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Variational Monte Carlo calculations of L
5 He hypernucleus
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We perform a realistic study ofL
5 He hypernucleus using variational Monte Carlo technique. The Hamil-

tonian for 4He nuclear core of the hypernucleus is written using Argonnev18 NN potential and Urbana
model-IX NNN potential, whereN stands for nucleon. For the strange sector, we use phenomenologicalLN
potential having central, spin, and exchange components andLNN potential which includes spin-dependent
dispersive force and two-pion exchange force. Using this Hamiltonian and a fully correlated variational wave
function, we reproduce the experimentalL binding energy. Without three-bodyLNN potential in the Hamil-
tonian and its corresponding correlation in the wave function, the hypernucleus is overbound by 0.56~4! MeV,
which is about a quarter of the previous reported values of 2–3 MeV due to the use of central forces. We
present the detailed energy breakdown of the hypernucleus and also show the effect ofLNN correlation on it.
The one-body density profiles for nucleon andL in the hypernucleus and in its nuclear core have been
critically examined. The nuclear core polarization due to presence ofL is precisely determined.
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I. INTRODUCTION

The L
5 He hypernucleus, a composite of four nucleo

(N), and a distinguishable hyperonL with strangeness de
gree of freedom, has always been a focus of attraction
those studying strangeness physics of hypernuclei@1#. The
L-separation energy in the ground state of this hypernucl
because of the good experimental statistics, is the most
able experimental information available to us in the hyp
nuclear laboratory. It has been, besides theLN scattering
experiments and the hypernuclear decay, widely studie
bridge the gap in our fundamental understanding of bary
baryon and three-baryon forces. It has also been used to
plore the structure of theL

5 He. Although nucleons and hy
perons are quark composites, at low energies quark
gluon degrees of freedom do not manifest themselves, a
description of baryon-baryon force using mesons works
fectively. The question remains whether we can successf
calculate physical properties of such many-body system
terms of realistic two- and three-baryon interactions with
including the underlying QCD.

In this direction, some simplified microscopic calculatio
were performed fors-shell hypernuclei@2,3#, a few p-shell
hypernuclei@4#, andL binding to nuclear matter@3,5#. But
these studies were limited to central nucleon-nucleon (NN)
interactions, which are far from the realistic picture of t
hypernuclei. Also theL-nucleon (LN) potentials, param-
etrized to account for the various low energy scattering d
and the binding energies ofL

3 H, L
4 H, and L

4 He, overbind

L
5 He hypernucleus, which is known asA55 anomaly
@2,6–8#. It was suggested@2,3# that theL-nucleon-nucleon
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(LNN) potential may resolve the overbinding problem. B
sides, there were other attempts to resolve this problem
Bando and Shimodaya@9#, and by Shinmuraet al. @10#, who
had performed calculations under the framework ofG matrix
using Reid soft core and Hamada-JohnsonNN potentials. At
a later stage, detailed Monte Carlo studies ofL

17O hyper-
nucleus using cluster Monte Carlo~CMC! @11# and L

5 He hy-
pernucleus using variational Monte Carlo~VMC! @12# were
carried out. In these two studies, the two-bodyNN andLN
potentials were used in conjunction with the three-bo
NNN andLNN potentials. But theNN potential was thev6,
which represents the first six dominant terms of the Argon
v18 ~AV18! potential @13#. In addition, all the correlations
induced by these potentials were used to write the variatio
wave function under independent triplet approximation. T
effect of LNN force and its corresponding correlation o
energy breakdown, density profile, and nuclear core (N
polarization was thoroughly investigated. However, for a d
tailed realistic study, one must include the neglectedv8
5v182v6 terms.

In this paper, we use the full AV18 potential. We als
improve the wave function through the inclusion ofL•S and
L•S^ (t1•t2) correlations and incorporate other conside
ations for NC as by Pudlineret al. @14, 15# given in Sec. III.

