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ABSTRACT

The influence of hole-hole (hh) propagation in addition to the conventional particle-
particle (pp) propagation, on the energy per particle and the momentum distribution
is investigated for two central interactions (i>2 and t>2=°) which are derived from Reid's
soft core potential. The results are compared to Brueckner-Hartree-Fock calculations
with a continuous choice for the single-particle (sp) spectrum. Calculation of the energy
from a self-consistently determined sp spectrum leads to a lower saturation density.
This result is not corroborated by calculating the energy from the hole spectral function
which is, however, not self-consistent.

A generalization of previous calculations of the momentum distribution based on a
Goldstone diagram expansion, is introduced which allows the inclusion of hh contribu-
tions to all orders. From this result an alternative calculation of the kinetic energy is
obtained. In addition, a direct calculation of the potential energy is presented which is
obtained from a solution of the ladder equation containing pp and hh propagation to
all orders. These results can be considered as the contributions of selected Goldstone
diagrams (including pp and hh terms on the same footing) to the kinetic and potential
energy in which the sp energy is given by the quasi-particle energy. The results for
the summation of Goldstone diagrams leads to a different momentum distribution than
the one obtained from integrating the hole spectral function which in general gives less
depletion of the Fermi sea.

Various arguments,based partly on the results that are obtained, are put forward
that a self-consistent determination of the spectral functions including the pp and hh
ladder contributions (using a realistic interaction) will shed light on the question of
nuclear saturation at a non-relativistic level which is consistent with the observed de-
pletion of sp orbitals in finite nuclei.



1. Introduction

In spite of the considerable effort devoted to the microscopic description of nuclear
matter, none of the methods based on non-relativistic dynamics and two-body interac-
tions, such as Brueckner Theory,1"3 the variational approach,4' the Coupled Cluster
scheme6 or Monte Carlo techniques,7 is able to reproduce satisfactorily the nuclear
matter saturation properties, namely an average binding energy per nucleon B = —16
MeV at an equilibrium density po = 017 fm~3. If for a given interaction the equilib-
rium density is well predicted, then the binding energy per nucleon is underestimated,
whereas when the binding energy is correctly reproduced, the saturation density turns
out to be too high. This results in the so-called Coester band in which the saturation
point of a given interaction is correlated wUh the strength of the tensor force. The
stronger the tensor force the lower the saturation density.

Relativistic many-body theory ~x represents an alternative description to explain
nuclear saturation. However, the results are rather sensitive to the coupling to negative
energy states (vacuum polarization effects). X It has also been observed that it fails to
provide sufficient binding in finite nuclei. More seriously, it has recently been shown
that the relativistic approaches lead to a very small depletion of the Fermi sea.
This small depletion is not consistent with the experimental results that are becoming
available from (e,e'p) experiments performed at NIKHEF.14 '15

; It has been shown, on the other hand, that corrections due to suppressed degrees
; of freedom in the non-relativistic many-body theory based on two-body interactions,

can be cast in the form of a small three body force, either phenoinenological16 or
having a more fundamental origin,1 providing an alternative description of nuclear
saturation. It is therefore necessary to have a reliable and well controlled description
of nuclear matter at the level of two-body interactions to which the corrective effects
of three-body forces are subsequently applied.

It is the purpose of this paper to investigate whether an improved and more consis-
tent treatment of the many-body system, still based on non-relativistic dynamics and
two-body forces, can provide new information on the saturation problem of nuclear
matter. We shall pay special attention to connect the properties of a particle in the
medium, contained in the sp self-energy, with the resulting effective two-body interac-
tion, using the formalism of Green's functions.18 Since the sp self-energy, describing
the modified properties of a particle in the medium (dressed particle), is determined
from the two-body effective interaction between dressed particles, and this requires, in
turn, the knowledge of the propagator (related to the self-energy through the Dyson

jjj equation), we are dealing with a coupled problem which must be solved self-consistently.
a A self-consistent treatment of the Green's functions formalism leads to the so-called
| Self-Consistent Green's F iction (SCGF) theory.19"21

H In chapter 2 we start reviewing the SCGF method in the ladder approximation
| | and subsequently present the different methods which are compared in this paper. A

^ aPPr°ach to the complete self-consistent solution, which demands self-consistency



only for the real part of the on-shell self-energy (the quasiparticle energy), was pre-
sented elsewhere1S'20 and is summarized in section 2.1. This method treats the hh
correlations in the ladder equation for the effective interaction on the same footing as
the familiar pp propagation considered in Brueckner-type calculations, providing a new
term in the self-energy which is repulsive. This gives rise to a reduction of the binding
energy per particle which increases with the density leading to a new nuclear saturating
effect.

Although self-consistency has only been demanded for the quasiparticle energy in
the self-energy, the symmetric treatment of particles (k > kp) and holes (fc < fcp) as
indicated above, still allows the determination of the complete momentum and energy
dependence of the self-energy and, through the Dyson equation, leads to results for
the dressed propagators in terms of the spectral functions of the correlated system,
which in turn determine the momentum distribution. Moreover, for the case of a two-
body interaction, this dressed sp propagator also determines the binding energy of the
system which can be split into a kinetic and a potential energy per particle. These
considerations are presented in section 2.2. It should be noted that the results for the
dressed propagator can be considered as the first iteration for the complete solution
in which the sp propagator itself is determined self-consistently. As we shall comment
below, the lack of self-consistency makes it difficult to establish definite results for
this calculation based on the dressed propagator, since the number of particles is not
conserved.

For the purpose of later comparisons, we briefly describe in section 2.3 the Bethe-
Brueckner expansion for the binding energy and we note that the G-matrix, represent-
ing the effective two-particle interaction, can be obtained from the Green's Functions
approach of section 2.2 by neglecting the hh propagation in the ladder equation.

In section 2.4 we present a new calculation of the binding energy as separate ex-
pansions for the kinetic and potential energy in terms of Goldstone pp and hh ladder
diagrams. We will show that the trend of the result, with respect to the simpler
Brueckner-Hartree-Fock binding energy, is quite sensitive to the self-consistent sp po-
tential used and we argue that for a realistic interaction more attraction should be
obtained, in apparent contradiction to what is obtained with the method of section 2.1
which also considers hh correlations.

Results for the momentum distribution and binding energy of nuclear matter are
presented and compared in chapter 3. Treating particles and holes symmetrically,
as implied by the Green's Functions formalism, leads to the appearance of complex
solutions (pairing instabilities)22 if the interaction is attractive enough, indicating
that the system prefers a superfluid-type solution. A strong pairing instability has
been found for the 3 5 i - 3 D i channel of the Reid potential and, therefore, an extended
description,23"25 which allows for the treatment of the pairing features of Fermi sys-
tems in the same SCGF scheme, has to be adopted.26 To avoid this problem the
methods described in chapter 2 have been applied to the homework V2 interaction,
which is the central part of the Reid's soft core potential27 in the 3S\-3Di channel,



allowed to operate in all partial waves. We choose this interaction also because results
can be compared to other calculations,28"31 which were mainly aimed at clarifying
the discrepancies between the variational and the Brueckner results, and because being
central, this interaction represents a simpler model to develop the methods which in-
clude hh correlations for the study of nuclear matter properties. Although the P-wave
component of the v2 interaction gives rise to a weak pairing instability,21 it is weak
enough to still allow a reliable numerical calculation assuming a normal Fermi system.
It is useful, however, to study also the potential t ; ^ 0 which is the u2 interaction allowed
to operate only in 5-waves. The potential vl^° has no pairing instabilities and leads
to a ap energy spectrum very similar in shape to those obtained for realistic nuclear
interactions although it is shifted to positive energies.

