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Medium effects to theN„1535… resonance andh mesic nuclei
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The structure ofh-nucleus bound systems (h mesic nuclei! is investigated as one of the tools to study
in-medium properties of theN(1535)(N* ) resonance by using the chiral doublet model to incorporate the
medium effects of theN* resonance in a chiral symmetric way. We find that the shape and depth of the
h-nucleus optical potential are strongly affected by the in-medium properties of theN* and nucleon. Espe-
cially, as a general feature of the potential, the existence of a repulsive core of theh-nucleus potential at the
nuclear center with an attractive part at the nuclear surface is concluded. We calculate the level structure of
bound states in this ‘‘central-repulsive and surface-attractive’’ optical potential and find that the level structure
is sensitive to the in-medium properties of theN* . The (d,3He) spectra are also evaluated for the formation of
these bound states to investigate the experimental feasibility. We also make comments on the possible existence
of halo-like h states inb-unstable halo nuclei.
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I. INTRODUCTION

The study of the in-medium properties of hadrons h
attracted continuous attention and is one of the most in
esting topics of nuclear physics. So far, several kinds
hadron-nucleus bound systems have been investigated

as pionic atoms, kaonic atoms, andp̄ atoms@1#. The struc-
ture of these systems is described by means of a com
optical potential, which reproduces well the experimen
data obtained by the x-ray spectroscopic methods@2#. The
search for the deeply bound pionic atoms has been
formed from the end of 1980s@3–6#, and the use of the
recoilless (d,3He) reaction@7# led to the successful discov
ery of the deeply bound states, which enable us to ded
in-medium pion properties@8–10#. Now extensions of the
method to other meson-nucleus bound states are b
widely considered both theoretically and experimenta
@11–14#.

In this paper we consider theh mesic nucleus as one o
the doorways to investigate the in-medium properties of
N(1535) (N* ). The special features of theh mesic nucleus
are the following:~1! theh-N system dominantly couples t
N(1535) at the threshold region@15#. ~2! The isoscalar par-
ticle h filters out contaminations of the isospin-3/2 excit
tions in the nuclear medium.~3! As a result of thes-wave
nature of thehNN* coupling, there is no threshold suppre
sion like thep-wave coupling. The strong coupling of theN*
to hN makes the use of this channel particularly suited
investigate this resonance in a cleaner way than the us
pN for the study of other resonances like theN(1440) and
N(1520).

On the other hand, the in-medium properties of hadr
are believed to be related to partial restoration of chiral sy

*Present address: Research Center for Nuclear Physics~RCNP!,
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metry in the contemporary point of view~see, e.g.,@16#!, in
which a reduction of the order parameter of the chiral ph
transition in hot and/or dense matter takes place and ca
modifications of the hadron properties. TheN* , which is the
lowest-lying parity partner of the nucleon, has been inve
gated from the point of view of chiral symmetry@17,18#,
where theN andN* form a multiplet of the chiral group. In
Refs.@19,20# a reduction of the mass difference of theN and
N* in the nuclear medium is found in the chiral doubl
model, while a reduction of theN* mass is also found as th
quark condensate decreases in the QCD sum rule@21#. Con-
sidering the fact that theN* mass in free space lies only 5
MeV above thehN threshold, the medium modification o
the N* mass will strongly affect the in-medium potential o
the h meson through the stronghNN* coupling described
above.

As one of the standard theoretical tools to obtain
structure of the bound states, we solve the Klein-Gord
equation with the meson-nucleus interaction, which is
pressed in terms of an optical potential and is evaluated
ing the chiral doublet model developed in Refs.@17,18#,
which embodies the reduction of theN* mass associated
with the partial restoration of chiral symmetry, assuming t
N* dominance for thehN coupling described above. Th
calculation is done in nuclear matter with the mean-field
proximation, and the local density approximation is used
apply it to the finite nuclei. For the observation of the the
bound states, we also consider the missing mass spec
copy by the (d,3He) reaction which was proved to be
powerful tool experimentally. To evaluate the expected sp
tra theoretically, we adopt the Green function method for
unstable bound states@22#.

