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We present here a simple method for the direct evaluation of traces of p-order replacement operators
(p-RO’s) calculated in a finite-dimensional, antisymmetric, and spin-adapted N-electron space. The pro-
cedure is based on the reduction of the operator order together with a performance of the summations
through Slater determinants. Very useful and general formulas, which can be applied to RO’s of any or-

der p < N, are then derived.

PACS number(s): 31.15.+q, 31.10.+z

I. INTRODUCTION

The calculation of traces of p-order replacement opera-
tors (p-RO’s) over finite N-electron spaces with definite
spin S plays an important role in some theoretical devel-
opments in physics and chemical physics. These traces
are needed in studies of spectral distribution both in
atomic and nuclear physics [1-7] as well as in the con-
struction of algorithms to describe the electronic struc-
ture of atoms and molecules. The development of the
spin-adapted reduced Hamiltonian theory [8-12] has re-
quired carrying out a systematic study of these traces due
to one of its steps, consisting of the evalution of spin-
adapted traces of products of replacement operators.

The summation of these kind of traces is performed
over the N-electron basis functions corresponding t to the
spin quantum numbers S and M (eigenfunctions of S%and
S, operators). In other words, these traces are taken over
the functions that constitute a basis set of a full
configuration-interaction (FCI) space corresponding to
the case of K orbitals, N electrons, and a spin S. In Refs.
[10,12] a rigorous study is reported that allows one to ex-
press the spin-adapted trace of an arbitrary p-RO in
terms of spin-adapted traces of diagonal p-RO’s [6,7] (the
traces of products of the occupation number operators).
This paper tries to go beyond showing a simple algorithm
that leads to the direct evaluation of spin-adapted traces
of all p-RO’s (diagonal and off-diagonal) by a progressive
reduction in the order of the p-RO’s. The foundation of
the method consists of transforming the summations tak-
en over the eigenfunctions of 82 and S operators into
those of the simpler eigenfunctions of S operator. The
final results are expressed in terms of binomial
coefficients, which is useful for programming purposes.

In Secs. II and III, several aspects related with spin-
adapted traces of p-RO are considered. In Sec. IV, an ap-
propriate notation and a discussion of the different cases
that can occur are presented. Finally, the Appendix
shows some illustrative practical examples.
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II. THE DIMENSION OF THE FCI SPACE

Let us consider an N-electron system and its spin func-
tions, the spin eigenfunctions of the ( s? S ) operators.
We will denote by S the spin quantum number and by M
the biggest eigenvalue of the Sz operator for a determined
S. The spin function defined by the quantum numbers S
and M fulfills M =S =1(N,—Ng); N,=(N/2)+S and
Ng=(N/2)—S, where N, and Ny are the number of a
and f3 electrons, respectlvely

The dimension of the spin degeneracy for §? eigenfunc-
tions, with spin quantum number S, is given by [13,14]

N N N N
N,|

N,+1 Ng Ng—1
Note that although the parameters N, and Ng have a
clear physical meaning referring to the spin function with
the spin quantum numbers (S,M), formula (1) describes
the degeneracy of the S elgenfunctlons, independently of
the eigenvalues of the S operator.

In the left-hand side (lhs) of this equation the first and
second binomial coefficients mean the number of primi-
tive spin functions, (o (1)o,(2) - -+ o x(N)) (with o; a or
B), that can be built having the quantum numbers M and
(M +1), respectively.

It is well known that the Slater determinants, eigen-
functions of the Sz operator, are formed by suitable linear
combinations of all the primitive spin functions corre-
sponding to a M value, and orbital functions. So, for a
given basis set of K orbital functions, the number of
Slater determinants corresponding to an eigenvalue M is

(ﬁa )(ﬁﬂ) and, consequently, the number of the wave func-

(1)

tlons s having spin quantum number S, eigenfunctions of
(8? S ) operators, is, according with formula (1)
K K K K

No | |Ng |7 [Not1 | |Np—1 @

Obviously, a simple algebra shows that formula (2) is
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equivalent to the well-known Weyl-Paldus formula [15]

K+1][K+1
Ny | |N,+1

25 +1
K +1

(3)

which is commonly used in the literature. The interest of
the equivalent formula (2) is that the number of wave
functions with a §2 eigenvalue S'(S +1) is calculated
through the number of the Slater determinants with ei-
genvalues M and (M +1). Formulas (2) and (3) express
the dimension of the full configuration-interaction (FCI)
space [15].

