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The equation of state of symmetric nuclear matter at zero temperature is calculated up to the three
hole-line level of approximation in the Bethe-Brueckner-Goldstone expansion. Both the standard
and the continuous choices for the single particle auxiliary potential are considered. The resulting
equation of state shows independence from the choice of the auxiliary potential to a high degree of
accuracy. This result gives strong evidence for the convergence of the expansion and establishes the
nuclear matter saturation curve for the adopted nucleon-nucleon interaction, the Arggrpwential.
[S0031-9007(98)06905-1]
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In the long history of the many-body theory of nu- auxiliary potential, but the rate of convergence can, of
clear matter equation of state (EOS) at zero temperaturepurse, depend on the particular choice adopted. The
the Bethe-Brueckner-Goldstone (BBG) expansion [1] hasstandard” choice assumes that the auxiliary potential
played a major role. The BBG expansion for the EOSU is zero above the Fermi momentubp. The Liége
can be ordered according to the number of independemjroup has advocated another choice [6], the “continu-
hole lines appearing in the diagrams representing the dilvus choice,” for the potential/, in which the definition
ferent terms of the expansion. This grouping of dia-of the potential is extended to momeritdarger thankg,
grams generates the so-called hole-line expansion [1,2lhus makingU a continuous function through the Fermi
The smallness parameter of the expansion is assumed sarface. There are many physical arguments that favor
be the “wound parameter” [2], roughly determined bythis choice [6]. In several works [7—9] a comparison was
the ratio between the core volume and the volume pemade between the two possible choices adopted to calcu-
particle in the system. The parameter turns out to bdate the EOS. The BHF calculations with the continuous
small enough up to 2—-3 times nuclear matter saturatiochoice are numerically more delicate. Recently the analy-
density. The diagrams with a given numbemf hole sis of the BHF calculations with the continuous choice
lines describe the:-particle correlations in the system. was presented in Ref. [7] for the case of tN&l Paris
At the two hole-line level of approximation the corre- potential. In general, the results indicate that the satu-
sponding summation of diagrams produces the Brueckneration point in the continuous choice is slightly closer to
Hartree-Fock (BHF) approximation, which incorporates inthe phenomenological one, but still the disagreement re-
an exact way the two particle correlations. The BHF ap-mains. Other choices of the auxiliary potential have been
proximation includes the self-consistent procedure of deproposed, in particular, by Brandow [10]. We will restrict
termining the single particle auxiliary potential, which is the analysis to the standard and continuous choices, since
an essential ingredient of the method. The self-consisterthey appear to be two extreme opposite cases.
procedure, first devised by Brueckner [3], was the real The three hole-line diagrams can be summed up by
breakthrough towards microscopic calculations of nucleasolving the Bethe-Fadeev equations for the three-body
matter EOS, and the BHF results indicate that alreadgcattering matrixZ'® inside nuclear matter. As shown
the two hole-line approximation is able to produce rea-by Rajaraman and Bethe [11], the summation is essential,
sonable values for the saturation point. The remainingince individual three hole-line diagrams can be quite
discrepancies can be summarized in the celebrated Ctarge, but substantial cancellation occurs once the whole
ester band [4,5], the line along which the results for dif-set of three-hole diagrams is considered. Unfortunately, at
ferent “realistic” nucleon-nucleon\(N) forces appear to this level of approximation the theoretical analysis is quite
be approximately concentrated and which misses the pheearce. Indeed, only recently [12] the early extensive
nomenological saturation point. According to the forcestudy of the three hole-line contribution, presented by Day
used, either the saturation density is too high or the bindin Ref. [13], was reexamined and checked. Satisfactory
ing energy is too small. As it is well known, the BHF agreement was found between the two sets of calculations,
contains an arbitrariness; i.e., the definition of the auxwhere the standard choice for the single particle potential
iliary potential is not unique. The final result of a hy- was adopted. The saturation point turns out to be still
pothetically exact BBG calculation is independent of theaway from the phenomenological one and actually very
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close to the one obtained in the BHF approximation 0
within the continuous choice [12]. The conclusion that _5
three-body forces are needed in nuclear matter [14] was %
therefore also confirmed. s 10
However, the sensitivity of the results to the choice  _i5
of the auxiliary single particle potential has never been 3
tested. This point must be checked and clarified before —20
any firm conclusion is drawn, and only a substantial —25 :
independence of the results from the auxiliary potential 075 1.00 125 150 175 2.00
U can provide a strong indication of the convergence of k¢ (fm~1)

