PHYSICAL REVIEW C, VOLUME 64, 044301

Hypernuclear structure with the new Nijmegen potentials
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We perform continuous-choice Brueckner-Hartree-Fock calculations of hypernuclear matter, using the recent
Nijmegen potentials for hyperon-nucleon and hyperon-hyperon interactions. Single-particle observables of the
various hyperons in bulk matter, as well as properties of single- and double-lambda hypernuclei, employing an
extended Skyrme-Hartree-Fock scheme, are presented. We find that the potentials tend to overbind the single
hypernuclei and strongly underbind the double hypernuclei.
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I. INTRODUCTION Il. FORMALISM

. .. . The results we present in this paper are based on gener-
For the past couple of years, aside from nonrelativistic_,. :
. . . alized Brueckner-Hartree-FodBHF) calculations(employ-
nucleon-nucleon potentials of very high quality, hyperon-. . : . N .
: . : . .. ing continuoussingle-particle potentials in the computation
nucleon potentialgl—6], that are consistent with the existing . . :
! . of the G matrices of lambda-hypermatter, i.e., symmetric
data set on elastic hyperon-nucleon scattering, have also be-

come available for the theoretical modeling of hypernucleinUCIear mat_ter of de_nsnyN containing a fraction of lambda
hyperons with density, .

and hypermatter. Recently, a new set of potentials was pre= The technicalities of these calculations are explained in

sented[7] that_ also involves, besides the usual hyperon—detail in Refs.[10.11], and will not be repeated here. We
nucleon force in the strangeneSs —1 channel, extrapola-

tions to the hyperon-hyperorSt — 2,— 3.—4) channels. only mention t_hat the pr|nC|paI qmlcultles are caused by the
. choice of continuous single-particle potentials for all types of
Since, unfortunately, at present the data set on hyperon-_ . .
o . articles involved, as well as by the presence of a large num-
nucleon scattering is rather scarce and of relatively poo . .
er of coupled channels. This renders the computations very

quality compared to the nucleon-nucleon case, the corre: : . .
. : . . time-consuming. In the following we will make use of the
sponding potentials are not very well constrained, allowing_ . ~ . . . o
: ) ; ! rincipal results of the calculations, which are the binding
for considerable freedom in their construction. We therefor ner er baryon as function of the variofis our case
take in this article the opportunity to employ these new po- gy P Y

tentials for microscopical calculations of hypernuclear struc-nUCIeon and lambdzpartial densitiesB/A(py.p), as well

ture. The motivation is to judge their quality by confrontation as the momentum-dependent single-particle potentials of all

with data of finite hypernuclei, where available. We will ti/rrJ]es A"fEE%T'C:'e,SO 'g \gée(:i q(gi)féerv(\alzsrl?)arthc?ns{n?heei(tqwe
therefore present results for single-particle levels of single- P, - y
ake into account.

lambda_hypernuclei, on which qui iled experimental . .
ambda hypernuclei, o ch quite detailed experimenta We will further below present results on certain features

information exists, as well as discuss the main features oéf these bulk matter quantities. but also use them as inout
infinite hypermatter with the main relevance for astrophysi-. f tion for the d Ctl inati ' f i fh P
cal applicationg8]. information for the determination of properties of hypernu-

The situation is especially uncertain for the hyperon-Cl€l in an extended Skyrme-Hartree-Fd@HP) model[12].
hyperon channels, for which no scattering information is! IS model was recently employed together with the *old
available at all, and the new potentials, with no additionalNlimegen hyperon-nucleon potential, and quite satisfactory
parameters and obeying an approximate(3Usymmetry, results for the properties of single-lambda hypernuclei were

constitute therefore mere “extrapolations” to tg= —2 obtained. A comparison with the equivalent predictions in-