II. THE HAMILTONIAN

We calculate theL separation energy

BL5
^CNCuHNCuCNC&

^CNCuCNC&
2

^CuHuC&

^CuC&
, ~1!

whereC(CNC) andH(HNC) are used to refer to the groun
state wave function and Hamiltonian of hypernucleus~iso-
latedA21 bound nucleons!.
©2003 The American Physical Society01-1
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The nonrelativistic Hamiltonian of anA-baryon hyper-
nucleus containingA21 nucleons and aL baryon is

H5HNC1HL , ~2!

whereHNC is the nuclear core Hamiltonian,

HNC5 (
i

A21 pi
2

2m
1 (

i , j

A21

v i j 1 (
i , j ,k

A21

Vi jk , ~3!

and

HL5TL1 (
i 51

A21

vL i1 (
i , j

A21

VL i j ~4!

is the part of the energy due to presence ofL. In these
expressions,v i j and Vi jk are NN and NNN potentials. For
NN potential we use AV18, which is written as a sum of
terms,

v i j 5 (
p51,18

vp~r i j !Oi j
p , ~5!

where the first 14 terms are charge independent,

Oi j
p51,145@1,si•sj ,Si j ,L•S,L2,L2si•sj ,~L•S!2#

^ @1,ti•tj #, ~6!

and the rest,

Oi j
p515,185@1,si•sj ,Si j # ^ Ti j ,~tzi1tz j!, ~7!

are charge independence breaking terms. For theNNN po-
tential, we use Urbana-IX~UIX ! model of the Urbana serie
potentials@16#. This has a long range two-pion exchan
component and a short range phenomenological compon
written as

Vi jk5Vi jk
2p1Vi jk

R . ~8!

We use these in conjunction with theLN andLNN poten-
tials, which are represented byVL i andVL i j in Eq. ~4!.

A. The LN potential

Unlike the NN interaction, single-pion exchange is fo
bidden inLN interaction. The two-pion exchange~TPE! is a
dominant part of theLN potential that is determined by th
strong tensor one-pion-exchange~OPE! component acting
twice. The tensor part of theLN interaction is very weak
because the short rangeK̄ andK* exchanges that are respo
sible for this are of opposite sign and nearly cancel e
other. Moreover, there is theK exchange interaction that pr
marily contributes to theLN exchange potential.

We use an Urbana type charge symmetric potential@4,17#
with spin and space exchange components, and a TPE
which is consistent withLp scattering below theS thresh-
old,

vLN~r !5v0~r !~12«1«Px!1 1
4 vsTp

2 ~r !sL•sN , ~9!
02400
nt,

h

ail

v05vc~r !2 v̄Tp
2 ~r !, ~10!

vc5
Wc

11exp~r 2R!/a
. ~11!

HereTp(r ) is the OPE tensor potential

Tp5S 11
3

mr
1

3

~mr !2D exp~2mr !

mr
@12exp~2cr2!#2,

~12!

with m50.7 fm21, and the cutoff parameterc52.0 fm22.
Px is the space-exchange operator and« is the corresponding
exchange parameter. Thev̄5(vs13v t)/4 and vs5v t2vs
are, respectively, the spin-average and spin-depen
strengths, wherevs and v t denote singlet- and triplet-stat
depths, respectively. The spin dependence in Eq.~9! is found
to be negligibly small@11,12# in L

5 He andL
17O. Thevc(r ) is

a short range Woods-Saxon repulsive potential. The vari
parameters are

vs56.33 MeV, v t56.1 MeV, «50.3,

Wc52137 MeV, R50.5 fm, a50.2 fm.

These parameters are consistent with the low energyLp
scattering data that essentially determine the spin-ave
potentialv̄. The parameter« for the space-exchange streng
is fairly well determined from theL single-particle scatter-
ing data @18,19#. One may also add a charge symme
breaking term in Eq.~9!, which may give significant result a
large values ofA with a substantial neutron excess@18,20#.

B. The LNN potential

The LN force as obtained by fitting theLp scattering
does not provide a good account of the experimental bind
energies. The other considerations such as many-body ef
and the suppression of the tensor force by the medium
small@18,21#, in order to reproduce the experimental bindin
energies. However, we note herein that a fully realistic
scription of NC narrows the gap between theory and exp
ment significantly. But we still require a three-body TP
LNN force to resolve the overbinding. Unlike theLN po-
tential, theLNN potential may be strongly suppressed b
cause of the modifications of the propagation of intermed
hyperonic state. The intermediate hyperonic state can beS
as well as any of the (I 51,S521) S* resonances. The firs
such resonance is apL resonanceS* (1385), analogous to
N* (1236) in thepN system. In order for the diagrams give
in Fig. 1 to be operative, each nucleon must be localiz
within a fairly large distance of\/mpc'1.4 fm from theL
particle. The other calculations show a repulsive contribut
suggested by the suppression mechanism due toLN-SN
coupling@22,23#. Corresponding to both the diagrams of Fi
1-2
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1, one may write two Wigner types ofLNN forces, namely,
the dispersiveLNN force and the TPELNN force.

