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Faddeev treatment of long-range correlations and the one-hole spectral function 0O
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The Faddeev technique is employed to study the influence of both particle-particle and particle-hole phonons
on the one-hole spectral function 810. Collective excitations are accounted for at a random phase approxi-
mation level and subsequently summed to all orders by the Faddeev equations to obtain the nucleon self-
energy. An iterative procedure is applied to investigate the effects of the self-consistent inclusion of the
fragmentation in the determination of the phonons and the corresponding self-energy. The present results
indicate that the characteristics of hole fragmentation are related to the low-lying stdfis. of
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[. INTRODUCTION the (e,e’p) reaction probes the interior of the nucleus, where
elastic proton scattering is less sensitive. The inclusion of a
Correlations in the nucleus produce a substantial reducelativistic description of the outgoing proton in the analysis
tion of the occupation probability of single-particl&P of the data can further change these results somejthat
shells with respect to the independent-particle mg@teM)  An assignmentfa 5 to 10 %error for the absolute spectro-
prediction. A substantial part of this depletion is due to thescopic factors appears quite reasonable at this time. Several
coupling to high-lying excitations reached by the strongstudies have focused on the effect of short-range correlations
short-range and tensor components of the nucleon-nucledd2—14 and computed spectroscopic factors directly for
interaction[1,2]. At low energy, the presence of various col- 1%0. All these works yield a strength reduction of about 10%
lective modes may result in a rearrangement of the Skh general agreement with expectations based on nuclear-
strength distribution around the Fermi enel@®]. Experi- matter calculations[1]. Center-of-mass corrections are
mentally, these features can be observed in the’p) re-  known to raise the spectroscopic factor by about[1%16,
action as a reduction of the absolute spectroscopic factors faesulting in a substantial disagreement with data. The effects
the knockout of a nucleon from a valence shell, as the strongf long-range correlationgLRC) were studied in Refs.
fragmentation of the spectral strength for more deeply boun@17,18. The inclusion of LRC in these works is limited to
SP states, and by the appearance of small fragments assottie Tamm-Dancoff approximatioff DA) for the intermedi-
ated with SP states that are empty in the IPM. Studies oate two-particle—one-hole ¢Ah) and two-hole—one-
(e,e’'p) reactions have determined absolute spectroscopiparticle (zh1p) states in the nucleon self-energy using e
factors in many closed-shell nuclei—6] demonstrating that matrix as a residual interaction. The reduction of phg and
the removal probability for nucleons from these systems ig5,, spectroscopic factors due to these LRC is about 15%. In
reduced by about 35% with respect to the shell-model prethe calculations of Ref.17], a combined treatment of LRC
dictions. More recently, alsoe(e’NN) reactions, that in- and SRTC was obtained. The resultipg, and p5/, spectro-
volve the emission of two nucleons from the target, have alsscopic factors correspond to 77 and 76 % of the SP strength,
become feasiblg7,8]. The latter were motivated by the pos- respectively, without inclusion of center-of-mass corrections.
sibility to directly study the high-momentum components, Short-range effects were included by employing the energy
produced by short-range and tensor correlati8RTO, be-  dependence of the Brueckn&rmatrix in the corresponding
tween pairs of nucleons at low energy. Such experiments argelf-energy contribution. The resulting disagreement with the
now able to disentangle the most relevant lowest states of thexperimental data appears to be about 15-20% but some
residualA—2 nucleus[9] which are also influenced by the allowance for the uncertainty of the extraction of the spec-
presence of low-energy correlations. troscopic factors should be factored in. The results of Refs.
The theoretical study of one- and two-hole spectral func{17,18 clearly show that a substantial improvement can be
tions to understand the results of the above reactions, usualbbtained by the inclusion of LRC. Looking at the overall
requires substantial efforts in computational many-bodypicture, a comparison between the quoted results suggests
physics and does not always give a complete explanation dhat the quenching produced by SRTC appears to be well
the observed data. In particular, the nucleus® is still not  established. At the same time, low-energy LRC are identified
completely understood at the microscopic level and theoretas an essential ingredient that is needed for a complete un-
ical calculations of its properties still fail in two ways. derstanding of the discrepancy with the experimental data.
First, the experimental spectroscopic strendi] for the The second issue regardin§O concerns a satisfactory
knockout of a proton from both the,;, andps, shells cor-  understanding of the fragmentation of the SP strength at low
responds to about 60%. The outgoing proton is described bgnergy. The full one-hole spectral function for small missing
a wave distorted by a complex optical potential which de-energies was computed in RéfL7] and the results were
scribes the corresponding elastic proton scattering data. Th&ibsequently used as a starting point for the study of the
introduces an uncertainty in these spectroscopic factors sincéO(e,e’ pp) reaction[19,20. The high-momentum compo-
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nents of the two-hole overlap function caused by short-rangan even more complicated treatment will be requir2H].
effects were also included by adding the proper defect funcSizable collective effects are also present in the particle-
tions computed directly for thé%0 nucleug21]. These cal- particle (pp) and hh excitations involving tensor correla-
culations led to a proper description of the experimentakions for isoscalar and pair correlations for isovector states.
cross section for two proton emissidi, 8] to the ground Also in this case, an RPA treatment would be relevant.
state of 1“C. In spite of these successes, the one- and two- The aim of the present paper is to extend the calculations
hole spectral functions still miss some key features of theof Ref. [17] to include such RPA correlations. A formalism
fragmentation and do not describe all the relevant low-lyinghas been proposed recently that allows the simultaneous in-
states of the residual nucléPN and '“C. In particular, the clusion of ph and pp(hh) excitations at the RPA level
experiments show that the spectral strength for the emissiol26,27. In this scheme, the RPA collective excitations can be
of a pg, proton is fragmented in one big peak and a fewsummed to all orders by solving a set of Faddeev equations
smaller oneq10]. The latter are found at a slightly higher for the motion of 21h and Zhlp excitations. This is done
missing energy and carry a reasonable amount of strength: @fithin the framework of self-consistent Green’s function
the 60% observed mean-field strength, about 5% is distribtheory (SCGH in which the equations of motion are ex-
uted in these small peaks while the rest is in the main fragpressed in terms of the dress@thgmentegl SP propagator.
ment. This feature is not reproduced by the results of RefsThe resulting self-energy contains the inclusion of these
[17,18, where all the strength is concentrated in one singlepp(hh) and ph RPA phonons to all orders and therefore
peak. Other experimentally observed hole fragments, such a@lows for an improved description of the influence of LRC
theds), ands;,, found at about-17.4 MeV missing energy, on the SP propagator. In turn, the results for the Haled