The momentum distribution results presented in chapter 3 correspond to two dif-
ferent methods. One is obtained from the dressed propagator used in section 2.2, by
integrating the corresponding hole spectral function 5/,(A:,u;), i.e. the probability for
removing a nucleon of momentum k and leaving the remaining system at an excitation
energy — u> with respect to the ground state of the target, over all possible excited
states. The other corresponds to the expansion in terms of Goldstone pp and hh ladder
diagrams presented in section 2.4 which can be summed by taking the derivative of the
self-energy at the quasiparticle energy. There are noticeable differences between these
two methods which should be further investigated.

Finally, chapter 4 contains a summary and conclusions.

2. Self-Consistent Green's Function
Method in the Ladder approximation

In a correlated many-body system, the properties of a particle are modified with
respect to those in free space as a result of its interactions with the other particles.
Correspondingly, the interaction in the medium also changes since it involves particles
with modified properties. One is thus facing a coupled problem which has to be solved
self-consistently. The method based on Green's functions (propagators) provides an
ideal framework for solving the many-body problem using a self-consistent formulation
as represented diagrammatically in Fig. 1 . Diagram l(a) shows that the dressed ap
propagator (thick line), which describes the propagation of a particle inside the medium,
is obtained from the free propagator (thin line) and multiple iterations of the self-energy
E. The self-energy contains all possible interactions of that particle with the medium.
This is shown in graph 1(6) where the vertex function T, which acts as an effective
interaction, collects all possible diagrams with four external points18 and represents
the coupling of the one-body propagator to the two-body propagator as indicated in
Fig. 2.

Any approximation for T in the coupled set of equations of Fig. 1 determines a level
of solution of the many-body problem which incorporates self-consistency. In the case
of nucleons, the short range nature of the nuclear interaction requires, as a minimum,



the summation of the ladder diagrams shown in Fig. 3. These are the terms that
renormalize the highly repulsive short range part of the nuclear interaction V into a
well behaved effective interaction F, which is the medium equivalent of the T-matrix
in scattering theory. The graphs in Fig. 3 can be written schematically as

F = V + VggT = V + AF, (2.1)

where g is the one body propagator. In terms of relative and total momenta, Eq. (2.1)
reads

<kt|r(K,n)|kr'>=<kr|v|kr'> +

•9(\K + q, " + u)g(^K - q, ̂  - u) < q|F(K, fi)|kr' >

> + <kr|AF(K,fl)|kr'>,
(2-2)

where spin and isospin indices have been suppressed for simplicity, the matrix elements
are antisymmetrized and total ."nomentum and energy conservation at each vertex has
been taken into account. It should also be noted that the static nature of the basic
interaction V implies that the ladder summed F depends on only one energy, SI. Using
identity (2.1) in diagram 1(6) one obtains the self-energy

(2.3)

where k r = (k - k')/2.

A completely self-consistent solution of the many-body problem in the ladder ap-
proximation would require the solution of Eq. (2.2) for the F effective interaction using
the propagator g which solves the Dyson equation (graph l(a))

(2-4)

in which the ladder contributions are included in the self-energy. F and g should then be
used in Eq. (2.3) to determine the corresponding self-energy E and the Dyson equation
(2.4) then has to provide the same propagator that was used to calculate F in Eq. jjj
(2.2). This non-linear formulation has the same structure as the familiar Hartree-Fock J
problem but it is extended here to allow inclusion of dynamical correlations induced by }
ladder diagrams in this self-consistent scheme. As in the Hartree-Fock case an iterative .
solution method should be applied.



2.1 PARTICLE-PARTICLE AND HOLE-HOLE LADDERS

A first step towards the complete self-consistent solution to the problem illustrated
in Fig. 1 was presented previously,19'20 and is summarized here. Self-consistency was
only required for the most relevant energy u in the self-energy, the quasi-particle energy

e(k) = ^ + J*eE(k,£(k)). (2.5)

In this way one works with propagators, ga , which have the analytic structure of
unperturbed propagators containing only a static sp potential I7(k) = Re E(k, e(k))
which accounts for the correlations of the system in an average way. In this simpler
problem, the integral equation for the effective interaction F reads

kr|F(K,ft)|kt' >= < kr|V|kr' > +\ J

( | | K q | ) + i , (2.G)

<q|F(K,ft)|kr'>,

where the step function 0<(Ar) (0>(k)) gives a non-vanishing contribution only if k <
kp (k > kp). The self-energy is given by

/*!*!_ < k |V|k

J3I./ (O 7)

< kr|A'F(k + k',u + e(k'))\kt > «<(*')

Note that AF needs to be split into two terms, AF* and AF*, each having poles in
one half of the complex energy plane, for a correct evaluation of the self-energy. This
was achieved by means of a dispersion relation over the imaginary part

ft - ft' + it, n J ' ft - ft' - it, ~ (98)

[ = AiF(ft) + ATF(ft).

After obtaining a self-consistent sp spectrum (2.5), the binding energy was caku-



lated from the Green's Function expression,

where the factor 4 accounts for isospin an spin degeneracy. Since at this point the
self-consistent sp propagator still has the analytic structure of a free propagator, Eq.
(2.9) reduces to

^/!M£) (2io)

It should be pointed out here that in the conventional Goldstone diagram ex-
pansion of the energy the hh self-energy contributions represent so-called off-shell
contributions which in that formulation do not contribute to the energy. In the
present self-consistent formulation the result (2.10) is very natural. It represents the
energy which is obtained by solving the scheme of Fig.l with the approximation that
the Dyson equation is solved keeping only the real on-shell self-energy contribution and
as a result the self-consistent propagator still has the structure of a free propagator. As
such it is a simulation of the complete scheme of Fig.l in which the complete spectral
distribution needs to be determined self-consistently. Due to the above approximation
the spectral functions corresponding to the self-consistent sp propagator are still given
by ^-functions of strength 1 which are located at the quasi-particle energy.

2.2 BINDING ENERGY FROM THE DRESSED SINGLE PARTICLE PROPAGATOR

Once the self-consistency at the level of the real on-shell self-energy (Eq. (2.5)) is
achieved the complete momentum and energy dependence of the self-energy (see Eq.
(2.7)) can be calculated.21 The dressed propagator is then obtained by solving the
Dyson equation. These results are best expressed in terms of the spectral functions
which show the fragmentation of sp strength in energy, as a contrast to the 6-function
result characteristic of independent particle motion. This propagator can be used as a
first input to solve the complete ladder problem as outlined in the previous section. It
is then possible to evaluate the energy directly from this dressed propagator, which is
discussed in Ref. 21, according to Eq. (2.9). By splitting Eq. (2.9) into

and

;), (2.12)

one can also give separate results for the kinetic and potential energies respectively.



