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We consider the proton and neutron quasiparticle orbits around the «bs#&Ni and“®Ca isotopes. It is
found that large model spaces (beyond the capability of shell-mogétafpons) are necessary for predicting
the quenching of spectroscopic factors. The particle-vibration couglidgntified as the principal mechanism.
Additional correlations—due to configuration with several particle-hotétations—are estimated using shell-
model calculations and generate an extra reduction whighdi% for most quasiparticle states. The theoretical
calculations nicely agree witle,€ p) and inverse kinematics knockout experiments. These results opam a n
path for a microscopic understanding of the shell-model.

PACS numbers: 21.10.Jx,21.10.Jx,21.60.De,21.60.Cs

Introduction— Single-particle states at the Fermi surface (SRC)—originating from the repulsion of the nuclear force at
of shell closures (oquasiparticles)play a crucial role in  short distances—have been investigated as a possible cause.
nuclear structure. Their strengths [thpectroscopic factors However, they explain only a small fraction of the observed
(SFs)] and energies are essential inputs in large-scale shereduction [12, 13], as confirmed by recent experiments at Jef
model (SM) calculations, which provide the most successferson Laboratory [14, 15]. Thus, one is left to understdned t
ful description of medium masss0d and Qol1f nuclei [1].  role long-range correlations (LRCjfects (see, for example,
Single-particle wave functions and SFs also enter the aucle Refs. [16, 17] and references therein).
matrix elements that describe nucleon capture and emigsion  Successfulab-initio calculations have been reported for
stellar burning processes [2]. light nuclei using the variational Monte Carlo method [18].

The need for understanding quasiparticles has becomor larger masses, self-consistent (SC) Green’s function
more compelling in recent years due to the realization thatGF) theory [16, 19] gave encouraging results f8€a and
their energies evolve, with changing proton or neutron num®°Zr [20]. However, these early calculations focused only on
ber, due to the nuclear tensor force [3, 4]. The quenchings adne particular type of correlations [either coupling totjzde-
absolute spectroscopic factors (SFs) have also been @loservhole (ph) or particle-particle and hole-hole phonons]. Re-
to change dramatically at the driplines [5, 6]. Thefiees cently, we have improved the SCGF method [21] to include
cause the breakdown of conventional magic numbers far fromsorrelations from the remaining collective modes, extende
the valley of stability and can give rise to new exotic modesit to large-scale no-core calculations tfNi, and based our
of excitation. In order to predict the properties of nuckie  studies on realistic nuclear forces [22, 23]. Applicatitos
limits of stability, it is imperative to derive robust moddbr  exotic isotopes of similar mass are also under way [24]. Thus
quasiparticle properties. Recently it has been suggebtad t we are now in the position of making accurate studies of
relative SFs among small quasiparticle fragments can be dethe dfects of correlations. In addition, the SCGF equations
scribed within the SM approach [7]. This Letter discusses th describe directly the interactions among quasiparticest
problem of theabsolute quenchingf SFs and shows that this which allows extracting single-particle orbits arfieetive in-
requires accounting for coupling to collective resonarares  teractions for the SM. This Letter applies these new capabil

large model spaces, beyond the capability of the SM. ties to study in detail quasiparticle state$iNi and*®Ca and
The reactions for transfer of a nucleorjftom the initial  to extract an ffective Hamiltonian for 61d and Qo1 f orbits
statel‘I’Q) depend on the overlap wave function [8, 9] in the SM. The SCGF results will then be compared to the SM
ones to investigate the role alf different types of correlations
yari(r) = ¥ OnIvE) (1) on the quenching of SF.

