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A critical reading of the successful but hitherto poorly arstood Duflo Zuker mass models is
proposed. The analysis concentrates on their simplestaanyeter version. It is found that the
main interpretive problem rests on the need to introduceigerthree body interactions, detected
by the model and crucial to its success but treated incamglgt The necessary steps for an
improved description are outlined.

More precisely, the model rests on a basic Liquid Drop Bétegszacker form (LD), comple-
mented by four “pillars”: A) The possibility to extract frotme realistic potentials a “master
term” that yields asymptotically the bulk energy of nucleaatter and produces shell effects
i.e.,Harmonic Oscillator (HO) closures; B) a mechanism thatdfarms them into the observed
Extruder-Intruder (El) ones; C) Quartic forms that summahell Model correlation effects; D)
Separate treatment of deformed regions based on similatigif@ms in the number operators.
In its present version, the model lumps together A and B imglsiterm and is forced by the data
to introduce cubic forms to supplement C. Their origin caly tie explained by invoking genuine
three body interactions and their empirical necessity matestrated by comparing with results
produced by a monopole Hamiltonian whose derivation is pedeent of masses. The general
conclusion is that A and B must be reformulated by introdggjanuine three body forces.

The presentation avoids technicalities with two exceptionthe very compact derivation of the
quartic correlation term in Eq. (3.1) and ii) the cryptic @hon compressibility in Section 4.
Two subjects that would demand special attention are haodighed: 1) Deformed regions, be-

cause DZ does quite well in them; 2) The surface energy, whogi remains an open problem.
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1. Preiminaries

The 2003 Atomic Mass Evaluation [1] was closely followed byesiew article in which
different models were compared [2], leading to the conolushat

“One mass formula stands above all others...”

The authors were referring to the work of Duflo and Zuker [3Z[[RMSD~ 350 keV], noting
that

“ this does not mean that with Duflo-Zuker we have reached rideoé history..”

In the mean time little has changed, but now there is a secapdrg4] (MHZ) dealing with
DZ10 [5] [RMSD~ 550 keV], an invaluable summary of the DZ approach. It dogsnint to the
end of history, but to & hree Body follow up of the story. Here we summarize and supplement
the MHZ findings through someritical remarks. Bullets (o) point to aspects that need special
attention and starsi) to crucial ones.

1.1 Datal.BE: Shell effects+ LD

The figure shows what has to be explained.
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The information for both plots is the same. Magicity showZ aN = (14),28 50,82,126 and
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Figure1l: Shell effects (BE(exp)-E(LD)) along isotope and isotones (latter displaced by -14 MeV). Only
even-even nuclei are shown.

with—very rare exceptions—nowhere else. The roughly paialshapes are interrupted by flat
sections corresponding to well-deformed nuclei. The aunii of the shell effects goes A%/3.
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1.2 Structure and evolution of DZ

DZ10 contains 10 terms, the first six—referred to as macisesecorrespond to an LD form.

e 1 Leading term. Contains basic shell effects and yields asytically the bulk energy of
nuclear matterz 15.5A MeV.

2. The surface term iA%/3.

3,4. AsymmetryT (T +1)/A and Surface asymmetr¥,(T +1)/A%3. That little or no shell
effects are associated to these terms is an empirical femtgamg in Fig.2 below.

5,6. Pairing/modN, 2) + mod(Z,2)]A~%/3 and Coulombz(Z — 1) /AY/3

¢ 7,8,9. Spherical “correlation terms”

e 10. Deformation term

Fits yield

e For the first six “macroscopic” terms, RMSD=2.88 MeV poor gared with RMSD=2.35
MeV for LD. A puzzling resultBUT

% For the first nine terms, RMSD=717 keV.

% For the ten terms, RMSD=567 keV.

Conclusion: understanding DZ is equivalent to understamthie action of the spherical and
deformation terms.

1.3 Datall: Alphaand Betalines
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Figure 2: Four nucleon separation energies along lines at con$tgat) and constand, (3). Even-even
nuclei.

Critical remark 1. The DZ work is conducted in a neutron-proton representatibig.2
indicates that an isospin representation is more adeqaathedl effects are concentrated in the
lines which involve only number operators. TRdines depend only on the total isospin.

2. Themaster term

DZ identifies the collective term responsible for the bulkm®gy of nuclear matter and the basic
shell effects, suggested in [6].
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Calling mp the number of particles in the major HO shell of principal iouan numberp of
degenerac, = (p+ 1)(p+ 2), the master term and a possible variant are

2
9 Mp _ 9 4 43a
Ma = Al/3 (% \/D7p> = Al/g(pf+2) ~ 9(3/2)"°A=1545A (MeV) (2.1)

mp 133
N v

leading to very different numerical asymptotic fif = 15.35A — 18.73AY3 and MY =< 15.54A —
9.51A%/3 — 4.62A1/3, but to similar shell effects & = 8, 20, 40, 70, 112 and 168 in Fig. 2, whose

Possible variant

(2.2)
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Figure 3: Master shell effects produced My andMy fort =N —Z = 0. See text.

second panel shows that their amplitudes scale asymplpiisaAl/3 as expected (see legends).