The repulsive ‘‘dispersive’’ force is written in phenom
enological form with an explicit spin dependence@3# as

VLNN
D 5W0Tp

2 ~r L1!Tp
2 ~r L2!@11 1

6 sL•~s11s2!#,
~13!

where W0 is the strength of the potential andTp(r L i) is
given by Eq.~12!. For the spin-zero core, the second term
the square brackets is practically zero.

In principle, TPE arises fromp- ands-wave pion interac-
tions of the L with nucleons, but the latter is negligibl
small. Therefore, TPE may fairly be described as ap-wave
pL interaction@6,24#, which is written as

VLNN
2p 52S Cp

6 D ~t1•t2!$XL1 ,XL2%. ~14!

Here

XL i5~sL•si !Yp~r L i !1SL iTp~r L i !, ~15!

Yp~r !5
exp~2mr !

mr
@12exp~2cr2!# ~16!

is the OPE Yukawa function, andCp is the strength of the
potential.

III. THE VARIATIONAL WAVE FUNCTION

The variational wave function@25# for nuclei may be gen-
eralized to write the wave function forL

5 He hypernucleus,

uC&5F11 (
j ,k

A21

UL jk1 (
i , j ,k

A21

~Ui jk1Ui jk
TNI!1(

i , j
Ui j

LSG uCp&,

~17!

where the pair wave functionCp is written as

uCp&5F )
j 51

A21

~11UL j !GFS)
i , j

A21

~11Ui j !G uCJ&. ~18!

Here Ui j , Ui j
LS , UL j , Ui jk , Ui jk

TNI , and UL jk are the non-
commuting two- and three-baryon correlation operators.S is
a symmetrization operator.uCJ& is the antisymmetric Jastrow
wave function,

FIG. 1. Diagrams contributing toLNN potential.
02400
uCJ&5F )
j ,k

A21

f L jk
c ~r L jk!GF )

j 51

A21

f L
c ~r L j !GF )

i , j ,k

A21

f i jk
c ~r i jk !G

3F )
i , j

A21

f i j
c ~r i j !GAufA21&. ~19!

Here, f i j
c (r i j ) and f L

c (r L j ) are central correlations that ar
primarily generated by the repulsive core in the two-bary
interactions,f i jk

c and f L jk
c are the central three-body correla

tion functions, and

AuFA21&5A@~n↑ !1~n↓ !2~p↑ !3~p↓ !4#, ~20!

where A is the antisymmetrization operator running ov
nucleons.

Ui j is a sum of spin, isospin, and tensor operators,

Ui j 5 (
p52,6

F )
kÞ i , j

f i jk
p ~r ik•r jk!Gup~r i j !Oi j

p , ~21!

andUi j
LS is the spin-orbit correlation operator,

Ui j
LS5 (

p57,8
up~r i j !Oi j

p , ~22!

with

Oi j
p51,85@1,si•sj ,Si j ,~L•S! i j # ^ @1,ti•tj #. ~23!

The functionsf c(r i j ) and up(r i j ) are the same as given i
Ref. @26#. The three-nucleon correlations induced byv i j are
discussed in Ref.@14# and references therein. Their explic
mathematical expressions are

f i jk
c 511q1

c~r i j •r ik!~r j i •r jk!~r ki•r k j!exp~2q2
cRi jk !,

~24!

f i jk
p 512q1

p~12 r̂ i j • r̂ jk!exp~2q2
pRi jk !, ~25!

and Ui jk is a complicated operatorial combination as d
cussed in Ref.@25#. Ui jk

TNI is the three-nucleon correlatio
induced by the three-nucleon interaction, which is written
the form @14#

Ui jk
TNI5 (

x5R,A,C
exVi jk

x ~ r̃ i j , r̃ jk , r̃ ki!, ~26!

wherer is scaled through a parametery as

r̃ 5yr, ~27!

and ex(x5A,C,R) is the strength parameter for the thre
different terms of theNNN potential@27#.

