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Given a finite many-particle vector space, which may be of large dimensionality, and a
Hamiltonian which operates inside it, we may investigate the general properties of the system
by a method of expanding preselected basis states in terms of the Hamiltonian eigenfunctions.
The corresponding intensity, considered as a function of the Hamiltonian eigenvalues, is a
spectral distribution which may be studied via its energy moments; we consider such distri-
butions averaged over subsets of basis states. The properties of these averaged distributions
are discussed, as well as methods for applying them in general studies of complicated sys-
tems; methods are given for evaluating the moments in some significant cases. Detailed
formal results are given for configuration distributions in the spherical shell model.

1. INTRODUCTION

There has been steady progress in the attempt
to give, in the domain of the conventional shell
model, a microscopic description of nuclear struc-
ture. But there remain great difficulties. For one
thing there are severe limitations on the dimen-
sionalities of the vector spaces in which one can
work, and it is clear that, in many or all nuclear
problems, much of the interesting physics will
“lie outside” the spaces which can be handled in
the most conventional way. One attempts to get
around this by introducing effective Hamiltonians
(and effective transition operators for various
processes), determining such operators either di-
rectly, from experimental data' or by theoretical
considerations, usually grounded in perturbation
theory, which begin with the free nucleon-nucleon
interaction.? Besides this problem, and of course
related to it, one often does not know how to
choose the subspace, compatible with a given di-
mensionality limit, which is optimal for consider-
ing a problem at hand, and an a posteriori re-
course to comparison with experiment is often not
satisfactory. There has been much progress here
too, especially via Hartree-Fock theory and its
various extensions® which achieve a degree of self-
consistency in the choice of single-particle states
which underly the subspace in which one works.

The aim of the theoretical considerations men-
tioned above has been almost exclusively that of
simplifying a nuclear many-body problem so that
a detailed (“microscopic”) solution becomes fea-
sible in the domain of conventional spectroscopy.
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In this pair of papers, and in others to follow, we
suggest methods in which conventional spectrosco-
py plays a much less prominent role, and in which
some of the limitations and ambiguities of the
standard methods are missing. These methods do
not, for the most part, consider the detailed spec-
trum of the Hamiltonian operator or the detailed
strengths for various processes. They deal in-
stead with certain distributions associated with
these quantities, examining these in terms of
their low-order moments (“spectral” or “strength”
moments) with respect to energy, isospin, angular
momentum, and so on.* They are not limited by
the dimensionalities of vector spaces, since they
involve neither complete matrix-element calcula-
tions nor matrix diagonalization. They do not
solve the problems associated with detailed spec-
troscopy, but deal instead with more general ques-
tions. An essential feature of these spectral-mo-
ment methods is that, at the beginning when we
deal with very low-order moments, we throw away
almost all the “information” implicit in a given
problem; then as we proceed (taking higher and
higher moments, or more or less equivalently, as
we shall see, dealing with finer and finer group
structures) we gradually regain the lost informa-
tion. While it is i principle possible by proceed-
ing in this way to reproduce exactly the results of
a conventional microscopic calculation, that would
in fact be feasible only in quite trivial cases and it
does not at all represent our view as to a reason-
able way of proceeding.

It is in fact our belief that, in many cases, low-
order moments of various distributions are more
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significant quantities than the individual energies
and transition strengths which come from detailed
calculations. The low-order moments depend es-
sentially on interactions between small numbers
of particles, interactions which we can indeed ex-
pect to be reasonably treated by our nuclear mod-
els; the moments, being defined as averages over
sets of states, are properly insensitive to minor
variations in the model or interaction parameters.
On the other hand, the experimentalist usually
deals with and measures detailed quantities, so
that the use of spectral-moment methods would
then, in many cases, inhibit a direct comparison
of experiment and theory. We will see in fact that
a low-moment spectral distribution can sometimes
give a surprisingly good account of the detailed
spectra; and when we deal later with excitation
strengths rather than Hamiltonian spectra it will
turn out that the moments of the appropriate dis-
tributions are much more closely connected to ex-
perimental measurement. Nonetheless, there will
be a burden upon us to demonstrate how, direct
comparisons with experiment being often ruled out,
we can still make progress via spectral-moment
methods.

From the mathematical standpoint, the calcula-
tion of spectra moments can make good use of a
number of concepts and methods of linear algebra
together with elementary notions borrowed from a
less familiar domain, in particular the theory of
partially-ordered finite sets. These are combined
with the usual second-quantization procedures
used in many-fermion problems, It will become
clear that representations of groups or chains of
groups are essential ingredients, and indeed the
entire method has everywhere a group-theoretical
foundation. Parenthetically then it will turn out,
because of this, that spectral-moment methods
are ideally suited to a study of the goodness of
group symmetries in many-particle systems, an
important subject in which progress has been very
slow. Although group theory underlies the whole
thing, we can consider several important distribu-
tions without explicit reference to groups, and in
order to make things as clear and simple as possi-
ble, we shall, in the first two papers do exactly
that. We shall, moreover, discuss the essential
ideas in considerable detail even though they may
already be familiar to many people.

All the present work concerns itself with the be-
havior of an m-particle system, described in
terms of a finite vector space, a basis for which
is given by the states of m fermions distributed
over a finite number of single-particle states. We
shall describe such a space as a spectroscopic
space, a term which will remind us that the things
we do are still related to the standard operations

of spectroscopy. However, we shall ask questions
of such a sort and answer them in such a way that
the dimensionality of these spaces will not be lim-
iting. And eventually we would in fact hope to
deal with spaces which have a more complicated
basis.

In Sec. 2 of this paper we introduce the idea of
spectral distributions and the moments which
characterize them, and give also a brief account
of the way in which they may be used. Section 3
will deal, as an illustrative example, with the
“scalar” distribution in which one averages over
all the states for a fixed number of particles. The
theory of spectral moments leads to the discus-
sion of averaging over sets of states as given in
Sec. 4. Section 5 contains derivations of certain
trace operators and the law of propagation of aver-
ages of the configuration distribution. In Sec. 6
the centroid energies and dispersions of the com-
plete scalar and configuration distributions are
derived in terms of the one- and two-body matrix
elements of the nuclear shell-model Hamiltonian.
Various properties of the resulting moment formu-
las are then investigated in Sec. 7.

2. SPECTRAL DISTRIBUTIONS

Suppose that the problems in which we are inter-
ested are describable in terms of a finite set of N
single-particle states: For the nuclear (ds) shell
in an isospin formalism we have, for example,
N=24, These N states form a basis for a vector
space which we shall call the orbital space and de-
note by {N}. The states for m fermions distributed
over these states® form an (¥)-dimensional vector
space [(¥) being a binomial coefficient] which we
shall label as i or (@) or (N; i), the last of
these when we need to indicate N explicitly. The
vector space for any number of fermions (m =0,
1...N) distributed over {N} we shall indicate
as 5. We have then 91=)m. The dimensionality
of 9 is 27 (M)=2" More generally, we may de-
compose 9 in other ways, introducing subspaces
@ or (n, @), the latter symbol indicating that & is
also a subspace of M. We assume that the Hamil-
tonian H is a linear operator in fﬁ, this implying
that H operating on any vector in x yields another
vector in 9I. Then of course H? is the pth power®
of a transformation of 37 and is itself a transforma-
tion of 9.

Let {¢a(m)} denote an orthonormal basis set in
m. The standard spectroscopic problem is to com-
pute and diagonalize the ¢-matrix representation
of H, thus producing the eigenvalues E; and eigen-
vectors y;(m) as linear combinations of the basis
functions ¢ (m).
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FIG. 1. Schematic representation of the spectral
distribution of a vector ¢, over the eigenvectors of H.

E —»

Hy,(m) = E;9;(m), (1)
$im)=23C ;P o(m) . )

Equally well, one may consider the basis vectors
to be expanded in terms of the eigenvectors of H

$olm)=23Ci*yi(m). 3)

Figure 1 gives a schematic picture of the distribu-
tion of the intensity of the vector ¢ ,(m) over the
eigenvectors of H. We refer to this as the “spec-
tral distribution” of ¢ ,(m). Such a distribution is
completely characterized by its energy moments
where the pth moment M, (m, @) is defined by

M, (m, @)= 2(E)" Csal” - )

Using the definition of the expansion coefficients it
is easily seen that M, (m, a) may be rewritten as

M, m, a)={¢ o(m)H? (m)) , (5)

where H? denotes the pth power of the Hamiltonian,
Equation (5) tells us that the distribution of ¢, over
the eigenvectors of H is completely determined by
expectation values of powers of H in the state ¢,
and that knowledge of the detailed eigenvalues and
eigenvectors of H is unnecessary for this purpose.
The zeroth moment M,(mn, «) is unity, which
merely expresses the normalization of the ¢,.
The first moment M,(n, @), which we shall also
call &(m, a) is the centroid enevgy of the distribu-
tion. Going beyond this it is more convenient to in-
troduce either the pth central moment [defined for
p =2 as the pth moment of H — §(m, a)], or the pth
cumulant, which we shall turn to later. The non-
negative -definite variance of the distribution is de-
noted by o®(m, ) and is defined as the second cen-
tral moment, i.e.,

|eo

0?(m, &)= {pom)H - Em, a)P¢(m)
=Mym, a) = [M0m, a)]? . (6)

The positive square root of the variance is the
“width” o(m, a) of the distribution. The skewness
or asymmetry of the distribution about its centroid
is measured by the third central moment {(¢,0n)
X[H - 8(m, a)]*p,(m)), and similarly for higher
moments.

In the event that ¢ ,(m) is an eigenvector of H
then & (m, a) is the corresponding eigenvalue, and
all central moments of order two or more will van-
ish. A nonvanishing value for ¢(m, ) may be
called a pure “mixing” width, since it implies that
¢ o(m) is actually distributed over a number of ei-
genvectors of H. In general, the smaller the value
of o(m, a) the better is the approximation that
¢4 (m) is an eigenvector of H with &(m, @) the ap-
proximate eigenvalue.

There are as many single-state distributions of
the kind discussed above as there are vectors in
the vector space, and thus, of course, no individu-
al one is, on an a priovi basis, of any particular
interest. So we next proceed to the notion of dis-
tributions averaged over a set (ﬁE, @) =0 of the m-
particle states. The moments of this distribution
are then defined as

M, (3, q)=d™ (@@, &) 2 M, (m, o)

e

=d"' (i, @) 23 (pam)H ¢ (m)) , (T)
[e=N 4
where d(ifi, &) is the dimensionality of the & sub-
space of (N; m).

From the purely formal standpoint now, the set
& must be chosen in such a way that its moments
(at least as far as p =2) can be evaluated. We rule
out evaluation by means of an explicit construction
of the individual matrix elements, since our major
interest is in large spaces where such construction
is not feasible; hence we require new techniques
which are not to be found among those of conven-
tional spectroscopy. Not surprisingly, it will turn
out that to produce such techniques it will be advan-
tageous for the subsets to define representations
of groups or chains of groups.

From the standpoint of physics it should be clear
that if the resultant averaged distributions are nar-
row then they are interesting, and, besides that,
the groups which define & then correspond to ap-
proximately good symmetries for the problem.

But, as we shall see, there is much more to it
than that, and, in particular, wide distributions
are not necessarily uninteresting. Among the
groups which we shall study in detail in early pa-
pers are the U(N) group (which dominates almost
everything), the direct-sum unitary group which
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defines configurations, and the isospin, angular
momentum, symplectic, and space-symmetry
groups.