— 3,4 sectors. Regarding this aspect, the only possible Con\4olving the new potentials is therefore of interest. More im-

frontation with reality at the moment appears the comparisorﬁ)ortant_ly’ contrary to the old potentials, the new ones involve
with information on the potentially observethreg double- extensions to the hyperon-hyperon sector and allow therefore

lambda hypernucleﬁAHe, ioABe, andﬁB [9]; and this is to make also predictions for double-lambda hypernuclei,

one of the objectives of this paper. Whllﬁh I;Veef W[Igzﬁxglorhe a:rgvrilk eron interaction was not
The degree of freedom in the construction of the poten- : ypP yp

tials is evidenced by the fact that in R¢f] actually six present, so that we introduce briefly in the following the
different potential parametrizations were given, which fitSllghtly extended scheme involving such a force. For a more

equally well the scattering data, but produce different scatge“’“ka(j account the reader is referred to Re2]. The local

tering lengths in thé\N andX N channels. In this article we energy density functional of hypermatter depends on the den-

present results that are obtained with the potenti&l&nd S't'e'\? pq=Z2; 81 ¢¢/> and kinetic energy densitiesrg
“F” of that reference and compare with results using the==,%,|V ¢¢|* and is written ag = ey + €, , Whereey is the
“old” Nijmegen soft-core potentia[3], denoted ‘O” in the purely nucleonic SHF functional, as specified in Réf3],
following. and
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1 TABLE |. Parameters of the functional representations of energy
EA=5 A+ ena(pn.pA) (1)  density and lambda effective mass, E®.and(8), for the poten-
A tials O, A, andF.

is the functional accounting for the presence of lambdas,

which is due to the action of hyperon-nucleon and hyperon- © A F
hyperon forces. It can be constructed from the BHF results «; 327 423 384
for B/A as a, 1159 1899 1473
o . a3 1163 3795 1933
ena(pn ) = (PNt pa) 7 (PNsPA) ~ PR (PN,O) Z‘S‘ 1?32 4‘37177 1683259
g 1660 11061 4100
_ § L 5/3 ) ay 0 38 50
52m," A ag 0 186 545
g 0 22 981
where the last term corresponds to the kinetic energy contri
bution of the lambdas. The consta®t (372)?*~9.571 has M1 1 0.98 0.93
been introduced. However, as in REf2], we prefer to work M2 1.83 1.72 2.19
with a Schrainger equation that involves, instead of the bare 3 5.33 3.18 3.89
lambda massn, , the hyperon effective mass} , as ex- o 6.07 0 0

tracted from the BHF single-particle potential
-1 As in Ref.[12], we provide parametrizations of the nu-
(3 merical results for the key quantities;, and m} in the

following functional forms py and p, given in units of
~3, eny In MeVIm™3):

U (k) —U,(0)
kM2/2m

m3
m,

. . . : . . fm
For this purpose the energy density functional is written in-

stead as 2
ena(pn,pa)=~ — (1= azpn+t aspy)pnpa
1 my 3 C _ 2 5/3
EA:_me\ At ena(pn.pA) — ( mt 1) 52m, PR las—aspnt aGp,:)p,:pA
(4 —(a7—agppy+agpi)py (7)
Minimizing the total energy of the hyperngcleuE m*
=fd3re(r), one arrives with Eq4) at the SHF Schidinger _A(PN)%Ml_M2pN+/~LSP§_M4pEJ- (8)
equation My
1 _ i The parameterg; and w; are listed in Table | for the three
-Vv. 2 () V+ V() —iWg(r) (VX o) | dg(r) different potential<O, A, andF that we use.
_q _ The functional form of Eq(8) is purely phenomenologi-
=—€q Pq(r), (5  cal, whereas that of Eq7) is guided by the fact that the

. energy density functional can be related to the BHF single-
with the wave functionsp, and the single-particle energies particle potentials in the following manngt2]:
—e'q for the different single-particle levelsand specieg)

=n,p,A. The SHF mean fields are
enalpnop)= 2[00k +UM (K]

