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Kaonic nuclei studied based on a new framework of antisymmetrized molecular dynamics
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We have developed a new framework of antisymmetrized molecular dyngAiidd ), to adequately treat
thel=0 KN interaction, which is essential to study kaonic nuclei. The improved points)ari&ZnK® mixing
and 2 total spin and isospin projections. These improvements enable us to investigate various kaonic nuclei
(ppnK-, pppK-, pppnkK-, ®BeK™, °BK™, and!'CK") systematically. We have found that they are deeply bound
and extremely dense with a variety of shapes.
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I. INTRODUCTION one, aK™ meson attracts protons rather than neutrons, caus-

Recently, it has been shown theoretically tha¢ameson ~ INg an isovector deformation. Thus, the0 KN interaction
can be deeply bound in light nuclei as a discrete state, sudls essential for studying nuclei.
as *He+K", *He+K", and ®Be+K", where theK™ meson In this paper we present systematic studies<ofiuclei
makes the nucleus shrink drastically to form a dense statgith AMD. Since AMD treats a system in a fully micro-
[1]. Exotic proton-rich bound systems wiky ppK™~, pppK',  scopic way without any assumption concerning the structure
pppnK’, and °B+K, are expected to be produced in of the system, it is suitable for studying nuclei, whose
(K™, 77) reactiong2]. In our previous paper, we investigated structures might be exotic. The simple version of ANIE),
kaonic nuclei, which are denoted Ksnuclei hereafter’He however, has a technical problem in treating thed KN

—_ 8 —_ . . . . . R—
+K"and"Be+K", with a simple version of antisymmetrized inieraction, which dominatek nuclear systems: it cannot

;?ﬁ:ﬁ;ﬂir tﬁggzrglgé?r’:gg)in[3é‘g[fl?lt:c;lt]?ar:1§grp:if)glrttsy ?irs_ include the degree of freedom Kf, and fails to describe the

peared in®Be+K™. It is an isovector deformation, which =0 KN state. Therefore, in our previous paper we dealt with
means that the proton distribution differs from the neutronthe =0 KN interaction by incorporating it&°n part effec-

one in spite ofN=Z. Thus,K nuclei seem to provide inter- tively into theK™p interaction. Of course, thie=0 KN inter-
esting phenomena and stimulate further studies. action should be treated as precisely as possible, because it

Apparently, these interesting propertiesohuclei can be  plays an essential role i§ nuclei. In this paper, we improve
attributed to the bare&KN interaction. In particular, the the framework of AMD so that it can treat tHe0 KN in-
=0 KN interaction plays an essential role. According to ateraction adequately. We introduce the degree of freedom of
precise experimeni5], the Is atomic state of a kaonic hy- K°into the model space of AMD' pK™/nK® mixing”). Since

drogen(i.e., proton+K") is shown to be shifted upward. This K nuclear states depend largely on their isospin due to the
upward shift, which is consistent with the low-energy scat-Strong isospin-dependence of the\ interaction, we carry

tering data ofkKN [6], suggests that th&N interaction is oyt the isospin projection as well as the angular momentum
strongly attractive, so that the system oKa and a proton  projection(“J and T projections) of the obtained intrinsic
has a nuclear bound state which corresponds tol#®  state. With the new version of AMD, we systematically in-

A(1409 hyperon resonance lying at 27 MeV below iep ... _vestigate a variety ok nuclei. We try to answer the follow-
threshold. In a boson exchange potential model, the Jilich i ) — , )
group [7] showed that all of thev, p, and ¢ mesons work N9 questions(i) WhatK nuclei are deeply bound with nar-

coherently to give a strong attraction betweeK and anN row widths?(ii) Is there any strange structure peculiarkto

which accommodates & -p bound state, identified as NUCIEI? _ _
A(1405. Studies based on chiral $8) [8] also show that This paper is composed as follows: In Sec. Il, we present

— . — 1 10 .. _
the 1=0KN interaction is attractive enough to form a the improvements of AMDpK™/nK® mixing, J andT pro

, ) ) i jections, and other formalisms. In Sec. lll, we demonstrate
A(1403. The phenomenologicN interaction[1], which  yne capanility of our new framework, and then apply it to

we employ as dare KN interaction, is similar to those led variousEnucIei(pan‘ pppK-, pppnK, $BeK™, °BK™, and
by the chiral SU3) and boson exchange theories. Since theticyk ) The results and discussion are given in Sec. IV. We

=0 KN interaction is much more attractive than thel  summarize our study in Sec. V.
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Il. FORMALISM |K) can describe the state wheite andK® are mixed. With
. 3
In the present study, we employ the AMD approach as dhese wave functions we descriél as [defN;N,N3]K).

means of studyingl nuclei. It has succeeded in studying the This state contains the componentjphink®) as well as that
structures of light unstable nucli@]. In particular, it is pow-  of |ppnK). In this method, since each nucleon has a chance
erful for investigating the global properties of many light to be a proton or a neutron, the important channel is auto-
nuclei systematically. We know that various few-body meth-matically chosen in the process of the energy variation. In
ods, such as summarized in REE0], can treat few-body  addition, we expect thatle{N;N,N3]K) can represent a state
nuclei more accurately than AMD. Compared with thesein which the contribution of several configurations is coher-
usual methods, AMD is more handy and applicable to morently additive: for example, if two configurations such as
complex nuclei. Our aim is a systematic study of a variety of ppnK") and [pnnk® work coherently, such state is repre-
K nuclei. sented asp(p+n)n(K~+K2)).

