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Six-Body variational Monte Carlo study of § ,He
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Variational Monte Carlo calculations are carried out §gHe using realistidNN, NNN, and phenomeno-
logical AN and ANN interactions. For thé\ A interaction we employ the various phase equivalent Nijmegen
interactions. By incorporating the various componentsAshuclear interactions in stages, and keeping
BA(He) around 3.12 MeV, it is demonstrated that the incremental en&Byy, for § ,He is sensitive to the
three-bodyANN force and the exchange part of tN interaction. TheAA interaction obtained is only
somewhat weaker than theN interaction. We also report the results for the rearrangement energy of the
core. We discuss the implications of our results.
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Recently, a number oA A hypernuclei calculations have Urbana IX three-body17] NNN potentials Argonne&/,g ac-
been performed in the- and p-shell regions. These studies counts well for theNN scattering data up to 350 MeV and
have been sparked by the recent identification df,&e  when combined with Urbana DNNN, gives an excellent
event[1] at the High Energy Accelerator Research Organi-account for all thes-shell nuclei[18].
zation(KEK), which gives a considerably lower value for the  For the sectof=-1, we use the phenomenological poten-
incremental AA energy AB,, (1.01£0.2dg3MeV) com-  tials of Ref.[19] which consist of central, Majorana space
pared to the oldej2] (=4.7 MeV) but doubtful[3] emulsion exchange, and spin-spitN components
event. TheA A interaction is one of the basBB forces and
is fundamental for understanding the interaction between
strange baryons. The information on the multiply strange
system is of wide physics interest in the realm of QCD and 1)
nuclear physics. In order to reliably obtain the\ interac-
tion we perform comgleteiX-b_ody variational Monte Carlo whereP, is the Majorana space-exchange operator aigl
VMC calculations fory \He using realistic interactions with exchange parametsk,(r) is a Woods-Saxon cord, and
highly flexible correlations. Earlier many-body calculatlonsv tivelv. th . d spin-d dent
of AA hypernuclei have been made either using cemifsl o are, respectively, the spin-average and spin-dependen

strength, andr' . is a one-pion tensor shape factor.

and AN interactions[4—6] or in three- or four-body(for . _ : ;
p-shell AA hypernuclej cluster models in which the nuclear € ANN interaction consists of a two-pion exchange and

clusters have been treated as if@8]. We demonstrate that & dispersive paif19,2Q. These arise mainly from the elimi-
sixbody calculations ofS ,He with realistic interactions hation of the degrees of freedom. Thé,yy is found to be

present a different dynamics, which in turn requires a stronessential for a consistent phenomenologg-shell hypernu-
ger AA interaction than the one deduced frem AA model  clei, when use is made &f, Eq. (1), which accounts for the
calculations. We show that the three-bodiNN interaction low-energyAp scattering data. This is also borne out by the
and the exchange two-bodyN interaction have a large ef- recent calculations of Nemurt al. and Noggaet al. [21],
fect on the binding energy df,He. For theAA scattering who explicitly consider theX degrees of freedom in their
length we obtaina,, =-1.24+0.5 fm, whereas from the  calculations of thes-shell hypernuclei.

- AA model calculations one gets ordy, =~-0.8 fm[7,8]. Following [19], we use €=0.20, which is consistent,
Experimentally, the AN scattering length isa,y=-1.5 though slightly on the low side, with the forward to back-
+0.15+0.3 fm [9,10. Thus, our conclusion tha{V,,|  ward ratio of the low-energyp scattering dat§22]. Usmani
<[Vl violates the flavor S{B) requirementV,,|<|Vyn|  and Bodmei[20], and also Millenef23], however, consider
implying that SU3) symmetry is broken. A relatively stron- g valuee=0.25, which is consistent with the hypernuclear
ger AA force will perhaps lead to a boufdH [11-14. The  spectroscopic data qi-shell and higher mass hypernuclei.
results for this hypernucleus shall be reported elsewhererpe effects which arise foe=0.20 would be somewhat
Within the variational frameworK15], we also report the larger if higher values are used.