It follows immediately from Eq. (7) that the &
centroid energy is simply the average of the cen-
troid energies for the individual states,

8@, &) =d~\(M, &) 23 _E(m, a) . (®8)
(o=l
Things are different for higher-order quantities;
in particular we have for the variance

0® (i, B) = M,(, @) - [M, (%, B

=d™®,B) 3_o%m, o)
aeo

+3d2@,3) 2 _[80m, o) - Em, )P

a,a’ea

=d™'(m, &) 2 _{o*0m, @)

e o

+[&(m, o) - S, @)} . 9)

The energy term in Eq. (9) expresses a new contri-
bution to the width which enters when averaged dis-
tributions are considered. Thus, even if every
state of & were an eigenstate of H, in which case
there would be zero mixing widths for all the
states, the width of the averaged distribution would
still not vanish, since, in general, the eigenvec-
tors would not be degenerate. We remark also
that Eq. (9), applied to the Hamiltonian eigenstate
representation [in which 0?(m, @) =0], informs us
that o(fil, &) is a measure connected with the spac-
ing distribution of the eigenvalues of H. Thus,
though we make no statistical assumptions, we do
have here a first contact with the statistical theory
of spectra.”

The distribution moments M, (1, @), for a basis
subset (i, @), of the space il which we have intro-
duced above are not really adequate for our pur-
poses. In dealing with second moments, for ex-
ample, it will be important to know what part of
the width comes from intermediate states in (i, &)
and what part from states outside (@i, @). There-
fore we should divide the width into an internal, or
self-width, and an external width, according to

M,(G) = M3(a) + M5(@) ,

Mi@)=d™ (@) 2

a,a’ea

(a|H|a"Ya'|H|w)

=d™(&) 2J_{a|HP(@)H|a) ,

e

MY(&)=d (&) 25, (alH|pBIH]|x)
Bed

=d™ (& 2J_<alH[1-P(@)]H|a) ,

aea

0*(@) =0%(4) + 0% (&),
o* (@) =M@ - M, (@),
0% (@) =M3(@) . (10)

Here we have written P(&) for the projection opera-
tor onto the set @.

The separation above is that of m into two parts,
Mm=3¢+ (M ~3a). If we have a group in mind, for
which m supplies a reducible representation, a
more complete decomposition into irreducible rep-
resentations may be relevant; thus Mi=a+5+y
+... . Interms of this, or any other decomposi-
tion into disjoint parts, we then define partial
widths by

0*(% B) =M, (& P) - 6 plMy (&),

(11)
M,(& B)=d™" (&) 25_(alH|B{sIH|a) .
BeB
Then it follows easily that
0*(@) = ZB}OZ(E; B,
0%(@)=o*(&%; @), (12)

d(@)o* (@ B)=d(P)o*(B; @) .

We see that 0%(&; ) is the average over the states
of & of the squares of the matrix elements connect-
ing the two subspaces. A corresponding (but more
complicated) decomposition can be made also for
higher moments.

What now can one learn from spectral distribu-
tions? The simplest thing is about the general
eigenfunction structure, for example, about which
representations contribute significantly in a par-
ticular range of energy. This would follow in an
obvious way from the centroids and widths of the
representations, which we could regard for this
purpose as defining the distributions, assumed,
for example, to be normal.

If the distribution for a particular representation
is then found to span an energy region which con-
tains the centroid of another representation, we
would naturally suspect (unless that is forbidden
by the exact symmetries) that the two representa-
tions would be strongly admixed. But we might be
misled in assuming this; for it could happen that
the width of the representation is predominantly a
self-width, in which case the admixings would be
small, we would have a peaceful coexistence of
the states of the two representations, and sepa-
rate transformations in the separate subspaces
would produce good eigenfunctions; and of course
similarly if many representations are involved.
Thus we see the need for the partial-width de-
composition of the total widths.
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For more detailed results, if, for example, our
interest is with the low-lying states, we may use
the partial widths and centroids to supply a basis
for a truncation of the original space to produce a
resultant space small enough for detailed calcula-
tion. These quantities might, for example, indi-
cate a small number of representations strongly
coupled to a low-lying & (or set of such @&'s) in
which case we might discard the other representa-
tions and make a more detailed calculation in the
reduced space. The criterion for weak coupling of
two representations is, of course, that the partial
width® be small compared with the difference be-
tween their centroid energies.

We have, of course, been assuming here that the
distributions are decently represented via moments
of order p <2. We shall, in fact, go beyond that
and assume that they are close to “normal” or
Gaussian, an assumption which has been found val -
id in the various examples, calculable in detail,
which we have studied; we hope, in a later paper,
to discuss the theoretical basis for it. It is, of
course, possible to consider higher moments,
which would measure departures from normality
and would enable us to judge the validity of the en-
tire moment procedure for studying the eigenfunc-
tion structures; at present, in the cases which we
consider, it is feasible to go as far as the fourth
moment., Besides the sequence of higher and high-
er moments for a given decomposition of 5, there
is also the sequence in which we restrict the order
(say to p =2) but take a nested set of finer and finer
subspace decompositions. This technique is suc-
cessful if, as we proceed along the sequence, the
widths, or better the partial-width matrix, indi-
cate a structure of weakly interacting subspaces.
When it works, the second technique is superior;
on the one hand, the low moments of the finer dis-
tribution do carry information about the high mo-
ments of the coarser, while, on the other hand,
since the finer decomposition will always corre-
spond to some group structure, we learn at the
same time about the group symmetries. It is im-
portant in both cases to study some examples
which we can calculate in detail.

Going in the opposite direction we can study what
happens when we enlarge a space by including
more single-particle states both above and below
the Fermi surface, i.e., proceeding to an enlarged
orbital space {N’} D {N}. Not only do new distribu-
tions enter but the original distributions will
spread. Thus, one can study the stability of the
makeup of low-excitation spectra to changes in the
size of the vector space. One may also introduce
variational methods to study, for example, the way
distributions involving deformed orbitals vary with
the deformation parameters.

It is also clear that such distributions can pro-
vide information about the localization of interest-
ing wave-function components at excitation ener-
gies appropriate to nuclear reactions exploring
single-particle resonances and intermediate struc-
ture. They supply also, in an obvious way, a
foundation for the microscopic theory of level den-
sities, and in a less obvious way, perhaps also a
basis for a statistical theory of reactions.® And as
mentioned above it should be possible, by averag-
ing over states corresponding to exactly good quan-
tum numbers, to make contact with the statistical
theory of spectra.

The considerations above give a method for study-
ing group symmetries, involving as they do the
question of the admixing of different representa-
tions. As an alternative method one may use mean-
squared energies as an orthonormalization mea-
sure in terms of which one can decompose H? into
orthogonal parts, some of which preserve the sym-
metry while the others violate it. Then, roughly
speaking, the relative weights of these parts give
us a criterion for the goodness of the symmetry.*°

Going beyond the spectral distributions, we can
study also the strength distributions for various ex-
citation operators,'! making thereby much more
immediate contact with experiment. This would,
for example, supply a way of studying cascade
processes in highly excited systems, a subject al-
so of direct experimental interest.

We mention also the possible extension to the
case where the orbital states form a continuous,
rather than discrete, set and to the case where
the basis states have intrinsic correlations going
beyond those supplied by any restricted orbital
space.

These general remarks should indicate the utili-
ty of spectral distributions and show that partial
widths of representations (and their extension to
higher-order quantities) are the really essential
ingredients of the subject. We now must proceed
to methods for calculating such quantities. Let it
be said at the outset that there does not as yet ex-
ist a general theory which can be applied to an
arbitrary group structure. However, several im-
portant structures are well understood, as are al-
so some features of the general case. It will turn
out to be convenient to deal at first with total
widths of representations, leaving until a little
later the decomposition into partial widths (and
similarly for the higher moments).

In the next section we consider, by the most ele-
mentary methods, a very simple case: that of
averaging over all the states of m particles. In
Sec. 4 we give a more general discussion introduc-
ing various concepts which will be of importance
to us in later papers. The later sections of this



3 SPECTRAL DISTRIBUTIONS IN NUCLEI 99

paper and all of the next (and these will not draw
heavily on the results of Sec. 4) will be devoted to
configuration distributions in the spherical shell
model.

3. SCALAR DISTRIBUTION AS A SIMPLE
EXAMPLE

By the m-particle scalar distribution we mean
the spectral distribution averaged over all m -
particle states. The appropriate decomposition of
9N is then F=D M. Let us first derive an elemen-
tary result for the average over m of the expecta-
tion value of a k-particle operator. This average
we write as (0))™, and the corresponding trace
as (O )))™. The particular k-particle operator
which gives unity on states in which the single-
particle states Nos. 1...% are filled and zero on
states in which any of these are empty, obviously
has a trace (¥2*), that number being the number of
ways in which the (m - k) “free” particles can be
distributed over the (N - %) “free” single-particle
states. Other operators which differ only in speci-
fying a different & subset have the same trace.

The set of all such operators, supplemented by the
set of nondiagonal k-particle operators [which, for
example, convert (1...m) into (1...m =1, m + 1)]
gives a basis for the general k-particle operator.
These latter operators being traceless, we see
then that, for the trace and the related average,

otm™=(3 22 Jomn¥,

©®)F = () )T . "

The operators which we enounter will not in gen-
eral have a specified particle rank; e.g., 0*(K) has
ranks k, k+1,...,2k, as long as k <3N. Rather
than carry out the explicit decomposition by parti-
cle rank we can recognize t_l)mat, since (;") is a kth
order polynomial in m, (O)™ for an operator of
maximum rank # will be a uth order polynomial in
m. Writing such a polynomial as a linear function
of its own values at m =0, 1, 2,...,u, we have
then, for an operator of maximum rank u, that®!?

- kd > U -
(OyF = §:<O>t I m-y
t=0 y=0t"y

(=t)

- ; (~1)fme 28 (f;z)<t;><o>r
B
= Z (‘;‘_T) <'t”> o, (14)

where the first form involves the usual Lagrange
polynomials, and the other forms follow immedi-
ately from the first.!®> The last form demonstrates
that for m < u the result is simply an identity.

As a trivial application of Eq. (14), we have for
the angular momentum,

= =mln =D+ () (15)

the first term then correcting for the fact that J° is
not a pure two-body operator. For the usual case
where the orbital space supplies a representation
of the angular momentum group (defining there-
fore a set of spherical orbits), we have (J*N=0;
then eliminating (7% from Eq. (15) we have

zﬁ_m(N_m) %1
(gym=mllom (gt (16)

The result of Eq. (16) could have been written
down immediately by using the fact that (J2)™ is a
second-order polynomial in » which vanishes at
m =0, N. More generally, Eq. (14) is, as we have
said, the equation which expresses the value for
arbitrary m of the uth order polynomial in m as a
linear function of its values at m =0, 1,...%; but
from the linear independence of the m polynomials
() (or of the corresponding trace operators) it is
obvious that we could choose any other (z+1)-
dimensional set of m values (which we shall speak
of as a “net”) with which to define the polynomials.
The solution for the new net is simple. If the net
points are ¢,, t,,...,¢,, then the new Lagrange
polynomial for the net point ¢ is

1T 2=k (17)

i=1

i, #t

L3

and with these we can express the trace of any «
operator in terms of its traces for any («+1) par-
ticle numbers. We may say, incidentally, that the
simplification in going from Eq. (15) to Eq. (16)

has resulted from our choice of a net (0, 1, N) sim-
pler than the “elementary” net (0, 1, 2). In general
there is special interest in a net which is most eco-
nomical with respect to the number of holes or par-
ticles involved; this is because the calculations re-
quired for the input quantities become increasingly
complicated as the number of particles or holes
increases. We achieve this economy by taking a
two-segment net, one part proceeding upward from
the origin, the other downward from the “plenum”
state.'* Taking these segments to be, respectively,
(t <u,) and (N -u, <t <N) where u, +u,+1=u, we
find as the extension of the third form of Eq. (14)
that!?
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o7 =(21)

t=0

R IS

) 3 e Y o,

t=N-uy

(18)

which gives (O)F“ as a linear combination of traces with (¢ <u,) particles and (¢ <u,) holes. If u is odd, then
for maximum economy we would take u, =u, = 3(u — 1), while if u is even we would take one of the limits to

be 3u, the other 5@ —2).