In the simple_ vers?on of AMD employed in our previous  However, we remark one poinidef N;N,N5K) is likely
study, we restricted its model s_pa_ce to the proton, neutrop0 have incorrect components, for examplgpk’, ppnﬁo,
andK™ meson. Due to the lack &€° in the model space, We g1 \which should not couple wit%l—l. To avoid the mixing
could not describe the=0 KN state, of such incorrect components, we project it onto a state
whose isospin-z componef} is equal to that oﬁH.

Now, we show the details of our wave function based on

. ) the concept opK™/nK® mixing. Our nucleon wave function,
In other words, we could not precisely treat the coupling of| .y ‘i represented by the superposition of several Gaussian
the pK™ pair with thenK® one through thé=0 KN interac-  wave packet$11],
tion in the particle basis treatment of AMD. In the previous

Np i
study, we incorporated all contributions from the0 KN lo)=S ¢ exp[— v(r _ Z_Ll)z}|g.>|7i > -
i @ ~ l al*
%

— 1 —
IKN(I =0)) = E(lpiﬂ +[nK®). 1)

interaction into an effectiv&™p interaction, as follows:

a=1

Vk-p= @Vini=0) + BVkn(=1) (2)  Namely, theith nucleon is described by the superposition of
N, Gaussian wave packets whose centers {@g. |o;)

Ymeans a spin wave function, and i or || ). |7,) means an
isospin wave function, and has the following form:

=33 e

wherea and B8 are some constants determined by countin
the number ofl =0 pairs andl=1 ones in a given state of
total isospinT. For example, we SQH,B):(%,%) in the case

of ppnK (T=0). However, we have to check how this pre-

scription is reliable for variouk nucleus cases. For this

purpose, we introduce the degree of freedonkbiinto the where yia is a variational parameter. In the usual AMD the

AMD framework to treat “pK™/nK® mixing” directly. isospin of each nucleon does not change, i.e., in the process
of energy variation the protons remain as protons and the
A. pK-/nK® mixing neutrons as neutrons. However, in the present paper we make

— the isospins of all nucleons changeable so that we can treat

First, we explain our idea for the simple case oKa x-/nK0 mixing. In the same way, & meson wave func-
nucleusppnK . In thisK nucleus, the component phn_KO is tion, |@k), has the form

mixed because a pair @K™ is replaced with that onK° by Ny K\ 2
the 1=0 KN interaction. Hereafter, we express this state as loy = >, X exp{— ,,(r - Z_g> }|T§> 7
%H. An ordinary way to treat it is to perform a coupled chan- a=1 Vv

nel calculation, preparing several Slater determinants foﬁere the isospin wave function of@ B

both channels oppnK™ andpnnk’. In the present paper, we of 5 nucleon, is changeable,

deal with such systems where several channels are coupled

as follows: In stead of multi Slater determinants, we employ (1 % 1 -
a single Slater determinant wittharge-mixedsingle particle |7Jc<v> - (E + 7);)“( )+ 2 7); K.
wave functions, i.e.,

as well as that

(8)

Because a nucleon is a Fermion, we antisymmetrize the

IN) =xi[p) + yin), (3)  wave function of the nucleon’s systerfib,)=def]|i(j))].
. Then, theK meson wave function is combined to |tP)
|K) =ZK™) + w|KO, (4) =|Py®|ek). Moreover, we project the total wave function

- . . onto the eigenstate of parity,
WhereiNQ and|K) indicate a single nucleon wave function g partty

and aK meson wave function, respectiveli;) can describe n_ 1
the state where a proton and a neutron are mixed, and also %) = V”E[|q>>i7>|q)>]_ ©)
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If we perform an energy variation with a trial wave func- tj| \‘/KN. The center-of-mass motion energ:i]G, is sub-
tion Eq. (9), it is likely that thez component of the isospin racted. In the kinetic energy and the center-of-mass motion
(T, of the total system is different from that ofkanucleus  energy, we treat the mass difference between a nucleon and a

that we try to calculate originally. To avoid any mixing of K meson correctly. For example, the kinetic energy is
components having an incorretf, we project the total sys-

. . A A
tem onto an eigenstate @f, before the energy variation, A 2 p2
g at gy Fos P, P (13)
- - =1 2My - 2my
|Py®@*) =J dé exgd—i6(T,— M)]|®*). (10 o
wheremy andmy indicate the mass of a nucleon and that of

eK‘, respectively. The Coulomb force is represented by the
superposition of seven-range Gaussigif.

In the study ofK nuclei, we do not use existing effective

Thus, we can obtain a wave function containing only th

components ofT,=M. We utilize ||E>M<I>i> as a trial wave
function.

