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The inhuence of hole-hole (h-h) propagation in addition to the conventional particle-particle (p-p)
propagation, on the energy per particle and the momentum distribution is investigated for the v&

central interaction which is 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) spec-
trum. 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 that allows the in-
clusion of h-h contributions 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 ob-
tained from a solution of the ladder equation containing p-p and h-h propagation to all orders.
These results can be considered as the contributions of selected Goldstone diagrams (including p-p
and h-h terms on the same footing) to the kinetic and potential energy in which the SP energy is
given by the quasiparticle energy. The results for the summation of Goldstone diagrams leads to a
dift'erent 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 re-
sults that are obtained, are put forward that a self-consistent determination of the spectral functions
including the p-p and h-h ladder contributions (using a realistic interaction) will shed light on the
question of nuclear saturation at a nonrelativistic level that is consistent with the observed depletion
of SP orbitals in finite nuclei.

I. INTRDDUCTIQN

In spite of the considerable eftort devoted to the micro-
scopic description of nuclear matter, none of the methods
based on nonrelativistic dynamics and two-body interac-
tions, such as Brueckner theory, ' the variational ap-
proach, * the coupled-cluster scheme, or Monte Carlo
techniques, is able to reproduce satisfactorily the nuclear
matter saturation properties, namely, an average binding

energy per nucleon B = —16 MeV at an equilibrium den-
sity pp=O. 17 fm . 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 in-
teraction is correlated with the strength of the tensor
force. The stronger the tensor force the lower the satura-
tion density.

Relativistic many-body theory ' represents an alter-
native description to explain nuclear saturation. Howev-
er, the results are rather sensitive to the coupling to
negative-energy states (vacuum polarization effects). " It

has been observed that it fails to provide sufhcient bind-
ing 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 NIK.HEF.""

It has been shown, on the other hand, that corrections
due to suppressed degrees of freedom in the nonrelativis-
tic many-body theory based on two-body interactions,
can be cast in the form of a small three-body force, either
phenomenological' or having a more fundamental ori-
gin, ' providing an alternative description of nuclear sat-
uration. 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 eAects of
three-body forces are subsequently applied.

It is the purpose of this paper to investigate whether an
improved and more consistent treatment of the many-
body system, still based on nonrelativistic dynamics and
two-body forces, can provide new information on the sat-
uration problem of nuclear matter. %'e shall pay special
attention to connect the properties of a particle in the
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medium, contained in the single-particle (SP) self-energy,
with the resulting effective two-body interaction, using
the formalism of Green's functions. ' 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 propaga-
tor (related to the self-energy through the Dyson equa-
tion), we are dealing with a coupled problem which must
be solved self-consistently. A self-consistent treatment of
the Green's functions formalism leads to the so-called
self-consistent Green's function (SCGF) theory. '

In Sec. II we start reviewing the SCGF method in the
ladder approximation and subsequently present the four
different methods which are compared in this paper.
First, we summarize in Sec. II A an initial step' ' to a
complete self-consistent solution in which self-
consistency is only required for the real part of the on-
shell self-energy (the quasiparticle energy). This method,
which wi11 be referred to as the particle-particle —hole-
hole (PPHH) calculation, treats the hole-hole (h-h) corre-
lations in the ladder equation for the effective interaction
on the same footing as the familiar particle-particle (p-p)
propagation considered in Brueckner-type calculations.
Using the self-consistent SP spectrum this method yields
the PPHH estimate of the energy per particle.

Additional information can be obtained by solving the
Dyson equation including the complete energy depen-
dence of both the real and imaginary parts of the self-
energy after the quasiparticle energy is determined self-
consistently according to the PPHH scheme. This 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 propa-
gator also determines the binding energy of the system in
terms of separate contributions from the kinetic and po-
tential energy for the interacting system. The basic equa-
tions for this dressed propagator method (DP calculation)
are presented in Sec. II B. It should be noted that the re-
sults 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.

For the purpose of later comparisons, a third method
(PP calculation) is brielly summarized in Sec. II C, name-
ly, the lowest order in the Bethe-Brueckner expansion for
the binding energy. This includes only the contribution
of p-p propagation in the ladder equation but treats the
SP energy as in the PPHH method which leads to a con-
tinuous SP spectrum across kF. In Sec. II D we present a
fourth method, which represents a novel approximation
of the binding energy as separate expansions for the ki-
netic and potential energy in terms of Goldstone p-p and
h-h ladder diagrams (GE calculation).

It is important to note that we are not aiming at a
definite answer on the saturation problem of nuclear
matter. The approximations discussed in this paper in-
volve h-h propagation to all orders and in this sense they
all go beyond the concept of the hole-line expansion. As
far as the binding energy is concerned, Day's three hole-
line calculation and four hole-line estimate, has to be re-

garded as a much more complete result in the context of
the hole-line expansion. For example, Day's results in-
clude three-body cluster terms whereas the ladder struc-
ture of our approximations generates only two-body clus-
ter diagrams, even if h-h propagation is considered to all
orders. However, one aim of the present investigations is
to establish whether a symmetrical treatment of particle
and holes which can lead to quantum coherence (like in
pairing), can provide new information on the validity of
the hole-line expansion. Moreover, the techniques used
in this paper are based on Green's function theory and al-
low the study of various other properties of nuclear
matter apart from the binding energy, due to specific
correlations in a natural and systematic way. In particu-
lar, the ladder approach discussed in this paper amounts
to treating the inhuence of short-range correlations.