We have stressed that the scalar averaging results follow in a simple way from the properties of polyno-
mials in particle number. Since the product of polynomials is itself a polynomial, it follows that the prod-
uct of averages propagates by the same rule as does the average of a product, it being only necessary to
take u > (sum of particle ranks of factors). Thus we can deal with central moments or with cumulants in
the same way as with the corresponding moments. We have then, for example, for the scalar centroid en-

ergy &(i) and the dispersion o?(ii) the results'?

& (1)

mm ~1) 8 () - (N=-m)m —1) é’(ﬁ)+ (N —m)m

N(N-1) N

N-1)

8@d), (19)

o ()= W -DN-2) N -3)

In the first of these we have taken u,=1, u,=0,
while in the second we have used u,=2, u,=1,
along with the fact that the vacuum and plenum
states are dispersion free. Both results could
have been written down at sight.

As a simple example, consider the centroid ener-
gies in the (ds) shell, (N=24). Reasonable inter-
pretations of the low-lying level structure for A
=16, 17, 39, 40 enable us to evaluate the centroid
energies for these cases (m=0, 1, 23, 24) and, on
the assumption’® that H is of maximum rank 2, the
question is-whether the four centroids reasonably
well satisfy Eq. (19). With the exception of the A
=39 d,,,-hole energies (K*®, Ca®) the assignments
are all unambiguous. In each of the A =39 nuclei
three 3* states are found"™ within a spread of 1
MeV centered at about 6-MeV excitation; we make
the assumption that the d;,,~hole strength is equal-
ly distributed among these. Then we find §(23)
=-326.8 MeV to be compared with the value —324.8
MeV found, via Eq. (19), from the other centroids.
We would interpret this as satisfactory agreement
(even though no convincing formal criterion for the
goodness of agreement suggests itself). It is clear
that this kind of simple analysis should precede
any attempt to calculate, for example, effective in-
teraction matrix elements by fits to empirical en~
ergy levels.

4. OPERATOR AVERAGING

We have used a simple combinatorial method to
produce the results of the last section. While this
kind of procedure would be adequate to deal with
configuration distributions, that would not be so
for more complicated cases. We therefore devote

mn = 1)n = 2)(N ~m)N ~m ~1) [&’ﬁ—_fi) ~O0=3) ey SN =) 02(5)} ‘

20m - 2) (20)

this section to a more formal (though still elemen-
tary) discussion in terms of operators, introduc-
ing thereby a nwnber of important concepts.

We can interpret Eq. (13) as giving, for the
trace of a k-body operator, a rule for propagation
through the various subspaces m of 9. It tells us
first that linear traces of k-body operators do prop-
agate in a simple fashion and that, if we are inter-
ested only in such traces, only one significant
piece of information distinguishes one k-body oper-
ator from another. Indeed we have, where » is the
number operator,

0(k) = (O(K)) E(Z) +traceless parts . (21)

We then identify (%) as the (K —~ i) propagation co-
efficient for the average of a k-body operator, and
(7) as a propagation operator. For a quadratic
trace we have seen that we need (k+ 1) pieces of in-
formation to distinguish the squares of k-particle
operators, and similarly for other cases. It will
be up to us, then, to calculate the traces which de-
fine, for a given moment, a complete set of pieces
of “input” information.

The group structure involved in the trivial exam-
ple of Eq. (14) is that of U(N), the set of unitary
transformations in the orbital space, and the m
spaces are those which supply irreducible repre-
sentations of U(N). What is implied by the remark
that O(K) is a k-body operator? For one thing O(K)
vanishes in m spaces with m <k [consistent with
this, so does (7)]; beyond this the structure of
O(K) in spaces with m >k is determined completely
by its structure in the (m = k) space. Recalling now
that an algebraist thinks of an operator as a trans-
formation on a space, we see that the notion of a
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k-body operator involves more than this. It im-
plies specifying an algebraist’s operator in the

(m = k) subspace together with a rule for propagat-
ing it into the other subspaces of 9. This general
idea of propagation along a line (or more generally
on a lattice) of representations is also of major im-
portance to us.

For O(K) the representation given by the sub-
space Kk is special and we might call it the defining
representation of O(K), this going along with the
idea that the information about O is given to us in
the k space. This would clearly be inadequate for
an operator which is not number conserving. But
in general we can think of any operator O as having
a quadratic structure, since it may be expanded in
terms of operators which connect one particular
subspace with another. Thus we have, for the U(N)
case, 0=2;31.0K, k'), where O, k') produces a
transformation kK’ — K and is defined in the sub-
space pair (K, K’). Its behavior, when acting on a
state of M#K’, is given by a propagation rule.

Both the quadratic structure and the nature of the
propagation rule become particularly clear in sec-
ond quantization. For a general decomposition of
RN=2,a, corresponding for example to some given
chain of groups, we have the corresponding opera-
tor expansion

0= 2 o(a, &), (22)
oo’
and we would say that O(&, &’) has the defining rep -
resentation pair (&, @’). For the diagonal case we
shall continue to speak of the defining representa-
tion Q.

A separate decomposition of O is by its tensorial
behavior with respect to the groups under consider-
ation, O=E;07. We combine the two decomposi-
tions to get

0= % 0i@w). (23)
a,o’,y

Since O(&, @’) has the direct-product structure &
X&', the allowed 3’s are determined by the combi-
nation rule for &, &@’. For example, if we are deal-
ing with U(N), a k-body operator has &@=3'=K and
then it is well known that there are (k+ 1) different
representations y, those in fact with one- and two-
columned Young shapes, [N -, 1], with x=0,
1,...,k. As another example, for the Coulomb in-
teraction (defined in the isospin-one two-particle
space) y could define the isospin ranks 0, 1, 2;
Eq. (23) then giving the usual scalar-vector-tensor
separation.

Observe next that in the U(N) case there is a natu-
ral ordering for the representations, defined by
the fact that a 2-body operator vanishes in m with
m <k. The ordering is the trivial one m =0, 1,

2, ..., N but the general idea of ordering is not
trivial. For the U(N) case the representations
form a fully ovdered set (or a chain), the ordering
operation being that & > @’ if every operator de-
fined in & vanishes in @’. We see now that propaga-
tion proceeds in order along a chain. When we
come to more complicated group structures we
shall encounter the more subtle notion of a partial-
ly-ordered set, with a correspondingly more com-
plicated propagation.

Equation (13) may be rewritten as

om@i=(7)(}) 0o 4)

Thus, while for >0 we cannot propagate from the
vacuum representation (since the operator vanish-
es there), we can propagate from the plenum rep-
resentation, which is just as simple and is indeed
the hole-vacuum representation. The significant
fact is that the plenum representation, giving only
a highly nonfaithful representation for O(K), is still
useful, since it does carry the information about
the linear trace of O(K). We shall see later how a
set of nonfaithful representations may be used as a
sieve to decompose the moments of an operator.

Via a trivial example, we have introduced above
the nontrivial notions of propagation, propagation
coefficients and operators, defining-representation
pairs, the linear and quadratic structure of opera-
tors, ordered sets of representations, and sieves.
All of these are going, eventually, to be of impor-
tance to us.

We proceed now by introducing second-quantiza-
tion forms for the operators and states of the sys-
tem. This is not strictly necessary but it is highly
advantageous. Corresponding to the N single-par-
ticle states which define the orbital space {N} we
introduce creation operators A, and destruction
operators B, =A,", where »=1, 2,...,N. These
satisfy the usual anticommutation relations,

[4,,B,],=5,,,

[Ar7As]+=[Br,Bs]+=0. (25)

The normalized operator for m particles in state

a is represented as Z,(m). In a product (or Har-
tree—Fock)‘representation, a basis state Z (m) is
a product of m A operators; more generally, it is
a linear combination of such products. The opera-
tor Z (k)Z (k) is a k-body operator which is de-
fined by the single nonvanishing k-body matrix ele-
ment (&B|Z,(k)Z . (#)|kB’) =646 yg. Moreover,

as @, ¢’ run through the states of K, the set of such
quadratic objects gives a basis for the k-body op-
erators. It follows then that the general expansion
of a k-body operator O(k) is
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0 =2 k8I0RIkEIZ5(Z 5" (k) . (26)

A general matrix element of O(K) in m -particle
states is

onalO®)pmay =2 6O k")

X(Z N m)Z g(R)Z 5 (R)Z o(m))g
(27)

where ()0 denotes a vacuum expectation value
(v.e.v.) which, of course, is entirely independent
of the operator O(k). Such a second-quantized rep-
resentation makes explicit the defining properties
of a k-body operator and its propagation, which we
have discussed above; and similarly for more gen-
eral operators.

The commutation rules (25) are invariant under

the involution
Ar‘Br EAr(h) ’ (28)
B,~A,=B,H),

which, as indicated, defines holes to be fermions.
This operation (applied in every element of the or-
bital space) we denote as (7). Thus we have

A =B,=A,T=A,b),

(29)
(A4,A)"=B,B,=—(4,A4)"=4,(hAh),
and for general state operators
Za(m) = (_.1)ém(m-1) ZaT(m) =Z (my) , (30)

Zm)= (-1)tmmD Z (m)=2Z, m,) ,

these equations then defining for us a correspon-
dence between hole and particle state operators.
The essential equivalence between the operations
~ () and T when applied to state operators with a
definite number of particles is not maintained with
more general operators and we have

Z (R)Z g1 (k)= (=1) k2" =Dk 7 N(R)Z g (R')

(31)
= Z,(ky)Zg (k') .

We see that in general 0 may be said to be an oper-
ator with the same representation in the hole states
as O has in particles. If for example O is a k-body
operator [as it would be if 2=k’ in (31)] then we
shall call O the corresponding k-hole operator.
Then, reexpressing O in normal form with respect
to particles, we get a k-body operator which, to
within a phase (~1)%, is simply the adjoint'? of O,
along with terms of lower particle rank arising
from commutation. In other words a k-hole opera-
tor is the sum (from 7=0... %) of I-body operators.
The 1=k term does not vanish and is trivially re-
lated to the original operator. The I <k terms

may vanish; we shall see later the significance of

such vanishings.
Since two state operators essentially commute, '
as do their adjoints also, we have the result that

(ZaT(m)Z BT(k)ZB,(k)Za,('m))O

=2 (R)Zo M) Z (M) Z (R)),

(32)

which tells us that to an m -particle matrix ele-
ment of a k-hole operator, there corresponds an
equal k-particle matrix element of an m -hole op-
erator (and similarly for non-number-conserving
operators). Writing now, in correspondence with
Eq. (26), the expansion of a k-hole operator, O(K)
= O(E;;), viz.,

O(kg) = BZB; (knBlO®y) [k, BN Z 51 (R)Z () | (33)

we have for the (M, @) trace

CO@RN™ & = 35 (kyBlOER) eyB")

BB’

X(ZJm)Z S (R)Z y(R)Z o(m))y . (34)

Let us now introduce the trace operator for the
set (M, &)

P, @)= T Zm)Z, m) . (35)
oe o

This self-adjoint operator is the operator exten-
sion of the (M, &) trace of the density matrix. It
has the defining properties:
(i) p(d, &) is an m-particle operator and therefore
gives zero on all k-particle states with 2 <m.
(ii) p(@, &) gives unity on all m -particle states in
(M, &) and zero on all states in (i, &’) with &'+ .
In terms of these operators we have from Egs. (32),
(34) that'®

CORDN™¥= T (e l0R) 1)

X(Z g1 (R)p (M, B)Z gi(R)), (36)

which gives the trace for an operator which is in
antinovmal form.