2.3 BETHE-BRUECKNER EXPANSION

The Bethe-Brueckner expansion for the binding energy of nuclear matter is based
on conventional time-independent perturbation theory. The hamiltonian H = T + V is
split into an exactly solvable problem, HQ = T +U, and a perturbation Hi = V — If,
where the potential U is usually introduced to increase the rate of convergence of the
series. The binding energy is given by the linked cluster expansion

B = To + Ec = To+ < *o| T V [-—Lg-ffJ |*o >i, (2.13)
n=0 f-E0 ~ HQ J

where To is the free kinetic energy and EQ the energy of the ground state | $ 0 > of
the unperturbed Hamiltonian Ho. Ec is usually referred to as the correlation energy.
The idea of the Bethe-Brueckner expansion is to rearrange the series (2.13) in such
a way that the bare interaction V is replaced by a G-matrix which, by grouping the
selected class of pp ladder diagrams to all orders in V, acts as a renormalized interaction
between the nucleons. We note that the Bethe-Goldstone equation for the G-matrix
can be obtained from Eq. (2.6), which is derived from a Green's functions approach,
by neglecting the hh propagation.

For the lowest order in the G-matrix, the binding energy reads

\ E (2.14)

The G-matrix depends on the particular choice of the auxiliary potential. In the results
presented here, we have used the continuous prescription introduced by Mahaux and
collaborators ' ""

U(k) = J ] Re < k j\G(e(k) + e(J))\k j> V k. (2.15)

In contrast to the standard choice which uses Eq. (2.15) only for k < kp and therefore
yields a discontinuity at kp, this prescription can be interpreted as an approximation
to the physical mean field and, moreover, allows the consideration of those properties
which are sensitive to particle-hole energy differences like e.g. the effective mass , other
than the binding energy. Using Eq. (2.15), and noting that the G-matrix is real for

; energies Q < 2ej?, Eq. (2.14) reduces to

—. _ 1 T—>

,; B = To + - 2 - ^(*0> (2-16)

I which is the Brueckner-Hartree-Fock approximation to the binding energy.

i

\ 9



2.4 GOLDSTONE EXPANSION FOR THE KINETIC AND THE POTENTIAL ENERGY

In this section we present a new method for calculating the binding energy of nuclear
matter in terms of separate expansions for the kinetic energy T and the potential energy
V of the correlated system.

B = T + V. (2.17)

Although the formalism is based on Green's functions, we show below that the result-
ing expansion for the binding energy allows an interpretation in terms of Goldstone
diagrams.

Given a two-body potential V in second quantization, the potential energy of nu-
clear matter reads

k,k2k3k4

Using the Lehmann representation for the two-body propagator g (defined with only
two times) one can show that

< *o|akl
ak3

ak4
ak3l*o >= ~\ j dil Im 5

/ /(k3k4 ,k1k2 ;n). (2.19)
— oo

The two-body propagator g11 obeys the equation shown schematically in Fig. 2. As-
suming the sp propagators dressed in an average way by means of the real and energy-
independent sp potential defined in section 2.2, the algebraic expression for the pair of
parallel lines in Fig. 2 is given by

(2.20^
where the notation Eij = e(fci) + e(kj) has been used. Multiplying the equation
represented in Fig. 2 by V one gets I

In the ladder approximation F obeys (see Fig. 3) jfj

r = V + VgI
{*)T = V + Ar, (2-22) f

and Eq. (2.21) can be written as

__rr . . ri * 1-1 7/ /n OQ\

Vg = V9I0) + Ar0(o)- l-i-ij)

10



Inserting eqs. (2.19), (2.23) and (2.20) in (2.18) one obtains

V = T

2eF

[/m — / kxk2 |V|k3k4 > + < k1k2|Ar(fi)|k3k4 >)• (2-24)

It is readily seen that the term involving the V-matrix element inside the square brack-
ets of Eq. (2.24) represents the expectation value of the interaction with respect to
the free Fermi sea ground state. Concerning the AF term, we first note that, by using
Eq. (2.8), AF can be divided into two pieces, A*F and A^F. The term A*F contains
Goldstone diagrams of the type 4(6), 4(c), 4(d) and 4(e) with pole structure in the
lower half of the complex energy plane. These terms have to be closed with a hole
line to give a valid self-energy contribution. Similarly, A*F contains diagrams with
poles in the upper half plane such as 4(/), A(g), 4(/i), and 4(j) which have to be closed
with a particle line to obtain self-energy contributions. Keeping in mind this separa-
tion, one realizes that the terms in Eq. (2.24) involving the real part of AF require
the imaginary part (delta function) of the propagator, and one thus obtains the two
terms Re A iF(ft = £3 4)0<0< and Re ATF(ft = E34)d<0< in schematic notation.
On the other hand, the terms involving the imaginary part of AF require the real
(principal) part of the propagator. Since ft < 2ep over the range of integration, only
Im A^F gives a contribution and, after using the dispersion relation for AF (see Eq.
(2.8)), one can write the result as the sum of two terms Re A^F(ft = i?i2)0>0> and
— fie A^F(ft = £34)fl<;fl<;. Since the latter cancels exactly one of the contributions
discussed above, Eq. (2.24) finally reads

1 ^
4 Z_rf V 1 3 1 < 1 4 2 3

k,k3k3k4

[< k tk2 |V|k3k4 > »<(it3)fl<(/t4)+ (2.25)

ATF(£1 2) |k3k4

The first term in Eq. (2.25)'represents the expectation value of the interaction in
the non-interacting ground state. It is represented by diagram (a) in Fig. 5, which
is obtained by closing graph 4(a) with two hole lines. In a similar way, the second
term in Eq. (2.25) is given by the infinite series of pp and hh ladder diagrams whose
first terms are represented by graphs 5(6), 5(c), 5(d) and 5(e). They are obtained by
closing diagrams 4(6), 4(c), 4(d) and 4(e) with two hole lines. Analogously, one obtains
diagrams 5(/) , 5(ff), 5(/i) and 5(i), contributing to the last term in Eq. (2.25), by
closing graphs 4(/), i(g), 4(h) and 4(i) with two particle lines.

11



It may appear that, by including the identical diagrams 5(6) and 5(/) as well
as (5(c),5(h),5(i)} and {5(</),5(d),5(e)}, one runs into a multiple-counting problem.
The origin of spurious-looking graphs in a Green's function expansion for the potential
energy was discussed by Mahaux and Sartor in Ref. 36. These authors show that each
Goldstone term in the correlation energy Ec of the Bethe-Brueckner approach (Eq.
(2.13)) appears as many times in the expansion for V (Eq. (2.17)) as the number of
F-interactions contained in the diagram. Although their arguments were only made for
pp ladder diagrams, they also hold for diagrams involving pp and hh propagation, as is
the case for the second order diagrams 5(6) and 5(/), for the pp third order diagrams
5(c), 5(/i) and 5(i), and the hh third order diagrams 5(g), 5(d) and 5(e). This can be
extended and generalized to any order.