Results for the momentum distribution and binding en-
ergy of nuclear matter are presented and compared in
Sec. III. Treating particles and holes symmetrically, as
implied by the Green's functions formalism, leads to the
appearance of complex solutions (pairing instabilities) if
the interaction is attractive enough, indicating that the
system prefers a superAuid-type solution. A strong pair-
ing instability has been found for the S&- D& channel of
the Reid potential and, therefore, an extended descrip-
tion, " which allows for the treatment of the pairing
features of Fermi systems in the same SCGF scheme, has
to be adopted. To avoid this problem the methods de-
scribed in Sec. II have been applied using the homework
v2 interaction, which is the central part of the Reid s
soft-core potential in the S&- D] channel, allowed to
operate in all partial waves. Although the P-wave com-
ponent of the vz interaction gives rise to a weak pairing
instability, ' it is weak enough to still allow a reliable nu-
merical calculation assuming a normal Fermi system.
We choose this interaction also because results can be
compared to other calculations, ' ' which were main-
ly aimed at clarifying the discrepancies between the vari-
ational and the Brueckner results. We note, however,
that some results obtained with the v2 interaction might
not be relevant for the properties of realistic nuclear
matter.

The momentum distribution results presented in Sec.
III correspond to two different methods. One is obtained
from the dressed propagator used in Sec. IIB, by in-
tegrating the corresponding hole spectral function
Sh(k, co) over all possible excited states. The other corre-
sponds to the expansion in terms of Goldstone p-p and
h-h ladder diagrams presented in Sec. II D which can be
summed by taking the derivative of the self-energy at the
quasiparticle energy. There are noticeable differences be-
tween these two methods which should be further investi-
gated.

Finally, Sec. IV contains a summary and conclusions.

II. 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. Cor-
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(a) FIG. 2. Diagrammatic representation of the two-body propa-
gator. The first diagram, which implicitly contains also the ex-
change term, represents the propagation of two dressed parti-
cles without interacting with each other. The second diagram
represents all possible interactions between dressed propagators
and defines the vertex function I .

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

respondingly, 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 diagramatically in Fig. 1. Diagram 1(a)
shows that the dressed SP propagator (thick line), which
describes the propagation of a particle inside the medi-
um, is obtained from the free propagator (thin line) and
multiple iterations of the self-energy X. The self-energy
contains all possible interactions of that particle with the

r= v+ vggr—= v+ar, (2.1)

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

medium. This is shown in graph 1(b) where the vertex
function I, which acts as an effective interaction, collects
all possible diagrams with four external points' and
represents the coupling of the one-body propagator to the
two-body propagator as indicated in Fig. 2.

Any approximation for I in the coupled set of equa-
tions 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 in-
teraction 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 in-
teraction I, which is the medium equivalent of the T ma-
trix in scattering theory. The graphs in Fig. 3 can be
written schematically as

d3
&k, Ir(K, n)Ik,'& =&k, IVIk,'&+ —f ~

~ f [&k,lvlq&g( —,'K+q, Q/2+~)g( —,'K —q, Q/2 —co)&qll (K,Q)lk,'&)
2 (2~)3 2m

:—&k, I VIk,'&+ &k, IbI (K, Q)Ik,'&, (2.2)

where k, =(k —k')/2.
A completely self-consistent solution of the many-body problem in the ladder approximation would require the solu-

tio of Eq. (2.2) for the I effective interaction using the propagator g which solves the Dyson equation [graph 1(a)j

where spin and isospin indices have been suppressed for simplicity, the matrix elements are antisymmetrized, and total
momentum 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 I depends on only one energy, Q. Using identity (2.1)
in diagram 1(b) one obtains the self-energy

dk' d 3 I 1

)=f "",f" . ' '"&k, IVlk, &g(k', ')+ f "",f" . &k, l&l (k+k', +
(2~) 2~i ' ' (2') 2~i

g(k, ~)=
co —k /2m —X(k, co)

(2.4)

in which the ladder contributions are included in the self-energy. I and g should then be used in Eq. (2.3) to determine
the corresponding self-energy X and the Dyson equation (2.4) then has to provide the same propagator that was used to
calculate I in Eq. (2.2). This nonlinear formulation has the same structure as the familiar Hartree-Fock problem but it
is extended here to allow inclusion of dynamical correlations induced by ladder diagrams in this self-consistent scheme.
As in the Hatree-Fock case an iterative solution method should be applied.
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A. PPHH method: Particle-particle and hole-hole ladders

A first step towards the complete self-consistent solution to the problem illustrated in Fig. 1 was presented previous-
ly, ' ' and is summarized here. The basic assumption is that self-consistency is only required for the most relevant en-
ergy co in the self-energy, the quasiparticle energy

kE(k)= +ReX(k, E(k)) .2' (2.5)

In this way one obtains propagators, g,' ', which have the analytic structure of unperturbed propagators containing only
a static Sp potential U(k)=ReX(k, s(k)) which accounts for the correlations of the system in an average way. In this
simpler problem, the integral equation for the effective interaction I" reads

&k, r(K, n)lk,'&=&k, lvk,'&+ —f ~ &k, II'lq&
2 (2~)3 " 0, —E —,'K+q —e —,'K —

ql +ig

x & ql r(K, n) Ik,'&,

0 (I —,'K+q )0 (I —,'K —ql)
~I —E(

I —,'K+ ql )
—E(

I —,
' K —

ql )
—ig

(2.6)

where the step function 0&(k)[0&(k)] gives a nonvanishing contribution only if k (kF[k )kz]. The self-energy is
given by

X(k, co) =X (k, co)+X (k, co)+X)(k,co)

3 I 3 I=f, &k, lVk, &0, (k')+f, &k, l~"l.(k+k, ~+.(k ))Ik, &0, (k )(2~)' (2'�)
d k'f—, &k, l~"I (k+k', +E(k ))lk, &0.(k ) .
(2~)

(2.7)

14f de;„f dk k
2 p 2' (2~)3 2m

(2.8)

reduces to

14 dk k8 =——f +E(k) 0((k)
2 p (2~)3 2m

(2.9)

where the factor 4 accounts for spin and isospin degen-
eracy.

