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A common flaw in the theoretical structure of the generalized-Hartree-Fock approximation of
Kerman and Klein and of the equivalent generalized density matrix method of Belyaev and Zelevin-
sky is analyzed. This deficiency appears as soon as one attempts to go beyond the semiclassical ap-
proximation equivalent to time dependent Hartree-Fock theory. A new version based on a revised
factorization of the generalized two-body density matrix in terms of generalized one-body matrices
is proposed. This factorization fulfills the requirements of antisymmetry and Hermiticity imposed
by the properties of the exact two-body density matrix. It leads to a set of equations of motion
which satisfy the conservation laws associated with the exact equations and guarantees that an
energy-weighted and an energy-squared-weighted sum rule are fulfilled. Several associated approxi-
mate variational principles are described. The generalized-Hartree-Fock dynamics is salvaged in a
reinterpretation as a generalized core-particle coupling model. Both the old and new theories coin-
cide in the semiclassical limit where, in equivalent versions, they yield the time dependent Hartree-
Fock and a self-consistent cranking theory. Standard applications to the random phase approxima-
tion are reviewed. Theories of damping of single-particle excitations and of random phase approxi-
mation phonons are proposed. The latter, in particular, carries the analysis to the point of including
quantum corrections which differ in the new and old generalized density matrix theories, and thus
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pinpoint the need for the revised formulation.

I. INTRODUCTION

In 1962, A. Kerman and the author introduced a new
method into the theory of nuclear collective motion,
which we termed the generalized Hartree-Fock approxi-
mation!—3 (GHFA). (Major aspects of this work, both
foundations and subsequent applications, have been re-
viewed recently, both briefly*> and at considerable
length.5) A most important turn in the theoretical
development resulted from the work of Marumori,
Yamamura, and their collaborators”® and the more exten-
sive continuing development by Belyaev and Zelevin-
sky.>10 (A related approach by Mikhailov, Nadjakov, and
their collaborators should be mentioned,!!~!* but will not
be relevant to the discussion in this paper. Their work is
reviewed briefly in Ref. 6.)

Despite the physically appealing character of the
theoretical elements which enter in the formulation of the
method(s) and the at least limited success of the applica-
tions not only to nuclear physics,® but also to condensed
matter physics!> and to quantum theories with soliton
solutions,'®!7 it is fair to say that the practice of this
method of studying band structure has more the air of a
recondite art than of a widely accepted religion. This is
perhaps reflected in the fact that the most recent theoreti-
cal monograph on nuclear collective motion'® contains no
systematic account of either the GHFA or of its alterna-
tive, the Belyaev and Zelevinsky generalized density ma-
trix (GDM) method. This omission reflects the opinion in
some quarters'® that the methods are incomplete, incon-
sistent, or both.

One does not have to seek far to discover the reasons
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for this opinion. Several papers emanating from Munich
some time ago,’®?! which undertook a reexamination of
the foundations of the subject, raised some justifiable
questions. Unfortunately none of the interesting sugges-
tions for improvement made in these papers was
developed. Some time later, a series of papers by Frieder-
ich and collaborators*>~?* raised similar objections and
provided some elements of a solution (to which we have
since come by independent reasoning). Aside from the
difference in the mode of reasoning, this work missed,
inexplicably, an essential element of a complete formula-
tion, namely the method of normalizing solutions based
on the Pauli principle constraints, and thus it was not pos-
sible to carry out any nontrivial applications.

Unfortunately also for the public perception of our ef-
forts, the writer has, for some time, been in disagreement
with Belyaev and Zelevinsky concerning the precise form
which the normalization condition should take. This
difference is discussed later in this Introduction.

Before attempting to explain the basis for the present
paper, an essential distinction should be drawn between
two levels at which the ideas of our method can be imple-
mented. At the first level, we start with a “fundamental”
many-body Hamiltonian which contains the kinetic ener-
gy and some interaction which fits few-body data, and we
then derive as much of the classical nuclear theory as pos-
sible. A somewhat less ambitious but certainly more real-
istic version of this same program would use an effective
interaction of Skyrme-type in order to avoid the
Brueckner part of this problem. It is toward the Skyrme-
type of approach to this problem that the present work is
primarily directed.
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The fundamental dynamical problem, as always, is to
find suitable approximations for many-body correlation
functions in terms of a specified set of few-body (at most
two-body) correlation functions. Prior to our initial
work!"? this problem was always posed in terms of ground
state correlations or of thermal averages. We widened the
dialogue by suggesting that one contemplate simultane-
ously correlation functions defined over a set of collective
states. The entire theoretical difficulty of the formulation
consists in trying to choose a suitable approximate factori-
zation formula. The major reason that this paper has
been written is to improve on the previous formulations in
this precise regard.

There is a second class of problems for which previous
formulations may be less seriously flawed. This is the
class in which one starts with a shell model Hamiltonian
and tries to derive collective behavior. For schematic
models in which the dynamics can be studied in relatively
small vector spaces which span one or a few irreducible
representations of a familiar Lie algebra, the fundamental
decomposition problem is trivially solved by the complete-
ness formula

(A4|XY|B)=3(4|X|C){C|Y|B), (1.1)
c

where in the simplest case X and Y are generators of the
Lie algebra and |A4), |B), and | C) are all states in an
irreducible representation. (In fact it suffices for either X
or Y to be a generator.) Another simple case arises when
X and Y is the component of a tensor of low rank under
the interesting Lie algebra or can be well approximated by
such an object. Such a situation arises physically when a
realistic interaction is modeled by a sum of separable in-
teractions (specificity forces) as in the well-known pairing
plus quadrupole-quadrupole model. If we insist, however,
on treating the shell model with residual forces of greater
generality, we are back to some of the same difficulties as
for a fundamental Hamiltonian, and the solution to be
proposed will come into play.

Though we shall repeat matters in more detail in the
body of the paper, let us summarize the essential elements
from which all else flows, first as understood heretofore
and then as modified in this paper. Let 1111 (¥,) be
creation (annihilation) operators for nucleons with single
particle designation a, where either a=(T,0,7) represents
space, spin, and isospin variables or a=(n, I, j,,m,,T) are
the usual spherical shell model set. Omitting pairing
correlations, we study the equations of motion for the
density operators

Pas =¥} ¥4

and, in particular, try to confine our attention to a chosen
subspace of “collective states” |A4) (also designated as
|B), | C), etc.) as described by the generalized matrix

plad |bB)=(B |y, | 4) . (1.3)

Contemplation of the Heisenberg equation of motion for
the object (1.3) shows us, in the usual way, that it is cou-
pled to the two-body density matrix

plabA |cdB)=(B | dlvivyv, | 4) .

(1.2)

(1.4)

To derive the GDM equation of motion used by Be-
lyaev and Zelevinsky®!° for a general interaction we must
factorize (1.4) by the expression (summarion convention
for intermediate states),

plabA | cdB)=(B | ¥iv, | C){C | i, | A)—(a—b) .
(1.5)

This is the same factorization as we have used in our first
paper,! where basically the same equation of motion is
quoted in an appendix. However, our derivation of the
equation is different. Instead of studying (1.3) directly, in
our earliest work we studied a set of coefficients of frac-
tional parentage

Vi(ad)=(i |, | 4),

where |i) is some set of core-hole states having parentage
in the collective set | 4). In studying the equation of
motion for (1.6), one is led, in place of (1.4) and (1.5), to
consider the quantity

G| Yis¥a | A) =i |9 | BY(B| Yl | A) —(asb)
(1.7)

(1.6)

where the factorization utilized for this case is shown.

As remarked correctly by Belyaev and Zelevinsky, (1.5)
and (1.7) are distinct assumptions and none of their beau-
tiful work (as summarized by Zelevinsky'®) requires use of
the equation of motion following from (1.7). It should be
pointed out with equal justice, however, that the GHFA
equation which results from the assumption (1.7) is a solu-
tion of their GDM equation in which p(ad |bB), Eq.
(1.3), is expressed as

plad |bB)= 3 ¥;(aA)¥; (bB), (1.8)
1

i.e., the GDM equation follows from the GHFA equation
under the assumption (1.8). Thus whatever the relative
technical merits of each program, GHFA and GDM
dynamics are, up to now, theoretically equivalent.

How about kinematics? If, in (1.5), one sets b =c and
notes that

N|A)=S ¢, |4)=N|4), (1.9)
b

where N is the nucleon number, and thus

Ny |A)=(N—1), |A), (1.10)

a straightforward consequence is the matrix equation

p*=p, (1.11a)

ie.,

plad | cClp(cC |bB)=plaAd | bB) . (1.11b)

In the past we have argued against the use of (1.11) on
the grounds that in certain exactly soluble models, where
the exact consequences of the Pauli principle have been
worked out,?>?¢ (1.11) gives the correct result only in the
semiclassical limit equivalent to time dependent Hartree-
Fock theory (TDHF) and that it is in error in the next or-
der in Q~!, where Q is the appropriate large parameter
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characterizing the collective motion. This point has been
both acknowledged and rebutted'®?” with the remark that
we should in any event restrict our attention to many
body problems where Q! is small.

It should now be clear that we have been inconsistent in
our attitude in the past. On the one hand we have been
happy to utilize the consequences of (1.5) for the dynam-
ics, and on the other we have sought to reject it for the
kinematics. The inescapable conclusion is that for general
Hamiltonians (group theoretical models are exempted be-
cause of the way they are studied) the GDM and/
or GHFA methods contain errors beyond the leading
semiclassical limit.

As a special example of this problem, it turns out that
the GDM equations of motion respect the conservation
laws associated with the underlying Hamiltonian only to
the semiclassical order. It was this particular realization
that stimulated the present reconsideration.

The major “advance” of this paper is the replacement
of (1.5) by the factorization

plabA |cdB)=$[(B| ¢t | C)(C|giuy| 4)
—(ab)—(cod)+(a<b,c—d)] .
(1.12)

In contrast to (1.5), this factorization satisfies all antisym-
metry and Hermiticity requirements of p(abA |cdB) and
results, as we shall develop in the text, in a new GDM
dynamics with all the desirable formal and limiting prop-
erties of the old GDM formulation. In addition it is con-
serving.

The factorization (1.12) was first proposed in print by
Kamlah and Meyer,”® but rejected on rather tenuous
grounds. It was later resuscitated by Friedrich and colla-
borators,”2~2* but the need for kinematical constraints to
provide normalization conditions was overlooked and
therefore the scheme consisting basically only of the
correct dynamics could not be implemented.

In Sec. II we formulate the dynamics and kinematics
which follow from (1.12). The justification provided for
this factorization shows that there is further room for im-
provement. [The residuum omitted in (1.12) will be the
focus of future studies.] Nevertheless, as will be indicated
from Secs. V on, the ansatz (1.12) is sufficiently rich to
permit reasonable study of particle-hole excitations as well
as damping of these excitations in closed shell nuclei. In
Sec. II we also describe two different variational princi-
ples from which the dynamics follows.