results of rearrangement energy calculations and discuss |, Taple | we give sets oAN and ANN potential param-

their implications on the results of the cluster eters which we use in the present stuy,and W, are the

a=AA ?Odel i:alculatlonfs.h iitoni di strength parameters of the two pion and the dispersive parts
For the nuclear part of the Hamiltonian, corresponding t0,¢ 1he ANN potential. The first interactioN1 is our full

strangenesS=0, we use Argonn¥/3two-bodyNN[16] and  jyieraction with all components, namely, space exchange and
the ANN parts.
In Table Il, we present results farshell hypernuclei for
*Corresponding author Email address: usmani@jamia-physics.n@ur preferred modehN1. These results are slightly different,

— 1
Van=[Ve(r) = VT2(NI(L - e+ ePy + ZV(rTi—(r)UA FON
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TABLE I. AN and ANN interaction parameters,y andr, are the spin-averaged scattering length and
effective range in fm. Except fog, other quantities are in MeV.

AN v Vv, € Cp W Bo(He) —ayn ro

AN1 6.15 0.176 0.2 1.50 0.028 3(BY 1.69 5.65
AN2 6.11 0.0 0.0 1.50 0.028 3@ 1.56 3.83
AN3 6.025 0.0 0.0 0.0 0.0 3.13 1.32 4.25

but consistent, with those ¢19] due to use of more flexible W,AA)Y =1+ (U”k+um) + > Uij,A+2 Uhs

correlations and better statistif®4]. The charge symmetry i<j<k i<IA i<j

breaking in theAN interaction is unimportant for the present

study. We therefore take the averageBqf of 1H and}He. X[Wp(AA)), (4)

We also give the space-exchange contribution, SEC, whiclyhere the pair wave functiopl/ y(AA)) is

arises due to an approximately equivalent wéadk interac-

tion in the relativep state. W AA) =S[T @ +upsIT @ +u|w,(},2). 5
The rearrangement energy, arises because of the modi- i<j iA

fication of thea core due to the presence of thes. This The operatolS symmetrizes the various noncommuting op-

modification is through the change in the nucleonic part of

. A erators which occur inU. The Jastrow wave function
the wave function from minimizing the energy of the hyper- A .
. : |P4(},2)) for the s-shell AA hypernucleus consists of two-
nucleus.Eg is obtained from

and three-body central correlations represented by vafgus

_ (WalHW _ (VHNY) o [WQ2)= I TT AT wa("z)AlATA),
Wy () A i<k <]

(6)

where| W ;1(*"22)) represents the spin and isospin wave func-
tion of thes-shell nucleus with definite total angular momen-
tum J and isospinT, and A|| ATA) is the antisymmetric
wave function of the two\ particles coupled to total angular

where ¥, represents the core nucleus wave function a
modified due to the presence of one or twe in a hyper-

nucleus, andV is the optimized wave function of the isolated
core nucleusHy is the nuclear Hamiltonian. The present

estimate ofEg is an approximation to the rigorous definition momentum zero. The correlatid@A between the twa\s is

glvggrl?h[el/?/’\ blﬂ,ﬁ;ggﬁjcxfgglﬁ, rv\}?e'nmeflemﬁgge e uivaIentObtained through a solution of a Schrédinger-type two-body
b ' gy p q equation with an effective potential containing a number of

Nijmegen interactions represented by a sum of three Gaus\S/Iariational parameters. All the correlation components of the

lans[7.25,29, wave function were determined using techniques described
1 2 2 5 A in [18,19,24. We also incorporate additional flexibility in the
Vi =o' exp(-r 1B81) + '@ exp(-r 1B(2) correlations by adding to each linka correction through
+v® exp(-r?/ ,3(23)): 3) cosine polynomials
4
nr
where the strength parametgrand the range parametgy fot+ glan COS(E) forr <rg. (7)

are taken fronj7]. The values ofy=0.5463, 1.0, and 1.2044
correspond to Nijmegen interactions NSC97e, ND, andThea, are variational parameters. We vary three of them; the
NECOO, respectively. remaining one is fixed by the condition that the correction
Our variational wave function is of the form term in Eq.(8) becomes zero at=rq, the healing distance
which is also a variational parameter. The cosine series has
TABLE II. A separation energ,, space-exchange contribu- the property that its first derivative at the boundaries is zero,

tion (SEQ), three body contributiokV, ), and the rearrangement Which is essential for applying the correction.