This equation requires the separation of AI into two
terms, 6 I and 6"I, each having poles in one-half of the
complex energy plane, which is achieved by means of a
dispersion relation over the imaginary part. ' '

In this approximation the solution of the Dyson equa-
tion leads only to a shift in the SP energy according to
Eq. (2.5). The Green's function expression for the bind-
ing energy

It should be pointed out here that in the conventional
Goldstone diagram expansion of the energy, the h-h self-
energy contributions represent so-called oft-shell contri-
butions which in that formulation do not contribute to
the energy. In the present self-consistent formulation
the result (2.9) is very natural. It represents the energy
which is obtained by solving the scheme of Fig. 1, where
I is calculated in the ladder approximation of Fig. 3, and
the Dyson equation is solved by keeping only the real
on-shell self-energy contribution. 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. 1 in which the complete spectral distribu-
tion needs to be determined self-consistently. Due to the
above approximation the spectral functions correspond-
ing to the self-consistent SP propagator are still given by
6 functions of strength 1 which are located at the quasi-
particle energy and only results for the binding energy
[Eq. (2.9)] will be presented.

+ ]4 ](
])) ]4

]( ](
B. DP method: Binding energy

from the dressed propagator

FICx. 3. Ladder approximation for the vertex function I .

In this section we use the complete dressed SP propa-
gator in the determination of the binding energy. As de-
scribed in Ref. 21, once the self-consistency at the level of
the real on-shell self-energy [Eq. (2.5)] is achieved using
the method described in the previous section, one can cal-
culate the complete momentum and energy dependence
of the self-energy from Eq. (2.7). The dressed propagator
is then obtained by solving the Dyson equation. These
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results are best expressed in terms of the spectral func-
tions which show the fragmentation of SP strength in en-
ergy, as a contrast to the 5-function result characteristic
of independent particle motion. This propagator can fur-
ther be used as a first input to solve the complete ladder
problem outlined at the beginning of this chapter. It is
then possible to evaluate the energy directly from this
dressed propagator according to Eq. (2.8). Moreover, by
splitting Eq. (2.8) into

In contrast to the standard choice which uses Eq. (2.14)
only for k (kF and therefore yields a discontinuity at kF,
this prescription can be interpreted as an approximation
to the physical mean field and, moreover, allows the con-
sideration of those properties which are sensitive to
particle-hole energy differences like, e.g., the effective
mass, other than the binding energy. Using Eq. (2.14),
and noting that the G matrix is real for energies Q (2EF,
Eq. (2.13) reduces to

4 dk k 'FT= —f f den Sk(k, co)
p (2~)3 2m

(2.10) B = To+ —,
' g U(k),

k (kF
(2.15)

and

1 4 d'k 'F kV= ——f f den co — Sk(k, co)
2 )() (2~)3 —~ 2m

(2.11)

which is the Brueckner-Hartree-Fock (BHF) approxima-
tion to the binding energy.

one can also give separate results for the kinetic and po-
tential energies, respectively.

D. GE method: Goldstone expansion
for the kinetic and the potential energy

C. PP method: lowest order
in Bethe-Brueckner expansion

For the purpose of later comparisons, we summarize
here the Bethe-Brueckner expansion for the binding ener-
gy. This method is based on conventional time-
independent perturbation theory. The Hamiltonian
H =T+ V is split into an exactly solvable problem,
Ho =T+ U, and a perturbation H

&

= V —U, where the
potential U is usually introduced in order to increase the
rate of convergence of the series. The binding energy is
given by the linked cluster expansion'

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 en-
ergy V of the correlated system

8 =T+V. (2.16)

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

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

8 = To+E,
n

klk2k3k4
I lk3k4&&po ak, &k &k ak l po&

= To+ No V
n=0

H)
Eo —Ho

NO
l

(2.12)

where To is the free kinetic energy and Eo the energy of
the ground state l(I)o& of the unperturbed Hamiltonian
Ho. E, is usually referred to as the correlation energy.
The idea of the Bethe-Brueckner expansion is to rear-
range the series (2.12) in such a way that the bare interac-
tion V is replaced by a G matrix which, by grouping the
selected class of p-p 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 ma-
trix can be obtained from the Green's function Eq. (2.6) if
one neglects the h-h propagating terms.

For the lowest order in the G matrix, the binding ener-

gy reads

(2.17)

&+olak, &k ak ak I po&

2cF
d Q Img k3k4, k, k2; A (2.18)

The two-body propagator g obeys the equation shown
schematically in Fig. 2. Assuming the SP propagators
dressed in an average way by means of the real and
energy-independent SP potential defined in Sec. II A, the
algebraic expression for the pair of parallel lines in Fig. 2
is given by

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

B =To+ —,
' g &kj G(E(k)+E(j))lkj& . (2.13) g (()) (k3, k4, k, k2; 0)

k, j(kF

U(k) = g Re& kj l G(E(k)+E(j) ) lkj &

j (kF
{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

(~k)k)~k2k~ ~k)k4~k2k) )

0) (k, )0) (k~)
A —E&2+i'

0((k3)0((k4)
A —E34 —i g

(2.19)

where the notation E; =e(k, )+e(k ) has been used.
Multiplying the equation represented in Fig. 2 by V one
gets
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11 V( II +glI I gII )

In the ladder approximation 1" obeys (see Fig. 3)

and Eq. (2.20) can be written as

ygII ygII +gI II (2.22)

r= v+ vg'„', r—= v+ar, (2.21) Inserting Eqs. (2.18), (2.22), and (2.19) in (2.17) one ob-
tains

(~k)k3~k2k~ ~k)k4~k~k~)
1 2 3 4

26F 8&(k, )8&(k~)
X Im f d Q[(kzk2l Vlk3k~) + (kzk21&1 (11)lk3kg) ]

77 oo 0—Ei2+ig
8&(k3)8&(k4)
0—E34 —i g

(2.23)

