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Abstract

A new Fortran program called CFPSIF is introduced. Using the new recurrent
formula obtained by us the program CFPSIF calculates the fractional parent-
age coefficients ( CFPs ) of identical fecmion system with well-defined senior-
ity. The recurrent process is controlled by the multiplicity of the irreducible
representations{IRREPs) of group O(3) in the reduction SP(N) D O(3). It
is shown that the program CFPSIF is more efficient than the program GEN-

ESIS, especially for the system with a relatively large number of fermions.

PROGRAM SUMMARY

Title of program: CFPSIF
Catalogue number:
Program obtained by:
Licensing provisions: none

Computer: IBM RISC/6000 320H / VAX 8550; Department of Physics, Peking
University, Beijing / CCAST(World Lab.}, Beijing

Operating systgm: AIX 3.2.4.-/ VMS version 4.7

Programming language: FORTRAN 77

Memory required to execute with typical data: 943948 words

No. of bits in a word: 32

No. of lines in distributed program, including test data, etc: 916

Keywords:‘

identical fermions, angular momentum, seniority, multiplicity, coefficient of fractional
parentage, isoscalar factor, reduced matrix element, shell model, unitary group, symplec-

tic group
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Nature of physical problem

The program calculates all the coefficients of fractional parentage (CFPs)lU! of identical
fermion system, by using the recurrent relations ) with well-defined seniority. It is
of fundamental importance in constructing a many-particle wave function with well-
defined permutational symmetry and total angular momentum CFPs method is one of
the most efficient method for construction of such wave functions. [t is an iterative
method, namely, the n-particle wave function is constructed from (n-1) particle wave
functions by coupling one more particle. The reduced matrix elements of any physical
tensor operator can be calculated easily with the wave functions expressed in terms of
the CFPs. Therefore the calculation of CFPs plays an important role in nuclear physics,

atomic and molecular physics.

Method of solution

The program CFPSIF uses the approach developed in Refs.[2] to get all the CFP's of
an identical fermion system. In the approach, the CFP is factorized as a product of
the isoscalar factor(ISF) of the reduction U(N) O SP(IV) and that of SP(N) D O(3).
The ISF of the reduction U(N) D SP(NV) has been given analytically. The ISF of the
reduction SP(N) D O(3) is evaluated by a recurrent relation. The recurrent relation
is presented with well-defined seniority, and the recurcent process is controlled by the
multiplicity of an irreducible represeatation (IRREP) of O(3) in an IRREP of group
SP(N). It provides an efficient algorithm for computation and is numerically stable for

relatively large system.

Restriction on the complexity of the problem

The program can evaluate the CFPs of a system including identical fermions, each with
single angular momentum ;. At present, with the dimension coatrol parameters MNU=6,
NFS=40, NFJ=20, the program can handle the system with ;j < 11/2. If we take
the parameters MNU=3, NFS=300, NFJ=40, the program can handle the system with
7 £ 15/2. After the parameters MNU, NFS, NFJ et al. are enlarged, the system can be

enlarged.

Typical running time

This depends strongly on the fermion number and the single angular momentum . For
example, it takes about 67 minutes on VAX 3550 to get all the CFPsof a fermion system

with j = 15/2 , but it takes only about 3 seconds for the fermion system with j = 9/2.

References

[ 1} R. F. Bacher and S. Gousmit, Phys. Rev. 46 (1934) 948,
G. Racah, Phys. Rev. 63 (1943) 36T,
A. R. Edmonds and B. H. Flowers, Proc. R. Soc. London A 214 (1952) 515;
P. J. Redmond, Proc. R. Soc. London A 222 (1954) 84;
A. DeShalit and I, Talmi, Nuclear Shell Theory (Academic, New Yok, 1963).

[ 2) Hong-zhou Sun, Qi-zhi Han, Mei Zhang and Gui-lu Long, Commun. Theor. Phys.
11 (1989) 441.

[ 3] Jia-jun Wang,Hong-zhou Sun.High Energy Phys. Nucl.Phys,{in Chinese) 14 (1990)
842.