are not reproduced as well. particle spectral functions can be employed in a subsequent

Analogously, the spectrum df'C contains two low-lying dressed RPADRPA) calculation and then iterated to inves-
isovector 2° levels, that can be reached by two-nucleontigate the effects of self-consistency on the fragmentation.
emission, but only one of them is reproduced by the above In Sec. Il we describe the details of the formalism and its
theoretical calculations. This missing state represents thinplementation for'®0. The main points of the Faddeev
main discrepancy between the theoretical and experiment&®rmalism are reviewed in Sec. Il B. The results for the one-
1%0(e,e’ pp) cross section§8]. It is interesting to note that hole spectral function are given in Sec. Ill. First, the Faddeev
the transition to both of the 2 states can be interpreted as equations are solved including RPA phonons and a discus-
the knockout of two protons from p,, and ap,, state.  sion of the improvements over a calculation at the TDA level
Although this has not been directly investigated before, it igs presented. Then, in Sec. lll B the RPA results are iterated
natural to suppose a connection exists between the spectruinfew times to investigate the effects introduced by self-
of 14C and the fragmentation of th®,, strength in!°N. The ~ consistent fragmentation. In Sec. Ill C, the Faddeev formal-
presence of a very low-lying 2 state in*%0 can also play a ism is used to further investigate the relations between the
role. The fragmentation of thpy, strength, in turn, can be Ph spectra and the SP strength with regard to some of the
interpreted as @3, hole on either the ground state tO or ~ unresolved questions. This analysis may give further insight
one of its low-lying positive parity states. Since these spectréto the understanding of the low-lying spectra as well as
and transition amplitudes are naturally linked to each other, &ints for future calculations. Conclusions are drawn in Sec.
formalism in which all of them are obtained in a self- IV.
consistent way is desirable, if not necessary, to resolve the
above issues. Such self-consistent calculations have so fﬂr
been restricted to second-order contributions to the self-"
energy using a Skyrme force for the effective interaction
[22]. Such a treatment of LRC if®O is inadequate since it We consider the calculation of the SP Green’s function
does not include any residual interaction between the inter-
mediate 21h and 2h1p states in the self-energy.

The merit of the calculations of Refsl 7,18 was that the
interaction between thef@h states(and 2h1lp state$ was
summed to all orders. Thus a simultaneous description of the
effects of both particle-holeph) and hole-hole Ifh) [as ] )
well as particle-particle [fp)] collective excitations was from which both the one-hole qqd one-particle spectral func-
achieved, including the interplay between them. These coltions. for the removal and addition of a nucleon, can be ex-
lective excitations, though, were accounted for only at thdracted. —In  Eq. (1), Xh=(¥p™tcl|wg) (V%
TDA level. The simultaneous treatment ph and pp(hh)  =(¥&'c,/W¥p)) are the spectroscopic amplitudes for the
excitations is not a trivial problem and an extension of thesexcited states of a system witkh+1 (A—1) particles and
calculations beyond TDA presents serious difficultig8].  the poless, =EF"'—ES (e, =Ef—EL %) correspond to
On the other hand, in order to account for the coupling tathe excitation energies with respect to tAeébody ground
collective excitations that are actually observed'#® it is  state. The indices andk enumerate the fragments associated
necessary to at least consider a random phase approximatiwith the one-particle and one-hole excitations, respectively.
(RPA) description of the isoscalar negative parity std&. =~ The one-body Green’s function can be computed by solving
To account for the low-lying isoscalar positive parity statesthe Dyson equation

