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We have investigated the excited states as well as the ground state of various �K nuclei� based on
the improved version of antisymmetrized molecular dynamics method with a phenomenological �KN
interaction	 Our calculation shows that the ground state of �K nuclei forms dense state
 more than

� �� ��� being normal density�	 The two excited states of ��CK� � �J�� T � � � �
�

�
� �� and � �

�

�
� ���

are also deeply bound below the ��emission threshold	 They are the same J� state but have quite
di�erent structures from each other
 T � � state has a welldeveloped clustering structure� while
T � � state has a shelllike structure	

PACS numbers�

We point out that a K� meson could form a new type
of a dense object� � �K nucleus�� Y� A� and T� Y� con�
structed a phenomenological �KN potential �AY potential
�	
� which can reproduce the low energy �KN scattering
data ��
� the 	s level shift of kaonic hydrogen atom �

and the binding energy and width of ��	���� being the
I � � quasi�bound state of �KN� As shown in our previous
studies �	� �
 based on the AY potential� a K� attracts
nucleons around itself to form dense state in light nuclei
and is very deeply bound below the ���emission thresh�
old� which is a main decay mode� to form discrete state�
Such interesting properties are attributed to the strong
attraction of the I � � �KN interaction� Thus� a K�

seems to play such a role as a seed of strong attraction�
We have a key question� how do A�nucleons behave if
we put such a seed� a K� meson� into a normal nucleus�
What kind of structure is realized in various �K nuclei as
a result that the A� 	 particles organize themselves�

To study the �K nuclei from such a viewpoint� we em�
ploy the method of antisymmetrized molecular dynamics
�AMD�� because it treats �K nuclei as a fully �A�	��body
system� In the AMD� the A � 	 particles form dynam�
ically such a con�guration that they favor energetically
without any assumption on their structures� Since the
I � � �KN interaction is the most important ingredient
in the study of �K nuclei� the AMD framework should be
improved to treat it adequately� It couples a pair of K�

and proton with that of �K� and neutron in a particle�
basis treatment� such as the AMD method� Therefore�
respecting the I � � �KN interaction� the AMD method
should be improved so as to treat the K�p��K�n mix�
ing� A nucleon wave function j�ii and a �K wave function
j�Ki are represented by superposition of several Gaus�
sian wave packets�
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The i�th nucleon is described with the superposition of
Nn Gaussian wave packets whose centers fZi

�
g are dif�

ferent from each other� j�ii means a spin wave function�
j �i or j �i� j� i

�
i and j�K

�
i mean isospin wave functions

and have the form as following�
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where �i� and �K� are variational parameters� To treat
the K�p��K�n mixing� we prepare such isospin wave func�
tions that can describe proton�neutron mixed state and
K�� �K� mixed state� We construct a total wave func�
tion from single wave functions Eq��	� and ���� j�i �
det�j�i�j�i
 � j�Ki� It is projected onto the eigen�state
of parity� j��i � j�i � Pj�i� We perform the charge
projection to conserve the total charge of the system�

j �PM��i �
Z

d� exp��i�� �Tz �M�
j��i� ���

The j �PM��i is used as a trial wave function� After the
j �PM��i is determined by energy�variation� it is projected
onto the eigen state of angular momentum and isospin�
The more detailed explanation on this improvement is
shown in Ref� ��
� We investigate the various �K nuclei�
using the improved version of AMD with the e�ective NN
and �KN interaction� which are derived from Tamagaki
potential �OPEG� ��
 and AY potential by the G�matrix
method �	
� respectively�
As summarized in Table 	� the ground states of �K

nuclei are deeply bound by about 	�� MeV below the
nucleus� �K threshold� They form dense state being more
than � 	� �	� � ��	�fm���� The binding energy mea�
sured from the nucleus� �K threshold� E�K�� seems to be
saturated to be �	�� MeV� We can understand the sat�
uration of the E�K� as following� We have investigated
how many nucleons are near a K� meson� The last col�
umn of the Table 	� NK � shows the number of nucleons



�

TABLE I� Summary of our calculation	 J� and T � spinparity and isospin	 E�K�� binding energy measured from the threshold
of nucleus��K	 �� decay width to �� and �� channels	 Density� maximum value of nucleon density	 Rrms� rootmeansquare
radius of nucleon system	 NK � number of nucleons being near a K� meson	 �see text�

J� T E�K� � Density Rrms NK

�MeV� �MeV� �fm��� �fm�

ppnK� �

�

�
� ���	� ��	� �	�� �	�� �	��

pppK� �

�

�

� ��	� ��	� �	�� �	�� �	��

pppnK� �� �

�
���	� ��	� �	�� �	�� �	��

�BeK� �� �

�
���	� ��	� �	�� �	�� �	��

�BK� �

�

�

� ���	� ��	� �	�� �	�� �	��
��CK� �

�

�

� ���	� ��	� �	�� �	�� �	��

ppnK� �excited� �

�

�

� ��	� ���	� �	�� �	��
��CK� �excited� �

�

�
� ���	� ��	� �	�� �	��

��CK� �excited� �

�

�
� ���	� ��	� �	�� �	��

being in the region where the density of the K� meson
falls down from the maximum value 	max�K� to one��fth
of 	max�K�� In the case of ppnK� and pppnK� which
have the one�center structure� there are 	�� nucleons near
the K� meson� while there are ��� nucleons in the case of
�BeK� and �BK� which have the two�center structure
��
� The single K� meson can interact with not all nu�
cleons but the limited numbers of nucleons� This fact is
related to the saturation of the E�K��

We have investigated the excited states of ppnK�

and ��CK� which have opposite parity to the ground
state� In the case of ppnK�� the total binding energy of

J� � �
�

�
� T � 	 state is obtained to be �� MeV� Since

this state is above the ���emission threshold� the decay
width is very large�  � 	�� MeV� This excited state
of ppnK� has a strange structure as depicted in Fig� 	�
which is very similar to the proton�satellite structure ap�
peared in pppK� ��
� Since a single neutron exists in
the region enclosed by a circle in Fig� 	� this state has
a neutron�satellite structure� We notice that the ground

state of pppK� is also J� � �
�

�
� T � 	 state� This ex�

cited state of ppnK� state has the same quantum num�
ber �J�� T � as pppK� and it has a similar structure to
pppK�� Therefore� it is found to be an isobaric analog
state of pppK��

The case of ��CK� seems very interesting� We have ob�

tained two excited states� �J�� T � � � �
�

�
� �� and � �

�

�
� 	��

Namely� they have the same J� but di�erent T � The total
binding energy is 	�� MeV for the T � � state and 	��
MeV for the T � 	 state� Contrary to ppnK�� they are
also below the ���emission threshold ��	�! MeV�� Fig�
� shows the density distributions of two excited states as
well as of the ground state� As shown in the left panel�
the ground state has the tri�angular shape� The cluster�
ing structure is somewhat developed� A K� meson exists
at the center of the system �in the region enclosed by a
circle� and it attracts all of three clusters� As shown in

the middle and right panels� the structures of two excited
states are quite di�erent from each other� the T � � state
has a well�developed clustering structure� while the T � 	
state has a shell�like structure� In the T � � state� the
K� exists in the region enclosed by a circle in the panel�
We think that it is reasonable that the T � � state has
such a con�guration as 	He�ppnK��	He� because each
component is a T � � state�

We make a comment on the experiment� According
to the experimental result of 	He�stopped K�� n�ppnK�

done by Iwasaki group in KEK� the total binding energy
of ppnK� is found to be 	� MeV ��
� This result sup�
ports a deep �KN potential such as AY potential� How�
ever� the binding energy by the experiment is much larger
than that by our prediction �		� MeV�� Since our calcu�
lation is done in the non�relativistic framework� we take
into account the relativistic e�ect based on Klein�Gordon
equation� Although such correction increases the binding
energy to 	� MeV� there still remains large discrepancy

FIG	 �� Nucleon density contour of the excited state of

ppnK�� J� � �

�

�

� T � � state	 The framework is � � �

fm�	





FIG	 �� Nucleon density contour of various states of ��CK�� The left panel shows the nucleon distribution in the ground state

J� � �

�

�

� T � � state	 The middle and right panels show the nucleon distribution in the excited states J� � �

�

�
� T � � state

and J� � �

�

�
� T � �� respectively	 Each framework is � � � fm�	

between the experimental result and our one� It is likely
that the bare �KN interaction is modi�ed by some e�ect�
such as the partial restoration of chiral symmetry in the
dense matter� According to the estimation by Y�A�� the
�KN interaction should be more attractive by 	�" than

the original one� to reproduce the experimental result� If
this enhancement is true� more �K nuclei could be deeply
bound below the ���emission threshold to be a discrete
state� For example� the exited state of ppnK� could be
a discrete state� Anyway� we need further investigation�

��� Y	 Akaishi and T	 Yamazaki� Phys	 Rev	 C�� ������
������	

��� A	 D	 Martin� Nucl	 Phys	 B��� ������ ��	
��� M	 Iwasaki et al	� Phys	 Rev	 Lett	 �� ������ ����


T	 M	 Ito et al	� Phys	 Rev	 C�� ������ ����	
��� A	 Dot�e� H	 Horiuchi� Y	 Akaishi and T	 Yamazaki� nucl

th��������
 Phys	 Lett	 B��� ������ ��	
��� A	 Dot�e� H	 Horiuchi� Y	 Akaishi and T	 Yamazaki� nucl

th��������	
��� R	 Tamagaki� Prog	 Theor	 Phys	 �� ������ ��	
��� M	 Iwasaki� T	 Suzuki� et al� nuclex��������	



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