A simple and well-known device now enables us
to do the same for a normal form operator, which
is more interesting. It is clear that Z , applied to
the particle vacuum and Z, applied to the hole vac-
uum (the plenum state for particles) give related
states; these we define as complementary. Then

Zo (N =m)|0)= Zom)|N)= Z ,m)Z(N)[0)
Q12N =m) =(N|Z,}om) = 012 TN Z ' m)

where we have chosen &gz, the (N —m)-particle
basis set, to coincide with the complement of @,
the m -particle basis set,?°

The relationship between hole and particle
v.e.v.’s

(37)



)

(@a= (@, » (38)

which follows from Eq. (28), when applied to the
integrand operator of a matrix element, then leads
to the result

(Z J(m)KZ y(m "))y = (Zac (N - m)A’Za,c(N -m’)), .
(39)

Thus, for a k-particle operator, we have

KO®MN™: &= 3 (kplO®)|%p")

oea
BB’

X(Z N m)Z 5 (B)Z 5 T (R)Z o (m)),

= 2 kBIO®) k)
X(Z (RGN - 8, B)Z gk

= (6N - 8, DO , (40)
where in the first step we have used the operator
expansion of Eq. (26), in the second have used Eqgs.
(32), (85), and, in the last, either the reality of
the matrix elements of O or the Hermiticity of p.
Note that this result is derivable also from Eq.

(36) via Eq. (39). For the corresponding compact
form of Eq. (36) we use Eq. (39) and then

(O™ & = (p (@, BOENTF . (41)

We can think of the subspace (ifi, &) as one mem-
ber in a subspace decomposition of 9. There are
important decompositions of 9 for which it turns
out that the trace operator for each subspace is di-
agonal with respect to subspaces and behaves like
a multiple of unity in each one. If =) (i, &) is
such a decomposition, we have then from Eq. (40)
that

(@& =3 (ea’ | 5® - 1, B) k) (ORNFE
=D (p® - &, MFFO®NTF, (@2)

where, in the first form, o’ is any state in &’. We
see that in this case a subspace trace of O(K) prop-
agates from its defining representation throughout
the entire lattice of subspaces with a propagating
coefficient given by the matrix element indicated.
An operator, then, which is traceless (or a multi-
ple of unity) in each of the defining subspaces is
traceless (or a multiple of unity) in all the sub-
spaces. We shall describe this general situation,
which is characteristic of the decomposition, as
one of simple propagation. For the scalar distribu-
tion of Sec. 3, it should by this time be obvious
that??

o0=(3), s@-(";"), 3)
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so that simple propagation does pertain in this
case (as it will also in the case of configurations
to be discussed in Sec. 5). The general reason for
this should also be clear, namely that all m -parti-
cle states have equal standing, no preferred axes
being specified in 1 by the operations considered.
In these first papers our interest will be solely in
cases which admit simple propagation, and in the
discussion which follows here we make that as-
sumption also.

The propagation coefficients have a symmetry
which follows directly from Eq. (32), viz.,

A, &) (M - i@, IYFF = (s -, ANTF
= (p (&, & N)™&
=a(d, apE, & N™E,
(44)

where, as always, d(y) is the dimensionality of y.
Using this we have?? (for the average instead of the
trace)

(OEY™ & =3 Gma| p&, &) Ima)O®)YF<,  (45)
&
0®) =2 (0®)F¥p (&, ) , (46)

where Eq. (46) displays a linear-trace equivalence.
The operator p(K, &’) is then, in the sense of the
discussion following Eq. (21), a propagation opera-
tor. It functions like a net-point Green’s function

in propagating, throughout the lattice, trace infor-
mation given in the defining subspace (k, &'). Alter-
natively it may be regarded, for fixed k as a (K, &')
projection operator, since it satisfies the condition

(alpE, @) |kay=1 if acd’
=0 if a €@ . (47)

If the operator with which we deal is not of defi-
nite particle rank [e.g., 0?(K) which we would need
for the second moment], we could decompose it in-
to operators of definite rank, each part of which
would then propagate via Eq. (45). Though we shall
sometimes use this procedure, it is basically un-
economical to carry out a microscopic transforma-
tion of an operator solely for the purpose of evalu-
ating a few traces. We may alternatively proceed
as follows, which will be recognized as a natural
extension of what we have already done in Sec. 3.

Suppose that the operator has maximum particle
rank which is not greater than u; e.g., we would
take u =4 for the square of a (0+1+2)-particle
Hamiltonian. Then those terms in the defining ex-
pansion of the operator which are nondiagonal in
representations cannot contribute to traces, be-
cause we are dealing with cases of simple propaga-
tion. Therefore the operator is defined on a net of
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vepresentations (K, &) with £=0, 1,...,u. Now,
while a density operator p (K, &’) does give

5(m, k)6 (&, &') in any representation (M, @) 'vith

m <k, it cannot vanish in all those representations
of the defining net which have m >%. This follows
from the fact that p (K, &'), being a k-body operator
whose defining trace does not vanish, must neces-
sarily have a nonvanishing trace in states with

m >k. Thus p(k, &') does not behave on the defining
net like a Green’s function. We therefore intro-
duce a new set of density operators p, (K, &@’),

o, <E,a'>=(;‘j;’)p<ﬁ,a')= o (o Yok, @),
(48)

where, as always, »n is the number operator. The
n factor, being then a product of linear factors
which give zero on all representations with 2 <m
<u, forbids propagation from the “source point”
(K, @’) to any representation of the defining net.
The p, (K, ') are operators of maximum rank <u
satisfying

oy &, @)~ 8(m, k)6 (&, @’) on (@, &) if m,k<u (49)
and act collectively as a Green’s function on the
defining net.?®

In terms of these operators we have, as an ex-
tension of Eq. (46),

0= 2 (OF%p, &), (50)
(k.a")

the sum being over the defining net, and the opera-
tor being of maximum rank <u. The equation is
valid for linear traces and follows from the fact
that the right-hand side is of the correct maximum
particle rank and, via Eq. (49), reproduces the de-
fining traces of 0. Then, corresponding to Eq.
(45), we have

&= 3 (malp, & &) ma)0)F . (51)
(k,o)

We may use Eq. (50) to expand the density opera-
tors themselves. Then for ¢ <u we have

o€,7)= 2 T @3N 5, & B) (52)
k=t

o

and since {p@, 7)) 7'= 633+, We may rewrite this
aSZ4

b€ t-(20)) - 3, Teee &
53)

Similarly we find

t T >
6EN=2 T pE N 0, & F) (54)

k=0 o

and we have also the expansions (§ versus g and

p versus §,) which come from applying the opera-
tion (7) to these equations.

It is worthwhile to have the inverse of Eq. (52),
which would express a trace operator which acts
as a Green’s function on the net, in terms of trace
operators for single representations. We can in-
vert the equation by a process which will be recog-
nized as that of an elementary sieve. Remember
that, by construction, p, (K, &) and p, (&, &) (k <#
<s <u) coincide in the (m <v)-particle representa-
tions; p, (K, @), however, has higher-rank terms
(r <rank <s) whose function is to cancel the
p, (K, &) traces which propagate into the (m >», m
<s)-particle domain. Then we have

P& B)=p& D)+ > 0f)

r=k+1
=p(&, @ - D{p, & BT p&+1, 3p)
ey

u

+ 2 o), (55)

r=k+2

where the last step comes from the vanishing of

p, (&, @) in (2+ 1)-particle states (if k+1 <u). The
first two terms on the right-hand side of this equa-
tion give p,,,(k, @); proceeding in order we find
the desired inversion,

P& B)=p& @) - 2 (o, ANt B, B .

t=k+1

(56)

Combining Eqgs. (50) and (56) yields a trace expan-
sion of an operator O, of maximum rank <u, in
terms of f-particle operators; with the aid of this
we can make the trace decomposition of an opera-
tor whose traces are given on the elementary net
into a set of operators each defined in a single sub-
space of that net. The result is

0= DAR @,

A, @)= <0>1:,a_:§§ ZiopaE, DT, (67

which we can recognize as the natural extension
(for the more general lattice) of the usual trace
separation of an operator according to its particle
ranks. For that case, Eq. (57) gives immediately
the result (easily derivable also by other methods)

AGK) Z =+ (F) o,

0=% t (-1)k-t(’f)<o>t’(:). (58)

k=0

As a minor application we find the trace expansion
of an /-hole operator to be



|

6@ =(odys-T }5( )TZ )t k( >(Nl_t>

k=0 t=0
- (OEN Z (V2D (59)

where we have used a combinatorial identity. A
different der1vat1on of this result is worthwhile.
Since (p (E)) = (1), it follows that p(K) - ()5 ( (©0) van-
ishes in (N); it gives (*;1) - (M)=-(¥}) in (N - 1),
thus, p®) - (M)50)+ (4= )p(T), which = (422) in (N
-3), and vanishes in (N) and (N -1). Continuing
in this way, we have that

- N-t
® = (-1)} 5() 60
p=32 -1 (;27)s® (60)

since the difference between the operators on both
sides, being an operator of maximum hole rank k
which vanishes in (I <k)-hole states, must neces-
sarily vanish. The hole-particle adjoint operation
(") applied to Eq. (60) will give the density-opera-
tor equivalent of Eq. (59). These combinatorial re-
sults are elementary and, in fact, are not of very
great interest; but their extensions for more com-
plicated lattices are not trivial at all (a point
which, in a more general way, has been made by
Rota?®) and, in some cases, will be of considerable
interest.

When there is simple propagation, we are now
able to propagate the trace of an operator of mixed
particle rank without recourse to the normal-form
decomposition. To do this via Eq. (51) we need to
calculate the input traces over the entire defining
net, but for high & in particular this may be very
difficult. We can, however, proceed to a new net
for which the required input calculations are sim-
pler; in particular, one which discards the high-
number members of the defining net in favor of
representations involving only a few holes. An ele-
mentary way to do this is to use Eq. (51) to elimi-
nate elementary-net points on the right-hand side
in favor of simple representations on the left, as
we have already done for the simple scalar case in
Sec. 3. We shall see later how this works out in
practice for more complicated cases. We shall
give also more elegant ways of proceeding which
get around difficulties arising from the fact that
not every net of the correct dimensionality carries
all the necessary input information, this because
of a failure of linear independence.?® It might be
noted that the defining net gives the simplest faith-
ful array of representations for the operator being
considered and that the simpler net does not then
define a faithful array. But for traces of limited
order, such faithfulness is not required and, as
we shall see, the use of a nonfaithful array makes
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things often very much easier.

Finally, we mention a different way of looking
at some of the things discussed above. We have
in Eq. (27) written the matrix elements of an
operator in terms of the vacuum expectation val-
ue of a quartic object. We can consider this v.e.v.
as measuring the overlap of two quadratic objects.
For example, the nonnegative quantity
(Z(m)Z g (k) Z 3 (R)Z (m)), determines the normal-
ization of the state produced by combining an m -
particle and a k-particle system as indicated,
while (Z,"(m)Z 4(k)Z 4" (k)Z ,m)), measures the am-
plitude with which the state (%, 8) can be found in
the state (m, a). It is easy to see that in each case
we have () < 1 (consider the evaluation in a Har-
tree-Fock basis).