In Sec. III, we reevaluate, in the light of the results of
Sec. II, the relationship between GHFA and the old GDM
dynamics. We find that though we have rejected the old
GDM dynamics, it is not necessary to reject the GHFA
dynamics. It is only necessary to require the general form
(1.8) to go over a larger set of states than those which are
described by GHFA dynamics; the latter then becomes a
sophisticated core-particle coupling method.”® It is no
longer possible to derive old GDM dynamics from the
core-particle equations and thus a possible source of in-
consistency is removed.

In Sec. IV, we present the proof that the new GDM
dynamics is conserving. The discussion includes a critical

review of assertions'® that the old GDM dynamics is also
conserving. We maintain that there is a distinction be-
tween a conserving approximation and an accurate ap-
proximation, though both are desirable attributes. Re-
placing an exact expression by an approximate one is a
one-way arrow, not to be reversed in any subsequent
theoretical argument. The question of conservation is one
concerning the structure of the approximate theory. A
proof cannot include the reversal of the above arrow.
With this understanding, old GDM dynamics is conserv-
ing either on the average or in the semiclassical limit, but
not exactly. In Sec. IV, we also remark that there is a
well-defined sense in which two sum rules are preserved,
the energy-weighted and energy-squared-weighted rules.

In Sec. V, we study the semiclassical limit of the theory
by means of the Wigner transform (WT) technique ap-
plied to the collective variables and thereby derive time-
dependent Hartree-Fock theory and self-consistent crank-
ing theory. Associated variational principles are present-
ed. It is suggested that a possible basis for the Landau-
Migdal theory is at hand.

In Sec. VI, we review elementary applications to vibra-
tions and rotations. The latter case is important for
understanding in what sense the WT technique can be ap-
plied to cyclic variables.

In Sec. VII, we describe a possible theory of damping of
one-particle excitations implied by the GHFA dynamics.
A standard description of such damping emerges.

Finally in Sec. VIII we outline the elements of a theory
of damping of random-phase approximation (RPA) exci-
tations. We explore the connection with previous work
and convince ourselves that the new GDM dynamics is re-
quired to obtain that connection in a believable way. The
old GDM equations omit essential “diagrams” in direct
consequences of the differences that ensue from substitu-
tion of the incorrect factorization (1.5) for the ‘“correct”
factorization (1.12).

Four appendices are devoted to questions of supplemen-
tal and tangential interest.

II. DERIVATION OF NEW
GENERALIZED DENSITY MATRIX EQUATIONS:
VARIATIONAL PRINCIPLES

A. The equations of motion
We study a Hamiltonian of the form
H =ha ¥ty + + Vascabuly bate »

where we use summation convention wherever possible
and the indices a,b,..., on the nucleon creation (¢T),
and annihilation (y) operators may refer either to space,
spin, and isospin, a=(T,0,7), or may be the quantum
numbers specifying a single-particle orbit. We take /4 and
V to be Hermitian matrices

(2.1

(2.2)
(2.3)

*
hab =hba ’
Vasea =Vedab »

and V to describe the antisymmetrized matrix elements of
a short range interaction,
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Vabed = — Vbaca = — Vabdc - (2.4)

We suppose furthermore that H describes systems obeying
Galilean relativity, namely that H commutes with the to-
tal momentum and total angular momentum operations
and that V is Galilean invariant. We shall return to these
points when we investigate whether the fundamental ap-
proximation proposed in this section is “conserving.”?

In this first go around, we shall omit pairing correla-
tions. Thus the specific formulation developed will be
aimed at the study of the nuclear problem at closed shells.
We start with dymamics by considering the equation of
motion for the density operator

ﬁab =¢Z¢a ’ (2.5)
[ﬁab »H] =hacﬁcb _ﬁachcb + % Vacde 'l’lt ¢I¢e ‘!’d
- %Vcdbe'pzlljsiﬁelpa . (2.6)

We are interested in the properties of a relatively small
but experimentally prominent set of states—the collective
states—including at the closed shells the ground state and
the giant resonances. The members of the included set
| A) are presumed to be eigenstates of H,

H|A)=E |A). 2.7

In practice, assuming some optimum set of single parti-
cle states has been or will be established, the space of
states | A4 ) will be considered to be synonymous with the
space of O-particle, 0-hole (Op-Oh) and 1p-1h states, or
more ambitiously, will also include the 2p-2h space. The
main point of our thrust is that we shall require a certain
kind of mathematical and physical closure property in
this space which will underlie all subsequent develop-
ments.

|

To bring this point to the fore, let us study the equation
of motion for the generalized single-particle density ma-
trix

plad |bB)=(B | Y1, | A) .
Then from (2.6) and (2.7) we calculate
(E4—Eg)pad | bB)=hgplcA | bB)—plad | cB)hg
+ 5 Vycgeplded | beB)

(2.8)

— 3 Voapeplaed |cdB), (2.9)

and thus face the standard task of producing a closure ap-
proximation for the generalized two-body density matrix
plabA | cdB),

(B |¢lvltyv, | A4)
= —p(bad | cdB)
= —p(abA | dcB)
=p(cdB |abA)* .

plabA | cdB)

(2.10)

We shall require of any closure approximation that it
satisfy the antisymmetry and Hermiticity properties ex-
pressed in (2.10). This appears to be a minimum require-
ment, and therefore there is some obligation to explain
why we!? and others®!° who have approached the prob-
lem of collective motion through the equations of motion
have nevertheless espoused approximations which fail to
satisfy all the requirements of (2.10). This will be done in
Sec. III. (In the Introduction we explained what was
done, not why.)

An approximation which satisfies (2.10) was given in
(1.12), namely,

(B | Yl dhbpta | A) =L B | Y, | CY(C | Pty | A)— (B |dlthy | CI(C | dhtba | A)—(B | dhvba | CI(C | ity | 4)

(B | Y5y | CY(C | Wi, | A)) .

Let us first record the consequences of this assumption
and then return to consider its possible basis in fact. We
substitute (2.11) in (2.9) and define both a collective Ham-
iltonian 27, with the matrix elements

Ho(aAd | bB)=5,5,43E , (2.12)

and a generalized Hartree-Fock Hamiltonian 27, with the
matrix elements

H#(aA |bB)=hy,6,4p5+v(ad |bB),
v(ad |bB)=V,upqp(dA | cB) .

(2.13)
(2.14)

We then find that (2.9) takes the form of a matrix equa-
tion in the particle-collective labels (a, 4), namely

[%C’P]Z%[%’P]'F%[%!P]e >

where (#p), is a special matrix product defined by the
expression

(2.15)

2.11)

(#p)e(aAd | bB)=2#(aC | cB)p(cA | bC) , (2.16)

which involves an exchange of positions of the collective
coordinates compared to the standard matrix product. If
we replace the time-independent operators ¥, by time
dependent operators

Yq(t)=exp(iHt)Y,exp(—iHt) ,

we may replace (2.15) by the time-dependent equation

=5[#, pl+ 5 [Hpl. - 2.17)

]

dt

The unusual looking Egs. (2.15) or (2.17) are accom-

panied by an equally unfamiliar generalization of the con-

dition p*=p described in conjunction with Eq. (1.11). If

in Eq. (2.11) we set b =d, sum over b, and remember the
conditions

N|AY=N|4), (2.18)
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Ny |A)=(N -1, |A), (2.19)
where N is the number operator
N=yly., (2.20)

and N is the number of nucleons in the state | 4), we
derive the condition*®

p=3p*+5p%, . (2.21)
Though this “derivation” is the natural generalization of
one which works in the Hartree-Fock limit, the result
(2.21) is suspect because there is a cancellation of the
dominant terms and therefore (2.21) makes more extreme
demands of the factorization (2.11) than are made by its
use within the equations of motion. Nevertheless we shall
]

(B¢l ohtste | A) =3B | lba ity | A) —8,4(B | ity | 4)+(B | i ith, | 4) —84(B | Piha | 4)) .

base our theory on (2.15) and (2.21), reminding the reader
that this requires that only fwo averages of (2.11) be accu-
rate, no further demands being made on this factorization.

Equations (2.15) and (2.21) are major, but not sole ele-
ments of the proposed method. The Lie algebra satisfied
by the density operators provides additional relationships
which may be called into service in actual applications.
This proposed additional element requires no special at-
tention at the moment, however.

B. Derivation of factorization condition

We turn to the study of the basis for Eq. (2.11). As a
first step in the derivation, we write identically, using the
anticommutation relations

(2.22)

The purpose of this decomposition is the following: The first two terms of (2.22) are by themselves fully antisymmetric
as are the last two terms. However, it suffices to provide approximations to the sum of the first two terms which are an-
tisymmetric in @ and b only, since the corresponding approximation for terms three and four will guarantee complete an-
tisymmetry. The Hermiticity requirement will also be satisfied since the latter is separately satisfied between terms one

and three and terms two and four.
Let us now write for the first two terms of (2.22),

(Bl 0atity | A) —8,a(B | ¥lth | A)=(B | ], | CI(C | ¥ithy | 4) +[{B | ¥ithe(1— Py, | 4)

Here the sum on C is over the “collective” subspace and P
is the projection operator for this space. Now the term in
square brackets, involving a sum over intermediate states
outside the collective subspace, must contain a part which
provides the contribution necessary for antisymmetry.
Where we have definite examples, this antisymmetrization
arises from the simplest set of states omitted from the ini-
tial sum. Thus if the set | 4) comprises only the ground
state as in the Hartree-Fock factorization, then the an-
tisymmetrization arises from one-particle, one-hole inter-
mediate states.’! If this well-known example general-
izes,!® the implication is that by antisymmetrizing we can
obtain an approximate completeness or closure within a
smaller subspace than if we employed a straightforward
sum over intermediate states. The success of the closure
depends on the choice of a suitable initial set | 4). If we
assume that by a suitable choice of this set the only effect
of the terms in square brackets is to provide this antisym-
metrization, then together with similar reasoning about
the third and fourth terms of Eq. (2.22), we arrive at
(2.11). Of course this cannot be exact, and we must even-
tually consider the errors involved. (The obvious omis-
sions such as pairing and even Brueckner correlations can
be included with relative ease as will be shown in subse-
quent work.)

There remain questions of more immediate concern in
regard to our approximation:

(i) We have a priori no firm criteria for choosing the set
| A) so that (2.11) is an optimal approximation. Our
strategy here, as in the past, will be to explore the physical

—8,4(B | Yy | 4)] . (2.23)

consequences of various attractive choices. Here we ex-
pect to go beyond previous applications, which to a large
extent were either glorified versions of TDHF or else dealt
more rigorously with schematic models.