In Sec. II we describe theh-nucleus optical potentia
which is obtained in our framework with the chiral doubl
model and theN* dominance. In Sec. 3 we show the nume
cal results for theh-meson bound states in the nucleus a
(d,3He) spectra. Section IV is devoted to the summary a
conclusion.

s:
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II. OPTICAL POTENTIAL OF h WITH N* DOMINANCE

The h mesic nuclei were studied by Haider and Liu@23#
and by Chiang, Oset, and Liu@24# systematically. There, the
h-nucleus optical potential was expected to be attrac
from the data of theh-nucleon scattering length and th
existence of the bound states was predicted theoretically
the formation reaction, the use of the (p1,p) reaction was
proposed and the attempt to find the bound states in
reaction led to a negative result@25#. The (p1,p) experi-
ment @25# was designed to be sensitive to the expected n
row states, but was probably not sensitive enough to
much broader structures.

Before presenting the details of our model calculation,
us show the possibility to have a repulsiveh optical potential
in the nucleus due to a significant reduction of the m
difference ofN andN* . Considering the self-energy of theh
meson at rest in nuclear matter in theN* dominance model,
in analogy with theD-hole model for thep-nucleus system
we obtain theh optical potential in the nuclear medium i
the heavy baryon limit@24# as

Vh~v!5
gh

2

2m

r~r !

v1mN* ~r!2mN*
* ~r!1 iGN* ~s;r!/2

, ~1!

wherev denotes theh energy, andm is the reduced mass o
theh and the nucleus and is very close to theh massmh for
heavy nuclei.r(r ) is the density distribution for nucleons i
the finite nucleus, for which we assume here a Fermi dis
bution. The ‘‘effective masses’’ ofN and N* in medium,
denoted asmN* , mN*

* , are defined through their propagato

so that ReG21(p05m* ,pW 50)50. The in-medium N*
width GN* includes the many-body decay channels. T
hNN* vertexgh is given by

LhNN* ~x!5ghN̄~x!h~x!N* ~x!1H.c., ~2!

where gh.2.0 to reproduce the partial widthGN* →hN
.75 MeV @26# at the tree level.

Supposing no medium modifications for the masses oN
and N* as well as small binding energy for theh, i.e., v
.mh , we obtain an attractive potential independent of d
sity since we always havev1mN2mN* ,0 in the nucleus.
The shape of this potential is essentially the same as
Woods-Saxon–type potential for a finite nucleus assum
the local density approximation. On the other hand, if a s
ficient reduction of the mass difference ofN and N* stems
from the medium effects, there exists a critical densityrc

wherev1mN* 2mN*
* 50, and then at densities aboverc the

h optical potential turns to be repulsive. Ifrc is lower than
the nuclear saturation densityr0, the optical potential for the
h is attractive around the surface of the nucleus and re
sive in the interior. Therefore the bound states of theh in
nuclei, if they exist, will be localized at the surface and t
level structure of theh bound states will be quite differen
from that in the case of the Woods-Saxon–type potentia

To make the argument more quantitative, we estimate
in-mediumN andN* masses and theN* width in the chiral
04520
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doublet model@17,18# ~see also@27#!, which embodies the
reduction of the mass difference ofN andN* associated with
the partial restoration of chiral symmetry. The chiral doub
model is an extension of the SU~2! linear sigma model for
the nucleon incorporating theN* . In the modelN and N*
are expressed as superpositions ofN1 and N2 which are
eigenvectors under the chiral transformation. There are
types of the linear sigma model, choosing either the ass
ment of the same sign of the axial charge toN1 andN2 or the
opposite sign to each other. The model with the later c
struction was first investigated by DeTar and Kunihiro@17#,
and was named the ‘‘mirror assignment’’ later on to dist
guish it from the first assignment~‘‘naive assignment’’! @18#.
Here we shall discuss only the chiral doublet model with
mirror assignment. We have already checked that the n
assignment produces a qualitatively similar optical poten
of theh to that with the mirror assignment. The quantitati
studies with the naive assignment will be discussed e
where.