It is readily seen that the term involving the V-matrix element inside the large square brackets of Eq. (2.23) represents
the expectation value of the interaction with respect to the free Fermi sea ground state. Concerning the AI term, we
first note that, by using dispersion relations, ' ' b, I can be divided into two pieces, 5 ~ I and 6 ~ I . The term 6 ~ I con-
tains Goldstone diagrams of the type in Figs. 4(b), 4(c), 4(d), and 4(e) with pole structure in the lower half of the com-
plex energy plane. Similarly, 5 I contains diagrams with poles in the upper half plane such as 4(f), 4(g), 4(h), and 4(i).
Keeping in mind this separation, one realizes that the terms in Eq. (2.23) involving the real part of b.l require the imag-
inary part (delta function) of the propagator, and one thus obtains the two terms Red, ~l (Q=E3&)8&8& and
Red, I (Q=E3„)8&8& in schematic notation. On the other hand, the terms involving the imaginary part of 61 require
the real (principal) part of the propagator. Since 11(2e~ over the range of integration, only Imb, 1 gives a contribu-
tion and, after using a dispersion relation for b.I, one can write the result as the sum of two terms
Red t I (fl =E,2 )8& 8& and —Red, t 1 (0=E3~ )8& 8&. Since the latter cancels exactly one of the contributions discussed
above, Eq. (2.23) finally reads

V= —,
' g (5k k 5k k

—5k k 5k k )[(k,k2l Vlk k3~)8 (&k )38 (&k )4+ (k,kzlReb, I (E34)lk3k~)8 (k3)8&(k4)
1 2 3 4

+(k,k2lReb, I (E,2)lk3k4)8&(k&)8&(kq)] . (2.24)

The first term in Eq. (2.24) represents the expectation
value of the interaction in the noninteracting 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. (2.24) is given by the
infinite series of p-p and h-h ladder diagrams whose first
terms are represented by graphs 5(b), 5(c), 5(d) and 5(e).
They are obtained by closing diagrams 4(b), 4(c), 4(d) and

4(e) with two hole lines. Analogously, one obtains dia-
grams 5(f), 5(g), 5(h), and 5(i), contributing to the last
term in Eq. (2.24), by closing graphs 4(f), 4(g), 4(h), and
4(i) with two particle lines.

It may appear that by including the identical diagrams
5(b) and 5(f) as well as [5(c), 5(h), 5(i)] and [5(g), 5(d), 5(e)],
one runs into a multiple-counting problem. The origin of
spurious-looking graphs in a Green s function expansion

(b)

(c) (d) (e) (g) (h) (c) (d) (e) (g) (h)

FIG. 4. Some low order Goldstone diagrams for the eA'ective

interaction I in the ladder approximation.
FIG. 5. Selected Goldstone diagrams for the potential energy

V in the ladder approximation.
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(b)
(b)

(c) (c') (g) (g')
(c) (d) (e) (g) (h)

FIG. 7. Some Goldstone diagrams for the self-energy expan-
sion in the ladder approximation.

(d) (e)

FIG. 6. Selected Goldstone diagrams for the kinetic energy T
in the ladder approximation.

n (k)=—
co= c(k)

k )kF
(2.26)

4 d k kT=- n (k),
p o (2~)3 2m

(2.25)

where n (k) is the momentum distribution of the correlat-
ed system. %'e will show below that by taking

for the potential energy was discussed by Mahaux and
Sartor in Ref. 36. These authors show that each Gold-
stone term in the correlation energy E, of the Bethe-
Brueckner approach [Eq. (2.12)] appears as many times in
the expansion for V [Eq. (2.16)] as the number of V-

interactions contained in the diagram. Although their
arguments were only made for p-p ladder diagrams, they
also hold for diagrams involving p-p and h-h propaga-
tion, as is the case for the second-order diagrams 5(b) and
5(f), for the p-p third-border diagrams 5(c), 5(h), and 5(i),
and the h-h 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

one generates order by order in V the kind of diagrams
depicted in Fig. 6 for the kinetic energy expansion.
The derivatives in (2.26) are taken at the quasiparticle en-

ergy which ensures that the resulting momentum distri-
butions are automatically real. Equations (2.26) do not
represent exact results valid for all types of self-energy
contributions. They do however, provide order by order
the corrections to the momentum distribution which are
generated by the ladder diagrams considered in this pa-
per as will be shown below. Equations (2.26) can there-
fore also be used in the second order and BHF case (see,
e.g. , Ref. 39).

In the following second- and third-order examples, we
show how one obtains the ladder corrections [diagrams
6(b), 6(c), 6(c'), 6(d), . . . ] to the Fermi-gas momentum dis-
tribution [diagram 6(a)] from the derivative of the self-

energy at the quasiparticle energy. The contributions
X (k, co) and X (k, co) to the self-energy are taken from
Ref. 21 and the corresponding second- and third-order
diagrams are depicted in Fig. 7.

Consider the second-order correction to n (k) for
k (kz [diagram 6(b)]

2
~ „z [E(k)+s(h, ) —E(p, )

—E(pz)]
(2.27)

where, in what follows, p, refers to a particle state (p; )kz) and h; to a hole state (h; & kJ;). The corresponding second-
order diagram for X~(k, co) [diagram 7(b)] reads

/&p, p, /Vfkh, &/'

2 ~ co+a(h, ) —E(p, )
—E(pz)

(2.28)

whose derivative at co = E(k) is precisely the correction (2.27) to n (k). Diagrams 6(c) and 6(c') read
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(3 c) &h, kl 1'Ip3p4 & &p3p. l &lp)p, &&p)p~l 1'lkht &Sn"'(k) = ——
4 „~„„q [E(k)+E(h, )

—E(p3) —s(p4)] [E(k)+s(h, ) —E(p, ) —E(p2)]

(3 c') & h, k
I &lp3p4 & &p3p4I 1'lp)p2 & &ptp2I 1'lkh

g &
on( ''(k)= ——

4
~ ~ „~ h [E(k)+e(h, ) —E(p3) —s(p4)][a(k)+E(h, ) —s(p, )

