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Skyrme-Hartree-Fock treatment of A and A A hypernuclei with G-matrix motivated interactions

D. E. Lanskoy
Institute of Nuclear Physics, Moscow State University, 119899 Moscow, Russia

Y. Yamamoto
Physics Section, Tsuru University, Tsuru, Yamanashi 402, Japan
(Received 4 September 1996

Skyrme-like hyperon-nucleon potentials are derived fr@rmatrix calculations and shown to reproduce
well the A single-particle spectra of hypernuclei measured at BNL and KEK. Previously known potentials are
reexamined systematically. The fit of the spectra can restrict the radliiawbits in hypernuclear ground states,
A well depth and effective mass in nuclear matter, and polarization of nuclear cores caused by hyperon rather
tightly. The implications of the\ N spin-orbit force to the spectra are considered. Hartree-Fock calculations of
binding energies oﬂfAB with density-dependenG-matrix AA potentials are presented, taking note of the
core-rearrangement effects induced /b interactions[S0556-281@7)01205-3

PACS numbg(s): 21.80+a, 21.10.Dr, 21.60.Jz, 27.20n

[. INTRODUCTION The various parameter sets for E¢b. and(2) have been
obtained hitherto purely phenomenologically. In this work
The Skyrme-Hartree-FodlSHF) approach is known as a we propose new parameter sets on the basis of Ahe
powerful and feasible tool for the prediction of gross prop-G-matrix calculations with the S(@3)-invariant one-boson-
erties of nonstrange nuclei. Its extensionAohypernuclei  exchanggOBE) potentials, the usefulness of which was es-
was performed by Rayet fifteen years dd¢ However, the tablished in[7,8]. In our analysis the form of Eq2) was
reliability of this approach, which is essentially phenomeno-found to be not so adequate for representing the density de-
logical, is related directly to the amount of hypernuclear datgpendence of th\N G matrices. We introduce here a more
available. Thus, the reasonablenucleon Skyrme-like po- general form, namely, AN force dependent on nuclear den-
tentials appearef2—4] subsequently to the first measure- sity p instead of theANN force (2):
ment of theA hypernuclear energy levels in medium-heavy
systemgup to §°Y) done at BNL[5]. The various sets of the 3 FA Ty
potential parameters, which are apparently different from VAN(I’A,I’N,p)=§t3(1+X3PU)5(I’A—I‘N)py 5 )
each other, have been proposed and shown to reproduce the 3
experimental spectra equally well. These potentials generally
involve aANN three-body force or & N density-dependent
(DD) one, but some of them are purely two body. They pre-The force(3), wheny=1 andx;=0, leads to Hartree-Fock
dict different values of well deptlD, and effective mass Potentials similar(but not strictly identica[9]) to those of
m* of A in infinite nuclear matter. the force(2). In this work we takey=1/3, which is found to
Recently, the new measurement/ofhypernuclear spec- P€ adequate to parametrize Bematrix result. Note that in
tra by the r*,K ™) reaction has been done at KER] fora  the spherical approach used commonly, the spin dependence
wide range of nuclear mass numbéup to ﬁOSPb). The ex- N \_/elocny-lndepen_dent piecex{ and X terr_ns) leads to a
tended amount of data may be used for more tight constrainf&Vial renormalization of the related amplitudég and ts

of the parameters and, more importantly, of the physicaP”'y'

quantities describing hyperon properties in the nuclear me- In_S_ec. Il theG-matrix calculation is briefly sketched and
the fitting procedure for the Skyrme parameters for Edjs.

dium.
The standard form for the two-bodyN Skyrme-like po- and(3) is described. Systematic calculations of hypernuclear
tential is spectra with new parameter sets as well as previously known

ones are discussed in Sec. lll. Comparison with the BNL and

1 KEK data shows that ouB-matrix motivated potentials re-
Van(rA—Tn) =to(1+XgP,) 8(ry—ry) + Etl[k'Za(rA—rN) produce the spectra better than the majority of the former
sets, though almost no phenomenological fitting is used.

+8(ry— I )K2]+ 1K S(ry—Ty)-K Since different parameters lead to similar spectra as usual,
we try to find constraints on the physical properties of hy-
FiWgK' 8(ry—rn) - (X K) (1) pernuclei D, , m}, hypernuclear core polarization, hyperon

orbit radii) rather than to search for unique values of the
in the conventional notatiorisee, e.g.[1]). The original parameters. We also incorporate nonzero spin-of®id)
SHF approachl] involves also aANN force in the form  force amplitudeW, and discuss related implications in view
of possible indications of the experimental SO splitting of
VANNTA TN TN2) =138(Fa—Tn1) 8(Fa—Tn2).  (2) A single-particle level$10].
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In Sec. IV, our SHF scheme is applied A0\ hypernu-
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TABLE I. Even- and odd-state contributions td,(k,=0),

clei, specifically, to3 B. As AA potentials, DD finite-range  U%*"and U™ as functions ok for JA, JB, NF, and NS under

ones are employed, which simulate the relevahi\

the QTQ approximation. The values in parentheses are the ratio of

. . . . .. . . . 1 H H 4 even
G-matrix interactions. The implicit relation is discussed be-the singlet-state contribution id ;™.

tween theA A bond energies and the properties\dfl inter-

actions, especially thpolarizing property ke (fm ) 1.35 1.2 1.0 08
Finally, Sec. V includes our conclusions and some out;a usven -308 -255 —17.6 —10.6
looks. (0.117 (0.164 (0.188  (0.209
yged 1.8 0.78 0.17 0.00
Il. SKYRME-TYPE PARAMETRIZATION BASED
ON THE G-MATRIX CALCULATION JB ysven —-349 —-283 —-192 —115
First, theG-matrix interactions for a\N pair in nuclear odd (00149 (0063 (0.083 (0.099
matter are derived from the §B))-invariant OBE potentials, Ui 3.6 18 0.61 0.16
where the coupling to &N channel is renormalized into the