-

LONG WRITE-UP

1. Introduction

It is well known that the fractional parentage coefficients (CFPs)'=* method is one
of the most efficient method for the construction of shell model wave functions. It is
an iterative method,namely, the n-particle wave function is constructed from (n — 1)-
particle wave functions by coupling one more particle. An over-complete nonorthogonal
set of n-particle wave function can be formed. Then one has to find out the linear inde-
pendent and orthonormalized wave function by using an appropriate orthogonalization
method. Since thea many works have been donel~® to improve the evaluation proce-
dure, and some computer codes, such as JICFP) GENESISBS CFPSIBI, etc have
also been set up to evaluate the CFPs. However, all these codes are not efficient enough
for the system including a large number of identical particles each with higher single
j. There are two reascns for the limitation. The first is that the recurrent formulae
of CFPs were not represented with explicit seniority. The ones with definite seniority
should then be calculated by diagonalizing the quadratic Casimir operators of group
U(NY and group SP(N) (for fermions) or O(N) (for bosons) simultaneously, repeating
calculations increase rapidly with the increasing of the particle number n and the single
angular momentum j. The second is that the rounding errors of numerical calculations
in the procedure of choosing the linear independent CFPs from the over-complete set are
unavoided. On other hand, In ocder to investigate the physical mechanism of high spin
states and superdeforemation in nucleus and to examine the chaotic behaviour in many
fermion system, it is imperative to develop a computer code for evaluating CFPs of the
system including a large number of fermions, each with higher angular momentum(eg.
j =13/2, 15/2, 17/2, ------ B

Recently, Hong-Zhou Sun and the collaborators have developed a new recurrent re-
lations for determining the CFPs of fermion system with explicit seniority®. In the
new approach, the wave [unctions are classified according to the group chain U({V) D

SP(N) D O@3) ( ¥ = 27 + 1), and the CFPs are factorized into the product of the

isoscalar factors (ISFs) of the group chains U(&V) D SP(N) and SP(N) D O(3). The
ISFs of U(V) O SP(NV) have been obtained analytically. The ISFs of SP(V) D 0(3)
can be calculated by the recurrent formula with explicit seniority®. It has been shown
that this approach is quite efficient foc calculating the CFPs of the system including a
relatively large number of fermions, each with higher j, and the method is aumerically
stable for large system. In the frameworck of this new approach, we set up a FORTRAN
program CFPSIF. With this code, the CFPs of a system including a large number of
fermioans, each with a physically meaningtul angulac momentum j can be determined

efficiently.

In this paper, the program is introduced in details. In section 2, we give briefly
the mathematical formulae of the recurrent relations and the method of calculation. In
section 3, the program structure is described. Finally, we show the results of test runs

and give a brief discussion on the program.

2. Mathematical Formulae and Calculation Method

In the program CFPSIF, the new recurrent relations of CFPslfl and the formulae of
multiplicities(MULs)®*!! are used. The CFPs are factorized as

(nvalJin-luna Ji;J)
<nuaJ||a§|ln——lu1 a, Jl>/ﬁ

YRR "
(1) (1”) (]-y) ) (=3} J\ o J

in which |n v a J) is the state with fermion aumber n, seniority v, total angular momen-

il

. ‘ () =y e
tum J and additional quantum number o and
v a1
<(1) (1) 1 (1)
J ar i} al
of SP(N) D O(3) respectively, in which v = v =L oc vy = v + 1. The [SEs of

> are the ISFs of group reduction U(V) D SP(N) and the ISFs
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U(N) D SP(V) in the two cases have analytically been given asll
< ap e >_
W @y e/

< ot >=_J(V—l)(1\/——u+2)
(1 @y | a9 n(N-2v+2)

So that the key point in calculating the CFPs becomes the evaluation of the ISFs
< W (| )

] oSy oald
with v; = v + 1 and v; = v — | hold reciprocal relation

<(1) {1+ (1")>‘_(_),_,_,‘ (2J, + D)d(N,v) /(1) (1*)
j o h|alJ - (2J+1)d(N,V+l)<

viv —n—v+2)
n(NV =2 +2) (2)