CALCULATION OF THE SINGLE-PARTICLE GREEN’S
FUNCTION

(XD s YEYH*

w—ei+in K wo—g —iy

ga,g(w)=§n) RGN
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I’vv\/\%‘  SAA7 3 where the energy de_pendence is a consequence of the_use of
- © . [ i j + [ e ] the BruecknelG matrix. The latter was computed by solving
. 5 - the Brueckner-Goldstone equation according to R2f]
I which includes the high-momentum intermediate states that

. L . . are necessary to the description of SRTC. The Pauli operator
FIG. 1. Diagrams contributing to the irreducible self-eneXy sed in the c);lculation of tE@ matrix excludes all theﬁn-

The double lines may represent either an IPM or a dressed propg- di h f h del . hich
gator. The wavy lines correspond @matrix interactions. The first termediate states that are part of the mode! space, In whic

term is the Brueckner-Hartree-Fock potential while the others repthe LRC are explicitly computed18]. This double-

resent the P1h/2hip or higher contributions that are approxi- Partitioning procedure avoids double counting of the
mated through the Faddeev TDA/RPA equations. ladder-diagram contributions to the self-energy. The self-
energy contribution of Eq4) is needed in order to generate
the correct SP energies for the main shells. Nevertheless, it
ga,s(w)zgg,g(w)JrE 90, (@)3*(@)gss(@), (20 should be noted that Eq4) is expressed in terms of the
e self-consistent solutioy,;(w). If instead an IPM input is
used, the approximated Hartree-Fock contribution may not
where the irreducible self-energy; s(») acts as an effective pe sufficient to put the main hole and particle fragments at
energy-dependent potential. The latter can be expanded intfe right place in energy. Rather, a self-consistent solution of
Feynman-Dyson serie({)QS,Zq in terms of either the mean- e BHF equations should be employed to evaluate(&x.
field IPM propagatog,, 5(w) or even the exact propagator For example, in Ref[17), this is done by solving the BHF
9ap(w), which itself is a solution of Eq(2). In general, equations in advance. Then, the set of precomputed SP ener-
37s(w) can be represented as the sum of a one-bodyies was used in the rest of the calculations. Also, one must
Hartree-Fock potential and terms that describe the couplingote that a relevant contribution to the spin-orbit splitting
between the SP motion and more complex excitat{@. between the b, and Ips; shells comes from relativistic

This separation is depicted by the diagrams of Fig. 1. INytectg or three-body forcd81,32. These contributions are
particular, the latter contributions can be expressed in terMSot considered here

'?rfea trr:)reae'g?iir:r:)iiﬂcl'eb;ihgo%arg;t%?t m?ggrﬁi?;gei In the present work, this issue was solved by adding an
propag P P ) auxiliary one-body term to the BHF self-energ®). This

is at the level ofR(w) that the correlations involving inter- . . . .
actions between different collective modes need to be inpotennal was chosen to be diagonal in t_he model space basis
cluded and it was used to shift the SP energies for the fragments

The spectroscopic factoi, for the removal of a nucleon C'°$e to thg Fgrmi energy. These correction; were needed
from the A particle system, while leaving the residual during the first iterations, when 'ghe IPM starting point was
nucleus in itskth excited state, is obtained from the spectro-used' and the parameters were fitted to reproduce the correct

scopic amplitudesi';. The latter are normalized by missing energies for the knpckouF and the addition of a pro-
ton. Once self-consistency is achieved, the BHF term of Eq.

55 () (4) generates correctly the contribution to the SP energies

ol @ . . . . .

ZKZZ |y';|2:1+2 (yI;)* B ylé_ 3) that come from two bpdy mtergcnons. Accordingly, in our
a apB Jw - calculation the corrections applied to teeandd shells be-

(J.J:Sk

came negligibly small after a few iterations. Tipeshells

. . . continue to require an adjustment of 2.7 MeV fqr;% and
This result follows directly from the Dyson equati®). The 0.7 MeV for 1ps,, respectively. This is quantitatively in

Ziqrgm&z?:;r& .a;_)ral(laespzzgntto ctgliucl)gt? Oﬁzrt\ﬁ: eSppeeCr:%Jr“:':]:ggggreement with the_ need for a contribution from three-body
within a finite set of harmonic oscillator states, representinJorces as obtained dejSl-].

the closed shells that are most relevant for low-lying excita- The BHF contribution4) is also f?'e"a!’“ for the normal-
tions. As a consequence of the truncation of the model spadgation of the spectral strengths, since it contributes to the
a BruecknerG matrix was employed in evaluating the dia- derivative of the self-energy in Eq3). In Ref.[17], it was
grams of Fig. 1. The calculation of the Hartree-Fock termshown that this accounts for a proper treatment of the deple-

and the approximation of theph/2h1p propagator are dis- tion induced by SRTC at least for the normally occupied
cussed in the following. shells in the IPM. In the present work, the energy depen-

dence of the BHF contribution was taken into account both

in solving the Dyson equation and in the normalization of the
A. Brueckner-Hartree-Fock self-energy spectral amplitudes.