AN G matrix. The density dependent®D) of the resultant NF uge" -307 —-274 -205 —131
G matrix originates from not only the repulsive-core singu- (0325 (0304 (0.289) (0.279
larity and the tensor force, but also teN->N coupling. uge —-09% -089 057 -026

The channel-coupled Bethe-Goldstone equation is written as
NS’ ugren —30.6 —25.6 —18.2 —-11.3
G _ S Qn G (0.482 (0.440 (0397 (0.369
AN, ANTUAN,AN = UAN,YNw_TY_TN_AYA YN,AN s ug 0.56 0.04 ~014 -0.10

(4)

whereY denotesA or 3 andAy,=my—m, . Here the start-
ing energy is given byw=¢€, + €y, and the Pauli operator
Qn acts on intermediate nucleon states. Adopting here th
QTQ prescription for simplicity, we take only kinetic ener-
gies Ty and Ty for intermediateY and N spectra. AnYN
relative state is specified byT(L,S,J) with isospinT and
J=L+S, which is implicit in the above equation. The po-
tential energy of A in nuclear matter is obtained self-
consistently in terms of th& matrix as

Ua(ky ike)= kZ <kAkN|GAN,AN[w: ex(ky)
N

+en(kn) JIKakn), ©)

wherek, is the A momentum. The\ single particle energy
is given by e, (ky)=%2k3/2my+U(Ky). Then, Gy an
and U, are calculated self-consistently for each value of
nuclear densityp (Fermi momentunkg).

In [7,8], the G-matrix calculations were performed sys-
tematically using the various OBE potentials. In order to
reproduce the observed data/ohypernuclei with the use of
the G-matrix interaction, it was indispensable for
U,(ky=0) to be about—30 MeV at normal density
(ke=1.35 fm™1). In this work we adopt the Jich models
A (JA) and B (JB) [11], and the Nijmegen moddt (NF)
[12] and the soft-core on@NS) [13], the characters of which
are fairly different from each other. JA, JB, and NF lead to
U(ky=0)~—30 MeV atkr=1.35 fm~! under the QTQ

potential so thatJ,(k,=0)=—30 MeV is obtained under
the QTQ. In the SIB) representation, the strod§,} poten-
fial of NS works repulsively (attractively on v AN AN
(vanzN) in the 33, state, which results in the small contri-
bution toU , in this state. Now we add an attractive correc-
tion voexd —(r/rg)?] with vo=—240 MeV andry,=0.5 fm,
artificially to the {8,} part of NS. The corrected version is
denoted by NS in this paper.

In Table | the potential energids, (k,=0) and the par-
tial wave contributions at some valueskgfare shown in the
cases using the above OBE models, where the essential in-
gredients of the present analysis are included. The “experi-
mental” value of about-30 MeV atkr=1.35 fm™! is now
reproduced fairly well in these cases within QTQ. However,
the ratios of thelS, and 3S, contributions, relating to the
spin-spin interaction parts, are quite different among them.
The experimental data, for instance thé and 1" splitting
of 4He ({H), support the NS result[8]. The weak odd-state
contributions, seen in Table I, were pointed out to be impor-
tant for reproducing the mass dependenceé\ dbinding en-
ergies[8]. This is the reason why we did not adopt the
Nijmegen model D in the present analysis. Now the contri-
butions toU, in the singlet-even 1S,) and triplet-even
(3S,) states are denoted ly3° andU'S, respectively. Then,
the even-state contribution is given B\"*"=U5*+U't. The
odd-state on&J%is defined similarly.

The Skyrme potential parameters,,(Xo, tq, t3, X3, and
v) in Egs. (1) and (3) are determined so as to reproduce

prescription. On the other hand, the corresponding value fo A (K), U(ke), and giverth)- Additionally we use one
NS is only — 23 MeV because of the too small contribution €xperimental valud , (,°C)=11.69 MeV (A binding energy

in the 3S, state. It was pointed out that the value-of- 30
MeV is obtained by taking the continuous intermediate spec
trum instead of the QTQ org,8,14. However, possibly the

in the ground stadefor fine tuning the parameters. Hereafter
we takey=1/3 in all cases because the more precise choice
of y leads to no meaningful difference. Our fitting procedure

latter energy becomes close to the former one by treating thi@ the simple case oky=x3=W,=0 is as follows. For a

intermediate spectrum self-consistently up to very high mot

menta[15]. Here we adopt another way of improving the NS

rial value oft; two parameterst( andts) are determined so
as to reproduct {"*1kg), and then the SHF calculation for
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TABLE II. Skyrme potential parameters derived from fBematrix calculations, where sets |, II, Ill, and
IV are from JA, JB, NF, and NS respectively. Set V is obtained from NSvith taking account of the
LS part. y is taken as 1/3 in all cases.

