)==0)then ! ﬁgﬁ l":"]qF B 4
Ck=40

else ! ﬁA ] F:"FF B 2
C_k=2.0

end if

ANS = ANS + C_i*C_j*C_k *vext(i,j,k)*conjg(wave(h1,i,j,k))*wave(h2,i,j,k)
end do
end do

end do

ANS2 = ANS*((x_max-x_min)*(y_max-y_min)*(zZ_max-z_min))/((3.0*inn_m_parti)**(3.0))

return

end subroutine

subroutine sub9(h)
use global
implicit none
integer :: h,i,j,k

real(kind=8),external::vext_H1F,vext_H2F,vext_H3F

I-- ?ﬁi—[ﬁﬁlr/ﬂ vextH1(:,:,:),vextH2(:,:,:)
if(h==1)then
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1

vext(i,j.k) = vext_HI1F(xi(i),yi(j),zi(k))
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end do
end do
end do
elseif(h==2)then
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
vext(i,j.k) = vext_H2F(xi(i),yi(j),zi(k))
end do
end do
end do
elseif(h==3)then
do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1

vext(i,j.k) = vext_H3F(xi(i),yi(j),zi(k))

end do
end do
end do
else
Write(*,*)"%“:ﬁ%‘:‘ Vext ﬁJ ol BRI ?Jé}iﬁ!!"
endif
return

end subroutine

subroutine sub12()
use global
implicit none
real(kind=8):: ANS

integer :: i,j,k,h1,h2

do i =1,inn_m_parti+1
do j =1,inn_m_parti+1

do k =1,inn_m_parti+1
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Exc_N = (0.0,0.0)
do hl = 1,basics
do h2 = 1,basics
Exc_N = Exc_N + C(h1)*C(h2)*conjg(wave(hl,i,j,k))*wave(h2,i,j,k)
end do
end do
Exc_N2 =Exc_N
call sub13(Exc_N2,ANS)
Exc(i,j,k) = ANS
end do
end do
end do
return

end subroutine

subroutine sub13(input, ANS)
use global
implicit none
real(kind=8):: input, ANS,ANS2,ANS3,rs
integer :: i,j,k,h1,h2
real(kind=8)::corR,corB1,corB2,corA,corB,corC,corD
rs = (3.0/(4.0*pi*input))**(1.0/3.0)
corR =0.1423
corB1 =1.0529

corB2 =0.3334

corA= 0.0311
corB =-0.0480
corC = 0.0020
corD =-0.0116

if(rs>=1.0)then

ANS2 =-0.458/rs

ANS3 = -corR/(1.0+corB1*sqrt(rs)+corB2*rs)
elseif(rs<1.0 .and. rs>0.0)then

ANS2 =-0.458/rs
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ANS3 = corA*log(rs)+corB+corC*rs*log(rs)+corD*rs
elseif(rs==0.0 )then
write(*,*)" 5§ % S7E: Exc Zfl rs=0!"
else
write(*,*)" 5§ & fﬁﬁ‘;i Exc Zfl 1s<0 !"
end if
ANS = ANS2+ANS3
return

end subroutine

LT <@l € xe(n) 10j>  3-DF HATT e !
subroutine sub14(h1,h2,ANS2)
use global
implicit none
integer :: i,j,k,h1,h2
real(kind=8)::C_i,C_j,C_k

complex(kind=8):: ANS,ANS2

ANS =(0.0,0.0)
! %%};&E Ay § 5 0i- @jF 1ij=1~10
do i=1,inn_m_parti+1

if(i==1 .OR. i==inn_m_parti+1 )then ! F]:’”J N S Y |

C_i=1.0

else if(mod(i,2)==0)then ! ”EEEJ?‘ o Eﬁ FEr 4
C_i=4.0

else ! A g ﬂ&ﬁ BT 2
C_i=2.0

end if
do j=1,inn_m_parti+1

if(j==1 .OR. j==inn_m_parti+1 )then ! F17fi ~ 3}?[%? Grge 1

Cj=10

else if(mod(j,2)==0)then U FRCER R 4
C_j=40

else = @ﬂ&ﬁ BT 2
C_j=20

end if

54



do k=1,inn_m_parti+1

if(k==1 .OR. k==inn_m_parti+1 )then ! Fi7fi ~ %TFIEPF e 1

Ck=10

else if(mod(k,2)==0)then : “ﬁgﬁgﬁ bese 4
C k=40

else : ﬁ%ﬁ?gﬁ 2
C_k=2.0

end if

ANS = ANS + C_i*C_j*C_k *Exc(i,j,k)*conjg(wave(hl,i,j,k))*wave(h2,i,j,k)
end do
end do

end do

ANS2 = ANS*((x_max-X_min)*(y_max-y_min)*(z_max-z_min))/((3.0*inn_m_parti)**(3.0))
return

end subroutine

e TR B [ I !
subroutine othonormal()
use global
implicit none
real(kind=8):: ANS
complex(kind=8):: ANS2
integer :: i,j,k,h1,h2
! open(unit=5,file="10orthonomal.txt')

! open(unit=7,file='10wave_function.txt')

call subl() ! 110 I,[E'WF}’[EJ?‘ Fﬂi’?‘?ﬁﬁl\r’/ﬂ
call sub2(1,1,ANS2) ! <®1®1>
ANS = ANS2

wave(l,:,:,:) = wave(1,:,5,:)/sqrt(ANS) ! 21D 1 fif normalize HZ] NEWD 1

do hl = 2,basics
doh2 = 1,hl-1
call sub2(h2,h1,ANS2) | <®ildj>
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do i =1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
wave(hl,i,j,k) = wave(hl,i,j,k) -ANS2*wave(h2,i,j,k)
end do
end do
end do
end do
call sub2(h1,h1,ANS2) ! <®ildi>
ANS = ANS2
wave(hl,:,:,:) = wave(hl,:,:,:)/sqrt(ANS)

end do

M F[H<Di | Dj> FH !

!

!

write(5.%) "YRE VUFHERL i LD S 1
write(5,%) "®i O] <®i | Oj> '*é;"ﬁ’ﬁﬂ 'ﬁﬁﬂ !
do hl=1,basics
do h2=1,basics
if(h1>h2)cycle ! g » 57 F,\"ﬁ‘,‘J—LET =T
call sub2(h1,h2,ANS2)
write(5,'(13,15,E30.20,E30.20)") h1,h2, ANS2
end do

end do

B O
do hl = 1,basics
doi=1,inn_m_parti+1
do j =1,inn_m_parti+1
do k =1,inn_m_parti+1
write(7,*) wave(hl,i,j,k)
end do
end do
end do

end do

return
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end subroutine

R !
subroutine calEkin()
use global
implicit none
complex(kind=8):: ANS,ANS2,temA

integer :: i,j,k,h1,h2

open(unit=10,file='new_10Ekin.txt') VRFELSHET FURHRCEPEITE <dia | T | OjB)>
#ﬁﬁ*ﬁ:‘. 73 HEE

X_min =-10.0 ! 5T EuE x_min—x_max

x_max = 10.0 | A EElE x_min—X_max

y_min =-10.0 | A5 AE! y_min—y_max

y_max = 10.0 ! A fEE y_min—y_max

z_min = -10.0 | F 5T i z_min—z_max

z_max = 10.0 | AT EuE z_min—z_max

call othonormal()

do hl = 1,basics
do h2 = 1,basics
if(h1<=h2)then
call sub5(h1,h2)
call sub6(singleEkin(h1,h2))
else

singleEkin(h1,h2) = conjg(singleEkin(h2,h1))

J — FIEFE<®i | T | Oj>
write(10,'(12,13,(E30.20,E30.20))") h1,h2,singleEkin(h1,h2)
end do

end do

return

end subroutine

-—-Ft 1 Bec !
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subroutine calEec(w)

use global

implicit none
integer :: i,j,k,h1,h2,counter,counter2,w
open(unit=20,file="new_10Eec.txt") URFRE T FURFEVETO <Dia | Vext | @j5)>
open(unit=21,file="new_10EecH_A.txt")
open(unit=22, file="new_10EecH_B.txt')
open(unit=23,file="new_10EecH_C.txt')
open(unit=24,file=new_10EecH_D.txt")
open(unit=25,file=new_10EecH_E.txt')

open(unit=26,file=new_10EecH_F.txt")

counter2 = 1
do counter=1,3
if(counter==1)then

A H1-Vext Afi 55 g

i
x_max = 10.0 ! 5T fE) X _min—x_max
y_max = 10.0 | i 55 dElElL y_min—y- max
z_max = 10.0 | A EuE z_min—z_max
X_min =-9.999 ! F 55 falEl x.min—x_max
y_min =-9.999 ! A5 fEE y_min—y_max
z_min = -9.999 | AT EuE z_min—z_max

elseif(counter==2)then

! AfET H2-Vext i 55 &l

ml:lﬂ
x_max = 10.0 | A7 EulE x_min—Xx_max
y_max = 10.0 ! A5 fEfE y_min—y_max
z_max = 10.0 | A7) EuE z_min—z_max
X_min =-9.999 ! T fE x_min—Xx_max
y_min =-9.999 ! A5 fEE y_min—y_max
z_min = -9.999 | F 5T i z_min—z_max
else
:TﬁFEIT H3-Vext Afi 77 g
x_max = 10.0 | 57 EulE x_min—Xx_max
y_max = 10.0 ! Ao fEE y_min—y_max
z_max = 10.0 | AT EuE z_min—z_max
X_min =-9.999 | iS5 EElE x_min—X_max
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y_min =-9.999 ! A5 fEE y_min—y_max
z_min = -9.999 | Fi 5T i z_min—z_max
endif
call othonormal()

call sub7(counter,w) ! 2! Vext F}’[Qr F’@F‘y[ﬁﬁlf/u

do hl = 1,basics
do h2 = 1,basics
if(h1<=h2)then A AN
call sub8(h1,h2,singleEec2(counter2,h1,h2))
else
singleEec2(counter2,h1,h2) = conjg(singleEec2(counter2,h2,h1))
end if
end do
end do

counter2=counter2+1

! ?ﬁr‘%*ﬁ IR T AR

x_max = EecX_max ! AT AE x min—>X_max
y_max = EecY_max | Hfi 75 AR y_min—>y_max
z_max = EecZ_max | AT EuE z_min—z_max
x_min = EecX_min | AT EulE x_min—Xx_max
y_min = EecY_min ! A5 fEfE y_min—y_max
z_min = EecZ_min | Fi 5T il z_min—z_max

call othonormal()

call sub9(counter)

do hl = 1,basics
do h2 = 1,basics
if(h1<=h2)then A AN
call sub8(h1,h2,singleEec2(counter2,h1,h2))
else
singleEec2(counter2,h1,h2) = conjg(singleEec2(counter2,h2,h1))
end if
end do
end do
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counter2 = counter2+1

end do

Memmee G Bec  <®i | Vext | @j> T ilig
do hl=1,basics

do h2=1,basics

singleEec(h1,h2) = singleEec2(1,h1,h2)+singleEec2(2,h1,h2)+singleEec2(3,h1,h2)&
& + singleEec2(4,h1,h2)+singleEec2(5,h1,h2)+singleEec2(6,h1,h2)

write(20,'(12,13,(E30.20,E30.20))") h1,h2,singleEec(h1,h2)
write(21,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(1,h1,h2)
write(22,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(2,h1,h2)
write(23,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(3,h1,h2)
write(24,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(4,h1,h2)
write(25,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(5,h1,h2)
write(26,'(12,13,(E30.20,E30.20))") h1,h2,singleEec2(6,h1,h2)

end do

end do

return

end subroutine

it Qm%lﬁlﬁﬂt !
subroutine calExc()
use global
implicit none
complex(kind=8):: ANS

integer :: i,j,k,h1,h2

call sub12()
do hl = 1,basics
do h2 = 1,basics
if(h1<=h2)then
call sub14(h1,h2,singleExc(h1,h2))
else
singleExc(h1,h2) = conjg(singleExc(h2,h1))

end if
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end do

end do

return

end subroutine

112V Eee fifi’ <kl lj,h>-----!
subroutine calEee()
use global
implicit none
integer :: i,j,k,h,counter,cou,cou2

real(kind=8)::m1(BASICS,BASICS,BASICS,BASICS),m2(BASICS,BASICS,BASICS,BASICS),temA,temB

open(unit=54,file="new_10Eee.txt) ! FV <Ohdk | Vee | OjDi)>
open(unit=55,file="new_10EeeAC.txt'status='old") ! FiZV <Dh®dk | Vee | OjdDi)>
open(unit=56,file="new_10EeeBD.txt'status="old") ! FiZV. <Oh®dk | Vee | OjdDi)>
lommmmeeeeeeee S F= E“'Jﬁﬁ;’? fﬁ-’ﬁﬁ -----------------
counter=1
do i=1,BASICS
do j =i,BASICS

IC(counter) =i

JC(counter) =j

counter =counter+1

end do

end do

docou =1,CA_M
do cou2 = cou,CA_M
read(55,(TR13,E30.20)")temA ! TRS8: 737 8 {fii i EIH i{f‘,?ff
read(56,'(TR13,E30.20)")temB
m1(IC(cou),JC(cou),IC(cou2),JC(cou)) = temA - temB
m2(IC(cou),JC(cou),IC(cou2),JC(cou?)) = temA + temB
end do

end do

do i = 1,basics
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do j = 1,basics
do k = 1,basics
do h = 1,basics
if(min(i,j)<min(k,h))then
if(i<=j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m1(i,j,k,h)
elseif(i>j.and.k>h)then
ijkh_Eee(i,j,k,h) = m1(j,i,h k)
elseif(i<=j.and.k>h)then
ijkh_Eee(i,j,k,h) = m2(i,j,h k)
elseif(i>j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m2(j,i,k,h)
else
write(*,*) "Eee VT~ ﬁﬂﬁ il ’.é%ﬁ!"
endif
elseif(min(i,j)==min(k,h))then
if(max(i,j)<=max(k,h))then
if(i<=j.and.k<=h)then
ijkh_Eee(i,j,k,h) =m1(,j,kh)
elseif(i>j.and.k>h)then
ijkh_Eee(i,j,k,h) = m1(j,i,h k)
elseif(i<=j.and.k>h)then
ijkh_Eee(i,j,k,h) = m2(i,j,h k)
elseif(i>j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m2(j,i,k,h)
else
write(*,*) "Eee F2V3T~ ﬁﬂﬁ L
endif
else
if(i<=j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m1(k,h,i,j)
elseif(i>j.and.k>h)then
ijkh_Eee(i,j,k,h) = m1(h,k,j,i)
elseif(i<=j.and.k>h)then
ijkh_Eee(i,j,k,h) = m2(h,k.,i,j)

elseif(i>j.and.k<=h)then
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ijkh_Eee(i,j.k,h) = m2(kh,j.i)

else
write(*,*) "Eee FI9V 5T = ﬁﬂﬁ ¢l 'é%ﬁ!”
endif
end if
else
if(i<=j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m1(k,h,i,j)
elseif(i>j.and.k>h)then
ijkh_Eee(i,j,k,h) = m1(h,k,j,i)
elseif(i<=j.and.k>h)then
ijkh_Eee(i,j,k,h) = m2(h,k.,i,j)
elseif(i>j.and.k<=h)then
ijkh_Eee(i,j,k,h) = m2(k,h,j,i)
else
write(*,*) "Eee F9V Ejﬂ’“'ﬁﬂﬁ ¢l 'é%ﬁ!”
endif
end if

write(54,'(12,13,13,13,E30.20,E30.20)") i,j;k.hsijkh_Eee(i,jkh) | & m5H%
end do
end do
end do

end do

return
end subroutine
-—-Ft {1 total energy-----!
subroutine calTol()

use global

implicit none

integer :: i,j,k,h

E_tol =0.0
E_kin =0.0
Eec =0.0
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Eee =0.0

Eexc =0.0

do i = 1,basics
do j = 1,basics
E_kin = E_kin + C(i)*C(j)*singleEkin(i,j)
Eec =Eec + C(i)*C(j)*singleEec(i.j)
Eexc =Eexc + C(i)*C(j)*singleExc(i,j)
do k = 1,basics
do h = 1,basics
Eee =Eee + C(@)*C()*C(h)*C(k)*ijkh_Eee(k,h,i,j)
end do
end do
end do
end do
E_tol = E_kin + Eec + Eexc + Eee
return

end subroutine

e R B BB O 1)

'rg !

subroutine rg(nm,n,a,wr,wi,matz,z,iv1,fvl,ierr)
integer n,nm,is1,is2,ierr,matz
double precision a(nm,n),wr(n),wi(n),z(nm,n),fv1(n)

integer iv1(n)

if (n .le. nm) go to 10
ierr =10 *n
goto 50
10 call balanc(nm,n,a,is1,is2,fv1)
call elmhes(nm,n,isl,is2,a,ivl)

if (matz .ne. 0) go to 20
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call hqr(nm,n,is1,is2,a,wr,wi,ierr)

go to 50

20 call eltran(nm,n,is1,is2,a,iv1,z)
call hqr2(nm,n,isl,is2,a,wr,wi,z,ierr)
if (ierr .ne. 0) go to 50
call balbak(nm,n,is1,is2,fv1,n,z)
50 return
end

'hqr-

subroutine hqr(nm,n,low,igh,h,wr,wi,ierr)

! RESTORED CORRECT INDICES OF LOOPS (200,210,230,240). (9/29/89 BSG)

integer i,j,k,I,m,n,en,ll,mm,na,nm,igh,itn,its,low,mp2,enm?2,ierr
double precision h(nm,n),wr(n),wi(n)
double precision p,q,1,s,t,W,X,y,Zz,norm,tst1,tst2

logical notlas

ierr =0
norm = 0.0d0
k=1
b s store roots isolated by balanc
! and compute matrix norm ..........
do50i=1,n
do40j=k,n
40 norm = norm + dabs(h(i,j))
k=i
if (i .ge. low .and. i .le. igh) go to 50
wr(i) = h(i,i)
wi(i) = 0.0d0

50 continue

en =igh
t=0.0d0
itn = 30*n

60 if (en .It. low) go to 1001
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its=0
na=en- 1
enm2 =na- 1
.......... look for single small sub-diagonal element
for I=en step -1 until low do - ..........
70 do 80 11 = low, en
I=en+low-11
if (1 .eq. low) go to 100
s = dabs(h(I-1,I-1)) + dabs(h(L,1))
if (s .eq. 0.0d0) s = norm
tstl =s
tst2 = tstl + dabs(h(l,1-1))
if (tst2 .eq. tstl) go to 100

80 continue

100 x = h(en,en)
if (1 .eq. en) go to 270
y = h(na,na)
w = h(en,na) * h(na,en)
if (1 .eq. na) go to 280
if (itn .eq. 0) go to 1000

if (its .ne. 10 .and. its .ne. 20) go to 130

t=t+x
do 120 i =low, en

120 h(i,i) = h(i,i) - x

s = dabs(h(en,na)) + dabs(h(na,enm?2))
x =0.75d0 * s
y=x
w=-0.4375d0 *s * s
130its =its + 1
itn=itn- 1
.......... look for two consecutive small
sub-diagonal elements.

for m=en-2 step -1 until 1do -- ..........
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do 140 mm =1, enm2
m=enm2 +1- mm
zz = h(m,m)
r=Xx-zz
sS=y-zz
p=(*s-w)/h(m+1,m)+ h(m,m+1)
q=h(m+l,m+1)-zz-r-s
r=h(m+2,m+1)
s = dabs(p) + dabs(q) + dabs(r)
p=p/s
q=q/s
r=r/s
if (m .eq. 1) go to 150
tstl = dabs(p)*(dabs(h(m-1,m-1)) + dabs(zz) + dabs(h(m+1,m+1)))
tst2 = tst1 + dabs(h(m,m-1))*(dabs(q) + dabs(r))
if (tst2 .eq. tstl) go to 150
140 continue
150 mp2 =m + 2
do 160 i = mp2, en
h(i,i-2) = 0.0d0
if (i .eq. mp2) go to 160
h(i,i-3) = 0.0d0
160 continue
.......... double gr step involving rows 1 to en and
columns mtoen.........
do 260 k = m, na
notlas =k .ne. na
if (k .eq. m) go to 170
p=h(kk-1)
q=hk+1k-1)
r=0.0d0
if (notlas) r = h(k+2,k-1)
x = dabs(p) + dabs(q) + dabs(r)
if (x .eq. 0.0d0) go to 260
p=p/x
q=q/x
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170