For UL j , we choose

UL j5 (
p52,3

F)
kÞ j

f L jk
p ~rLk•r jk!Gup~r L j !OL j

p , ~28!

with
1-3
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OL j
p51,35@1,sL•sj ,Px#, ~29!

wherePx is the exchange operator and

us
L5

f L
t 2 f L

s

f L
c

. ~30!

We may also generalizef i jk
c and f i jk

p for LNN three-body
correlations,f L jk

c and f L jk
p as

f L jk
c 511z1

c~rL j•rLk!~r j L•r jk!~r kL•r k j!exp~2z2
cRL jk!,

~31!

f L jk
p 512z1

p~12 r̂L j• r̂ jk!exp~2z2
pRL jk!. ~32!

The f L
s(t) is the solution of the Schro¨dinger equation

F 2\2

2mLN
¹21 ṽs(t)~r LN!1uLNG f L

s(t)50, ~33!

with quenchedLN potentials in singlet and triplet states,

ṽs~r !5vc~r !2~a2pv̄1 3
4 asvs!Tp

2 ~r !,

ṽ t~r !5vc~r !2~a2pv̄2 1
4 asvs!Tp

2 ~r !. ~34!

The spin-averaged correlation function is defined as

f L
c 5

f L
s 13 f L

t

4
, ~35!

and following Ref.@3#, the auxiliary potentialuLN may be
written as

uLN5
\2

2mLN
S kLN

2 2
2kLN~nLN21!

r
1

nLN~nLN21!

r 2 D
3S 12exp

2r 2

CLN
2 D 1

gLN

11expS r 2RLN

aLN
D , ~36!

which ensures the asymptotic behavior

f LN
c ;r 2nLNe2kLNr ~37!

required by the Eq.~33!.
TheUL jk involved in Eq.~17! have the same structure a

their corresponding interaction,

UL jk5 (
x5D,2p

ex
LVL jk

x ~ r̃ L j , r̃ jk , r̃ kL!, ~38!

with

r̃ 5yLr ~39!

and ex5D,2p
L , which stands for bothD ~repulsive! and 2p

~attractive! components of theLNN potential. In other
02400
words UL jk differs with VL jk through the rangec of the
cutoff functionsTp(r ) andYp(r ) as given below,

c̃5cyL
2 . ~40!

IV. RESULTS AND DISCUSSION

A. Variational parameters

All calculations are carried out using the Hamiltonia
consisting ofLN, LNN, NN ~AV18!, andNNN ~UIX ! in-
teractions. The variational searches have been performe
two cases:~i! with UL jk that implicitly involvesLNN po-
tential strengthsW0 andCp through Eq.~38! and~ii ! without
UL jk andVL jk .

The best values of the parameters that describe the4He
nucleus are due to Pudlineret al. @14# and Wiringa @26#.
Using these parameters the ground state energy of4He
nucleus is estimated to be227.73(2) MeV. The number in
parentheses is the error in the last digit. The wave funct
describing the NC need not necessarily be the same as4He
nucleus due to the presence ofL hyperon in the hyper-
nucleus. We do notice that some of these parameters ne
be changed for an optimal variational wave function. Valu
of asymptotic parameters used to generate trial wave fu
tion for NC and 4He are given in Table I and the three
nucleon correlation parameters are listed in Table II. T
noncentral NN correlations are obtained through th
quenched potential strengths. These quenching factors

TABLE I. Values of asymptotic parameters used to generate t
wave function for the NC ofL

5 He. The 4He parameters and nota
tions are the same as Refs.@14,26#. The parameters which remai
unchanged forL

5 He are not listed here.

NC 4He

E0,0 ~MeV! 14.0 17.0
E0,1 ~MeV! 16.0 16.0
E1,0 ~MeV! 21.5 23.5
E1,1 ~MeV! 12.0 16.5
h0 0.36 0.35

TABLE II. Values of three-nucleon correlation parameters. T
4He parameters and notations are the same as Refs.@14,26#. The
parameters which remain unchanged forL

5 He are not listed here.

NC 4He

eR 20.00027 20.00025
eC 20.0005 20.0004
y 0.73 0.72
q1

c (fm26) 0.18 0.20
q2

c (fm21) 0.80 0.85
q1

,s (fm22) 20.10 20.12
q2

,s (fm22) 0.11 0.12
q3

,s (fm22) 0.80 0.85
q3

t ~fm! 1.25 1.20
1-4
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listed in Table III. The best asymptotic parameters used
generate long rangeLN correlation are given in Table IV.