(MeV fm3) (MeV fm®  (MeV fm%)  (MeV fm3*+37) (MeV fm?®)
| —476.0 —0.0452 42.0 23.0 1514.1 —0.280 0.0
1] —422.3 0.2678 98.0 70.0 1219.3 —0.0836 0.0
1 —622.8 —0.0172 116.0 —30.0 1880.3 0.0679 0.0
v —542.5 —0.1534 56.0 8.0 1387.9 0.1074 0.0
\ —542.2 —0.1536 58.0 8.0 1383.3 0.1077 62.0

,1\3C is performed with this set. This procedure is repeatedf the SO interaction in our approach. The quantitative treat-
until finding the set to provid®,=11.69 MeV. In order to ment for theA level SO splitting in hypernuclei is beyond
fix the values of, andx, we perform the fitting procedures the present work.

separately folU3(kg) and U (kg). On the other hand, the In the following section we use also the other sets; IlI
value oft, is determined fronUidd(kF)_ The strengttw, of and III", obtained from NF, though their parameters are not
the SO part can be obtained also from @enatrix result by ~ given in Table II, in order to demonstrate the relation of the

using the Scheerbaum approximatidr®] U3"*ke) and U3™{(ke) to the resultant hypernuclear spec-

tra: The set Il was obtained by combining §'*"of NF with
U?\dd even

1 (= o of JA, and the set Iflwas done by multiplyindJ 3" by
Wo=— 277:[ r3G%(r)j.(ar)dr, (6)  0.91 with no change dfi3™. In both cases the total potential
q-o energies akg=1.35 fm~ ! become almost the same as that
for JA.

where G‘LOS(r) is the SO component of the spatially repre-
sented G matrix in the triplet-odd state. We take here
q=0.7 fm~ 1, but the result is quite insensitive tp For the
obtained value of\,, the other parameters are determined |n this section, we consider the hypernuclear properties,
by the above procedure. Here the parameter search is pefainly energies of\ single-particle states, in a wide range
formed, instead of using the experimental value ofof mass numbeA in connection with the features ofN
BA(}C), so that the value d8 , (}/O) calculated with the SO potentials. The adopted approach is the same EiThen,
part is equalized to the one obtained with the correspondinghe G-matrix-based potentials from Table II, as well as the
set without the SO part. previously known parameter sets, are tested by comparing
In Table II we give the determined parameters. Here setghe resultant hypernuclear spectra with the experimental
I, I, lll, and IV are obtained from JA, JB, NF, and NS data.
respectively, without taking the SO part into account. Set V. Some earlier parameter sets are listed in Table Ill. All of
includes the SO part in the NScase. The SO parts in the them are known to reproduce the spectra measured at BNL
other cases, not involved here, are fairly smaller than that isatisfactorily. It is notable from Tables Il and IlI that wide
the NS case. The antisymmetric pafproportional to ranges of the parameters are allowed.
L. (o,— oy)], not considered here, has to reduce the value Before the comparison with the experimental data, the
of W, effectively. It is worthwhile to say that th&S  following point should be emphasized. The KEK data used
(ALS) part in NS is the strongegtveakest among those in include the publishe@i6] A binding energie®, for the 1s
the above models, which is adequate to demonstrate the roéd 1p states as well as the unpublished ofi&#| for the

. A HYPERNUCLEAR SPECTRA

TABLE Ill. Skyrme potential parameters. All the potentials are in the three-body f@jrexcept set 4
which is in DD form(3) with y=1/3 andx;=0. In Ref.[3], only t; +t, value was presented, and a gradient
term linear in (3,—t,) was ignored. It is equivalent to the andt, values as in this table. In this case,
ty is in MeV fm*.

No. to Xo ty t, t3 Ref.
(MeV fm?) (MeV fm?®) (MeV fm?®) (MeV fm®)

1 —349.0 —0.108 67.61 37.39 2000 2]
2 —391.8 —0.085 56.95 48.05 3000 [2]
3 —265.7 —0.216 92.17 12.83 0 [2]
4 —659.0 0 325 97.5 2200 [3]
5 —315.3 —0.109 23.14 —23.14 2000 [2]
6 —372.2 —-0.107 100.4 79.60 2000 [2]

SKSH1 —176.5 0 —35.8 44.1 0 [4]




55 SKYRME-HARTREE-FOCK TREATMENT OFA AND AA ... 2333

v by s by v e g s i aa

e T R I B

AN potentials are I(a), Il (b), Il (c), and 1(d)
from Tables Il and Il

o)
[=1

Set 1

(MeV)
=

25 X\&\ (@ - X}M )  F
20-] S setd 3 * Set I E
153 X \ 3 X }\ ] E
’>‘ 4 ~ E
3 3 [ F
2 103 N\ A N\ -
=51 1 Nl : \ e B
3 ® 3 ~e r
o] x 3 vx ¢ ™~ F
Iy SN 3. tThi At F FIG. 1. Calculated\ binding energies in the
_ s 3208 89, oo 89 6 C
* &;LT AYS]?ECGQSS' o e 3 Af’;';:r AYsj}iCGuS‘ o ne E 1s 1p, 1d, 1f, and I states(from top to bot-
10 Frr b e e e b tom) as functions ofA” 2%, whereA is the mass
. ] x C number of core nucleus, in comparison with
25 (c) 3 (d) E  KEK [6,17 (X) and BNL [5] (@) data. The