The Lagrangian of the chiral doublet model with the m
ror assignment is given by

L5 (
j 51,2

@N̄j i ]”Nj2gjN̄j~s1~2 ! j 21ig5tW•pW !Nj #

2m0~N̄1g5N22N̄2g5N1!, ~3!

where N1 and N2 are eigenvectors under the SU~2! chiral
transformation and have opposite axial charge to each o
The physicalN andN* are expressed as a superposition
N1 and N2 as N5cosuN11g5sinuN2 and N* 52g5sinuN1
1cosuN2 where tan 2u52(g11g2)m0 /^s&. In this basis,
the N and N* masses and thepNN* vertex are given as
functions of the sigma condensate as in the standard l
sigma model:

mN,N*
* 5

1

2
@A~g11g2!2^s&214m0

27~g22g1!^s&#, ~4!

gpNN*
* 5~g22g1!/A41@~g11g2!^s&/m0#2, ~5!

where ^s& is the sigma condensate in nuclear matter. It
worth noting that the mass splitting betweenN and N* is
generated by the spontaneous breakdown of chiral symm
with a linear form of the sigma condensate. The parame
in the Lagrangian have been chosen so that the observa
in vacuum, mN5940 MeV, mN* 51535 MeV, and
GN* →pN.75 MeV, are reproduced with ^s&05 f p

593 MeV, and they areg159.8, g2516.2, m05270 MeV
@18#.

In the linears model, the nuclear medium effects com
from the nucleon loops which modify the self-energies ofN
and N* and the vertex ofpNN* @28#. In the mean-field
approximation, such contributions can be introduced
making the replacement of the vacuum condensate of
sigma meson to the in-medium condensate which depend
the densityr as

^s&5F~r!^s&0 , ~6!
2-2
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MEDIUM EFFECTS TO THEN(1535) RESONANCE ANDh . . . PHYSICAL REVIEW C 66, 045202 ~2002!
whereF(r) should be determined elsewhere. Here we tak
linear parametrization asF(r)512Cr/r0 with C
50.1–0.3@28#. The C parameter represents the strength
the chiral restoration at the nuclear saturation densityr0.
Finally, with this replacement, the density dependence of
in-medium mass difference ofN andN* is obtained as

mN* ~r!2mN*
* ~r!5~12Cr/r0!~mN2mN* !. ~7!

This implies that forC.0.08 the real part of the in-medium
h self-energy withv5mh in Eq. ~1! changes its sign a
smaller densities than the saturation densityr0.

Now let us consider theN* width in the medium. In free
space there are three strong decay modes ofN* , pN, hN,
andppN @26#. The first two are dominant modes and gi
almost the same decay rate. Here the medium effects on
decay widths of these modes are taken into account by
sidering the Pauli blocking effect on the decaying nucle
and by changing theN andN* masses and thepNN* cou-
pling in medium through Eqs.~4! and ~5!, according to the
chiral doublet model as discussed above.

The partial decay widths ofN* to certain decay channel
can be obtained by evaluating the self-energy ofN* associ-
ated with the decay channel and by taking its imaginary p
asGN* 522ImSN* . The partial decay width forN* →pN is
calculated as

Gp~s!53
gpNN*
* 2

4p

EN1mN*

As
q, ~8!

whereEN and q are the energy and momentum of the fin
nucleon on the mass shell in theN* rest frame, respectively
The momentumq is given byq5l1/2(s,mN*

2 ,mp
2 )/2As with

the Källen functionl(x,y,z). The Pauli blocking effect for
N* →pN mode is negligible due to the large decaying m
mentum q.460 MeV in vacuum. The decay modeN*
→hN, however, does not contribute in the medium beca
of no available phase space due to the Pauli blocking@24#.