III. SPIN-ADAPTED TRACES OF p-RO

Expression (2) and the simple properties of the Slater
determinants are very useful in the calculation of spin-
adapted traces of p-order replacement operators (p-RO’s).
The spin-free expression of these operators is [10,16—-19]

P:z Eb“"... bt b‘O”'bjlal» @)

0y dp%p
9y

ppit
Ejl
where b"k”k and bjk
nihilation operators. The RO’s have also been called in
the literature [10—12] reduced density operators due to
the expectation values of these operators generating the
matrix elements of the p-order reduced density matrices.
For a given N-electron state |.£) of a Hamiltonian A, a
(iy -+ +i,,j1 =" Jp) element of the p-order reduced densi-
ty matrix is

o, are the fermion creation and an-

i

(LPEpIL)

tum number S, constructed with K orbitals (the basis set
of the FCI space). Closing both sides of a determined
operator given by formula (4), a matrix is obtained whose
(A, Q) elements are

(APE;..Flo) (6)

and so, the trace of this matrix, labeled by (A, Q), is

i
%(AIPEjl...j‘flM . )
As has been previously reported [8], the value of this
trace does not depend on the value of the indices denot-
ing the orbitals but only on their ordering. The reason
for this is that the sum is carried out over the whole
space, therefore all the indices play equivalent roles.

The simplest case dealing with the calculation of these

kind of traces is when PE 1’11 J"’ =1. In this particular
P

case the trace is expressed, according to formula (2), as

2<A|A>—2<QS°

S(M)

- 3 ASM+1D|SM+1)), (8)
SM+1)

)| S(M))

where we denote by §(M) the Slater determinants corre-
sponding to a §z eigenvalue M.

Formula (8) can be easily generalized to any p-RO
without any difficulty. We will consider a simple example
to show the procedure. Using the identity

epi Y : (5) 2EY
Jitdp p! ZZN _1)—1, 9)
In the followmg, A,Q,... will be the eigenfunctions of
(82, S in the N—electron space, corresponding to a quan- formula (8) can be written
I
SSCAPEJIA) =3 S(SMPPEJISM)— 3 SASWM+1DPEJ|SM+1)) . (10)
A ij SM) i, j SM+1)i,j

Some exact manipulations of this equation based on the possibilities that the indices are equal or different allow us to

write
SCAPER A wx= 3 (SMPEZISM)yx— 3 (SM+DPEZISM+1))y (11)
A (M) SM+1)

and
SAIN vy k—1= 3 (SMDISM)) (y_2y k-1~ 3 (SM+D|SM+1))y_2) k-1 > (12)
A M) M +1)

where indices 1 and 2 in the 2E operator mean any pair of orbital functions of the basis set. This simplification derives

from the above-mentioned invariance of the traces with respect to the numbering of the orbitals [8].

The symbols

N,K,(N —2), and (K —1) as subscripts denote the parameters over which the eigenfunctions included in the summa-

tions are built.

The above example refers to the trace of a diagonal RO, but since the traces of off-diagonal operators can be ex-
pressed as simple linear combinations of the diagonal ones [10,12], we conclude that a general procedure to calculate

spin-adapted p-RO traces is

SCAIPE] TR IAY= 3 (SMIPE]!FS(M)) —
A

M) M +1)

(SIM+DIPE; 7 |$M+1) . (13)
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IV. CASES, GRAPHS, AND FORMULAS

In the following we will use the angular brackets ( )Ynx as a shorthand notation for 3 ,(| |)y g, where |A) are
again the wave functions, eigenfunctions of (8? S ) operators, constructed with K orbital functions in a spin-adapted
N-electron space, so that