/

B
A
fol
(lllllIl\‘llvl]Jlllllllllllllllllllllll
s}
>, [}
©
7
©

0 % -

2°inx”Y ey %o e F

-5 39 MVA 28 124 A E

A A IS A 12 F

-t 44—

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.25
A-2/3 A"%/3

1d, 1f, and g states. The binding energies were evaluatedunderbound. Then, the potentials fitted to dg?eC ground
[6,17] by fitting of experimental spectra with the simplest state such as sets I, Il, and IV lead to an overbinding of the
superposition of Gaussiqns. It means that_ the mai_n series (%ﬁo ground state. These results are not dependent on the
the states related to a single neutron h@lith the highest particular choice of the parameters.
angular moment_ubnwas ta}ken into account for each hyper— Set IIl from the NF model gives thesland 1p binding
nucleus, neglecting F:_ontrlbutlons OT deeper holes. Th'.s preénergies substantially higher than the experimental ones
scription avoids additional assumptions about non-major Se[Fig 1(c)] due to highU ,(k,=0), as seen from Table |
ries, which are not justified sufficiently in their fitting Thi .d back b A 3 . h’ by chanaing dhe '
procedure. However, it may oversimplify the actual picture IS draw T]C car;” € cut;e e(;t er yhc angingpheave
o ; : . interaction(the set III') or by reducing thes wave attraction
Related uncertainties may be substantial for the high-lyin the set III’() In both c))f the)s/e ways ?Ne obtain a reasonable

states, and therefore the “experimental” value8qffor the .
1d, 1f, and g states should be regarded as only rough es@greement with the measured values for teedd Ip states.

timation. Thus, our argument is based primarily on the data FOr the high-lying H, 1f, and 1g states, sets | and IV
[6] for the 1s and Ip states. Then we incorporate also the 9ive similar spectra again. Set Il with a highgrwave re-
data on the high-lying states paying attention to possible unpulsion predicts higher level spacing, whereas set Il leads
certainties. to, otherwise, small spacing. Evidently, the last feature is
In Figs. 1, 2, and 3, the calculated binding enerdggsof retained with set Ill, but not with set IIf, which indicates
A hyperons in 1 states (=s,p,d,f,g) are shown in com- that the attractivgp-state interaction in set ll(the same as
parison with the KEK and BNL data. As tHé¢N potential, in set Ill) is not adequate for higher level spacing. Thus, the
the famous Sk3 s¢fl8] is used. One can see that the agree-high-lying spectra seems to support the almost vanishing
ment for the B and Ip states is good for our potentials | (NS’) or slightly repulsive(JA) p-state interaction.
[Fig. (@] and Il [Fig. 1(b)]. The spectra predicted with the ~ The spectra obtained with set[Eig. 1(d)] are similar to
new sets obtained from NSset IV, not shown in the figuje  those with sets | and IV, though the level spacing in this case
and JA are quite similar to each oth@oting that their dif- is slightly higher. Each of sets 2, 5, and 6, given[R&]
ferent spin dependence is beyond the present considerationogether with set 1, differs from set 1 in a single feature.
The above result indicates that the difference in the DD beNamely, set 2 offers a strongANN force, set 5 is local, and
tween NS and JA has only a minor effect on the hyper- set 6, otherwise, possesses a greater nonlocality. Therefore,
nuclear spectra, namely the gross hypernuclear properties aset 5[Fig. 2(a)] leads to smaller level spacing whereas set 6
not sensitive to the detail of the adopted OBE potential if[Fig. 2(b)] gives a greater one in comparison with sets 1, I,
U,(ky=0)=~—30 MeV is reproduced at normal density. and 1V, and likely the sets Ill and Il, respectively. This is
There appear characteristically the deviations of the calcuexhibited mainly in the high-lying states while the descrip-
lated values 0B, (1s) from the experimental ones: Whereas tions for the 5 and Ip binding energies are equally good.
an overall agreement takes place, the ground stafé®b is  Note, that results obtained with the SKSH2 set frigth(not
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shown hergare similar to those for set 5. The stroAgNN the second line, th&? values for the full set of daté26
force [set 2, Fig. 2c)] results in an underbinding o?(OSPb pointg are presented. First of all, it is seen from the table as
and $%La. Though the fit for light and medium hypernuclei well as from Figs. 1-3 that the fit becomes poorer in all the
is adequate the overall agreement is poorer. cases. The greatest contributions to $ieare typically from

Set 4 predicts evidently excessivebinding in light hy-  binding energies ofv(1f) and *La(1g), which are over-
pernucleiFig. 2(d)]. The same takes place for other nonlocalbound in the calculations. Generally, the calculated level
sets from[3]. It should be noted, however, that another ap-splitting is too small. Therefore, the best is obtained for
proach, instead of the Hartree-Fock one, has been used §ets Il and 6. Sets |, 1, and, to a less extent, Bhd IV
Ref.[3] for the parameter fitting. appear to be satisfactory too, whereas set$ dhd 5 are

Set 3(not shown and SKSHI1(Fig. 3) without three-body rejected by these data.

ANN or DD AN forces give, first, too large level spacingsin  As mentioned above, however, it should be noted that the
light hypernuclei and, secondly, an incorréctdependence data for high-lying states may be more or less uncertain. To
of B, in the ground states. In particuld, s in the ground estimate the effect of these uncertainties, we consider also
states of>%La and 3°%b are quite close to each other, con-
trary to the data. Thus it is shown that these sets are inad-
equate to reproduce the overall hypernuclear spectra.

We do not use here the quantitatiy@ criterion for the
following reason. The experimental error bars are quite dif-
ferent among the data, and the statistical weights of some
particular points are dominantly high. On the other hand, our
approach should not be required to ensure the accuracy of
0.1-0.3 MeV achieved in the experiments. So fRevalues
can possibly misrepresent the picture of the overall fitting.