The decay branching rate of theN* →ppN channel is
known to be only 1% –10% in vacuum@26#. Here, in the
present calculation, we do not include this decay mode s
its contribution is estimated to be only a few percent of
total decay rate in our model. In spite of no directppNN*
vertex in our model, this channel can be evaluated by c
sidering the processN* →sN→ppN using the linear sigma
model fors andp.

Other medium effects on the decay ofN* are the many-
body decays, such asN* N→NN andN* N→pNN. TheN*
many-body absorption, involving two-nucleonh absorption
mechanisms, is evaluated by inserting particle-hole exc
tions to thep (h) propagator in thepN (hN) self-energy of
N* . The width fromNN* →NN channel has already bee
calculated in Ref.@24# and has found several MeV atr
5r0. Here we neglect the contribution of this channel. T
otherN* absorptionNN* →pNN is comparably larger than
NN* →NN because of its phase space@24#. We estimated the
NN* →pNN process within our model following the formu
lation of Ref.@24#:
04520
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GN* N→pNN~As!53b2S gpNN

2mN*
D 2

rE dp1p1
3E dp2

~2p!3 p2

mN*

v2

3
2pW 1

212mN* ~As2v22mN* !

F S p1
2

2mN*
D 2

2p1
22mp

2 G2 F~p1 ,p2!, ~9!

wherep1 (v1) andp2 (v2) are pion momenta~energies!, F
is the phase space variable defined in@24#, and

b5
g1m0

^s&mN* ~mN*
* 1mN* !

x, ~10!

with the effective coupling ofppN throughs mesons in this
model, which isx;1.29. This contribution is estimated t
be typically 15 MeV at the saturation density, although
depends on theh energy andC parameter. We include this
channel in the present calculation.

III. NUMERICAL RESULTS

In the previous section, we discuss theh optical potential
in nuclear matter using theN* dominance model and th
chiral doublet model. The final expression of theh optical
potential in the nuclear medium is obtained by substitut
the mass gap betweenN andN* obtained in Eq.~7! and the
in-mediumN* width described in Eqs.~8! and ~10! to Eq.
~1!. In this section, we show some numerical results for theh
meson in the nucleus from the optical potential deriv
above.

A. Optical potential of the h in the nucleus

For finite nuclei we assume the local density approxim
tion and the Fermi distribution of nucleons in the nucle
with the radial parameterR51.18A1/320.48 @ fm# and the
diffuseness parametera50.5 @ fm#. In Fig. 1, we show the
h-nucleus potential for the132Xe case as an example. I
other nuclei, the potential shape is essentially the same a
plotted one, but the radius of the repulsive core depends
the mass numberA. As can be seen in the figure, for theC
Þ0 cases the real potential turns out to be repulsive at
inner part of the nucleus, associated with a reduction of
mass difference ofN andN* in the nucleus and an attractiv
‘‘pocket’’ appears on the surface. This pocket-shape poten
is new and so interesting that the existence of the repul
core is consistent with the experiment@29#, where the pro-
duction of theh meson on various nuclei is surface dom
nated due to the strong final-state interaction.

Another interesting feature of the potential is its stro
energy dependence. By changing the energy of theh from
v5mh to mh250 @MeV#, we find again the familiar attrac
tive potential shape even withC50.1 as shown in the figure
We also find that the imaginary part of the potential has
strong dependence both on theC parameter and theh en-
ergy.
2-3
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B. Bound states ofh in nuclei

In order to calculate the eigenenergies and wave funct
of the h bound states, we solve numerically the Klei
Gordon equation with theh-nucleus optical potential ob
tained here and make an iteration to obtain the self-consis
energy eigenvalues for the strongly energy-dependent op
potential. We follow the method of Kwon and Tabakin
solve it in momentum space@30#. We increase the number o
mesh points in the momentum space which is here abou
times larger than Ref.@30#. The number of mesh points wa
limited (;40 points! and the parameters for the mesh poin
distribution were adjusted for the shallow mesic atoms@30#.
We check the stability of the obtained results carefully.