180

190

200

210

225

230

r=r/x

s = dsign(dsqrt(p*p+q*q+rr),p)
if (k .eq. m) go to 180

h(kk-1) =-s *x

go to 190

if (1 .ne. m) h(k,k-1) = -h(k.,k-1)
p=p+s

x=p/s

y=q/s

zz=r1/ls

q=q/p

r=r/p

if (notlas) go to 225

do 200 j =k, EN
p =hdkj) +q * hk+1,j)
h(kj) =h(kj) -p *x
h(k+1,j) =hk+Lj)-p *y
continue

j =min0(en,k+3)

do210i=L,j
p=x*h@k) +y*h@k+1)
h(i,k) =h@k) - p
h(i,k+1) =hGk+1)-p *q
continue
go to 255

continue

do230j=k, EN
p =h(k,j) + q * h(k+1,j) + r * h(k+2,j)
h(k,j) = h(k,j) - p * x
h(k+1,j) = h(k+1j) - p * y
h(k+2,j) =hk+2,j) - p * zz
continue

j =min0(en,k+3)
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do240i=L,]
p=x *h@i,k) +y * h(ik+1) + zz * h(i,k+2)
h(i,k) =h@k) - p
h(i,k+1) =h@k+1)-p *q
h(i,k+2) =h(Gi,k+2) -p *r
240 continue
255 continue
260 continue

goto 70

270 wr(en) =X + t
wi(en) = 0.0d0
en =na

go to 60

280 p=(y-x)/2.0d0
qQ=p*p+w
zz = dsqrt(dabs(q))
X=X+t

if (q .1t. 0.0d0) go to 320

7z = p + dsign(zz,p)

wr(na) =X + zz

wr(en) = wr(na)

if (zz .ne. 0.0d0) wr(en) =x - w/ zz
wi(na) = 0.0d0

wi(en) = 0.0d0

go to 330

320 wr(na) =x +p
wr(en) =X +p
wi(na) = zz
wi(en) = -zz

330 en = enm2

go to 60
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b s set error -- all eigenvalues have not

! converged after 30*n iterations ..........
1000 ierr = en
1001 return

end

thqr2
subroutine hqr2(nm,n,low,igh,h,wr,wi,z,ierr)
integer i,j,k,I,m,n,en,ii,jj,ll,mm,na,nm,nn,&
& igh,itn,its,Jow,mp2,enm?2,ierr
double precision h(nm,n),wr(n),wi(n),z(nm,n)
double precision p,q,r,s,t,w,X,y,ra,sa,vi,vr,zz,norm,tst1,tst2
logical notlas

! eltran

ierr =0
norm = 0.0d0
k=1
b s store roots isolated by balanc
! and compute matrix norm ..........
do50i=1,n
do40j=k,n
40 norm = norm + dabs(h(i,j))
k=i
if (i .ge. low .and. i .le. igh) go to 50
wr(i) = h(i,i)
wi(i) = 0.0d0

50 continue

en =igh
t=0.0d0
itn = 30*n

60 if (en .It. low) go to 340
its=0
na=en- 1
enm2 =na- 1
b s look for single small sub-diagonal element

! for I=en step -1 until low do - ..........
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70 do 80 11 = low, en
I=en+low-11
if (1 .eq. low) go to 100
s = dabs(h(I-1,I-1)) + dabs(h(L,1))
if (s .eq. 0.0d0) s = norm
tstl =s
tst2 = tstl + dabs(h(l,1-1))
if (tst2 .eq. tstl) go to 100

80 continue

100 x = h(en,en)
if (1 .eq. en) go to 270
y = h(na,na)
w = h(en,na) * h(na,en)
if (1 .eq. na) go to 280
if (itn .eq. 0) go to 1000

if (its .ne. 10 .and. its .ne. 20) go to 130

t=t+x
do 1201 =low, en
120 h(i,i) = h(i,i) - x
s = dabs(h(en,na)) + dabs(h(na,enm?2))
x =0.75d0 * s
y=x
w=-0.4375d0 *s * s
130its =its + 1
itn=itn- 1
.......... look for two consecutive small
sub-diagonal elements.
for m=en-2 step -1 until 1do -- ..........
do 140 mm =1, enm2
m=enm2 +1- mm
zz = h(m,m)
r=Xx-zz
S=y-zz
p=(*s-w)/h(m+1,m)+ h(m,m+1)
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q=h(m+l,m+1)-zz-r-s

r=h(m+2,m+1)

s = dabs(p) + dabs(q) + dabs(r)

p=p/s

q=q/s

r=r/s

if (m .eq. 1) go to 150

tstl = dabs(p)*(dabs(h(m-1,m-1)) + dabs(zz) + dabs(h(m+1,m+1)))
tst2 = tst1 + dabs(h(m,m-1))*(dabs(q) + dabs(r))

if (tst2 .eq. tstl) go to 150

140 continue

150 mp2 =m + 2

do 160 i = mp2, en

h(i,i-2) = 0.0d0
if (i .eq. mp2) go to 160

h(i,i-3) = 0.0d0

160 continue

170

180

....... double gr step involving rows 1 to en and

columns mtoen ..........

do 260 k = m, na

notlas =k .ne. na

if (k .eq. m) go to 170
p=h(kk-1)

q=hk+1k-1)

r=0.0d0

if (notlas) r = h(k+2,k-1)

x = dabs(p) + dabs(q) + dabs(r)
if (x .eq. 0.0d0) go to 260
p=p/x

q=q/x

r=r/x

s = dsign(dsqrt(p*p+q*q+r¥r),p)
if (k .eq. m) go to 180

h(kk-1) =-s *x

go to 190

if (1 .ne. m) h(k,k-1) = -h(k,k-1)
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190

200

210

220

225

230

p=p+s
x=p/s
y=q/s
zz=r1/ls
q=9q/p
r=r/p

if (notlas) go to 225

do200j=k,n
p = h(k,j) + q * h(k+1,j)
h(k,j) =hk,j) -p *x
h(k+1,j) =h(k+1j)-p*y
continue

j =min0(en,k+3)

do210i=1,]j
p=x*h@,k) +y *h@ik+1)
h(i,k) =h@k) - p
h(i,k+1) =h@k+1)-p *q

continue

do 220 i = low, igh
p=x*z(ik) +y*z@i,k+1)
z(i,k) = z(i,k) - p
z(i,k+1) =z(ik+1)-p*q

continue

go to 255

continue

do230j=k,n
p =h(k,j) + q * h(k+1,j) + r * h(k+2,j)
h(k,j) = h(k,j) - p * x
h(k+1,j) = h(k+1j) - p * y
h(k+2,j) =hk+2,j) - p * zz
continue

j =min0(en,k+3)
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do240i=1,j
p =x*h@,k) +y * h(ik+1) + zz * h(i,k+2)
h(i,k) =h@k) - p
h(i,k+1) =h@k+1)-p *q
h(i,k+2) =h@.k+2)-p *r

240 continue

do 250 i = low, igh
p=x*z(ik) +y * z(k+1) + 2z * z(i,k+2)
z(i,k) = z(i,k) - p
z(ik+1) =z(ik+1)-p*q
2(ik+2) =z(ik+2) -p * r
250 continue
255 continue
260 continue

goto 70

270 h(en,en) = x + t
wr(en) = h(en,en)
wi(en) = 0.0d0
en=na

go to 60

280 p=(y-x)/2.0d0
qQ=p*p+w
zz = dsqrt(dabs(q))
h(en,en) =x +t
X = h(en,en)
h(na,na) =y +t

if (q .1t. 0.0d0) go to 320

7z = p + dsign(zz,p)
wr(na) =X + zz
wr(en) = wr(na)

if (zz .ne. 0.0d0) wr(en) =x - w/ zz
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wi(na) = 0.0d0

wi(en) = 0.0d0

X = h(en,na)

s = dabs(x) + dabs(zz)
p=x/s

q=1zz/s

1 = dsqrt(p*p+q*q)
p=p/r

q=q/r

do290 j=na,n

zz = h(na,j)

h(na,j) =q * zz + p * h(en,j)

h(en,j) = q * h(en,j)

290 continue

do300i=1,en

zz = h(i,na)

-p*zz

h(i,na) =q * zz + p * h(i,en)

h(i,en) = q * h(i,en)

300 continue

do 3101 =low, igh

7z = 7(i,na)

-p*zz

z(i,na) =q * zz + p * z(i,en)

z(i,en) =q * z(i,en) - p * zz

310 continue

go to 330

320 wr(na) =x +p
wr(en) =X +p
wi(na) = zz
wi(en) = -zz

330 en = enm2
go to 60

.......... all roots found.

backsubstitute to find
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vectors of upper triangular form ..........

340 if (norm .eq. 0.0d0) go to 1001

do800nn=1,n
en=n+1-nn
p = wr(en)
q = wi(en)
na=en- 1

if (q) 710, 600, 800

600 m=en
h(en,en) = 1.0d0

if (na .eq. 0) go to 800

do700ii=1, na
i=en-ii
w=h(@,i)-p
r=0.0d0
do 610 j=m, en
610 r=r+h(,j) * h(,en)
if (wi(i) .ge. 0.0d0) go to 630
7Z=W
S=r
go to 700
630 m=i
if (wi(i) .ne. 0.0d0) go to 640
t=w
if (t .ne. 0.0d0) go to 635
tst] = norm
t=tstl
632 t=0.01d0 * t
tst2 = norm + t
if (tst2 .gt. tstl) go to 632
635 h(i,en)=-r/t

go to 680
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640

650

680

690

700

710

720

730

x = h(i,i+1)

y =h(i+1,i)

q = (wr(i) - p) * (wr(i) - p) + wi(i) * wi(i)
t=(x*s-zz%r)/q

h@i,en) =t

if (dabs(x) .le. dabs(zz)) go to 650
h(i+l,en) = (-r-w *t)/ x

go to 680

h(i+l.en)=(-s-y *t)/zz

t = dabs(h(i,en))
if (t .eq. 0.0d0) go to 700
tstl =t
tst2 = tstl + 1.0d0/tst1
if (tst2 .gt. tstl) go to 700
do690j=i,en

h(j,en) = h(j,en)/t

continue

continue

m =na

if (dabs(h(en,na)) .le. dabs(h(na,en))) go to 720

last vector component chosen imaginary so that

eigenvector matrix is triangular ..........

h(na,na) = q / h(en,na)

h(na,en) = -(h(en,en) - p) / h(en,na)

go to 730

call c¢div(0.0d0,-h(na,en),h(na,na)-p,q,h(na,na),h(na,en))

h(en,na) = 0.0d0

h(en,en) = 1.0d0

enm2=na- 1

if (enm2 .eq. 0) go to 800

for i=en-2 step -1 until 1 do - ..........

do 795 ii = 1, enm2
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i=na-ii

w=h(@,i)-p

ra=0.0d0

sa =0.0d0

do 760 j=m, en
ra =ra+ h(i,j) * h(j,na)
sa =sa+ h(i,j) * h(j,en)

760 continue
if (wi(i) .ge. 0.0d0) go to 770

77 =W

goto 795
770 m=i
if (wi(i) .ne. 0.0d0) go to 780
call cdiv(-ra,-sa,w,q,h(i,na),h(i,en))

go to 790

780 x =h(,i+1)
y =h(i+1,i)
vr = (wr(i) - p) * (wr(i) - p) + wi(i) * wii) - q * q
vi = (wr(i) - p) *¥2.0d0 * q
if (vr .ne. 0.0d0 .or. vi .ne. 0.0d0) go to 784
tst]l = norm * (dabs(w) + dabs(q) + dabs(x) &
& + dabs(y) + dabs(zz))
vr = tstl
783 vr =0.01d0 * vr
tst2 = tstl + vr
if (tst2 .gt. tstl) go to 783
784 call cdiv(x*r-zz*ra+q*sa,x*s-zz*sa-q*ra,vr,vi,&
& h(i,na),h(i,en))
if (dabs(x) .le. dabs(zz) + dabs(q)) go to 785
h(i+1,na) = (-ra - w * h(i,na) + q * h(i,en)) / x
h(i+1,en) = (-sa- w * h(i,en) - q * h(i,na)) / x
go to 790

785 call cdiv(-r-y*h(i,na),-s-y*h(i,en),zz,q,&
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& h(i+1,na),h(i+1,en))

790 t = dmax1(dabs(h(i,na)), dabs(h(i,en)))
if (t .eq. 0.0d0) go to 795
tstl =t
tst2 = tstl + 1.0d0/tst1
if (tst2 .gt. tstl) go to 795
do792j=i,en
h(j,na) = h(j,na)/t
h(j,en) = h(j,en)/t
792 continue

795 continue

800 continue
.......... end back substitution.
vectors of isolated roots ..........
do840i=1,n
if (i .ge. low .and. i .le. igh) go to 840
do820j=i,n
820 z(i,j) = h(i,j)
840 continue
.......... multiply by transformation matrix to give
vectors of original full matrix.
for j=n step -1 until low do -- ..........
do 880 jj =low, n
j=n+low-jj
m = min0(j,igh)
do 880 i =low, igh
zz = 0.0d0
do 860 k =low, m
860 zz = 7z + z(i,k) * h(k,j)
7(i,)) = zz
880 continue
go to 1001
.......... set error -- all eigenvalues have not

converged after 30*n iterations ..........
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1000 ierr = en
1001 return

end

subroutine eltran(nm,n,low,igh,a,int,z)
integer i,j,n,kl,mm,mp,nm,igh,low,mp1
double precision a(nm,igh),z(nm,n)

integer int(igh)

do80j=1,n
do60i=1,n

60 z(i,j) = 0.0d0

z(j,j) = 1.0d0
80 continue
kl=igh-low-1

if (k1 .1t. 1) go to 200

do 140 mm =1, kl
mp = igh - mm
mpl=mp + 1
do 100 i =mpl, igh
100 z(i,mp) = a(i,mp-1)
i = int(mp)
if (i .eq. mp) go to 140
do 130 j = mp, igh
z(mp.j) = z(i.j)
z(i,j) = 0.0d0
130 continue
z(i,mp) = 1.0d0
140 continue
200 return
end
! elmhes---------------—----
subroutine elmhes(nm,n,low,igh,a,int)
integer i,j,m,n,la,nm,igh,kp1l,low,mm1,mpl
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double precision a(nm,n)
double precision X,y

integer int(igh)

la=igh-1
kpl =low + 1

if (la .1t. kp1) go to 200

do 180 m=kpl, la

mml=m-1

x =0.0d0

i=m

do 100 j = m, igh
if (dabs(a(j,mm1)) .le. dabs(x)) go to 100
X = a(j,mml)
i=j

100 continue
int(m) =i

if (i .eq. m) go to 130

do 110 j=mml, n
y = a(i,j)
a(i.,j) = a(m.j)
a(m,j) =y

110 continue

do120j=1,igh
y = a(j.i)
a(j,i) = a(j,m)
a(j,m) =y

120 continue

130 if (x .eq. 0.0d0) go to 180
mpl=m+1
do 160 i =mpl, igh
y = a(i,mml)

if (y .eq. 0.0d0) go to 160



y=y/x
a(i,mml) =y

do140j=m,n

140 a(i,j) = a(i,j) - y * a(m,j)

do 150j=1,igh

150 a(j,m) = a(j,m) +y * a(j,i)

160 continue

180 continue

200 return

! balb

end

subroutine cdiv(ar,ai,br,bi,cr,ci)

double precision ar,ai,br,bi,cr,ci
complex division, (cr,ci) = (ar,ai)/(br,bi)
double precision s,ars,ais,brs,bis

s = dabs(br) + dabs(bi)

ars = ar/s
ais = ai/s
brs = br/s
bis = bi/s

S = brs**2 + bis**2
cr = (ars*brs + ais*bis)/s
ci = (ais*brs - ars*bis)/s
return
end
E) G e
subroutine balbak(nm,n,low,igh,scale,m,z)
integer i,j,k,m,n,ii,nm,igh,low
double precision scale(n),z(nm,m)

double precision s

if (m .eq. 0) go to 200
if (igh .eq. low) go to 120
do 110 i = low, igh

s = scale(i)

.......... left hand eigenvectors are back transformed
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! if the foregoing statement is replaced by
! s=1.0d0/scale(i). ..........
do100j=1,m
100 z(i,j) = z(i,j) * s
110 continue
......... for i=low-1 step -1 until 1,
! igh+1 step 1 untilndo - ..........
120do 140ii=1,n
i=ii
if (i .ge. low .and. i .le. igh) go to 140
if (i .It. low) i = low - ii
k = scale(i)
if (k .eq. 1) go to 140
do130j=1,m
s = 2(i)
z(i.j) = z(k.j)
zkj)=s
130 continue
140 continue
200 return
end
! balanc------------------mm—-
subroutine balanc(nm,n,a,low,igh,scale)
integer i,j,k,1,m,n,jj,nm,igh,low,iexc
double precision a(nm,n),scale(n)
double precision c,f,g,r,s,b2,radix

logical noconv

radix = 16.0d0

b2 = radix * radix

go to 100
b s in-line procedure for row and
! column exchange ..........
20 scale(m) =j
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if (j .eq. m) go to 50
do30i=1,1
f=a()
a(i,j) = a(i,m)

a(i,m)=1f

30 continue

do40i=k,n
f=a(,i)
a(j,i) = a(m,i)

a(m,i) =f

40 continue

50 go to (80,130), iexc

.......... search for rows isolating an eigenvalue

and push them down ..........

80 if (1.eq. 1) go to 280

I=1-1

100 do 120jj = 1,1

110

i=l+1-ji
do110i=1,1

if (i .eq.j) goto 110

if (a(j,i) .ne. 0.0d0) go to 120
continue
m=1
iexc=1

goto 20

120 continue

go to 140
.......... search for columns isolating an eigenvalue

and push them left ..........

130k=k+1

140do 170j =k, 1

150

do150i=k,1
if (i .eq. j) go to 150
if (a(i,j) .ne. 0.0d0) go to 170

continue
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m=k
iexc =2

goto 20

170 continue

do 180i=k,1

180 scale(i) = 1.0d0

190 noconv = .false.

200

210

220

230

240

do270i=k,1

¢ =0.0d0

r=0.0d0

do200j=k,1
if (j .eq. 1) go to 200
¢ =c + dabs(a(j,i))
r =1+ dabs(a(i,j))

continue

if (c .eq. 0.0d0 .or. r .eq. 0.0d0) go to 270
g =r/radix
f=1.0d0

S=c+r

if (c .ge. g) go to 220
f=f* radix
c=c*b2

goto 210

g =r *radix

if (c .It. g) go to 240
f=1f/radix
c=c/b2

go to 230

if ((c + 1)/ f.ge. 0.95d0 * s) go to 270
g=1.0d0/f
scale(i) = scale(i) * f

noconyv = .true.
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d0250j=k,n

250  a(ij)=adij) * g
do260j=1,1
260 a(,i)=a(i) *f

270 continue

if (noconv) go to 190
280 low =k

igh=1

return

end

A.2 The program for solving Poisson’s equation

! i poission LA AU=Qi- ®f ;ij=1..17 !
! !