The first diagram on the right-hand side of Fig. 1 repre-
sents the Brueckner-Hartree-Fod@HF) contribution to the
self-energy. This is given analytically by B. Faddeev approach to the self-energy
4o’ In order to compute the last diagrams of Fig. 1, we first
® . e o .
SBHF = j G, tw N, (4 pon5|der the poI_anzanry propagator describing excited states
ap (©) % 2w ropl@t@Gs(e), (@) in the system withA particles
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FIG. 2. Faddeev vertex for the coupling opg excitation to a
hole line. Here AT~ and AI'S represent the forward- and
backward-going part of thpp DRPA propagator.

and the two-particle propagator relevant for the:2 exci-
tations
A A+2 A+2| AT AT A

(WolCxCal¥n ")(Wn 7|C,Co¥o) of the vertexI'(w) terms and as a consequence both the
w—(En"2—EQ)+in forward- and backward-going parts of the collective RPA
(\PA|CTCT|\PA’2><\IIA’2|C c |\I’A> excitations should be included in these terms. Figure 2 shows
Y 0lFy>sl Tk k 1"pral 707 an example of the diagrammatic expansion of the vertex cor-
X w—(ES—ER %) —iny responding to attaching a hole line tgpa(hh) phonon. By

©) summing over all the Faddeev compone@ad subtracting

G% (w) to avoid double countingone finally obtains the

In their Lehmann representations, these quantities contain afiP1h propagator
the relevant information regardingh andpp(hh) collective

g'a'ﬁ,ya(w) = ;

excitations. The approach of R¢R6] consists in computing (2p1h) _ (i) 1

these quantities by solving th@h-TDA/RPA and the R““vam(w)_i;;‘z,g R, apy( @) Z[G pnap @)
pp-TDA/RPA equationg 33], respectively. In the most gen- .

eral case of a fragmented input propagator, the corresponding =G napy(@)], 9

dressed RPA/TDA(DRPA/DTDA) equations[34,35 are

solved. Then, the propagatds and(6) have to be coupled from which the self-energy can be easily derived. The above

to the SP motion to obtain the corresponding approximatiorgonsideration apply to thehidp propagation as well, for

for the forward- and backward-goirR(w) propagators. This which a set of equations analogous to E@$. (8), and(9) is

is achieved by solving two separate sets of Faddeev equ&mployed.

tions for the 21h and the h1p propagation, respectively. ~ The actual application of the Faddeev formalism to
Taking the D1h case as an example, one can define thre@plh/2h1lp propagation involves a certain number of com-

different componentR(w) (i=1,2,3) that differ from plications. These require a slight redefinition of the compo-

each other by the last interaction that appears in their diarentsR®(w) introduced above and a rearrangement of Eg.

grammatic expansion. These components are solutions of tHé). Eventually, one is left with an eigenvalue problem that

Faddeev equation86,37] can be projected on a Hilbert space that spans only the cor-

rect physical solutions. The details of these issues have al-

0 1 e 0> ready been presented in RE26] and will not be discussed
R, apy(®) = E[G wnapr(@) 7Gx apy(@)] any further in this paper. The important thing to note here is
, that this formalism allows the inclusion of the effectspdi
+Goj,m,,uv'x'(w)r(ylf)ﬂw,u"u"v(“’) andpp(hh) motion not only at the TDA level but also at the
) ) more collective RPA level. These excitations are coupled to
X[R/L”v")\”,aﬁy(w)+R,u”v")\”,aﬁy(w)]v each other by the Faddeev equations, generating diagrams

@) similar to the one shown in Fig. 3. This also assures that
Pauli correlations are properly taken into account at the
in which repeated indices are summed over aing,K) are  2plh/2hlp level. In addition, one can employ dressed SP
cyclic permutations of (1,2,3). In Eq7), G°”(w) is the  propagators in these equations to generate a self-consistent
forward-going part of the @1h propagator for three non- solution.
interacting lines. Using the notation introduced in EL, we

have C. Application to %0 and iterative procedure
(A2 kyx g2k In the calculations described below, the Dyson equation
G, wp (@)= E pv o a BTV (8)  Wwas solved within a model space consisting of harmonic os-
prary ng.np.k w—(s§l+ sﬁz—s[)ﬂ i cillator SP states. An oscillator parameter 1.76 fm was

_ chosen and all the first four major shelfsom 1s to 2p1f)
The Faddeev verticeB")(w) contain the couplings of ph  plus the Iy, where included. Inside this model space, the
or pp(hh) collective excitation and a freely propagating line. interaction used was a Brueckr@matrix [21] derived from
A well known characteristic of the Faddeev formalism is thatthe Bonn-C potentidl39]. The results of Refd40,41], sug-
it introduces spurious solutions in addition to the correctgest that this model space is large enough to properly ac-
eigenstates of the Schiimger equatioi38]. In Ref.[26] it  count for the low-energy collective states that we are mainly
was shown that this issue imposes constraints on the choiéeterested in, the SRTC being accounted for through the
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strength. The resulting dressed propagator still contains all
the relevant low-energy fragmentation and at the same time
it has a number of poles small enough to be used as input in
another Faddeev DRPA calculation.