energy,Eg for s-shell hypernuclei. All values are in MeV. In Table Il and Fig. 1, we present results for the incre-
mental energ\AB, , =B, —2B, for ﬁAHe, whereB, , is the
Pot. 2H Gl SHe separation of the twa.s from the core nucleus. The quantity
AB,, is closely related to the interaction energy of the two
AN1 Ba 21542)  1.062)  3.1713) A’s. We have made calculations fgr=0.773 an intermediate
SEC 0.221) 0.141) 0.493) value between NSC97e and ND, and have called it NM. This
—(VANN 1.392) 0.61(2) 0.872) is done to facilitate better interpolation. We also give expec-
Egr 0.396) tation values ofV,yy and SEC to emphasize their impor-
Experiment B, 2.224) 1.124) 3.122) tance. For the interactioAN3, which consists of a two-body

central AN potential only, our results foAB, , are in close
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TABLE IIl. AB,, for iAHe with variousAN+ANN and AA Nijmegen interactions. For NM see text.
Except fory, other quantities are in MeV. Therefers to thes-wave Faddeev calculations pf].

Potential NSC97e NM ND NECO00
y 0.5463 0.773 1.0 1.2044

AN1 AB 4 0.24(8) 0.84(7) 1.90(8) 3.90(8)
~(VAnN) 2.332) 2.444) 2.402) 2.794)
SEC 1.272) 1.591) 2.121) 2.722)
Er 1.7Q6) 1.81(6) 2.01(6) 2.276)

AN2 AB 4, 0.42(7) 1.05(8) 2.44(7) 4.20(7)
~(VAnN) 2.364) 2.454) 2.824) 3.035)
Er 1.426) 1.736) 1.826) 2.096)

AN3 AB, A 0.58(6) 1.42(6) 2.95(6) 4.75(9)
Er 1.036) 1.066) 1.146) 1.286)

a—AA with

Isle Pot.

VMC AB,, 0.69 2.96 4.84

Present

Faddeev ABj A 0.71 2.99 451

(Ref.[7,8))

agreement with the three-body Faddeev calculations of Filthe variational calculations of Ref27] by using the same
ikhin and Gal[7,8], who use anx—AA model for§,He in  type of product wave function in—AA model, namely
which thea core is treated as inert. However, fAN2 and
AN1, significant differences arise because of the importance
of ANN and exchangéN contributions.

In an a—AA model thea-A potential plays a crucial |W, (S \He)) = fon(Fan ) Fan(Faa ) Fan(ra.a) (8)
role. By using differenta— A potentials, fitted tcBA(iHe) ! 2 v
=3.12 MeV, one gets quite different values &B,,. This
was demonstrated quite some time ago by Bodmer and Us-
marzi [27], who performed accurate variational calculationswith the local Isle potential of7]. The results of the present
for {\He in an a—AA model. They obtained values for vMC calculations are in excellent agreement with thect
AB,, from 2.71 to 4.65 MeV for a giveA potential, but  Faddeev calculations df7,8] as evident from the last two
using mostly different Isle typev—A potentials fitted to  4\ys of Table I1l. For NSC97e and ND interactions, Faddeev
B(,°He)=3.12 MeV. Their study was partly based on ex- c5icylations are for the angular momentum states uf,fo
tracting thea—A potential from VMC calculations oiHe =6 and€,,=6 [8], whereas for model NEC00,,=0 and
using simplifiedNN, AN, and ANN potentials. In particular, ¢,,=0, and is not strictly comparable. In the VMC calcula-
with ANN potentials, they found a decrease AB,, by tions all angular momentum states are included.