> of the reduction SP(V) D O(3). The [SFs of SP(N)} D 0O3)

1u+l
( )>, )

) adJ| oSy

where
(N +2=20)(N + L)
V(N +2—v)

The ISFs of SP(N) D O(3) with v; = v — 1 can be obtained with the following

d(N, v) =

recurrent formulal®

< (1 @

i a Sy

- (5)
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where P(a) J{ oy Jy J) is given as

Play Jy an Ji J) = 8as o, 84 4,

H) =D+ DA+ T H] s }+ i &}

o2 I A (@J+1) N+4-2v
(" >< n @) a7 > (5)
a4 j e | o J
From eqs (4-6) we know that all the [SFs of SP(N) D O(3) with v < n can be

(1 (1 [
;4|

< L a7

PP

obtained with initial value < > =1 (J =024 -,2] = 1). Of course

the states |v v (o) Ji) J M) constructed in this way are over-complete. We then have to
find out the linear independent and orthonormal states |v v & J M) and the correspond-
(1 aH )

> by taking the advantage of the Schmit orthogonalization
j ah|ald

ing ISFs <

method.

In order to make the orthogonal process moce efficient, we use the MULs of states with
the same v and J to control the calculation. The MULs of the total angular momentum

J = Joaz — € of single-j fermion system istyl

v Jy=Bv J) = B(v=2J), (M
in which ,
,B(V ‘]):ZPQ"‘(E) - ZPa M(f"'l)r (8)

a=1 a=1

where P, »(£) is the a-row partition of an integer § > 0, it is equal to the number of
states with quantum number
m=2j+1l-v20
and
Jmas = %u(?j +1l=u).

The P, .(£) can be calculated by a recurrent formulal!l

a—1F ()

P, m(f)=ZZP| mo(§— ) (9)
=1 j=i

Ple) = €/, (22,
1, £ <2

where [£] indicates the integer part of number ¢ (e.g., (3/2] = 1). Py o(6) and Py m(€)

are initial values of £, (£}
3. Program Structure

CFPSIF is a program written in FORTRAN by explowting the new cecurrent
formula® to get all the CFPs of a system with n identical fermions, each with angu-
far momentum j. [t consists of the main programs CFPSIF, subroutines MULT, IN-

MULT, FISF, GEN, INISF, CFP, QUIT and some fuactions. The relation hetween
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the notatioas in the program and those in the formulae in section 2 are shown in

table 1.

Table 1 Relation between notations in the text and CFPSIF

In text In CFPSIF
< man) (1) > PGISF(NU,K0,KP,JD)
joah | (eqd)J
Pla) J!ay Jy J) P(NU,K0,KP,JD)
¥(v J) MULT
B(v J) BETA(NV,J $1))
Py m(§) PF(K,M,X)

. where SIJ is the double value of the single angular momentum ;. NU and NV are the
seniority v. JD and J are the angular momentum of daughter states and K0, KP are
the sequence number of pacent states (with seniority v — 1). In function PF(K,M,X), K

v refers to «, M reads m and X represents £ .
3.1 Main Program CFPSIF

After some dimension control parameters are given at the beginning of the program,
the single angular momentum j and the particle number » are input. Then, the program
call the subroutine MULT and FISF to calculate all the MULs of the states with explicit
(1) (v-1) 1 {v)

l a; Jy aJ
There are some data files to store the calculated results and several sentences controlling

» =

seniority and the ISFs < > withv =n, n -1, n—2 -2, L

repetitious calculations are contained in every subroutine. At last the main program
call subroutine CFP to get all the reduced matrix elements (RMEs) and the CFPs with
explicit seniority for n fermions in j-j coupling scheme.