We show the calculated binding energies and level wid
in Table I for 1s and 2p states in several nuclei over th
periodic table. For theC50 case, in which no medium
modifications are included in theN andN* properties, since
the potential is proportional to the nuclear density distrib
tion as we have seen in Fig. 1, the level structure of
bound states is similar to that obtained in Ref.@12#. For C
>0.1 cases, the formation ofh bound states is quite difficul
because of both the repulsive nature of the potential ins
the nucleus and the huge imaginary part of the potential

In order to see theC parameter dependence of the bou
states inC,0.1, we consider132Xe as an example and ca
culate the bound states forC50.02, 0.05, and 0.08 case

FIG. 1. Theh-nucleus optical potential for the132Xe system as
a function of the radius coordinater. The upper and lower panel
show the real and imaginary parts, respectively, forC50.0 ~solid
line!, 0.1 ~dashed line!, and 0.2~dotted line! with settingv5mh .
The dot-dashed line indicates the potential strength forC50.1 with
v5mh250 @MeV#.
04520
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The results are also compiled in the Table I. We should m
tion here that, as a result of the small attraction, in the po
etlike case we do not find bound states. They, however,
obtained in the case of Woods-Saxon–type.

C. Spectra of „d,3He… for the h-mesic-nuclei formation

Although the formation of the bound states of theh in
nuclei is difficult with C;0.2, which is the expected
strength of the chiral restoration in the nucleus, it would
interesting to see if the repulsive nature of the optical pot
tial can be observed in experiment. Here we consider
recoilless (d,3He) reaction, in which a proton is picked u
from the target nucleus and theh meson is left with a small
momentum.

The recoilless (d,3He) reaction is expected to be one
the most powerful experimental tools for the formation of t
h mesic nucleus@7#. The spectra of this reaction are inve
tigated in detail in Ref.@12#. There they estimate the exper
mental elementary cross section of thed1p→3He1h reac-
tion to be 150~nb/sr! in this kinematics based on the da
taken at SATURNE@31# and use the Green function metho
@22#, in which theh-meson Green function provides info
mation about the structure of unstable bound states. Apply
the same approach, we evaluate the expected spectra o
(d,3He) reaction by assuming our optical potential for theh
in the nucleus. Here we calculate the spectra of
12C(d,3He) reaction for theh production in the final state
The 12C is shown to be a suitable target to populate
@(p3/2)p

21
^ ph# configuration largely@12#. We assume a

single-particle nature for the protons in the target12C and
consider 0s1/2 and 0p3/2 states. And we take into account
sufficient number of partial wavesl h of h. We find that only
l h<3 partial waves are relevant in this energy region and
check numerically that contributions from higher part
waves are negligible.

TABLE I. The h-nucleus binding energies and widths for va
ous nuclei forC50. Results for theCÞ0 cases are also shown fo
the h-132Xe system.

C A L50 L51
BE ~MeV! Width ~MeV! BE ~MeV! Width ~MeV!

0.0 6 3.7 35.1 - -
11 13.7 41.5 - -
15 18.5 42.7 - -
19 21.9 43.1 - -
31 27.9 42.8 10.1 52.2
39 30.3 42.5 14.6 50.7
64 34.4 41.3 22.4 47.7
88 36.4 40.5 26.4 45.8
132 38.4 39.6 30.5 43.8
207 39.9 38.5 33.9 41.8

0.02 132 41.2 49.0 33.0 55.0
0.05 132 45.1 69.3 35.5 81.5
0.08 132 46.1 106.3 - -
0.1 132 - - - -
2-4
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The spectra obtained are shown in Fig. 2 as functions
the excited energy which are defined as

Eex5mh2Bh1@Sp~ j p!2Sp~p3/2!#, ~11!

whereBh is the h binding energy~BE! and Sp the proton
separation energy. Theh production threshold energyE0 is
indicated in the figure by the vertical line. The calculat
spectra are shown in Fig. 2 for three different sets of
parameterC in the optical potential and the diffuseness p