tﬂe BBG eXpal_’lSISn at thls I.evel ?f ap?rOXImatlon.ESInc.eFlG_ 1. Equation of state (EOS) of symmetric nuclear matter
the microscopic determination of nuclear matter EOS I, gifferent approximations. Full lines indicate the Brueckner-

a fundamental problem of nuclear physics, it appear$iartree-Fock approximation within the gap (BHF-G) and
desirable to study the EOS in the BBG expansion at théhe continuous choice (BHF-C). The squares and the stars
three-hole level of approximation within the continuouscorrespond to the EOS which include up to the three-hole line
choice, to be compared both with the BHF (two-hole)cont”bqt'on within the standard and the continuous choices,
; . . . e respectively.
approximation and with the previous results within the
standard choice.
In this Letter we present the nuclear matter EOS
calculated up to the three-hole lines within the continu-where the equations were solved within the standard
ous choice and make a systematic comparison with thehoice for the single particle auxiliary potential. The
results of Refs. [12] and [14] and with previous BHF cal-whole set of three hole-line diagrams can be divided
culations. This will allow us to establish the convergenceinto three main contributions. The “bubble” diagram
of the BBG expansion up to about 3 times the saturatiornd the “ring” diagram are the diagrams with three
density. particle lines only. The remaining set of diagrams, the
Two hole-line contribution—In a preceding paper so-called “higher order” contributions, with an arbitrary
[8] we have developed a method for solving the BHFlarger number of particle lines, can indeed be summed
equations both in the continuous and in the standardp by the Bethe-Fadeev equations for the three-body
choices. More recently [12] the method was applied toscattering matrixZ'® inside nuclear matter [13]. These
symmetric nuclear matter in the case of thg Argonne diagrams are depicted in Fig. 2, where, for completeness,
potential [15], with particular attention to the convergencethe two hole-line diagrams (BHF) are also reported. In
of the results with respect to the number of two-bodyall the diagrams a wavy line represents a Brueckner
channels and to the momentum cutdff in the single G-matrix. Figure 2(f) represents schematically the higher
particle spectrum. All the channels up to total angularorder diagrams, where, howevef® does not include
momentum; = 4 have been included, and a value of the first order (oneG-matrix) contributions, since they
k. = 6 fm~! was found to be appropriate. For later give the just discussed bubble and ring diagrams. Each
comparison, the nuclear matter EOS is reported in Fig. bne of these three hole-line contributions is quite large,
(BHF-C), together with the corresponding EOS calculatedbut strong cancellation occurs since the three terms
within the standard choice (BHF-G). The discrepancyturn out to be of different signs. Therefore the overall
between the two saturation curves indicates to what extermontribution of the three hole-line diagrams to the nuclear
the EOS still depends on the choice of the auxiliarymatter potential energy turns out to be substantially
potential at BHF level. Full convergence is, therefore, nosmaller than the two hole-line contribution. This point
yet reached. It has to be stressed that the discrepancy (5s-illustrated in Fig. 3(a), where the values of the three
6 MeV from Fig. 1) has to be compared with the value ofindividual contributions as a function df- are reported,
the potential energy per particle, as calculated by the BHEogether with their total sum. One can notice the above-
procedure, which turns out to be abou#0 MeV around mentioned strong compensation between the three terms,
saturation. The discrepancy, and the approximate degreée particular, between the bubble and the ring diagrams.
of convergence, is therefore of the order of 10%—15%. This is hardly a surprise, since the ring diagram is
We do not report here other results of the calculationsthe exchange of the bubble diagram. These results, as
like the single particle potential as a function of density ordiscussed in Ref. [12], are in close agreement with the
other quantities, since they are not pertinent to the maiones of Ref. [13], and are reported here for comparison.
points of the paper. They will be presented elsewhere. The corresponding EOS up to this order of approximation
Three hole-line contributior—Let us now turn to the is also reported in Fig. 1 (squares). Notice that in
three hole-line contributions. They can be obtained byRef. [12] an estimate of the four hole-line contribution
solving the Bethe-Fadeev equations. We followed closelyas also included in the reported EOS, which here we
the method described in detail by Day in Ref. [13], neglect. This contribution is expected to be small [2,13].
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FIG. 2. Different diagrams which contribute to the equation