Critical remark 2. Both Ma andMY are consistent with realistic potentials but in a complete
formulation the master term should emerge from the vanatiinterplay of kinetic and two plus
three body potentials.

2.1 TheHO-EI transition. Theleadingterm
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Figure4: Harmonic oscillator and extruder-intruder (El) shells.

The master term contains onty, operators. To transform HO closures into extruder-intrude
(El) ones aiN,Z = 28,50,82 and 126 we have to introduce some subshell structure wiecte-
strict to j , (the orbit of largest angular momentum in a major HO shelt) igy(the rest of the orbits
treated as a single one) as defined in Fig. 4 following thesHioim Figs 1 and 2 . The operators
that may trigger the HO-EI transition must involve linearadratic and cubic combinations of
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Mp = Mjp) +My and Tp=(pmj, —2m)/(2(p+2))

wherel |, vanishes at closed HO shells, thus ensuring no asymptaticileations.

Nowadays we know that cubi¢®.,three body (3b) interactions are essential [7]. At the time
DZ was formulated only two body forces (2b) were conside2d28 used some twelve terms. In
DZ10 Jean Duflo reduced them to a single leading one incagmbia the master term

M+S=M+73 (Ul p+Ugmplp/ /Dyl

whereu%,’2 are scaling factors analogousugin Eqg. (2.2). Fig.5 gives an idea of the HO-EI

transition.
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Figure5: The evolution from HO (dots) to El (squares) shell effectsNo- Z = 24 even-even nuclei. The
asymptotics are roughly represented by a sidplerm. Heavier marks refer to species whose masses have
been measured.

Critical remark 3. We insist: the HO-EI mechanism(s) in DZ cannot be correaty timust
involve three body forces.

3. DZ10 correlations: Shell Model in El spaces.

Once the macroscopic terms have defined model spaces bobpdee EI closures we esti-
mate the average form of the correlation energies produtadhell model calculation. The exact
ground stateg)) are obtained by acting witk body operatorgy on the unperturbed onég). A;
is omitted as its effects can be incorporated in the monadgdalailtonianHy,.

0) = (1+ sz>10> = E = (0|Hm|0) + (0]HwA2|0) (3.1)
k>

We proceed in two steps: first we tal® to be generic states in the model space that are “dressed”
through the correlation term to produce an effective twofiateraction. We separate its monopole
contribution which goes intbl,. Then Egs. (3.1) are reinterpreted, as the result of a daligan

tion. The correlation term now amounts to a four body openatich must vanish at closed shells
and single particle and single hole states, which definasuehy the quartic terng, below. Pairing
correlations are expected to produce the quad&tiehile the cubicS; is demanded by the data
but we have no explanation for it, unless it is accepted asaige three body contibution.

m?' 2

DI 3p

_ mm,
S = Dyp S

_ mymy(m,—my)

orey S (32)
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Where we have uses =D —m (D is the degeneracy of the spacel® = m(m—1), p = A3,
Settinga = 0 ensures propek’/3 scaling. Comments:

¢ No S is requested by the data

* S andS; are both crucial (remember RMSD evolution at the end of 8ecti2) but the
latter changes sign at arouAd= 100 and both have the anomalodscalingi.e., a= 1.

% Deformation is associated with 4neutron-4proton excitetiand a single quartic of ty|&
with proper scaling. No problem here.

4. The DZ scaling problem. GEMO

To understand th& and$S, scaling anomaly we call upon a totally different approacseul
on GEMO, an independently determined monopole Hamiltotliahdescribes strictly shell effects.
It is obtained by fitting the excitation energies of singletige and single hole states on doubly
magic nuclei [8] The only free parameter entering the GEMtregtes in Fig. 6 is an overall con-
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Figure 6: Differences between experimental and calculated bindimeygies: (left) Macroscopic DZ10
(RMSD=2.86 MeV), (right) GEMO (RMSD=1.69 MeV). Even-eveundatei. Lines join points at constant
t = N—Z. In comparing beware of different y-axis scales.

traction by a 2.5 factor that simulates correlations thdbhave been incorporated (hidden) in
the master term. GEMO leads to larger monopole shell efteetswuse it provides correct com-
pressibility by placing fiw excitations at fico ~ 40A-1/3 MeV: A non trivial result that explains
why the monopole isoscalar resonance is indeedat 2

From Fig. 6 it is obvious that the DZ10 pattern cannot pogdilalve correcAl/3 scaling, due
to an inconsistent treatment of the strong asympttié contribution toMa [see under Eq.(2.2)],
spuriously compensated by the surface ter®3rf. The problem does not arise for GEMO, which
explains its much smaller RMSD (see the figure caption), ites{s more irregular behavior.

The truly significant point about Fig. 6 is the similarity iweten DZ10 and GEMO. In partic-
ular the pronounced cubic patterns that emerge for the &eautlei.

Concluding critical remark The success of the DZ formulation is mostly due to to its spon-
taneous capacity to identify the need of three body forcesgress will depend on a consistent
implementation of critical remarks 1-3.
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