I 4[] (D/DX)(DU/DX)+(D/DY)(DU/DY)+(D/DZ)(DU/DZ)+ X *U:=F(X,Y,Z) !

module global
implicit none
a0 =0.529189379

real,parameter :: | Bohr radius Eﬁ kA

real,parameter :: pi = 3.141592653589 ! [E!”ﬁjﬁﬁ T
real,parameter :: x_max = 10.0 | A 5T AE x_min—x_max
real,parameter :: y_max=10.0 | A5 #afE y_min—y_max
real,parameter :: z_max=10.0 | Hi55 ddfE z_min—z_max
real,parameter :: x_min = -10.0 | AT AE x_min—x_max
real,parameter :: y_min =-10.0 | A5 AuE y_min—y_max
real,parameter :: z_min =-10.0 | A5 ddfE z_min—z_max

integer,parameter :: inn_m_parti=200

integer,parameter :: basics = 10

complex

R R
! S B

.1 ijkh_Eee(basics,basics,basics,basics)

real::xi(inn_m_parti+1),yi(inn_m_parti+1),zi(inn_m_parti+1)
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complex,allocatable::wave(:,:,:,:) ! ®i,i=1,10
real,allocatable::real_wave(:,:,:,:) ! ®i,i=1,10
real,allocatable::image_wave(:,:,:,:) ! ®i,i=1,10

end module

! A

program Sol_Poisson

use global

implicit none

integer,parameter :: L=inn_m_parti,M=inn_m_parti, N=inn_m_parti ! 53 [J[[£% X,Y,Z &Iy 53 %,'[]EJ?E I

integer,parameter :: ELMBDA =0 ! Poisson [ Ifi% A 5

integer :: LBDCND,MBDCND,NBDCND ! 55 [l 5% X,Y,Z j,%}?#%[!rfl@”[”iﬁ”
integer :: 1,J,K,H,LDIMF,MDIMEF,[ERROR
real :: DX,DY,DZ,PERTRB U= oW XYz & B i S

real,parameter :: XS=x_min,XF=x_max,YS=y_min,YF=y_max,ZS=z_min,ZF=z_max | ['=£%} X,Y,Z &3[E![S,F]
real,allocatable:: F(:,:,:),BDXS(:,:),BDXF(:,:),BDYS(:,:),BDYE(3,:),BDZS(:,:),BDZF(:,:) ! F fifi ~ j‘é{}?ﬂ%ﬁflfj]’@
real,allocatable:: W(:),X(:),Y(:),Z(:)

real,allocatable:: U(:,:,:),single_Eee(:,:,:,:)

integer :: cou,cou2,cou3,coud,counter

integer,parameter :: CA_M =(1+BASICS)*BASICS/2 FrET = pAEEr

integer 1 IC(CA_M),IC(CA_M) I BT F= o
real :: Eee,Ci,Cj,Ck,r,theta, phi 1 Ci,Cj,Ck ¥k ¥ A 55 o (78l
complex temA

ARSI

allocate(F(L+1,M+1,N+1),BDXS(M+1,N+1),BDXF(M+1,N+1),BDYS(L+1,N+1),BDYF(L+1,N+1),BDZS(L+1,M+1),BDZF(L+1,M+1))
allocate(X(L+1),Y(M+1),Z(N+1),U(L+1,M+1,N+1),single_Eee(BASICS,BASICS,BASICS,BASICS))
allocate(wave(basics,inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))
allocate(real_wave(basics,inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))

allocate(image_wave(basics,inn_m_parti+1,inn_m_parti+1,inn_m_parti+1))

| =30+L+M+5*N+MAX(L,M,N)+7*(INT((L+1)/2))+INT((M+1)/2)

allocate(W(l)) !1-D work space
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open(unit=10,file="10wave_function.txt',status="old")
open(unit=20,file='10new_10Poi_sol.txt') [}V im"-?}'IQ{fF
open(unit=30,file="10new_10Eee_TRL.txt') | $f U*F {lt3 74FH 55

open(unit=40,file="10new_10Eee.txt')

= (XF-XS)/dble(L) ! [XS,XF] ﬁ}%,'u L {5y = il

= (YF-YS)/dble(M) ! [YS,YF] ﬁ}ﬂ M (75 i 5 it =

= (ZF-ZS)/dble(N) ! [2S,ZF] 73 f"” N {755 5 [ =
LBDCND=11 5 ,1;!{1 1 %5 U7 XS XF f< E IR LA
MBDCND =1 ! ﬁ;mg@ 1 %5 U YSYF ﬁqqﬁ:@@

NBDCND =11 ififfi 1 %7 U7 Z5,2F (5 F R il

PERTRB=0.0 | AN FIfy 2% disspuig
LDIMF = L+1

MDIMF = M+1

b — ﬂf'f' Domain - F‘# R

do I=1,L+1

do J=1,M+1

do K=1,N+1
X(1)=XS +(I-1)*DX I X #J[ 153 ﬁﬂ o] ,’Wﬁg‘gﬁm@

Y(J)=YS+(J-1)*DY Y #J[f 33 ﬁﬂ % 5 ,Wﬁg‘%ﬁm@@

2(K) =25 + (K-1)*DZ 1 2 7 [ >3 il = fetf P

end do

end do

end do

! call othonormal() ! T8~ {* Wy

-——-FIVEIEE JIFRY wave function [il (55 %,’[JE)’VElOO)————!
do h = 1,basics
doi=1,inn_m_parti+1
doj=1,inn_m_parti+1
do k = 1,inn_m_parti+1

read(10,*)temA
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wave(h,i,j,k) = temA
end do
end do
end do

end do

do i= 1,basics
real_wave(i,:,:,:) = wave(i,:,:,:)
image_wave(i,:,:,:) = aimag(wave(i,:,:,:))

end do

[R— S
counter=1
do i =1,BASICS
do j =i,BASICS
IC(counter) =i
JC(counter) =j
counter =counter+1
end do

end do

AR R G = 0)
do J=1,M+1
do K=1,N+1
F(1,J,K) =0.0
F(L+1,J,K)= 0.0
end do

end do

doI=1,L+1
do J=1,M+1
F(1,J,1) =0.0
F(1,1,N+1)= 0.0
end do

end do
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doI=1,L+1
do K=1,N+1
F(I,1LK) =0.0
F(I,M+1,K)= 0.0
end do
end do
fommeee it Poisson 7 V{fi| A LB GRfVFREY F
docou =1,CA_M
doI=2,L
do J=2,M
doK=2,N
! Eee ﬁ%j’ﬁﬂ&'ﬁﬁﬂ (A) R(I)R(K)+(i)I(k)
F(1,J,K) =-4.0*pi*(real_wave(IC(cou),l,J,K)*real_wave(JC(cou),l,J,K)&
& +image_wave(IC(cou),l,J,K)*image_wave(JC(cou),l,J,K))
! (B) R()I(k)-1()R(K)
! F(1,J,K) =-4.0*pi*(real_wave(IC(cou),l,J,K)*image_wave(JC(cou),!,J,K) &
! & - image_wave(IC(cou),1,J,K)*real wave(JC(cou),l,J,K))
end do
end do

end do

I call HW3CRT % poission H7H » U= § § § @i - Oj/ | rr' |
call HW3CRT(XS,XF,L,LBDCND,BDXS,BDXFYS,YF,M,MBDCND, BDYS,BDYF.&

& 7S,ZF,N,NBDCND,BDZS, BDZF,ELMBDA, LDIMF, MDIMEF, F,PERTRB,IERROR,W)

do cou2 = cou,CA_M
P ELEEIHEFY U E e HErdk - Oh
u(:,:;:)=0.0
dol=2,L
do J=2,M
doK=2,N
! Eee if’?*é'i'ﬁﬂ&'ﬁﬁﬁ +(C) RGR(M)+()I(A)
U(1,J,K) = F(1,J,K)*(real_wave(IC(cou2),1,J,K)*real_wave(JC(cou2),1,J,K)&
& +image_wave(IC(cou2),l,J,K)*image_wave(JC(cou2),1,J,K))
! (D) R(GI(N)-IGIR(N)
! U(1,J,K) = F(1,J,K)*(real_wave(IC(cou2),1,J,K)*image_wave(JC(cou2),1,J,K)&
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! & - image_wave(IC(cou2),l,J,K)*real_wave(JC(cou2),1,J,K))
end do
end do
end do
I write(20,*)"U= F*basis ", U | I Poisson F,AfiviiZ U o =i~ @) 5[ Poi_solxF.txt 1

! I PR §Vee - @i @j = §n(r) - @i+ Ojf | rr|

(N (3 A5 Fi AT T Eee T

Eee=0.0
doI=1,L+1
if(l==1 .OR. I==L+1)then PECEA R L
Ci=1.0
else if(mod(l,2)==0)then ! ”Eﬁéjfﬁ[ TEra
Ci=4.0
else ! ﬁa P IES igy)
Ci=2.0
end if
do J=1,M+1
if()==1 .0R.J==M+1)then | FisfIAIAF (71
Cj=1.0
elseif(mod(},2)==0Ojthen | [PIEF 7L 4
Cj=4.0
else ! r HeTh 2
Cj=2.0
end if
do K=1,N+1
if(k==1.0R. K==N+1)then ! FizfiAIH f [FEr1
Ck=1.0
else if(mod(K,2)==0)then | {FIE(7F1 (744
Ck=4.0
else ! ﬁ@)fgl 2
Ck=2.0
end if
Eee = Ci*Cj*Ck*U(l,J,K) + Eee
end do
end do
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end do

LIS § Ok - @Oh - @i Oj/ | rr' | %% Poi_solxF_int.txt fiff »  XF-XS=YF-YS=ZF-25=40.0
write(30,'(12,13,13,13,E30.20)') IC(cou),JC(cou),IC(cou2),JC(cou2),&

& 0.5*Eee*((XF-XS)/(3.0*L))*((YF-YS)/(3.0*M))*((ZF-Z5)/(3.0*N))

! single_Eee(cou,cou2,cou3,coud) = 0.5*Eee*((XF-XS)/(3.0*L))*((YF-YS)/(3.0*M))*((ZF-ZS)/(3.0*N))

| write(40,'(12,13,13,13,E30.20)') cou,cou2,cou3,coud,single_Eee(cou,cou2,cou3,coud)

end do

end do

stop

end program

| radial function Rpl(r) et !
real function Rpl(atom,p,l,r)
use global

implicit none

7

I

integer ip,) lp = BITHE ;| FJEhEl S Hsatom L
real :: r,atom
if (p==1 .AND. I==0)then IR10
Rpl = 2.0*((atom/a0)**(1.5)) *exp(-(atom*r)/a0)
else if (p==2 .AND. I==0)then ! R20
Rpl = ((atom/(2.0*a0))**(1.5))*(2.0-(atom*r)/a0) *exp(-(atom*r)/(2.0*a0))
else if (p==2 .AND.I==1)then  !R21
Rpl = (1.0/sqrt(3.0))*((atom/(2.0*a0))**(1.5))*((atom*r)/a0) *exp(-(atom*r)/(2.0*a0))
else if (p==3 .AND. I==0)then ! R30
Rpl = (2.0/27.0)*((atom/(3.0*a0))**(1.5))¥(27.0-18.0%((atom*r)/a0)+ &
& (2.0*atom*atom*r*r)/(a0*a0))*exp(-(atom*r)/(3.0*a0))
else if (p==3 .AND. I==1)then  1R31
Rpl = (4.0*sqrt(2.0)/54.0)*((atom/(3.0*a0))**(1.5))*(atom*r/a0)*(6.0-(atom*r/a0))*exp(-(atom*r/(3.0*a0)))
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else
write(*,*)" Rpl ?F,J;{é'} R31!"
end if
return

end

| spherical harmonic function YIm(0,¢)  -------- !
[E— SFHET LI RS phi 53— WEEE e !

complex function YIm(l,m,theta,phi)

use global
implicit none
real :: theta,phi 10,0
integer :: I,m VIE =Tl s m iR

if (I==0 .AND. m==0)then 1Y00

Yim = 1.0/(sqrt(4.0*pi))
else if(l==1 .AND. m==-1)then !Y1-1

Yim = (sqrt(3.0/(8.0*pi)))*sin(theta)*{cos(phi)-csqrt({1.0,0.0)) *sin(phi))
else if(==1 .AND. m==0O)then ! Y10

Ylm = (sqrt(3.0/(4.0%pi)))*cos(theta)
else if(l==1 .AND. m==1)then  !Y11

Ylm = -(sqrt(3.0/(8.0*pi)))*sin(theta)*(cos(phi)+csqrt((-1.0,0.0))*sin(phi))
else if(l==2 .AND. m==-2)then 1Y2-2

YIm = (sqrt(15.0/(32.0%pi)))*((sin(theta))**(2.0))*exp(-2.0%csqrt((-1.0,0.0))*phi)

else if(l==2 .AND. m==-1)then 1Y2-1

Ylm = (sqrt(15.0/(8.0*pi)))*(sin(theta))*(cos(theta)) *exp(-csqrt((-1.0,0.0)) *phi)
else if(==2 .AND. m==0O)then Y20

Yim = (sqrt(5.0/(16.0*pi)))*(3.0* (cos(theta))**(2.0)-1.0)
else if(l==2 AND. m==1)then  1Y21

Ylm = -(sqrt(15.0/(8.0*pi)))*(sin(theta))*(cos(theta)) *exp(csqrt((-1.0,0.0)) *phi)
else if(l==2 AND. m==2)then  1Y22

Yim = (sqrt(15.0/(32.0*pi)))*((sin(theta))**(2.0)) *exp(2.0*csqrt((-1.0,0.0)) *phi)
end if

return

end



complex function basis_func(i,x1,y1,z1)

use global

implicit none

integer :: i

real :: x1,y1,z1,atom

Ix1,y1,21 Bhjir e A Bl

real :: r,rl,r2 Prl fls k% HL r2 [l 8T W H2
real:: theta,thetal,theta2 I E1% 0 :theta

real :: phi,phi1,phi2 I EP @ phi

real,external :: Rpl ! Fﬂg{f Rpl

complex,external ::YIm ! F}*[E,J'r Yim

rl = sqrt(x1**2.0+y1**2.0+z1**2.0)

b BS e L Xy, 1S E HL

r2 = sqrt((x1-0.74)**2.0+y1**2.0+z1**2.0) ! Fl 1= 85 H2
thetal = atan2(sqrt(x1**2.0+y1**2.0),z1) | < arctangent(a/b)
theta2 = atan2(sqrt((x1-0.74)**2.0+y1**2.0),z1)
phil= atan2(y1,x1)
phi2 = atan2(y1,x1-0.74)
if(i<=5)then | W BER10 7 6 - 0
atom=1.0
r =rl

theta = thetal

phi  =phil

elseif(i>=6.0R.i<=10)then I BY 7,8 Zfifl1-+ H-1
atom =1.0
r =r2

theta = theta2

phi  =phi2
else

write(*,*)"wave function H'.F}ﬂﬁ"
end if
if(i==1)then

basis_func = Rpl(atom,1,0,r) * YIm(0,0,theta,phi)
elseif(i==2)then
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return

end

basis_func = Rpl(atom,2,0,r) * YIm(0,0,theta,phi)
elseif(i==3)then

basis_func = Rpl(atom,2,1,r) * YIm(1,-1,theta,phi)
elseif(i==4)then

basis_func = Rpl(atom,2,1,r) * YIm(1,0,theta,phi)
elseif(i==5)then

basis_func = Rpl(atom,2,1,r) * YIm(1,1,theta,phi)
elseif(i==6)then

basis_func = Rpl(atom,1,0,r) * YIm(0,0,theta,phi)
elseif(i==7)then

basis_func = Rpl(atom,2,0,r) * YIm(0,0,theta,phi)
elseif(i==8)then

basis_func = Rpl(atom,2,1,r) * YIm(1,-1,theta,phi)
elseif(i==9)then

basis_func = Rpl(atom,2,1,r) * YIm(1,0,theta,phi)
elseif(i==10)then

basis_func = Rpl(atom,2,1,r) * YIm(1,1,theta,phi)
else

write(*,*)"basis_func ?F,J;{é'} 101"

end if

!——-—ﬁ\ﬁ?&ﬁﬁlﬁu wave(i,:,:,:) ff,i=1710 oo !

subroutine sub1()

use global

implicit none

integer :: h,i,j,k

complex,external::basis_func

A EERIE w2 fi1 R

doi=1,inn_m_parti+1

end do

Xi(i) = x_min + ((x_max-x_min)/inn_m_parti)* (i-1)
yi(i) = y_min + ((y_max-y_min)/inn_m_parti)* (i-1)

zi(i) = z_min + ((z_max-z_min)/inn_m_parti)* (i-1)
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l-- ?ﬂﬁi—'[ﬁﬁl\ﬁﬂ wave(i,;,:,:)=D(i,:,:,:)
do h=1,basics
doi=1,inn_m_parti+1
doj=1,inn_m_parti+1
do k =1,inn_m_parti+1

wave(h,i,j,k) = basis_func(h,xi(i),yi(j),zi(k))

end do
end do
end do
end do
return

end subroutine

-—FH§l <®i|®j> 3-DF %’f FoFH 7§ = !
subroutine sub2(h1,h2,ANS2)
use global
implicit none
integer ::i,j,k,h1,h2
real::C_i,C_j,C_k

complex:: ANS,ANS2

ANS =0.0
! a‘%};&},ﬁj%ﬁ;’} §§§@i- @j* ;ij=1~10
doi=1,inn_m_parti+1

if(i==1.OR. i==inn_m_parti+1)then | Fi7fi ~ %fﬁ[ﬁ—'ﬁ g 1

Ci=1.0

else if(mod(i,2)==0)then : ﬁgﬁ?ﬁ s
Ci=4.0

else ! ﬁ%ﬁ?gﬁ 2
C_i=2.0

end if
do j=1,inn_m_parti+1
if(j==1 .OR. j==inn_m_parti+1)then ! F[fﬁ[ . 3}?[% Grgr 1
Cj=10
else if(mod(j,2)==0)then ! ”EEEJV‘?EI%F 4
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C_j=4.0
else ! ﬁJEJ\?’fEIEﬁ e 2
C_j=2.0
end if
do k=1,inn_m_parti+1

if(k==1 .OR. k==inn_m_parti+1)then ! F17fi - %fﬁ[ﬁ—'ﬁ g 1

C k=10

else if(mod(k,2)==0)then ! “ﬁgﬁpgﬁ ey 4
C k=40

else | AR R 2
C k=20

end if

ANS = ANS+ C_i*C_j*C_k *conjg(wave(h1,i,j,k))*wave(h2,i,j,k)
end do
end do

end do

ANS2 = ANS*(x_max-x_min)*(y_max-y_min)*(z-max-z_min)/((3.0*inn_m_parti)**(3.0))

| write(*,*)h1,h2, ANS2

return

end subroutine

-—F gl <®i| ®i> 3-DF ‘F‘“’i FFFH 5T e !
subroutine sub3(h1,ANS2)
use global
implicit none
integer ::i,j,k,h1

real::C_i,C_j,C_k,ANS,ANS2

ANS =0.0
! 5’%}}'%3 EAiy §§ § @i @i ;ij=1~10
doi=1,inn_m_parti+1
if(i==1.OR. i==inn_m_parti+1)then | Fi7fi ~ # ZFIR (7R 1
Ci=1.0
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else if(mod(i,2)==0)then ! “ﬁgﬁpgﬁ ey 4
C_i=4.0
else ! ﬁJEJ\?’fEIEﬁ e 2
C_i=2.0
end if
do j=1,inn_m_parti+1

if(j==1 .OR. j==inn_m_parti+1)then ! F[fﬁ[ . 3}?[% Grgr 1

Cj=1.0

else if(mod(j,2)==0)then ! IFEeRY g
Cj=4.0

else : ﬁ%ﬁ?gﬁ 2
C_j=2.0

end if

do k=1,inn_m_parti+1

if(k==1 .OR. k==inn_m_parti+1)then ! F17fi - %fﬁ[ﬁ—'ﬁ g 1

C_k=1.0
else if(mod(k,2)==0)then D FECRRE e
C k=40
else ! ﬁ* 5(3‘5%5 (e 2
C_k=2.0
end if

ANS = ANS+ C_i*C_j*C_k *conjg(wave(h1,i,j,k))*wave(h1,i,j,k)
end do
end do

end do

ANS2 = ANS*(x_max-x_min)*(y_max-y_min)*(z_max-z_min)/((3.0*inn_m_parti)**(3.0))