_ Formalism— The calculations were performed in a large
model space including of up to 10 major harmonic oscillator
shells. All details are reported in Ref. [23] and here we give
an overview of the points needed for the present discussion.
Spectroscopic factors were extracted from the one-body-pro
agator (spifisospin indices are omitted for simplicity) [19],

wherea can label either particle or hole states. SFs are iden
tified with the normalization integral af2*'(r) and give a
“measure” of what fraction of thiinal wave function|P/+1),

can be factorized into a (correlated) core plus an indep@nde
particle or hole. Strong deviations from the independent pa
ticle model (IPM)—that is, a Slater determinant with fully-oc
cupied orbits—signal substantial correlations and imply th ArLra N Ardres
onset of non trivial many-body dynamics. For stable nuclei, 9r.r':w) = Z (‘”n (r)) g ()

a large body of data has been accumulated fre [f) ex- o w— (EpMY-ER) +in

periments. These studies showed that proton absolute 8Fs fo A1) (w’“(r’))*

isotopes all across the nuclear chart anéformly quenched n Z k k _ @)
to 60-70% of the IPM value [10, 11]. Short-range correlasion w+ (EfT-EN) —in
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FIG. 1: (Color online)Left. One of the diagrams included in the correlated self-enetéy). Arrows up (down) refer to quasiparticle
(quasihole) states, thE®"Y propagators include collective ph and charge-exchange resanaame theg'" include pairing between two
particles or two holes. The FRPA method sums analogous diagrams, Wyitiuarbers of phonons, to all orders [21, 26Right. Single-
particle spectral distribution for neutrons i#Ni, obtained from FRPA. Energies above (below) &e for transitions to excited states of
57Ni (58Ni). The quasiparticle states close to the Fermi surface are clearly vibitdgrating over [Eq. (4)] gives the SFs reported in Tab. I.

where the residues are the overlap amplitudes (1) and thghysics is described B(w). Then, the derivative aEMF (w)

poles give the experimental energy transfer for nucleokugic
(knockout) to the excited states of the systems wit1 AA-1)
particles. The propagator (2) is obtained by solving theddys
equation §(w) = g%w) + gOw) =*(w) g(w)], where

accounts for the coupling to states outside the model space
and estimates theffects of SRC alone [34].

In general, the SC self-energy (3) is a functional of the one-
body propagator itseli* = *[g]. Hence the FRPA equa-

g9(w) propagates a free nucleon. The information on nucleations for the self-energy and the Dyson equation have to be

structure is included in the irreducible self-energy, vbhicas
split into two contributions:
2, w) = EMR(r 1 w) + 20, w)

®)

The termzMF (w) includesboth the nuclear mean field (MF)
and diagrams describing two-particle scattering outside t

model space, generated using a G-matrix resummation [25].
As a consequence, it acquires an energy dependence whic
is induced by SRC among nucleons [23]. The second term

$(w), includes the LRC. In the present woik(w) is calcu-
lated in the so-called Faddeev random phase approximati
(FRPA) of Refs. [21, 26]. This includes diagrams for pagticl
vibration coupling at all orders and with all possible vitiwa
modes, see Fig. 1, as well as low-energy 2@hkhp configu-
rations. Particle-vibration couplings play an importasierin
compressing the single-particle spectrum at the Fermiggner

to its experimental density. However, a complete configura

tion mixing of states around the Fermi surface is still nmgsi
and would require SM calculations.

Each spectroscopic amplitugé*'(r) appearing in Eq. (2)
has to be normalized to its respective SF as

. 1
2= [owor- —5g @

0w lw=2(EA1-ER)

whereX? (w) =< Yol2*(w)l¥, > is the matrix element of
the self-energy calculated for the overlap function itdmelf

normalized to unityfdr 1o (r)I2 = 1). By inserting Eq. (3)
into (4), one distinguishes two contributions to the quémgh
of SFs. For model spacesfBaiently large, all low-energy

o

solved iteratively. The mean-field pa&MF[g], was calcu-
lated exactly in terms of the fully fragmented propagatqr (2
For the FRPA, this procedure was simplified by employing the
¥[g'PM] obtained in terms of a MF-like propagator

(¢n(r))” én(r’) Pi(r) (#i(r'))
w—&eMP +ip " Z w—eMP —in’
n keF k n
)
with
a limited number of poles. Eq. (5) defines a set of undressed
single-particle states that can be taken as a basis for SM ap-

gIPM(r’ r/;w) —
n¢F

wr}]ich is updateat each iteratiorto approximate Eq. (2)

&ications. This feature will be used below to estimate the i
portance of configuration mixingfects on the quenching of
spectroscopic factors. The present calculations empltyed
N3LO interaction from chiral perturbation theory [27] with
modification of the tensor monopoles to correct for missing
three-nucleon interactions [28].