(ii) We must consider the possibility of adding to (2.11)
terms linear in the density matrix, e.g., a sum which is a
multiple of

8ab (B | Yty | A) —8ae (B | Yty | A) —85q( B | i, | 4)
+85c (B | Wl | 4) . (2.24)

We exclude such terms because they would contribute to a
modification of (2.21) which would then not have the
correct semiclassical limit, where (2.21) must feduce to
the Hartree-Fock condition p?=p.

(iii) We shall emphasize later in this work that our ap-
proximation has two extremely attractive features—it
reduces in the semiclassical limit to TDHF, and it is con-
serving. Previous efforts have had the first of these two
properties, but only the present work also has the latter.

(iv) Since previous formulations have had associated
variational principles of a rather attractive physical char-
acter, we have also sought a variational principle in the
present case. We have found two, to be described later,
one of which bears a resemblance to the work of Balian
and Veneroni.’?3? Neither, however, bears a resemblance
to the “trace variational principle” which underlies the
previous work. This seems somewhat surprising because
of our previous investigations®® which showed that such a
principle underlies a formally exact version of Heisenberg
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matrix mechanics. Therefore in Appendix A, we show
that there is such a formally exact version in the present
instance as well. It is probably not a useful approach to
the present class of problems because too large a configu-
ration space is needed to obtain convergence in sums over
intermediate states.

It was precisely to reduce this problem to manageable
size that we have introduced maximum antisymmetriza-
tion. On the other hand, we have become convinced that
the solutions of Egs. (2.15) and (2.21) do not minimize the
trace of the Hamiltonian. We have two reasons for this
conviction. First the variational principles associated
with (2.15) are equivalent to a trace form only if we ignore
the difference between the ordinary matrix product and
the exchange matrix product defined in (2.16). Under
these circumstances the formulation reduces to the previ-
ous ones and the variational principle given in the follow-
ing can be transformed into the one previously known.
The second reason is that an approximate trace form
guarantees conservation laws only on average, whereas the
consequences of (2.15) are stronger, as proved in Sec. IV.

C. Variational principle: First form

Consider the set of functionals

Iab[é] :Trcé{ [ﬁab’ﬁ] “ii)\ab } ’

where Tr, means trace over the chosen collective space
|A), and Q is a member of a selected class of single-
particle operators (collective operators) whose “in-band”

matrix elements (A4 ]Q[B) are assumed to far exceed
any interband elements. Thus we can evaluate

Ipy=(A|Q|BY(B|{[Par-Hl—iPw} | 4)
=Q (B | D{5[#, pl+ +[#,pl.—[#.,pl}(ad | bB)

=Tch{';_[%7p]ab+';‘[%yp]e,ab_[%crpab” .
(2.26)

This evaluation “succeeds” because the assumed property
of Q in confining the first intermediate sum allows us to
employ the reasoning leading to (2.15). Therefore the con-
dition

81, /5Q(A4 | B)=0

yields (2.15) provided we keep p(aA | bB) fixed.
If we approximate (2.15) and (2.21) by the equations of
the old GDM theory, i.e.,

(2.25)

(2.27)

[p(#F—2,)]=p*’—p=0, (2.28)
then in place of (2.26), we have
17 =Tr.Q{[, plas —[Heopa ]} (2.29)

which can be written upon variation of the full trace

0= SIXP*=Tr{[p,8Q(F —5,)} . (2.30)
We observe next that any variation of the form
8pab =[pas8Q] (2.31)

automatically satisfies the condition p>=p and

Tr. 5 166ppa =8 TrH , (2.32)
where
TrH =hgp(bA |ad)+5v(ad | bB)p(bB |ad) . (2.33)
We may consequently write
(2.34)

S SIEPO* =8, Tr(H —pi,)=0 ,

where the usual symbol Tr means diagonal sum over sin-
gle particle labels as well as over collective labels. Equa-
tion (2.34) is the variational principle of the old GDM
dynamics. Here it is understood that 8p is properly con-
strained; otherwise the constraint has to be introduced
with Lagrange multipliers.

D. Variational principle: Second form

The equations of motion (2.15) can also be recognized
as the solutions of a more conventional variational condi-
tion, namely

8(A|H|A)=O. (2.35)
We restrict ourselves to variations of the form
8| A)={i€(puO +0Pu)+€lPas, 01} | 4) , (2.36)

where é is again the class of collective one-particle opera-
tors considered in Sec. IIC. From (2.35) and (2.36) we
may conclude that

(A |[pep0,H]| 4)=0
=(A | {[ParH10 +Pus[0,H1} | 4) .

(2.37)
The presence of the operator Q, as in the previous con-
siderations, is to keep sums over intermediate states con-
fined to the collective space. In consequence, the commu-
tators [ﬁab,ﬁ] and [Q,ﬁ], where

A

Q =4abPba »

can be evaluated in the mode leading to (2.15). We thus
obtain

0= 3 g4 {plaB | bAN 5[5, pl+ 5[, pl.)cA | dB)
cd,B

(2.38)

+(%[%’P]+%[%’p]e)

X(aB | bA)p(cA |dB)} . (2.39)
Having gone from the exact expression (2.37) to the ap-
proximate expression (2.39), its null value will nevertheless
be guaranteed if the equation of motion (2.15) is satisfied,
as one verifies immediately by substitution.

III. OLD GENERALIZED DENSITY MATRIX
METHOD REVISITED

In this section we shall pinpoint and discuss the flaw in
the previous work on this subject. It is appropriate to
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start by studying the equations for single-particle coeffi-

cients of fractional parentage,
Vi(ad)=(i |y, | A4) . (3.1

From the equations of motion

[Yas H=hay ¥ + 5 Vasca¥hbate » (3.2
we can derive the equations
(E,—E;)¥;(ad)=257(aA | bB)¥;(bB) (3.3)

of the so-called generalized Hartree-Fock approximation
(GHFA). The essential step leading to (3.3) is the factori-
zation upon which much of our work has been based,
namely,

Ci | b atbe | A) =i |¥e | BB |}vha| 4) —(cd) .

(3.4)
Notice that (3.4) asserts that there exists a set of states
| A) of the even nucleus “N’ and a corresponding set of
states |i) of the (N —1) nucleus such that the factoriza-
tion (3.4) obtains.
In the early work, it was assumed that the set |i) ex-
hausts the sum rule

(B |}y | A)=p(dA |bB)= S W(dAV(bB) . (3.5)

This would mean that (3.3) is genuinely a GHFA, since it
would then be a nonlinear equation for the W;(a4). We
shall now show that this view is too naive. In fact, if (3.3)
and (3.5) are both correct, it follows in an absolutely stan-
dard way that p itself satisfies the equation

[yfc’P]=[%’P]

which contravenes Eq. (2.5). Does this mean that either
(2.15) or (3.3) is wrong? Not necessarily, as we argue in
the following.

The way out of the dilemma is to recognize that given
the set | 4 ), the set |i) for which (3.4) is justified (with
| B) the same set as | A)) is smaller than the set |i)
needed to exhaust the sum rule (3.5). The general truth of
this assertion can be seen from a simple example: consid-
er a situation where | 4) comprises the ground state and
the one-phonon vibrational states. In Eq. (3.4) the set | i)
must be restricted to one-hole and one-phonon, one-hole
states. On the other hand, if |4) and |B) are one-
phonon states in (3.5), we must expect two-phonon, one-
hole states, which are not included in the GHFA in the
approximation considered, to be as important as one-hole
states for the sum considered (though neither is as impor-
tant as one-phonon, one-hole states).

This does not imply that Egs. (3.3) and the correspond-
ing particle equation’?

(3.6)

[ 65V p(wA | 2Cp(yC | xB)— [ 6,p(xA | YOIV yp(wC | zB)= [ (8546, Vigyup(wA | zC)p(yC | xB) .

(E,—E, )®,(ad)=25(aB | bA )®,(bB) , (3.7)
where
®,(ad)=(A |, |p), 3.8)

are of no interest. Rather, except possibly for the special
case of strongly decoupled sets of states, (3.3) is not to be
viewed as defining a self-consistency problem, but rather
one in which the eigenvalues E, and the Hamiltonian #°
are given [having been determined from the solution of
(2.15)], and thus (3.3) provides us with a linear problem.
This point of view, when coupled with a semiphenomeno-
logical determination of the E, and 57, has provided a
most fruitful general formulation of the core-particle cou-
pling method.?:3>—%7

In the past we have ignored the subtlety thrust upon us
here. Though we have “always” been vaguely aware of its
lurking dangers, we have chosen to ignore them precisely
because of the attractive features of a true generalized
Hartree-Fock approximation. Though both the old and
the new version of the GDM method give back TDHF in
the semiclassical limit, the need in future work to have a
conserving approximation beyond that limit has finally
commended the new approach over the old one.

IV. PROOF THAT THE APPROXIMATION
IS CONSERVING AND SUM RULE PRESERVING

A. Conservation laws

The equation of motion (2.17) will be shown first to
conserve momentum and angular momentum provided
the fundamental Hamiltonian has this property. These
two cases can be combined if we write the conditions for
invariance in the form

(6 +6,)hy, =0, @.1)
(B +6, +6;+6,,)Veyy =0 , (4.2)

where 6 is the single particle momentum or angular
momentum operator. We also assume that

60=—-0, (4.3)
where tilde represents transposed.
We wish to prove that
. d . ’ ’ ’
i [ dx lim(x'—x)8, p(xA4 | x'4")=0 . (4.4)

Since the one particle term is conserving, we need only
consider the interaction terms. For example, consider the
interaction term from [J7, p] where by “integration by
parts” and use of (4.3), we find as the contribution to (4.4)

4.5)

This would be the entire contribution of the interaction term if the time-dependent form of Eq. (3.6) was being con-
sidered. This approximation is not conserving (see the following). On the other hand, if we set 4 =B and sum over the
chosen space, then using the symmetry of the interaction, V., =V,y,,, (4.5) does vanish. This is enough to ensure that
the previous approximation is conserving on the average. More generally, Eq. (4.5) can be rewritten as
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5 f (0x+6, +6;4+6,)Vipp(wA | zC)p(yC | xB)— + f 0y +0,)Vigulp(yA4 | xClp(wC | zB)—p(wA | zC)p(yC | xB)] .

The first term vanishes, and we see that the nonvanishing
term is a commutator in the collective space. As we shall
see in more detail in Sec. V, this term vanishes in the
semiclassical limit, which is the TDHF limit. (In fact in
this limit the old and new GDM methods agree and are
both conserving.)

Returning to the task at hand, we must calculate and
add to (4.5) the contribution of the interaction term of
[, pl.. By the same calculation as done for (4.5), it is
easy to see that this term adds the missing piece to make
up the first line of (4.6) (which vanishes) and nothing
more. Thus our proof is complete.