! write(*,*)h1,ANS2

return

end subroutine

IS [S(H15 ) othonormal_wave(h,i,j,k) ---------memeeeeee !
subroutine sub4(h1,input)

use global
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implicit none
real:: input
integer ::i,j,k,h1

wave(hl,:,:,:) = wave(h1,:,:,:)/sqrt(input)

return

end subroutine

b TR [ W !
subroutine othonormal()
use global
implicit none
real:: ANS
complex:: ANS2

integer ::i,j,k,h1,h2

call sub1() ! 110 I’[ﬁ[f@»ﬁlg{r %%@\7”
call sub3(1,ANS) | <®i|®i>

call sub4(1,ANS) ! {*ID1 [t normalize HZ[NEW D1

do h1 = 2,basics
doh2=1,h1-1
call sub2(h2,h1,ANS2)
doi=1,inn_m_parti+1
doj =1,inn_m_parti+1
do k =1,inn_m_parti+1
wave(h1,i,j,k) = wave(h1,i,j,k) -ANS2*wave(h2,i,j,k)
end do
end do
end do
end do
call sub3(h1,ANS)
call sub4(h1,ANS)

end do
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return

end subroutine

SUBROUTINE COSQB1 (N,X,W,XH)
DIMENSION X(1) W(1) JXH(1)
NS2 = (N+1)/2
NP2 = N+2
DO 101 I=3,N,2
XIM1 = X(1-1)+X(1)
X(1) = X(1)-X(1-1)
X(I-1) = XIM1
101 CONTINUE
X(1) = X(1)+X(1)
MODN = MOD(N,2)
IF (MODN .EQ. 0) X(N) = X(N)+X(N)
CALL RFFTB (N,X,XH)
DO 102 K=2,NS2
KC = NP2-K
XH(K) = W(K-1)*X(KC)+W (KC-1)*X(K)
XH(KC) = W(K-1)*X(K)-W(KC-1)*X(KC)
102 CONTINUE
IF (MODN .EQ. 0) X(NS2+1) = W(NS2)*(X(NS2+1)+X(NS2+1))
DO 103 K=2,NS2
KC = NP2-K
X(K) = XH(K)+XH(KC)
X(KC) = XH(K)-XH(KC)
103 CONTINUE
X(1) = X(1)+X(1)
RETURN

END

SUBROUTINE COSQB (N,X,WSAVE)
DIMENSION X(1) WSAVE(1)
DATA TSQRT2 /2.82842712474619/

IF (N-2) 101,102,103

101 X(1) = 4.%X(1)

100



RETURN
102 X1 = 4.%(X(1)+X(2))
X(2) = TSQRT2*(X(1)-X(2))
X(1) = X1
RETURN
103 CALL COSQB1 (N,X,WSAVE WSAVE(N+1))
RETURN

END

SUBROUTINE COSQF1 (N,X,W,XH)
DIMENSION X(1) W(1) JXH(1)
NS2 = (N+1)/2
NP2 = N+2
DO 101 K=2,NS2
KC = NP2-K
XH(K) = X(K)+X(KC)
XH(KC) = X(K)-X(KC)
101 CONTINUE
MODN = MOD(N,2)
IF (MODN .EQ. 0) XH(NS2+1) = X(NS2+1)+X(NS2+1)
DO 102 K=2,NS2
KC = NP2-K
X(K) = W(K-1)*XH(KC)+W(KC-1)*XH(K)
X(KC) = W(K-1)*XH(K)-W(KC-1)*XH(KC)
102 CONTINUE
IF (MODN .EQ. 0) X(NS2+1) = W(NS2)*XH(NS2+1)
CALL RFFTF (N,X,XH)
DO 103 I=3,N,2
XIM1 = X(1-1)-X(1)
X(1) = X(1-1)+X(1)
X(I-1) = XIM1
103 CONTINUE
RETURN

END

SUBROUTINE COSQF (N,X,WSAVE)

101



DIMENSION X(1) WSAVE(1)
DATA SQRT2 /1.4142135623731/
IF (N-2) 102,101,103

101 TSQX = SQRT2*X(2)
X(2) = X(1)-TSQX
X(1) = X(1)+TSQX

102 RETURN

103 CALL COSQF1 (N,X,WSAVE,WSAVE(N+1))
RETURN

END

SUBROUTINE COSQI (N,WSAVE)
DIMENSION WSAVE(1)
DATA PIH /1.57079632679491/
DT = PIH/FLOAT(N)
FK = 0.
DO 101 K=1,N

FK = FK+1.

WSAVE(K) = COS(FK*DT)

101 CONTINUE

CALL RFFTI (N, WSAVE(N+1))
RETURN

END

SUBROUTINE COST (N,X,WSAVE)
DIMENSION X(1) WSAVE(1)
NM1 = N-1
NP1 =N+1
NS2 = N/2
IF (N-2) 106,101,102
101 X1H = X(1)+X(2)
X(2) = X(1)-X(2)
X(1) = X1H
RETURN
102 IF (N .GT. 3) GO TO 103

X1P3 = X(1)+X(3)
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TX2 = X(2)+X(2)
X(2) = X(1)-X(3)
X(1) = X1P3+TX2
X(3) = X1P3-TX2
RETURN
103 C1 = X(1)-X(N)
X(1) = X(1)+X(N)
DO 104 K=2,NS2
KC = NP1-K
T1 = X(K)}+X(KC)
T2 = X(K)-X(KC)
C1 = C1+WSAVE(KC)*T2
T2 = WSAVE(K)*T2
X(K) = T1-T2
X(KC) = T14T2
104 CONTINUE
MODN = MOD(N,?2)
IF (MODN .NE. 0) X(NS2+1) = X(NS2+1)+X(NS2+1)
CALL RFFTF (NM1,X,WSAVE(N+1))
XIM2 = X(2)
X(2) = C1
DO 105 1=4,N,2
X1 = X(1)
X(1) = X(1-2)-X(I-1)
X(1-1) = XIM2
XIM2 = XI
105 CONTINUE
IF (MODN .NE. 0) X(N) = XIM2
106 RETURN

END

SUBROUTINE COSTI (N,WSAVE)
DIMENSION WSAVE(1)
DATA Pl /3.14159265358979/
IF (N .LE. 3) RETURN

NM1 = N-1

103



NP1 = N+1
NS2 = N/2
DT = PI/FLOAT(NM1)
FK = 0.
DO 101 K=2,NS2
KC = NP1-K
FK = FK+1.
WSAVE(K) = 2.*SIN(FK*DT)
WSAVE(KC) = 2.*COS(FK*DT)
101 CONTINUE
CALL RFFTI (NM1,WSAVE(N+1))
RETURN

END

! FISHPK12 FROM PORTLIB 12/30/83

SUBROUTINE HW3CRT (XS,XF,L,LBDCND,BDXS,BDXFYS,YF,M, MBDCND,BDYS, &

& BDYF,ZS,ZF,N,NBDCND, BDZS,BDZF,ELMBDA,LDIMF, &

& MDIMF,F,PERTRB,|IERROR,W)

| % %k 3k 3k 3k ok %k ok %k %k k %k k k %k 3k k 3k 3k k k k k k k *k k k k k k k %

! * FISHPAK *

! * A PACKAGE OF FORTRAN SUBPROGRAMS FOR THE SOLUTION OF

! * SEPARABLE ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS *

| *

! * (VERSION 3.1, OCTOBER 1980) *
| *

! * BY

| *

! * JOHN ADAMS, PAUL SWARZTRAUBER AND ROLAND SWEET

| *

! * OF
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* THE NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

* BOULDER, COLORADO (80307) U.S.A.
*

* WHICH IS SPONSORED BY

*

* THE NATIONAL SCIENCE FOUNDATION

% %k 3k 3k 3k ok ok ok %k %k k %k k k %k 3k k 3k 3k k k %k k k k *k k k k k k k %

SUBROUTINE HW3CRT SOLVES THE STANDARD SEVEN-POINT FINITE

DIFFERENCE APPROXIMATION TO THE HELMHOLTZ EQUATION IN CARTESIAN

COORDINATES:

(D/DX)(DU/DX) + (D/DY)(DU/DY) + (D/DZ)(DU/DZ)

+ LAMBDA*U = F(X,Y,Z) .

% 3k sk ok ko k k ok ok k %k k 3k 3k 3k 3k 3k k %k k k %k k k k k k k k k k k k

KKK KR Xk PARAMETER DESCRIPTION RO KK Rk kK

XS,XF
THE RANGE OF X, I.E. XS .LE. X .LE. XF .

XS MUST BE LESS THAN XF. (XS < X < XF)

THE NUMBER OF PANELS INTO WHICH THE INTERVAL (XS,XF) IS
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SUBDIVIDED. HENCE, THERE WILL BE L+1 GRID POINTS IN THE
X-DIRECTION GIVEN BY X(I) = XS+(I-1)DX FOR I=1,2,...,L+1,
WHERE DX = (XF-XS)/L IS THE PANEL WIDTH. L MUST BE AT

LEASTS.

LBDCND

INDICATES THE TYPE OF BOUNDARY CONDITIONS AT X = XS AND X = XF.

=0 IF THE SOLUTION IS PERIODIC IN X, I.E.
U(L+L,d,K) = U(1,,K).

=1 IF THE SOLUTION IS SPECIFIED AT X = XS AND X = XF.

=2 IF THE SOLUTION IS SPECIFIED AT X = XS AND THE DERIVATIVE
OF THE SOLUTION WITH RESPECT TO X IS SPECIFIED AT X = XF.

=3 IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO X IS
SPECIFIED AT X = XS AND X = XF.

=4 IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO X IS

SPECIFIED AT X = XS AND THE SOLUTION'IS'SPECIFIED AT X=XF.

BDXS
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECT TO X AT X = XS.

WHEN LBDCND =3 OR 4,

BDXS(J,K) = (D/DX)U(XSY()),Z(K)), J=1,2,...,M+1,

K=1,2,...,N+1.

WHEN LBDCND HAS ANY OTHER VALUE, BDXS IS A DUMMY VARIABLE.

BDXS MUST BE DIMENSIONED AT LEAST (M+1)*(N+1).

BDXF
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECT TO X AT X = XF.

WHEN LBDCND =2 OR 3,

BDXF(J,K) = (D/DX)U(XEY()),Z(K)), J=1,2,...,M+1,

K=1,2,...,N+1.
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WHEN LBDCND HAS ANY OTHER VALUE, BDXF IS A DUMMY VARIABLE.

BDXF MUST BE DIMENSIONED AT LEAST (M+1)*(N+1).

YS,YF
THE RANGE OF Y, I.E. YS .LE. Y .LE. YF.

YS MUST BE LESS THAN YF.

THE NUMBER OF PANELS INTO WHICH THE INTERVAL (YS,YF) IS
SUBDIVIDED. HENCE, THERE WILL BE M+1 GRID POINTS IN THE
Y-DIRECTION GIVEN BY Y(J) = YS+(J-1)DY FOR J=1,2,...,M+1,
WHERE DY = (YF-YS)/M IS THE PANEL WIDTH. M MUST BE AT

LEASTS .

MBDCND

INDICATES THE TYPE OF BOUNDARY CONDITIONS'AT Y .= YS AND Y = YF.

=0 IF THE SOLUTION IS PERIODIC IN Y, I.E:
U(1,M+J,K) = U(1,J,K).

=1 IFTHE SOLUTION IS SPECIFIED ATY = YS AND Y = YF.

=2 IF THE SOLUTION IS SPECIFIED AT Y = YS AND THE DERIVATIVE
OF THE SOLUTION WITH RESPECT TO Y IS SPECIFIED AT Y = YF.

=3 IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO Y IS
SPECIFIED ATY = YSAND Y = YF.

=4 |IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO Y IS

SPECIFIED AT Y = YS AND THE SOLUTION IS SPECIFIED AT Y=YF.

BDYS
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECT TO Y ATY = YS.

WHEN MBDCND =3 OR 4,

BDYS(1,K) = (D/DY)U(X(1),YS,Z(K)), 1=1,2,...,L+1,

K=1,2,...,N+1.
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WHEN MBDCND HAS ANY OTHER VALUE, BDYS IS A DUMMY VARIABLE.

BDYS MUST BE DIMENSIONED AT LEAST (L+1)*(N+1).

BDYF
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECTTO Y AT Y = YF.

WHEN MBDCND =2 OR 3,

BDYF(1,K) = (D/DY)U(X(1),YF.Z(K)), 1=1,2,...,L+1,

K=1,2,...,N+1.

WHEN MBDCND HAS ANY OTHER VALUE, BDYF IS A DUMMY VARIABLE.

BDYF MUST BE DIMENSIONED AT LEAST (L+1)*(N+1).

ZS,ZF
THE RANGE OF Z, I.E. ZS .LE. Z .LE. ZF.

ZS MUST BE LESS THAN ZF.

THE NUMBER OF PANELS INTO WHICH THE INTERVAL (ZS,ZF) IS
SUBDIVIDED. HENCE, THERE WILL BE N+1 GRID POINTS IN THE
Z-DIRECTION GIVEN BY Z(K) = ZS+(K-1)DZ FOR K=1,2,...,N+1,

WHERE DZ = (ZF-ZS)/N IS THE PANEL WIDTH. N MUST BE AT LEAST 5.

NBDCND

INDICATES THE TYPE OF BOUNDARY CONDITIONS AT Z = 7S AND Z = ZF.

=0 IF THE SOLUTION IS PERIODIC IN Z, I.E.
U(1,0,N+K) = U(1,0,K).

=1 IF THE SOLUTION IS SPECIFIED AT Z = ZS AND Z = ZF.

=2 IF THE SOLUTION IS SPECIFIED AT Z = S AND THE DERIVATIVE
OF THE SOLUTION WITH RESPECT TO Z IS SPECIFIED AT Z = ZF.

=3 IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO Z IS
SPECIFIED AT Z = ZS AND Z = ZF.

=4 IF THE DERIVATIVE OF THE SOLUTION WITH RESPECT TO Z IS

SPECIFIED AT Z = ZS AND THE SOLUTION IS SPECIFIED AT Z=ZF.
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BDZS
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECT TO Z AT Z = ZS.

WHEN NBDCND =3 OR 4,

BDZS(1,J) = (D/DZ)U(X(1),Y()),ZS), 1=1,2,...,L+1,

J=1,2,..,M+1.

WHEN NBDCND HAS ANY OTHER VALUE, BDZS IS A DUMMY VARIABLE.

BDZS MUST BE DIMENSIONED AT LEAST (L+1)*(M+1).

BDZF
A TWO-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
DERIVATIVE OF THE SOLUTION WITH RESPECT TO Z AT Z = ZF.

WHEN NBDCND =2 OR 3,

BDZF(1,J) = (D/DZ)U(X(1),Y()),ZF), 1=1,2..., L+1,

4=1,2 M+1,

WHEN NBDCND HAS ANY OTHER VALUE, BDZF IS A DUMMY VARIABLE.

BDZF MUST BE DIMENSIONED AT LEAST (L+1)*(M+1).

ELMBDA
THE CONSTANT LAMBDA IN THE HELMHOLTZ EQUATION. IF
LAMBDA .GT. 0, A SOLUTION MAY NOT EXIST. HOWEVER, HW3CRT WILL

ATTEMPT TO FIND A SOLUTION.

A THREE-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF THE
RIGHT SIDE OF THE HELMHOLTZ EQUATION AND BOUNDARY VALUES (IF

ANY). FORI1=2,3,...L,J=2,3,...,M, AND K=2,3,...,N

F(1,J,K) = F(X(1),Y(J),Z(K)).

ON THE BOUNDARIES F IS DEFINED BY
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LBDCND F(1,J,K) F(L+1,0,K)

0 FIXSY(),Z(K)  F(XSY(),Z(K))

1 UIXSY(),Z(K))  UXEY()),Z(K))

2 UIXSYU),Z(K)  FIXEY(),Z(K)  J=1,2,..,M+1
3 FIXSY(),Z(K)  FIXEY(),Z(K)  K=1,2,..,N+1
4 FXSY(),Z(K)  UXEY(),Z(K))

MBDCND F(1,1,K) F(I,M+1,K)

0 FX(),YS,Z(K)  F(X(1),YS,Z(K))

1 UIX(1),YS,Z(K)  UX(1),YEZ(K))

2 UX(YS,ZIK)  FX(DYEZIK)  1=1,2,...,L+1
3 FX()YS,Z(K)  FIX()YEZ(K)  K=1,2,.,N+1
4 FX(1),YS,Z(K)  UX(1),YEZ(K))

NBDCND F(1,J,1) F(1,J,N+1)

0 FX()YU),ZS)  F(X(1),Y()),ZS)

1 UX(YU)ZS)  UX(1),Y(),ZF)

2 UX(YU)ZS)  FX(DYU),ZF)  1=1,2,..L+1
3 FXU)LYU),ZS)  F(X()YU),ZF)  1=1,2,..,M+1
4 FX()Y(),ZS)  U(X(1),Y(U),ZF)

F MUST BE DIMENSIONED AT LEAST (L+1)*(M+1)*(N+1).

NOTE:

IF THE TABLE CALLS FOR BOTH THE SOLUTION U AND THE RIGHT SIDE F

ON A BOUNDARY, THEN THE SOLUTION MUST BE SPECIFIED.

LDIMF
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THE ROW (OR FIRST) DIMENSION OF THE ARRAYS F,BDYS,BDYF,BDZS,
AND BDZF AS IT APPEARS IN THE PROGRAM CALLING HW3CRT. THIS
PARAMETER IS USED TO SPECIFY THE VARIABLE DIMENSION OF THESE

ARRAYS. LDIMF MUST BE AT LEAST L+1.

MDIMF

THE COLUMN (OR SECOND) DIMENSION OF THE ARRAY F AND THE ROW (OR
FIRST) DIMENSION OF THE ARRAYS BDXS AND BDXF AS IT APPEARS IN

THE PROGRAM CALLING HW3CRT. THIS PARAMETER IS USED TO SPECIFY
THE VARIABLE DIMENSION OF THESE ARRAYS.

MDIMF MUST BE AT LEAST M+1.

A ONE-DIMENSIONAL ARRAY THAT MUST BE PROVIDED BY THE USER FOR
WORK SPACE. THE LENGTH OF W MUST BE AT LEAST 30 + L+ M + 5*N

+ MAX(L,M,N) + 7*(INT((L+1)/2) + INT((M+1)/2))

CONTAINS THE SOLUTION U(1,J,K) OF THE FINITE DIFFERENCE
APPROXIMATION FOR THE GRID POINT (X(1),Y(J)),Z(K)) FOR

1=1,2,...,L+1, =1,2,...,M+1, AND K=1,2,...,N+1.

PERTRB

IF A COMBINATION OF PERIODIC OR DERIVATIVE BOUNDARY CONDITIONS

IS SPECIFIED FOR A POISSON EQUATION (LAMBDA = 0), A SOLUTION

MAY NOT EXIST. PERTRB IS A CONSTANT, CALCULATED AND SUBTRACTED
FROM F, WHICH ENSURES THAT A SOLUTION EXISTS. PWSCRT THEN
COMPUTES THIS SOLUTION, WHICH IS A LEAST SQUARES SOLUTION TO

THE ORIGINAL APPROXIMATION.  THIS SOLUTION IS NOT UNIQUE AND IS
UNNORMALIZED. THE VALUE OF PERTRB SHOULD BE SMALL COMPARED TO
THE RIGHT SIDEF.  OTHERWISE, A SOLUTION IS OBTAINED TO AN
ESSENTIALLY DIFFERENT PROBLEM. THIS COMPARISON SHOULD ALWAYS

BE MADE TO INSURE THAT A MEANINGFUL SOLUTION HAS BEEN OBTAINED.
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IERROR
AN ERROR FLAG THAT INDICATES INVALID INPUT PARAMETERS. EXCEPT

FOR NUMBERS 0 AND 12, A SOLUTION IS NOT ATTEMPTED.