For illustrative purposes, we show in Table IV the sums
of squared deviation§?=3 (B! B%"?/(1 MeV)? as-
suming no statistical Weights The KEK data were used for
BS® except 'O, {°Ca, 3V, and {°C ¢ for which the BNL
data were used. Though somewhat arbitrary, Shguantity
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fitting. A8
The first line in Table IV corresponds to thes And 1p
states only(16 pointg. It is seen that the potentials I, I,  FIG. 3. The same as in Fig. 1 for tHeN potential SKSH1 from

m’, m”, v as well as 1, 5, and 6 are the most reliable. InTable IlI.
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TABLE IV. Sums of the squared deviatio®&= = (B®*— B 2/(1 MeV)? for various sets of datésee

text).
Potential | Il 1l "’ " v 1 2 3 4 5 6 SKSH1
9 12 44 10 15 10 7 16 34 33 9 9 39
S? 32 24 127 46 88 45 22 32 49 72 62 19 51

14 20 82 21 46 19 12 22 43 46 27 26 57

the other “experimental” values oB, in the 1d, 1f, and some theoretical input will be needed, is quite important for

1g states(not shown in the figurgs These values were ob- further progress.

tained[19] by the fitting of the same experimental spectra by The correlation between the values of potential param-

more complicated curves, involving some theoretical suggeseters and the quality of the spectra description is not obvious.

tions about deeper hole state contributions. This alternativeven sets I, IV, and 1, giving similar spectra, differ from

fit is clearly more model dependent, nevertheless, it mayach other evidently. The experimental data are not enough

reflect some features of the true picture more completely. I1to fix the potential parameters in detail, which are considered

the case off%Y(1f), for instance, the maiys and minor  to be determined rather accidentally in the phenomenological

fo5 contributions make the peak double humped where thétting. In other words, there are many parameter sets, which

former (the lattey is of upper(lower energy, as shown in the are almost equivalent for representing observable quantities.

DWIA calculation [20]. In [6,17] this possible double- Hereafter, we try to obtain constraints on some physical

humped peak is fitted as a single peak. Because of such gyantities which can be established independently from the

situation, it is likely that the fitting if6,17] underestimates Seemingly different parameter values.

the level splitting, especially for the high-lying states. In Table V, theA binding energyD, and the effective
The S? values for the binding energies of the high-lying massmj in nuclear matter are shown. Both quantities are

states from[19] and for the same ones of thes and Ip calculated at saturation density 0.145 T (ke=1.29

states as above are shown in the third line of Table IV. Firsfm ~*) as given by the Sk3 potentidD, is essentially the

of all, it is seen that the agreement becomes better for all theame as— U, (kg) in Sec. Il and deviates from those at

potentials(except sets 6 and SKShthat supports the fitting ke=1.35 fm~! in Table 1] Next, we consider the polariza-

procedure[19]. So we may suggest that the latter set oftion of the nuclear core induced by thie presencd21,22,

B,’s is more reliable, though further more consistent analy-called here thepolarizing property The core polarization is

sis is, of course, necessary. exemplified by the relative contraction of the nuclear core in
In this case, sets | and 1 are clearly the best, and setsthe %"o ground stateSR=(R—Ry)/R,, whereR andR,, are

and 6 may be considered as some “extreme” cases of theéhe rms radii of the core if°O and *°0, respectively. The

small and great spacing, which are nearly adequate too. Thsolarizing property is driven mainly by three-bodyNN or

S? value of set Il is almost the same as that of set IV. It isDD AN force and also by the nonlocality &N interaction.

noted here that the spectra obtained by the latter is similar tBor more details, se23] and references therein. The two

the one obtained by set | while set Il leads to higher levekightmost columns in Table V are the rms radij of A

spacing as mentioned prewqusly. We find also that the larggrbits in the °0 and 3°®Pb ground states.

S value of set IlI(NF) can be improved more remarkably by |t is seen that the presented quantities are in remarkable

the readjustment of thp-state part than that of thestate

one. Thus, it is dempn_stra_lted that the careful assignment for tag g v. A hyperuclear properties calculated with various

the observed peaks is indispensable to tesiitheparameter AN potentials from Tables Il and 11 with the SK’N potential

sets and the underlyin@-matrix interactions in detail, espe- (k.=1.29 fm™?%).

cially, to fix the p wave interaction amplitude.

Note that we do not treat set 2 as an adequate one in spiteAN Dy mi/my OREO)  r (3P0) 1, (3%Ph)
of low S? values for the full sets of the data due to the (MeV) (%) (fm) (fm)
evident qualitative disagreement for heavy hypernuclei. At
the same time, this set may be approved for light and mel 27.93 0881 06 2.20 4.06
dium hypernuclei. It should be emphasized that, particularly! 2985 0747  -05 2.27 4.12
in sets 2 and SKSH1, more or less successfully fitting data dt! 3090 0848  -0.1 2.28 3.99
A<89, fail in the description of2®Pb and }*_a binding I’ 2891 0815 -0.1 2.31 4.15
energies. It shows that the KEK data in a wide rangé\of " 28.24 0962 -03 2.22 4.01
can complement substantially our knowledge of thd in- IV 2856 0882  —-05 2.22 4.04
teraction. 1 28.32 0.821 -0.3 2.25 4.10

Summing up, it seems impossible now to extract unam-=2 26.94 0.821 +0.1 231 4.25
biguously the potential parameters from tBg values ob- 3 30.62 0.821 -12 212 3.86
tained by purely phenomenological fitting for the experimen-4 28.01 0.787 -0.2 2.28 4.36
tal spectra. In spite of this limitation o@-matrix potentials 5 27.48 1.000 -0.5 2.14 3.96
(excepting set lll with too attractivp-state interactiongive 6 28.81 0.728 —0.2 231 4.19
a reasonable agreement together with sets 1, 5, and 6. ProgsH1 25.34 0983 —15 1.99 3.96

assignment of the states observed experimentally, for which
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TABLE VI. The same as in Table V for the SkMpotential