RING

of state as discussed in the text. Diagrams (a) and (b) —10 . . .
give the Brueckner-Hartree-Fock (two hole-line) approximation. 1.0 1.2 1.4 1.8 1.8 2.0
Diagrams (c) and (e) are the bubble and the ring diagrams, -1
respectively, while diagram (f) represents schematically the K¢ (fm™")

contribution of the higher order diagrams, obtained by solving L .
the Bethe-Fadeev equation for the scattering three-body matrig!G- 3. (&) The contributions of the bubble (BUB), ring

y TOTAL is the sum of all these contributions and gives
the overall three hole-line contribution to the EOS. (b) The
same as in (a), but within the continuous choice. Here the line
denoted by BUBU is the contribution of the potential insertion

In the case of the continuous choice, the additional “podiagram of Fig. 2(d).
tential insertion” diagram of Fig. 2(d) has to be included,
since in this casd/(k) is different from zero also for
single particle momenta > kr. The two diagrams, cor- In all the calculations within the continuous choice
responding to Figs. 2(c) and 2(d), in which the bubble anaf the three hole-line diagrams the same procedure of
the potential insertions are attached to a hole line, exactlgngle and total momentum averaging in the energy
cancel out each other, in virtue of the Bethe-Brandow-denominators of Ref. [12,13] was used. More details will
Petschek theorem [16], for both choices of the auxiliarybe given elsewhere.
potential U (k). Of course, the change of single particle Finally, the EOS up to the three hole-line order of
spectrum introduced by the continuous choice alters bothpproximation within the continuous choice is reported
the two-body BrueckneB-matrix and the energy denomi- also in Fig. 1 (stars).
nators appearing in the diagrams of Fig. 2. Correspond- Within the BBG expansion of the nuclear matter bind-
ingly, the bubble, ring, and higher order diagrams changéng energy, we have reported the EOS at two and three
their values accordingly, as reported in Fig. 3(b), wheréhole-line levels of approximation. The calculations have
also the contribution of the potential insertion diagram isbeen done within the standard as well as the continuous
shown. The latter is quite large and essential in making thehoice for the single particle auxiliary potential. At the
overall three hole-line contribution still relatively small. two hole-line level, one can see from Fig. 1 that the stan-
This result was already anticipated in Ref. [17], where adard and continuous choices produce nuclear matter bind-
semiquantitative estimate of such a diagram was given. ing energies per particle which differ by 5—6 MeV in the

from (c) to (f) gives the three hole-line contribution discussed
in the text.
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TABLE |. Energy per particle£ /A in the standard (s) and in the continuous (c) choices as a function of the Fermi momigntum
of symmetric nuclear matter.

kp (fm~1) 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
E/A (MeV)s ~10.28 ~11.88 ~13.63 ~15.00 ~16.03 ~16.19 ~15.12 —13.04
E/A (MeV)c ~10.14 ~11.97 ~13.96 ~15.30 ~16.34 ~15.96 —14.34 ~11.40

Fermi momentum range2 < kr < 1.8 fm~!. Thiscor- analysis to other realistic nucleon-nucleon interactions is
responds to a discrepancy of about 10% in the potentiah progress.

energy per particle. This result, consistent with the pre-

vious calculations of Ref. [8], shows that the BBG ex-

pansion has not yet reached convergence at this level of

approximation, at least not with an accuracy better than . ihor to whom correspondence should be addressed.
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