= 0 NOERROR

= 1 XS.GE.XF

= 2 L.TS

= 3 LBDCND.LT. 0.OR. LBDCND .GT. 4
= 4 YS.GE.YF

= 5 ML.L5

= 6 MBDCND.LT.0.OR. MBDCND .GT. 4
= 7 IS.GE.ZF

= 8 N.L5

= 9 NBDCND.LT. 0.OR. NBDCND .GT. 4
=10 LDIMF.LT. L+1

=11 MDIMF .LT. M+1

=12 LAMBDA .GT.0

SINCE THIS IS THE ONLY MEANS OF INDICATING A POSSIBLY INCORRECT

CALL TO HW3CRT, THE USER SHOULD TEST IERROR AFTER THE CALL.

¥ %k %%k PDROGRAM SPECIFICATIONS % * % % % % % % % % % %

DIMENSION OF  BDXS(MDIMF,N+1),BDXF(MDIMF,N+1),BDYS(LDIMF,N+1),
ARGUMENTS BDYF(LDIMF,N+1),BDZS(LDIMF,M+1),BDZF(LDIMF,M+1),

F(LDIMF,MDIMF,N+1),W(SEE ARGUMENT LIST)

LATEST DECEMBER 1, 1978

REVISION

SUBPROGRAMS  HW3CRT,POIS3D,POS3D1,TRID,RFFTI,RFFTF,RFFTF1,
REQUIRED RFFTB,RFFTB1,COSTI,COST,SINTI,SINT,COSQI,COSQF,
COSQF1,COSQB,COSQB1,SINQI,SINQF,SINQB,CFFTI,

CFFTI1,CFFTB,CFFTB1,PASSB2,PASSB3,PASSB4, PASSB,
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SPECIAL

CONDITIONS

COMMON

BLOCKS

1/0

PRECISION

SPECIALIST

LANGUAGE

HISTORY

ALGORITHM

SPACE

REQUIRED

TIMING AND

ACCURACY

CFFTF,CFFTF1,PASSF1,PASSF2,PASSF3,PASSF4, PASSF,

PIMACH

NONE

VALUE

NONE

SINGLE

ROLAND SWEET

FORTRAN

WRITTEN BY ROLAND SWEETAT.NCAR IN JULY,1977

THIS SUBROUTINE DEFINES THE FINITE DIFFERENCE
EQUATIONS, INCORPORATES BOUNDARY DATA, AND
ADJUSTS THE RIGHT SIDE OF SINGULAR SYSTEMS AND

THEN CALLS POIS3D TO SOLVE THE SYSTEM.

7862(DECIMAL) = 17300(OCTAL) LOCATIONS ON THE

NCAR CONTROL DATA 7600

THE EXECUTION TIME T ON THE NCAR CONTROL DATA
7600 FOR SUBROUTINE HW3CRT IS ROUGHLY PROPORTIONAL

TO L*M*N*(LOG2(L)+LOG2(M)+5), BUT ALSO DEPENDS ON
INPUT PARAMETERS LBDCND AND MBDCND.  SOME TYPICAL
VALUES ARE LISTED IN THE TABLE BELOW.

THE SOLUTION PROCESS EMPLOYED RESULTS IN A LOSS
OF NO MORE THAN THREE SIGNIFICANT DIGITS FOR L,M AN
N AS LARGE AS 32. MORE DETAILED INFORMATION ABOUT

ACCURACY CAN BE FOUND IN THE DOCUMENTATION FOR

113



PORTABILITY

REQUIRED
RESIDENT

ROUTINES

REFERENCE

REQUIRED

RESIDENT

ROUTINES

REFERENCE

SUBROUTINE POIS3D WHICH IS THE ROUTINE THAT ACTUALL

SOLVES THE FINITE DIFFERENCE EQUATIONS.

L(=M=N) LBDCND(=MBDCND=NBDCND)

16 0
16 1
16 3
32 0
32 1
32 3

AMERICAN NATIONAL STANDARDS INSTITUTE FORTRAN.

THE MACHINE DEPENDENT CONSTANT PL IS DEFINED IN

FUNCTION PIMACH.

COS,SIN,ATAN

NONE

COS,SIN,ATAN

NONE

% 3k sk ok 3k ok ok ok ok %k %k %k 3k 3k 3k 3k 3k k %k k k k k k k k k k k k k k k

DIMENSION

BDXS(MDIMF,1) ,BDXF(MDIMF,1)
BDYS(LDIMF,1) ,BDYF(LDIMF,1)
BDZS(LDIMF,1) ,BDZF(LDIMF,1)
F(LDIMF,MDIMF,1) W(1)
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300
302
348
1925
1929
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CHECK FOR INVALID INPUT.

IERROR = 0
IF (XF .LE. XS) IERROR = 1
IF (L .LT. 5) IERROR = 2
IF (LBDCND.LT.0 .OR. LBDCND.GT.4) IERROR = 3
IF (YF .LE. YS) IERROR = 4
IF (M .LT. 5) IERROR = 5
IF (MBDCND.LT.0 .OR. MBDCND.GT.4) [ERROR = 6
IF (ZF .LE. ZS) IERROR = 7
IF (N .LT. 5) IERROR = 8
IF (NBDCND.LT.0 .OR. NBDCND.GT.4) IERROR =9
IF (LDIMF .LT. L+1) IERROR = 10
IF (MDIMF .LT. M+1) IERROR = 11
IF (IERROR .NE. 0) GO TO 188
DY = (YF-YS)/FLOAT(M)
TWBYDY = 2./DY
€2 =1./(DY**2)
MSTART = 1
MSTOP = M
MP1 = M+1
MP = MBDCND+1
GO TO (104,101,101,102,102),MP
101 MSTART =2
102 GO TO (104,104,103,103,104),MP
103 MSTOP = MP1
104 MUNK = MSTOP-MSTART+1
DZ = (ZF-ZS)/FLOAT(N)
TWBYDZ = 2./DZ
NP = NBDCND+1
€3 =1./(DZ**2)
NP1 = N+1
NSTART = 1
NSTOP = N

GO TO (108,105,105,106,106),NP

115



105 NSTART = 2
106 GO TO (108,108,107,107,108),NP
107 NSTOP = NP1
108 NUNK = NSTOP-NSTART+1
LP1=L+1
DX = (XF-XS)/FLOAT(L)
C1=1./(DX**2)
TWBYDX = 2./DX
LP = LBDCND+1
LSTART = 1

LSTOP =L

ENTER BOUNDARY DATA FOR X-BOUNDARIES.

GO TO (122,109,109,112,112),LP
109 LSTART =2
DO 111 J=MSTART,MSTOP
DO 110 K=NSTART,NSTOP
F(2,J,K) = F(2,J,K)-C1*F(1,0,K)
110  CONTINUE
111 CONTINUE
GO TO 115
112 DO 114 J=MSTART,MSTOP
DO 113 K=NSTART,NSTOP
F(1,J,K) = F(1,J,K)}+TWBYDX*BDXS(J,K)
113 CONTINUE
114 CONTINUE
115 GO TO (122,116,119,119,116),LP
116 DO 118 J=MSTART,MSTOP
DO 117 K=NSTART,NSTOP
F(L,J,K) = F(L,J,K)-C1*F(LP1,J,K)
117 CONTINUE
118 CONTINUE
GO TO 122
119 LSTOP = LP1

DO 121 J=MSTART,MSTOP
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DO 120 K=NSTART,NSTOP
F(LP1,J,K) = F(LP1,J,K)-TWBYDX*BDXF(J,K)
120  CONTINUE
121 CONTINUE

122 LUNK = LSTOP-LSTART+1

ENTER BOUNDARY DATA FOR Y-BOUNDARIES.

GO TO (136,123,123,126,126),MP
123 DO 125 |=LSTART,LSTOP
DO 124 K=NSTART,NSTOP
F(1,2,K) = F(1,2,K)-C2*F(1,1,K)
124  CONTINUE
125 CONTINUE
GO TO 129
126 DO 128 |=LSTART,LSTOP
DO 127 K=NSTART,NSTOP
F(1,1,K) = F(1,1,K)+TWBYDY*BDYS(,K)
127  CONTINUE
128 CONTINUE
129 GO TO (136,130,133,133,130),MP
130 DO 132 I=LSTART,LSTOP
DO 131 K=NSTART,NSTOP
F(1,M,K) = F(1,M,K)-C2*F(1,MP1,K)
131  CONTINUE
132 CONTINUE
GO TO 136
133 DO 135 |=LSTART,LSTOP
DO 134 K=NSTART,NSTOP
F(1,MP1,K) = F(1, MP1,K)-TWBYDY*BDYF(I,K)
134  CONTINUE
135 CONTINUE

136 CONTINUE

ENTER BOUNDARY DATA FOR Z-BOUNDARIES.
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GO TO (150,137,137,140,140),NP
137 DO 139 I=LSTART,LSTOP
DO 138 J=MSTART,MSTOP
F(1,J,2) = F(1,J,2)-C3*F(1,J,1)
138  CONTINUE
139 CONTINUE
GO TO 143
140 DO 142 |=LSTART,LSTOP
DO 141 J=MSTART,MSTOP
F(1,J,1) = F(1,J,1)+TWBYDZ*BDZS(l,J)
141  CONTINUE
142 CONTINUE
143 GO TO (150,144,147,147,144),NP
144 DO 146 |=LSTART,LSTOP
DO 145 J=MSTART,MSTOP
F(1,,N) = F(1,J,N)-C3*F(1,J,NP1)
145  CONTINUE
146 CONTINUE
GO TO 150
147 DO 149 |=LSTART,LSTOP
DO 148 J=MSTART,MSTOP
F(1,J,NP1) = F(1,J,NP1)-TWBYDZ*BDZF(1,J)
148  CONTINUE

149 CONTINUE

DEFINE A,B,C COEFFICIENTS IN W-ARRAY.

150 CONTINUE
IWB = NUNK+1
IWC = IWB+NUNK
IWW = IWC+NUNK
DO 151 K=1,NUNK
| = IWC+K-1
W(K) = C3
w(l) = C3

I = IWB+K-1
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W(I) = -2.*C3+ELMBDA
151 CONTINUE
GO TO (155,155,153,152,152),NP
152 W(IWC) = 2.*C3
153 GO TO (155,155,154,154,155),NP
154 W(IWB-1) = 2.*C3
155 CONTINUE

PERTRB = 0.

FOR SINGULAR PROBLEMS ADJUST DATA TO INSURE A SOLUTION WILL EXIST.

GO TO (156,172,172,156,172),LP
156 GO TO (157,172,172,157,172),MP
157 GO TO (158,172,172,158,172),NP
158 IF (ELMBDA) 172,160,159
159 [ERROR = 12
GOTO 172
160 CONTINUE
MSTPM1 = MSTOP-1
LSTPM1 = LSTOP-1
NSTPM1 = NSTOP-1
XLP = (2+LP)/3
YLP = (2+MP)/3
ZLP = (2+NP)/3
s1=0.
DO 164 K=2,NSTPM1
DO 162 J=2,MSTPM1
DO 161 I=2,LSTPM1
S1 = S1+F(1,J,K)
161 CONTINUE
S1 = S1+(F(1,J,K)+F(LSTOPJ,K))/XLP
162 CONTINUE
s2=0.
DO 163 I=2,LSTPM1
$2 = S2+F(1,1,K)+F(I, MSTOPK)
163  CONTINUE
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S2 = (S2+(F(1,1,K)+F(1,MSTOP,K)+F(LSTOP,1,K)+F(LSTOP,MSTOP,K))/ &
& XLP)/YLP
S1=51+52
164 CONTINUE
S = (F(1,1,1)+F(LSTOP,1,1)+F(1,1,NSTOP)+F(LSTOP,1,NSTOP)+ &
&  F(1,MSTOP,1)+F(LSTOP,MSTOP,1)+F(1,MSTOP,NSTOP)+ &
& F(LSTOP,MSTOP,NSTOP))/(XLP*YLP)
DO 166 J=2,MSTPM1
DO 165 |=2,LSTPM1
S = S+F(1,J,1)+F(1,,NSTOP)
165  CONTINUE
166 CONTINUE
s2=0.
DO 167 1=2,LSTPM1
$2 = S2+F(1,1,1)+F(1,1,NSTOP)+F(l, MSTOP, 1)+F(I, MSTOP,NSTOP)
167 CONTINUE
S = S2/YLP+S
s2=0.
DO 168 J=2,MSTPM1
S2 = S2+F(1,J,1)+F(1,J,NSTOP)+F(LSTOP,J, 1)+F(LSTOP,J,NSTOP)
168 CONTINUE
S = SYXLP+S
PERTRB = (S/ZLP+51)/((FLOAT(LUNK+1)-XLP)*(FLOAT(MUNK+1)-YLP)* &
& (FLOAT(NUNK+1)-ZLP))
DO 171 I=1,LUNK
DO 170 J=1,MUNK
DO 169 K=1,NUNK
F(1,J,K) = F(1,,K)-PERTRB
169 CONTINUE
170  CONTINUE
171 CONTINUE
172 CONTINUE
NPEROD =0
IF (NBDCND .EQ. 0) GO TO 173
NPEROD = 1

W(1)=0.
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W(IWW-1) = 0.
173 CONTINUE
CALL POIS3D (LBDCND,LUNK,C1,MBDCND,MUNK,C2,NPEROD, NUNK,W,W(IWB), &

& W(IWC),LDIMF,MDIMEF, F(LSTART, MSTART,NSTART), IR, W(IWW))

! FILL IN SIDES FOR PERIODIC BOUNDARY CONDITIONS.

IF (LP .NE. 1) GO TO 180
IF (MP .NE. 1) GO TO 175
DO 174 K=NSTART,NSTOP
F(1,MP1,K) = F(1,1,K)
174 CONTINUE
MSTOP = MP1
175 IF (NP .NE. 1) GO TO 177
DO 176 J=MSTART,MSTOP
F(1,J,NP1) = F(1,),1)
176 CONTINUE
NSTOP = NP1
177 DO 179 J=MSTART,MSTOP
DO 178 K=NSTART,NSTOP
F(LP1,J,K) = F(1,,K)
178  CONTINUE
179 CONTINUE
180 CONTINUE
IF (MP .NE. 1) GO TO 185
IF (NP .NE. 1) GO TO 182
DO 181 I=LSTART,LSTOP
F(1,1,NP1) = F(1,1,1)
181 CONTINUE
NSTOP = NP1
182 DO 184 |=LSTART,LSTOP
DO 183 K=NSTART,NSTOP
F(,MP1,K) = F(1,1,K)
183  CONTINUE
184 CONTINUE

185 CONTINUE
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IF (NP .NE. 1) GO TO 188
DO 187 I=LSTART,LSTOP
DO 186 J=MSTART,MSTOP
F(1,J,NP1) = F(1,J,1)

186  CONTINUE
187 CONTINUE
188 CONTINUE

RETURN

END

FUNCTION PIMACH (DUM)

THIS SUBPROGRAM SUPPLIES THE VALUE OF THE CONSTANT Pl CORRECT TO

MACHINE PRECISION WHERE

P1=3.1415926535897932384626433832795028841971693993751058209749446

PIMACH = 3.14159265358979

RETURN

END

SUBROUTINE POIS3D (LPEROD,L,C1,MPEROD,M,C2,NPEROD,N,A,B,C,LDIMF, &

& MDIMF,F,IERROR,W)

% %k 3k 3k 3k ok %k ok ok k ko k %k k %k 3k k 3k k k k k k k k *k k k k k k k %

* *
* FISHPAK *

* *
* *
* A PACKAGE OF FORTRAN SUBPROGRAMS FOR THE SOLUTION OF *
* *
* SEPARABLE ELLIPTIC PARTIAL DIFFERENTIAL EQUATIONS *

* *
* (VERSION 3.1, OCTOBER 1980) *

* *
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* JOHN ADAMS, PAUL SWARZTRAUBER AND ROLAND SWEET
*

* OF

*

* THE NATIONAL CENTER FOR ATMOSPHERIC RESEARCH
*

* BOULDER, COLORADO  (80307) U.S.A.

*

* WHICH IS SPONSORED BY

*

* THE NATIONAL SCIENCE FOUNDATION

% %k %k 3k 3k %k %k ok %k k ko k k k %k 3k k 3k 3k k k k k k k *k k k k k k k %

SUBROUTINE POIS3D SOLVES THE LINEAR SYSTEM'OF EQUATIONS

CL*(X(1-1,4,K)-2.%X(1,J,K)+X(1+1,J,K))
+ C2%(X(1,3-1,K)-2.%X(1,4,K)+X(1,+1,K))

+ AK)*X(1,d,K-1)+B(K)*X (1,0, K)}+C(K)*X(1,J,K+1) = F(1,,K)

FOR 1=1,2,..,L,J=1,2,...,M, AND K=1,2,...,N .

THE INDICES K-1 AND K+1 ARE EVALUATED MODULO N, I.E.

X(1,J,0) = X(1,J,N) AND X(1,J,N+1) = X(1,J,1). THE UNKNOWNS

X(0,4,K), X(L+1,4,K), X(1,0,K), AND X(I,M+1,K) ARE ASSUMED TO TAKE

ON CERTAIN PRESCRIBED VALUES DESCRIBED BELOW.

% 3k %k ok ko k k ok ok k %k %k 3k 3k 3k 3k 3k k %k k k k k k k k k k k k k k k

KKK R Xk PARAMETER DESCRIPTION RO KK R Rk kK
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LPEROD

C1

MPEROD

Cc2

NPEROD

INDICATES THE VALUES THAT X(0,J,K) AND X(L+1,J,K) ARE

ASSUMED TO HAVE.

=0 IFX(0,J,K) = X(L,J,K) AND X(L+1,J,K) = X(1,J,K).
=1 IFX(0,J,K) = X(L+1,J,K) = 0.

=2 IFX(0,J,K)=0 AND X(L+1,J,K) = X(L-1,J,K).

=3 IFX(0,J,K) = X(2,J,K) AND X(L+1,J,K) = X(L-1,J,K).

=4 IFX(0,J,K) = X(2,,K) AND X(L+1,J,K) = 0.

THE NUMBER OF UNKNOWNS IN THE I-DIRECTION. L MUST BE AT

LEAST 3.

THE REAL CONSTANT THAT APPEARS IN ' THE ABOVE EQUATION.

INDICATES THE VALUES THAT X(1,0,K) AND X(I,;M+1,K) ARE

ASSUMED TO HAVE.

=0 IF X(1,0,K) = X(I,M,K) AND X(I,M+1,K) = X(,1,K).
=1 IFX(1,0,K) = X(I,M+1,K) = 0.

=2 IF X(1,0,K) = 0 AND X({I,M+1,K) = X(I,M-1,K).

=3 IF X(1,0,K) = X(1,2,K) AND X(I,M+1,K) = X(I,M-1,K).

=4 IFX(1,0,K) = X(1,2,K) AND X(I,M+1,K) = 0.

THE NUMBER OF UNKNOWNS IN THE J-DIRECTION. M MUST BE AT

LEAST 3.

THE REAL CONSTANT WHICH APPEARS IN THE ABOVE EQUATION.

=0 IF A(1) AND C(N) ARE NOT ZERO.

=1 IFA(1)=C(N)=0.

THE NUMBER OF UNKNOWNS IN THE K-DIRECTION. N MUST BE AT
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AB,C

LDIMF

MDIMF

LEAST 3.

ONE-DIMENSIONAL ARRAYS OF LENGTH N THAT SPECIFY THE

COEFFICIENTS IN THE LINEAR EQUATIONS GIVEN ABOVE.

IF NPEROD = 0 THE ARRAY ELEMENTS MUST NOT DEPEND UPON THE
INDEX K, BUT MUST BE CONSTANT.  SPECIFICALLY,THE

SUBROUTINE CHECKS THE FOLLOWING CONDITION

A(K) = C(1)
C(K) = €(1)
B(K) = B(1)

FORK=1,2,...N.

THE ROW (OR FIRST) DIMENSION OF THE THREE-DIMENSIONAL
ARRAY F AS IT APPEARS IN THE PROGRAM CALLING POIS3D.
THIS PARAMETER IS USED TO SPECIFY THE VARIABLE DIMENSION

OF F.  LDIMF MUST BE AT LEAST L.