(ke=1.33 fm™1).
AN Dy mi/my OSRGO) ry(3°0) 1, (3%PD)
(MeV) (%) (fm) (fm)
| 29.27 0.870 -0.8 2.21 3.98
1] 31.25 0.722 -0.7 2.28 4.05
1] 31.90 0.835 -0.2 2.30 3.93
"’ 29.48 0.800 -0.2 2.33 4.10
52 - | ot " 29.09 0.958 -0.4 2.23 3.95
; ; 1 : . \Y 29.80 0812 -0.7 2.23 3.96
A 1 29.16 0.806 -0.5 2.26 4.04
) o N 2 26.74 0806  +0.1 2.32 4.23
FIG. 4. ms radu. of A olr/;b‘lts in the ground .states ot Z 3 3350 0.806 ~18 211 376
m:(faignuﬂg?:oﬁ ?;bclggn”s ;::d IIflor the AN potentials(labeled in 4 28.24 0.770 —03 208 4.32
' 5 28.51 1.000 -0.7 2.15 3.89
agreement with the spectra generated by them. The thre®e 2950 0708 -0.4 2.32 4.14
parameter setél, IV, and 1), which reproduce the experi- SKSH1 ~ 27.94 0981 -24 1.93 3.84

mental spectra fairly well and similarly to each other, predict

the quantities very close to each other in spite of their seem- Thege constraints for the above physical quantities seem
ingly different parameter values. First of all, the radii of the 5 pe rather stable and to reflect true dynamical properties of
hyperon orbits appear to be restricted rather tightly. It is seeRypernuclear interactions. However, some uncertainty origi-
also in Fig. 4, where th& dependence af, in the ground  nates from choice of th&IN potential. We repeated the cal-
state is shown. Sets 3, 5, and SKSH1 give systematicallgylations with the SkM set[25] instead of the Sk3 one.
smallerr,’s, whereas sets 2, 4, and 6 predict, otherwiseThis set is also used widely in nuclear calculations. Its main
larger ones. It should be noted that the former have no threelifferences from the Sk3 set are a higher saturation density
body ANN force (set 3 and SKSHlor nonlocality(set 5. 0.160 fm 3 (kg=1.33 fm™ 1) and lower incompressibility.
On the other hand, set Gets 4 and Bis with a stronger Accordingly, the calculated rms radii of heavy nuclei are
ANN force (the larger nonlocalitythan the others. One can somewhat smaller. Empirical radii and binding energies of
see that sets I, IV, and 1 envelope just a narrow band fopome nuclei are more compatible with the Sk3 predictions
r,’s in Fig. 4 (solid lines and sets 5 and @lot-dashed lings ~ and others agree better with the SkMalculations.
widen this band to some extent, whereas the potentials found When the SkM  potential is employed, the quality of
to be inadequate give the raddlashed linesmainly beyond  overall fitting of hypernuclear spectra with variods\ in-
these bands. Oth&-matrix potentials give the radii, which teractions does not change significantly from that in the Sk3
are more or less close to these bands, though the Il ang@se, though some specific binding energies are modified dis-
Il " sets lead to a more gradual raisingrafwith A. So we  tinctly. However, theD , , m} , 6R, andr , values are altered
obtain some reliable prediction far,’s which can become substantiall(Table VI). ForD,, the range 28.531.3 MeV
more accurate when more accurate spectra are available, rié-obtained. The effective mass is slightly smaller. The core
gardless of a possible ambiguity in potential parameters. Aolarization is enhanced due to the smaller incompressibility.
similar picture takes place for the other quantities considTher ,’s are nearly the same in light hypernuclei while they
ered. are smaller in heavy ones. It should be emphasized that these
We restrict the consideration of the radii to the groundquantities with the reliable sets remain in narrow ranges
states only, since,’s for near-threshold states are sensitivewhich evidently differ from quantities predicted with the
to slight differences in the binding energies provided by vari-other sets.
ous interactions. Some speculations have been fizafdor It is interesting that the pronounced raising Df, (by
the A dependence af, based on various phenomenological about 1 MeV for the SKM* set does not induce a noticeable
A-nucleus potentials, which did not lead, however, to unamimprovement in reproducing the binding energies of heavy
biguous predictions. Our,’s in heavy hypernuclei are much hypernuclei. TheB, values in the{®Pb ground state in-
larger than those predicted in Rg24]. crease by only 0.20.4 MeV. The reason is that due to
For the well depttD , , we obtain 27.529.9 MeV(and a  smallerA orbit radii, theA kinetic energy increases together
more narrow range 27-928.6 MeV, if sets I, IV, and 1 are with the well depth, and a partial cancellation occurs. There-
accepted only Also the polarizing property oAN interac- fore, the relation betweeA binding energies in heavy hy-
tion in these cases appears to induce a slight contraction gfernuclei and in infinite matter is not as obvious as it seems.
the core(about 0.5% in light hypernuclei and about 0.1% in  Let us close this section by a brief discussion of set V,
208y Larger contractions connect with smalieg’s and, ~ which has a nonzero S@N force. In Fig. 5, the calculated
otherwise, nearly zero polarizations give laryeorbit radii.  binding energies are shown for both lowgr( +1/2, solid
And the nonlocality cannot be constrained substantially nowines) and upper [=1—1/2, dashed lingsmembers of the
because of the uncertainty in the empirical level spacing. Th&O doublets. Consistently wift20], the 1f splitting of &%
assignment of the high-lying states affects this point mosts the largest splitting throughout all the boundstates cal-
crucially. culated in this work together with the equal splitting af 1
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The AA bond energy is defined b¥B, =B, —2B,,
where theB, , is the separation energy of twd’s from a
’XXZZ hypernucleus and thB, is the A separation energy
from the corresponding**Z hypernucleus. It is known that
AB,, is sensitive dramatically to thd N (or A nucleu$

interaction and, particularly, to, [31]. Therefore, an appli-

=

= 10 cation of the newAN interactions is very interesting.