—E(p2)]~

(2.29)

(2.29a')

respectively. These are precisely the two terms that appear when performing the derivative at co=a(k) of the third-
order self-energy diagram 7(c)

1 &h)klan lp3p4&&p3p41&lp)p2&&p(p2l~lkht &

4
h [co+a(h, ) —E(p3) —E(p4)][co+a(h, )

—E(p, )
—E(pz)]

(2.30)

The two contributions (2.29a) and (2.29a ) to n (k) correspond to the two possible time orderings in which the one-body
operator, represented by the closed circle 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 dia-
grams 6(f), 6(g), 6(g ), 6(h), and 6(i), which give the correction to n (k) for k ) kF, and for any higher-order term. We
therefore see that, order by order, the self-energy diagrams generate the different corrections to n (k). By taking the
derivative of the appropriate pieces of the self-energy [see Eq. (2.26)] calculated in the ladder approximation, one sums
the complete series of p-p and h-h Goldstone diagrams for the kinetic-energy expansion. This result is a generalization
of the calculation of the momentum distribution in Brueckner theory. Considering only p-p terms in the ladder equa-
tion leads only to diagrams 7(b) and 7(c) and as a result only diagrams 6(b), 6(c), and 6(c') are generated. Together with
the higher-order ladder diagrams this leads to a depletion for momenta below kF given by

I &p, pzl 6(s(k)+E(h, ))Ikh, &
I

on "(k)= ——
I E(k)+s(h» —s(pi) —E(p~)]'

(2.31)

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

I &kp, IG(E(h, )+E(h, ))lh, h, &I'

2
~ z h [e(h, )+s(h2) —E(k) —E(p, )]

(2.32)

III. RKSUI.TS AND DISCUSSION

In this section we present the results for the momen-
turn distribution and binding energy of nuclear matter for
the U2 central interaction derived from the Reid soft-core
potential. "

1.0

0.5—

V

k =1.8 fm. '
F

A.. Momentum distributions

The momentum distribution of nuclear matter has been
calculated in two diff''erent ways. On the one hand, the
hole spectral function Sz ( k, co ) corresponding to the
dressed SP propagator ' introduced in Sec. IIB deter-
mines the DP momentum distribution from

c,F
n (k) = J S„( ken) doc.

0.5—

V

k =1.8 fm '
F

On the other hand, Eq. (2.26) determines the CiE momen-
tum distribution as an expansion in terms of G-oldstone
p-p and h-h ladder diagrams, as discussed in Sec. II I'.
Results are shown in Fig. 8 at densities corresponding to
kF=1.6 and 1.8 fm '. The solid and dashed lines have
been calculated from Eqs. (3.1) and (2.26), respectively.
A particle-conserving approximation should fulfil the
density sum rule

0.0

FIR. 8. Momentum distributions for the u2 interaction at
kF=1.6 fm ' and kF=1.8 fm '. The solid line corresponds to
the calculation using the (hole) spectral function [Eq. (3.1)] and
the dashed line corresponds to the result of Eq. (2.26).
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1 4dk n(k)=l,
po o (2m)'

(3.2)

kF'
n(k)= e ", 2(k (4.5 fm

a
(3.3)

has been suggested recently for a separable representa-
tion of the Paris interaction, where a =7 fm and
b =1.6 fm. We obtain the same qualitative behavior be-
tween k =2 and 4.5 fm ' but with different parameters.
In the case of the momentum distribution calculated
from the spectral function [Eq. (3.1) and Fig. 9] we obtain
a = 12.8 fm, b = 1.45 fm when results for all three den-
sities ( kz = l. 6, 1.8, and 2.0 fm '

) are considered,
whereas the values a =12.6 fm, b =1.47 fm are ob-
tained when only results for kF=1.6 and 1.8 fm ' are
used.

The dispersion of results in the case of the momentum
distribution calculated from the derivatives of the self-
energy [Eq. (2.26) and Fig. 10] makes it dificult to assign
a common parametrization for all densities, since we ob-

where po=2k+/3m is the density of the uncorrelated sys-
tem. In Table I we give results for the left-hand side of
Eq. (3.2) for the two approximations to the momentum
distribution at different densities. In the GE case the sum
rule is fairly well fulfilled, whereas it is not completely
reproduced in the DP case [see column (a) in Table I],
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, '

according to which the number of particles is conserved
if, for a given approximation to the two-body propagator
g (see Fig. 2) the approximated SP propagator g satisfies
the equations of Fig. 1. At present the vertex function I,
used to obtain the dressed SP propagator g (see Fig. 1),
has been determined from unperturbed propagators g,' '

containing an average SP potential. Therefore, only
when the ladder approximated I (see Fig. 3) is deter-
mined from the SP propagator which solves the equations
of Fig. 1, i.e., when complete self-consistency is achieved,
one fulfills the Bayn-Kadanoff requirement for the con-
servation of the number of particles

The tail of the momentum distribution as calculated
from Eqs. (3.1) and (2.26) is shown in Figs. 9 and 10, re-
spectively, at different densities. The parametrization
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k (fm-')
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FIG. 9. Tail of the momentum distribution as calculated
from Eq. (3.1) for the v& interaction at kF=1.6 fm ' {open
squares), kF=1.8 fm ' (closed triangles), and kF=2.0 fm
{closed circles).
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p 4
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V

tain a =3.52 fm, b = 1.65 fm when the three densities
are used and a =4.70 fm, b =1.62 fm if we only take
results for kF = 1.6 and 1.8 fm

The differences between these results and those of Ref.
40 should only for a minor part be ascribed to the in-
clusion of the h-h correlations but rather to the essential-
ly different interactions. In particular, important contri-
butions between 2 and 4 fm ' come from tensor correla-
tions, " which are absent in our model potential. Also the
short-range part of the interaction is not identical.