We are really interested in the combination of
subspaces instead of states. A natural measure
then of the “strength” with which two subspaces
combine is

e, &K, p)=d" (@, B)d'&, B)
X?:a (Zo"M)Z g (R)Z 4(R)Z o(m)),
peB
=d7'& D(FE B)Y™E ©®1)

which incidentally gives us an upper limit on the
propagation coefficients (since @ <1). The depar-
ture of @ from unity represents what is commonly
called a “blocking effect.” For the simple U(N)
case, Eq. (43) gives, for combining an m particle
and k particle subspaces, that

o () (7

]

N-1 N-m,
where m, is the larger of (m, k) and m_the smaller.
The “blocking effect” measured by (1 — @) is seen
to be small, as expected, if we combine two sub-
spaces each small compared with the total space
available.

In the same way a measure for the probability of
finding a subspace (K, f) in (M, &) is

d(m, §)& (i, & K, p)
=d7'K, B) 2 _

e a

BebB
(i, @)d (&, P)p &, B)™&

(Zo'm)Z(R)Z " (R)Z o (m))

(63)

The measure adopted here ensures a unit value for
the measure of a space within itself and leads to
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the simple result of Eq. (65) below. The normali-
zation of ® is such as to give the simplest form
for the symmetry properties which follow from
Eq. (44); they are

&, &K p=e® -, & P=ak 5 N-,3)
=®N-KEN-/m,73) . (64)

® of course vanishes if 2>m, and @ if m +& >N,
and both quantities are bounded by unity. Indeed,
they satisfy elementary sum rules arising from the
the fact that Z};p(f, Y =p®).

If we have simple propagation, then, on combin-
ing two spaces (i.e., taking the product of an ortho-
normal basis set in one space with a set in anoth-
er), the states of an orthonormal basis for the re-
sultant space appear with equal intensity; and, sim-
ilarly, for the operation measuring one space in
another. In this case, also, we have a very sim-
ple picture of the trace propagation. For an oper-
ator defined in a subspace (&, 5), we have

Trace of O in (A, &) =[Trace of O in (&, B)]
x [Measure of (K, B) in (9, &)] .
(65)

The @, ® quantities correspond to looking at the
quartic object, whose vacuum expectation value is
of interest to us, according to its [(12)(34)] struc-
ture rather than [1(23)4] which is natural when we
think of density operators. When later we replace
the scalar multiplication of the four objects by a
tensor coupling, with subspaces and tensors de-
fined by the group structure being considered, we
shall be led naturally to decompose @ and & ac-
cording to the intermediate subspaces, viz.,

e(, &K p)=2AM, %k Bm+K,y),
3 (66)
®(, &K B) =2 B, &K, Km+K,y).
¥

The resultant quantities, as we shall see later,
are vital for the decomposition of widths into par-
tial widths. They have a considerably extended set
of symmetry properties and sum rules. The rela-
tionship between the two kinds of decompositions
of the quartic structure will be that of a Racah
transformation involving, of course, the Racah
algebra of the relevant group or set of groups.

5. CONFIGURATION DISTRIBUTIONS

The scalar distribution of Sec. 3 is always of in-
terest, since it has to do with the distribution of
the eigenstates themselves, but it tells us essen-
tially nothing about the structure of the eigenstates.
We thus turn to a more detailed decomposition of
the 9% space, that corresponding to configurations.

In the configuration or fixed-partition distribu-
tion we imagine a partitioning of the orbital set
{N} into 1 subsets, {N} - {N,, N,, ..., N} ={[N]},
say,’” in which 2;N,;=N, N, being then the number
of single-particle states in the kth subset. Such
partitioning is naturally suggested by the orbitals
of spherical or deformed shell models, but we may
in fact have no shell model in mind at all. Corre-
sponding to this partition we may distribute parti-
cles according to m— (m,, m,, ..., m;)=[m], with
2 m; =m, this arrangement defining a configura-
tion and [fi1] then standing for a basis set for that
configuration.

We observe that even a number-conserving oper-
ator may not conserve the separate numbers m ;.
Operators which change configurations are of
course traceless in m; among the m -conserving
operators the simplest are those of the type O([K])
which have definite particle ranks with respect to
each subset of {N}. For these operators we have
an immediate extension of Eqs. (13) and (43), viz.,

@Y™= ENT (), 67

plm)=TI("), (68)
i\
which will give the averages and trace equivalents
for a general operator as long as its decomposition
0=20([k; k']) is available.

What now is the extension which, without re-
course to normal-form expansions, will enable us
to deal with operators of indefinite (vectorial) par-
ticle rank? Just as we did before, in the transi-
tion from Eq. (13) to Eq. (14) or (46)— (50), we
may introduce a set of Lagrange polynomials or
trace operators orthogonal on a defining net. If
we wish to deal with an operator O whose vectorial
rank <[u] (i.e., rank in the ith orbit <u,;), then it
follows from the direct-product nature of the sys-
tem that the density operator on the u-net factors
according to the orbits, and we have

pray (KD =p,, (k)

=I;I(_1)ui—ki (n,—k,- —1><Zi) , 69)

u;—k; i

the average of O being then given by the natural ex-
tension of Eq. (14).

This in fact is not very useful, for usually we
shall deal with operators O which have a specified
maximum scalar rank #. Then the maximum ranks
in the separate orbits are also restricted to <u but
there is a correlation between them. With a
(0+1+2)-body Hamiltonian in a two-orbit configu-
ration, we have for example [£]=[2, 0], [i, ],

[0, 2], but [2, 1] and [Z, 3] would be ruled out. In
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the I=2 case, then, we should take the (*}?) dimen-
sional triangular net (¢,+1¢, <y) rather than the
square net (¢; <u) appropriate to Eq. (69); this con-
stitutes a major simplification, since the new net
has fewer and simpler elements; and similarly for
arbitrary . We shall indicate the new density op-
erators as p, ([]).

Consider as an example 1=2, »=5, [£]=[1,2] as
shown in Fig, 2, We need an operator of (mixed)
rank <5 which gives zero for all points on the net
except for unity on (_f, —ﬁ). Then noting that there
are three varieties of linear factors [(0+ 1)-parti-
cle operators] which annihilate along a line we see
that

p5((1, 2]) = dnmy (0, = 1) (0 — 4) (0 - 5) . (70)

A little consideration will show that the same kind
of linear factoring is valid for all points of the net,
for arbitrary », and finally for an arbitrary dimen-
sionality . The result then, as may easily be
verified, is

p. (€)= <Z :;’)HC‘): (—1)ts (nu~—tt— 1) II<:‘> ’
(1)

which gives for the average

=3 .. E (1)t <mu——tt—1)

$,=0 ;=0

XK’:) . (’Zl)] O, t<w), (12)

where ¢t=23¢;, m=2,m;. The [fi] dependence of
(0)Im1 is, of course, that of a uth-rank polynomial
in the [ variables m,...m,.

Once again, just as in the scalar case, the ele-
mentary net (the triangular net about the origin
which constitutes the defining space for 0) will usu-
ally not be convenient to deal with, because of the
complexity of the necessary input traces. In the
scalar case a “most economical” net and the corre-
sponding density operators were easily found but,
because of a failure of linear independence, this is
not at all true in the present case. It has been
shown by Kim?® that a “most economical” lattice in
the /-dimensional case derives from the elemen-
tary net by a kind of reflection-contraction process
in which [€]— [€*] where t¥= (N, - 3t; +3) if ¢, is
odd, #*=3t,; if ¢; is even. This replaces the tri-
angular elementary net by a set of triangular nets,
one at each corner, the largest of which corre-
sponds to 3# or :(u — 1) according to whether u is
even or odd. The general solution for p, for this
net is very complicated but in any case of interest
we may numerically invert Eq. (72) to express the
old input traces in terms of the new ones.

Instead of using this method we shall in the next
sections use a normal-form decomposition of H?
[propagating the separate parts via Eq. (67)] to ex-

. press the configuration widths in terms of the

Hamiltonian matrix elements, and shall give also
a decomposition into partial widths. In a later
paper a quite different solution for the width prob-
lem will be derived by use of a unitary-group de-
composition of the Hamiltonian and expressed in
terms of physically significant quantities. The en-
tire structure of the width expressions will then
become transparent.

6. SCALAR AND CONFIGURATION MOMENTS
IN THE SPHERICAL SHELL MODEL

In this section we derive and discuss expressions,
in terms of the Hamiltonian matrix elements, for
the centroids and widths of the scalar and configu-
ration spectral distributions. We are particularly
interested in the case where the set of single-parti-
cle states corresponds to a number of spherical or-
bits and we work, therefore, inthe usual shell-mod-
el or spherical-tensor representation in which both
states and operators carry definite angular mo-
mentum (and isospin where that is relevant). Actu-
ally, since we do not now consider distributions
for fixed angular momentum, this choice of repre-
sentation is not at all essential and it is, in fact,

a slightly restrictive one since, at first sight, it
precludes a consideration of nonspherical orbits.
This restriction however is more apparent than
real, because it is clear from the discussions
above that the centroids and widths must be ex-
pressible in terms of linear and quadratic traces
in the matrix-element space, and the translation
of such quantities from one representation to
another is not difficult. We choose the explicit

le—m, =0

m

FIG. 2. Representation of the density operator in
Eq. (70).
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spherical basis because that will be particularly
convenient for future work. In dealing with the
propagation of the quadratic traces we shall use
the normal-form method, leaving until later the
application of other methods. The essential for-
mal problem is then that of decomposing H and H?
in an appropriate way and evaluating the N-state
expectation value of the various parts.

We adopt a notation®® which emphasizes the ten-
sorial properties of the various quantities arising
in the spherical shell model. Single-particle or-
bitals are characterized by principal quantum num-
ber, parity, angular momentum, and, where rele-
vant, the isospin (whose value is ¢=3). We can for
most purposes describe all these by a composite
label » which, among other things, then defines
the tensorial ranks, In the isospin formalism, the
2(2j,+1) single-particle states corresponding to
such an orbital are distinguished by their projec-
tion quantum numbers (u;, p.)=p. The basic crea-
tion operator is A} which creates a normalized
single-particle state

An|0)y=y7 . (73)
The destruction operator B} is related to the Her-
mitian conjugate of 4] as

B = (=)@, (74)
the phase being chosen to cause Bj, to transform
as the u component of a spherical tensor of rank ».

The notation is a direct-product one so that in a
(4, ¢) formalism we have, for example,

(=1)7 = (=1) "7 = ()R (75)

But we can also interpret the equations via a j for-
malism in which isospin does not occur (at least
not as a tensorial rank) or even via a ¢ formalism.
In some cases it will be found advantageous to in-
troduce more explicitly some of the single-particle
state labels.

The normalized two-particle state is

=L, AT X A%)[0) = r, 5T, W (76)
Crs ™ 1,
6 =1/V2, r=s,

Y+S,

where (T, p)= (J7, iyiy) in an isospin formalism
and the indicated (X) product defines the usual angu-
lar momentum coupling. The coupled commutation
rules for the basic operators are then

(A7 % A%) T+ (-1)75 (A% x A7) =0,
(BrXBS)F+(_1)7+S—I“(BSXBr)l":O, (77)
(AT X BS)F+ (_1)r+s—F(Bs XAr)I‘: [7]1/26rs51‘0 ,
where [r] denotes the statistical weight of orbital 7,
[r1=N,=(2j,+1)(2t,+1)=2(2j,+1) (78)
in the (j, ) formalism. §,, =0 unless 7, s define
the same orbital. It will be found convenient, al-
lowing for the fact that there may be active orbits
differing only in radial quantum number, to intro-

duce the symbol §,, which distinguishes between

orbits only according to their tensorial rank
6,6(j,,js) [inj or (jt) formalisms] .

(79)

For the Hamiltonian we take a (0+1+2)-particle scalar operator, the separate parts of which via Eq.