We are also interested in number conservation. A/l the
approximations considered thus far are number conserv-
ing. This follows from the property for this case, 6, =1,
6, =0,. The proof for number conservation will become
nontrivial when we add pairing correlations.

The proof that our approximation is conserving guaran-
tees that spurious solutions of the equations of motion can
be recognized by the fact that they occur at zero excita-
tion energy. Of course this is not automatically
guaranteed, but depends on defining properly orders of
successive approximation. Superficially the matter is
trivial in our case, since an examination of the proof just
completed shows that cancellation occurs intermediate
state by intermediate state.

There remains a point which requires further discus-
sion. Belyaev and Zelevinsky aver that their version of
GDM dynamics is conserving.!® This appears to be in
contradiction with our results. In the following we ex-
plain the basis for their conclusion which removes the for-
mal mathematical discrepancy but still leaves a difference
in point of view. The reconciliation, insofar as it is possi-
ble, arises from the changes or possible simplifications
which can be introduced if one adheres to some version of
the Copenhagen program of specificity forces, i.e., separ-
able interactions.

Two philosophies toward the utilization of this pro-
gram are possible here. In the first, we take no notice
whatever of the suggested simplification until after we
have derived from the theory developed in this paper all
the dynamical and kinematical conditions of which we
aim to make use. The effect of a general two-body in-
teraction is then represented in our equations entirely in
the form of generalized single particle potentials
v(aAd | bB), which we are free to approximate in separable
form (schematically written)

v(ad |bB)=Xq}Q(A |B), 4.7)

or as a sum of such terms. This is our preferred point of
view at the moment and one which we plan to exploit in
the future.

In the more common approach we work from the be-
ginning with a separable interaction which we write as

X2 dea Vb bato = Uncpa Wi 0l 00athy - (4.8)

4.6)

In place of Eq. (2.6) we have an equation in which
5 Vacde—> Uacge; because U,g is separable, a different
strategy for deriving dynamics is pursued, based on the
assumption that sum rules involving the operator
Q:q,,,, ¢I¢a are saturated within the collective band. In
this case, we use the method of Appendix A, straight sum
over intermediate states, and write

(B| Uy divetha| A)
— (B | Yyl | A) =8, (B | b, | 4)

—(B | Yita | CH(C |l | A)—84(B | ). | 4) .
(4.9)

This decomposition, which can be justified, if at all, only
because of the averaging with U,.,., yields old GDM
theory with an additional single particle term arising from
the second term of (4.9) of the form

8hap=—Xqacqct » (4.10)

and with v(aA | bB) of the form (4.7).

If one now investigates whether the conservation laws
are satisfied, one learns that they are not unless one per-
mits the arrow in (4.9) to reverse sign; this step changes
the GDM equations back into a matrix element of the
original equations of motion, which are conserving by
construction. However, this procedure begs the question,
since it mixes up two distinct problems, the one of con-
structing an accurate approximation and the other of con-
structing a conserving approximation. In short, the ap-
proximation proposed in this paper, which we hope and
believe will be accurate, is conserving by virtue of its
structure, whether accurate or not. Again all differences
are quantum corrections whose significance will be greater
in future applications than in past ones (as shown for ex-
ample in Sec. VIII).

B. Sum rules

We demonstrate that in a special sense, to be defined,
our theory satisfies not only the energy-weighted sum rule
but also the energy-squared-weighted sum. Concerning
the former, if F is an arbitrary one particle Hermitian
operator,

F=furPra=Trfp

and

4.11)

Sy(F)=(0| F(H —E,)*F | 0) , (4.12)
then for k =1 we have as usual the two exact forms
S\(F)= EQ’A | foa|?
=3(0|[F,[H,F1]|0), (4.13)
foa=(O0|F|4). (4.14)
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It is often stated that the RPA and, even more impressive-
ly, the generalized equation of motion method of
Rowe’®% satisfy the sum rule (4.13). In fact these are
provisos or “rules of the game.” In the comparison of the
two sides of (4.13) one does not use the exact operator ﬁ,
Eq. (4.11), but rather one replaces F by a different approx-
imate operator, which we may call a generalized RPA
operator, which is constructed so as to give the same ma-
trix elements f,, as F itself when evaluated between ap-
proximate eigenstates |0) and | 4). When this same ap-
proximate operator is used to evaluate the double commu-
tator in (4.13), an identity emerges. The basic reason is
that the identity results from an average over the equa-
tions of motion which in this method are ultimately tied
to the ground state expectation value of special double
commutators.

In our method, we deal with the original form (4.11) of
F. The matrix elements f, are calculated as linear com-
binations of generalized density matrix elements. On the
other hand, we never calculate double commutators, but
only single commutators. Therefore our method of
evaluating the second form of (4.13) is to study the struc-
ture

L foal A | [HE][0)—L(O|[H,F]| A fao. (4.15)
But in fact, according to our approximations,
(4 |[H,F]|0)=ful31p](cO|dA)
++[p,#1.(c0|dA)}
=faclp, 1(c0|dA)
=wfo4 . (4.16)

Combined with a similar evaluation for the second term,
we easily reach an identity.
]

| )= vy ..,vad=[ |x},...

Ef |x)dx(x|v) .

Of course the x’ will be organized into tensors under the
appropriate symmetry groups, but we need not take this
explicitly into account in the present considerations. The
matrix structure of (5.4) may therefore be studied in the
space of states | x ), where the x‘ are an appropriate set of
collective coordinates.

However, it has been emphasized innumerable times
that once collective coordinates have been introduced,
then the concepts of semiclassical limit and collectivity
are inseparable.* This means that the matrices p,, and
vap Which occur in (5.4) are almost local,

(x|p|x")=p(x)d(x—x")+ ", (5.6)

where the missing terms (see the following) involve
derivatives of the 8 functions. In the approximation (5.6),
A,, of Eq. (5.4) vanishes and is thus a quantum correc-

,x™ydxl oL dxM(x, ...
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If we accept this as a “proof” that our approach also
satisfies the S, rule, we have a bonus, namely by the same
method the S, rule is also satisfied. In this case, we have

Sy(F)=3 (0, | Fjy4

=(0|[F,H][H,F1|0) . 4.17)

In this form, the application of (4.16) will obviously serve
up an identity. Here again the identities are exhibited as
suitable averages over the equations of motion.

V. SEMICLASSICAL APPROXIMATIONS:
VARIATIONAL PRINCIPLES,
TIME DEPENDENT HARTREE-FOCK THEORY,
AND GENERALIZED CRANKING THEORY

A. Semiclassical limit

We first show in general terms that the new GDM
method differs only in quantum corrections from the old
GDM. We rewrite (2.51) in the form

(e, pl=[2,p]+ 4, (5.1)

A=[#,ple—31,p] . (5.2)
We also write

A(ad |bB)=(A | A, | B), (5.3)

thus considering A,, as a matrix in the external or collec-
tive space. We thus find straightforwardly

Ag ZTK[Pnc’vcb]'*";'[pcb’vac] . (5.4)

To understand the import of this result, we remark
that, all cases of physical interest for low energy collective
motion are contained in the assumption that the set of
states 4 can be put into correspondence with a set of n
coupled oscillators

n
X Vo, v )

(5.5)

tion. Applying similar reasoning to (2.21), we find that it
can be replaced in the semiclassical limit by the more
familiar condition p=p®.

B. The Wigner transform

A more systematic approach which leaves us with the
option of treating the quantum corrections with greater
care is to apply the Wigner transform (WT) to the collec-
tive coordinates.*! We write for an operator 4,

(x|4]x)=(X+3p|4|X—7p)
=A4(X,y), (5.7)

where A is assumed to be a slowly varying function of the
average coordinates X and a rapidly varying function of
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the difference coordinates y. The WT, A(X,P) of
A(X,y) is the Fourier transform with respect to y,
AX,P)= [ expliy-P)dyA(X.p) . (5.8)

The most important formula needed for application is the
convolution theorem. Let

(x]Clx)= [(x]4|x")dx"(x"|B|x'). (59
Then
CX,p)= (0T~ ——
q§0 ,§0 2 q! r!
X Ag(X,P)B,, (X,P), (5.10)
where, e.g.,
A,,,:(aq/ax“, ...,dX)
x(a'/ap,.], ..., 0P; )JA(X,P) . (5.11)
Thus to first order, we have
Iy 04 0B 04 9B .
N ; ax' o, P ax' |
(5.12)

As we have argued previously,*! if the collective coordi-
nates have been properly identified, successive terms in
the expansion (5.10) involve successively higher powers of
a small parameter. This will be taken for granted in the
following discussion. The semiclassical limit of the GDM
method is defined by computation of the WT of Egs.
(2.15) [or (2.17)] and (2.21) and retention of the leading
nonvanishing term.

C. Semiclassical limit

Unless we are dealing with a commutator in the collec-
tive space, matrix products are replaced by ordinary prod-
ucts, as in (5.12). This occurs for every term of (2.21),
which we consider first. Therefore (2.21) becomes

Pab (X, P)=pgc(X,P)pcy(X,P) (5.13)

or

p=p*. (5.14)
The conclusion is that p is the density matrix of a Slater
determinant depending on 2n parameters X,P. From the
dynamics we shall establish that these are classical canoni-
cal pairs. Turning to (2.15), the left-hand side (lhs) is
indeed a commutator with respect to the collective coordi-
nates, since #°, is a unit matrix in the single-particle
space, and thus the second term of (5.12) becomes
relevant. The right-hand side (rhs) is a commutator in the
internal space. We therefore obtain in detail

a% apab

2 _ ayfc apab
‘ axi oP;

aP; ax!

acpcb pac ch »
(5.15)

where on the left-hand side we have a Poisson bracket and
on the right-hand side a commutator.

The elements in (5.15) have the following meaning:
H 4 is the Hartree-Fock Hamiltonian constructed with
the density matrix pg (X, P),

 ab =hab +Vab

=hap + Vacbd Pdc - (5.16)

The collective Hamiltonian 5, has undergone several
transformations to reach its place in (5.15). It appeared in
(2.12) as a diagonal matrix of energies E,. In the
transformation (5.12), it becomes a matrix {x |, |x’).
In practice, however, we shall restrict ourselves to ‘“‘quasi-
local” operators, i.e., operators which are polynomials of
at most finite order in the momentum variables. Thus we
assume that 57, can reproduce the eigenvalues E, provid-
ed it has the form

#(x,p)=Eo+7(x)+ 5 {pi{pj , ¥ Ux)},}

{pn{P_})zpk’{Pl’ ijk’(-ﬁ)}”}

1
4 24
+ (5.17)

The fully symmetrized form, where odd powers of p have
been excluded by a standard assumption about behavior
under time reversal, has the advantage that it leads to an
irreducibly simple WT, namely #°.(X,P), which appears
in (5.15), has the exact form

H(X,P)=Eq+7(X)++ PPJ"/"’(X)

+$PPiP P LX) - - (5.18)

Combining (5.15) with the semiclassical limit of (2.17)
allows us to write altogether

pab:[yc’Pab]PB=_i[W7P]ab > (5.19)

in which we have exhibited both time-dependent Hartree-
Fock theory (for the special class of models considered)
and the classical Liouville equation for the elements of the
density matrix, PB of course standing for Poisson bracket.
This is sufficient to identify the X,P as canonical pairs
and 57, as the associated classical Hamiltonian.