FIG. 2. The calculated excitation energy spectrum of theh pro-
duction in the12C(d,3He) reaction atTd53.5 @GeV# for three dif-
ferent sets of the parameterC in theh-nucleus optical potential and
the diffuseness parametera of the nuclear density:~a! C50.0 and
a50.5 @ fm#, ~b! C50.2 anda50.5 @ fm#, and ~c! C50.2 anda
51.0 @ fm#. The vertical line indicates theh production threshold
energy. In each figure, the contribution from the (0p3/2)p

21
^ ph is

shown as a dash-dotted curve, the (0s1/2)p
21

^ sh contribution is
shown as the dashed curve, and the solid curve is the sumh
partial waves. The continuum background contributions are e
mated to be about 3.4@nb/~sr MeV!# for the 12C target@12#. In all
spectra the distortion effects are assumed to be the same in ord
see the sensitivity to theh optical potential clearly.
04520
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rametera of the nuclear density distribution. In Fig. 2~a!, we
show the result withC50.0 anda50.5 @ fm# which corre-
sponds to the spectrum with the potential which does
include any medium modifications ofN andN* . The results
with the medium corrections are shown in Fig. 2~b! for the
C50.2 case, where theh optical potential has the repulsiv
core in the center of nucleus. It is seen in the Figs. 2~a! and
2~b! that, as a result of the repulsive nature of theh potential
with C50.2, the whole spectrum is shifted to the highe
energy region and thes-wave h contribution aroundEex
2E0;0 @MeV# is suppressed in Fig. 2~b!, which corre-
sponds to the disappearance of theh bound state forC
50.2. The difference of these spectra is expected to be
served in the high-resolution experiments.

We also calculate the spectrum for theC50.2 case with
the diffusenessa51.0 @ fm#, to simulate the halolike struc
ture of unstable nuclei. In this case, theh-nucleus optical
potential has a wider attractive region than that witha
50.5 @ fm# because of the existence of the longer tail at lo
nuclear densities. The results are shown in Fig. 2~c!, where
we can see that the whole spectrum is shifted to sma
energy regions compared to Fig. 2~b!, indicating the attrac-
tive nature of the potential.

D. Discussion

Here we make some remarks on the ‘‘pocketlike’’ pote
tial. First of all, we would like to consider the interestin
possibility to haveh bound states inb-unstable nuclei with a
halo structure@32#. So far, we have considered stable nuc
with the small diffuseness parameters (a50.5 @ fm#), in
which the density suddenly changes at the surface. As
have seen in Fig. 1, the optical potential with a finiteC value
is attractive only in the low-density region at the nucle
surface. Thus, halo nuclei have a larger attractive region t
the stable nuclei and we expect to find moreh bound states,
which will be like coexistence states of the halolikeh mesic
bound states with halo nucleons. We simulate the behavio
theh bound states for nuclei with halo structure by chang
the diffuseness parameters artificially for132Xe case. How-
ever, in spite of our systematic search of theh bound states
for diffuseness parametersa51.0 and 1.5@ fm#, no bound
states in the pocketlike potential are found for theC50.1,
0.15, and 0.2 cases.

Second, we have another quite interesting feature of
h-nucleus bound states because of its strong energy de
dence. In the iterative calculation to get the self-consist
eigenenergies for the energy-dependent potential, we h
possibilities to find several solutions for certain set of t
quantum numbers (n,l ). Actually, we have found the thre
1s-like states for theh-88Y system for theC50.1 case by
omitting the imaginary part of the optical potential. Th
wave functions of all three states do not have any node
they are shown to be~1! the bound 1s state with BE
540.4 @MeV# in the Woods-Saxon–type potential,~2! the
bound 1s state with BE522.2 @MeV# in the attractive po-
tential which is deeper at the surface than in the nucl
center, and~3! the bound 1s state with BE56.0 @MeV# in
the surface-attractive and central-repulsive potentials.