To obtain the binding energy, one also needs to know the kinetic energy at the same
level of approximation as for the potential energy. One needs

k2

where n(k) is the momentum distribution of the correlated system. One can show that
n(k) can be obtained from (see also Ref. 37)

k < kp
=c{k) (2.27)

k>kF

w = «(fc)

From this result one generates order by order in V the kind of diagrams depicted in
Fig. 6 for the kinetic energy expansion.38 The derivative expressions are also consid-
ered in the second order and Brueckner-Hartree-Fock case in Ref. 39- The derivatives in
(2.27) are taken at the quasi-particle energies which ensures that the resulting momen-
tum distributions are automatically real. The terms generated by (2.27) are consistent
with those considered for the potential energy in the sense that they include the cor-
rections to T from the same diagrams that are considered for V. The contributions
E*(jfc,w) and S^(Jt,u;) to the self-energy, of which some second and third order diagrams
are depicted in Fig. 7, are taken from Ref. 21.

We next show that, by taking the derivative of the self-energy graphs of Fig. 7,
one obtains the different corrections (diagrams 6(6), 6(c), 6(c'), 6(d), . . . ) to the Fermi
gas momentum distribution (diagram 6(a)). Consider, for instance, the second-order
correction to n(k) for k < kp (diagram 6(6))

where, in what follows, p, refers to a particle state (p; > &F) and hi to a hole state

12



(hi < ICF). The corresponding second order diagram for E^fc.w) (diagram 7(6)) reads

>\2

whose derivative at u> = e(Jfc) is precisely the correction (2.28) to n(A). Diagrams 6(c)
and 6(c') read

_ 1 y ^ < hi k\V\p3 p4 >< P3 P4|V|pi P2 >< Pi P2\V\k hi > (2 3oa)

4 ^ (e(fc) + e( ' l i)-£(P3)- e(P4))2(e(fc) + e ( ' » i ) -e (P i ) -e (P2) )

< hi k\V\p3 P4 >< P3 P4|V|Pl P2 >< Pi P2|V|fc

4 ^

(2.30a')
respectively. These are precisely the two terms that appear when performing the deriva-
tive at « = e(Jb) of the third order self-energy diagram 7(c)

< hi k\V\p3 p4 >< p 3 Pi\V\p\ Pi >< Pi P2\V\k fti > , 9 ,
(u + e ( h ) e ( p ) e ( P ) ) ( , + e ( h ) e ( p ) e ( p ) y ("

The two contributions (2.30a) and (2.30a') to n(k) correspond to the two possible
time orderings in which the one-body operator, represented by the dot in Fig. 6, can be
positioned in the hole line which is needed to close diagram 7(c). Since there is only one
possible insertion for the third order self-energy diagrams 7(d") and 7(e), each one gives
only one contribution to n(k) represented by graphs 6(d) and 6(e) respectively. The
same analysis can be carried out for diagrams 6(/) , 6(o), 6(g'), 6(/i) and 6(i), which
give the correction to n(k) for k > kp, and for any higher order term. We therefore see

; that, order by order, the self-energy diagrams generate the different corrections to n(k).
j By taking the derivative of the appropiate pieces of the self-energy (see Eq. (2.27))
| calculated in the ladder approximation, one sums the complete series of pp and hh
;| Goldstone diagrams for the kinetic energy expansion. This result is a generalization of
if the calculation of the momentum distribution in Brueckner theory. Considering only pp
| terms in the ladder equation leads only to diagrams 7(6) and 7(c) and as a result only
| diagrams 6(6), (c), and (c;) are generated. Together with the higher order diagrams

I 13



this leads to a depletion for momenta below kp given by

1))\kh1>\^

))2 ' ( }

The corresponding contribution to the occupation of states above kp is then obtained
by considering the second order self-energy diagram 7(/) with the V interactions re-
placed by G-matrices. As a result one obtains for k > kp

g(M)|ft h2>\2

i ) ) a ' ( >

3. Results and Discussion

In this chapter we present the results for the momentum distribution and binding
energy of nuclear matter for the two central interactions r>2 and v^0 derived from the
Reid soft core potential.2

3.1 MOMENTUM DISTRIBUTIONS

The momentum distribution of nuclear matter has been calculated in two different
ways. On the one hand, the hole spectral function Sh{k, a;) corresponding to the dressed
sp propagatcr2 1 introduced in section 2.2 determines the momentum distribution from

n(k)= I Sh(k,u>)du>. (3.1)
- o o

On the other hand, Eq. (2.27) gives an expansion for n(k) in terms of Goldstone pp
and hh ladder diagrams as discussed in section 2.4. In the case of the v% potential, the
momentum distribution is shown in Fig. 8 at densities corresponding to kp = 1.6 and
1.8 fm"1 . The full and dashed lines have been calculated from eqs. (3.1) and (2.27)
respectively. A particle-conserving approximation should fulfil the density sum rule

oo

pa J
o

pa J (2TT)3
o

(3-2)

where p0 = 2Jbj73ir2 is the density of the uncorrelated system. In Table 1 we give
results for the left hand side of Eq. (3.2) for the two approximations to the momen-
tum distribution at different densities. The notation GE corresponds to the Goldstone

14



expansion of section 2.4 (Eq. (2.27)), and DP corresponds to the momentum distri-
bution (3.1) which uses the dressed propagator. For the former case, the sum rule is
fairly well fulfilled, whereas it is not completely reproduced in the DP case (see column
(a) in Table 1), especially at high densities. The reason is that the use of a non-self-
consistent sp propagator in the DP calculation violates the Baym-Kadanoff conserving
requirements,41 according to which the number of particles is conserved if, for a given
approximation to the two-body propagator g11 (see Fig. 2), the approximated sp prop-
agator g satisfies the equations of Fig. 1. At present the vertex function, F, used to
obtain the dressed sp propagator g (see Fig. 1), has been determined from unperturbed
propagators gi ' containing an average sp potential. Therefore, only when the ladder
approximated F (see Fig. 3) is determined from the sp propagator which solves the
equations of Fig. 1, i.e. when complete self-consistency is achieved, one fulfills the
Baym-Kadanoff requirement for the conservation of the number of particles.

In the case of the «2=° interaction the momentum distribution is represented in
Fig. 9 at densities corresponding to kp = 1.4 and 1.6 fm""1. In Ref. 21 the effective
mass obtained for the two interactions was discussed and it was shown that the v2

interaction generates a larger w-effective mass at the Fermi momentum than the »2
interaction. This results in a smaller jump in the momentum distribution at kp. The
i>2 interaction leads also to more depletion of the Fermi sea as shown in Table 2 by
the value of n(0). This result is in accord with the expectation that the inclusion of
additional partial waves leads to increased depletion compared to the case when only
5-waves are included. As a result one obtains a better fulfillment of the density sum
rule for the r4 = 0 interaction (see Table 1) although, as before, the agreement is not
completely satisfactory for the DP calculation (see column (a) in Table 1) due to the
use of a dressed sp propagator which is not yet self-consistent. It should be noted
also that the quality of the numerical calculation as demonstrated in Ref. 21 for the
spectral functions is sufficiently good to ascribe the deviation from the density sum
rule completely to this lack of self-consistency.