v< 2 Lo\ The SHF scheme fok A hypernuclei has been presented
B s ’x\é A in [32]. However, the purely phenomenological approach

v by b Lo b b by

T T T T T [T T T OIS T T T[T T T[T O oTT

A % < with Skyrme-like AA interaction presently encounters con-

0 X ~ % . .. ..

121 At < siderable uncertainties due to the lack of releyant empirical
_5 minTS?Y /Pocc 165 knowledge. Instead, we use here th G-matrix interac-
®lq * -’j\v" 2, TS tions[8], which are derived from thd A/ZN sectors of the
AR N Nijmegen OBE models as follows. Th& A-EN coupled

0.00 0.05 0.10 0.15 0.20 0.25 . . ..

AT/3 channelG-matrix equation for @\ A pair in nuclear matter,

similar to Eq.(4), is solved for each nuclear density. The
FIG. 5. The same as in Fig. 1 with theN potential V offering obtained density-dependeft\ G matrix is represented spa-

nonzero spin-orbit term. Solittiashedi lines are for thgj=1+1/2  tally in a three-range Gaussian form:
(j=1-1/2) states. 3
— 2 21 2
states in1*La. It is seen also that prominent splitting in VAA(r)_zl (8 +biketcikplexp(—rg7). (1)
1p (1d) states can be searched forfat 40 (40<A=<60).
Of course, it is a problem to compare the calculated specthe parameters in th&S, channel are given in Table VIl in
tra directly with the experimental ones, since the data showthe cases of the Nijmegen model(BD) and NS. Here the
in Fig. 5 (the same as in Figs. 1)-8vere obtained without hard-core radiugcutoff masg of ND (NS) is taken in the
supposing any SO splitting. Nevertheless, it is promising thasame way as the one in the corresponditg channel. It is
the data points are mostly enclosed by two correspondingiot so complicated to deal with the finite-range\ interac-
lines. tions in our SHF scheme, since exchang& terms do not
For the splitting in the?\gY 1f state, the calculated value appear for the ground states. We treat the DA interac-
1.9 MeV is obtained which should be compared with thetion in the local density approximation. The results appear to
experimental value 2:50.2 MeV reported by NagaElO],  be rather insensitive to a specific form of this approximation.
though these data are not surely established. We estimated The bond energieAB, , calculated with various N and
the contribution of the ALS term in the case of N&nd A A interactions are listed in Table VIII. It is seen that the
found the reduction of the above value by a factor 0.8. OnA N potentials I, IV, and 1 give the bond energies remarkably
the other hand, Motobat al. analyzed recently the level close to each other. We checked also that the results are
splitting betweer[(pl,z),gl(pl,z,p3,2)A]o+,2+ states of%sO insensitive to the choice ol N interaction for theseAN
observed in emulsion, and found that the experimentapotentials(but for not all the otheps At the same time, the
0" —27 splitting can be reproduced by multiplying by a fac- bond energy generally depends on the adoptédinterac-
tor ~1.2 on G, g(r) for NS’ without taking theALS term  tions via differentr ,'s and different core polarizations. It is
into account{26]. This indication of the stron@. S interac-  seen that the largest deviations from the above reliable val-
tion is quite consistent with the above data?éY, because ues are obtained with the strongly polarizing potentials 3 and
our calculated value 1.9 MeV becomes near to the experiSKSH1. However, this dependence is weaker for the DD
mental one by multiplying by a factor of 1.2. A A interactions than for the density-independent ones.
Considering the results of Table VIII with the use of our
reliable AN interactions, we see that the NS model clearly
underestimates the experimental bond energy-40.9 [27].
Recently, an interest i6= —2 hypernuclei has been re- On the other hand, the ND model predicts much more rea-
vived due to the KEK experimen{7,28. Particularly, a sonable quantities. Then, it is easy in the case of ND to
new A A hypernucleus, assigned i3, B, has been observed reproduce the data exactly by taking a smaller value of the
[27,29,3Q. hard-core radius. In the case of NS, however, such an adjust-

IV. BINDING ENERGY OF %3 B

TABLE VII. Parameters of the\ A G-matrix potentials in the'S, state.

ND potential NS potential
[ Bi 2t b; Ci 2l b; Ci
(fm) (MeV) (MeV fm) (MeV fm?) (MeV) (MeV fm) (MeV fm?)
1 15 —10.80 3.029 -1.126 —4.093 0.8137 —0.342
2 0.9 —298.5 156.6 —55.07 —73.45 37.83 —10.19
3 0.5 835.5 —252.7 122.7 75.65 48.54 12.19
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TABLE VIIl. AA bond energied\B,, (in MeV) in 1B cal-  motivated parametrization of Skyrme-likAN potentials
culated with various combinations of tileA and AN potentials. provides a rather good description of the singlespectra
when the potential is fitted to two empirical quantities (
binding energies in a light hypernucleus anddat ) only.
It may even seem surprising since the fr&&l potentials

AN ND potential NS potential
DD version density-independent version

I 3.8 4.3 1.2 used are different in their footings and also may be not so
1l 35 4.0 1.2 accurate due to lack of data on fraeéN interaction. Never-

M 3.4 3.8 1.1 theless, such a semiphenomenological way appears to be
n'’ 3.4 3.8 1.1 successful. We remark also that it is enough to take account
" 3.7 41 1.2 of medium effects via th&-matrix density dependence of

v 3.7 4.3 1.2 the AN potential in order to reproduce the experimental
1 3.6 4.0 1.2 spectra, and a genuineNN force is not needed. Only if the

2 35 3.9 1.2 condition of US®*™~ —30 MeV is satisfied, is the quality of

3 4.4 5.1 1.6 fitting to the experimental spectra is insensitive to the de-
4 35 4.0 1.1 tailed density dependence bf{"®". On the other hand, the

5 4.0 4.5 12 odd-state contribution is severely restricted due to our analy-
6 3.4 3.8 11 sis: The almost vanishing or the slightly repulsive ones are
SKSH1 6.1 7.2 2.7 favorable.