(A)
SHE JdeNA J mpy TA 3 C 5/3 k<ke
VN:VN - &pN +ﬁ mX(pN) 2r‘n/\_gzr‘ﬂ/\pA ’ (N) (N)
6a) +2 2 (UMW), UK, <ol
k<k® i
afNA ( mpy ) C 23 (9)
V)= - -1 , (6b)
Moy \mi(en) T/ 2my Pt

where U&B) denotes the BHF single-particle potential com-
whereVy " is the nucleonic Skyrme mean field without hy- ponent of baryorA due to the presence of baryoBsn the
perons andV,, the nucleonic spin-orbit mean-field, as given medium[10]. In extension to Ref[12], the last term on the
in Ref.[13]. At the present level of approximation we do not right-hand side of Eq(7) andU‘ (k) in Eq. (9) are due to
include a spin-orbit force for the lambda, which is justified the presence of hyperon-hyperon interactions. We remark
by the experimental observation of very small spin-orbitthat nevertheless we still keep a simple parametrization of
splittings. the lambda effective mass, E(B), depending only on the
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20 T T ",¢ T 7 T
10 F  Pa=0 PPy ;7}/-- Ps=0: Py=Po 7 4 FIG. 1. Hyperon and nucleon
I I single-particle potentials in pure
_ 0 | nucleonic matter 4, =0) at satu-
> ~10 ration density py=po=0.17
=) L fm~3). The nucleonic curves are
2 -20 scaled down by a factor of 1/2.
= The upper dashed curve pertains
—30 to 29, the middle one t& *, and
_40 the lower one t& ~. Results with
r r the potentialsA (left pane) andF
-50 0 5 , 5 > . (right pane) are compared.
k [fm™'] k [fm™]

nucleon density. This still reproduces the numerical resultsive =-nucleus well potential of around 24 MeV, while

relatively well and we consider it sufficient at the present gcent K~ ,K*) spectra onkzc obtained at KEK and BNL
stage of approximation. [17] and analyzed within the distorted wave Born approxi-
mation, favor a shallower potential of aroundl4 MeV.
. RESULTS With respect to the® hyperon, data orf,~ atoms seemed
A. Bulk matter to be compatible with attractive potentials of around
. , o . —25 MeV atpg [18,19, while more recent fits including

_We begin with a presentation of the principal properties oyt of heavier atoms suggested a repulsive potential in the
infinite hypermatter in our model: In order to illustrate the , clear interiof20—22. A recent comparison oft{ ", )
basic featgres, Fig. .1 shows the cqmplete set of nucleon arﬂ)ectra calculated in plane wave impulse approximd@ah
hyperon single-particle potentials In pure nuclear matter afyith data taken at BNI[24] also seems to favor a repulsive
saturation density dy=po=0.17 fm *,py=0) resulting 5 _nycleys interaction, although more sophisticated treat-
from our calculations. The hyperon single-particle potentials,ents including the distortions of the incoming and outgoing

are much less attractive than the nucleonic ones, reﬂectinlg1esons would be desirable before drawing definite conclu-
the weaker strength of the hyperon-nucleon compared to thgq,g-

nucleon-nucleon potentials. Concerning the effective masses e gifferences in binding between the three sigma hyper-

m*/m, indicated by the curvature of the single-particle po-yns in symmetric nuclear matter are in the case of the new
tentials, those of the lambda are generally smaller than unity,

ms/my is very close to unity, anchz/mz larger than unity. NSC97a NSC97f
Compared to previous BHF calculations employing the 1 - - -
much simpler gap-choice prescription for the single-particle .
potentials[7,11,14,15, our new results indicate only small < S~ N
changes for the lambda, but substantially more binding for S 075 T e
the sigma hyperons. With respect to the poter@idlL0], the g T
new potentials predict more binding for the lambda and in
particular for the sigma hyperons. More detailed compari- 0.5
sons between the new and old potentials will be given in the
following. AR N
The most interesting features that can be extracted from AN N
plots like Fig. 1 are the hyperon “well depth4J,(k=0)!
as well as effective masses, as defined in &).for the
lambda. The corresponding results are displayed in Fig. 2 as
a function of nucleonic density and the values at normal
density are also listed in Table Il. One notes that the new A \ AN
potentials predict relatively strong attraction for all types of 10 \RE 1 \\\
hyperons, which at least in the case of the sigma and the \ \
cascade hyperons appears not to be supported by the present N =
experimental information. In the case of ti&e hyperons, 0.
early analysis of old emulsion daf46] obtained an attrac- Py [fm ]