Similarly, theLN correlation functions are also obtaine
through the quenched potentials as in Eq.~34!. These are

a2p
L 50.935, as

L50.70. ~41!

gLN is determined by matching the logarithmic derivative
a suitabler. In addition to these, the tuned parameters for
ULNN correlation for the strengthsW050.012 MeV andCp
50.75 MeV are

eD
L520.00163,

~42!
e2p

L 520.0016.

We also note that both the variational parameters,z1
c andz1

p ,
in Eqs. ~31! and ~32! are setting to zero, thereby giving
simple form for the operator independent three-body co
lations as follows:

f L jk
c 5 f L jk

p 51. ~43!

The optimal value ofyL is found to be 0.81 fm21. These
parameters give theL-separation energy which is very clos
to the experiment.

We note a linear behavior for^VLNN
D & with respect toW0

~Fig. 2! with a slope

dVLNN
D

dW0
'164. ~44!

However, dependence ofVLNN
2p with respect toCp is qua-

dratic, which is attributed to theULNN correlation. These
results confirm the old studies@11,12#. As both^VLNN

D & and
^VLNN

2p & are opposite in sign, different combinations ofW0

TABLE III. Noncentral potential quenching factors forNN cor-
relation functions.

NC 4He

a2 0.93 0.93
a3 0.92 0.92
a4 0.92 0.92
a5 0.82 0.86
a6 0.82 0.85
a7 0.80 0.80
a8 0.80 0.80

TABLE IV. Values of asymptotic parameters used to gener
long rangeLN correlation function.

kLN 0.008 (fm21)
nLN 0.62
CLN 3.5 (fm21)
aLN 0.6 ~fm!

RLN 0.35 ~fm!
02400
to

t
e

-

andCp may reproduce the experimentalL-separation energy
3.12~2! MeV. However, as obvious from Eq.~38!, any
change brought toW0 andCp will offset the optimal varia-
tional wave function obtained forW050.012 MeV andCp
50.75 MeV. In order to retain the same wave functio
therefore, we must reset the values ofeD

L and e2p
L accord-

ingly using

eD
L52

0.012~0.00163!

W0
,

~45!

e2p
L 52

0.75~0.0016!

Cp
.

B. Variational energies

As mentioned before, the old variational Monte Carlo c
culations ofL

17O @11# and L
5 He @12# hypernuclei were carried

out using the truncatedv6 NN potential along with their
correspondingNN correlations. The variational wave func
tion too was written withoutUi j

LS(L•S) ^ (1,t1•t2) correla-
tions and with simplified triplet correlation. In the prese
study, the calculations have been improved by incorpora
the full AV18 potential and by writing a more general vari
tional wave function that involves additionalUi j

LS(L•S)
^ (1,t1•t2) two-body correlations along with full three-bod
Ui jk andUi jk

TNI correlations as in Eq.~17!.
We compare our results obtained for the strengthsW0

50.015 MeV andCp50.6 MeV with the old results~Ref.
@12#! obtained for the same strengths which were fixed
reproduce the experimentalBL value but withv6 NN poten-
tial and correlations induced byv6. Herein, we underesti-
mate theL-separation energy by 1.02~4! MeV. This loss of
the BL value is attributed to the differences ofNN potential
and variational wave function between the two studi
which we analyze as follows:~i! the effect of Ui j

LS(L•S)
^ (1,t1•t2) correlations to theBL is found to be 0.16~2!
MeV as its contributions in4He and in L

5 He are20.41~1!
MeV and 20.25~1! MeV, respectively,~ii ! the contribution

e

FIG. 2. Dependence of̂VLNN
D & on W0.
1-5
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TABLE V. Variational results forVLNN
D , VLNN

2p , andBL . All quantities are in units of MeV.

Cp W0 VLNN
D VLNN

2p VLNN E(L
5 He) BL

1.0 0.0168 2.83~2! 23.25(3) 20.42(2) 230.84(2) 3.11~4!