" Results— The calculated single-particle spectral function
[Sseni(r, w) = }rlg(r =r’; w)|?] is shown in Fig. 1 for the case

of neutron transfer of®Ni. This picture puts in evidence the
guasiparticle and quasihole states associated with \@lenc
bits in the 1f shell. The corresponding SFs are reported
in Tab. I, including both protons and neutrons. The first col-
umn is obtained by including only the derivative D" (w)
when calculating Eq. (4). Since N3LO is rather soft com-
pared to other realistic interactions thi@eet of SRC is rela-
tively small. From other models one could expect a quenching
up to about 10% [16], as confirmed by recent electron scatter-
ing experiments [14, 15, 29]. Thisfterence would notféect
sensibly the conclusions below. The complete FRPA result fo
SFs s given in the second column. For the transition between



the>Ni and>’Ni ground states, our result agrees with knock- 10 osc. shells Exp. [30] [Of space

out reactions with fast beams within the given error bar [30] FRPA full FRPA FRPA SM AZ,

Note that®®Ni is close to the stability line, where the analysis (SRC) FRPA +AZ,

of these reactions has been tested against electron sugtter N

results. The remaining orbits have similar quenchings aad a '

in line with results expected for stable nuclei [10]. Thissis vipyz 096 063 0.6 0.790.77 -0.02

that the dominant mechanism in reducing the spec’croscopiEOf‘r’/2 0.95 059 0.5 0.79 0.75 -0.04

strength is to be looked for in LRC involving configurations :5 p:”j/z 0.95 065 062 058(11) 0.82 079 -0.03

among several shells around the Fermi surface. NI:
We now turn to the question of what are the relevant low-

energy degrees of freedom and the importance of config;

v0fz, 095 0.72 0.69 0.89 0.86 -0.03

urations with multiple ph excitations. Excitations beyond Cu:
2plh and 2h1p are partially included by the SC-FRPA, from™Py2 096 066 0.62 0.80 0.76 -0.04
which one can expect an accurate description of quasiparti’-TOff?/2 0.96 0.60 0.58 0.80 0.78 -0.02
cles around shell closures. This was checked by comparing51p3/2 0.96 067 0.65 0.81 0.79 -0.02
SC-FRPA and large-scale SM calculations in tp@fL shell. Co:
The basis and the interaction were constructed using the “urv0fz2  0.95 073 0.71 089 0.87 -0.02

dressed” single-particle orbits,(r), defined by Eq. (5), and
the same G-matrix interaction used in the full-space FRPAIABLE I: spectroscopic factors (given as a fraction of the IPM) for
calculations. Shell-model calculations used the ANTOINEvalence orbits aroun¥Ni. For the SC-FRPA calculation in the large
code [1, 31] and included up to 6p6h excitations for theés®  harmonic oscillator space, the values shown are obtained by includ-
systems and up to 8p8h for%5. The resulting SFs are ingonly SRC, SRC and LRC from particle-vibration couplings (full
shown in the last three columns of Tab. I. As an example, th&RPA), and by SRC, particle-vibration couplings and extra corre-
quenching for theps,» ground state oFNi, is predicted to be lations due to configuration mixing (FRRAZ,). The last three

. . columns give the results of SC-FRPA and SM in the restricig@f 1
0.82 by FRPA and 0.79 by the SM. Comparing with the full- model space. ThaZ, are the diferences between the last two re-

Space re_sult of 0.65, one infers that about half (_)f the quenchyits and are taken as corrections for the SM correlations that are not
ing is driven by degrees of freedom from outside thg®flL  already included in the FRPA formalism.