‘Our wave function includes complex number parameterénteractlons which may be justified for studying phenomena
X}={C.,Z 9, ;CX,zK £} and a real number parameter

around the normal density. Since the system is likely to be-
| >

(v). These are determined by the frictional cooling equationcome extremely dense due to the strdigattraction, we
as mentioned in Sec. Il D. employ theg-matrix method[1]. We adopt the Tamagaki

In the present study, we use a common width parametdfotential (OPEG [13] as a bareNN interaction, and the

(v) of a Gaussian wave packet for a nucleon and fa¢ a Akaishi-YamazakKN potential[1] as a bar&KN interaction.

meson so as to simplify our calculation. However, it seem@ﬁ?ause the Tamagaki EOtfntial can reprodfit¢ phase
natural that the spreading width of a nucleon is diﬁerent; ifts up to 660 MeV in the laboratory syste], we ex-

. e ect that it can be applied to such extremely dense states.
from that of aK meson. We take this point into account by he effectiveNN/KN i . qf he b
using different numbers of Gaussian wave packets for d '€ effective Interactions constructed from the bare

— . . ) ones are represented by the following ten-range Gaussians:
nucleon and & meson, i.e.N, in Eq. (5) is not equal ta\k P y g g

in Eq. (7). y 10 y
VNN = 2 Viina exd - (ra)?], (14
B. J and T projections a=1
The angular momentum projectiqd projection) is nec- 10
essary to studi nuclei as well as usual nuclei. In addition, VlEN(r) =3 VIEN exd - (r/r)?], (15)
the isospin projectioT projectior) also seems to be impor- a=1 @

fjant be(?husefthKN intera?tion has Istrong isostpin de%en— “X” in Eq. (14) is 'E,3E,*0,0r 0, and 1” in Eq. (15) is 0
ence. Therefore, we perform angular-momentum and iso- X | . —
spin projections simultaneously] projection is done _Or L W_e us§ thes¥(r) and VKN(r) as effectiveNN/KN
numerically by rotating the system in space, as has oftefltéractions in our AMD calculation. _ _

been doneT projection is performed in quite the same way, Our procedure is as followg1) For a given density and

but by rotating in isospin space. Odirand T projections are ~ Starting energy oK~, we construct & matrix; (2) using the
as follows: g matrix we carry out the AMD calculation;3) after the

AMD calculation, we check whether or not the obtained den-

Ay AT I ~ sity and binding energy d{™ are consistent with those of the
[Pha PTZT;(b >_fanﬂgDMK(Qang)Rang-(Qang) g matrix used in the calculation4) if no consistency is
accomplished, we guess and impose a new density and a new
™ o + starting energy oK™ for theg matrix calculation by referring
f dQ'S"'DTsz(Q'S") Riso(iso)|97) to the results obtained so far and returr{Ip We repeat this

(11) cycle until obtaining a consistent result.

where |®*) is the intrinsic wave function, which is already

determined by the frictional cooling equation, as shown in D. Frictional cooling equation with constraint
Sec. IID. We calculate various expectation values with Qur wave function contains complex variational param-
pl pT i—rol 7 J.cK 7K K i
Pk PTZT/‘I’i>- eters, {X,}={C,.Z,,, %:Cq. Za» Vo). They are determined
z by the energy variation. In our study, we employ the fric-
C. Hamiltonian tional cooling method as a means of energy variation,
Our Hamiltonian in AMD calculations, - 1| IH aw
X,=(\+ip)—| ——=+7——v|andcc. (16
ihl X, "IX,

H:T+VNN+VC+VKN_TG! (12)

- Here, H is the expectation value of the Hamiltonian ard
is composed of the kinetic energy the effectiveNN poten- s a constraint conditiony is a Lagrange multiplier, which is
tial Vyn, the Coulomb force/, and the effectiv&KN poten-  determined bydV/dt=0. It is easily proved that, if we as-
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TABLE I. Results ofppnK  in variousN,, andNy. E(K): bind-
ing energy measured from the thresholdppin+K™. p(0): central

density.Rms Rhe Rine root-mean-square radii of matter, proton

and neutron, respectivelys, y): deformation parameters.

E(K) RP

p(0)  Rms rms R?ms B Y

N, N¢ (MeV) (fm™3) (fm) (fm) (fm) (deg)

2 5 105.2 139 0.72 0.70 0.75 0.19 0.0
3 5 106.3 140 0.73 0.70 0.77 0.14 49.0
4 5 1095 141 0.72 0.69 0.78 0.02 494
2 8 106.0 1.37 0.72 0.71 0.75 0.19 0.0
2 10 106.2 1.37 0.72 0.71 0.75 0.18 0.0
3 10 1076 141 0.72 0.70 0.77 0.14 517
4 10 1094 149 0.71 0.68 0.77 0.00 544

PHYSICAL REVIEW C 70, 044313(2004)

TABLE Il. Quantum numbers before and after projectidﬁr.

(3% of total systesz,_L,%,, andS: (39, <L2>,Aand<82)hof nucleon

* system.L2: (L?) of a K meson.T? and T,: (T?) and(T%) of total
system.