Equations (5.14), (5.18), and (5.19) summarize the basic
elements (with pairing to be added) of almost all existing
practical microscopic theories of collective motion, which
deal with the collective subspace as a Hilbert space. Thus
the theory of adiabatic collective motion has recently been
derived from this starting point, using the form (5.18)
with terms at most of order two in the momentum.*! By
expanding 7'(X), ¥9X), LX), ..., a theory of
anharmonic vibrations drops out just as easily, with the
RPA as the lowest approximation. A discussion of this
and other standard applications is given in Sec. VL.

Of course, mapping the collective space onto a boson
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space hardly exhausts the interesting possibilities. An
equally interesting class of problems in which almost
everything remains to be done involves the mapping of the
collective space onto representations of Lie algebras.

D. “Variational” principle

Equation (5.15) can be given a variational formulation.
First we shall state the appropriate variational principle
and then show how it can be related to a previous varia-
tional formulation of the old GDM method. Equation
(5.15) follows from the requirement that the functional

Flpl= [ dX dP[#(p)+Tripq] (5.20)

be stationary under variations 8p of the single particle
density matrix induced by variations of an arbitrary
skew-Hermitian single-particle matrix §(X,P), according
to the requirement

8pa =069, plab - (5.21)

Here § is of the form (4.11), and is viewed as a WT with
respect to the collective coordinates. The significance of
(5.21) is that 8p of this form automatically satisfies the
condition

8(p?—p)=0. (5.22)
Furthermore & (p) is the Hartree-Fock functional
&(p)=Tr[hp+ +vp] (5.23)

(or its generalization to include density dependent forces),
and

p=[%c’P]PB (5.24)

is understood to be independent of p itself. .

In fact, we calculate, using the properties of the Tr
operation
J

€(XP )W (a | X,P) =5 (b | XP)—i[ (337, /3X)(3/dP,)— (3, /0P )(d /30X ) T,(a | XP) ,

85 = [ dX dPTr{[p,5¢]—il p,5 . Jpp}5g =0 (5.25)

and since 8q is arbitrary, (5.15) follows. The variational
principle holds for every value of X and P, and thus the
integration can be dropped.

Equation (5.20) can be “deduced” from a variational
principle for the old GDM method. The stationary quan-
tity is [cf. (2.34)]

F=Tr(H—p,), (5.26)

subject to the constraint p?=p, where matrix products and
the Tr operation are in the combined space (a, 4) or (a,x).
Because of the formal resemblance of the constraint to
that of TDHF, the condition (5.21) on the variations may
again be utilized with a suitably generalized interpreta-
tion. We thus conclude

SF=Tr{[p,(# —#.)15q} . (5.27)

If we rewrite (5.27) in terms of WT quantities and keep
the leading nonvanishing term 8§F—8.% of (5.25) from
which the starting point (5.20) was inferred. Equation
(5.20) also appears to be a special case of a variational
principle proposed by Balian and Veneroni,* as previous-
ly remarked.

E. Cranking variational principle

Equation (5.15) can also be recognized as the density
matrix form of the self-consistent cranking theory. Thus
if we write

Pas(X,P)= 3 ¥(a | XP)}(b | XP), (5.28)

then (5.15) will be satisfied if we choose the single-particle
functions as solutions of the self-consistent cranking equa-
tion

(5.29)

since from (5.29) and its complex conjugate, we readily deduce (5.15). Equation (5.29) can be derived from the require-
ment that a functional & be stationary under variations of ¥}(a | XP), where

9= [ dXdP{&(p)— (87, /0X) Y Yi(a | XP)id /3P, (a | XP)

+(35./3P;) 3, Yila | XP)id/3X ) (a | XP)— 3 e,bi(a | X,P)la | X,P)} .

VI. ELEMENTARY APPLICATIONS
A. Random phase approximation: Landau theory

We start with the limiting case of small vibrations by
taking 57, (X,P) in the form

H(X,P)=3 [(P}/2B;)+5CiX]]
= > wala;, (6.1)

where

(5.30)

[
X, =Qw;B;)""Xa;+a}) , (6.2)
Pi=—i(w;B;)"Xa; —a}), (6.3)

define the complex canonical pairs a;, ia;". To investigate

the consequences of (5.15) we introduce an expansion for

the density matrix,
p=p”+piai+pial+ -, (6.4)

and a corresponding expansion for
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=04 a4 Va4 (6.5)

Introducing (6.1), (6.4), and (6.5) into (5.15), we obtain to
zero and first order in the a;, a/,
[%(0)’p(0)] =0 ,
w;p; = [%(O)vpi ] + [%2”7 P(O)] ’

and the complex conjugate of (6.7). Equation (6.6) is, of
course, the equation for the average static field, and if we
write out the nonvanishing components of (6.7) in the rep-
resentation in which p'?’ is diagonal, we find (p=particle,

(6.6)
(6.7)

h=hole),
w;p;(ph)=(€, —€y )p;(ph) +v;(ph) , (6.8a)
—w;p;(hp)=(€, — € )p;(hp)+v;(hp) . (6.8b)

These two equations take the standard RPA form with
the identification

pilph)=X;(ph) , (6.9a)

pilhp)=Y;(ph) , (6.9b)
and the expanded expression

vi(ab)=VopppX;(p'h')+ Voppn Yi(p'h') . (6.10)

We have so far couched our discussion within the
framework of a standard two-body interaction. However,
there is no difficulty in including many-body forces, and
as a special case, density dependent two-body forces, as
long as the dependence can be approximated by polynomi-
al form. The special case of the extension of our GDM
dynamics to include three-body forces is taken up in Ap-
pendix B. Under these circumstances some additional
complication of structure is encountered in the full GDM
dynamics, but in the semiclassical limit, we again have an
equation of the form (5.15), a generalized Hartree-Fock
functional &(p) associated with a variational principle
(5.20), and consequences for small vibrations as expressed
by Egs. (6.6) and (6.7). The only alteration is in the defi-
nition of the ingredients, which are

Z/ab=8$/8pba (6.11)
and
Vabea =8 (p)/8pap0pca =8 b2 /8pca
:Syab /Spdb . (6.12)

The Hartree-Fock plus RPA framework with the gen-
eralized definitions (6.11) and (6.12) of the ingredients has
been termed Landau or Landau-Migdal theory of nu-
clei.*>** We believe that the theory proposed in this paper
and extensions of it which we expect to develop provide a
reasonable foundation for this theory.

B. Adiabatic limit: Two-dimensional rotations

As a second simple example of the application of the
semiclassical equation (5.15), we consider the problem of
rotations about a fixed axis. We are immediately faced
with a new problem. The introduction of the WT in Sec.
V contains the implicit assumption that we were deal-

ing with a Cartesian metric with volume element
dx', ...,dx". The form of the collective Hamiltonian
(5.17) was chosen to be Hermitian with respect to this
metric. Starting with such a description, we shall want to
carry out a general point transformation—an example is
the transformation from laboratory to intrinsic coordi-
nates in the study of deformed nuclei. It is not difficult to
prove* that if the Jacobian of the transformation is ab-
sorbed into a new definition of the wave function, then
the transformed collective Hamiltonian may once again be
determined in the form (5.17). However, if the original
coordinates were each defined over its entire real axis, the
new coordinates will have a different range and will usual-
ly include also cyclic variables. Therefore the Wigner
transform used to reach (5.15) is not strictly applicable.
Nevertheless a simple approach is available in the adia-
batic limit which yields the same result without assuming
explicitly that the WT is valid. We illustrate for the ex-
ample of motion about a fixed axis, but the method ap-
plies in general. Let us assume therefore that the collec-
tive space | A) corresponds to a set of eigenstates |I),
where I is the angular momentum about the fixed axis.*’
We transform to a continuous representation by means of
the eigenfunctions of the rigid plane rotor
(0| I)=2m)""2exp(il6) (6.13)
according to the equation

[6)=T |I)I]|6) (6.14)
I

and its inverse. In the 6 representation we expand the ma-
trix of an operator K in powers of the momentum opera-
tor

(0|K|6)=K(©,¢)
=K'"(©)8(£)—iK'"(©)8'(¢)

+ (=K@ + -,  (6.15)
where the prime is derivative with respect to { and
O=5(0+6), £=(6—0"). (6.16)

The quasilocal expansion (6.15) has the same justification
as provided for the introduction of the WT.

Using (6.15) it is a simple exercise to show that for a
product KL, we have

(0| KL |6')=(KL)98(£)—i(KL)18'(£)
+ 3 (—=DUKL)?8"(E)+ -+, (6.17)
where
KL(0)=K(0)(®)L(O)(®)+%iK(O)'L(l)__;_I-K(I)L(0)’

1. 3 1. "
+ L2k L@ Li2g@p 0

— iKWYLV (6.18)
(KL)(1)=K(0)L(1)+K(1)L(0)+%l-K(0)'L(2)
_%iK(Z)L(O"
+%iK(1)1L”)—%l‘K(”L(”’ , (6.19)
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(KL)(Z):KlO)L(2)_+_K(2)L(0)+2K(1)L(]) . (6.20)

Indeed, since all that is involved in this derivation are
the properties of the asymptotic representation (6.15)
which confine all calculations to the neighborhood of the
origin of ¢, the fact that £ is a cyclic variable plays no role
in this particular calculation. In short, the same results
can be derived more quickly by applying formulas
(5.8)—(5.11) for the WT. Thus, if we introduce a formal
WT

K(0,0)= [ exp(—it))K(6,¢)
=K'0)+ K0T+ 5K P (0)J2

+0, (6.21)

formulas (6.18)—(6.20) follow from the series in J (=P)
of both sides of (5.10). As opposed to (5.15), (6.18)—(6.20)
contain some quantum corrections, however.

We shall be content here with the simplest of applica-
tions, the semiclassical approximation for two-dimen-
sional rotation. Thus we write

H(N=J*/2r (6.22)
p(0,0)=p"%6)+p'V(0)J /)
+ 5020 /52, (6.23)
0,J)=3¢"20)+2 V0N /.57)
+3 X DONT/I)?, (6.24)

where the form of (6.24) follows from (6.22) and (6.23).
Expanding both sides of (5.15) in powers of J, we find the
equations

0=[#"'2(6),p%(0)] , (6.25)

(0)
9L (0)= [ *6),p (0] + [ 1(0),p (0] .