U, (k=0) [MeV]
////
a
/ / ™
.
> -
pd ////
7
it (
l
+ <o

(=]
L

T
py [fm 7]

FIG. 2. Lambda effective magtop panely and well depths of
the different hyperongbottom panelsas functions of nucleon den-
1t should be noted, however, that these quantities are slightlsity in pure nucleonic matterp(, =0). Results obtained with the
more attractive than the SHF potentids, due to rearrangement potentialsA and F are shown in the left and right panel, respec-
contributions to the latter, see R¢1.2]. tively.
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TABLE II. Depth of the different hyperon single-particle poten- 2
tials, —Uy(k=0) (in MeV), in nuclear matter of normal density @
pn=po=0.17 fm 2, evaluated with different potentials. - k=1(§F
Y o A F N
A 30.0 39.7 36.6 %
s 8.0 29.7 25.5 2, /
30 15.2 27.6 235 “ A /
st 8.7 28.8 24.8 s
= 35.1 37.3 Ll
=k 35.1 37.3
NSC97a ™, NSC97f
Px=Ps | PP
potentials solely generated by the different masses, whereas 2 T o oo 0 o oo ose oos
the potentialO involves explicit isospin breaking in the dif- p, [fm™] p, [fm™]

ferent sigma-nucleon chann€8]. We also note that the
strongly repulsive Landisovectoj term, which is respon- . .
sible for the existence of a bouritHe state[25,26], comes Iamb?Aa} density for fixeghy=po=0.17 fm * and two momenték
out to be opposite in sign for the new Nijmegen mod2B). =0k
The properties of lambdas will be discussed in more detail
below.

Concerning the lambda effective mass, we obtain at satu-
ration density the values}/m,~0.78, 0.67, and 0.81 for
the potentialsA, F, andO, respectively. Due to the strength #=(po.pa)~Uz(po,0), (119
of the new potentials and a repulsiyewave contribution . . . .

[15], the corresponding values are slightly smaller than phe¥Sing the fact that at nucleonic saturatlon'den.sny we have
nomenological ones reported in RE27]. #n(po) =BIA(po)~—16 MeV, and approximating th&

After reviewing the properties of individual hyperons in chemical potential by the BHF well depth. The terms involv-
pure nuclear matter, we come now to the discussion of sydd partial derivatives ofy, can now easily be calculated
tems with finite strangeness fraction. In this article we will from EQ. (7), and solving Eq(10) we obtain the following
restrict to the most relevant case of lambda hypermatter cha¥@lues for the lambda fraction at whiéh hyperons will start
acterized by partial densitigsy and p,, or equivalently, to form: XA_=O.17,0.15, and 0.08 for the p_otentlﬂsA, and
total densityp=py+ p, and lambda fractiox, = p, /p. F,. respeptlvely. The valye for the potent@lha_s been ob-

A particular important aspect of lambda hypermatter is thd@ined with the assumptiod==—15 MeV and is therefore
formation of cascade hyperons via the\ —NZ reaction, higher than those for the. new potentials, Whlch yield very
once a threshold of the lambda fraction is reached. Hypernd;arge(b“t probably unrealisticvalues for the binding of the
clei beyond a certain strangeness fraction contain therefore in huclear matter, although there is some compensation,
necessarily other types of hyperons besides lamipgas  Since also the lambda is more bound with these potentials. In