2 3 L2 59 L2 T2 T,
After 075 078 0.03 075 0.03 000 0.00
Before  1.36 122 044 078 014 002 0.00

decreases by reducing its kinetic energy. Therefore, the pro-
tons stay compactly inside the system, while the neutron re-
mains widely outside of the system. Thus, the neutron con-
tributes to the shape of the total system. In the casBof

=2, since the neutron is represented by two Gaussian wave
packets, it can spread only linearly. Thus, the total system

sumex <0 in Eq.(16) and all of the parameters are devel- déforms prolately. In the case bf,=3, it can spread with a
oped with time according to E@16), the energy of the sys- triangular shape. Thus, the total system deforms oblately. In

tem decreases while satisfying the constraint condititn

the case oN,=4, it can spread with a tetrahedron shape. The

=0. If we use the superposition of several Gaussian wavéotal system is therefore spherical. Thus, the shape of the

packets to represent a nucleon and meson wave function,

we need a constraint condition in order to fix the center of.

mass of the total system to the origin, and th&his ex-
pressed as follows:

W=(Re)2+ (Po), (17)
R EiA:l M + Mgf
Rg= Amy+m , (18)
K
A
Pe=> i+ - (19

i=1

lIl. TESTS OF OUR METHOD

Before applying our method to studies of varidgsnu-
clei, we investigate the basic properties of our method.

A. Dependence on the number of wave packets

total system changes &, is varied.

Such a dependence of the shapeNgrseems to be pecu-
liar to ppnK™ where the neutron number is equal to 1 and the
proton number is 2. In addition, the binding energy measured

from the threshold oppn+K~, E(K), and the central density
do not so strongly depend dW, and Nk. Therefore, taking
the cost-performance of calculations into account, we adopt
the model space dfl,=2 andNk=5 in our calculations.

B. Solution of ppnK™

We now check whether our new framewona™/nKP°
mixing andJ and T projections, works correctly or not. We
perform a test on a system ppnK'.

First, we investigate the property dfand T projections.
Although only theJ projection has often been carried out in
the study of light unstable nuclg,11], the present study for
the first time makes th& projection. In Table I, we show
various quantum numbers of the wave function before pro-

jection (|I5M<I>i>) and that after projectiof| I:“',J\,IK IADIZTQCIF)).

Apparently, the ground state pjpnK seems to have quan-

As shown in Eqgs.(5) and (7), we represent a single tum numbers of 7=3" and T=0. We performed) and T

nucleon wave function andka meson wave function withl,,

projections so that the total system had such quantum num-

and Ny Gaussian wave packets, respectively. We investigateers. Table Il shows tha®=0.75 and(T2=0.00, which

how much the solution depends ¥, and Ni. First, we

perform a test in the case ppnK™ without pK~/nK® mixing
for simplicity. Table | shows the results ppnK" for various

agree with J(J+1):%-§ and T(T+1)=0-1, respectively.

Therefore, it is found that our andT projections work well.
Next, in Table Ill various quantities obtained in the

N, and Nx. From this table, we find that the total binding Present calculatiogpresentare compared with our previous
energy and the central density are almost converged up tgsult of a simple version of AMsimple AMD) [3] and the
Nn:4 andNK: 10. However, we notice that the Shape of theresult of a BHF CalCUlathl(]BHF) [1] This table shows that

system, represented by the deformation paraméfearg), is

the present result is almost identical to others. Since the

strongly dependent ofl,. This phenomenon can be under- IS0Spinz component of each particle is changeable in the

stood as follows. As mentioned in our previous stfigly the

present framework, we investigated each particle number.

protons distribute compactly neaka so as to decrease their Although we calculategpnK, the numbers of protons and

total energy by the strongly attracti%e p interaction. On the

neutrons after the calculation are both equal to 1.5, while

other hand, the neutron is widely spread and its total energthose ofK™ andK® are both 0.5. This means thapnK™ and
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TABLE IlI. Results of ppnK"; E(K): binding energy measured fuse a bare one and an effective afe K-nucleus optical
from the threshold ofppn+K™; T': width decaying toA; p(0): potentia).

central densityR,s root-mean-square radius of nucleon system. First, we consider the bare interaction. The Akaishi-
YamazakiKN interaction(AY KN interaction employed in
this paper is a bar&N interaction. We have already con-

E(K) (MeV) T (MeV) p(0) (fm™3) Ryps(fm)

Present 110.3 212 1.50 0.72  firmed that the AYKN interaction has almost the same prop-
Simple AMD 105.2 23.7 1.39 0.72 erty as the chirakN interactions for binding energies &f
BHF 108 20 — 0.97 W

nuclear systems: the AKN interaction gives —119 MeV at-
traction for aK in nuclear matter at the normal density,

— . . . T Weise’s chiralKN interaction gives -126-130 MeV at-
. 0

panf_) are mixed with a rgtlo.of 11 a_s the resultik"/nK traction as seen in Fig. 3 of the first paper in H&f.and the

coupling through thé=0 KN interaction. _ meson-exchange JilichkKN interaction gives -103
Here, we remark on the components of il interac- -120 MeV attraction in a similar treatment of in-medium

tion. We can separate it into three parts in the particle basgropagation as shown in Fig. 2 of R¢fl4]. Thus, the AY

(i) V- andVpieo, (i) V- and Voo, and(iii) Vpi- k0. The KN interaction has the quite same property as other kate

interactions(i andy(ii) are working in each channel ppnk interaction as long as the binding energies?oﬁuclei are

andpnnk’, and their expectation values are equal to =45 angoncerned. At the level of bare interaction, our empirically

—255 MeV, respectively. Interactior(iii) is related 10 paqeqKN interaction is very similar to those theoretically

pK~/nK® mixing through thd =0 KN interaction, and its ex- derived in other studies.