(26) have the form
HO)=H,,
HD)= T e, Ir]2@47 x BoY,
7,8

(80)

H@)=-% 3 [T]"2, e W (A7 X A%)Tx (B x B*)T]° .

rstull

The one- and two-body matrix elements of H, denoted by € and W, respectively, have the following symme-

try properties:

€rs =@ HDIs)= €y =8 5600,

Wy =@s, TIH?2)|tu, T)=(-1)"""TW]

sriu

S (DT, — (-1 e

(81)

—wT
=Wiws -

(82)

srut

We shall sometimes write the diagonal single-particle energies €,, as €,.

Similarly, H*=K is a (0 —4)-particle operator®

H?= f_}K(t)

(83)

and on carrying out the commutations required to put K into normal form, we find
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K(0) = (#,)?, (84)
KD =Z2H e, + D [ e e, AT X B, (85)

rs
K(_z.) = Z} r[F]l/z(_%HOCrs_lgcu—lwrrstu - €su™ %Z} Crs-lgte—lwfsteeeu
rstu ¢
=300 s e W st = 520 Crs Lo Cru” W rsor Wapsa (A” X A%) X (BE x BT, (86)
e ef
K(§)= Zt; f[A]uz{_ égrs—lgtu-IEefWE:stué rpo(=1)* r-a +%Egrs-léfg_lceg'_lgtu-llr]llz
rstue, I 4
IT’A
XW e Wiy (F1)2 T W (T 'efT:gA) (A" X A%)TxA® |4 x Bf x (B x B*)T"]4}° | G
K@= ,stuEe,“T‘s [AT28, 7 80, o e W htu W {LA7 X A%) T (A% x ANT]Ax[(BY x B*)Tx (B® x BM)T']4)° .
A
rr (88)

All orbital summations are unrestricted. The sumbol W(I''efT:gA) in Eq. (87) is the usual Racah coeffi-
cient. It is clear a priori, and demonstrated in these equations, that the product H(K)H (') (for %> k') con-
tributes to K(K), K&+1),..., KE+K’). Note also that the matrix elements of the k-particle part of H(K)H(K)
are those which arise from the usual matrix product in the % space, this coming about because the & space
supplies a representation of K(K) as well as of H(K). Examples are the €2 terms in K(I) and the W2 terms
in K(2). The matrix elements of K(K+K’) arising from H({&)H (K’) are those of a kind of direct-product ma-
trix, examples being the eWterms in K(3) and W2 in K(Z). These terms, of course, arise from transform-
ing the product to normal form but ignoring all the commutator contractions.

For the scalar centroid and width we use Eq. (24) for which the necessary input is the set of N-state val-
ues of H({) and K(f). These we evaluate by the standard methods and we find

HOM=H,, (89)

@dW=2N,¢,, , (90)

HEY =323 4,45 » , (91)

(K@Y =H, (92)

(KAN¥ =23 @HN €,,+ 2N € €rs) » (93)
r kR

<K(§)>N = E [HOArsrs + N N €rress Nr erse sr * Z) (Arsrke ks + €rkAksrs) + %EBrskl] ’ (94)
rs 3 kRl

<K(§»N:E[Nt€ttArsrs +ENs-lArsrkAtkt58sk —Asrstetr - 6t'rArsts ‘%EBrstk] ’ (95)
rst k

<K(Z)>N = E (%ArsrsAtutu 4Brstu - Ns—lArsrtAtususst) ’ (96)

rstu

where the orbital summations are all unrestricted.
We have introduced here the quantities

rstu é‘rs_lét‘u—lz[r] rstu

(97)
Brstu = rs-zgtu-zz[r] rstu

which to within normalization may be regarded as deriving from a I" averaging of the matrix elements of
H@®) and [H (2)]2 between the two-particle states (r, s) and (¢, ). In terms of these it is clear that
W,,=(N,N) 2 [JTIW!I = (N,N,) A

rSrs
J,T

rsrsy V#S (98)

is the average two-body interaction between two nucleons in different orbits, »,s. When they are in the
same orbit the average is

Wrr EWr < > Z [JT]W:,’zr = N (Nr —1)]—1Arrrr . (99)
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Then, considering all the two-nucleon states, we have (for the trace instead of the average), writing W for
the two-particle matrix of H(2) and W for the over-all average interaction energy

<<H(§)>>5=Tr(w>=(2> =2 NN, W, +E( ) W, =32 Arers (100)

7S
r<s

(HG)PY =Trew xW)=% ) B, . (101)

rstu

Finally, the following symmetry properties for the A’s and B’s follow immediately from Eq. (82).

Arsrs =Asrsr ’ (102)
Arstu = Aturs = (_1)r+s-t MAgut (103)
Brstu =Bsrtu =Brsut =Bsrut :Bturs . (104)
The centroid of the complete scalar distribution now follows via Eq. (24) and is
. * m mm -1
8 (@)= )™ =Hy+ T S Ne,, + (N 1)) ZZA,S,S ) (105)
r

For the dispersion we may do the same for (Hz)m and then subtract the square of the centroid polynomial.

Or equivalently we can recognize that ¢*(f) is the second moment (and similarly for the pth central mo-
ment) of

H —kzzo: <H(k)>17<Z) =H-H,-en- W(Z) , (106)

the subtracted term being simply the linear trace equivalent of H. The result is
o?(if) = H2)™ ~ (™)

mm—1)
N(N - 1)

mm—1)(m - 2)
N(N-1)(N -2)

mbn —1)(m - 2)(m - 3)
NN -1)(N-2)(v -3)

which, as will be recognized from the  polynomials, exhibits separately the dispersions from the (1 —4)-
particle parts of H?. Here

Q= ENr (Ers)z _%<2Nr€rr)z

=Tr(e X€) —l—é[Tr(e)]z (108)

2
X=2 ZArsrt €s ~ ENrerr ZAstst ) (109)
N r st

rst

_1 1 2
Z Brstu - ZN(N _ 1) <§ Arsrs)

rstu

——Q (X+Y-Q)+ (Z-Xx-27)+

r-2), (107)

= Tr(W X W) — (J;)—I(Tr’w)z , (110)

- o 1 2
Z=Z:Ns lArsruAtutsésu _]_\7 <ZArsrs> ’ (111)
rs

rstu

where, in correspondence with W as used in Eqgs. (101) and (110), € in Eq. (108) is the one-particle matrix
of H(T). The terms @ and Y then have a simple significance, being the one~ and two-particle matrix dis-
persions, i.e., the dispersions of the one- and two-particle Hamiltonians, each considered as a matrix op-
erator in its defining space. The parameters X, Z involve less familiar “partial” matrix products. Ob-
serve that each of these four separate terms propagates in its own characteristic way, the @ and Y poly-
nomials, for example, being proportional to (*)(¥;™) with =0, 1, respectively. The significance of the
new forms and of the partial products will become clear when we consider the unitary-group decomposi-
tions of the widths.

We turn now to configurations. In this case we need a further decomposition of H and H? in order to iso-
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late those parts which are number conserving and have a definite rank in each orbit separately. The N-
state expectation values of these operators are then the input [see Egs. (24) and (67)]. The decomposition
follows by inspection in Eqs. (80) and (85)~(88). Using H(»®s®#°...) to indicate that part of H which has
particle ranks a, b,c, ... in orbits 7, s,{,..., respectively, we see for example that

H(rs)= -E[r]““"W,S,S [(A" x A%)Tx(B" x B*)T]° , (112)

it being understood of course that »+#s. The relevant N-state expectation values are then

HO) =4, , (113)
Hr)Y¥=N,€,, , (114)
HON"=24,,, , (115)
<H(7’s)>N=Arsrs s (116)
KON = H)? , (117)
(KON =2HN, €,, +N, 23 (€,,)" , (118)
<K(72)>N=Nr (N, - 1)(617)2+H0A"" +2Z}€rkArrrk +%EBrrkl ’ (119)
<K(ys)>”= ZN N Err €ss — 2N (ers )2 + 2H0Arsrs +2 Z(erkAsrslz skArsrk + % E Brskl ’ (120)
Rl
<K(73)>N = (Nr - 2)€rrArrrr +Nr-l E (Arrﬂz)z rh EE Brrrk ’ (121)
k k

<K(7’23)>N= Z(Nr - 1)€r1Arsrs +Ns €ssArrrr - 4€rsArrrs + 2Nr-1k2 ArrrkAksrs Skr
+ Ns-IE (Arsrk )zssk - E Brsrk - %E Brrsk ’ (122)
kR
<K(7'St)>N 2Nr rr Agpat + 2Ns essArtrt * 2Nt€ttArsrs - 4€rtArsts - 4€rsArtst - 4€stAsrtr

- E (Brstk +Brtsk +Bstrk) + 2Nr_1z; AksrsAktrt gkr + 2Ns-l§ AkrsrAktst 8lzs + 2Nt—1kEAkrtrAkstsskt ’
k kR

(123)

K@Y =1B,,,, + (i -N,"4,,,) , (124)

(B(r2s)"=B,ps + (1=2N,")A,,,, A yops = 2N, (A, )0, (125)

(KO*S*)" =3B rss * Brops + 54 rmrr Assss + (1 =N, =N A5 )’ = 4N, A1y 6 A s by (126)
(K@) =B g + 2B,y + A,y Agrsr + 2(1 = N, TVA g0 Ay = 2N (A )8

— 4N, A,y A st s = AN, A A Bt (127)

( (rstu))” 2( rstu Brtsu + Brust) + Z(ArsrsAtutu +ArtrtAsusu +AruruAstst) 4N 1As'r.st.‘A
- 4N, -lAsrsuArtut 6ru - 4Nr-1Atrts rusu r —-4N -lArsrt Asutu 6st
- 4N TlA Astut O — 4Nt—1ArtruAtsus Opu - (128)

rsru
The centroid and dispersion polynomials are now formed just as in the scalar case. The terms in Egs.
(113)-(116) propagate via Eq. (65) to give the energy polynomial for the configuration [fi]=[f,, /,, ... /,];

rutu rt

S([@) = @™ =H,+ 33 M, (1) XN, €,, + 3 M, (2)X3A,,., +20 M, DM (1) x 34, , (129)
where ’ ’ i
_(m\(N\_m,m, =1): - (m, —k+1)
M’“”“(k)(k) TN, —1) (N, ~k+1D) (130)

with these polynomial quantities varying in value from 0 to 1 as the orbit fills. Equation (129) would follow
immediately from our definitions of the average energies. For the dispersion we may similarly propagate
the terms in Eqs. (117)-(128) and then subtract from the resultant polynomial the square of the centroid
polynomial [Eq. (129)]. Alternatively, we may subtract from H its linear trace equivalent
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H-5=H-H,~ ) €,n, -9 W,("Z')—Zw,sn,ns , (131)
r T

r<s

which is equivalent in matrix elements to

H,~0, €,-0, W::.”.—"WE,,"—W, ’ (132)
W{srs_’ W{srs ‘Wrs '

The forms here, if not obvious, are derived from Egs. (97) and (129). The second moment of the new op-
erator is then simply the variance. The result is

o*(i]) = 23 M, @)[w, g} (€,)*(1=5,,)] +§ M, (2)%%) B, = 3IN, N, - 1)]7@4,,,, )+ 220 Enlhyypn (18 )
+§’M, (DM, (DF 20 Brops = 3N, N, 17 Ay )+ 220 € ren (1= 8,0) =N, (€7}
+rE M, BN, (N, -1D]'(4,,,,)? - %§ Byre +Nr—l%) (Arrrlz)zsrk (1-5,,)}
+ ger (2)Ms (1){[NrNs ]—I(Arsrs )2 - ? Brsrk - %§ Brrsk - 4ErsArrrs + ZNr-l ? ArrrkAsrsksrk (1 - 57}: )
+N, ? (A,570)%0 5o (1 =0} +§’M, M, (WM, 1)~ g%} Bogn — 26, Agy;
+N;‘kE.A,mAs,sk6M (1-564)] +§ M, (4%iB,,,, - 3N, (N, - )] 4,,,, )%
* ? ‘M, (M, (1)[B,,ys = 2N, (A,,,0)8,5 ] + §’M, (2)M ; (213B, s + 2B srs
= 3N, N J7HA ) = 2N, 7'A,,5 A s B b +rEs¢ "M, (@M (M, (DB, +B,g —N A, )8