(6.26)

As will be evident imminently these equations can be
solved for 6=0 and the results for 6540 obtained by a
suitable kinematical operation (rotation).

To evaluate the lhs of (6.26), from the definition (6.15)
we find

p@)= [de|p|6)

= [de(@—1£1p|O+38) . (6.27)

Similarly

p @) =—i [dE{@—1L(p|O+1E) . (6.28)
Remembering that

| 0) =exp(—if6)|0) (6.29)
and if

T=jusPba » (6.30)
we have

[7.Pa1=1pilab - (6.31)

1t follows from (6.27) to (6.30) that

dp'%(@)

40 oo (6.32)

=—i[j,p' "] .

Thus setting @ =0 in (6.25) and (6.26) the latter becomes
(6=0 understood)

__[j’p(O)]:[%(O),p(l)]+[%(l)’p(0)] . (6.33)
By writing out (6.33) in the representation in which p'® is
diagonal and with the definitions
—p'M(ph)=X(ph)=—p'V(hp)* , (6.34)
X (ph)
. Jj(ph)
Wen= |j(ph)* | » (6.36)
(6.33) may be seen to have the familiar form
MX=j, (6.37)
where M is the conventional RPA matrix,
M, Aok P (6.38)
hp'h' = | = ~ ) .
i Bon,pt Aph,p'w
where
Aph,p'h’z(ep —€p )8ppl8hh:+ Vph',hp' , (6.39a)
Bohpi="Vop' hh' » (6.39b)

and the tilde implies transpose.

To complete this discussion we must check the self-
consistency of the assumption (6.22), i.e., we must com-
pute the moment of inertia. Alternatives for this compu-
tation include energy self-consistency

(I|H|IY=E,_o+I*/25, (6.40)

generally applicable or, in the present case, the simpler al-

ternative
(I|T|I)=TI.

The computation of (6.41) will illustrate the transition
from the semiclassical calculation leading to (6.37) back to
quantum theory. Thus we have

1=(117|11)= [doder|e)e|F|e)e | D

(6.41)

1 T
=5 J d&d® exp(—itD)Trj(o |p | 6)
__1- (0)
=~ [ 40T @)
— ___d®__ in(1)
a0 [ STeip @), (642)

where we have used Eq. (6.23), to first order. For con-
sistency we must have
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1 i~(0) —
5o [ doTrjp@=0, (6.43)

__ ;) 44
.f——zﬂfTrjp (@) . (6.44)

We show that we may set ®=0 in the integrand of
(6.43) and (6.44). We consider p in the original “circular”
representation, p,,,, = z/;f,,'z//m , and

exp(iJ0)Y), exp( —iT0) =explim O)y}, . (6.45)
It follows from (6.27) or (6.28) that
P (8)=exp[i (m'—m)OlpiD),(0) . (6.46)

Thus the angular averages reduce the conditions (6.43)
and (6.44) to

Trjp'¥=0, (6.47)

S =—Trjp"=Trj'x , (6.48)

where the definitions (6.34)—(6.36) have been recalled. (In
two dimensions the nonvanishing matrix elements j,,
have m,=m,.) With p'© chosen even under time rever-
sal, (6.47) is satisfied, and (6.48) in conjunction with (6.37)
yields the well-known self-consistent cranking moment of
inertia.

A complete treatment of the adiabatic limit in the semi-
classical limit by the methods of Wigner transform have
been given in a separate publication to which the reader is
referred.! For a serious treatment of quantum correc-
tions, we must study the new GDM dynamics, a program
which remains before us.

In concluding the discussion of the previous two sec-
tions, it is worthwhile emphasizing that although we have
gone to the semiclassical limit, no “requantization” is
necessary in our approach. The relation to a full quantum
theory remains intact and can be invoked when necessary,
as in (6.40) and (6.41).

VII. MODEL FOR SINGLE PARTICLE WIDTHS

In this section and, more particularly, in the next one,
we outline calculations which take us at least one step
beyond the semiclassical approximations. Here we con-
sider a model for single particle widths and there a model
for the widths of giant resonances. In this latter case the
new GDM dynamics yields a different theory than the old
one; indeed the observation of an obvious lack of ex-
change symmetry convinced the writer of the necessity of
proposing the revisions discussed in this paper.

A theory of particle and hole widths follows from the
structure of the GHFA. From our present point of view,
however, we are instructed to follow a certain order in
solving the equations of the theory. In particular we must
start with (2.15) and (2.21).

A. GDM dynamics

We study (2.15) in the weak coupling approximation.
In this approximation, which corresponds roughly to the
limit of small oscillations, the matrix elements p(aA | bB)
can be classed into definite sets with respect to average
numerical size if we first sort the states | 4 ) into subsets:

|0) ground state ,
| A;) 1 phonon or 1p-1h space, (7.1)
| A;) 2 phonon or 2p-2h space .

Thus if Q™! is the characteristic small parameter of the
model, where Q will be the order of the number of
particle-hole configurations, we assume the following
hierarchy for elements needed in our subsequent discus-
sion

plaA | bA)=elements diagonal in collective

space=0(1) (7.2)
p(a0|bA;)~plad, |b0)~0(Q™1?), (7.3)
plad, | bB,)B;5%A,)~p(a0|bA;)~ -+ ~0(Q71).

(7.4)

Of course these assumptions turn out to be self-consistent.
Thus in lowest order, we study the equation for

p(a0|b0)=p, (7.5)
which involves
H(a0|b0)=sr9 . (7.6)

Together with the condition p'”=(p'?)? rederived below,
this defines Hartree-Fock theory. In the single-particle
representation in which p'?’ is diagonal, the labels /4 desig-
nate occupied orbitals and the labels p unoccupied orbi-
tals.

We next consider the quantities (7.3), for which only
the elements (a,b)=(p,h) or (h,p) are nonvanishing (as is
well-known and rederived again below). The linearized
equations for the nonvanishing elements p(a0|bA,) and
plaA, | b0) are the RPA equations. These are the terms
of O(Q~12). In Sec. VIII, we shall be interested in the
next order terms in the RPA equations, which are of
0O(Q~3%%) and provide the damping mechanism for the
RPA states. Therefore let us write out the appropriate
equations to this order. By straightforward enumeration
and rearrangement, we find that we can present the result
in the form

0 4p(pA |h0)=(€, —€;)p(pA | h0)+v(pA | h0)

+R,+R,+R;, (7.7)
plus the equation with (p<sh). In displaying the correc-
tion terms R;—R; in the following, the symbols 4, and
A, will have the meaning assigned to them in conjunction
with (7.3) and (7.4), except that sums over A4, exclude
specifically the one-phonon state 4 under study. We then
have
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2R (pA |h0)=v(pAd |p'A1)p(p’A, | h0)—p(pA | bA)v(bA| |h0)+v(pA, | bO)p(bA | hA,)

—p(pA, |h'OWw(h'A | hd,) ,

(7.8)

which describes transitions within the one-phonon space. In the Copenhagen model,* these are the main terms which

contribute to the width. We also have

2R, =v(pA | bA;)p(bA, | h0)—p(pA |h'Ayw(h'A, | h0)+v(pA, | p'Olp(p’'A | hA,)

—p(pA, | b0w(bA | hA,) ,

(7.9)

which describes the excitation of two phonon states or 2p-2h states. The decay of a high-lying phonon into two low-
lying ones is a mode possibly competitive with the mode described by R, though the present evidence*® is that the terms
of the latter dominate. Finally, the term R 3, which has the form

2Ry =v(pA | h'O)[p(h'0 | hO)—By41+[v(pA | p'A)— 8,0, lp(p' A | HO)
—p(pA | p'A) (p'A | hO)+p(pA | R'0)[v (RO | h0)—v;84]
+[0(pO0|p'0) —1,8,,10(p'4 | hO)+v(pA | O)p(h'A | hA)—8py,]

—p(pA | h'O)v(h'A | hA)—v, 8y ] —p(pO | p'O(p'A |HO),

describes corrections to the Hartree-Fock description of
the ground state (ground state correlations) as well as
blocking corrections. A few such terms are studied in
Appendix C.

The quantity p(pA | h0) is the Tamm-Dancoff or shell
model amplitude of the state |4 ). The corresponding
equation for the ground state correlation amplitude
plhA | p0) is obtained by the interchange (p<sh), (p'<>h')
in (7.7)—(7.10). In this section we require only the stan-
dard RPA approximation as input to the further study
below.

B. GDM kinematics

We next explore (2.21) and related matters. Without
presenting any details, it is straightforward to derive the
standard conditions in order unity and order Q~'/2
which describe, respectively, the determinantal character
of p(a0|b0) and the vanishing of the p-p and h-h ele-
ments of p(a4 |b0) and p(a0|bA). To find higher order
corrections—the ground state correlations for instance—
we have found it more convenient in the past to switch to
a different method of calculation, the so-called number
operator method.*"*® Since we do not propose to carry
out a serious investigation of these corrections in this pa-
per, we shall not pursue this matter further here. A brief
account of the technique applied is provided in Appendix
C.

C. GHFA dynamics

We suppose that the HF and RPA problems have been
solved at a level where even the escape width of RPA
states arising from continuum single particle states has
been included.*>® We next fold in the GHFA dynamics
for particle states. Defining

Dy lad)=(A4 |, |p) (7.11)

by studying its equation of motion and using the factori-
zation

(7.10)

I
(A | i ste [pY=CA |05y | BY(B| ¥, |p)—(bec),

(7.12)
we derive the equation
(&) —w)Pylad)=¢(aB |bA)D,(bB) , (7.13)
where
&p,=E,—E, (7.14)

and w4 =E 4 —E, as usual.