Results for k n (k) and k n (k) as functions of k are
shown in Fig. 11. The function k n(k) displays a max-
imum around k =3 fm ' 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 param-

TABLE I. Density sum rule for the potential v2 at several
densities. The notation GE corresponds to the momentum dis-
tribution calculated from Eq. {2.26) and DP to that calculated
from Eq. (3.1). Columns (a), (b), and (c) represent different ap-
proximations for the DP momentum distribution as discussed in
the text.
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p g~
p

p

p g ~

k 0
0

L
p

pL
p

p

10

1.6
1 ' 8

2.0

GE

1.0100
1.0153
1.0230

(a)

0.9670
0.9402
0.9018

DP
(b)

0.9831
0.9602
0.9229

(c)

1.0000
1.0000
1.0000

k (fm-')

FIG. 10. Tail of the momentum distribution as calculated
from Eq. (2.26) for the v~ interaction at kF=1.6 fm ' (open
squares), kF=1.8 frn ' (closed triangles), and k+=2.0 fm
(closed circles).
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1.5

1.0— k' n(k)
k =1.6 fm '

F

0.5—

0.0

FIG. 11. Functions k n(k) and k n (k) for the U2 potential at
k„=1.6 fm '. The solid and dashed lines correspond to the
momentum distribution calculated from Eq. (3.1) and Eq. (2.26),
respectively.

TABLE II. Depletion (n (0)) and discontinuity at kz(z(k„))
of the momentum distribution for the potential U& at several
densities. The notation GE corresponds to the momentum dis-
tribution calculated from Eq. (2.26) and DP to that calculated
from Eq. (3.1).

kF
(fm ')

1.6
1.8
2.0

DP

0.78
0.72
0.65

n (0)
GE

0.72
0.61
0.49

DP

0.63
0.52
0.41

z(k~)
GE

0.41
0.09

—0.45

etrization given in Ref. 40 in the case of the Paris separ-
able interaction leads to such a maximum located around
2.5 fm

An interesting result which can be deduced from these
calculated momentum distributions (see Fig. 8) is the in-
creasing depletion of the Fermi sea when the density in-
creases. 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 k„, the so-
called z factor (z (k~)), is obtained (see Table II) with in-
creasing density. This should be contrasted with the re-
sults presented in Fig. 3 of Ref. 40, where the calculated z
factor increases with density, up to a density correspond-
ing to kF=1.7 fm . 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 conse-
quence it seems that the Paris interaction gives a rather
strong density dependence of this quantity when it is cal-
culated in the BHF approximation using a continuous

choice for the SP spectrum. Comparing to other results
using other methods and interactions it could be conclud-
ed that this is a feature of the Paris potential. For the
Paris interaction a value for z(k~) of 0.35 (Ref. 43) or
0.47 (Ref. 40) is obtained at normal density. A value of
0.7 (Ref. 44) is obtained for the Urbana U, ~ interaction
using the correlated basis function method. More recent-
ly, the same value of 0.7 has been obtained for this same
interaction although the total depletion is larger than in
Ref. 44. The inclusion of the tensor force in the full Reid
potential is expected to lead to a value closer to 0.7.

Further examination of Table II, indicates substantial
differences between the DP and the GE estimates for
z(k~), 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 kF=2. 0 fm '. This result suggests that the present
approximation of the self-consistent problem of ladder
and self-energy is breaking down. Indeed looking back at
the 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 distribu-
tion shows an increasing deviation from this simple pic-
ture with increasing density. This problem would be
remedied immediately when dressed SP propagators
would be used to calculate the ladder equation [see Eq.
(2.2)] since these propagators contain exactly the infor-
mation on the probabilities for adding and removing par-
ticles from the correlated system. Clearly, the impor-
tance 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 in-
teraction which might help to get a better understanding
of the nuclear saturation problem.

B. Binding energy

Results for the binding energy obtained from the four
approaches described in the previous section are shown
in Fig. 12. The explicit values can be found in Table III.
For comparison, we also include in Fig. 12 some other
available nuclear matter results, namely, a variational
Fermi hypernetted-chain calculation and the hole-line
calculation by Day.

The PP results (long-dashed line with solid squares)
correspond to the lowest order in the Bethe-Brueckner
expansion discussed in Sec. II C [see Eqs. (2.15) and
(2.14)]. The attraction associated with the use of a con-
tinuous SP spectrum is so large, relative to the two-hole
line calculation by Day 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 conjecture that it is possible to get
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TABLE III. Binding energy per particle in nuclear matter for the potential U2 at several densities and for the different approxima-
tions described in the text. The PP results correspond to the lowest order in Bethe-Brueckner expansion with a continuous spectrum
at kF (Sec. II C), the PPHH results represent a simulation of the self-consistent ladder solution using a self-consistent quasiparticle
energy (Sec. II A), the GE results correspond to an expansion in terms of Goldstone p-p and h-h diagrams (Sec. II D) and the DP re-
sults use the dressed SP propagator, although it is not yet self-consistent (Sec. II B). Rows (a), (b), and (c) correspond to different ap-
proximations for the DP momentum distribution, as discussed in the text.

kF
(fm ')

1.6

1.8

2.0

PP
(MeV)

—8.5

—13.8

—19.1

PPHH
(MeV)

—4.0

—5.6

—5.5

r (MeV)

73.1(67.5)

105.3(94.8)

152.4(133.5)

GE
V (MeV)

—78.9( —74.4)

—114.0(—106.1)

—158.2( —145.3 )

B (MeV)

—5.8( —6.9)

—8.6( —11~ 2)

—5.9(—11.8)

T (MeV)

57.8
67.8
67.1

73.8
85,8
92.1

90.3
105.7
122.7

DP
V (MeV)

—64.7
—73.6
—73.6
—84.3
—94.9

—101.8
—102.2
—115.3
—132.3

B (MeV)