pectation value is equal to -88 MeV. Thus, we find that the Next, we proceed to the effective interaction. The prop-

binding of this system is mainly due to the ty@g interac- erty of the effective interaction is strongly dependent on the

tion and is further supported by the typ#i) interaction, prescription how to construct it from a bare interaction. The

which causes coupling between the two channels. effective KN interaction led by ouig-matrix method[1] is
very attractive, whereas othef$4-1q are less attractive.
C. Effect of repulsive core of a bareNN interaction The latter employ Lutz’s prescriptiofi5], in which the op-

The repulsive core oNN interaction plays an essential tical potential ofK for intermediate states is self-consistently
role in the nuclear shrinkage caused bitameson and the treated. Here, we would like to present detailed comments
deep binding of &K~ meson. Since the Tamagaki potential about the difference df optical potentials between cases of
(OPEGQ can reproduce th&IN phase shift up to 660 MeV, infinite nuclear matter and of few-body systems of our

we expect that it can be applied to very dense system. Howsresent concerns. In the former case khis in a continuum
ever, the repulsive core part of the OPEG is represented by @ye| and its optical potential must reproduce “phase shift” of

Gaussian form, not by hard core. One may question wheth — . . .
or not a stronger repulsive core still allows the nuclea(rat—ke K-medium scattering state, whereas in the latter case the

shrinkage and the deep bindingEf K is in a decaying bound state isolated far from continuum

Hence. we have investigated the effect of the repulsiv and its optical potential should reproduce not “phase shift”
' . . 9 . o PUISIVE ut “energy-level shift,” because the phase shift no longer
core of theNN interaction as follows. Since it is often said

that the repulsive core lies in thie< 0.4 fm region of theuN  [2<eS place due to the lack of incoming component in the

interaction, we have regarded such a region of the OPEG %ecay-channel wave function. Tlgematrix in this situation

the repulsive core. We have made the potential in the corea> to be treated differently from the prescription given by
region more repulsive by multiplying factors of 1.5, 2, and 3.Lutz and the other authors. Tieself-mass should be intro-
Using such core-enhanced potentials, we have calculatediced self-conS|stlentIy not _only in the mtermgdlate—state
ppnK in the same procedure with a simple version of AMD. SPeCtrum but also in the starting energy of thmatrix equa-
The total binding energy is obtained to be 109.2, 107.0, an§on- This is a natural extension of the Brueckner-Bethe-
106.9 MeV for 1.5, 2, and 3 times enhanced core, respecG_o_ldst_on_e theory of nucleus where th(_a self-cor_15|stency_ con-
tively. It is found that the effect of such core enhancement iglition is imposed on both of the starting and intermediate-
saturated at the 2 times case. ThppnK is still bound State energies. In our treatment, the imaginary parts of the
below the S threshold(106 MeV) and can keep narrow Propagator largely cancel out between the starting and the
width even if the repulsive core becomes three times highefitérmediate energies, and the resultgnmatrix becomes
than that of the original potential. Even in the case of suctf0Ser to ourg matrix used in the present AMD calculation.
strong repulsive core, the essence of our result remains un- We can directly confirm thaK few-body systems should
changed. be treated by our prescription as follows. In Sec. llic of Ref.
[1], it has already been demonstrated thatguoratrix works

D. Validity of our KN interaction well as an effective interaction forka in few-body systems.
_ Here, we refer to the result for a modeNNK™ system in-
In this section, we comment on theN interaction we Use. teracting with a simple bareKN interaction of vy

When we discuss on thHeN interaction, we should not con- =-(500+i20) MeV exd—(r/0.66 fm?] which keeps some
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FIG. 1. Proton(left) and neutronright) distributions of|%H(T FIG. 2. Proton(left) and neutron(right) distributions ofppnK™

=0)) obtained in the present calculation. The size of each frame igvhich is anintrinsic state in the isospin spad [ H(T=0)).
3 fmXx3 fm.

= |PT§‘:1/2 D) ® |PTZK:—1/2 ®K)

essential property of th&N interaction used in the present + ||5T§l=_1/2 Dy ® |ISTZK=1/2 k), (20)
paper. A variational calculation, which uses only the bare

interaction, givesE(K)=-107 MeV andl'=24 MeV. Ourg ~ Where Py and P« are T, projection operators for the

matrix reproduces these values, namely, we obtaibgc) nucleon system and th€ meson, respectively. According to
=-109 MeV andl'=29 MeV which are in a good agreement the values off} and T}, the first term indicateppnK", while
with the variational result. On the other hand, if we usg a the second term in@atmnl@. Hereafter, we express them

matrix obtained by the insertion of an optical potential, SaYas |ppnK’) and [pnnk?), respectively. In addition, the over-
U°P=—(50+i100 MeV, to the intermediate-state energy lap between|pnn_K°> and éﬂ}yman_) calculated numeri-
spectrum in the propagation simulating “seIf—consisﬂancy“ca"y’ is found to be almost one. Since this fact indicates
suggested in Refs. [14-1§, we obtain E(K) O\ T .
=-84 MeV andl’'=128 MeV, which fails in reproducing the L%?igﬁs e7h|ppnK), we can say that our wave function
variational result. These facts give a justification of using our

g matrix as an effective interaction in few-body calculations |§H(T: 0)> = %y|pan-> =S e %y|pnn_K°>.

like AMD. K =0, =0

(21)

Namely, thelppnK") state rotates in isospin space so that
. — . E: : .