3.2 Subroutine MULT

Subroutine MULT employs eq. (7) to get all the MULs of the states for a fermion

system, each with angular momentum j and maximal senionty v,,,. The states can be

maz ! “maz ¥ “max

the ones with seniority v = y, v =1, v —2 ---,2 1,0 and angular momentum

9

J = Jmaz — E{0 € & € Jnaz), where Jmaz = 1(2j+1 -v). The subroum;e MULT com-
prises functions BETA(NV,J,SUJ),PEFE(N,X,51J) and PF(K,M,X). Function BETA(NV,
J, SIL) performs the calculation expressed in eq. (8). Function PEFE(NV, X, SUJ) give ~
the value of M | Pem(X), where the Py (X) is given by another function PF(K, M,
X). In order that the data can be transferred easily, the calculating results are written in
the common blocks MULL and MUL2. In these common blocks, the parameters MNU,
NFS, NFJ, etc are the control parameters which determine the capability of the code.
Their values are given at the beginning of the main program. In the commoa block
MULL, the array INUMU(0:MNU) is the aumber of the states with different total angu-
lar momentum but the same seniority v. The total angular momentum J of the states
with seniority » <MNU and their MULs are stored in the array JMU(O:MNU,NFj)
and ALMU(0:MNU,NFJ) respectively, NFJ is the sequence number of total angular mo-
mentum J. In the common bloék MUL2, JS(0:MNU,NFS) is the same as JMU, but the
NFS is the sequence number of states which includes MULs. ALS(0:MNU,NFS) is the
additional quaatum number @ (0 < a < ALMU). INUS(0:MNU) is the total number of
states with seniority v and any possible angular momentum JMU. IDREC({0:MNU) is
the recocd index of the direct data file ISFF2 to indicate the position of the ISFs . All the
calculated results are stored in the data file MULTF, so that a lot of repeated evaluations

are avoided.
3.3 Subroutine FISF

The subroutine FISF gives ISFs of the group reduction SP(N) 2 O(3). The calcu-
lation is achieved with the DO loop for variable NU from 3 to MAXNU. The FISF call
(n @ @ > .

with

] a2 A
all the possible a3, J2, a1, Ji. The acgument NUP is the seniority v — 1. FISF call sub-

subroutine INISF(NUP) to give the initial values of ISFs <

routine GEN(NU,KDJ) to calculate the orthonormalized {SFs. The argumeats NU,KDJ
correspond to seajority v and the sequence number of total angular momentum. The
total angulac momentum J and their MULs can be found out from the common block

MULL. In the subroutine GEN(NU,KDJ), the additional quantum number a (0 € a £

t0



ALMU) are denoted by A, which is a cyclic variable. The nonorthogoaal [SFs are calcu-
lated by the function PGISF(NU,K0,KP,JD) and are stored in the array XX(KP,A) at
fiest. The function PGISF employs eq (4) and comprises the function P(NU,K0,KP,JD)
which employs eq (5). The orthogonalized ISFs are then given with the Schmidt or-
~ thogonalizing method and stored in array OISF(KP,A). In order to make the orthogonal
process more efficient,we use the MULs to coatrol it and we set up an accuracy argument
SUACC to select appropriate KO for giving the orthonormalized ISFs. Meanwhile the
orchouo}maliny of the calculated results are examined at every step of the evaluation.
If OISF(KP,A) are nonorthogonal or nonnormal, the GEN call the subroutine QUIT to
stop the calculation and give the information “error in orthogonality” or “error in nor-
malizing”. The Subroutine QUIT terminates the program as any kind of running error
takes place and gives the erroc information, such as, error in orthogonalizing, error in
nocmalizing, IDR is inconsistent, and so on. Finaly the ISFs are stored in a data file

[SFF2. [t is a direct data file.
3.4 Subroutine CFP

Subroutine CFP gives the CFPs (nva J{fn—1uv oy Jy jJ) and the RMEs
<n vaJlafln-1v, o0 Ly j J> by carrying out the calculation shown in eq. (1). The
(1) @Y | )

] (=3} J1 aJ
of U(«V) D SP(N) are given analytically by eq. (2),{3). Whether the calculated results

ISFs of SP(N) D O(3) < > are read from data file ISFF2. The [SFs

are normalized are also checked. If there are error in normalizing, the subroutine CFP

call QUIT to give the information too. The calculated results are written in data files

CFPOUT and RMEOUT respectively.