30]. Quantitatively, the lambda threshold density is deter-2ny case, the pher)()_menonﬁfformation is not relevant for
mined by the equation hypernuclei containing only a small number of lambdas,

which will be discussed in the following.
puetpun—2urt+Am=0, (10 In view of the relevance for double-lambda hypernuclei,
we display finally in Fig. 3 the BHF single-particle potential
whereu,= del dp, are the chemical potentials of the differ- component due to the lambda-lambda interactiof)’ (),
ent speciesdepending on the different partial densijiesmd  as a function of lambda density for fixeg,= po and for two
Am=mz+my—2m,~23 MeV, is the relevant difference typical momentak=0,k(FA). Estimating very roughly the
of rest masses of the baryons involved. Due to the fact thaypical lambda density in a double-lambda hypernucleus as
this quantity is quite small, the onset Bf hyperons can in p,~2p,/A~0.02 fm * for 1’ Be, one can expect from the
principle take place at relatively low strangeness fraction. Ifigure typical two-lambda bond energies of not more than
depends crucially on the in-medium propertiesemical po- +0.5 MeV (attractive for the potentialA and even less for
tential9 of the three specieN, A, and=. the potentialF. This will be confirmed later by our micro-
The most relevant information is the lambda fraction  scopical calculation; however, it can already be stated here
corresponding to the onset & formation in hypermatter that clearly the theoretical value is far too small, compared to
with partial nucleon densityy~ pg, since this resembles the the experimental estimate of about 5 MgY.
situation in heavy hypernuclei. For this purpose we can write

FIG. 3. BHF single-particle potential(*(k) as a function of

ﬁENA
Ip

C
2/3
=—pi+
#A(Po.pA) ZmApA

(pO!pA)! (11@

B. Single and double-lambda hypernuclei

(119 After presenting the principal features of infinite hyper-

B 0ENA
uN(Po:pA)= 7 (p0.0)+———(po.pA): : JIEE
NEOEATT AR gpy 0N matter, we come now to the modelling of hypernuclei within
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P TABLE IV. Bond energies\B, , (in MeV), Eq.(12), of several
oo double-lambda hypernuclei.
25| 0 A F
i .Be —0.34 0.37 -0.35
20 e -0.41 0.32 -0.47
> 80 ~0.41 0.32 -0.41
= 5[ oS -0.33 0.25 -0.35
& F ¥ .ca -0.31 0.19 -0.32
[ 2.zr -0.21 0.09 —-0.24
or 142ce ~0.14 0.05 ~0.18
i pp -0.12 0.01 -0.15
s
perimental results. As stated in Rgt2], the main contribu-
0 tion to the rearrangement correction is provided by the cor-

rect treatment of the center of mass.

Proceeding now to double-lambda hypernuclei, we list in

FIG. 4. Lambda single-particle energies for different hypernu-Table IV the bond energy
clei as a function of mass numbAr The lines indicate theoretical
results obtained with different potentials, and the markers show AB A =2E(}y '2)-E(},2)—-E(* 22) (12
experimental data from Refg31,32.

evaluated with the different potentials. Whereas the old

the Skyrme-Hartree-Fock approach that utilizes these resulf§ijmegen potential contains no hyperon-hyperon interaction
as input quantities, as explained in the previous section. and yields small negative bond energies due to rearrange-