0.0169 2.85~2! 23.25(3) 20.40(2) 230.82(2) 3.09~4!

0.0170 2.86~2! 23.25(3) 20.38(2) 230.81(2) 3.08~4!

0.95 0.0156 2.63~2! 23.10(3) 20.47(2) 230.89(2) 3.16~4!

0.0158 2.66~2! 23.08(3) 20.42(2) 230.86(2) 3.13~4!

0.0160 2.70~2! 23.08(3) 20.38(2) 230.80(2) 3.08~4!

0.90 0.0146 2.47~2! 22.90(3) 20.44(2) 230.87(2) 3.14~4!

0.0148 2.50~2! 22.95(3) 20.44(2) 230.86(2) 3.13~4!

0.0150 2.53~2! 22.93(3) 20.39(2) 230.81(2) 3.08~4!

0.85 0.0138 2.31~2! 22.74(2) 20.43(2) 230.87(2) 3.14~4!

0.0139 2.34~2! 22.74(2) 20.41(2) 230.85(2) 3.12~4!

0.0140 2.36~2! 22.74(2) 20.40(2) 230.83(2) 3.10~4!

0.80 0.0129 2.18~2! 22.61(2) 20.44(2) 230.88(2) 3.15~4!

0.0130 2.20~2! 22.61(2) 20.41(2) 230.86(2) 3.13~4!

0.0131 2.22~2! 22.60(2) 20.38(2) 230.82(2) 3.09~4!

0.75 0.0119 1.98~1! 22.42(2) 20.44(2) 230.85(2) 3.12~4!

0.0120 1.99~1! 22.42(2) 20.42(2) 230.84(2) 3.11~4!

0.0121 2.02~1! 22.42(2) 20.40(2) 230.83(2) 3.10~4!

0.70 0.0109 1.85~1! 22.29(2) 20.43(2) 230.87(2) 3.14~4!

0.0110 1.86~1! 22.29(2) 20.42(1) 230.85(2) 3.12~4!

0.65 0.0100 1.68~1! 22.12(2) 20.43(1) 230.86(2) 3.13~4!

0.0101 1.69~1! 22.12(2) 20.42(1) 230.84(2) 3.11~4!

0.60 0.0092 1.56~1! 21.97(2) 20.41(1) 230.81(2) 3.08~4!
e

ated
ve
of v8 ~the difference between AV18 andv6 NN potential! to
theBL is found by about 0.7~1! MeV as its expectation value
for 4He is 0.45~2! MeV and for L

5 He is 1.15~6! MeV, and
~iii ! the small residual contribution is attributed to the oth
changes in the variational wave function.
02400
r

This loss in the separation energy may be compens
through theLNN potential either by decreasing the repulsi
strengthW0 or by increasing the attractive strengthCp . We
do both. A summary ofBL for different combinations ofW0

and Cp strengths is reported in Table V. ThêVLNN
D &
TABLE VI. Energy breakdown forL
5 He hypernucleus. All quantities are in units of MeV.

With UL i j With no UL i j andVL i j

L Kinetic energy TL 7.98~3! 9.45~3!

v0(r )(12e) 211.76(4) 213.91(5)
v0(r )ePx 24.39(2) 25.30(2)

1
4 vsTp

2 sL•sN 0.05 0.06
LN Potential energy VLN 216.19(6) 219.27(7)

VLNN
D (W050.012 MeV) 1.99~1!

VLNN
2p (Cp50.75 MeV) 22.41(2)

LNN Potential energy VLNN5VLNN
D 1VLNN

2p 20.44(1)
L Potential energy vLN1VLNN 216.63(6) 219.27(7)
Total L energy EL5TL1vLN1VLNN 28.65(9) 29.82(7)
NC Kinetic energy TNC 114.34~22! 117.51~22!

v6 2131.99(21) 2134.49(21)
vNN 2130.84(19) 2133.38(20)

VNNN 25.68(2) 25.75(2)
NC Potential energy VNC5vNN1VNNN 2136.52(21) 2139.13(20)
NC Energy ENC5TNC1VNC 222.18(6) 221.62(6)

L
5 He Energy 230.84(2) 231.41(3)
L Separation energy BL 3.11~4! 3.68~5!
1-6



VARIATIONAL MONTE CARLO CALCULATIONS OF L
5 He PHYSICAL REVIEW C68, 024001 ~2003!
TABLE VII. NC polarization. All quantities are in units of MeV.