For too attractive interactions, the RPA approach can give
rise to instabilities. This situation is particularly critical for
the isoscalar ® channe[24]. In performing our calculations
with a dressed propagator, tiph DRPA equations gave an
unstable solution for the first Dexcited state of-°0. Natu-
rally, the instability of the lowesph 0" state tends to dis-
appear when a more negative starting energy is chosen for
the G matrix since such a choice reduces the attraction in this
channel. Since the first'Ostate is of particular importance,
we decided not to discard it but to compute it in a regime
were the instability disappears, adopting the following pre-
scription. A stable solution for the spectroscopic amplitudes
of this state was obtained by solving th DPRA equations
with a G matrix at a starting energy of110 MeV. The

FIG. 3. Example of diagrams that are summed to all orders byenergy of the state was then kept fixed at the experimental
means of the Faddeev equations. energy of 6.05 MeV. The solution obtained, was then substi-

tuted for the unstable one. All the remaining Gevels were
G-matrix effective interaction. These calculations also showproperly computed with & matrix at—25 MeV.
that screening effects, such as those included by dressing the Obviously, such a prescription is somewhat artificial and
SP propagator, improve the convergence of results with reshould be avoided in future calculations. When improved
spect to the dimension of the model space. The Bonn-C pddhonons are considered, the RPA equations tend to yield
tential does not include any charge independence breakirgfable results and allow for more attractive interactigty.
term and the Coulomb interaction between protons was ndsuch improvement of the phonon calculation will therefore
taken into account. Therefore the same results were obtainediminate the need for this artificial step. This will be the
for both neutron and proton spectral functions. As mentionedopic of future work[43].
above the energy dependence of Bematrix was com-
pletely taken into account in the evaluation of the BHF part lll. RESULTS FOR THE ONE-HOLE SPECTRAL
of the self-energy and in computing the normalization of FUNCTION
spectral amplitudes. For the solution of the Faddeev equa-
tions aG matrix evaluated at a fixed starting energy was
employed. In this case a value 25 MeV has been chosen By using an IPM ansatz as input propagator, the Faddeev
as a suitable average of the most importahtl@ states equations have been applied to obtain the self-energy®f
which are of interest here. in both TDA and RPA approximations. The resulting self-

By using an IPM propagator as input Green’s function,energy was then used in the Dyson equaf®rto obtain the
the BHF term(4) was computed and the Faddeev equationsSP spectral functions for the removahe-holg and addition
were solved to obtain the irreducible self-energy of Fig. 1.(one-particl¢ of a nucleon. The values of the spectroscopic
From the solution of Eq(2) the SP spectral functions were factors for the main particle and hole shells close to the
obtained. The solution to the Dyson equati@ contains a Fermi energy are reported in Table I. The hole strengths
large number of fragments, most of which are quite small. Agiven by TDA are 0.775 fop4,, and 0.766 fomps,, in close
fully self-consistent solution requires a method in which theagreement with the results of R¢L7] (to which the present
SP strength is binned over a large energy donjaff]. The  TDA calculation is equivalent The introduction of RPA cor-
number of poles and the resultingg2h and Zh1p are then relations reduces these values and brings them down to 0.745
too numerous for a practical solution of the Faddeev equaand 0.725, respectively. This result reduces the discrepancy
tions. To obtain some insight into the effects of self- with the experiment by about 4% and shows that collectivity
consistency we have chosen the following procedure to adeyond the TDA level is relevant to explain the quenching of
count for the fragmentation. For SP levels far from the Fermispectroscopic factors. Since the present formalism does not
energy, we have kept two poles above and below the Fern@ccount for center-of-mass effects, the above quantities need
energy, except for thé and g shells for which only one to be increased by about 7% before they are compared with
effective hole pole was kept. For the levels near the Fermihe experimen{15,16. It should be noted that the present
energy, the quasiparticlgole) fragment was kept, including RPA results describing theh and pp(hh) spectrum suffer
its location and strength. When two effective poles on ondrom the usual problems associated with RPA. One such fea-
side of the Fermi energy were included, the fragment closedtrre, as already noted above for tha 07 state, is the ap-
to the Fermi energy was kept with its strength and the rest opearance of at most one collective state for a givén
the strength was collected at a location determined by weighawhereas many low-lying isoscalar natural parity states are
ing the remaining fragment energies with the corresponding@bserved experimentally. This feature implies that especially

A. Effects of RPA correlations
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TABLE |. Spectroscopic factors fot%0 as computed in both TABLE Il. Occupation and depletion numbers for the most rel-
TDA and RPA schemes using an IPM input. Listed are the strengthevant shells of*0 as computed in both TDA and RPA schemes
of the main(particle or hol¢ fragments for the five levels close to using an IPM input. All the results are given as a fraction of the
the Fermi energy. All values are given as a fraction of the correcorresponding IPM value. Also shown is the result for the total

sponding IPM value. number of nucleons obtained by summing over all the hole frag-
ments.
Shell TDA RPA
TDA RPA
dyrz 0.866 0.838 Shell Particle Hole Particle Hole
Sy 0.882 0.842
dsy 0.894 0.875 2py 0.983 0.014 0.980 0.017
P12 0.775 0.745 2p3p 0.980 0.016 0.978 0.018
P32 0.766 0.725 1dgp, 0.958 0.038 0.945 0.051
2sy, 0.954 0.039 0.916 0.074
_ o 1dgp, 0.961 0.035 0.946 0.049
the ph spectrum does not provide a very good description of 1, 0.102 0.828 0.128 0.804
f[he experimental data. One_z may therefore hope that further 1ps;, 0.076 0.856 0.107 0.828
improvements of the descr!ptlon of the RPA phonons them- S11p 0.044 0.888 0.057 0.876
selves will close the gap with the experimental data further
Together with the main fragments, the Dyson equation Total occ. 14.95 15.06

produces also a large number of solutions with small spec

troscopic factors. For the one-hole spectral fu.nction, thisIhe RPA approach generates two hole peaks with angular
strength extends down to abowt130 MeV: This back- momentads;, ands,, at small missing energy. These peaks

ground partly represents the strength that is removed fror’glre found separated from the rest of strength-46.6 and
the main peaks and shifted up to medium missing energies. )