The tail of the momentum distribution as calculated from Eq. (3.1) and Eq. (2.27)
is shown in Figs. 10 and 11 respectively, for the case of the «2 interaction at different
densities. The parametrization

„(*) = &e-
b k 2 < k < 4.5 fin"1 (3.3)

has been suggested40 recently for a separable representation of the Paris interaction,
where a = 7 fm"5 and b — 1.6 fm. We obtain the same qualitative behavior between
k = 2 and 4.5 fm"1 but with different parameters. In the case of the momentum
distribution calculated from the spectral function (Eq. (3.1) and Fig. 10) we obtain
a = 12.8 fm~5, b = 1.45 fin when results for all three densities (Jfcf = 1.6, 1.8 and 2.0
fm"1) are considered, whereas the values a = 12.6 fm~5, b = 1.47 fin are obtained
when only results for fcp = 1.6 and 1.8 fm"1 are used.
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The dispersion of results in the case of the momentum distribution calculated from
the derivatives of the self-energy (Eq. (2.27) and Fig. 11) makes it difficult to assign
a common parametrization for all densities, since we obtain a = 3.52 fm"5, b ~ 1.65
fm when the three densities are used and a = 4.70 fm""5, b — 1.62 fm if we only take
results for kF = 1.6 and 1.8 fin"1.

A similar behavior has been observed in the case of the V2=0 interaction. For
n(fc) calculated from Eq. (3.1) we obtain a — 17.6 fm"5 , b = 1.43 fm when densities
corresponding to kF = 1.4, 1.6 and 1.8 fm" 1 are used, and a = 15.1 fm~5, 6 = 1.50
fm when only results for kF = 1.4 and 1.6 fm" 1 are taken. For n(Jfc) calculated from
Eq. (2.27) we obtain a = 8.94 fm"5, 6 = 1.54 fm if the three densities are considered,
and a = 8.93 fm~5, b = 1.59 fm if we only take results for kF = 1.4 and 1.6 fin"1.

The differences between these results and those of Ref. 40 should only for a minor
part be ascribed to the inclusion of the hh correlations but rather to the essentially
different interactions. In particular, important contributions between 2 and 4 fm"1

come from tensor correlations , which are absent in our model potentials. Also the
short-range part of the interactions is not identical.

Results for k2 n(k) and Jk4 n(k) as functions of k are shown in Figs. 12 and 13 for
the V2 and the vl

2
=0 interactions, respectively. For the latter case, a peak is observed

in the function k2 n(k) for kF = 1.4 fm"1 , although it is hardly visible on the scale
used in Fig. 13. This peak has not been observed at higher densities nor in the case
of the t>2 interaction. The function k4 n(k) displays a maximum around k = 3 fm"1

for both interactions at all densities. This is different from the plateau behavior that
was observed for the Paris interaction in Ref. 43. Although this difference can also be
ascribed to the tensor interaction, we note that the parametrization given in Ref. 40
in the case of the Paris separable interaction leads to such a maximum located around
2.5 fin"1 .

An interesting result which can be deduced from these calculated momentum dis-
tributions (see Figs. 8 and 9) is the increasing depletion of the Fermi sea for both inter-
actions when the density increases. This seems to be in agreement with the intuitive
notion that the particles will experience their mutual repulsion at shorter distance more
frequently at higher density which results in an increase of high momentum components
in the ground state. As a consequence of this result a decrease of the discontinuity at
kF, the so-called z-factor (z(kF)), is obtained (see Table 2) with increasing density.
This should be contrasted with the results presented in Fig. 3 of Ref. 40, where the
calculated z-factor increases with density, up to a density corresponding to kF = 1.7
fai"1-. In principle, one expects that the smaller the density the more similar the
system is to a free Fermi gas. The results of Ref. 40 seem to indicate the opposite
behavior. At very low density one expects, nevertheless, that the z-factor will go to 1
and as a consequence it seems that the Paris interaction gives a rather strong density
dependence of this quantity when it is calculated in the BHF approximation using a
continuous choice for the sp spectrum. Comparing to other results using other methods
and interactions it could be concluded that this is a feature of the Paris potential. For
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the Paris interaction a value for z(kf) of 0.3543 or 0.4740 is obtained at normal density.
A value of 0.744 is obtained for the Urbana i'14 interaction4 using the Correlated
Basis Function method. More recently, the same value of 0.7 has been obtained for
this same interaction although the total depletion is larger than in Ref. 44. The results
given in Table 2 for the vl

2
=0 interaction are closer to the latter values and the inclusion

of the tensor force for the full Reid potential is expected to lead to a value closer to
O.7.26

Further examination of Table 2, indicates substantial differences between the DP
and the GE estimates for z(kp), especially at higher density. In particular, the ex-
pansion in terms of Goldstone diagrams always predicts a smaller discontinuity and, if
the density is pushed too far, it can even give an inverted discontinuity as is the case
for the V2 interaction at kp = 2.0 fm~ l. This result suggests that the present ap-
proximation of the self-consistent problem of ladder and self-energy is breaking down.
Indeed looking back at way the ladder equation is solved in Eq. (2.6) this should hardly
be surprising. The propagation of particles and holes is considered there with respect
to a free Fermi sea, whereas the actually calculated momentum distribution shows an
increasing deviation from this simple picture with increasing density. This problem
would be remedied immediately when dressed sp propagators would be used to calcu-
late the ladder equation (see Eq. (2.2)) since these propagators contain exactly the
information on the probabilities for adding and removing particles from the correlated
system. Clearly the importance of this will increase with density and as a result the
self-consistent solution using only an average sp energy insertion into the propagator
has to break down. In our opinion it is very important to pursue the consequences of
introducing the information on the modified Fermi surface into the ladder equation.
Clearly, this has never been done before and it could lead to substantial differences in
the density dependence of the effective interaction which might help to get a better
understanding of the nuclear saturation problem.

3.2 BINDING ENERGY

Results for the binding energy obtained from the four approaches described in the
previous chapter are shown in Figs. 14 and 15 in the case of the V2 and the v2

=0 in-
teractions, respectively. The explicit values can be found in Table 3. For comparison,
we also include in Fig. 14 some other available nuclear matter results, namely a varia-
tional Fermi hypernetted chain calculation29 and the two- and four-hole line estimates
by Day.30

The PP results (long-dashed line with solid squares) correspond to the lowest
order in the Bethe-Brueckner expansion discussed in section 2.3 (see eqs. (2.16) and
(2.15)). In the case of the i>2 interaction, the attraction associated to the use of a
continuous sp spectrum is so large, relative to the two-hole line calculation by Day30

with the standard discontinuous sp spectrum (dotted line with inverted solid triangles),
that we do not obtain saturation. This result is important since it contradicts the
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conjecture that it is possible to get a reasonable approximation for the inclusion of
three-body correlations by treating the two-hole line approximation with a continuous
choice for the sp spectrum. This has most recently been discussed in Ref. 40 and was
originally proposed in Ref. 47. From the results obtained here one may conclude that
this conjecture does not hold for any interaction.

Because of the repulsive character of the v!^0 interaction, there is no minimum in
the binding energy curve. In order to compare the saturating trends of the different
methods with respect to the Brueckner calculation PP, we take these results as a
reference at each density and, therefore, they appear in Fig. 15 as a constant function
of value zero. The repulsive sp spectrum obtained with this vl^0 interaction precludes
a calculation with a discontinuous sp spectrum, since the gap in the sp energy at kp
would be inverted.