_4N7_1ArrrsAtrtsgrs] + Z Mr (1)Ms (1)Mt (l)Mu (1)(%Brstu _Nt_lA Astsustu) . (133)

rtru
rstu

The summation Z}l indicates that terms with any two summation variables equal must be omitted; otherwise
the summations are unrestricted. The product 5,3(1 -8,s) designates a term which survives only when or-
hitals 7 and s are distinct from each other but differ only in their principal quantum number, such as the
1s and 2s orbitals. The origin of each term in Eq. (133) is clearly indicated by the polynomial factors.
Thus terms M, (2)M (1)M, (1) arise from that four-body part of H*> which is a two-body operator in orbit »
and a one-body operator in orbits s and #. The quantities B,,,, — (*/)"*(4,,,,)? and B, = [N, N,]7(4,,,,)?
which appear in Eq. (133) are proportional to the variance of the two-body interaction between a pair of nu-
cleons in the same and different orbits, respectively. The configuration widths.do not depend on the diago-
nal single-particle energies ¢,,=¢,, as is clear formally from Eqgs. (132) and (133) and otherwise from the
fact that an operator which is a multiple of unity in a subspace does contribute to the energy but cannot con-
tribute to the dispersion. The same is clearly true of the partial width. There is an incipient paradox
here; a partial width connecting two subspaces is unchanged if we move one of them so high up in energy
that its effects on the other subspace become negligible. But the paradox disappears when we remember
that the admixing intensities depend in the limit inversely as the square of the centroid differences.

A decomposition of the width into partial widths, whose importance we have already stressed, is
achieved via an intermediate-state expansion

o*(I]) = o®(l; m']) = [%),] [ Jalse|[&’ ]8> . (134)
c(e[r'?l]
B e[m']

We may think of [fi’] as generated from [fi] by the excitation of a particular number and type of particle-
hole pairs; [ﬁ1’1+f, m, -1, M, ..., M,] is a particular 1p-1h excitation, and so on. We see easily then
that, in Eq. (133), the terms B,,,,, B,ss, (A,,)5 and (4,,,)? are due to the internal mixing of Op-Oh
states; the terms (€rs)2! €rsA‘rrrs’ €rsArtS! ’ Brsss, Brsts: (Arrrs )21 (Arsrt )23 ArrrcAsrst ’ and ArtruAstsu are
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due to the admixing of Op-Oh states with 1p-1h states; the terms B
mixing of Op-Oh and 2p-2h states.
We may thus decompose the variance into terms each of which involves intermediate states of a unique

configuration, We now list these partial variances using the notation that, for example, ¢?([f]; > 2s*'t*?)
arises from the process

srsss Brrst, and B,g, are due to the ad-

[m]" [mlyr_ﬁz;- . .,I’—ﬁr "Z ms+1, ﬁ"lt +1: '”,fﬁl]"[m] ’
where, of course, the orbits », s, ¢ are distinct. We find

o*([m]:0)=) [M, (2) -2M, (3) +M, (4)][%3,", —;11—(1;?> (Am,)]

r

S, (M, (1) - 200, 0, (), (I, 2] o s ] (135)

A([M)ris*) = M, (D1 =M, (1)]XN, (€,¢)2+M, (2)[1 - M, (1)] X2€,,A,,,
+M (1)[M (1 3(2)]X2€ Arsss }- 7(2)—M1(3)]|.1_Ms(l)]X%Brns

)[M (1 (2)+Ms (3)]X§Brsss +Mr (Z)I-Ms (1) _Ms (2)]X2N _lArrrsArsssars
+M (3)[1 1)] XN _l Arrrs )zsrs +M7 (1)'.Ms (2) "Ms (3)]XNr_1(A'rsss )2675
[1 - ]2 [M, (1) =M, (2)]XB,q +M, (1)[1 —Ms<1>]§3’M, (1) X2€, A5

+M, (1)[M, (1) =M, (2)]2’M, (1) X2N, A, o Aprer 8,6 +M, (2)[1 =M (1)) 23 'M, (1)
t t

X2N, -1ArrrsArtst Srs +Mr (1)[1 —Ms (1)] Z;,Mt (2) ><Jv'r--l(Artst‘ )2878

+Mr (1)[1 "Ms (D]ElMt (1) XN, -lArtstArusu 67.9 ’ (136)

tu
o?([M]:r2s*?)= M, (2)[1 -2M (1) + M (2)] X5 B,,q , (137)
*([@lr2s™ ) =M, 2)[1 -M,(V)][1 -M, (1)]x3B,, , (138)
o?([M)r=ts™t*2) =M, ()M, (1)1 -2M, (1) +M, (2)]X3B,; , (139)
o ([@r s~ ) =M, ()M, (D1 =M, (1)1 =M, (1)]XB g, - (140)

The summation symbol > in Eq. (136) indicates that the summation variables are distinct from # and s.
If we add together the terms from Eqs. (135)-(140) we reproduce the results of Eq. (133). The separate
terms have certain obvious vanishings; for example, any »~2 term vanishes for a configuration with less
than two particles in orbit ». It should be clear that the widths are unaffected by the (H- ¥C) transformation
of Eq. (131). The (»"'s*!) and (»*'s™!) terms involve the same matrix elements of H but are not equal, be-
cause of an asymmetry arising from different occupancies; a way will be described in a later paper in
which this can be used to give an inductive method for partial widths when we deal with more complicated
group symmetries.

A familiar result emerges if one asks for the change in the centroid energy due to the addition of a nucle-
on in the 7th orbit. Calculating the difference A&, between &(|f,, @,,...,H, +1,...,,]) and
8([m,, M, ...,,,...,m,]), one finds via Egs. (98), (99), and (129) that

A8, =€, + D m,W,, , (141)
t
a result entirely to be expected. Similarly, on adding a pair of particles in the same or different orbits we
find, in an obvious notation,
A8, =208, +W,

(142)
Ag?’s =Ag7’ +Ag$ + W?‘S

7. MOMENT RENORMALIZATIONS

Shell-model calculations being feasible only in rather small spaces, we are forced to restrict ourselves,
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usually, to dealing with a small set of configurations, a particular class of particle-hole states, or to a
set of representation subspaces of a group which defines an approximate symmetry of H (this latter being
an extension of the notion of configurations). In this section we cast the configuration polynomials into
forms relevant to the first two types of restriction.?® The idea is to consider the subspace embedded in a
larger one, whose effects on the widths we then take account of by permitting transitions to intermediate
states which lie outside the smaller subspace, this then generating a width external to the original sub-
space.

As a minor example, if we consider (d;,,)", firstly as a subspace with variance o®(ffi), and secondly as a
complete space with variance o(|ni, 0]) [the zero occupancy being for the (d,,, s,,,) orbits], we have

o*([i, 0]) = o (@) + P3() . (143)

Since the external-width polynomial must involve at least one particle in (d;,,, S,,,), it can have no quartic
terms in m, being then a third-order polynomial as indicated. In fact, since o*(mi) and o?([m, 0]) are both
known, the explicit form of the external-width polynomial can be easily written down.

For the general case we should take account also of orbits which are inert because they are filled. Then
dividing our [ orbits into 7, active orbits, I, inert empty orbits, and I inert full orbits, we may rewrite
the polynomials of Eqgs. (129) and (133) for configuration centroids and dispersions. Depending on whether
orbit » belongs to class A, E, or F, the single-orbit polynomial M, (m,) is unchanged, zero, or unity; the
dependence in Egs. (129) and (133) on the occupancies of the inert orbits is thereby eliminated and the poly-
nomials originally in / variables become polynomials in I, variables. The algebraic form of the resulting
renormalized width polynomial is complicated and we do not write it here. The energy polynomial becomes

é’([ﬁplxﬁA[ﬁE]) =Hy+ 2 N qa— %ZgAaeae +20M, (1) XN, &, +2 M, (2)X3A,,,, +23' M, (1)M (1) X34, .
o o r r rs
(144)

Here the symbols 7, s, range over the active (4) orbits, and @, B over the inert filled (F) orbits. The &
quantities are given by

gij=(€ij+Ni—1};ABiBj)8ij , (145)

where 7, j refer to any of the orbits.

The energies defined by Eq. (144) may be regarded as “renormalized” in the sense of the above discus-
sion, and similarly for the variances. If, in them, we put to zero all the coefficients which make refer-
ence to the inert orbits (F, E) we are left with the unrenormalized quantities which take no account at all of
the inert orbits. The renormalization effects on the centroid energies are, of course, trivial but this is
not at all so for the variances.

The single-particle € parameters enter in the renormalized quantities only in the € quantities of Eq.
(145), which are obviously the Hartree-Fock energies (as defined by the original orbits, no variation hav-
ing been made to produce the optimal results). The condition that a closed-core state rﬁ F|6 A|6E] can be an
eigenstate of H is that

02([ﬁF|6A|6E])=0=E(€ak)26ak +31 2 Bopr » (148)
.ok aBrl

where the explicit form comes via the operation defined above. Since each term here is positive definite
[see Eq. (97) for B], it must vanish separately. The vanishing of the ¢,, implies zero single-particle non-
diagonal energies involving an occupied and an unoccupied orbit (the usual Hartree-Fock condition) while
the vanishing of B,g,, would imply the absence of two-particle—two-hole excitations in this representation.
The energy of the HF state is then the centroid energy

g([NF|0A‘0E])=2Na€aa_%Z%AaBaB ’ (147)

the usual result. Thus, if a HF calculation has been performed the quantity (2 .pp Basw)'/? computed in
the HF basis is the width of the distribution of the HF ground state over the actual eigenstates of the sys-
tem, and thus represents a measure of how close the HF ground state is to an eigenstate of the complete
Hamiltonian. The HF energies also have the expected interpretation, as single-particle and single-hole
energies, in terms of the differences between centroids. We have
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grr =g([NF|7+IIOE]) _é’([NFloAIOE]) ’ (148)
€aa= 8(INF[0,]05D - 8(La~10,[05)) (149)

in an obvious notation.

Finally we turn to the particle-hole truncation scheme in which one treats a subset of normally filled or-
bits as a vacuum whose excitations give the various particle-hole states. We could go back to the original
Hamiltonian, make p==h transformations for the orbits filled in the vacuum, and then proceed just as
above. It is often simpler, however, to introduce polynomials for holes instead of particles. The basic
transformation (for the density operators) is given by Eq. (60) and this in turn gives for the polynomials
of Eq. (130) the result

=35 () 1.0, (150)
where
i,0- (1) (%), (151)

ho= (N, -m,) being the number of holes in orbit a. We then find for a configuration [R|m], with % holes
distributed over the hole orbits and m particles over the particle orbits, that

8 ([le_ﬁ]) = é’([ﬁ[ﬁ]) +Z>Mr (1) XNr é.rr - EMO((I) xNagaa +Z}Mr (2) X%Arrrr

+ M o(2) X3A qerere+ 20 M, (DM (1) X344, +Z;'Mu(1)Me(1)x§AaBaB M, ()M (1) XA, 0o
o rs (24 or
(152)

where the particle-hole vacuum energy & ([5|6]) is given in terms of previously defined particle matrix ele-
ments, by Eq. (148). In particular, we find for the (1p-1h) and (2p-2h) configurations, written in terms of
the average interaction energies of Eqs. (98) and (99),

é'([Ol—lh"“]) - 8([0'0]) =€, —€40— W'rc( ’
E(la?lr*?]) - 8([0]0]) = 2¢,, — 28,0+ W,, + Woq —4W,, .