) —15.8 MeV, respectively, which differ from the experimental
The energy dependence of tBematrix accounts for another .
10% effect in pushing the strength of the mostly OCClJloiedvalue by about 2 MeV. The theory also predicts a spectro-
copic factor of 0.1% fods;, which is smaller than the ex-

shells to high energies in the particle domain. We note tha?erimental value of 1.9%. This represents an improvement
the location of this strength cannot be explicitly calculated inP A P P

the present approach but corresponds to very large energi&véth respect to the TDA, where SUCh a fragment 'S not re-
[1]. The occupation number coming from both the back_produced at all. The agreement is better with $g frag-

: 1 i 0, I -
ground contribution at negative energies, as well as the mai ent for which the theory predicts 3.0% and the experimen

: 0 :
hole fragments is displayed in Table Il for the most important al vglue Is 1.8%. Al energies below-20 Me\(, the
shells. Summing these numbers together with the occupatio‘fﬁxPe.”memabl’2 strength is distributed almost contln_uously

of the main peaks and weighing them by a factor of p(2 and increases as the energy approaches the region corre-

+1), one gets a total number of particles equal to about 1 ponding to _gi_ant resonances. In the present calculation,
nucleons. This violation of particle number is a consequenc ased on a finite number of discrete states, the theory pre-

of the energy dependence of tiB& matrix. The remaining s;)‘:etit?o;?gp:incegizfgnthzver fewer isolated peaks with higher

strength is then accounted for by the presence of high-
momentum components due to SRTC not explicitly calcu- _
lated in the present scheme. The present result therefore also B. Effects of fragmentation
gives an estimate of the number of these high-momentum The RPA results were iterated a few times, with the aim of
particles that are shifted to even higher energiesre nega-  studying the effects of fragmentation on the RPA phonons
tive). These high-momentum components are included in thend, subsequently, on the spectral strength. This was done by
results of Refs[12,42 and their strength corresponds to the employing the prescription for representing the strength dis-
number of missing nucleons in the present calculation. Theribution with effective poles that is described in Sec. Il C.
effects of SRTC on the reduction of quasihole spectroscopiThe negative parity hole spectral function resulting from the
factors are properly included, through the energy dependenaaird iteration is shown in the lower panel of Fig. 4. The
of the G matrix interaction. main difference between these results and the one obtained
Figure 4 displays the TDA and RPA one-hole spectralby using an IPM input is the appearance of a second smaller
function for thep,,, and ps, states. In this figure the theo- p,, fragment at—26.3 MeV. This peak rises in the first two
retical spectral function is binned in order to make a com-terations and appears to become stable in the last one, with
parison with the experimental results. These results demora spectroscopic factor of 2.6%. This can be interpreted as a
strate that neither of the two approaches explains th@eak that describes the fragments seen experimentally at
breaking of the maips, peak when an input IPM propaga- slightly lower energy. This is the first time that such a frag-
tor is used. The main difference between the two results argent is obtained in calculations of the spectral strength. Fur-
the 4% smaller peaks obtained in the RPA approach. Theher insight into the appearance of this strength is discussed
results for positive parity shells are shown in Fig. 5. Thein Sec. Il C.
solid bars refer to results for orbital angular momentum A second effect of including fragmentation in the con-
=2 and the open bars te=0, respectively. We observe that struction of the RPA phonons is to increase the strength of
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FIG. 4. One-proton removal strength as a function of the hole FIG. 5. One-proton removal strength as a function of the hole
SP energye, =Ef—Ef ! for %0 and angular momentuin=1.  SP energys, =E5—E; ' for %0 and positive parity final states.
The experimental values are taken from H@&f]. The theoretical The solid bars correspond to results for orbital angular momentum
results have been calculated in both TDA and RPA approximation=2, while the thick lines refer td=0. The experimental values
with an IPM model input. The bottom panel includes the results ofare taken from Refl10]. The theoretical results have been calcu-
iterating the fragmentation pattern through the construction oflated in both TDA and RPA approximation with an IPM model
DRPA phonons. input. The bottom panel includes the effect of fragmentation on the

construction of the DRPA phonons after three iterations.