NC 4He Polarization

TNC
internal 111.97~22! 107.31~21! 4.66~43!

vNN 2130.84(21) 2129.81(21) 21.03(42)
VNNN 25.68(2) 25.23(3) 20.45(3)
VNC5vNN1VNNN 21.48(42)
ENC

internal5TNC
internal1VNC 224.55(6) 227.73(2) 3.18~6!
a
n

en
e

n
b
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fo
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t

at
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dy
er-

s,

re
-
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ass
al

ion
us
51.98(1) MeV is repulsive whilêVLNN
2p &522.41(2) MeV

is found to be attractive and significant. We also note a sm
^VLNN

2p &50.16(1) MeV for pure Jastrow wave functio
(Ui j 5Ui j

LS5Ui jk5Ui jk
TNI5UL j5UL jk50). Thus, the non-

central correlations are responsible for the significant
hancement in thêVLNN

2p &. This may be understood with th
consideration thatXiL as given in Eq.~15! may be written as
generalized tensor operatorsS12, whose expectation value i
a Jastrow wave function for a closed shell nucleus is zero
^S12

2 & is nonzero. We thus note that the value^VLNN& is cor-
relation dependent. Similar results were obtained forL

17O hy-
pernucleus@11#.

The complete energy breakdown forW050.012 MeV and
Cp50.75 MeV is reported in Table VI. For any other com
bination of strengths the energy breakdown except
^VLNN

D & and^VLNN
2p & will remain the same as we readjust th

LNN correlation parameters for an optimal wave function
given in Eq.~45!. In this case, we findBL53.11(4) MeV,
which is very close to the experimental value. In the sa
table, we also report on the energy breakdown forW05Cp
50, which means that bothLNN potential and correlation
are turned off. In this case, the hypernucleus is found to
overbound by 0.56~4! MeV, and the optimal value ofa2p

L is
0.95 instead of 0.935 and of long rangeLN asymptotic cor-
relation parameterkLN is 0.024 fm21, which is quite large
compared to its previous value 0.008 fm21 for the full wave
function.

The nuclear energy ofL
5 He is222.18(6) MeV withUL i j

and221.62(6) MeV with noUL i j . The little disagreemen
02400
ll

-

ut

r

s

e

e

between these two values suggests that the effect ofUL i j to
the nuclear energy is weak.

The realisticNN, NNN, and LN potentials along with
their corresponding correlations give small overbinding by
least a quarter of previous predictions of 2–3 MeV@29#.
However, we do requireLNN force to resolve this smal
overbinding. This also warrants that if such a realistic stu
is performed over a wide spectrum of hypernuclei to det
mine the LNN potential strengths, theenigma @1,30# of
overbinding ofL

5 He, on account of the use of central force
will not survive.

C. Densities and polarization of 4He core

In order to calculate the polarization energy of the co
nucleus due to presence ofL, we calculate the internal en
ergyENC

internal , of the (A21) subsystem in the hypernucleu
Therefore, we duly take into account the center of m
~c.m.! motion of the subsystem and write down the intern
kinetic energy of the core nucleus as given below,

TNC
internal5 (

i 51

A21 pi
2

2m
2

S (
i 51

A21

pi D 2

2~A21!m
[TNC2TNC

cm , ~46!

whereTNC
cm represents the kinetic energy due to c.m. mot

of (A21) subsystem around the c.m. of hypernucle
and TNC is the nuclear kinetic energy ofL

5 He as given in
Table VI.
o-

d

s

FIG. 3. One-body densities forN andL. The
solid circles represent the nucleon density in is
lated 4He nucleus. The small filled~open! circles
represent nucleon density and diamonds~cross
points! representL density inL

5 He with ~without!
ULNN correlation, respectively. Similarly, solid
~dotted! line represents nucleon density an
squares~triangles! representL density in NC
~meaning that c.m. of 4N subsystem is treated a
the c.m. of hypernucleus! with ~without! ULNN

correlation, respectively.
1-7



re

A. A. USMANI AND S. MURTAZA PHYSICAL REVIEW C 68, 024001 ~2003!
FIG. 4. One-body densities forN and L at
peripheral region. The description of the plots a
the same as in Fig. 3.
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We compare the energy breakdown for4He and NC of