The influence ofpK™/nK® mixing can clearly be seen in [ H(T=0)), which has the good quantum numb&#0, is
the_density distribution. Figure 1' displays the density distri-formed. Based on the analogy of an “intrinsic” state in a
bution of protons and neutrons in tigpnK™ system calcu- deformed nucleus, rotating in the space to form the eigen-
Iateq by_ thg new framework. We can see that the protomtate of the angular momentum, we can regard| ppaK)
distribution is almost the same as the neutr_on.one, contrary, equivalent|pnnk®) as anintrinsic state in the isospin
to our previous resul{3], where protons distribute more 3 _

. spaceof [SH(T=0)).
compactly than neutrons because of the strong attraction bé* Ko o
tween thek~ and the proton. We can solve this contradiction  Figure 2 displays the proton and neutron distributions of
by introducing the concept of aimtrinsic state in isospin the intrinsic stateéppnK’). Clearly, the prot_on dlstflbutlon_ls
space as follows: the calculated expectation valuefdfvith ~ MOre compact than the neutron one; this fact is consistent
the state] |STZ:0 ®), in the case oppnK, is nearly equal to with our previous study. Here, we note one point. Investigat-

zero. Therefore, this state is the eigenstate of isospin, i.ei.ng the density distribution gpnnk®), we find that its proton

_ 3y . . "dnd neutron distributions are completely identical with the
T=0, and we express it 4§H(T_O)> hereafter. It is easily neutron and proton ones in tHepnK'), respectively. In

found that IEH(T:O» is composed of two configurations other words, neutron distribution is more compact than pro-

E. Interpretation of the density distribution

concerning the component of isospin: ton one in thdpnn_KO). After all, since Fig. 1 is drawn with
s R the |%H(T:0)>, which includes théppnK) and the|pnnk®)
‘?—'(Tz 0)> = PTZ=0[|CDN> ® |e)] to form the eigenstate of isospin, the proton distribution is
. S quite the same as the neutron one.
=Pr -0 > P DN
me=—ee IV. RESULTS
®< > ﬁ)TK:m)|(PK>:| Now that we have confirmed that the new framework
mex1/2 G works well, we proceed to an investigation @ppK,
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TABLE IV. Summary of present calculations™ and T. spin
parity and isospin of total systen&(K): binding energy measured
from the threshold of nucleud: T': width decaying t& 7 and A«
channels.p(0): central density;Rs root-mean-square radius of
nucleon system(g, y): deformation parameters.

EK) T p0 Rms B

J7 T (MeV) (MeV) (fm™3) (fm) (deg)
ppnk 3* 0 1103 212 150 0.72 022 9.2
pppk- 3~ 1 967 125 156 081 070 11.8
pppnK 1" I 1050 259 129 097 054 38
®BeK™ 0" % 1042 333 091 117 044 03
BK™ 3~ 0 1185 330 071 145 046 208
Y“ek® 2- 0 1175 460 081 148 035 465

pppnK., ®BeK™, °BK~, and CK™ with this framework.

PHYSICAL REVIEW C 70, 044313(2004)

the normal ground state andkameson occupies thesGtate.
Of course, as done in the prior section, we confirm alfter

andT projections that the expectation valuesJodnd T are
equal to those we set previously. Figure 3 displays the be-
havior of the total binding energy and the decay width, from
ppnK™ to °BK™. The previous resulf3] of ®BeK™ is also

shown. According to Table IV, alK nuclei are bound by

about 100 MeV. Figure 3 shows us that thenuclei except
for pppK are bound below th& = threshold which is the
main decay channel.

In Fig. 3 the thresholds of various decay modes are also
shown, from which we can estimate the stabilitypgfpnkK
to °BK™ for the nucleon escaping process. FipgppnK is
found to be unstable for the nucleon escaping, since its total
binding energy(112.5 Me\) is smaller than that oppnK™
+p (117.8 MeV). On the other hand, the deepest thresholds
for °Bek™, 8BeK™, and°BK™ are ppnK +°He (125.3 MeV},
ppnK +a+n (143.5Me\) and ®BeK +p(159.0 MeV,

Since the intrinsic state of isospin space is found to be mearwhile their total binding energies are 131.7, 159.0, and
ingful, as mentioned in the previous section, we generallyl73.5 MeV, respectively. ThereforéBeK™, ®BeK™, and

denoteK nuclei by their intrinsic states without any loss o
validity; for example,%H is represented bypnK. In all

calculations, a single nucleon ad meson are described

f BK™ are stable for the nucleon escaping. In the scope of the

present study!’CK™ is also stable for the nucleon escaping
because its total binding energ¥90.9 MeV} is larger than
that of °BK™+deuteron(175.7 Me\j.

with two Gaussian wave packets and five, respectively, As mentioned above, th&™ meson is bound by about

namelyN,=2 in Eq.(5) andNg=5 in Eq.(7).