~0.4 MeV. We notice similar trends in the present complete It therefore follows from above that both in the complete

six-body calculations also. We demonstrate the accuracy Oéix—body calculations as well as in the- AA cluster model

the various components ofN interaction play significant
roles in§ \He, in the latter through the— A potential.

The effect of the exchange potential is much more pro-
nounced forAN1 in decreasind\B, ,, particularly for larger
values of y. Large positive values of the space-exchange
contributions arise, because of the differences in Ai¢
] +ANN+AA and NN+NNN correlations, since correspond-
. ing interactions are very different. With simplifiedN and
T AN interactions the space-exchange contribution will be
much smallel4,28§].

It is evident from Table Il that the rearrangement ener-
gies for{,He are substantial. FokN1 the rearrangement
energy for 3He is ~0.4 MeV, whereas for§,He it is

FIG. 1. AB,, Vs ¥. The full circles are the values from Table Ill. ~2.0 MeV, a fourfold to fivefold increase. In an—AA
The lines are the best fit results as described in the text. cluster model where the is treated as inert, it may be hard

-
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to simulate this large change in thig& for 3He and$ ,He, ay, = - 1.249%0m. (10)

even if one has reliable knowledge of tlae- A potential.
Thus the comments in the preceding two paragraphs, com! (10, we have excluded the results for the purely central
bined with the rearrangement energy effects, limit the useltN potential AN3 as this interaction considerably un-

- ; binds the mass four hypernuclgl4]. The valuea
fulness of the cluster model calculations especially for morc—f_je_r AA
complex interactions. =-1.24 fm represents the average AN1 and AN2. This

. . , value is considerably closer &= —1.5 fm and in absolute
For the three interactions, we fitted the calculafdgl, , _
values byAB, ,=a+by+cy? (Fig. 1). From these fits, we value larger thar=-0.80 fm[7,8], the value deduced from

; _ a—AA cluster calculations. It should be noted from E@)
obtain the values of and the scattering lengttes, , corre- that AN3 givesa, , very close to that obtained from the
sponding toAB,,=1.01+0.20,

—AA model [7,8]. This is perhaps not surprising since a
folding model for thea— A potential works very well in this

ANL:y=0.8165035 ay, =~ 1.3657:fm case[27].
We have ignorecﬁi the effects ™= and X3 channels.
S 0.044 __ 0.20 Their contribution in; \He is presumably repulsii29], im-
AN2:y=0.76Zg05, @ =~ 112535 fm plying a more attractive\A interaction in free space. We

believe that these and other many-body effects are covered in
AN3:y=0.68103%, ay,=-0.84531fm. (9)  the uncertainties of10).
. . ) In summary, we have made complet-body calcula-
For s-shell nuclei, the VMC energies are generally highery;, ¢ for® , He using realistitN andNNN, and phenomeno-
compared to Green’s function Monte Cafltg] calculations  |q4ical AN and ANN interactions, and have demonstrated the
by less than 3%. The hyperonic part of the wave function hagmitations of the clusteer— AA model calculations. A more

a much simpler correlation structure than the nuclear wavgactiveA A interaction has implications for the stability of
function, since the corresponding interaction is much S|m4AH [12,13; the role of coupling betweeA A ,N=, and33

. . A
pler. In add|.t|on, thg\N correlations are weaker compared to channelg29], properties of strange hadronic matter in bulk
NN correlations. It is therefore reasonable to assume that t

calculated hypernuclear energies will also be higher, roughl c?i]ér?sn.d the breaking of 3) symmetry in baryonic inter

by 3% as compared to the exact values. Thus the errors being

systematic and small, because of the variational nature of the Q.N.U. is thankful to Dr. R. B. Wiringa for providing him

problem and the reasons mentioned above, one may expetie VMC code fors-shell nuclei and to Dr. Tabish Qureshi

that the values oB, andB, , (and hence oAB,,) would be  for help in computing at Jamia Millia Islamia JMI. Q.N.U.
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