THE COLUMN (OR SECOND) DIMENSION OF THE THREE-DIMENSIONAL
ARRAY F AS IT APPEARS IN THE PROGRAM CALLING POIS3D.
THIS PARAMETER IS USED TO SPECIFY THE VARIABLE DIMENSION

OF F.  MDIMF MUST BE AT LEAST M.

A THREE-DIMENSIONAL ARRAY THAT SPECIFIES THE VALUES OF
THE RIGHT SIDE OF THE LINEAR SYSTEM OF EQUATIONS GIVEN

ABOVE. F MUST BE DIMENSIONED AT LEASTLX M X N.

A ONE-DIMENSIONAL ARRAY THAT MUST BE PROVIDED BY THE
USER FOR WORK SPACE. THE LENGTH OF W MUST BE AT LEAST
30+L+M+2*N + MAX(L,M,N) +

7H(INT((L+1)/2) + INT((M+1)/2).
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F CONTAINS THE SOLUTION X.

IERROR AN ERROR FLAG THAT INDICATES INVALID INPUT PARAMETERS.
EXCEPT FOR NUMBER ZERO, A SOLUTION IS NOT ATTEMPTED.
=0 NOERROR
=1 IFLPEROD.LT.0 OR.GT.4
=2 IFL.T.3
=3 IF MPEROD.LT.0 OR .GT. 4
=4 IFM.T.3
=5 |FNPEROD.LT.0 OR.GT. 1
=6 IFN.LT.3
=7 IFLDIMF .LT.L
=8 IFMDIMF.LT. M
=9 |FA(K) .NE. C(1) OR C(K) .NE. C(1) OR B(l) .NE.B(1)

FOR SOME K=1,2,...,N.

=10 IF NPEROD = 1 AND A(1) .NE. 0:OR.C(N).NE. 0

SINCE THIS IS THE ONLY MEANS OF INDICATING A POSSIBLY
INCORRECT CALL TO POIS3D, THE USER SHOULD TEST IERROR

AFTER THE CALL.

¥ %k %%k DROGRAM SPECIFICATIONS % * % % % % % % % % % %

DIMENSION OF  A(N),B(N),C(N),F(LDIMF,MDIME,N),

ARGUMENTS W(SEE ARGUMENT LIST)
LATEST DECEMBER 1, 1978
REVISION

SUBPROGRAMS  POIS3D,POS3D1,TRID,RFFTI,RFFTE,RFFTF1,RFFTB,
REQUIRED RFFTB1,COSTI,COST,SINTI,SINT,COSQI,COSQF, COSQF 1
COSQB,COSQB1,SINQY,SINQF,SINQB,CFFTI,CFFTIL,

CFFTB,CFFTB1,PASSB2,PASSB3,PASSB4, PASSB, CFFTF,
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SPECIAL

CONDITIONS

COMMON

BLOCKS

1/0

PRECISION

SPECIALIST

LANGUAGE

HISTORY

ALGORITHM

SPACE

REQUIRED

TIMING AND

ACCURACY

CFFTF1,PASSF1,PASSF2,PASSF3,PASSF4,PASSE,PIMACH,

NONE

VALUE

NONE

SINGLE

ROLAND SWEET

FORTRAN

WRITTEN BY ROLAND SWEET AT NCAR IN.JULY,1977.

THIS SUBROUTINE SOLVES THREE-DIMENSIONAL BLOCK
TRIDIAGONAL LINEAR SYSTEMS‘ARISING FROM-FINITE
DIFFERENCE APPROXIMATIONS TO THREE-DIMENSIONAL
POISSON EQUATIONS USING THE FOURIER TRANSFORM

PACKAGE SCLRFFTPAK WRITTEN BY PAUL SWARZTRAUBER.

6561(DECIMAL) = 14641(OCTAL) LOCATIONS ON THE

NCAR CONTROL DATA 7600

THE EXECUTION TIME T ON THE NCAR CONTROL DATA
7600 FOR SUBROUTINE POIS3D IS ROUGHLY PROPORTIONAL

TO L*M*N*(LOG2(L)+LOG2(M)+5), BUT ALSO DEPENDS ON
INPUT PARAMETERS LPEROD AND MPEROD.  SOME TYPICAL
VALUES ARE LISTED IN THE TABLE BELOW WHEN NPEROD=0.

TO MEASURE THE ACCURACY OF THE ALGORITHM A
UNIFORM RANDOM NUMBER GENERATOR WAS USED TO CREATE
A SOLUTION ARRAY X FOR THE SYSTEM GIVEN IN THE

'PURPOSE' WITH
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A(K) = C(K) = -0.5*B(K) = 1, K=1,2,...,N

AND, WHEN NPEROD =1

A(1)=C(N)=0

A(N) =C(1) = 2.

THE SOLUTION X WAS SUBSTITUTED INTO THE GIVEN SYS-
TEM AND, USING DOUBLE PRECISION, A RIGHT SIDE Y WAS
COMPUTED. USING THIS ARRAY Y SUBROUTINE POIS WAS
CALLED TO PRODUCE AN APPROXIMATE SOLUTION Z.  THEN

THE RELATIVE ERROR, DEFINED AS

E = MAX(ABS(Z(1,J,K)-X(1,,K)))/MAX(ABS(X(1,J,K)))

WHERE THE TWO MAXIMA ARETAKEN OVER I=1,2,...,L,
J=1,2,..,M AND K=1,2,...,N, WAS.COMPUTED," ' THE
VALUE OF E IS GIVEN IN THE TABLE BELOW FOR SOME

TYPICAL VALUES OF L,M AND N:

L(=M=N) LPEROD  MPEROD  T(MSECS) E

16 0 0 272 1.E-13
15 1 1 287 4.E-13
17 3 3 338 2.E-13
32 0 0 1755 2.E-13
31 1 1 1894 2.E-12
33 3 3 2042 7.E-13

PORTABILITY AMERICAN NATIONAL STANDARDS INSTITUTE FORTRAN.
THE MACHINE DEPENDENT CONSTANT PI IS DEFINED IN

FUNCTION PIMACH.

128



REQUIRED COS,SIN,ATAN
RESIDENT

ROUTINES

REFERENCE NONE

% %k %k %k %k ok ok ok ok k %k %k 3k 3k 3k 3k 3k k %k k k k k k k k k k k k k k k

DIMENSION A(1) ,B(1) ,C(1) , &

& F(LDIMF,MDIMF,1) W(1) ,SAVE(6)
LP = LPEROD+1
MP = MPEROD+1

NP = NPEROD+1

CHECK FOR INVALID INPUT.

IERROR = 0
IF (LP.LT.1 .OR. LP.GT.5) IERROR = 1
IF (L.LT. 3) IERROR = 2
IF (MP.LT.1 .OR. MP.GT.5) IERROR = 3
IF (M .LT. 3) IERROR = 4
IF (NP.LT.1 .OR. NP.GT.2) IERROR = 5
IF (N .LT. 3) IERROR = 6
IF (LDIMF .LT. L) IERROR = 7
IF (MDIMF .LT. M) IERROR = 8
IF (NP .NE. 1) GO TO 103
DO 101 K=1,N
IF (A(K) .NE. C(1)) GO TO 102
IF (C(K) .NE. C(1)) GO TO 102
IF (B(K) .NE. B(1)) GO TO 102
101 CONTINUE
GO TO 104
102 IERROR = 9
103 IF (NPEROD.EQ.1 .AND. (A(1).NE.O. .OR. C(N).NE.0.)) IERROR = 10

104 IF (IERROR .NE. 0) GO TO 122
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IWYRT = L+1
IWT = IWYRT+M

IWD = IWT+MAXO(L,M,N)+1
IWBB = IWD+N

IWX = IWBB+N

IWY = IWX+7*((L+1)/2)+15

GO TO (105,114),NP

REORDER UNKNOWNS WHEN NPEROD = 0.

105 NH = (N+1)/2
NHM1 = NH-1
NODD = 1
IF (2*NH .EQ. N) NODD =2
DO 111 I=1,L
DO 110 J=1,M
DO 106 K=1,NHM1
NHPK = NH+K
NHMK = NH-K
W(K) = F(1,J, NHMK)-F(1,J, NHPK)
W(NHPK) = F(1,J, NHMK)+F(1,J,NHPK)
106 CONTINUE
W(NH) = 2.*F(,J,NH)

GO TO (108,107),NODD

107 W(N) = 2.%F(I,J,N)
108 DO 109 K=1,N

F(1,4,K) = W(K)
109 CONTINUE

110  CONTINUE

111 CONTINUE
SAVE(1) = C(NHM1)
SAVE(2) = A(NH)
SAVE(3) = C(NH)
SAVE(4) = B(NHM1)
SAVE(5) = B(N)

SAVE(6) = A(N)
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C(NHM1) = 0.
A(NH) = 0.
C(NH) = 2.*C(NH)
GO TO (112,113),NODD
112 B(NHM1) = B(NHM1)-A(NH-1)
B(N) = B(N)+A(N)
GO TO 114
113 A(N) = C(NH)
114 CONTINUE
CALL POS3D1 (LP,L,MP,M,N,A,B,C,LDIMF, MDIMF, EW,W(IWYRT)W(IWT), &
& W(IWD),W(IWX),W(IWY),C1,C2,W(IWBB))
GO TO (115,122),NP
115 DO 121 I=1,L
DO 120 J=1,M
DO 116 K=1,NHM1
NHMK = NH-K
NHPK = NH+K
W(NHMK) = .5*(F(1,J,NHPK)+F(1,J,K))
W(NHPK) = .5*(F(1,J,NHPK)-F(1,J,K))
116 CONTINUE
W(NH) = .5*F(1,J,NH)

GO TO (118,117),NODD

117 W(N) = .5*F(1,J,N)
118 DO 119 K=1,N

F(1,,K) = W(K)
119 CONTINUE

120 CONTINUE

121 CONTINUE
C(NHM1) = SAVE(1)
A(NH) = SAVE(2)
C(NH) = SAVE(3)
B(NHM1) = SAVE(4)
B(N) = SAVE(5)
A(N) = SAVE(6)

122 CONTINUE

RETURN
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END

SUBROUTINE POS3D1 (LP,L,MP,M,N,A,B,C,LDIMF,MDIMF,FXRT,YRT,T,D, &

& WX,WY,C1,C2,BB)

DIMENSION A(1) ,B(1) ,C(1) , &
& F(LDIMF,MDIMF,1) JXRT(1) YRT(1)
& T(1) ,D(1) JWX(1) WY(1)
& BB(1)

Pl = PIMACH(DUM)
LR=L
MR = M

NR =N

GENERATE TRANSFORM ROOTS

LRDEL = ((LP-1)*(LP-3)*(LP-5))/3

SCALX = LR+LRDEL

DX = PI/(2.*SCALX)

GO TO (108,103,101,102,101),LP
101DI=05

SCALX = 2.*SCALX

GO TO 104
102DI=1.0

GO TO 104
103 DI=0.0
104 DO 105 I=1,LR

XRT(I) = -4.%C1*(SIN((FLOAT(1)-DI)*DX))**2

105 CONTINUE

SCALX = 2.*SCALX

GO TO (112,106,110,107,111),LP
106 CALL SINTI (LRWX)

GOTO 112
107 CALL COSTI (LR WX)

GOTO 112
108 XRT(1) = 0.

XRT(LR) = -4.%C1
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DO 109 I1=3,LR,2
XRT(I-1) = -4.*C1*(SIN(FLOAT((1-1))*DX))**2
XRT(I) = XRT(I-1)
109 CONTINUE
CALL RFFTI (LR,WX)
GOTO 112
110 CALL SINQI (LR,WX)
GOTO 112
111 CALL COSQI (LR,WX)
112 CONTINUE
MRDEL = ((MP-1)*(MP-3)*(MP-5))/3
SCALY = MR+MRDEL
DY = PI/(2.*SCALY)
GO TO (120,115,113,114,113),MP
113DJ=0.5
SCALY = 2.*SCALY
GOTO 116
114DJ=1.0
GOTO 116
115DJ=0.0
116 DO 117 J=1,MR
YRT(J) = -4.*C2*(SIN((FLOAT(J)-DJ)*DY))**2
117 CONTINUE
SCALY = 2.*SCALY
GO TO (124,118,122,119,123),MP
118 CALL SINTI (MRWY)
GOTO 124
119 CALL COSTI (MR,WY)
GOTO 124
120 YRT(1) = 0.
YRT(MR) = -4.¥C2
DO 121 J=3,MR,2
YRT(J-1) = -4.%C2*(SIN(FLOAT((J-1)) *DY))**2
YRT(J) = YRT(J-1)
121 CONTINUE

CALL RFFTI (MRWY)
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GO TO 124
122 CALL SINQI (MR,WY)
GO TO 124
123 CALL COSQl (MR,WY)
124 CONTINUE
IFWRD = 1
IS=1

125 CONTINUE

TRANSFORM X

DO 141 J=1,MR

DO 140 K=1,NR

DO 126 1=1,LR

T(1) = F(1,J,K)

126 CONTINUE

GO TO (127,130,131,134,135),LP

127 GO TO (128,129),IFWRD

128 CALL RFFTF (LR, TWX)
GOTO 138

129 CALL RFFTB (LR,TWX)
GOTO 138

130 CALL SINT (LR,T;WX)
GOTO 138

131 GO TO (132,133),IFWRD

132 CALL SINQF (LR,TWX)
GOTO 138

133 CALL SINQB (LR,T,WX)
GOTO 138

134 CALL COST (LR,TWX)
GOTO 138

135 GO TO (136,137),IFWRD

136 CALL COSQF (LR,TWX)
GOTO 138

137 CALL COSQB (LR,T;WX)

138 CONTINUE
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139

140

DO 139 I=1,LR
F(1,3,K) =T(1)

CONTINUE

CONTINUE

141 CONTINUE

GO TO (142,164),IFWRD

TRANSFORM Y

142 CONTINUE

143

144

145

146

147

148

149

150

151

152

153

154

155

DO 158 I=1,LR

DO 157 K=1,NR

DO 143 J=1,MR

TU) = F(1,3,K)
CONTINUE
GO TO (144,147,148,151,152),MP
GO TO (145,146),IFWRD
CALL RFFTF (MR, TWY)
GO TO 155
CALL RFFTB (MR, TWY)
GO TO 155
CALL SINT (MR, T\WY)
GO TO 155
GO TO (149,150),IFWRD
CALL SINQF (MR, TWY)
GO TO 155
CALL SINQB (MR,T,WY)
GO TO 155
CALL COST (MR,T,WY)
GO TO 155
GO TO (153,154),IFWRD
CALL COSQF (MR,TWY)
GO TO 155
CALL COSQB (MR,TWY)
CONTINUE

DO 156 J=1,MR

135



F(1,J,K) = T()
156 CONTINUE
157  CONTINUE
158 CONTINUE
GO TO (159,125),IFWRD

159 CONTINUE

SOLVE TRIDIAGONAL SYSTEMS IN Z

DO 163 I=1,LR
DO 162 J=1,MR
DO 160 K=1,NR
BB(K) = B(K)+XRT(I)+YRT()
T(K) = F(1,4,K)
160 CONTINUE
CALL TRID (NR,A,BB,C,T,D)
DO 161 K=1,NR
F(1,,K) = T(K)
161 CONTINUE
162 CONTINUE
163 CONTINUE
IFWRD = 2
IS=-1
GO TO 142
164 CONTINUE
DO 167 I=1,LR
DO 166 J=1,MR
DO 165 K=1,NR
F(1,J,K) = F(1,J,K)/(SCALX*SCALY)
165 CONTINUE
166  CONTINUE
167 CONTINUE
RETURN

END

SUBROUTINE RADB2 (IDO,L1,CC,CH,WA1)
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DIMENSION CC(IDO,2,L1) ,CH(IDO,L1,2)
& WA1(1)
DO 101 K=1,L1
CH(1,K,1) = CC(1,1,K)+CC(IDO,2,K)
CH(1,K,2) = CC(1,1,K)-CC(IDO,2,K)
101 CONTINUE
IF (IDO-2) 107,105,102
102 IDP2 = IDO+2
DO 104 K=1,L1
DO 103 1=3,ID0,2
IC = IDP2-|
CH(1-1,K,1) = CC(I-1,1,K)+CC(IC-1,2,K)
TR2 = CC(I-1,1,K)-CC(IC-1,2,K)
CH(1,K,1) = CC(1,1,K)-CC(IC,2,K)
TI2 = CC(1,1,K)+CC(IC,2,K)
CH(1-1,K,2) = WA1(1-2)*TR2-WA1(I-1)*TI2
CH(1,K,2) = WAL(1-2)*TI2+WA1(l-1)*TR2
103 CONTINUE
104 CONTINUE
IF (MOD(IDO,2) .EQ. 1) RETURN
105 DO 106 K=1,L1
CH(IDO,K,1) = CC(IDO,1,K)+CC(IDO,1,K)
CH(IDO,K,2) = -(CC(1,2,K)+CC(1,2,K))
106 CONTINUE
107 RETURN

END

SUBROUTINE RADBS3 (IDO,L1,CC,CH,WA1WA2)
DIMENSION CC(IDO,3,L1) ,CH(IDO,L1,3)
& WAL(1) WA2(1)
DATA TAUR,TAUI /-.5,.866025403784439/
DO 101 K=1,L1
TR2 = CC(IDO, 2,K)+CC(IDO,2,K)
CR2 = CC(1,1,K)+TAUR*TR2
CH(1,K,1) = CC(1,1,K)+TR2
CI3 = TAUI*(CC(1,3,K)+CC(1,3,K))
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CH(1,K,2) = CR2-CI3
CH(1,K,3) = CR2+CI3
101 CONTINUE
IF (IDO .EQ. 1) RETURN
IDP2 = IDO+2
DO 103 K=1,L1
DO 102 1=3,ID0,2
IC = IDP2-|
TR2 = CC(1-1,3,K)+CC(IC-1,2,K)
CR2 = CC(I-1,1,K)}+TAUR*TR2
CH(1-1,K,1) = CC(I-1,1,K)}+TR2
TI2 = €C(1,3,K)-CC(IC,2,K)
C12 = CC(1,1,K)+TAUR*TI2
CH(1,K,1) = CC(,1,K)+TI2
CR3 = TAUI*(CC(I-1,3,K)-CC(IC-1,2,K))
CI3 = TAUI*(CC(1,3,K)+CC(IC,2,K))
DR2 = CR2-CI3
DR3 = CR2+CI3
DI2 = CI2+CR3
DI3 = CI2-CR3
CH(1-1,K,2) = WA1(1-2)*DR2-WA1(I-1)*DI2
CH(1,K,2) = WA1(1-2)*DI2+WA1(1-1)*DR2
CH(1-1,K,3) = WA2(1-2)*DR3-WA2(I-1)*DI3
CH(1,K,3) = WA2(1-2)*DI3+WA2(I-1)*DR3
102 CONTINUE
103 CONTINUE
RETURN

END

SUBROUTINE RADB4 (IDO,L1,CC,CH,WALWA2,WA3)
DIMENSION CC(IDO,4,L1) ,CH(IDO,L1,4)
& WAL(1) \WA2(1) \WA3(1)
DATA SQRT2 /1.414213562373095/
DO 101 K=1,L1
TR1 = CC(1,1,K)-CC(IDO,4,K)

TR2 = CC(1,1,K)+CC(IDO,4,K)
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TR3 = CC(IDO, 2,K)+CC(IDO,2,K)

TR4 = CC(1,3,K)+CC(1,3,K)

CH(1,K,1) = TR2+TR3

CH(1,K,2) = TR1-TR4

CH(1,K,3) = TR2-TR3

CH(1,K,4) = TR1+TR4

101 CONTINUE
IF (IDO-2) 107,105,102
102 IDP2 = IDO+2
DO 104 K=1,L1

DO 103 1=3,ID0,2
IC = IDP2-I
TI1 = CC(1,1,K)+CC(IC,4,K)
TI2 = CC(1,1,K)-CC(IC,4,K)
TI3 = CC(1,3,K)-CC(IC,2,K)
TR4 = CC(1,3,K)+CC(IC,2,K)
TR1 = CC(1-1,1,K)-CC(IC-1,4,K)
TR2 = CC(I-1,1,K)+CC(IC-1,4,K)
TI4 = CC(I-1,3,K)-CC(IC-1,2,K)
TR3 = CC(I-1,3,K)+CC(IC-1,2,K)
CH(I-1,K,1) = TR2+TR3
CR3 = TR2-TR3
CH(I,K,1) = TI2+TI3
CI3 =TI2-TI3
CR2 = TR1-TR4
CR4 = TR1+TR4
Cl2 =TI1+TI4