A. Binding energies

The results are summarized in Table IV. We deterndifie

100 MeV in all of theK nuclei that we calculatedoK™ is
bound by 27 MeV based on the initial assertion that it forms
A (1409, andppK™ is bound by 48 MeV according tf2].
Therefore, the binding energy of tlk€ meson seems to be

andT by assuming that nucleons occupy the configuration obaturated irk nuclei heavier thappnK™. We think that this

ol 2p+n+K 3p+K  3p+n+K  4p+2n+K 4p+4n+K 5p+4n+K i
—3He(h)+K —h+p+K
—o+2p+K
50 1 —20+K  —20+p+K
S
< 100 L = PppK° j
> 100 ——0+Z+m B © h+4X+m
g Lo ST wpoonk PPNk '+d
(T ' PPN T ppnK+p __ppnK+h g
- OAHPHIAT — BeK'+2n .
| 6BeK” i Li+zsm — BeK+L
-150 - - T ppnKro —gan+ Li |
x 8 - = R
" %Bek 0K
. - QBK.
200 PR S e S
[ppnK'] [pppK' ] [pppnK'] ["BeK']  ["BeK']  ["BK']

FIG. 3. (Color) Behavior of the total binding energy and the decay width, fiopmK™ to °BK™. The decay width is to\7 and S

channels. The blue square and the vertical broken line indicates the binding energy and widtRothbleus, respectively. The green-
dashed line corresponds to tRer threshold. The thresholds for other decay modes are expressed by the red lines.
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TABLE V. E(K) and number of strongly interacting nucleons
near theK meson.

ppnK  pppK  pppnK  ®Bek™ °BK™ lcK”

E(K) 110.3 96.7 105.0 104.2 1185 1175
Nucleon 1.67 1.14 1.78 2.55 2.53 2.88

saturation of the binding energy is related to the range of thg

KN interaction. Since it is very short, the number of nucleons . S

which a singleK™ meson can interact with is limited. We __FIG. 5. Proton (left) and neutron (right) distributions  of
count up the nucleons staying in the region where khe BeK.

meson’s density falls down from the maximum valplgsy

T K . ture and that neutrons stay between two pairs of protons,
10 5Pnax - In Table V, we show the number ofit_rongly "N against our expectation théBe should have such a structure
teracting nucleon¢’Nucleon”) staying around th& in vari- a+2p. We note that thé meson's density distribution,

ousK nuclei. Except foppppK, which has a peculiar struc- which is not displayed here, is very similar to the neutrons’
ture, as mentioned in a later section, about 1.7-2.9 nucleorne. The structure oiBK is quite similar to that ofBeK™
are found to stay near th¢ meson. [3]. YYCK™ has a three-cluster-like structure. Figure 6 shows
the K™ meson distribution as well as the proton and neutron
distributions in the intrinsic state of isospin space, namely
pure'CK~ component. All clusters are attracted biKane-

Figure 4 displays the nucleon density distributions ofson being at the center of the system. Similarly to the case of
ppnK-, pppK., pppnK, ®BeK™, °BK™, and ™CK". It is  ppnK, the proton distribution is more compact than the neu-
found that K nuclei have extremely dense and peculiartron distribution because th€ meson attracts protons rather
nucleon distributions. than neutrons.

®BeK™ has a two-center-like structure similar t8ek” The most exotic system gfppK™ shows a very peculiar
[3]. Figure 5 shows proton and neutron distributions sepadensity distribution. Strictly speaking, this system has not
rately. We can find that protons have a two-center-like strucenly the component gbppK-, but also that oppnk® due to

B. Density distribution

ppnK~ pppK™ pppnK™

5BeK™ 'BK~ HoK-

FIG. 4. (Color) Density contours of the nucleon distributions of varidusiuclei. ppnK-, pppK-, and pppnK: 3 fmx 3 fm 5BeK",
°BK"~, and!'CK™: 4 fmx 4 fm.
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FIG. 6. Proton(left), neutron(middle), and K~ meson(right) distribtions of:'CK".

the =0 KN interaction. We express this system%ﬂxa. Fig- mixed due to thd =0 KN interaction. Note, however, that
ure 7 shows only proton density distribution extracted. Wethe single proton is strongly bound &H In addition, we
can see a “satellite” in this figure. Summing up the density ofstudied the dependence of this system on the number of
proton in the region of this satellite, we find that the protonwave packets. Even if one nucleon is represented by four
number is nearly equal to one. Thus, this satellite is a singl&aussian wave packefse., N,=4 in Eq. (5)], a proton is
proton. In addition, the particle numbers of proton, neutronstill pushed out, but a little less clearly. We consider that the
K~ andK°® are 2.67, 0.33, 0.67, and 0.33, respectively. Wethird proton is pushed up to thgp@&hell due to Pauli block-
can understand these particle numbers and the density distipg, so that it forms a satellite-like structuggppnK has an
bution consistently as follows. We regard this system as &xtra neutron compared fmppK™. When a neutron is added
single proton combiningi—H, following its density distribu- t0 PPPK’, such a satellite-like structure disappears and a dif-

tion (Fig. 7). In isospin spaceZEH means tth:%,TZ: %) ferent structure is formed farppnk-

state, which is composed of two nucleons and aneson.
The weight of each component included is determined by

C. Relativistic correction

Clebsch-Gordan coefficients as shown below: The present calculations have been done in the nonrela-
tivistic framework. The relativistic effect can be estimated by
l 1 . . _ .
|%He) =|p)® |§H) =lpy® |T= §1Tz: E> using a Klein-Gordon equation fdx,
h? &2
2 1 1 --—V?+U q>:<s + )qa, 23
=|p>®(\/; TN:1,TZN:1;TK:5,T§:—5> ome” + o[ [P = et o )1 (29
1|y N 1 1 wheregy is the energy oK without its rest mass. The optical
V3 T=1T,=0,T"= Esz =5 potential,Uqy, is given as