4. Results and Discussion

As mentioned above the input card and the operation of this program are quite
simple. After the command RUN CFPSIF, one can input the double value of the single
angular momentum 2j and the maximal seniority number v of the fermions along the line

suggested by the test run information about the input data, For instance, 13, 3. Then,

Ll

several other items, such as the range of the fermion number and the information about
whether the MUL data and the ISF data have existed or not should also be input (see
the first part of the TEST RUN OUTPUT). Thereafter, all the RMEs and CFPs with
all the possible fermion aumbers can be obtained. The ﬁarc 2 and part 3 of the TEST
RUN OUTPUT are the examples of the calculated RMEs and CFPs. These two cards
show that the output data of this program are physically meaningful and explicit, which
can be used directly for performing other calculations.

To show the capability of the code, we run the codes CFPSIF and GENESIS on
the computer VAX-8530 to calculate all the CFPs of several icdeatical fermion system.
It takes about 67 minutes to accomplish the calculation for the system with j = 15/2
aad n = 8, 7, ---, 3 with the code CFPSIF. The comparison between the running
times for accomplishing the calculations for the other system with CFPSIF and that

with GENESIS is shown in table 2.

Table 2 the running time on VAX-8550 for several fermion system

Tl a2 | oy 13/2
name of code ’
CFPSIF 3 sec. | 13 sec. 3 min.
GENESIS 6 min. | 33 min. 37 min."

* It is terminated when the CFPs with n =3, v =3, J = 45/2 ate being evaluated.

The table indicates that, on one hand, the calculation speed of the code CFPSIF
depends strongly on the number of fermions and the single angular momentum of each
fermion. On the other hand, the code CFPSIF is much more efficient than the code
GENESIS. The reason for this is that, in the new approach, the recurrent formulae are
given with well-defined seniority v and the multiplicity of a L in an IRREP of group
SP(NY} are used to control the orthogonal process. Whereas GENESIS diagonalizes the
Casimir operators of SP(V) to obtain definite v. A lot of repeatedly computations are

thea avoided in this new code. Because the dimension of < 1¥ > is much smaller than

12



that of (1], this new formalism saves computer space distinctly. Morceover. this new
algorithm can decrease rounding errors efficiently. These merits of the new calculating
method!® make the code CFPSIF very efficient. Therefore, this code can be used to
treat relatively large system of fermions, each with a meaningfnl angular momentum ).
At present, with the parameters given in the program, the code can be used for the system
with j = 15/2 and seniority v = 8, The capability can be strengthened by enlarging the
parameters MNU, NFJ, NFS, MAL and MM, if it is needed. The values MNU, NFJ,
MAL and MM can be given as what is required. The economic value of NFS can be

determined by running the subroutine MULT separately with a quite large trying NFS.

The project supported by the National Science Foundation of China and CCAST
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TEST RUN OUTPUT

Part 1. Examples of the test run output about the input data and running process

SRUN CFPSIF .

2lease lnput the double value of the single particls angular momentum SIJ
ind maximal 3eniority MAXNU which will be calculated at this time

13,8

Please input minimal numbar of particles MMIN and maximal number

2F particles NMAX

3,3

3 there date file MULTF ? (T or 7)

T1o4w

3aglin to calculate the multiplicity
Dagin to write the date to file MULTF
The end of mult
The subroutine MULT has been called
Is there date file ISFF2 2 (T or F)
F
and of program
3

LYX 8-JUN-1994 23

job terminated at 27:21.4l

Accounting information:

Butfered I/0 count: 338 Peak working set size: 1907
Direct I/0 count: 1850 Peak page file size: 4339
Page faults: 7941 Mountad volumes: Q

' Charged CPU time: 0O 01L:00:00.35

Elapsaed time: 0 06:07:37.00

SRUN CFPSIF .