ti-

r to
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Third, we would like to make a general comment on t
level structure of the bound states in the pocketlike poten
To make the argument clear, we consider only the real pa
the pocketlike potential. Let us consider the radial part of
Schrödinger equation with an attractive pocket potential a
certain radiusR and a widtha. As we can see in any textboo
of quantum mechanics, this equation is exactly the sam
the one-dimensional Schro¨dinger equation with the same po
tential pocket except for the centrifugal potential and
boundary condition for the wave function at the originr
50. Since the one-dimensional Schro¨dinger equation has
translational invariance with this potential, the eigenenerg
do not depend on the position of the attractive pocket. Thi
also the case for the radial equation for heavy nuclei
which the attractive potential exists far from the nuclear c
ter, where the wave function boundary condition is autom
cally satisfied and do not affect the eigenenergies. Thus,
level structure would be expected to resemble each othe
all heavy nuclei, which is quite different from the case of t
Woods-Saxon–type potential, where the binding energies
come larger in heavier nuclei.

Another interesting feature of the level structure is th
since the pocket potential in heavy nuclei is far from t
center of the system and then the centrifugal repulsive
tential could be weak at the position of the pocket, then
different angular momentum states would approximately
generate in heavy nuclei. All these features of the level str
ture are very interesting and really characteristic for
‘‘surface-attractive’’h-nucleus optical potential.

Very recently an investigation of theh meson properties
in the nuclear medium within a chiral unitary approach h
been reported@33#. There, they also found a strong energ
dependent optical potential of theh. It would be interesting
to compare their consequences with ours since their theo
ical framework is quite different from our model and the
the N* is introduced as a resonance generated dynamic
from meson-baryon scatterings.

IV. SUMMARY

We investigate the consequences of the medium effec
N(1535) (N* ) through theh-mesic nuclei assuming theN*
dominance in theh-N system. The chiral doublet model
used to estimate the medium modification of theN andN*
properties. This model embodies chiral symmetry and
spontaneous breaking within the baryonic level (N andN* )
and shows a reduction of the mass difference ofN and N*
with partial restoration of chiral symmetry.

We find that sufficient reduction of the mass differen
due to chiral restoration makes theh optical potential in
ys
i,

04520
l.
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nuclei repulsive at certain densities, while in the low-dens
approximation the optical potential is estimated to be attr
tive. This leads us to the possibility of a new type of pote
tial of theh in nucleus that is attractive at the surface and h
a repulsive core at the center of the nucleus. We disc
general features of this ‘‘pocket’’ potential that the lev
structure is quite different from that with the potential simp
obtained from theV;tr approximation witht the scattering
amplitude of theh-N system.

We calculate the in-medium optical potential of theh
meson with a mean-field approximation and use the lo
density approximation to apply it to finite nuclei. We als
find that the potential obtained here has a strong energy
pendence, which leads us to a self-consistent formulatio
the calculation of theh bound states in the nucleus. Unfo
tunately it is hard to formh bound states in the nuclei with
the expected strength of the chiral restoration in the nucl
(C;0.2), due to the repulsive nature of the potential ins
the nucleus and its large imaginary potential. We find t
there is no bound state for the case ofC>0.1 even in the
halolike nuclei, which are expected to have moderate den
distributions and to have a wider attractive potential poc
at the surface.

We evaluate the spectra of the recoilless (d,3He) reaction
with a 12C target using our optical potential for theC50.0
and 0.2 cases. The shapes of these spectra are appa
different and the repulsive nature in theC50.2 case is seen
The results with the large diffuseness parameter for
nuclear density distribution also show the sensitivity of t
spectrum to the existence of the halo structure. We find
the existence of the halo also changes the spectrum sh
and thus a comprehensive study ofh bound states in un-
stable nuclei also would be interesting to investigate the m
dium effects of theN* . We believe that the present resul
are very important to investigate the chiral nature ofN and
N* throughh bound states.
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