2 ~ 1 — U2
=|p>®<\/;|pp®K )+ \@Ipm@ K°>>- (22 Uop=Us* 52 (24

The particle numbers counted according to E2R) are ) — '

the same as the above values. After all, we come to a corf" the assumption that tht€ is in a scalar mean field)s,

clusion that in>He one proton keeps its identity and that the prowded by the shrunk nuclear core. When we make a map-
K o ping of energy;

residual part is composed qfpK~ and pnk®, which are

2
ek
(SK + 2chz> — Emap (25

A single proton

Eqg. (23) becomes equivalent to a Schrédinger-type equation.
We do with this equivalent equation. In this treatment, how-
ever, special cautions are necessary: the threshold energies of
A+ and X+ and the complex energy of (1405 also
suffer the same mapping. The latter change requires refitting

of the KN interaction parameters.

This scheme has been carried out in the casppofK .
The binding energy and decay width are found to be
(B.E.,I'x)=(127,20 MeV. The binding energy increases
FIG. 7. (Color onling Proton distribution inpppK". by about 10% due to this relativistic effect.
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V. SUMMARY According to our present study, we predict various deeply

We improved the antisymmetrized molecular dynamicsboundK nuclei. They have very peculiar structures with ex-
(AMD) regarding two points and applied it to systematictremely high densities, which we have never seen. In the

studies ofK nuclei. One of our improvements ipK/nK®  future, suchK nuclei as those investigated in the present
mixing,” which enables us to treat directly the coupling of paper may be explored experimentally. For instamgK"
pK~ andnk® through thel =0 KN interaction. The other one can be formed from &He(stoppedK™,n) experimen{1,17].
is “ J and T projections” with which the strong isospin de- An experiment at KEK has shown an indication for the pre-
pendence of th&N interaction is expected to be correctly dicted deeply bound stafd9]. The use of inflight(K™,N)
treated. Thus, AMD is capable of treating thre0 KN inter-  reactions is also proposgd8]. Proton-rich exoticK nuclei
action adequately, which plays an essential rol&inuclei. '€ expected to be produced by",7) reactions viaA

We have investigated the properties of our new framedoorway statef2]. In the present calculation, we assume that
work onppnK". After J andT projections, the total system is a bareKN interaction in the dense nuclear matter remains to
found to possess the quantum numbéendT, which turn  be that in the free space. Our predictions will not only serve
out to be equal to those which we had assigned beforehangs guides for experimental search, but also provide bench-
Namely, we have confirmed that theand T projections  marks with which experimental binding energies will be

work correctly. The new result and the previous one are Vveryompared. If deeper bound states are experimentally found,

S|m|Iar_to each other, but we can see the influence Oft would mean that modification of the baka\ interaction

pK™/nK® mixing in the density distributions of the protons gccyyrs in high density matter as a result of the restoration of
and neutrons. Owing to the introduction Kf, the present chiral symmetry, as observed in the case of deeply bound
wave function can form the eigenstate of isospin, i.e.pjonic stateg20], or that the hadronic phase is changed to a
|ﬁ-|(T=O)). When we draw the proton and neutron distribu- quark phase.

tions of |3EH(T:0)>’ they are clearly different from those  Finally, we would like to mention further possibility of

. . , 3 the new framework of AMD. Since it can be extended
shown in our previous study. We confirm that thg—l(T wraightf div to th £ UG ) tigat
=0)) is formed by the rotation ofppnK’) in isospin space. straightforwardly 1o the case of mufls, we can investigate

Namely, [ppnK’) is considered to be an “intrinsic state in Multi-K nuclei, which are closely related to kaon condensa-
isospin space” for the|%H(T:0)>. This intrinsic state tion and strange quark mattgt1,22. The doubleK nucleus,
lppnK") is found to have quite the same proton and neutrorPPNK'K™, has been shown to be an even denser nucleus with

o . . _ a doubled binding energy23]. The success of the new
distributions as those in our previous study. -'Y%H(T_O» framework of AMD means that we can deal with even more

contains both|pnnK® and |ppnK’) components with the fields of physics, because coupled-channel-like calculation
same ratio. This is consistent with the fact that the calculatedan be carried out in the new version of AMD. For example,
proton and neutron numbers are both equal to 1.5. The cowve can study\-3 mixing in hypernucle{24] with this new
pling of these two components due to 1) KN interaction ~ framework. _ ) )

helps the binding of the total syste||§+|(T=0)>. Note added in proofVery recently, Suzuket al. has dis-

We have studiedpnk, pppK, pppnk’, ®BeK", °BK" covered a neutral “strange tribaryof25]. This is interpreted

e ) as an isobaric analog state of the predigggpK, whereas
and “"CK™ with our new framework. AllK nuclei that we  iye opserved- binding energy is significantly larger.

investigated are bound by about 100 MeV below the thresh-

old of each nucleusk™. Except forpppK, they are bound

b(_alow the_Ew threshpld,_which is the main decay channel. ACKNOWLEDGMENTS
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