—6.8 (a)—5.8 (b)—6.5 (c)
—10.5 (a)—9.1 (b)—9.7 (c)—11.9 (a)—9.5 (b)—9.6 (c)

a reasonable approximation for the inclusion of three-
body correlations by treating the two-hole-line approxi-
mation 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.
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FIG. 12. Binding energy per particle in the case of the U2 in-
teraction for several approximations discussed in the text: the
PP calculation (long dashed line with closed squares) described
in Sec. II C, the PPHH calculation (long dash-dotted line with
closed triangles) described in Sec. II A, the GE calculation (solid
line with closed circles) described in Sec. II D and the DP calcu-
lation (hatching) described in Sec. II B. Day's results (Ref. 22)
for the lowest order in the Brueckner expansion and for the 4-
hole-line estimate using a discontinuous spectrum are represent-
ed by the dotted line with inverted closed triangles and the short
dash-dotted line with closed asterisks, respectively. The short-
dashed line with closed diamonds is the result for a variational
upper bound calculation (Ref. 30) for the binding energy.

The results referred to as PPHH (long dash-dotted line
with solid triangles) correspond to the method of Sec.
II A [see Eq. (2.9)] which, in addition to the p-p ladders
considered in the PP calculation, also adds to h-h ladders
to all orders and intends to be a simulation of the com-
plete self-consistent treatment of the problem illustrated
in Fig. 1. We must note that, although expression (2.9) is
formally identical to that used for the PP results [Eq.
(2.15)], the SP spectrum e(k) in (2.9) contains the repul-
sive effects ' that the h-h propagating terms in the
effective interaction I [Eq. (2.6)] generate in the self-
energy [Eq. (2.7)]. This effect is independent of the in-
teraction used and, as a consequence, the binding energy
obtained is more repulsive than the BHF prescription (PP
results). Since the repulsion increases with the density
this leads to a saturating effect in nuclear matter still at
the level of two-body nonrelativistic interactions. ' ' We
recall that the propagators used in this first approach to
the complete treatment still have the structure of nonin-
teracting ones.

The two other calculations compared in this paper,
namely, the GE method, containing infinite orders in h-h
and p-p Goldstone ladder diagrams, and the DP method,
which uses the dressed SP propagator, are new types of
results never presented before. They are useful since they
provide separate results for the kinetic and potential en-
ergy per particle of nuclear matter.

The results in parentheses in columns 4, 5, and 6 of
Table III, corresponding to the GE calculation of Sec.
IID, represent the kinetic, potential, and total binding
energies when only momenta up to 4.5 fm ' are con-
sidered. At kF=1.6 fm ' for instance, this represents a
factor 2.1 times the kinetic energy of the free Fermi gas
Tp whereas the total kinetic energy amounts to 2.3 times
Tp ~ Although this last value is far from being the factor
of 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
the differences between the two values in column 4 are
sti11 large and show that a reliable value for the kinetic
energy requires a careful calculation of the momentum
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distribution for large momenta. We observe that it is
necessary to go up to k =7 fm ' to obtain an accuracy
for the kinetic energy of 1% with respect to the total re-
sult.

Due to a compensation between the kinetic and poten-
tial energies at large k, these differences are smaller for
the total binding energy (column 6 in Table III). Howev-
er, they are important enough, especially at high density,
to produce a sizable effect in the saturation point.

The GE binding energy is more repulsive than the
BHF (PP) results. This is consistent with the discussion
by Mahaux and Sartor in Ref. 36, where it 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 in 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 ap-
proach we have also included h-h propagation to all or-
ders, in addition to the p-p forward-going diagrams dis-
cussed in Ref. 36, but the above feature is still found to be
valid. The repulsion in the GE binding energy found for
the Uz interaction is due to the fact that the correspond-
ing SP potential satisfies U(h)) U(p). Any realistic in-
teraction, however, leads to a SP potential such that
U(h) & U(p) and one should expect that the GE result,
even if it contains h-h ladders to all orders, will lead to a
more attractive binding energy per particle than the BHF
(PP) results.

This is not in accord with the PPHH results discussed
above and in Refs. 19 and 20, where a repulsive effect in-
creasing with the density was associated with the in-
clusion of h-h correlations, independently of the two-
body interaction used. 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 in-
version of the occupation numbers at kF. It was argued
there that this breakdown can only be avoided by includ-
ing a better description of the dressing of SP propagators
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 ener-
gy. Only the energy obtained from Eqs. (2.10) and (2.11)
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 kinetic, potential, and binding energy results for
the DP calculation of Sec. II B [see Eqs. (2.10) and (2.11)]
are shown in columns 7, 8, and 9 [row (a)] of Table III,
respectively. Rows (b) and (c) correspond to different ma-
nipulations of the momentum distribution, which are dis-
cussed below. A simple measure of the deviation from
complete self-consistency is given by the density sum rule
shown in column (a) of Table I. It is clear that the devia-
tion from particle-number conservation is larger as the
density increases. It is therefore premature to consider
the results in row (a) of Table III as being representative
of the completely self-consistent ones. As discussed

above, only self-consistently dressed SP propagators
fulfill the Baym-Kadanoff requirement ' which will yield
the conservation of the number of particles at each densi-
ty. 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 densi-
ty sum rule (3.2) infiuences 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 k =2 fm ' to k =3.5 fm ' at all densities). We ex-
trapolate this behavior to all higher momenta even if, as
shown in Fig. 9, the exponential law is no longer valid.
At each k, the corresponding hole spectral function
SI, (k, co) is multiplied by an overall factor to reproduce
the new modified n (k). The density sum rule and energy
results are given in column (b) of Table I and row (b) of
Table III, respectively. Second, n (k) has been modified
assuming that the final self-consistent n (k) will lie some-
where between GE results [Eq. (2.26) and dashed line in
Fig. 8] and the DP results [Eq. (3.1) and solid line in Fig.
8]. We determine a factor that brings the momentum dis-
tribution DP at the origin [n (k =0)] half way between
the DP and the GE value, and this factor is used to re-
normalize the momentum distribution for k (k~. The
remaining momentum distribution (k ) kz) is multiplied
by the required factor which ensures particle-number
conservation. The hole spectral functions S&(k, co) are
also renormalized accordingly to reproduce the new
modified n (k). In this way, by removing some occupa-
tion below k~ and introducing some occupation above kz
we obtain a momentum distribution in between the DP
and GE estimates. The results are given in column (c) of
Table I and row (c) of Table III.