the main hole peaks. The spectroscopic factors for the pain

peaks, as obtained from different iterations, are reported ifieature has also been observed in other self-consistent calcu-
Table lll. Thep,, strength increases from the 0.745 obtainedlations of the SP spectral strength, for example in nuclear
with IPM input to 0.774, essentially cancelling the improve- matter [44]. Obviously, this makes the disagreement with
ment gained by the introduction of RPA correlations over theexperiments a little worse and additional work is needed to
TDA ones. The main peak of thes, remains at 0.722 but resolve the disagreement with the data. Nevertheless it is
the appearance of the secondary fragment slightly increasetear that fragmentation is a relevant feature of nuclear sys-
the overall strength at low energy also. This behavior can béems and that it has to be properly taken into account. It is
understood by realizing that with an IPM input most of thealso worth noting that already after a few iterations, all the
phonons are somewhat more collective than the ones olmain quantities of Table Ill tend to stabilize and sustain
tained from employing dressed propagators with the excepthemselves in a self-consistent way.

tion of the special case of theh 0". As a result, one can Table 11l also shows the total number of particles obtained
expect a reduced effect of RPA correlations when fragmenat each iteration(derived by summing over the hole
tation is included in the construction of the phonons. Thisstrength. This result corresponds to about 14.6 nucleons
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TABLE llI. Hole spectroscopic factorsZ(,) for knockout of a  Presumably, a more complete representation of the strength

I=1 proton from %0 and occupation numbers() for different  in the input propagator would further improve the=0
angular momenta of the nucleon. These results refer to the firs{trength distribution.

three iterations of the DRPA equations. All the values are given as a

fraction of the corresponding IPM value and in the cask=0d and

|=1 are summed over the principal h.o. quantum numbers belong- C. Role of 0" and 3~ excited states in%0

ing to the model spacé.e., s;5, stands for the sum ofs},, and

2s,p, similary for py, andpgy). Also included is the total number A deeper insight into the mechanisms that generate the
of nucleons for each iteration. fragmentation pattern can be gained by looking directly at
the connection between the spectral function and some spe-

Shell Lstitr. 2nd itr 3rd itr. cific collective states. To clarify this point we repeated the
Zy., 0.775 0.777 0.774 third iteration using exactly the same input but without re-
placing the unstablgh 0" state, which was instead dis-
Zy., 0.725 0.727 0.722 carded. The resulting hole spectral function is shown in the
0.015 0.027 0.026 upper panel of Fig. 6. In this calculation no breaking of the
P, peak is obtained. Instead a single peak is found with a
Ny, 0.025 0.025 0.026 spectroscopic factor equal to 0.75 which corresponds to the
Mg, 0.020 0.021 0.021 sum of the two fragments that are obtained when thestte
Mo 0.850 0.848 0.848 is taken into account. This result can be interpreted by con-
Moy 0.870 0.871 0.870 sidering theps, fragments as a hole on the ground state and
N1 0.911 0.914 0.916 on the first excited 0 state of the'®O core, respectively. If

Total occ. 14.56 14.57 14.58 the latter two levels are close enough to each other in the
calculation, a mixing between the two configurations can oc-
o o ) cur and a second smaller fragment is generated. When the
when fragmentation is included. This gives an estimate fopycited 0" state is removed from the calculation or, as in the

theo overall occupancy of high momentum states of aboufpa approach, is found far above the experimental energy,
10%, in agreement with direct calculations of SRI2,43. 6 calculation can reproduce only one single peak. Obvi-
We observe that this estimate is different from the results f%usly it is understood from the dressed results of Fig. 4 that

the IPM input quoted in Table Il. We associate this dlf“ferencefurther improvements have to be made in other to describe

with the energy dependence of tH@ matrix which is eproperly the strength and the missing energy of the smaller

sampled differently in both cases. In the IPM calculation th raaments. A candidate to consider in this improvement is th
lowest three shells are included at the harmonic oscillatoF 9 ) S Improvementis the

level. Upon iteration, which involves the changing BHF con-0!€ ©f the first 2 state in 'O, which can also couple to
tribution, the admixture of the otherandp shells is included ~9€N€ratepsy; hole fragments but that was not included here
and will generate a slightly different effect related to the SINC€ it cannot be obtained by the presphtDRPA calcu-
energy dependence of th® matrix since different matrix lation, at least not at low enough energy.
elements are sampled in each case. We note here that for this The other two low-lying states of®0 that may be of
reason there is also a distinct difference between the quassome relevance are the isoscalardnd 3". These excitation
particle and quasihole strengths near the Fermi energy ade reproduced reasonably well by RPA type calculations
shown in Table | of about 10%. This same difference appeark24] but are typically found at higher energies than the ex-
in the summed strengths appearing in Table Il. In both casegerimental ones. In the present case the third iteration gives
there appears more strength in the particle domain than 8.4 and 10.8 MeV for 3 and 1", respectively, which is
appropriate for the effect of SRTC. In the present approaclabout 3 MeV above the experimental results. This points to a
we cannot treat this effect for particle shells properly sinceneed for a more attractive-matrix interaction. We mention
the G matrix of Ref.[21] is constructed only for negative here that the presef® matrix is calculated without any bind-
energy. The derivative of the energy dependence ofGhe ing correction of the SP energies for particle states which
matrix at energies relevant for particle states will thereforecould have some influence on the strength of the effective
not reflect the true depletion due to SRTC. For this reason thiteraction. The lower panels of Fig. 6 show the results for
summed strength for the particle states is close to 1 in Tablthe even parity spectral functions that are obtained if the 3
Il. alone or both 3 and 1" are shifted down to their experi-
The results of the third iteration are also given in Fig. 5mental values. In this case,d, hole peak is obtained at
for the relevant positive parity spectral functions. We notelow missing energy. This result is also quantitatively more
that thes;;, and ds;, hole fragments at-15 MeV are no satisfactory than what was obtained in the RPA calculation
longer generated by these iterated calculations. Also, as lzased on the IPM, since in this case it is found—it7.7
consequence of dressing the input propagator, more poles aMeV (in agreement with experimgnand with a spectro-
produced as solutions of the Dyson equati@n This allows  scopic strength of 0.5%. It is interesting to note that the
for a better distribution of the;;, strength at medium miss- shifting of the 3™ collective state does not produce any other
ing energies. Similar results have been obtained in the selfioticeable change in the theoretical spectral function. The
consistent second-order calculation f#fiCa in Ref.[22]. same applies if also the lis shifted.