Cl4 =TI1-Ti4

CH(1-1,K,2) = WA1(1-2)*CR2-WA1(I-1)*CI2
CH(1,K,2) = WA1(1-2)*CI2+WA1(l-1)*CR2
CH(1-1,K,3) = WA2(1-2)*CR3-WA2(I-1)*CI3
CH(1,K,3) = WA2(1-2)*CI3+WA2(I-1)*CR3
CH(1-1,K,4) = WA3(1-2)*CR4-WA3(I-1)*Cl4

CH(1,K,4) = WA3(1-2)*Cl4+WA3(I-1)*CR4

103 CONTINUE

104 CONTINUE
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IF (MOD(IDO,2) .EQ. 1) RETURN
105 CONTINUE
DO 106 K=1,L1
TI1 = CC(1,2,K)+CC(1,4,K)
TI2 = CC(1,4,K)-CC(1,2,K)
TR1 = CC(IDO, 1,K)-CC(IDO,3,K)
TR2 = CC(IDO, 1,K)+CC(IDO,3,K)
CH(IDO,K,1) = TR2+TR2
CH(IDO,K,2) = SQRT2*(TR1-TI1)
CH(IDO,K,3) = TI2+TI2
CH(IDO,K,4) = -SQRT2*(TR1+TI1)
106 CONTINUE
107 RETURN

END

SUBROUTINE RADBS5 (IDO,L1,CC,CH,WALWA2,WA3WA4)
DIMENSION CC(IDO,5,L1) ,CH(IDO,L1,5)
& WAL(1) \WA2(1) \WA3(1) WA4(1)
DATA TR11,T111,TR12,TI12 /.309016994374947,.951056516295154, &
&-.809016994374947,.587785252292473/
DO 101 K=1,L1
TI5 = CC(1,3,K)+CC(1,3,K)
TI4 = CC(1,5,K)+CC(1,5,K)
TR2 = CC(IDO, 2,K)+CC(IDO,2,K)
TR3 = CC(IDO,4,K)+CC(IDO,4,K)
CH(1,K,1) = CC(1,1,K)+TR2+TR3
CR2 = CC(1,1,K)+TR11*TR2+TR12*TR3
CR3 = CC(1,1,K)+TR12*TR2+TR11*TR3
CI5 = TIL1*TI5+TI12*TI4
Cl4 = TI12*TIS-TIL1*TI4
CH(1,K,2) = CR2-CI5
CH(1,K,3) = CR3-Cl4
CH(1,K,4) = CR3+Cl4
CH(1,K,5) = CR2+CI5

101 CONTINUE
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IF (IDO .EQ. 1) RETURN
IDP2 = IDO+2
DO 103 K=1,L1
DO 102 1=3,ID0,2
IC = IDP2-I
TIS = CC(1,3,K)+CC(IC,2,K)
TI2 = CC(1,3,K)-CC(IC,2,K)
TI4 = CC(1,5,K)+CC(IC,4,K)
TI3 = CC(1,5,K)-CC(IC,4,K)
TRS = CC(1-1,3,K)-CC(IC-1,2,K)
TR2 = CC(I-1,3,K)+CC(IC-1,2,K)
TR4 = CC(1-1,5,K)-CC(IC-1,4,K)
TR3 = CC(I-1,5,K)+CC(IC-1,4,K)
CH(I-1,K,1) = CC(I-1,1,K)+TR2+TR3
CH(1,K,1) = CC(1,1,K)+TI2+TI3
CR2 = CC(I-1,1,K)+TR11*TR2+TR12*TR3
C12 = CC(1,1,K)+TR11*TI2+TR12*TI3
CR3 = CC(I-1,1,K)+TR12*TR2+TR11*TR3
CI3 = CC(1,1,K)+TR12*TI2+TR11*TI3
CRS = TIL1*TR5+TI12*TR4
CI5 = TIL1*TIS+TI12*TI4
CR4 = TI12*TR5-TI11*TR4
Cl4 = TI12*TI5-TI11*TI4
DR3 = CR3-Cl4
DR4 = CR3+Cl4
DI3 = CI3+CR4
DI4 = CI3-CR4
DRS5 = CR2+CI5
DR2 = CR2-CI5
DI5 = CI2-CRS
DI2 = CI2+CR5
CH(I-1,K,2) = WA1(1-2)*DR2-WA1(I-1)*DI2
CH(1,K,2) = WA1(1-2)*DI2+WA1(1-1)*DR2
CH(I-1,K,3) = WA2(1-2)*DR3-WA2(I-1)*DI3
CH(1,K,3) = WA2(1-2)*DI3+WA2(1-1)*DR3

CH(I-1,K,4) = WA3(1-2)*DR4-WA3(I-1)*DI4
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CH(1,K,4) = WA3(1-2)*DI4+WA3(1-1)*DR4
CH(I-1,K,5) = WA4(1-2)*DR5-WA4(I-1)*DI5
CH(1,K,5) = WA4(1-2)*DI5+WA4(1-1)*DR5
102 CONTINUE
103 CONTINUE
RETURN

END

SUBROUTINE RADBG (IDO,IP,L1,IDL1,CC,C1,C2,CH,CH2,WA)

DIMENSION CH(IDO,L1,IP) ,CC(IDO,IP,L1)
& C1(IDO,LL,IP) ,C2(IDLL,IP), &
& CH2(IDL1,IP) JWA(1)

DATA TP1/6.28318530717959/
ARG = TPI/FLOAT(IP)
DCP = COS(ARG)
DSP = SIN(ARG)
IDP2 = IDO+2
NBD = (IDO-1)/2
IPP2 = IP+2
IPPH = (IP+1)/2
IF (IDO .LT. L1) GO TO 103
DO 102 K=1,L1
DO 101 I=1,IDO
CH(1,K,1) = CC(1,1,K)
101 CONTINUE
102 CONTINUE
GO TO 106
103 DO 105 I=1,IDO
DO 104 K=1,L1
CH(1,K,1) = CC(1,1,K)
104 CONTINUE
105 CONTINUE
106 DO 108 J=2,IPPH
JC=1PP2-)
12 =1+

DO 107 K=1,L1
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CH(1,K,J) = CC(IDO,J2-2,K)+CC(IDO,J2-2,K)
CH(1,K,JC) = CC(1,02-1,K)+CC(1,)2-1,K)
107  CONTINUE
108 CONTINUE
IF (IDO .EQ. 1) GO TO 116
IF (NBD .LT. L1) GO TO 112
DO 111 J=2,IPPH
JC=1PP2-J
DO 110 K=1,L1
DO 109 I=3,ID0,2
IC = IDP2-I
CH(I-1,K,J) = CC(I-1,2*)-1,K)+CC(IC-1,2*)-2,K)
CH(I-1,K,JC) = CC(1-1,2*)-1,K)-CC(IC-1,2*J-2,K)
CH(1,K,J) = CC(1,2*)-1,K)-CC(IC,2*)-2,K)
CH(1,K,JC) = CC(1,2*)-1,K)+CC(IC,2*1-2,K)
109 CONTINUE
110  CONTINUE
111 CONTINUE
GOTO 116
112 DO 115 J=2,IPPH
JC=1PP2-J
DO 114 1=3,ID0,2
IC = IDP2-I
DO 113 K=1,L1
CH(I-1,K,J) = CC(I-1,2*)-1,K)+CC(IC-1,2*)-2,K)
CH(I-1,K,JC) = CC(1-1,2*)-1,K)-CC(IC-1,2*J-2,K)
CH(1,K,J) = CC(1,2*)-1,K)-CC(IC,2%)-2,K)
CH(1,K,JC) = CC(1,2*)-1,K)+CC(IC,2*1-2,K)
113 CONTINUE
114  CONTINUE
115 CONTINUE
116 AR1=1.
Al1=0.
DO 120 L=2,IPPH
LC=IPP2-L

AR1H = DCP*AR1-DSP*Al1
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Al1 = DCP*AI1+DSP*AR1
AR1 = AR1H
DO 117 IK=1,IDL1
C2(IK,L) = CH2(IK,1)+AR1*CH2(IK,2)
C2(IK,LC) = AI1*CH2(IK, IP)
117  CONTINUE
DC2 = AR1
DS2 = Al1
AR2 = AR1
A2 = Al
DO 119 J=3,IPPH
JC=1PP2-J
AR2H = DC2*AR2-DS2*Al2
A2 = DC2*AI2+DS2*AR2
AR2 = AR2H
DO 118 IK=1,IDL1
C2(IK,L) = C2(IK,L)+AR2*CH2(IK,J)
C2(IK,LC) = C2(IK,LC)+AI2*CH2(IK,JC)
118 CONTINUE
119  CONTINUE
120 CONTINUE
DO 122 J=2,IPPH
DO 121 IK=1,IDL1
CH2(IK,1) = CH2(IK, 1)+CH2(IK,J)
121  CONTINUE
122 CONTINUE
DO 124 J=2,IPPH
JC=1PP2-J
DO 123 K=1,L1
CH(L,K,J) = C1(1,K,J)-C1(1,K,IC)
CH(1,K,JC) = C1(1,K,J)+C1(1,K,IC)
123 CONTINUE
124 CONTINUE
IF (IDO .EQ. 1) GO TO 132
IF (NBD .LT. L1) GO TO 128

DO 127 J=2,IPPH
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JC=1PP2-J
DO 126 K=1,L1
DO 125 1=3,ID0,2
CH(I-1,K,J) = C1(1-1,K,J)-C1(1,K,JC)
CH(I-1,K,JC) = C1(I-1,K,)+C1(1,K,JC)
CH(1,K,J) = C1(1,K,J)}+C1(1-1,K,JC)
CH(1,K,JC) = C1(1,K,J)-C1(1-1,K,JC)
125 CONTINUE
126  CONTINUE
127 CONTINUE
GO TO 132
128 DO 131 J=2,IPPH
JC=1PP2-J
DO 130 1=3,ID0,2
DO 129 K=1,L1
CH(I-1,K,J) = C1(1-1,K,J)-C1(1,K,JC)
CH(I-1,K,JC) = C1(I-1,K,J)+C1(1,K,JC)
CH(1,K,J) = C1(1,K,J)}+C1(1-1,K,IC)
CH(1,K,JC) = C1(1,K,J)-C1(I-1,K,JC)
129 CONTINUE
130  CONTINUE
131 CONTINUE
132 CONTINUE
IF (IDO .EQ. 1) RETURN
DO 133 IK=1,IDL1
C2(IK,1) = CH2(IK,1)
133 CONTINUE
DO 135 J=2,IP
DO 134 K=1,L1
C1(1,K,J) = CH(L,K,J)
134  CONTINUE
135 CONTINUE
IF (NBD .GT. L1) GO TO 139
IS =-IDO
DO 138 J=2,IP

IS = 1S+IDO
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DU =1S
DO 137 1=3,ID0,2
1Dl = IDIJ+2
DO 136 K=1,L1
C1(1-1,K,J) = WA(IDI-1)*CH(I-1,K,J)-WA(IDIJ)*CH(1,K,J)
C1(1,K,J) = WA(IDI-1)*CH(1,K,J)+WA(IDI)*CH(I-1,K,J)
136 CONTINUE
137  CONTINUE
138 CONTINUE
GO TO 143
13915 =-1DO
DO 142 J=2,IP
IS = IS+IDO
DO 141 K=1,L1
DU =1S
DO 140 1=3,ID0,2
IDlJ = IDIJ+2
C1(1-1,K,J) = WA(IDI-1)*CH(I-1,K,J)-WA(IDII)*CH(1,K,4)
C1(1,K,J) = WA(IDI-1)*CH(1,K,J)+WA(IDI)*CH(I-1,K,J)
140 CONTINUE
141  CONTINUE
142 CONTINUE
143 RETURN

END

SUBROUTINE RADF2 (IDO,L1,CC,CH,WA1)

DIMENSION CH(IDO,2,L1) ,CC(IDO,L1,2)
& WA1(1)
DO 101 K=1,L1

CH(1,1,K) = CC(1,K,1)+CC(1,K,2)
CH(IDO,2,K) = CC(1,K,1)-CC(1,K,2)
101 CONTINUE
IF (IDO-2) 107,105,102
102 IDP2 = IDO+2
DO 104 K=1,L1

DO 103 1=3,IDO,2
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IC = IDP2-I
TR2 = WAL(I-2)*CC(1-1,K,2)+WA1(1-1)*CC(1,K,2)
TI2 = WAL(1-2)*CC(1,K,2)-WA1(1-1)*CC(I-1,K,2)
CH(1,1,K) = CC(1,K,1)+T12
CH(IC,2,K) = TI2-CC(1,K,1)
CH(I-1,1,K) = CC(I-1,K,1)+TR2
CH(IC-1,2,K) = CC(I-1,K,1)-TR2
103 CONTINUE
104 CONTINUE
IF (MOD(IDO,2) .EQ. 1) RETURN
105 DO 106 K=1,L1
CH(1,2,K) = -CC(IDO,K,2)
CH(IDO,1,K) = CC(IDO,K,1)
106 CONTINUE
107 RETURN

END

SUBROUTINE RADF3 (IDO,L1,CC,CH,WA1,WA2)

DIMENSION CH(IDO,3,L1) .CC(IDO,L1;3)

& WA1(1) JWA2(1)
DATA TAUR,TAUI /-.5,.866025403784439/
DO 101 K=1,L1
CR2 = CC(1,K,2)+CC(1,K,3)
CH(1,1,K) = CC(1,K,1)+CR2
CH(1,3,K) = TAUI*(CC(1,K,3)-CC(1,K,2))
CH(IDO,2,K) = CC(1,K,1)+ TAUR*CR2
101 CONTINUE
IF (IDO .EQ. 1) RETURN
IDP2 = IDO+2
DO 103 K=1,L1
DO 102 I=3,ID0,2
IC = IDP2-|
DR2 = WA1(1-2)*CC(I-1,K,2)+WA1(l-1)*CC(1,K,2)
DI2 = WA1(I-2)*CC(1,K,2)-WA1(I-1)*CC(I-1,K,2)
DR3 = WA2(1-2)*CC(I-1,K,3)+WA2(1-1)*CC(1,K,3)

DI3 = WA2(I-2)*CC(1,K,3)-WA2(I-1)*CC(1-1,K,3)
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CR2 = DR2+DR3
Cl2 = DI2+DI3
CH(I-1,1,K) = CC(1-1,K,1)+CR2
CH(1,1,K) = CC(1,K,1)+CI2
TR2 = CC(1-1,K, 1)+ TAUR*CR2
TI2 = CC(1,K, 1)+TAUR*CI2
TR3 = TAUI*(DI2-DI3)
TI3 = TAUI*(DR3-DR2)
CH(I-1,3,K) = TR2+TR3
CH(IC-1,2,K) = TR2-TR3
CH(1,3,K) = TI2+TI3
CH(IC,2,K) = TI3-TI2

102 CONTINUE

103 CONTINUE

RETURN

END

SUBROUTINE RADF4 (IDO,L1,CC,CH,WAL,WA2,WA3)
DIMENSION CC(IDO,L1,4) .CH(IDO,4,11)
& WAL(1) \WA2(1) WA3(1)
DATA HSQT2 /.7071067811865475/
DO 101 K=1,L1
TR1 = CC(1,K,2)+CC(1,K,4)
TR2 = CC(1,K,1)+CC(1,K,3)
CH(1,1,K) = TR1+TR2
CH(IDO,4,K) = TR2-TR1
CH(IDO,2,K) = CC(1,K,1)-CC(1,K,3)
CH(1,3,K) = CC(1,K,4)-CC(1,K,2)
101 CONTINUE
IF (IDO-2) 107,105,102
102 IDP2 = IDO+2
DO 104 K=1,L1
DO 103 1=3,ID0,2
IC = IDP2-I
CR2 = WAL(I-2)*CC(I-1,K,2)+WA1(1-1)*CC(1,K,2)

C12 = WAL(1-2)*CC(1,K,2)-WAL(1-1)*CC(I-1,K,2)
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CR3 = WA2(I-2)*CC(I-1,K,3)+WA2(1-1)*CC(1,K,3)
CI3 = WA2(1-2)*CC(1,K,3)-WA2(1-1)*CC(I-1,K,3)
CR4 = WA3(I-2)*CC(I-1,K,4)+WA3(1-1)*CC(1,K,4)
Cl4 = WA3(1-2)*CC(1,K,4)-WA3(1-1)*CC(I-1,K,4)
TR1 = CR2+CR4
TR4 = CR4-CR2
TI1 = CI2+Cl4
TI4 = CI2-Cl4
TI2 = CC(1,K,1)+CI3
TI3 = CC(1,K,1)-CI3
TR2 = CC(I-1,K,1)+CR3
TR3 = CC(1-1,K,1)-CR3
CH(I-1,1,K) = TR1+TR2
CH(IC-1,4,K) = TR2-TR1
CH(1,1,K) = TIZ+TI2
CH(IC,4,K) = TI1-TI2
CH(I-1,3,K) = TI4+TR3
CH(IC-1,2,K) = TR3-TI4
CH(1,3,K) = TR4+TI3
CH(IC,2,K) = TR4-TI3
103 CONTINUE
104 CONTINUE
IF (MOD(IDO,2) .EQ. 1) RETURN
105 CONTINUE
DO 106 K=1,L1
TI1 = -HSQT2*(CC(IDO,K,2)+CC(IDO,K,4))
TR1 = HSQT2*(CC(IDO,K,2)-CC(IDO,K, 4))
CH(IDO,1,K) = TR1+CC(IDO,K, 1)
CH(IDO,3,K) = CC(IDO,K,1)-TR1
CH(1,2,K) = TI1-CC(IDO,K,3)
CH(1,4,K) = TI1+CC(IDO,K,3)
106 CONTINUE
107 RETURN

END

SUBROUTINE RADFS (IDO,L1,CC,CH,WAL,WA2,WA3,WA4)
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DIMENSION CC(IDO,L1,5) ,CH(IDO,5,L1) L&
& WAL(1) \WA2(1) \WA3(1) \WA4(1)
DATA TR11,T111,TR12,TI12 /.309016994374947,.951056516295154, &
&-.809016994374947,.587785252292473/
DO 101 K=1,L1
CR2 = CC(1,K,5)+CC(1,K,2)
ClI5 = CC(1,K,5)-CC(1,K,2)
CR3 = CC(1,K,4)+CC(1,K,3)
Cl4 = CC(1,K,4)-CC(1,K,3)
CH(1,1,K) = CC(1,K,1)+CR2+CR3
CH(IDO,2,K) = CC(1,K,1)+TR11*CR2+TR12*CR3
CH(1,3,K) = TIL1*CI5+TI12*Cl4
CH(IDO,4,K) = CC(1,K,1)+TR12*CR2+TR11*CR3
CH(1,5,K) = TIL2*CI5-TI11*Cl4
101 CONTINUE
IF (IDO .EQ. 1) RETURN
IDP2 = IDO+2
DO 103 K=1,L1
DO 102 1=3,ID0,2
IC = IDP2-I
DR2 = WA1(1-2)*CC(I-1,K,2)+WAZL(I-1)*CC(1,K,2)
DI2 = WAL(I-2)*CC(1,K,2)-WAL(I-1)*CC(1-1,K,2)
DR3 = WA2(1-2)*CC(I-1,K,3)+WA2(I-1)*CC(1,K,3)
DI3 = WA2(I-2)*CC(1,K,3)-WA2(I-1)*CC(1-1,K,3)
DR4 = WA3(1-2)*CC(I-1,K,4)+WA3(I-1)*CC(1,K,4)
DI4 = WA3(I-2)*CC(1,K,4)-WA3(I-1)*CC(1-1,K,4)
DR5 = WA4(1-2)*CC(I-1,K,5)+WA4(I-1)*CC(1,K,5)
DI5 = WA4(I-2)*CC(1,K,5)-WA4(I-1)*CC(1-1,K,5)
CR2 = DR2+DR5
CI5 = DR5-DR2
CRS = DI2-DI5
CI2 = DI2+DI5
CR3 = DR3+DR4
Cl4 = DR4-DR3
CR4 = DI3-DI4