The results referred to as PPHH (long dash-dotted line with solid triangles) cor-
respond to the method of section 2.1 (see Eq. (2.10)), which intends to be a simulation
of the complete self-consistent treatment of the ladder approximation. We must note
that, although expression (2.10) is formally identical to that used for the PP results
(Eq. (2.16)), the sp spectrum e(ib) in (2.10) contains the repulsive effects21 that the hh
propagating terms in the effective interaction F (Eq. (2.6)) generate in the self-energy
(Eq. (2.7)). As a consequence, the binding energy obtained is more repulsive than the
Brueckner-Hartree-Fock prescription (PP results) and, since the repulsion increases
with the density, this leads to a saturating effect in nuclear matter still at the level
of two-body non-relativistic interactions.1 ' We recall that the propagators used in
this first approach to the complete treatment still have the structure of non-interacting
ones.

The new results addressed in this paper are i) those for the Goldstone expansion
containing infinite orders in hh and pp ladder diagrams described in section 2.4 and
ii) those calculated from expressions (2.9), (2.11) and (2.12) which use the dressed sp
propagator. These results are denoted with GE and DP, respectively, and the separate
values of the kinetic and the potential energy are also shown in Table 3 for these cases.

The results between brackets in columns 4, 5 and 6 of Table 3, corresponding to the
GE calculation, represent the kinetic, potential and total binding energies when only
momenta up to 4.5 fin"1 are considered. In the case of the t>2 interaction at fcf = 1.6
fm" 1 for instance, this represents a factor 2.1 times the kinetic energy of the free Fermi
gas To whereas the total kinetic energy amounts to 2.3 times To. Although this last
value is far from being the factor 3 quoted in Ref. 40 for a crude extrapolation towards
large momentum of the momentum distribution in the case of the Paris separable
interaction at kF = 1.36 fm"1 , the differences between the two values in column 4 1
are still large and show that a reliable value for the kinetic energy requires a careful
calculation of the momentum distribution for large momenta. We observe that it is
necessary to go up to k = 7 fm"1 to obtain an accuracy for the kinetic energy of 1%
with respect to the total result.
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Due to a compensation between the kinetic and potential energies at large k, these
differences are smaller for the total binding energy (column 6 in Table 3). However,
they are important enough, especially at high density, to produce a sizable effect in the
saturation point.

In the case of the vi interaction, the GE binding energy is more repulsive than the
Brueckner-Hartree-Fock (PP) results, whereas it is more attractive in the u 2

= 0 case.
This is in accordance with the discussion by Mahaux and Sartor in Ref. 36, where
it is shown that at the two-hole line level one can expect more attraction when the
energy is calculated as an approximation to the expectation value of the Hamiltonian
with respect to the correlated ground state than in lowest order Brueckner Theory,
where one calculates the correlation energy, provided the sp potential is such that
U(h) < U(p). In the GE approach we have also included hh propagation to all orders,
in addition to the pp forward going diagrams discussed in Ref. 36, but the above feature
is still found to be valid. In the case of the Uj ° interaction the sp potential of holes
is smaller that that of particles and, correspondingly, we obtain more attraction than
the P P results. In contrast, more repulsion is obtained for i>2, since in this case the
sp potential satisfies U(h) > U(p). Any realistic interaction, however, leads to a sp
potential such that U(h) < U(p) and one should expect that the GE result, even if
it contains hh ladders diagrams to all orders, will lead to a more attractive binding
energy per particle than the Brueckner-Hartree-Fock (PP) results.

This is not in accord with the PPHH results discussed above and in refs.19 and 20,
where a repulsive effect increasing with the density was associated with the inclusion
of hh correlations. The discussion above on the momentum distribution has already
shown, however, that the concept of a sp energy used to dress sp propagators breaks
down for too high density since it leads to an inversion of the occupation numbers at
kp- It was argued there that this breakdown can only be avoided by including a better
description of the dressing into the calculation of the ladder interaction. One is then
naturally led to the necessity of solving the problem of Fig. 1 in its full complexity.
This means that the GE method would no longer be applicable since this requires
simple particle or hole lines at most dressed by a sp energy. Only the energy obtained
from eqs. (2.11) and (2.12) would be relevant in that case. In comparison with this
formulation the PPHH result is closest in spirit but can clearly not be considered
definite.

The results using the dressed propagator to calculate the energy are denoted by
DP. The results for the kinetic, potential and binding energies are shown in columns
7, 8 and 9 (row (a)) of Table 3 respectively. Rows (b) and (c) correspond to different
manipulations of the momentum distribution, which are discussed below. A simple
measure of the deviation from complete self-consistency is given by the density sum-rule
shown in column (a) of Table 1. It is clear that, both for v2 and t>2

=0, t h e deviation
from particle number conservation is larger as the density increases. It is therefore
premature to consider the results in row (a) of Table 3 as being representative of the
completely self-consistent ones. As discussed above, only self-consistently dressed sp
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propagators fulfill the Baym-Kadanoff requirement41 which will yield the conservation
of the number of particles at each density. In addition the most dramatic change in
the result can be expected to occur when the ladder equation is solved using dressed
propagators.

In order to investigate how the fulfillment of the density sum rule (3.2) influences
the binding energy, we have considered two different adjustments of the momentum
distribution. First, we have considered an exponential fit to n(k) in a zone where an
exponential law is observed (from Jfc ~ 2 f m - 1 to Jfc ~3.5 fm"1 for V2 at all densities,
and from it ~ kF + 0.2 fin"1 to k ~3.0 fan"1 for vl

2=°). We extrapolate this behavior
to all higher momenta even if, as shown in Fig. 10, the exponential law is no longer
valid. At each k, the corresponding hole spectral function S/,(Jfc,u>) is multiplied by an
overall factor to reproduce the new modified n(Jfc). The density sum rule and energy
results are given in column (b) of Table 1 and row (b) of Table 3 respectively. Secondly,
n(k) has been modified assuming that the final self-consistent n(ib) will lie somewhere
between GE results (Eq. (2.27) and dashed line in Figs. 8 and 9) and the DP results
(Eq. (3.1) and full line in Figs. 8 and 9). We determine a factor that brings the
momentum distribution DP at the origin (n(Jt = 0)) halfway between the DP and the
GE value, and this factor is used to renormalize the momentum distribution for k < kp.
The remaining momentum distribution (Jfc > kp) is multiplied by the required factor
which ensures particle number conservation. The hole spectral functions Sj,(Jfc, w) are
also renormalized accordingly to reproduce the new modified n(lfc). In this way, by
removing some occupation below fcp and introducing some occupation above kp we
obtain a momentum distribution in between the DP and GE estimates. The results
are given in column (c) of Table 1 and row (c) of Table 3.

We should emphasize that the models (b) and (c) are not meant to represent the
final self-consistent momentum distribution, but a simple way to anticipate what one
can expect for a calculation using the dressed propagator with a good fulfillment of
the sum rule, as we expect to be the case when the sp propagator is determined self-
consistently. When comparing with the bare results (a), we observe a repulsive effect
in the binding energy, which is more important for the higher densities where ihe
density sum rule was worse reprouueed. Since, due to the use of a not self-consistent
propagator, the DP results must be considered as preliminary and rather uncertain,
we have represented them by a hatching including both the original result (a), which
violates the density sum rule, and the result (c), in which the momentum distribution
n(Jfc) has been adjusted so as to reproduce the sum rule. In the case of the V2 interaction
we observe a repulsion in the binding energy when compared to the PP (Brueckner-
Hartree-Fock) result. Although this repulsion is not as spectacular as that obtained
with the PPHH method, which was meant to represent a simulation of the fully self-
consistent DP calculation, we still observe that the saturation density is moved to
considerably lower densities. We believe that this is a genuine effect of the inclusion of
hh correlations. In the case of the i>2=0 potential, it appears that more attraction is
obtained in the binding energy with respect to the PP calculation for densities up to
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fcjp = 1.8 fm~x, from where a repulsive effect starts to be observed. Although in this
case one can not refer to a saturation point, the features obtained here, when applied
to a realistic interaction, probably will also lead to a lower saturation density.