L
5 He in Table VII. A total polarization of 3.18~6! MeV is
noticed, which is about 0.8 MeV per nucleon. This value
significant. A similar effect was also observed forL

17O, in
which case the polarization of 11 MeV was noticed@11#,
which is about 0.7 MeV per nucleon. In this study and also
the study of 16O @28# under CMC approach usingv6, the
ground state energies are underestimated to about 20% o
experimental values. We believe that the NC polarization
also underestimated in the same proportion. A simple
trapolation gives a polarization of about 13–14 MeV, whi
is about 0.8–0.9 MeV per nucleon. Thus our results are c
sistent and are in good agreement with the findings of R
@11#. We also observe that the polarization is mainly in t
kinetic energy of the NC, which is found to be 4.66~42!
MeV. In the potential energy, polarization is21.48(43)
MeV. Recently, Nemura, Akaishi, and Suzuki@30# have per-
formed calculations ofs-shell hypernuclei by explicitly in-
cluding S degree of freedom. They do report on a large N
polarization energy. Our value is in the range discussed
their reported work.

The density profiles for nucleon andL are plotted in Figs.
3 and 4. The solid circles represent the nucleon densit
isolated 4He nucleus. The small filled~open! circles repre-
sent nucleon density and diamonds~cross points! represent
L density in L

5 He with ~without! ULNN correlation, respec-
tively. Similarly, solid ~dotted! line represents nucleon den
sity and squares~triangles! representL density in NC with
~without! ULNN correlation, respectively. We obtain th
when we take the c.m. of 4N subsystem as the c.m. of th
hypernucleus. We also note thatULNN leads to a depressio
in densities at smallr for every case. This is because of th
repulsive piece of this correlation, which is due to repuls
VLNN

D .
Most of the timeL hyperon is found in the interior regio

near the center, and it pushes away the nucleons towards
density regions both at the periphery and in the center of
hypernucleus. As a result, the hole in the nucleon den
distribution at the center in case of4He disappears. No den
sity hole is seen at the center forL. In Fig. 4, we plot the
one-body density distributions at peripheral region. The
02400
s

n

the
is
x-

n-
f.

in

in

e

ow
e

ty

-

scription of the various plots of this figure is the same as
Fig. 3. The nucleon density is found to vanish at 5.0 fm a
5.5 fm for 4He and forL

5 He, respectively. However,L den-
sity survives until 8.5 fm. This long-range behavior sugge
a L halo around the NC of the hypernucleus.

The effect ofULNN is small. We also note thatus
L is a

very weak correlation to exhibit a significant effect on
physical observable. Therefore, we infer that the change
the nucleon density profile in the hypernucleus is due to
repulsivef c

L correlation.

V. CONCLUSIONS

In this microscopic study, we observe that the realis
NN ~AV18! andNNN ~Urbana-IX! potentials in conjunction
with LN and LNN potentials, give a good account of th
experimentalBL value. We also note that without inclusio
of LNN potential, the hypernucleus is overbound by 0.56~4!
MeV, which is small compared to the earlier predictions
2–3 MeV due to central forces. Still in such a realistic stu
we inevitably require the three-bodyLNN force to resolve
the overbinding problem. However, in order to determine
two strengthsW0 andCp of this potential, one must study
wide spectrum of hypernuclei in a similar way. The nucle
core polarization is found to be sufficiently large which
about 0.8 MeV per nucleon. This result is found to be in li
with the findings of Ref.@11#. Also, theL hyperon density is
found to be maximum near the center from where it pus
the nucleons towards the low density regions both at
periphery and at the center. AL halo structure is also seen
The change in nucleon density in NC compared to that
4He is certainly because of thef c

L repulsive correlation.
For future studies, we suggest the inclusion of excha

LN correlation in the variational wave function. Thoug
negligibly small, thes-wave pL interaction should also be
included in theLNN three-body force for the sake of com
pleteness. One should also include Illinois realistic models
three-nucleon interactions@31#, which give overall better re-
sults in comparison with the Urbana-IX one, specially f
nuclei with largeA andNÞZ.
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