CI3 =DI3+Dl4
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CH(I-1,1,K) = CC(I-1,K,1)+CR2+CR3
CH(1,1,K) = CC(1,K,1)+CI2+CI3
TR2 = CC(1-1,K,1)+TR11*CR2+TR12*CR3
TI2 = CC(1,K,1)+TR11*CI2+TR12*CI3
TR3 = CC(1-1,K,1)+TR12*CR2+TR11*CR3
TI3 = CC(1,K,1)+TR12*CI2+TR11*CI3
TRS = TI11*CRS+TI12*CR4
TI5 = TIL1*CI5+TI12*Cl4
TR4 = TI12*CR5-TI11*CR4
TI4 = TI12*CI5-TI11*Cl4
CH(I-1,3,K) = TR2+TR5
CH(IC-1,2,K) = TR2-TRS
CH(1,3,K) = TI2+TI5
CH(IC,2,K) = TI5-TI2
CH(I-1,5,K) = TR3+TR4
CH(IC-1,4,K) = TR3-TR4
CH(1,5,K) = TI3+TI4
CH(IC,4,K) = TI4-TI3

102 CONTINUE

103 CONTINUE

RETURN

END

SUBROUTINE RADFG (IDO,IP,L1,IDL1,CC,C1,C2,CH,CH2,WA)

DIMENSION CH(IDO,L1,IP) ,CC(IDO,IP,L1)
& C1(IDO,LL,IP) ,C2(IDLL,IP), &
& CH2(IDL1,IP) JWA(1)

DATA TPI/6.28318530717959/
ARG = TPI/FLOAT(IP)

DCP = COS(ARG)

DSP = SIN(ARG)

IPPH = (IP+1)/2

IPP2 = [P+2

IDP2 = IDO+2

NBD = (IDO-1)/2

IF (IDO .EQ. 1) GO TO 119
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DO 101 IK=1,IDL1
CH2(IK,1) = C2(IK,1)
101 CONTINUE
DO 103 J=2,IP
DO 102 K=1,L1
CH(L,KJ) = C1(1,K,J)
102 CONTINUE
103 CONTINUE
IF (NBD .GT. L1) GO TO 107
IS = -IDO
DO 106 J=2,IP
IS = IS+IDO
DU =1S
DO 105 1=3,ID0,2
1Dl = IDIJ+2
DO 104 K=1,L1
CH(I-1,K,J) = WA(IDIJ-1)*C1(I-1,K,J)+WA(ID1) *CL(1,K,J)
CH(1,K,J) = WA(IDIJ-1)*C1(1,K,J)-WA(IDII)*CL(I-1,K,J)
104 CONTINUE
105  CONTINUE
106 CONTINUE
GO TO 111
107 1S = -IDO
DO 110 J=2,IP
IS = IS+IDO
DO 109 K=1,L1
DU =1S
DO 108 1=3,ID0,2
IDlJ = IDIJ+2
CH(I-1,K,J) = WA(IDIJ-1)*C1(I-1,K,J)+WA(IDI)*C1(1,K,J)
CH(1,K,J) = WA(IDIJ-1)*C1(1,K,J)-WA(IDIJ)*C1(I-1,K,J)
108 CONTINUE
109  CONTINUE
110 CONTINUE
111 IF (NBD .LT. L1) GO TO 115

DO 114 J=2,IPPH
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JC=1PP2-J
DO 113 K=1,L1
DO 112 1=3,ID0,2
C1(1-1,K,J) = CH(I-1,K,J)+CH(I-1,K,JC)
CL(I-1,K,JC) = CH(1,K,J)-CH(1,K,JC)
C1(1,K,J) = CH(L,K,J)+CH(1,K,IC)
C1(1,K,JC) = CH(I-1,K,JC)-CH(I-1,K,J)
112 CONTINUE
113  CONTINUE
114 CONTINUE
GO TO 121
115 DO 118 J=2,IPPH
JC=1PP2-J
DO 117 1=3,ID0,2
DO 116 K=1,L1
C1(I-1,K,J) = CH(I-1,K,J)+CH(I-1,K,JC)
C1(I-1,K,JC) = CH(1,K,J)-CH(1,K,JC)
C1(1,K,J) = CH(1,K,J)+CH(1,K,IC)
C1(1,K,JC) = CH(I-1,K,JC)-CH(I-1,K,J)
116 CONTINUE
117  CONTINUE
118 CONTINUE
GO TO 121
119 DO 120 IK=1,IDL1
C2(IK,1) = CH2(IK,1)
120 CONTINUE
121 DO 123 J=2,IPPH
JC=1PP2-J
DO 122 K=1,L1
C1(1,K,J) = CH(L,K,J)}+CH(L,K,JC)
C1(1,K,JC) = CH(L,K,JC)-CH(1,K,J)
122 CONTINUE

123 CONTINUE

AR1=1.

All=0.
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DO 127 L=2,IPPH
LC=IPP2-L
AR1H = DCP*AR1-DSP*AI1
Al1 = DCP*AI1+DSP*AR1
AR1 = AR1H
DO 124 IK=1,IDL1
CH2(IK,L) = C2(IK, 1)+AR1*C2(IK,2)
CH2(IK,LC) = AIT*C2(IK,IP)
124  CONTINUE
DC2 = AR1
DS2 = Al1
AR2 = AR1
A2 = Al
DO 126 J=3,IPPH
JC=1PP2-J
AR2H = DC2*AR2-DS2*Al2
A2 = DC2*AI2+DS2*AR2
AR2 = AR2H
DO 125 IK=1,IDL1
CH2(IK,L) = CH2(IK, L)+AR2*C2(IK,J)
CH2(IK,LC) = CH2(IK,LC)+AI2*C2(IK,JC)
125 CONTINUE
126  CONTINUE
127 CONTINUE
DO 129 J=2,IPPH
DO 128 IK=1,IDL1
CH2(IK,1) = CH2(IK,1)+C2(IK,J)
128  CONTINUE

129 CONTINUE

IF (IDO .LT. L1) GO TO 132
DO 131 K=1,L1
DO 130 1=1,IDO
CC(1,1,K) = CH(1,K,1)
130  CONTINUE

131 CONTINUE

154



GO TO 135
132 DO 134 1=1,IDO
DO 133 K=1,L1
CC(1,1,K) = CH(l,K,1)
133 CONTINUE
134 CONTINUE
135 DO 137 J=2,IPPH
JC=1PP2-)
2=+
DO 136 K=1,L1
CC(IDO,J2-2,K) = CH(1,K,J)
CC(1,J2-1,K) = CH(1,K,JC)
136 CONTINUE
137 CONTINUE
IF (IDO .EQ. 1) RETURN
IF (NBD .LT. L1) GO TO 141
DO 140 J=2,IPPH
JC=1PP2-)
2=+
DO 139 K=1,L1
DO 138 1=3,ID0O,2
IC = 1DP2-|
CC(I-1,J2-1,K) = CH(I-1,K,J)+CH(I-1,K,JC)
CC(IC-1,J2-2,K) = CH(I-1,K,J)-CH(I-1,K,JC)
CC(1,42-1,K) = CH(1,K,J)+CH(1,K,JC)
CC(IC,J2-2,K) = CH(,K,JC)-CH(1,K,J)
138 CONTINUE
139 CONTINUE
140 CONTINUE
RETURN
141 DO 144 )=2,IPPH
JC=1PP2-)
2=+
DO 143 1=3,IDO,2
IC =1DP2-|

DO 142 K=1,L1
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142

143

CC(I-1,J2-1,K) = CH(I-1,K,J)+CH(I-1,K,JC)

CC(IC-1,02-2,K) = CH(I-1,K,J)-CH(1-1,K,JC)

CC(1,J2-1,K) = CH(1,K,J)+CH(1,K,JC)

CC(IC,02-2,K) = CH(1,K,JC)-CH(1,K,J)
CONTINUE

CONTINUE

144 CONTINUE

101

102

103

104

105

RETURN

END

SUBROUTINE RFFTB1 (N,C,CH,WA,IFAC)
DIMENSION CH(1) ,C(1) WA(1)
NF = IFAC(2)
NA=0
t1=1
w=1
DO 116 K1=1,NF
IP = IFAC(K1+2)
L2 = IP*L1
IDO = N/L2
IDL1 = IDO*L1
IF (IP .NE. 4) GO TO 103
IX2 = IW+IDO
IX3 = IX2+IDO
IF (NA .NE. 0) GO TO 101
CALL RADB4 (IDO,L1,C,CH,WA(IW),WA(IX2), WA(IX3))
GO TO 102
CALL RADB4 (IDO, L1,CH,CWA(IW),WA(IX2),WA(IX3))
NA = 1-NA
GO TO 115
IF (IP .NE. 2) GO TO 106
IF (NA .NE. 0) GO TO 104
CALL RADB2 (IDO,L1,C,CH,WA(IW))
GO TO 105
CALL RADB2 (IDO,L1,CH,CWA(IW))

NA = 1-NA

JIFAC(1)
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GO TO 115
106  IF (IP .NE. 3) GO TO 109
IX2 = IW+IDO
IF (NA .NE. 0) GO TO 107
CALL RADBS3 (IDO,L1,C,CH,WA(IW),WA(IX2))
GO TO 108
107 CALL RADBS3 (IDO,L1,CH,C,WA(IW),WA(IX2))
108  NA=1-NA
GO TO 115
109 IF (IP .NE. 5) GO TO 112
IX2 = IW+IDO
IX3 = IX2+IDO
IX4 = IX3+IDO
IF (NA .NE. 0) GO TO 110
CALL RADBS (IDO,L1,C,CH,WA(IW),WA(IX2) WA(IX3),WA(IX4))
GO TO 111
110  CALL RADBS (IDO,L1,CH,C,WA(IW)WA(IX2), WA(IX3),WA(IX4))
111  NA=1-NA
GO TO 115
112 IF (NA.NE.0) GO TO 113
CALL RADBG (IDO,IP,L1,IDLL,C,C,C,CH,CHWA(IW))
GO TO 114
113 CALL RADBG (IDO,IP,L1,IDL1,CH,CH,CH,C,CWA(IW))
114  IF(IDO.EQ. 1) NA = 1-NA
115 L1=1L2
IW = IW+(IP-1)*IDO
116 CONTINUE
IF (NA .EQ. 0) RETURN
DO 117 I=1,N
(1) = CH(1)
117 CONTINUE
RETURN

END

SUBROUTINE RFFTB (N,RWSAVE)

DIMENSION R(1) WSAVE(1)
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101

102

103

104

IF (N .EQ. 1) RETURN
CALL RFFTB1 (N,R,WSAVE,WSAVE(N+1), WSAVE(2*N+1))
RETURN

END

SUBROUTINE RFFTF1 (N,C,CH,WA, IFAC)

DIMENSION CH(1) ,C(1) WA(1) JIFAC(1)

NF = IFAC(2)
NA=1
L2=N
IW =N
DO 111 K1=1,NF
KH = NF-K1
IP = IFAC(KH+3)
L1=L2/IP
IDO = N/L2
IDL1 = IDO*L1
IW = IW-(IP-1)*IDO
NA = 1-NA
IF (IP .NE. 4) GO TO 102
IX2 = IW+IDO
IX3 = IX2+IDO
IF (NA .NE. 0) GO TO 101
CALL RADF4 (IDO,L1,C,CH,WA(IW),WA(IX2),WA(IX3))
GO TO 110
CALL RADF4 (IDO,L1,CH,CWA(IW),WA(IX2),WA(IX3))
GO TO 110
IF (IP .NE. 2) GO TO 104
IF (NA .NE. 0) GO TO 103
CALL RADF2 (IDO,L1,C,CH,WA(IW))
GO TO 110
CALL RADF2 (IDO,L1,CH,C,WA(IW))
GO TO 110
IF (IP .NE. 3) GO TO 106
IX2 = IW+IDO

IF (NA .NE. 0) GO TO 105
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CALL RADF3 (IDO,L1,C,CH,WA(IW),WA(IX2))
GO TO 110
105  CALL RADF3 (IDO,L1,CH,C,WA(IW),WA(IX2))
GO TO 110
106  IF (IP .NE. 5) GO TO 108
IX2 = IW+IDO
IX3 = IX2+IDO
IX4 = IX3+IDO
IF (NA .NE. 0) GO TO 107
CALL RADFS (IDO,L1,C,CHWA(IW),WA(IX2), WA(IX3) WA(IX4))
GO TO 110
107 CALL RADFS5 (IDO,L1,CH,C,WA(IW),WA(IX2),WA(IX3),WA(IX4))
GO TO 110
108  IF(IDO.EQ. 1) NA = 1-NA
IF (NA .NE. 0) GO TO 109
CALL RADFG (IDO,IP,L1,IDL1,C,C,C,CH,CHWA(IW))
NA=1
GO TO 110
109  CALL RADFG (IDO,IP,L1,IDL1,CH,CH,CH,C,CWA(IW))
NA=0
110  L2=11
111 CONTINUE
IF (NA .EQ. 1) RETURN
DO 112 I=1,N
(1) = CH(1)
112 CONTINUE
RETURN

END

SUBROUTINE RFFTF (N,R,WSAVE)

DIMENSION R(1) WSAVE(1)

IF (N .EQ. 1) RETURN

CALL RFFTF1 (N,R,WSAVE, WSAVE(N+1), WSAVE(2*N+1))
RETURN

END
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SUBROUTINE RFFTI1 (N, WA, IFAC)
DIMENSION WA(1) JFAC(1)  NTRYH(4)
DATA NTRYH(1),NTRYH(2),NTRYH(3),NTRYH(4)/4,2,3,5/
NL=N
NF=0
1=0
101J=J+1
IF (J-4) 102,102,103
102 NTRY = NTRYH(J)
GO TO 104
103 NTRY = NTRY+2
104 NQ = NL/NTRY
NR = NL-NTRY*NQ
IF (NR) 101,105,101
105 NF = NF+1
IFAC(NF+2) = NTRY
NL=NQ
IF (NTRY .NE. 2) GO TO 107
IF (NF .EQ. 1) GO TO 107
DO 106 I=2,NF
IB = NF-I+2
IFAC(IB+2) = IFAC(IB+1)
106 CONTINUE
IFAC(3) = 2
107 IF (NL.NE. 1) GO TO 104
IFAC(1) = N
IFAC(2) = NF
TPl = 6.28318530717959
ARGH = TPI/FLOAT(N)
IS=0
NFM1 = NF-1
t1=1
IF (NFM1 .EQ. 0) RETURN
DO 110 K1=1,NFM1
IP = IFAC(K1+2)

Lb=0
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L2 =L1*IP
IDO = N/L2
IPM = IP-1
DO 109 J=1,IPM
LD = LD+L1
1=1S
ARGLD = FLOAT(LD)*ARGH
FI=0.
DO 108 11=3,ID0,2
I=1+2
FI =FI+1.
ARG = FI*ARGLD
WA(I-1) = COS(ARG)
WA(I) = SIN(ARG)
108 CONTINUE
IS = I1S+IDO
109 CONTINUE
L1=12
110 CONTINUE
RETURN

END

SUBROUTINE RFFTI (N,WSAVE)

DIMENSION WSAVE(1)

IF (N .EQ. 1) RETURN

CALL RFFTI1 (N,WSAVE(N+1) WSAVE(2*N+1))
RETURN

END

SUBROUTINE SINQB (N,X,WSAVE)
DIMENSION X(1) WSAVE(1)
IF (N .GT. 1) GO TO 101
X(1) = 4.%X(1)
RETURN

101 NS2 = N/2

DO 102 K=2,N,2
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X(K) = -X(K)
102 CONTINUE
CALL COSQB (N,X,WSAVE)
DO 103 K=1,NS2
KC = N-K
XHOLD = X(K)
X(K) = X(KC+1)
X(KC+1) = XHOLD
103 CONTINUE
RETURN

END

SUBROUTINE SINQF (N,X,WSAVE)
DIMENSION X(1) WSAVE(1)
IF (N .EQ. 1) RETURN
NS2 = N/2
DO 101 K=1,NS2
KC = N-K
XHOLD = X(K)
X(K) = X(KC+1)
X(KC+1) = XHOLD
101 CONTINUE
CALL COSQF (N,X,WSAVE)
DO 102 K=2,N,2
X(K) = -X(K)
102 CONTINUE
RETURN

END

SUBROUTINE SINQI (N,WSAVE)
DIMENSION WSAVE(1)
CALL COSQI (N,WSAVE)
RETURN

END

SUBROUTINE SINT1(N,WAR,WAS,XH,X,IFAC)
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DIMENSION WAR(1),WAS(1),X(1),XH(1),IFAC(1)
DATA SQRT3 /1.73205080756888/
DO 100 I=1,N
XH(I) = WAR(l)
WAR(1) = X(1)
100 CONTINUE
IF (N-2) 101,102,103
101 XH(1) = XH(1)+XH(1)
GO TO 106
102 XHOLD = SQRT3*(XH(1)+XH(2))
XH(2) = SQRT3*(XH(1)-XH(2))
XH(1) = XHOLD
GO TO 106
103 NP1 = N+1
NS2 = N/2
X(1) =0.
DO 104 K=1,NS2
KC =NP1-K
T1 = XH(K)-XH(KC)
T2 = WAS(K)*(XH(K)+XH(KC))
X(K+1) =T1+T2
X(KC+1) = T2-T1
104 CONTINUE
MODN = MOD(N,2)
IF (MODN .NE. 0) X(NS2+2) = 4.*XH(NS2+1)
CALL RFFTF1 (NP1,X,XH,WAR,IFAC)
XH(1) = .5*X(1)
DO 105 I=3,N,2
XH(I-1) = -X(1)
XH(1) = XH(I-2)+X(I-1)
105 CONTINUE
IF (MODN .NE. 0) GO TO 106
XH(N) = -X(N+1)
106 DO 107 I=1,N
X(1) = WAR(1)
WAR(1) = XH(1)
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107 CONTINUE
RETURN

END

SUBROUTINE SINT (N,X,WSAVE)

DIMENSION X(1) JWSAVE(1)

NP1 = N+1

IW1 = N2+1

IW2 = IW1+NP1

IW3 = IW2+NP1

CALL SINTZ(N,X,WSAVE,WSAVE(IW1),WSAVE(IW2), WSAVE(IW3))
RETURN

END

SUBROUTINE SINTI (N,WSAVE)

DIMENSION WSAVE(1)

DATA Pl /3.14159265358979/

IF (N .LE. 1) RETURN

NS2 = N/2

NP1 = N+1

DT = PI/FLOAT(NP1)

DO 101 K=1,NS2

WSAVE(K) = 2.*SIN(K*DT)

101 CONTINUE

CALL RFFTI (NP1,WSAVE(NS2+1))

RETURN

END

SUBROUTINE TRID (MR,A,B,C,Y,D)

DIMENSION A(1) ,B(1) ,C(1) (1)
& D)

M = MR

MM1 = M-1

Z=1./B(1)

D(1) = C(1)*Z
Y(1) = Y(1)*Z
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DO 101 1=2,MM1
Z = 1./(B(1)-A(1)*D(I-1))
D(l) = C(1)*Z
Y(1) = (Y(1)-A()*Y(1-1))*Z
101 CONTINUE
Z = B(M)-A(M)*D(MM1)
IF (Z.NE. 0.) GO TO 102
Y(M) = 0.
GO TO 103
102 Y(M) = (Y(M)-A(M)*Y(MM1))/Z
103 CONTINUE
DO 104 IP=1,MM1
I=M-IP
Y(1) = Y(1)-D()*Y(I+1)
104 CONTINUE
RETURN

END
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