Due to lack of data, seemingly different sets AN
Skyrme parameters happen to bring about similar results, and
then it is not possible to argue some parameter set as an
@nique one. This uncertainty makes apparent comparison dif-
| Y i ¢ g ficult among various sets. Considering this situation, we try
with the density-independet A interactions which are the g fix directly some physical quantities. We found some re-

: — -1
same as the DD ones, E(), fixed atkg=1.0 fm™". They  gyictions onA properties in nuclear matter together with
obtainedAB, ,=4.7 MeV with use of the Woods-Saxon- ot radii and the core polarization size. Further analysis of

type A-core interaction. For comparison, in Table Vithe  the data, including consistent assignment of experimental
second column for the ND model potentithe correspond-  peaks, can lead to more severe restrictions. There still re-
ing results in the present scheme are shown, which are calpains, however, some uncertainty due to ambiguities in core
culated with the same density-independent one. Both resulig,gii and nuclear saturation density and also in nuclear in-
are found to be consistent. I_t should be pointed out, howevebompressibility. For specific hypernuclei, it is possible to
that the valuekg=1.0 fm* is not so adequate as the aver- remove this uncertainty using empirical knowledgeough

age Fermi-momentumkg) felt by A’s in the nucleus. We  such knowledge is not available for all relevant cor&pec-

can obtain this quantity in the present scheme as followsyra of specific hypernuclei may be influenced, of course, also
The value okg is chosen so that the bond energy in the localby configuration mixing and some other effects which are
density approximation is reproduced in the average densitpeyond our single-particle approach. Since our concern is to
(at kg) approximation for the specific hypernucleus. Then,study the gross features of the hypernuclear spectra, we did
we obtainedke~1.3 fm~! regardless of the choice of the NOt attempt to specify a nuclear model for each core.

potentials, differently from the above value. This means that 1"€ connection between the binding energies and other
the A’s feel a relatively high density in the center 8. Of ~ hypernuclear features demonstrated here seems to be remark-

course, this quantity may vary from nucleus to nucleus. a_bIe. 'I_'he main obstaclelto more de_finite quaptitative conplu—
Thus, we argue that the DD ofA interaction should not  SIONS IS the uncertainty in the binding energies of the high-
be neglected. The bond energy of two hyperons depend¥'”9 states. Our calculations provide some preliminary
meaningfully on the core central density. Further knowledgeSUPPOTt to the fitting procedui@9] with accounts of deeper
on this point can be obtained when otheA hypernuclei hole contributions. On the other hand, it should be empha-

with different cores(and core central densitiesiill be ob- sized that the proper assignment of the high-lying states is a
served. theoretical rather than experimental task. Strictly speaking,

the consistent analysis should start from experimental spectra
directly rather than fronB,’s, and should include calcula-
tions of the related cross sections.

We presented a systematic study of thehypernuclear Further tests can be searched for in various hypernuclear
binding energies in the framework of the Skyrme-Hartree{production rate calculations. Probably, differential cross sec-
Fock approach. It was known previoudl®,4] that this ap- tions of (K, ), (7,K), and ,eK) reactions are sensitive to
proach is able to reproduce general properties of siAgle- r,’s. Also, the nuclear absorption of stoppéd™ with
hypernuclear spectra. The recent KEK experimigiten-  strongly peripheral nature should be inspected from this
hanced the base for a phenomenological treatmerit bf-  point. Last, pionic weak decay rate is known to be strongly
pernuclei and allowed us to perform a more accurate analydependent or\ orbit radii [33].
sis. We examined also the spin-orbit term in the Skyrme

The hyperon-nucleon interactions suggested here are ndtN potential. Its amplitude obtained from the Nijmegen-
purely phenomenological. It appears thab-matrix-  soft-core model gives a fairly smaller value compared to the

ment is difficult because the resultidgA attraction is not so
sensitive to the cutoff mass. The present result is similar t
the previous three-body*B+ A +A) calculations[29,8]

V. SUMMARY AND OUTLOOK
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recent preliminary experimental indicati¢hO], when both tial (for the most recent discussion §&82,34]). So our study
of theLS andALSterms are taken into account. For further of singleA hypernuclei is pertinent also fatA hypernuclei
progress, definite experimental conclusions are needed. BndA A interaction problems, and it provides a reliable base
principle, if the states observed now are unresolved spinfor calculations of various\ A hypernuclei.
orbit doublets, it can disturb the analysis of central interac-
tions too.

We show that the density dependence of the\
G-matrix interaction is not negligible i\ A hypernuclear We would like to express our thanks to Professor O.
binding energies. Quantitative treatment of thé interac- Hashimoto, Professor T. Nagae, and Dr. T. Hasegawa for
tion will be possible in the future when better data are avail-providing us their unpublished data and useful comments.
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