CE P g =SCAPE]! T I g (14)
A

Since we have proposed the calculation of these kinds of traces through the difference of traces defined by Slater deter-
minants, we will denote

iy iy K i (N, +1 K
IPE;" .. p||N, S (SMIPE; P |$M DAk — 3 (M +1DPE;! .. |<-S°M+1 YN (15)
! s SO o T s+ !
[
. 1,’ ..
where the superss:rlpts N,K mean the number ofq elec- pEl,jzzm i :‘E Eblal ... l’ro by v bla,
trons and functions employed in the construction of 7, pop PR
Slater determinants. The same meaning is given to the L
sul?scripts Ng,K for the B electrons. So, Eq. (13) will be —EbT p—Df Jz .ijlgl
written as
. . . —ptp—Dpia i
[P i N _,K =pb;'? E; pb
CEL )k =IPE T Ik - (16) ! CRa
tp-Dgh i
+by” Ej;--jﬁbi , (18)

For the particular case of ’E 1% =1 we will call

i where 1 and T mean the spin functions 1% and 15, respec-
t1ve1y Accordmg to Eq. (15) and after applying the
1Y Ve K K bl,bl,b and by operators, we have
NpK ™ NgK ™ IN, | |Ng iy i _ - —DK—1)
§ CEVRE U Y=l VR e
K K ] N K
T[N 1| |Ng—1 |- an +1/ 1)Ejzz pH(NB—l),(K—l)’ (19)

which shows that the p order of the original trace has

The spin-adapted traces of p-RO are nil unless the been reduced in one unit.

creation set {i;,..., ip} contains identical indices to the thF:rmulao(}Zi) canhl()): gezlaer;llhized for g equal indices in
annihilation one {j,...,j,} [8]. So, the differences be- ¢ same position whose grap
tween all nonvanishing traces are established comparing
the pgrmutations (iy, . »ip) and (jy, ..., j,). The per- 1 2 q i(qt1) ip
mutation (1,2, ..., p) will be used as reference for the set ° ° ° ° °
{i1,...,1,} if it has no repetition of indices.
We will show that the spin-adapted trace of any p-RO
can be expressed in terms of traces of lower-order RO’s,
so that finally the original trace is calculated as a function ° ° ° ° °
of T expressions given by formula (17). The reduction 1 2 q Jla+1) Jp

procedure presents several cases that can be represented
by simple graphs described as follows.

(@) which mean i,=j,=1, i,=j,=2,...,i,=j,=¢q, and

. . ) ligriy -3 =Ug+1y - dp}-
1 2 Yp-1) p The corresponding trace is
[ ] [ ] [ ] [
’’’’ Dlg+1
<pE12 ..... q,j(ZJrl)mf;)N,K
_ 9 |9 _ i . —q+i),(K—qg+i)
° ° ® ° _AE i H(P q)Ej((::ll,) : P||(1v i),(K —i) .
1 Je Jp-1) Jp i=o
(20)

which means i;=j; =1 and {i5,...,i,}={js ... Jp} An important application of Eq. (20) is the direct calcula-
We exclude any repetition of indices in any of the sets. tion of spin-adapted traces of diagonal p-RO’s, so that,

The corresponding operator is when the graph is
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1 2 D
[ ] [ ] [ ]
[ J [ ] [ )
1 2 p

the trace is

p
i

(N_—p+i),(K—p+i)
Tny—irk —i) ) 1)

i=0

which is very handy for computational purposes.

(b) In this case we again exclude any repetition of in-
dices in any of the sets. We refer to situations where the
equal indices do not have the same position; for example,
the graph

_

l,2,i3"~ip —2),(K——2)__

oy iy iy (N
<pE2,l,j3-~-jp >N,K:—”(p Z)Ej33~~-j£“1v;1<

1 2 i3 ip
[ ] (] ® °
[ ] ] ® P
2 1 J3 Jp
where iy=j,=1, i,=j;=2, and f{i3,...,i,}
={j3»+--»Jp}.- The p-ROis
1,2,i, -+ _ A
—plpt—ngid
biby PTUES] . bby (22)

and so, its trace calculated through the Slater deter-
minants is

— iy-i N_,K
||(P 2)Ej;j§ ““62;2)’(1(;2) . 23)

This equation shows again the reduction of the order in the RO.
The procedure is also applied to the case of p-RO’s having two blocks of equal indices, one with g indices and another

with (p —gq) ones, for example {iy, ... ,i,}={ji,---,J;} and {ig1)s--->0p} ={Jjig+1) -+ +»Jp}- Theresultis
p fl""":q’i_(q+l) """ ip —(—1W(||p—@ f(q+l)"'ip (Ny—qh(K—q) (p—q) ig+n N K \
( EJP"""q’]qurl)""’jp >N’K (=Dl E](q+1) iy N K * Ej(q+1)"'jp H(Nb'iq)’(K_q)} ’ 24

where v is the number of permutations required to pass
from (jyi, ... ,J,) to (i, ... ig).