A comparison with the four-hole line estimate shows that the results presented here
give somewhat more binding. This result can probably be related to the observation
that in the case of the t>2 interaction the results depend sensitively on the treatment
of the xp spectrum and the resulting coherence that can be generated by the ladder
equation. This quantum coherence is considerably enhanced with the inclusion of hh
propagation to all orders. It should be remembered that the ladder equation (with
hh propagation to all orders) can display the same kind of coherence and instabilities
(pairing in this case) as the particle-hole Random Phase Approximation. In the con-
ventional hole-line expansion with a gap in the ap spectrum this possible coherence
is relegated to high order in the number of hole lines and can never be recovered in
practice. For the same reason it cannot be expected to give adequate results for such
a collective phenomenon as pairing. In contrast, a self-consistent formulation as advo-
cated throughout this paper incorporates a description of pairing.23 In addition it can
ultimately incorporate a self-consistent treatment of depletion effects.

The hh correlations have also been investigated within a model space approach
(MBHF) '4 resulting in an increase of the binding energy per nucleon and a de-
crease of the saturation density for realistic interactions. Recently, Mahaux and Sartor
suggested that the sp spectrum used in the MBHF approach left uncancelled part
of the third order hole-bubble diagram, which is largely repulsive. This motivated a
re-investigation of the MBHF approach51 in which the standard BHF spectrum
was taken for holes and the MBHF spectrum for particles and, although the binding
energy is substantially decreased with respect to the previous result, the saturation
density is practically the same, which is smaller than that obtained with a BHF cal-
culation where only pp correlations are considered. When comparing this last MBHF
result (curve labelled Ring-BM in Fig. 1 of Ref. 51) with the BHF calculation using a
continuous sp spectrum (curve labelled BHF-C) one observes that beyond kp — 1-25
fm"1 the Ring-BM binding energy is more repulsive than the BHF-C and, since this
repulsion increases with the density, it yields a smaller saturation density. This is pre-
cisely the effect that we quoted in Ref. 20 for the PPHH calculation, also reported in
the present work, and seems to be as well the trend of the complete ladder approach
(DP results), although for the latter it is necessary to have a self-consistent propagator
before drawing definite conclusions.

21



4. Summary and Conclusion

In this work we have compared results for the binding energy of nuclear matter from
different prescriptions based on a Green's Functions formalism, namely: i) the familiar
DHF method using a continuous sp spectrum ( P P calculation), it) an approach, based
on a self-consistent formulation for the sp propagator with the inclusion of pp and hh
correlations, which leads to a self-consistent on-shell sp energy (PPHH calculation),
Hi) an expansion in terms of Goldstone pp and hh ladder diagrams (GE calculation)
and iv) an estimate using the completely dressed (but not yet self-consistent) propa-
gator (DP calculation). The results have been obtained for the central v2 and v1^0

interactions which are derived from the Reid soft core potential.

The GE calculation provides also results for the momentum distribution in nuclear )
matter. The expansion can be summed by taking the derivative of the self-energy at
the quasi-particle energy and leads to a n(k) which conserves the number of particles.
Another estimate of the momentum distribution has also been given in terms of the
hole spectral function corresponding to the dressed propagator obtained in the DP
calculation. In this case, particle number is partially violated, especially at high den-
sities, due to the use of a propagator which is not fully self-consistent. However, the
qualitative behavior is similar to that obtained from the expansion GE and to other
predictions of n(k) for realistic interactions.44 '43 '46 '40 It is shown that the simple
procedure of including a sp energy to simulate the effect of correlations breaks down at
higher density since the calculated momentum distribution for the v^ interaction gives
a higher occupation for momenta just above kp than for momenta just below.

The PPHH binding energy, which includes the hh correlations to all orders using
an average sp propagator and is intended to be a simulation of the completely self-
consistent coupled ladder self-energy problem, is more repulsive than the PP result
which only includes pp ladders. This effect increases with the density giving rise to a
lower saturation density as was noted in a previous paper.20

A lower saturation density has also been observed here for the DP calculation,
although the repulsion for the binding energy with respect to a Brueckner-type calcu-
lation (PP results) is substantially less than that predicted by the PPHH results. In
particular, for the »2 interaction, it is necessary to go up to a density corresponding
to kf = 1.8 fin"1 to obtain a more repulsive DP binding energy with respect to the
PP binding energy. Although we can not refer to a saturation density when the bind- j>
ing energy curves do not show a minimum, as it is the case for the v1^0 interaction, J
we can always compare our results with the PP calculation as if it had a saturation $
point. In this respect, the hatching in Fig. 15 shows some evidence for a lower DP >$
saturation density than what would be obtained from a PP calculation. However, the ?
lack of self-consistency for the sp propagator leads to particle number violation and •'
one should be cautious before drawing definite conclusions.

The Goldstone pp and hh ladder diagrams summed in the GE calculation give a
binding energy which is rather dependent on the shape of the auxiliary sp potential
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used. For the t>2 interaction a more repulsive binding energy and a lower saturation
density are obtained. In the case of the vl

2~° potential, the binding energy is more
attractive than the PP result. The full line in Fig. 15 does not allow us to make any
definite statement about the tendency of the GE saturation density with respect to the
P P result.

Although there are other indications that one can obtain a lower saturation density
when the hh correlations are included48 '49 '51 , their effects will be more clearly estab-
lished once the methods addressed in the present work have been applied to a realistic
interaction with proper treatment of the pairing instabilities intrinsic in the symmetric
treatment of particles and holes. ' Work along these lines is in progress.

It is important to note that the nuclear saturation problem has to be readdressed
since new experimental results from (e,e'p) reactions indicate a substantial (about 20-
25% ) depletion of shell model orbitals. Since relativistic calculations will provide
only minor depletion effects * the relativistic results for nuclear saturation have to be
regarded with reservation. In addition it has been shown that strong collective corre-
lations exists in the 3S\ - 3 Dx channel which have not been considered appropriately
up to now and are the result of a uniform treatment of particles and holes.25 In ad-
dition it has been argued here that a great inconsistency is present in the treatment
of Pauli corrections in the ladder equation since they are considered with respect to
a free Fermi sea whereas the actually calculated momentum distributions show an in-
creasing deviation of the Fermi sea picture with increasing density. To determine the
relevance of the hh correlations in the saturation problem, it is therefore crucial to
solve the ladder approximation in terms of self-consistently dressed propagators which
take the correct Pauli effects into account. This formulation will include a proper
treatment of depletion since it dresses the particles with the complete off-shell energy
dependence of the self-energy and therefore leaves no ambiguity for the choice of the
auxiliary potential. It also is able to give a consistent treatment of quantum coherence
at the level of pp and hh correlations since the ladder equation has similar features
as the conventional ph — RPA. As a result pairing will be automatically included in
this scheme. It is therefore hoped that such a complete treatment will shed new light
on the old problem of nuclear saturation with the new ingredient that the calculations
should also lead to a sizable depletion of mean field sp states. Additional studies of the
influence of long-range ph correlations and three-body forces are then still necessary
but at least an unambiguous result for the influence of short-range correlations on the
nuclear saturation problem will have been established.
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TABLE CAPTIONS

1. Density sum iule for the potentials v2 and vl2~° at several densities. The notation
GE corresponds to the momentum distribution calculated from Eq. (2.27) and
DP to that calculated from Eq. (3.1). Columns (a), (b) and (c) represent different
approximations for the DP momentum distribution as discussed in the text.