We wish to investigate the spreading width for the
states |p) implied by Eq. (7.13). Here we take |A4)
—|0). In working out the rhs of (7.13), we encounter
the term

(a0 |b0)d,(b0)=e,P,(a0)
+[v(a0]b50)—8,,]®,(50) .
(7.15)

Retaining only the term b =a on the rhs (see the follow-
ing), we have approximately

#(a0|b0)P,(b0)=(e, +8¢,)P,(a0), (7.16)
where (Appendix C)
S¢a=7 X | You(A) | *[Vapap — Vanan1 - (7.17)
ph. A
Similarly we shall write
I (aA | bA)D,(bA)=[€,+8€,(A)]Py(ad) (7.18)
where (Appendix C)
8e,(A) =8¢, + Eh[ | You(A) |2+ | Xpn(4) | 2]
p
X[ Vapap — Vanan] - (7.19)

With these approximations, we consider the pair of
equations for ®,(a0) and ®,(a4) in which we include the
coupling of the first amplitude to the second and the
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second back to the first and ignore the coupling of the
one-phonon states to higher sectors. The equations of in-
terest are

[#, — (€5 +8€,)1P,(a0)= 3 v(ad [b0)D,(bA), (7.20)
b4

(8 — 04— L€y +56 (A)]}D,(bA)
=S v(b0) |cA)P,(c0) . (7.21)

Following the standard procedure, we solve (7.21) for
®,(bA) and substitute in (7.20). Since some of the €, will
be continuum energies and some of the w, as well, the
solution of (7.21) becomes well-defined only if we replace
?‘, by ?fp + %iA, where A can be viewed either as an in-
terval for energy averaging or as average width for the
sum w,4 + (€, +06€,) which the latter acquires in conse-
quence of the coupling of the associated states to higher
sectors. With definitions €,=¢, + 8¢, and €,(4)=¢,
+ 8¢,(A), we obtain finally

(&) —€5)8,

B v(aAllbO)U(bOICA) ©,(c0)=0.
ba (8, —Tid—w,—F(A)]

(7.22)

In Eq. (7.22), a, b, and c are all particle states where a
and ¢ must carry the same j value as p and a is identified
with p in the limit of no coupling. If we ignore contribu-
tions from modes c=%a we obtain a dispersion relation of
standard structure for determination of €,, namely,

_ vipd |p'0)|?
O——-?,,—ep+z . [olp _IP I — .
pa &p—wy—E(A)+ il

(7.23)

This formula differs in detail from the expression ob-
tained by formal partial summation of Feynman dia-
grams,’! though there is agreement if one compares the
most significant contributions, numerically, to the width,
namely the forward going graphs.

If we write
&p=€+A&,—5il,, (7.24)
gAp::a)A —{—EPV(A) y (7.25)
we have
(pA |p'0) | A&, —& 4,)
Affp=2 |UP’ IP— l - pl Ap , (7.26)
p'A (?f,,—?fA,,-)’+7A2
’ 2
r,=ay—1ved|p0| (7.27)

p,A(gp_gAp,)z_f_%Az .

To evaluate these expressions, according to our philoso-
phy, we can at this point introduce specificity forces in
the guise of schematic values for the matrix elements.
The resulting expressions, which will not be developed

here, resemble in structure those evaluated by the
Copenhagen group.*®>!
Equation (7.23) may also be written

G~(&,)=0, (7.28)

where G (z) is our approximation to the one-particle
Green’s function. This point is amplified in Appendix D,
and allows us to compute the strength function following
the well-known method also reviewed there.

VIII. MODEL FOR DAMPING
OF RPA EXCITATIONS

In Eq. (7.7) we have grouped correction terms to the
RPA into three sets R;(p4 [h0), i=1,2,3. The last term
R ; exhibited in Eq. (7.10), describes real shifts in the sin-
gle particle and single-hole energies. These terms will not
be analyzed further in this paper. The terms R, given in
(7.9) describe the vertex for the phonon 4 to turn into a
p-h pair through a two-phonon intermediate state. Here
we shall refer to the quantity v(p4 | A0) as a vertex func-
tion and p(pA |h0) as an amplitude. In Fig. 1, which
represents the terms of R,, and in succeeding figures, a
vertex will be represented by a triangle, an amplitude by a
circle. It is possible for energy conserving intermediate
states to occur in some of the contributions if the two
phonons are low energy ones. Within the present formal-
ism such terms are more complicated and probably less
significant than the class contain in R;, and they will
therefore not be dealt with in detail here.

The simplest model for damping appears to be hidden
in this latter set of terms. We can obtain insight into the
structure of these terms from Fig. 2. Not all the terms
arising from Fig. 2 give rise to energy-conserving inter-
mediate states; we shall see later how to settle this point.

h h p P
b P b p \h p h p’
A A A A
(+) (=) (+) (=)
(a) (b) (c) (d)
FIG. 1. Diagrammatic representation of the terms in

R:(pA | h0), defined in Eq. (7.9). Here solid lines represent par-
ticles or holes according to the labeling. Both types of lines may
occur with either sense for the arrow; this sense determines the
sign of the corresponding contribution to an energy denomina-
tor. Wavy lines describe phonons. A full triangle with various
incoming and outgoing lines stands for a generalized single-
particle potential v, also called a vertex; a full circle with similar
attachments is associated with an amplitude p. The overall sign
of the term, for which a rule is developed in the text, appears
below the diagram.
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(+) (=)

(a) (b) (c) (d)

FIG. 2. Diagrammatic representation of the terms in
R,(pA | h0), defined in Eq. (7.8). The elements are as in Fig. 1.

One unusual property of these diagrams is that arrows on
particle and hole lines can have either sense with respect
to the “flow of time,” which can be taken as upwards.
This sense determines the sign with which the energy of
the particle occurs in an energy denominator.

We have no intention in this preliminary discussion of
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presenting a full analysis of R;(p4|h0). We want to
make a few specific points which we consider most ger-
mane for highlighting the structure of the contributions.
Toward this end, we study the terms

2R, (pA |h0)=—p(pA | h'Av(h'A, | hO)
+v(pd,; | p'O)p(p'd | hA)) .

Comparison with (7.8) shows that we have selected pieces
of the second and third terms, i.e., pieces of Figs. 2(b) and
2(c) with b=h' and h =p’, respectively. To evaluate
(8.1), the next step is to obtain equations of motion for the
amplitude p(pA4 |h'A4,).

We present only the results of such an analysis whose
main ingredient is the recognition of which intermediate
states yield the contributions of dominant interest. Two

(8.1)

kinds of contributions commend themselves. One con-
tains elements such as™?
H(aA |bA)=#(a0|b0)=¢€,8,, (8.2)

multiplying the amplitude under study. The other, which
provides the driving terms, gives a product of an RPA
amplitude and a vertex. The result is

[w4—€p—w4,+erlolpd | h'41)=+[v(pA | p'Op(p'0 | h'A}) +v(pO| p' A, )p(p' A | KO)

—plpA | h"0)(h"0 | h'A})—p(pO | h" A )v(h" 4 | h'O)] .

(8.3)

Note that for an unstable state | 4) and a continuum €, the square bracket on the lhs of (8.3) can vanish and thus the
“solution” of (8.3) for p(pA | h'A) requires introduction of the same device, w 4 —w 4 +i%A, as in Sec. VII. We shall

understand that this has been done.

Before introducing (8.3) into (8.1), we shall make another simplification. It is time to remember that

p(pA |h0)=p(h0|pA)*
is a “forward going” or Tamm-Dancoff amplitude, whereas

p(pO|hA)=p(hA |pO)*

is a “backward going” or ground-state correlation amplitude. For simplicity of presentation, we shall omit the contribu-
tions from the latter. With this understanding, we obtain from (8.3) and (8.1),

AR, (pA | h0)=— 3 [0 —w 4 —€ +€,] ' [0(p,0[p'A)p(p'A | h'OW(h'A| | HO)

—p(pA |h"0w(h"0| h' A )v(h'A, | h0)]

+ w4 —wA'—"fp"th]—l[U(PAl |p'0

—v(pA; | p'O)p(p’A | H'OW(h'O| hA )] .

The four terms displayed are represented by the four dia-
grams of Fig. 3, in the same order. The energy denomina-
tor is given in each case by the structure of the intermedi-
ate state with A4, present as w4 —w 4 —€ (upward-going
line) + € (downward-going line). The overall sign of
each term is easily traced to the commutator structure of

Ju(p'O|p”A)p(p"A|hO)

(8.4)

the equations of motion, where factors vp correspond to
(+), pv to (—), and this rule must be applied twice if
there is one energy denominator.

We now remark: The contributions (8.4) and Fig. 3 are
precisely the ones which underlie the damping theory of
Bortignon and Broglia.***!"3* Since our theory is not tied
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(a) (c)

FIG. 3. A subset of the contributions to R, the terms in Eq.
(8.1) of the text.

to specificity forces, we have the option for the further
evaluation of using a fundamental interaction or of intro-
ducing a specificity (separable) assumption for the evalua-
tion of the vertices v.

Before continuing, we note that the structure summa-
rized in Fig. 3 is tied essentially to our use of the new
dynamics. In the old dynamics, three of the terms would
be missing and the fourth would be multiplied by four.
We are truly dealing with quantum effects where the
difference between the two forms of the dynamics is de-
cisive.

We are interested in making only one additional obser-
vation in this brief discussion, namely that there are addi-
tional terms in R;(pA4 | h0) which can contribute to the
damping. We shall consider but one example. In order to
evaluate the first term of R, Eq. (7.8), we need to write
an expanded form of the vertex,

J

4R, =3, Vonpp[@ 4 —0y, '—ep"+€h']—[

X[v(p"O|p'"' A1 )p(p"" A | h'0)p(p’ A1 | h0)—p(p"" A | h"0Ww(h"O|h'A)p(p'4, | hO)],

and represented in Fig. 4. The energy denominators have
the same structure (nature and relative signs of the single
particle energy contributions) as those of Fig. 3 and can
thus contribute to the width. This was the result we were
after.

As with a number of other topics introduced in this pa-
per, further work remains to be carried out.

IX. SUMMARY AND CONCLUSIONS

We have presented a new and, we believe, improved ver-
sion of the GDM method which is based on a closure ap-
proximation in the equations of motion which, though
suggested in part by previous authors, has either been sub-
sequently rejected by them or incompletely implemented.
We have emphasized that the new proposal has both
dynamical and kinematical consequences. We have com-
pared the new method with the previous GDM method
and with the GHFA and pointed out that though the
former is no longer fully tenable, the latter remains valid
if reinterpreted as a core-particle coupling theory.

We have shown that the semiclassical limit of the new
theory remains TDHF, the new and old theories differing
only in quantum corrections beyond this limit. Most im-
portant, the new theory satisfies the conservation laws and

(a)

FIG. 4. Diagrams of contributions to R, given in Eq. (8.6),
which may have energy conserving intermediate states and are
distinct from those of Fig. 3. These diagrams each contain an
explicit vertex of the interaction V, as opposed to previous dia-
grams where such factors are contained within the vertices v.

0(pA | p'A))=Vpyryyrp(p” A | p"" A})
+Vonrpn p(h' A | h"Ay)
+ VonppP(p"4 | h'4y)
+Voprpwp(h'A | p"Ay) . (8.5)

The contribution of the third term of (8.5) to the first
term of R; will be written with the help of (8.3) as

(8.6)

several sum rules. We have furthermore explained why
the claim that the old theory is conserving cannot be sus-
tained in general.