In the particular case of only one block being formed
with the p indices, formula (24) is transformed into
N_K

W PWEK D)
+TNy—prik—p) ),

iy _ v (N
(PEjll‘”j: >N,K—("l) (TNH’K

(25)

which again allows a direct calculation of the trace.

(c) Finally, we briefly refer to spin-adapted traces of
RO’s having repeated indices. Since a direct procedure
has been reported to remove the repeated indices [10,12],
once those indices have been eliminated, we can apply
cases (a) or (b).

In conclusion, we have presented a straightforward
method for the calculation of spin-adapted traces of p-
RO. It carries out a reduction of p-RO’s to lower orders.
The final formulas are simple relationships between bino-

mial coefficients ngf [see Eq. (17)] which is very useful

in a computational point of view. Some application exam-
ples are given in the Appendix.

Previous calculations of these kind of traces are based
on a classification of the corresponding p-RO [10,12]. In
a second step, the spin-adapted trace of a determined p-
RO is expressed as a function of several traces of prod-
ucts of occupation number operators (the traces of the di-
agonal p-RO’s) and, finally, the evaluation of the last

=

trace is carried out as described in Ref. [7]. The pro-
cedure that has been described above allows a simpler
classification and a direct evaluation of the spin-adapted
trace of any p-RO, diagonal or off-diagonal. This
simplifies the algorithms in those fields where these traces
are needed. In particular, in the spin-adapted reduced
Hamiltonian theory, p-RO traces are required in the cal-
culation of the p-order spin-adapted reduced Hamiltonian
matrices. The eigenvectors of these matrices allow the
direct approximation of the p-order reduced density ma-
trix [12,20,21].

Furthermore, the method reported here is needed in
the calculation of traces of p-RO’s taken over wave func-
tions of spin and other symmetries, where the previous
procedure cannot be applied. That is the case for traces
S (AGIPE; P 1Ay and S, CAPE; PN,
where A, and A, are gerade and ungerade eigenfunctions
of (§2,SZ) operators. A study of spin and gerade (or
ungerade) adapted traces are planned to be given else-
where [22].
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APPENDIX: EXAMPLES

Several spin-adapted traces of p-RO are given for the
system N =6,K =10,5 =1 (N,=4 and Nz=2). We have

61r1,2,3,4,5,6 — 11675 1,2,3,4,5,6 14,10 — 2,4 ——15 0,6
< El,2,3,4,5,6 >6,10 ” El 2,3,4,5,6112,10 T2 10 +6. T +15'T0,8 +

5
—1

9
1

5

:9’

6
0

8
0

6

+15 1

)

(A1)

where, obviously, the binomial coefficients with negative indices are zero. We also have

1 2 3 4 5 6

[ ] [ ] o [ ] [ ] [ ]

[ ] [ ] [ [ ] [ ] [ ]

1 2 4 3 6
CEPIIe )6 10=ICEL2 23S IR 0= " E232813 T 21 ER 52

_||2 g |210_||2E5’g)||

SIS+ IERSSS 8’:‘;0

2|‘2E6:5 |1j;—2|| E —x 7 ||2E

55— IIPE&SII® 2

=T +Tos+Tos+T%8 6+2T1915+2T,”+T S+T28 =1 (A2)

and

XXX

CENTIeD e 0= Bt io=—1"E 3135 — I“EL 223185
=PE3: 350+ IPEZIGE+HIPE RIS +HIPERTII: s
=|PER3250+2IPERIGE= —To %' —To8 —2T85 —2T%% 6 (A3)
=—3.
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