Please input the double value of single particle angular momentum SIJ
and maximal seniority MAXNU which will be calculated at this time
15,3

Please inpdt minimal number of particles NMIN and

maximal number of particles NMAX

5,6
I3 thera dat2 file MULTF 2 (T or F)
r .
3IJ=15 maximum numbar of J: 31
maximum number of state = 273 maximum multiplicity =17
The multiplicities are read
Is thers datz file ISFF2 2 (T or F)
Tne [3FF2 has alrzady 2xizted
fna file [2FF2 L2 openeadt
203 0T Program
3
- I0S RESTMLAALET AT S-JUL-LIe L L2500
ACCountEing indormaiion:
suifzrad 130 couni: Zil P23k worting ros
razct IS0 Count: LS Peak sage 1
faults: S45T [ADINTE]
Foaad SR s iag o I BT Ll [ S 20 A N

7

Part 2. Parts of the test run output about the calculated reduced matrix elements

n Nnu alpha
< 5 & 1

< s 6 1
< & & 1
< & 6 1
< s 3 5
< & 6 S
< 5 & 1
< 6 6 1
< 6 & 2
< & 6 2
< & &6 3
< & &6 3
< & &6 4
< &6 & 4
< &6 & S
< & &6 5
< &6 &5 &
< & 6 6
< & &6 7
< & &6 7

[N S N N
[V LR OO RV N I

27

o]

2
2

2
2

24
24

40
40

40

40

40
40

10
10

&
P

&b
o

PRI 1IN NN

[eReNeNeNaNe

NN W

nu-1 alpha’'2J’2j

S 1 15 15>=
S 1 17 15>z
S 2 17 15> =
5 3 17 15>=
S 10 17 15>=
5 2 1 15>=
S 3 31 1S>=
5 1 31 15>z
S 1 SS 1S5>=
5 8 27 15> =
S S 27 15>=
s 1 37 15>:
) 2 37 1S>=
S 2 27 15>=
5 3 27 15>=
5 1 33 15>=
5 2 33 15>:
S =) 1 15>=
S & 3t 15>=
5 7 31 15>z
5 3 31 15>z
3 2 17 15>=
3 I 19 15>=
3 1 29 15>=
3 1 Z 15>=
3 39 LS>
2 17 15> =
2 15> =
2 17 15z
2 17 So=
2 15, =
2 L 15, =
16

0.

-0.

-9

-0.
Q.

V)
Q

l¢]
-0

-0

0.
-0.

-0
0o

o]

-0.
.0624762214720249

-0

0.
-0.

0.
O.

'
OO

'
OO

Q00C00000C0001L22

0906434648585320

.5168009306307654

7357733249664307
0180810783058405

.066448114812374a1
.0728428736329079

.3180595040321350
.70849S7957267761

.0670138448476791
0.

0063921869732440

2132312059402466
1698909401893616

.0289981719106436
.0407621413469315

.4567079842090607
0.

1599017530679703

2280130982398987

4075197279453278

24B3996599912643

3362092514173887%
1095684834480284%

.$744173169135047

.8495907783508301
.3908867835998535

L1175470914244552
.0228573381900787
L1787512176468353
LIL3S544955730433
.0782443583011527
L0ZS3I78013029654%



Part 3. Parts of the test run output about the calculated coefficient of fractional

parentage

Nz & NU= & NU-1= S

n nu alpha 27 nu-1 alpha’2J

5 6 1 20y 5 1 13
< & 6 2 237}y s 19 17
< 6 & 1 4 'Y 5 11 19
< & 6 4 4 }}' 3 il 19
< & 6 7 a '} 5 3 19
< 6 6 7 4 '} S5 10 19
< & 6 7 4 '} 5 11 19
< & 6 1 40!} S 4 25
< &6 & 1 40!} S S 25
< & 6 2 401} S 2 37
< 6 6 2 40} > 3 37
< & 6 3 401} S 3 31
< 6 6 3 401} 3 4 31
< &6 6 4 40} s 2 35
< &6 6 4 401} S 3 335
< & 6 S 401} s 5 33
< 6 6 S5 401} S ) 33
<« 6 6 ) 40 3 3 S1

& 5 & a0,} 5 35
< 6 6 7 oy} 3 i 41
< &6 8 7 401} 5 2 4l
Mz & Mz a NU-1= 3
< 6 4 1 14') 3 1 i
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