064313-8



FADDEEV TREATMENT OF LONG-RANCE . .. PHYSICAL REVIEW C 65 064313

3.5¢ extension in which the coherence of thp2h states is in-
3— 3rd itr. - Faddeev RPA cluded in the fqrm of the presence of two phonon excita'tions.
25F . N Such contributions arise naturally when the response is cal-
Tw‘x oF without 0 culated by using the Baym-Kadanoff construction of the ir-
~a  1sE reducibleph interaction which is based on a self-consistent
2] iB treatment of the self-energy5].
05F
ot e L L L IV. CONCLUSIONS
-40 -35 -30 -25 -20 -15 -10
) In the present paper the Faddeev technique has been ap-
€ (MeV) plied to study &1p correlations at small missing energies
for the nucleus of'®0. The application of the Faddeev
method allows for the first time the treatment of the coupling
of ph and hh collective modes within an RPA framework
035¢ and to all orders in the nucleon self-energy. The resulting
0.3F ) spectral function shows better agreement with experimental
0.25F 3rd itr. - Faddeev RPA data than all previous calculations. Additional encouraging
’.‘} 0.2F with only 3" shifted results are obtained in the form low-lying positive parity
—  015F fragments.
7)) 01E These results were extended by recalculating the RPA
g phonons using the so-obtained fragmented SP propagator.
0.05 . . . L
B . e = . . The inclusion of this fragmentation in the phonons leads to
ogé_ -35 -30 -25 20 -15 -10 f[he appearance 'of an additiorpg,z fragment at low energy
0250 3rd itr. - Faddeev RPA in agreement Wlltljl experiment. Other features, such as the
s, E s L. presence of positive parity 5/2 and 1/2 holes—t7 MeV,
Wweo 02F with &7 And 1" ahified cannot be obtained when the present calculations are iterated.
s 015F We have further identified the important role played by
»  01E the low-lying ph states of'®0. The low-lying 0" appears to
0.05E be at least partially responsible for the splitting of g,
oF b 1 | L L . . ! strength at low energy, whereas the low-lying 8tate plays
-40 -35 -30 -25 -20 -15 -10 a decisive role in the presencea, strength at low energy.
&, (MeV) The results of the present calculations are therefore very sen-

sitive to the quality of the RPADRPA) description of theph
FIG. 6. One-proton removal strength resulting from repeatingspectrum. It is well known that this description is as yet
the third iteration with a modifieph propagator. The upper panel unsatisfactory but key ingredients for further improvements
refers to the results for=1 when the lowest 0 state of 20 is can be identified through the Baym-Kadanoff procedure
excluded. The lower panels give the=0 (thick curvg andI=2  pased on self-consistent propagators. We therefore conclude
(solid baj results obtained when the3alone or both the 3 and  hat the present results show that further improvement in the
1~ states are shifted to their experimental energies. understanding of the low-energy fragmentation can be
gained. To do this, the employed approximations need to
correctly reproduce all the lowesth collective modes. We
therefore propose to first improve the quality of the RPA
It appears therefore that the main impediment for furthemhonons before engaging in a fully self-consistent evaluation

improvements of the description of the experimental data if the one- and two-hole spectral functions 60 [43].
associated with the deficiencies of the REBMRPA) descrip-

tion of the excited states. One important problem is the ap-
pearance of at most one collective phonon for a giy&T
combination. Experimentally, several low-lying isoscaldr 0
and 2" excited states are observed at low energy%0 as Part of the calculations described in this paper were per-
well as additional 3 and 1" states. A possible way to pro- formed on the SGI Origin 2000 of the Center for Scientific
ceed would be to first concentrate on an improved descripParallel Computing of Washington University, St. Louis. One
tion of the collective phonons by extending the RPA to ex-of us(C.B.) would like to acknowledge the hospitality of the
plicitly include the coupling to two-particle—two-hole Institut fur Theoretische Physik at the University of io-
(2p2h) states. Such an extended RPA procedure has beayen, where this work was completed. This work was sup-
applied in heavier nuclei with considerable sucdekk41]. ported by the U.S. National Science Foundation under Grant
In order to be relevant for®0, this approach requires an No. PHY-9900713.
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