We should emphasize that the models (b) and (c) are
not meant to represent the Anal self-consistent momen-
tum 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 the den-
sity sum rule was reproduced worse. 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 distribu-
tion n (k) has been adjusted so as to reproduce the sum
rule. We observe a repulsion in the binding energy when
compared to the PP (BHF) result. Although this repul-
sion 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 h-h correlations.

A comparison with Day's four-hole-line estimate
shows that the results presented here give somewhat
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more binding. This result can probably be related to the
observation that the results depend sensitively on the
treatment of the SP spectrum and the resulting coherence
that can be generated by the ladder equation. This quan-
tum coherence is considerably enhanced with the in-
clusion of h-h propagation to all orders. It should be
remembered that the ladder equation (with h-h propaga-
tion 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 conventional hole-
line expansion with a gap in the SP 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 reasons it cannot be expected to give adequate re-
sults for such a collective phenomenon as pairing. In
contrast, a self-consistent formulation as advocated
throughout this paper incorporates a description of pair-
ing. In addition it can ultimately incorporate a self-
consistent treatment of depletion effects.

The h-h correlations have also been investigated within
a model space approach (MBHF) resulting in an in-
crease of the binding energy per nucleon and a decrease
of the saturation density for realistic interactions. Re-
cently, Mahaux and Sartor suggested that the SP spec-
trum used in the MBHF approach left uncanceled part of
the third-order hole-bubble diagram, which is largely
repulsive. This motivated a reinvestigation of the MBHF
approach ' in which the standard BHF spectrum was
taken for holes and the MBHF spectrum for particles
and, although the binding energy is substantially de-
creased with respect to the previous result, the saturation
density is practically the same, which is smaller than that
obtained with a BHF calculation where only p-p correla-
tions are considered. When comparing this last MBHF
result (curve labeled Ring-BM in Fig. 1 of Ref. 51) with
the BHF calculation using a continuous SP spectrum
(curve labeled BHF-C) one observes that beyond
kF = 1.25 fm the Ring-BM binding energy is more
repulsive than the BHF-C and, since this repulsion in-
creases with the density, it yields a smaller saturation
density. This is precisely 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.

IV. SUMMARY AND CONCLUSIONS

In this work we have compared results for the binding
energy of nuclear matter from different prescriptions
based on Green's functions formalism, namely, (i) the fa-
miliar BHF approximation using a continuous SP spec-
trum (PP method), (ii) an approach, based on a self-
consistent formulation for the SP propagator with the in-
clusion of p-p and h-h correlations, which leads to a self-
consistent on-shell SP energy (PPHH method), (iii) an es-
timate using the completely dressed (but not yet self-
consistent) propagator (DP method) and (iv) an expansion
in terms of Goldstone p-p and h-h ladder diagrams (GE
method). The results have been obtained for the central

U2 interaction which is derived from the Reid soft-core
potential.

The GE calculation provides also results for the
momentum distribution in nuclear matter. The expan-
sion can be summed by taking the derivative of the self-
energy at the quasiparticle energy and leads to a n (k)
which conserves the number of particles. Another esti-
mate 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, espe-
cially at high densities, due to the use of propagator
which is not fully self-consistent. However, the qualita-
tive behavior is similar to that obtained from the expan-
sion GE and to other predictions of n (k) for realistic in-
teractions. ' ' ' It is shown that the simple procedure
of including a SP energy to simulate the effect of correla-
tions breaks down at higher density since the calculated
momentum distribution for the U2 interaction gives a
higher occupation for momenta just above kF than for
momenta just below.

The PPHH binding energy, which includes the h-h
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 p-p
ladders. This effect increases with the density giving rise
to a lower saturation density as was noted in a previous
paper.

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 calcula-
tion (PP results) is substantially less than that predicted
by the PPHH results. However, the lack of self-
consistency for the SP propagator leads to particle num-
ber violation and one should be cautious before drawing
definite conclusions.

The Goldstone p-p and h-h ladder diagrams summed
in the GE calculation give a binding energy which is
rather dependent on the shape of the auxiliary SP poten-
tial used. In the case of the Uz interaction discussed here,
for which U(h)) U(p), a more repulsive binding energy
and a lower saturation density are obtained.

Although there are other indications that one can ob-
tain a lower saturation density when the h-h correlations
are included, '" ' ' their effects will lie more clearly es-
tablished 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 sym-
metric 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 re-
sults from (e, e'p) reactions indicate a substantial [about
20—25 % (Ref. 15)] depletion of shell model orbitals.
Since relativistic calculations will provide only minor de-
pletion effects' the relativistic results for nuclear satura-
tion have to be regarded with reservation. In addition it
has been shown that strong collective correlations exists
in the S&- D, channel which have not been considered
appropriately up to now and are the result of a uniform
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treatment of particles and holes. It has also been ar-
gued 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 increasing deviation of the Fermi sea picture
with increasing density. To determine the relevance of
the h-h correlations in the saturation problem, it is there-
fore crucial to solve the ladder approximation in terms of
self-consistently dressed propagators which take the
correct Pauli e6'ects into account. This formulation will
include a proper treatment of depletion since it dresses
the particles with the complete oA-shell energy depen-
dence of the self-energy and therefore leaves no ambigui-
ty for the choice of the auxiliary potential. It also is able
to give a consistent treatment of quantum coherence at
the level of p-p and h-h correlation since the ladder equa-
tion 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 treat-

ment 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 neces-
sary 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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