space. In particular, giant resonances originating frdio 1
and Ziw excitations carry enough collectivity to influence the
quenching of orbits close to the Fermi surface. THEedénce are suppressed even more than for ¥i¢i case. Note that
between SM and FRPA in thepQf space inZ,=0.79-0.82-  thev0fs, quasiparticle irf°Ca splits in two main fragments
0.03, which is smaller than the typical model dependence obut their total strength remains unchanged. Experimeriial S
SFs extracted from experiments. One can treatAigs as  for the ground ¥0ps,2) and first excited«0p,,2) states, have
small perturbations and add them to the full-space FRPA rebeen extracted from a combined analysis aip) and ,y)
sults, leading to our final predictions for absolute SFsdthi reactions [32].
column of Tab. ). Relative SFs with respect the other states Proton-hole states iffK are a case in which SM correla-
in 5’Ni have been studied by re-analyzing the wortfpj tions start becoming important. The FRPA in ggp f space
data [7]. These results agree with the SM and, hence, witdescribes about a half of the quenching of ttig,© orbits
FRPA ones (see Tab. I). However, the model dependence df the full space. The SM calculations induce a further re-
this analysis appears too large to constrain absolute safie duction of ~8%. Adding this estimate brings thel{), SF
SFs. to 0.59, in agreement within the experimentak(p) value
Table Il reports the results of the same analysis*f@a.  of 0.56(5) [11]. Shell-model correlations are even more-sub
Also in this case, degrees of freedom from outside the firsstantial for the %;,, fragments: here thed;pf space is sfii-
10 oscillator shells have a smalftect, of 3-6%, on the abso- cient to reproduce almost all of the quenching obtainedén th
lute SFs. The SC-FRPA coupling to collective modes reducekargest space. Configurations not included in the FRPA are
these to about 80% of the IPM, and even lower for protonalso more important and induce a further reduction of up to
holes to*’K. The SM calculations employed the “undressed” 16% for the ground state 6fK. The total predicted strength
single-particle orbits (5) generated by the large space SQsfthe two 1s;» peaks is 0.50, somewhat lower that teg/(p)
FRPA for this nucleus. We adopted a model space (which wilvalue of 0.61(5).
be namedsd;pf) consisting of the (%,2,0ds/2,1p3/2,017,2) Utsuno and collaborators have also calculated the spectral
orbits for protons and of (4 /2,1ps/2,0fs/2,0f7/2) for neutrons.  strength for proton removal froffCa and found that the spin-
This can be handled by present day computers with up torbit spitting between thedstates and the ordering of single-
10p10h configurations and includes the most important exciparticle energies are sensitive to the tensor force [33gs€h
tations across the Fermi surface. The SM results irsthp f calculations also show that the fragmentation patterffkn
model space do not give additional quenchings for the valencis well reproduced by the SM, as suggested in [7]. The ex-
orbits in the pOf shell. Hence, multiple ph configurations perimental strength is however lower by an overall factor of



10 osc. shells Exp. s&pf space
FRPA full FRPA FRPA SM AZ,
(SRC) FRPA +AZ,
“Ca:
v0fs, 0.97 0.10 0.16 0.19 0.25+0.06
vOfs* 097  0.69 0.62 0.77 0.70 -0.07
vlpy, 097 082 0.82 0.7 0.96 0.96 <0.01
vlps, 097 078 0.78 0.53(11) 0.94 0.940.01
4ica:
v0fz, 096 080 0.80 0.97 0.97<0.01
495
nlps, 095 052 0.48 0.74 0.70 -0.04
n0f7, 095 0.74 0.73 0.94 0.93 -0.01
47K:
n0ds, 0.94 0.67 0.59 0.56(4) 0.87 0.79 -0.08
nlsy,* 095 052 0.36 0.53(4) 0.64 0.48 -0.16
nlsy, 095 0.24 0.14 0.08(1) 0.34 0.23 -0.10

TABLE II: Same as Tab. | but fof’Ca. Thev0fs, particle @r1s,,
hole) fragments it°Ca (’K) with lowest excitation energy are in-
dicated by an asterisk. The experimental SFs*f@a are from
Ref. [32], those fof’K are form Ref. [11].
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