Finally we outlined a theory of damping of single-
particle and collective excitations. The discussion of the
latter has been included in order to illustrate at least one
important application where the difference in content be-
tween old and new GDM dynamics is decisive and the
former yields obviously incorrect results.

This work was supported in part by the U.S. Depart-
ment of Energy under Contract No. EY-76-C-02-3071.

APPENDIX A

We describe a formally exact version of the equations
of motion with an attached variational principle. The
equation of motion (2.9) can be written

(E4—Eg)plad |bB)=hgp(cA | bB)—p(ad | cB)h
~+ UgcgepldeA | beB)
—plaed |cdB)U.ze ,  (AD)

where U, is the unsymmetrized matrix element of the
interaction, namely
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Vabea = Uabcd - Ubacd
= Ubadt — Ugabde - (AZ)

To transform (A1) we utilize two different exact factori-
zations, namely for the third term of (A1) we write

(B Uit | A)=(B | }vs | C)(C | ¥l | 4)
—8.4(B |t |4),  (A3)

which requires a complete set of intermediate states. For
the fourth term of (A1), we write instead

(B|¥lYipeta | A)=(B|di, | CI{C| ¥}y, |B)
— 8. (B |, | 4) . (A4)

With the help of (A3) and (A4), (A1) can be written in the
form

[Ze, pl=[%,p], (A5)
where % is an effective Hamiltonian,

X (aA |bB)=8ghy,+ulad |bB), (A6)

hap =hap —Uscep » (A7)

u(aAd |bB)=U,ap(dA | cB) . (AB)

Equations (A5)—(A8) are formally exact.
To obtain a variational principle, we need a constraint
equation for the density p. To the identity
(B | ¥ (Yetba+davpe) | 4) =0 . (A9)
We apply the factorization (A3), set ¢=e and sum over c.

Using number conservation, we then derive the conse-
quence

PP —(Q—=N+1)p=0, (A10)

where N is the number of nucleons and () is the total
number of single particle states, which we assume to be
finite. As strange as it appears, (A10) is formally exact.

We turn then to the variational principle. Writing the
Hamiltonian in the form

H=hay ¥t + + Usbea a0} athe

and employing the factorization (A3) [(A4) gives the same
result], we calculate

F=TrH — 3 Uy,p(bA | aA)
=Tr¥ p—5Trup

(A11)

=Tr(hp+sup) . (A12)

This expression has the property
)

OF /6p(bB |aA)=(aA | bB) . (A13)
Consequently if we define the functional G as
G =F —Tr¥ p—TrA[p*—(Q—N +1)p] , (A14)

where A is a Lagrange multiplier matrix, and require

8G /5p=0=H —H,—pA—Ap+(Q—N +1)A=0,
(A15)

the result can be viewed as an equation for A provided 57,
and p (and therefore %°) are known. That % and 57, are
as advertised is checked by proving that (A5) follows from
(A15) provided that (A10) is satisfied. That this is true is
verified by calculating

0=[p,8G /8p] . (A16)

(AS) may also be derived directly from variation of
(F—Tro¥, p) provided 8p automatically satisfies (A 10), as
it does in the form analogous to (5.21), namely

dp=[p,8D] . (A17)

APPENDIX B

In this appendix, we consider the additional terms
which occur in the GDM equation when we add three-
body forces to the Hamiltonian of the form

1

ggTVabc,deﬂ/’IlﬁZ!ﬁzlﬁf?l'e% , (B1)
where

Vabe,def = Vbac,edf =€tc. (B2)
and

Vabc,def= - Vbac.def= Vbca,def=etc-y (B3)

i-e., Vape des is symmetric under comparable exchanges of
the first three and the last three indices and has the ap-
propriate sign under an odd or even permutation of either
the first three or the last three indices.

In the equation of motion (2.6), let us replace the in-
dices a,b by x,y, i.e., we study [py,,H ]. The extra terms
on the rhs of (2.6) are then

1 1
31 Vateder By B UL et — 5 Vabe ey Vo BB 0100
(B4)

The appropriate generalization of the factorization
(2.11) is conjectured to be

(A | Whvb ity | A'>=§ S €00, €5,00, A 00y | ACA” | 0]y | ACA™ |9y 1 4) (BS)
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where the sum runs separately over all permutations of
abc and def and € is the alternating symbol.

The sorting out of the contributions to the equations of
motion is only slightly tedious. The result can be ex-
pressed in terms of a new generalized single particle po-
tential which is a double matrix in the collective space,
namely

U(sAA' |yA"A"")=Vype yaep(dA | bA"" )pled’ | cA")

=U(xA'A |yA""A") . (B6)
We define the matrix products
(Up)(xA |yA")=U(xAA"" |zA" A" )p(zA" |yA’), (BT)
(Up)e,(xA | yA" )=U(xA"A"" |zA" A" )p(z4 | yA"") ,

(B8)

(Up)e,(xA | pA")=U(xAA" | xA'A"")p(zA"" | yA") . (BY)
The additional contributions may then be written

3[U, pl+ 51U, ple, + 31U, ple, - (B10)

In the semiclassical limit, the three terms become equal.

APPENDIX C

We are interested in studying the effect of ground state
correlations on restricted elements of the density matrix,
namely p(h0|h0), p(p0|p0), p(hA | hA), and p(pA |pA).
These are particularly required in Sec. VII in order to ob-
tain the results reported in Egs. (7.17) and (7.19). First of
all consider

plhA |hA)=(A | Py | A) . (C1)

We reduce the calculation of this quantity to that of
p(h 0| hO0) by using the quasiboson operators

o')= zh[X,,h<A>¢$¢h—Y,,,.<A>¢I¢,,] , (C2)
p

where

X,n(A)={0 | Yhih, | A)=p(pA | hO) (C3)

Y, (A)=p(hA |p0) . (C4)
We have

| 4)=Q%4)|0), (C5)

Q(4)|0)=0, (C6)
and

[0(4),07A4)]10)=0), (C7)

Zh‘, (0| BB wBynBoy |0) =3, (0| BjsB)s | 0)(0| By
'R p'H

but
(O[[Q(),¥igs]1]4)
=— F [ | Xp(A)|*+ | Yo(4)|*], (CB)
p
where the last evaluation uses the correct fermion algebra.
We thus find
p(hA | hA)=p(h0|hO0)
— S X (A4) |2+ | Ypu(4)|?]. (C9)
p

Similarly we can show
p(pA | pA)=p(p0 | p0)
+ S X (A) |2+ | Yo (A ]2] . (C10)
h

Thus we have only to study
p(hO|h0)=1—(0 |y} |0)
and

p(p0|p0)=(0|¥}¥, 0) .

For this purpose we utilize the ‘“number operator
method.”*”*® In this method we can replace the hole
counting operator i, ¢Z and the particle counting operator
¥,1, by expansions in particle hole creation and annihila-
tion operators when acting on the ground state. We have

Unbh— Z BBy —1 3 BhBlwBywBo+
p pp'h’
(C11)
By S BB~ S BBy Bt
h hp'h’
(C12)
where
Bjy =)t =(Bp)' C13)
'ph —lppl/’h “(Bph ). (

Equations (C11) and (C12) are accurate up to the level of
2p-2h mixtures in the ground state, but representations of
arbitrary accuracy can be given*® and there are corre-
sponding formulas for operators such as 1, 1/}2' and ¢, Y,
i.e., hole and particle scattering operators.

For the evaluation of (C11) and (C12), we find

(0| BjuByn |0Y =3 0| Bjy | 4){A| Bpy | 0)
A
=3 | Yu(4)|? (C14)
A

and

By, |0)+0(Y*)

= 3 Yl AX (AXy (A (A"

AA'p'n’
52 'th(A)IZ'

(C15)
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In this evaluation, we have used the approximate RPA
normalization

2[ (VX (A7) — Y (A) Yy (A")]

2 o (A)Xp(A)=8,4, . (C16)
Thus to 2p-2h accuracy, we find
O P49k [0)=13 | Ypu(4)|?, (C17)
pA
O 931, [0)=F 3 | Ypu(4) (C18)
hA

Finally we apply (C17), (C18), and afterwards (C9) and
(C10) to the evaluation of shifts in single-particle energies.
For instance

€, =v(a0]a0)—v,
= 2 Vahah<0|¢'h¢'h |0)+ E apap<oldj;¢p l0>

=7 X | Ypu(A) [*(Vgpgp — ,,,..,;,). (C19)
ph A
Similarly
8¢€,(A)=v(aAd |ad)—v,
—5€a+2[| on(A) [ 24 [ Xpp(4) 7]
X (Vapap — Vahan) - (C20)

These are the results quoted in Egs. (7.17) and (7.19).

APPENDIX D

In terms of the matrix element studied in Sec. VII, the
strength function for detecting the “single-particle™ state
|p) at energy E when a particle in the single-particle
mode a is added to the ground state of the system is

Py E)=73 |®,(a0)|S(E—-&,), (D1)
P

which we first imagine we shall try to calculate by putting
the system in a box so that the resonance associated with
&, becomes a set of close-lying discrete 2p-1h states in
which the particle mode a is imbedded. We then model
the continuum limit by replacing the & function by a
smearing function

1 A
pA(E—gp)=;

_—, (D2)
T A HE—&,)

where A>> level spacing. However, it is well known
from the theory of Green’s functions that |®,(a0)|? is
the residue at the pole z=&, of the one-particle Green’s
function G(z) and the latter can be identified in a com-

FIG. 5. Contours for the calculation of the strength function.
C, is the original contour encircling all the poles of the Green’s
function. For the deformed contour C,, nonvanishing contribu-
tions come only from the poles of the spreading function.

mensurate approximation as the reciprocal of the expres-
sion which annihilates ®,(a0), namely, the rhs of (7.23)
without the smoothing quantity A. Remark that in the
discrete case G(z) is well defined without further assump-
tion. This expression can be written schematically as

| Vaa |

Z_E, (D3)

G2 '=z—¢,— 3
Referring to Fig. 5, the crosses indicate the poles &,. The
definition (D1) is therefore equivalent to the expressmn

P,(E)=— ¢C’G(z)p(E —z)dz . (D4)
Deforming the contour C; to infinity, we reduce the in-
tegral to the evaluation of the residues at the simple poles

of the smoothing function since the contour at infinity
does not contribute. We find

Py(E)=-11Im 1 TAE
o
E+5id—€— 3 —F—
? 2 E+iiA—E,
= Fat4 (D5)
(€, +AE,—EP++(T+A?’
where
Vo | HE —E,)
AE,,:E'—iI——Ia (D6)
(E—Eq )P+ +A?
and
| Vea |* (D7)

r,=A
% (E —E )P+ +A?

coincide with Egs. (7.26) and (7.27), except for notation.

*Permanent address: Department of Physics, University of
Pennsylvania, Philadelphia, PA 19104.
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