2. Depletion (n(0)) and discontinuity at kp (z(kp)) of the momentum distribution
for the potentials v2 and vl

2
=0 at several densities. The notation GE corresponds

to the momentum distribution calculated from Eq. (2.27) and DP to that calcu-
lated from Eq. (3.1).

3. Binding energy per particle in nuclear matter for the potentials t>2 and vlf*0 at
several densities and for the different approximations described in the text. The
PP results correspond to the lowest order in Bethe-Brueckner expansion with a
continuous spectrum at kp (section 2.3), the PPHH results respresent a sim-
ulation of the self-consistent ladder solution using a self-consistent quasiparticle
energy (section 2.1), the GE results correspond to an expansion in terms of Gold-
stone pp and hh diagrams (section 2.4) and the DP results use the dressed sp
propagator, although it is not yet self-consistent (section 2.2). Rows (a), (b) and
(c) correspond to different approximations for the DP momentum distribution,
as discussed in the text.

FIGURE CAPTIONS

1. Diagrammatic representation of the Dyson equation (a) for the dressed sp proj>
agator (thick line). The structure of the proper self-energy is given in (b), where
the coupling to the vertex function F is shown. The bare interaction, represented
by the dotted line, contains both direct and exchange terms.

2. Diagrammatic representation of the two-body propagator. The first diagram,
which implicitly contains also the exchange term, represents the propagation of
two dressed particles without interacting with each other. The second diagram
represents all possible interactions between dressed propagators and defines the
vertex function F.

3. Ladder approximation for the vertex function F.

4. Some low order Goldstone diagrams for the effective interaction F in the ladder
approximation.

5. Selected Goldstone diagrams for the potential energy V in the ladder approxima-
tion.

6. Selected Goldstone diagrams for the kinetic energy T in the ladder approxima-
tion.

7. Some Goldstone diagrams for the self-energy expansion in the ladder approxima-
tion.
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8. Momentum distributions for the u2 interaction at kp — 1.6 fin x and i f = 1.8
fm"1 . The full line corresponds to the calculation using the (hole) spectral
function (Eq. (3.1)) and the dashed line corresponds to the result of Eq. (2.27).

9. Same as Fig. 8 in the case of the vl
2
=0 interaction at kp = 1.4 fm" 1 and kp = 1.6

fm- 1 .

10. Tail of the momentum distribution as calculated from Eq. (3.1) for the u2 inter-
action at kp = 1-6 fm" 1 (open squares), A:jr = 1.8 fm"1 (solid triangles) and
kp = 2.0 fm"1 (solid circles).

11. Tail of the momentum distribution as calculated from Eq. (2.27) for the i>2

interaction at kp = 1.6 fm"1 (open squares), kp = 1.8 fm" 1 (solid triangles)
and kp = 2.0 fm"1 (solid circles).

12. Functions k2n(k) and Jfc4n(Jk) for the v2 potential at kp = 1-6 fm"1 . The full
and dashed lines correspond to the momentum distribution calculated from Eq.
(3.1) and Eq. (2.27) respectively.

13. Same as Fig. 12 for the t>2=° potential at kp = 1.4 fin"1.

14. Binding energy per particle in the case of the v2 interaction for several approx-
imations discussed in the text: the PP calculation (long dashed line with solid
squares) described in section 2.3, the PPHH calculation (long dash-dotted line
with solid triangles) described in section 2.1, the GE calculation (full line with
solid circles) described in section 2.4 and the DP calculation (hatching) described
in section 2.2. Day's results for the lowest order in the Brueckner expansion
and for the 4-hole-line estimate using a discontinuous spectrum are represented
by the dotted line with inverted solid triangles and the short dash-dotted line
with solid asteriscs respectively. The short-dashed line with solid diamonds is the
result for a variational upper bound calculation29 for the binding energy.

15. Binding energy per particle in the case of the v 2
= 0 interaction for the approxi-

mations discussed in the text, taking the PP results (long-dashed line with solid
squares) as a reference. The PPHH calculation is represented by the long dash-
dotted line with solid triangles, the GE calculation by the full line with solid
circles, and the DP calculation by the hatching.
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kF

(to"1)
1.6
1.8
2.0

1.4
1.6
1.8

Potential rj

GE

1.0100
1.0153
1.0230

(a)

0.9670
0.9402
0.9018

DP
(b)

0.9831
0.9602
0.9229

Potential v'2=°

1.0005
1.0009
1.0020

0.9889
0.9789
0.9646

1.0380
1.0232
1.0117

(c)

1.0000
1.0000
1.0000

1.0000
1.0000
1.0000

Table 1

kF

(fin-4)

1.6
1.8
2.0

1.4
1.6
1.8

Potential v

n(0)
DP

0.78
0.72
0.65

GE

0.72
0.61
0.49

2

2(kF)
DP

0.63
0.52
0.41

Potential vl
2
=0

0.87
0.82
0.77

0.85
0.78
0.70

0.83
0.75
0.66

GE

0.41
0.09
-0.45

0.79
0.67
0.48 I

I
Table 2



fcF

(fin"1)

1.6

1.8

2.0

1.4

1.6

1.8

PP
(McV)

-8.5

-13.8

-19.1

27.0

41.4

61.7

PPHH
(MeV)

-4.0

-5.6

-5.5

28.4

45.2

69.8

T(McV)

73.1(67.5)

105.3(94.8)

152.4(133.5)

44.4(42.5)

63.5(59.7)

89.2(81.6)

Potential i>2

GE
V(MeV)

-78.9(-74.4)

-114.0(106.1)

-158.2(-145.3)

Potential 4 = 0

-19.5(-18.0)

-25.2(22.3)

-30.4(25.1)

B(MeV)

-5.8(-6.9)

-8.6(-11.2)

-5.9(-11.8)

24.9(24.5)

38.3(37.4)

58.8(56.5)

T(MeV)

57.8
67.8
67.1

73.8
s^ s
92.1

90.3
105.7
122.7

40.3
69.5
43.3

54.6
82.1
61.0

71.3
102.8
83.8

DP
V(MeV)

-64.7
-73.6
-73.6

-84.3
Qd 0

-101.8

-102.2
-115.3
-132.3

-14.0
-42.0
-16.8

-14.3
-39.4
-20.0

-10.7
-37.4
-20.9

Z?(McV)

-6.8(n)
-5.8(b)
-6.5(c)

-10.5(a)

-9.7(c)

-11.9(a)
-9.5(b)
-9.6(c)

20.3(a)
27.5(b)
26.5(c)

40.3(a)
42.7(b)
41.0(c)

60.6(a)
65.4(b)
62.9(c)

Table 3
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