The most significant results are the lambda single-particiénent effects of the corésee the discussion in R¢fL2]), the
levels of various single-lambda hypernuclei, for which ex-new potentials do contain such forces and could in principle
perimental results are available for comparigéa,32. In be able to overcome this effect and to reproduce the experi-
Ref.[12], using the potentiaD, our model predicted a slight mental valuesAB, ,~5 MeV, indicating a strong\ A at-
underbinding of heavy hypernuclei. As we have seen, thdraction. In practice, however, the binding is still grossly un-
new potentials produce more binding in infinite matter,derestimated by about a factor 10 with the poten#ial
which is also reflected in our results for hypernuclei: Thewhereas the potentiat predicts even a slightly repulsive
lambda Sing|e-partic|e |eve|e|A (| = 1sllp’1d’1f) are dis- effect. One can relate these results to the BHF Slngle-partlcle
played in Fig. 4 and listed in Table IIl, which compares thePotential componerit§*), displayed in Fig. 3. Assuming for
values obtained with the different potentials. Indeed, consissimplicity a momentum independedt* (which is well ful-
tent with the results in infinite matter, the new potentialsfilled for very low lambda densily one arrives, using Egs.
yield significantly more binding. Even taking into account (9) and(12), at
the theoretical uncertainties involved in our model, it seems . . .
that the potentiaA can be excluded, while the potential AB A =UM(p)-UM2p)=-UM(py), (13
gives actually good results for the heaviest nuclei, however o
systematically overbinds the light nuclei by about 2 MeV.wherep,~py/A is a rough estimate of the average density
The rearrangement correctionselp are repulsive and of the of lambdas in a single-lambda hypernucleus. Indeed, com-
order of 1 MeV for light nuclei, decreasing smoothly wigh  paring the values given in Table IV and in Fig. 3, the relation
They improve the agreement of the potenfralvith the ex-  Eq. (13) is approximately fulfiled for the potentiah,

TABLE Ill. Lambda single-particle levelén MeV) for different single-lambda hypernuclei. Predictions of the poten@al&, andF are
compared with experimental data from RE32] (in bracket$ with errors of about=1 MeV.

1s 1p 1d 1f 19
o A F Expt. O A F Expt. O A F Expt. O A F Expt. O A F Expt

¥c  ($c) 11.7 178 13.7(11.7 09 40 1.4 (0.9

Yo (o) 133 19.2 155(125 3.0 6.7 3.7 (25

2%si  (®si) 16.4 22.8 18.9(17.5 7.4 122 85 (7.5 1.3

tca (°Ca) 18.0 24.3 20.7(20.0 10.1 15.1 115 (120 16 53 20 (1.0

Pzr  (8%) 211 275 24.1(22.5 15.6 21.4 17.8 (16.0 9.1 142 104 (9.0 21 63 24 (2.0

Mce (La) 22.1 28.4 253(24.0 17.9 23.8 20.5 (21.0 12.8 18.2 145 (140 6.9 11.7 7.8 (7.0 0.6 4.7 0.6 (1.0
2%p (%pb) 23.1 29.5 26.5(27.0 19.6 25.7 22.4 (22.0 15.4 21.0 17.5 (17.0 10.5 15.7 11.8 (12.0 5.1 9.7 56 (7.0
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whereas the\ A interaction in the potentidt is so weak and  Species, and, based on these results, a SHF model of hyper-

turning into repulsion at higher momenta, that the resultduclei.

obtained are very close to those of the potenBahithout Even taking into account the theoretical uncertainties of
any A A interaction our model(like the lack of three-baryon forces and finite-

In summary, clearly much more binding in the lambda-'2"9¢ effectd12,27,34), the results obtained are not very
\ $e ) ) . . satisfactory: With the new potentials all types of hyperons
lambda mtera}ctlon IS rqulred n o'rder to give Sat'SfaCt(.)ryare too strongly bound in nuclear matter; the single-lambda
results, e‘l’efﬁ i Ogr mo%elhls only qt;_ltel:dschﬁ_mhatlc, lndeglecm$ypernuclei(in particular light onesare overbound, whereas
any correlations beyond the mean field, which could be quitgng resyting effective lambda-lambda interaction is by far
|mportant in part_lcular for light nucldi33]. A related conclu- too weak compared to the values deduced experimentally.
sion was drawn in Ref.7], where very small lambda-lambda  cjearly a readjustment of the potential parameters in par-
scattering lengths were obtained with the new potentials. icyjar for the hyperon-hyperon channels is necessary and
Since the new potentials fail completely already for thesimple extrapolations guided by €8 symmetry are not suf-

treatment of double hypernuclei, we will in this work not icient, as had actually already been pointed out in the origi-
discuss the speculative properties of multihypernuclei. nal article[7].
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