(153)

These intuitively obvious results, when coupled with the corresponding results for widths (which derive
in the same way but whose explicit forms we do not give) will be of consequence in studying the structure
of nuclei near closed shells. Renormalizations, as discussed in the first part of this section, will also be

significant here.

8. SUMMARY AND FINAL REMARKS

We have discussed the essential ideas involved
in the application of spectral-distribution methods
to nuclear structure (and, indeed, to other many-
particle systems). The distributions are charac- .
terized by their moments, expectation values of
powers of the Hamiltonian averaged over subsets
of states, and these become the central elements
of the theory. A new technique, that of propaga-
tion throughout the lattice of subsets, has been in-
troduced for the evaluation of moments in a cer-
tain class of cases, and in particular to write the
configuration moments as polynomials in occupa-
tion numbers. These have been rearranged in
ways corresponding to common vector-space trun-
cations used in spectroscopic calculations, this
focussing attention upon the difference between
truncations of the operator whose moments are be-
ing considered and truncation of powers of the op-
erator; the first of these is equivalent to a restric-

r

tion of the space in a detailed calculation, while
the second goes beyond that. Having explicit poly-
nomials whose coefficients are Hamiltonian inte-
grals, we shall be able, for example, to see which
parts of the interaction are dominant in various
parts of the total space. We have indicated a num-
ber of domains in which moment methods may be
usefully applied; the following paper and others in
the future will be concerned with that. It may turn
out that a valuable use of these methods will be in
the development of a kind of perturbation theory,
based on moments, which will permit the exten-
sion of finite-space calculations.

Since we cannot look forward to dealing with high-
order moments, it will be a requirement on the
subspaces and operators with which we deal that
the distributions be well described by a few low-
order moments, this in turn requiring that they be
close to normal. The experience has been that
this is liable to be an excellent assumption, al-
though a satisfactory theoretical justification for
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it is not presently available. We rely instead on
detailed study of examples, some of which have al-
ready been given® and others of which are given in
the next paper. A very important aspect of the mo-
ment methods is that they display the explicit de-
pendence of the quantities of interest on the Hamil -
tonian parameters and structure, at the same time
reducing a highly nonlinear matrix problem to one
whose nonlinearities are of low order; basic to
this procedure is the assumption of near normality

jeo

which in turn implies that the higher cumulants
(which, for example, determine fluctuations in the
distributions) carry only little of the interesting
physics.

We mention finally that besides giving applica-
tions of the methods above, future papers will de-
scribe new methods which are particularly rele-
vant for dealing with group symmetries and more
complex representation subspaces, andwill alsodis-
cuss strength distributions for various processes.

*Work supported in part by the U. S. Atomic Energy
Commission under Contract Nos. AT (30-1)~875 and
AT (30-1)-2098. Work in México was done while the
first-named author was Senior Postdoctoral Fellow of
the National Science Foundation.

TNow at Department of Physics, State University of
New York, Albany, New York.

!, Talmi and I. Unna, Ann. Rev. Nucl. Sci. 10, 353
(1960); A. de-Shalit, in Nuclear Physics, Proceedings
of the Intevnational School of Physics, “Envico Fevwmi,”
Course XXIII, edited by V. F. Weisskopf (Academic
Press Inc., New York, 1963).

’G, E. Brown, Unified Theovy of Nucleav Models and
Nucleon Forces (North-Holland Publishing Company,
Amsterdam, The Netherlands, 1967), 2nd ed.; M. Baran-
ger, in Nuclear Structuve and Nucleav Reactions, Pro-
ceedings of the Intevnational School of Physics, “Enrico
Fermi,” Course XL, edited by M. Jean and R. A. Ricci
(Academic Press Inc., New York, 1969).

%1, Kelson and C. A, Levinson, Phys. Rev. 134, B269
(1964); G. Ripka, in Advances in Nuclear Physics, edi-
ted by M. Baranger and E. Vogt (Plenum Press, Inc.,
New York, 1968), Vol. 1; D. Rowe, Rev. Mod. Phys. 40,
153 (1968).

43. B. French, in Nuclear Structure, edited by A. Hos~-
sain (North-Holland Publishing Company, Amsterdam,
The Netherlands, 1967), and earlier references given
therein, See also P. Lowdin, Rev. Mod. Phys. 39, 259
(1967).

SStates regarded as remaining inert, either filled or
empty, would not usually be counted in {N}. In some
cases some of the subsets of {N} would be better de-
scribable in terms of holes, in which case we could use
m to indicate the number of active fermions, noting, of
course, that this number does not necessarily remain
constant and that H is not necessarily fermion~-number
conserving. Modifications to look after these things will
be simple.

6The point of this is that we could instead define H to
be the projection into 9 of an operator defined in the
general many-fermion-Hilbert space. Then we would
have a notational ambiguity when writing H?. As things
stand now we proceed as if single-particle states out-
side the orbital space {N} did not “exist.” Of course,
the relationship between projections of powers of H and
powers of projections of H is the heart of the matter as
far as general many-body problems are concerned, and
we shall approach this later by considering {N} to be a

subspace of a larger orbital space {N’}.

"C. E. Porter, Statistical Theovies of Spectva: Fluctua-
tions (Academic Press Inc., New York, 1965).

8For representations of different dimensionalities, the
partial-width matrix is not symmetrical, as shown by
Eq. (12). But this simply corresponds to the fact that,
if the dimensionalities are very different, the smaller
representation could be completely fragmented, thereby
losing its identity, without this having any appreciable
effect on the individual states of the larger representa-
tion.

93, Griffin, Phys. Rev. Letters 17, 478 (1966).

103, B, French, Phys. Letters 26B, 75 (1967).

113, B. French and L, S. Hsu, Phys. Letters 25B, 75
(1967).

123, B, French, Phys. Letters 23, 248 (1966).

13Remember that (¢) is defined for a negative as well
as positive, and

-a\ _ a+b -1} _ atp (=D -1\
(3)-or (3 - (32)

1 e., the N-particle state (in which all single-particle
states are filled). We borrow the term from L. C.
Biedenharn.

1510 such light nuclei, and when we span a large domain
of A we must expect variations in the effective inter-
actions due, among other things, to nuclear size effects.
Taking input data from both ends of the domain tends to
minimize the effects which these variations have on the
calculated centroid energies; whether this is a good
thing or bad is another matter,

165, Hinds and R. Middleton, Nucl. Phys. 84, 651 (1966).

1"We assume that we deal with real vector spaces of
operators so that the matrix elements in Eq. (26) are
real.

181,e., commute or anticommute depending upon the
particle numbers involved.

19Note carefully that the m-hole trace operator '5(51, @)
=), ZaT(m)Z,x(m) is not at all the same as the (N —m)-
particle operator.

20The subscript ¢ is then redundant and we shall usually
omit it. Note, as a point of notation, that Zy (k) is a
state operator for k particles, not for (N —k). Note also
that Zy, (N —m) ¢Za(m)Z(N); we do have though that
Z o, (N—m) is the lowest-rank part [the (A)® part] in the
normal expansion of Z,(m)Z(N).

“Equations (42) and (43) will reproduce the elementary
result of Eq. (13). A combinatorial derivation of Eq. (43)



will be found both simple and instructive.

221f the subspace decomposition allows simple propaga~-
tion, Eqs. (45) and (46) are valid for all operators O(k).
It is easily seen that if this should not be so, we would
still have propagation of traces for those operators whose
form is that of Eq. (46), behaving as a multiple of unity
in every subspace. This should be remembered for those
equations ahead in this section which are written for
operators O, On the other hand, equations written ex~
plicitly for density operators [e.g., Eq. (52)] are valid
for arbitrary (disjoint) decompositions.

23Wwhile the density operator p is analogous to the ele~
mentary Green’ s function of electrostatics which gives
potentials in terms of charges, p, corresponds to the
more sophisticated function which gives potentials in
terms of surface potentials,

24The right-hand side of Eq. (53) involves “higher” sub-
spaces (with respect to particle number) than (t,7) itself,
but if we take t =N/2, these higher subspaces are, of
course, simpler. Even so, Eq. (53) does not yield an
inductive method for constructing the p operators, since
o(t, %) appears on both sides.

3 SPECTRAL DISTRIBUTIONS IN NUCLEI 117

%G, C. Rota, Z. Wahrscheinlichtkeitstheorie 2,340 (1964).

26The criterion for linear independence of a net is that
the determinant of the propagating coefficients should
not vanish. It follows from Eq. (49) that the defining net
is linearly independent.

YISquare brackets define a “vector” in I dimensions.
Note that {N} =1 and {[N]} =[I]. For a [E_’_]:[E] opera-
tor, as in Eq. (22), we shall often write O([k;k’]), and
shall as well often write O([k;k]) as O([K]).

B3, Kim, private communication.

23, B. French, in Many-Body Description of Nuclear
Stvuctuve and Reactions, Proceedings of the International
School of Physics, “Envico Fermi,” Course XXXVI, 1966,
edited by C. Bloch (Academic Press Inc., New York, 1966).

Owe write K=H? to avoid an ambiguity. According to
our notation H%(¢t) should stand for [H¢)]?, the squares
of the t-particle part of H, while K{(¢) is the t-particle
part of the square of H,

SIMore complex group structures will be considered
in later papers.

2y, s, Chang, J. B. French, and K. F. Ratcliff, Phys.
Letters 23, 251 (1966),

PHYSICAL REVIEW C

VOLUME 3, NUMBER 1

JANUARY 1971

Applications of Spectral Distributions in Nuclear Spectroscopy*

K. F. Ratclifff
Labovatory for Nucleav Science and Deparviment of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 8 May 1970)

The energy moments of spectral distributions are used to investigate the structure of spec-
troscopic calculations. Eigenvalue distributions are used to predict energy spectra, which
are compared with the results of matrix diagonalization. The nature of the corresponding
eigenvectors is similarly analyzed. The propagation of moments for scalar and configuration
distributions is illustrated throughout the sd shell. These scalar moments are then used to
estimate the trend in theoretical binding energies for these nuclei and in turn are compared
with empirical data. Finally, we investigate the dependence of the energy and wave function
of the ground state of O'S upon the vector space underlying a theoretical calculation. The un-
renormalized Kuo-Brown matrix elements are employed in this analysis, and the role of

multiple particle-hole excitations is discussed.

I. INTRODUCTION

The concepts of spectral distributions, of opera-
tor averaging, and the propagation of such aver-
ages through a sequence of subspaces have been
the subject of recent investigations.'™® In this pa-
per we apply these ideas to a number of examples
that are closely related to conventional nuclear
spectroscopy. The techniques which we develop
below are founded on the moments of spectral dis-
tributions, i.e., the averages of powers of the Ham-
iltonian over various subspaces of the complete
many-particle space. One may adopt various atti-
tudes towards these moments. They may be re-

garded as measures of the average behavior of the
Hamiltonian in various subspaces and then be used
to study various formal problems. Alternatively
they may be used in a fashion that is complemen-
tary to conventional spectroscopy in which one sets
up and diagonalizes the Hamiltonian matrix in a
representation generated by a finite number of sin-
gle-nucleon states. This latter attitude is adopted
in this paper. The spectral moments are used to
make predictions of spectroscopic details for
spaces that are too large for conventional matrix
analysis. The general quality of these predictions
may be assessed by working in smaller spaces in
which comparison with exact diagonalization is



