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The formation of the bound state of the n-mesic-nucleus is investigated by the standard
Green’s function method used in the many-body problem. It is found that when parameters,
coupling constants and harmonic oscillator potentials are chosen in the physical range, due
to the attractive nature of the nNN*(1/2, 1/27) interaction the 7—'°0O bound state can
possibly be formed. However, detecting such a bound state would be difficult, because its
width T is larger than the binding energy of 7 in O, .

1. INTRODUCTION

Due to the rather weak nature of the 7NN interaction, there is usually no n-meson degree of
freedom in nuclear matter. However, the n-meson product has been found in the high energy -
nucleus collision [1]. Bhalerao and Liu analysed theoretically the cross-section of the reaction 7N —
nN [2] and pointed out that the 7-meson can be produced in the 7N reaction via the formation of
N*(1535) where the nNN* coupling constant is not weak. Recently, Haider and Liu further solved
the three-dimensional relativistic wave equation with the 7-nucleus optical potential derived from the
t,y matrix [2] and found the possibility of binding the 7-meson in some nuclei. According to their
analysis, the key point of the formation of such a bound state is that the strong interaction in the Sy,
channel N*(1535) = 7N is attractive, where N*(1535) is the 7N resonance with (/, J?) = (1/2,1/27),
its mass My. = 1535 MeV and its average width I'y. = 150 MeV. If the n-nucleus bound state
predicted by Haider and Liu does exist, one can obtain not only a type of exotic state of the nuclear
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matter, but also new informations about the 7N interaction, because in contrast with binding 7(K)
in an atomic orbit in the 7(K) mesic atom, the 7-meson is bound in a nuclear orbit. Because of the
importance of studying the n-mesic nucleus, and in order to understand better the formation
mechanism, we re-examine the possibility of forming the bound state of the 7-nucleus by using a
method which entirely differs from Haider and Lius.
As an example, we study the n-mesic nucleus 160,7 by calculating its binding energy

Ep = m, — & 1)
where m,, is the rest mass of the n-meson (m,, = 548.8 MeV), and ¢, is the energy difference
between the ground state of ‘O, and *°O,

& = Eo(lson) — Ey(**0), (2

In this paper, by the standard Green’s function method (see Section 2 for details), we solve the self-
consistent equations for the self-energy of the 7-meson and then obtain ¢,. In the calculation, we
assume that the dominant contribution to the self-energy of the n-meson comes from the (N*N—1)
intermediate state, where N* are 7N resonances with (7, J?) = (1/2, 1/2%), and that in 16On, each
of 7, N and N* moves in its own mean field respectively. For simplicity, we employ
phenomenoloically the harmonic oscillator potential U(r) = 1/2mw?r for these fields. Our resuit
shows that due to the attractive feature of the 7NN*(1/2, 1/27) interaction, forming the bound state
of °O,, is possible. This conclusion agrees with that drawn by Haider and Liu. Since our 77 — N
interaction differs from theirs, our result can provide more information about the structure of the
bound state of the 7-mesic nucleus.

2. FORMULATION
The single particle (s.p.) Green’ function for the 7-meson can be written as
Gt = 1) = <G |T{2()P"(1)}¥,> (3)

where ¥, denotes the ground state of '°O, and where ®* and ® are the creation and annihilation
operators of the 7-meson in the Heisenberg representation, respectively. The Fourier transform of
G, (t" — 1) is denoted by G, (w). Then, the excitation energy «,, defined as the energy difference
between the excited state of 16On, specified by the quantum number #, and the ground state of '°O,
can be obtained as a pole of G, (). The poles of G, (w) are obtained by solving the following self-
consistent eigen equations [4]:

{s,(w) =}, +TI'(w),
w=—c,(w), (4)

where /1, is the relativistic s.p. energy of the 7-meson in '°O, and I'(w) is the contribution given by
irreducible self-energy diagrams. These irreducible self-energy diagrams, including (N*NT)
intermediate state, in the lowest order are shown in diagrams (b) and (c) in Fig. 1.

We assume that the nuclear medium, each of the 7-meson and baryons N and N* moves
independently in its own mean field which is represented phenomenologically by a harmonic
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Fig. 1 .
Irreducible diagrams of the n-meson vertex function.
oscillator potential:
Ur) = 1/2mw'r (i = n, N or N¥) ©)
Then, we can obtain the energy eigenvalue 4, by solving the Klein-Gordon equation
[ =V + (my + U, (r))16(F) = hro(7) (6)

for the n-meson. In Eq.(5), w,), wy and wy. are harmonic oscillator frequencies and will be discussed
later. Similarly, we can determine the relativistic s.p. energy and wave-function for N (N*) by solving
the Dirac equation

[Yohy +i7 + T — (my + Uu(r))1da(F) = 0 (¢ = N or N*) (7

Now, we calculate the vertex function ['(w) shown in Fig. 1 in terms of the time-ordered
formulation given in Refs. [5] and [6]. We can write this function for diagram (b) in Fig. 1 as

- (FIHCO) [ m){m [H(O)]i)
To(w) ; w—E, +i0* ’ )

where

HE = [a7 [iv/Smgmuatin, 0(07) wuE, 006G 0] + hoc ©)

is the Hamiltonian describing the strong 7NN* interaction. In our calculation, we only take those 7N
resonances with (7, J?) = (1/2, 1/2%) and sizable (N* = N#) branching ratios (> 25%) for N*. The
Dirac matrix 7 and the unit matrix / in Eq.(9) are for N* with J? = 1/2" and 1/27, respectively. The
intermediate state energy £,, in Eq.(8) is equal to (fy. — Ay), where Ay.(y, determined by Eq.(7) is
the relativistic s.p. energy for N*(N). Obviously, Ay., depends on wy., where wy can be
approximately taken to be the harmonic oscillator frequency of the nucleon in °O. In other words,
Aiwy = 16 MeV and wy. can be treated as a free parameter, because we are short of the knowledge
about the N*N interaction. Furthermore, since N* is a 7N resonance with the average width about
100 MeV, we add an empirical width given by Particle Data Group to #y. [7]. Thus, Eqs.(4) become
complex eigen equations. Of course, this is just an approximate treatment for the relativistic s.p.
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motion. Similarly, we perform the calculation for diagram (c) in Fig. 1, where the intermediate
energy £, is equal to (24, + hy. — hy) and A, is the relativistic s.p. energy for 7. Since we have
introduced the average field U p(r) for defining ¢(7) and h,,, there must be some diagrams with U,
vertices for the vertex function I' in Eq.(4). Diagram (a) in Fig. 1 is such a diagram.

We now discuss the method of solving Eqgs.(6) and (7). First, we expand the scalar wave
function ¢(7) for the 7-meson and the Dirac spinor 9, (7) for N*(N) in spherical coordinates, i.e.,

) = $aru(rs 6, ) = = Ron()Y (6, @), (10)
and "
d’d(‘) — ‘pa' - , 8, - L igauli(’)ylimr<89 (P)
’ ! (r (p) r (a' = ?fnnli(r)yliuf(e’(p)>, (11)
where
ylfmie’ (P) - Z C’;:—l. rYIm-l(e’ (P>xxxfo (12)

X, and X are the spin and isospin wave functions for N*(N), respectively.
Then, substituting Eqgs.(10) and (11) into Egs.(6) and (7), respectively, we obtain the following
set of radial equations

(r) + {hm (U (r)+m, Tt — L—(L—;'*‘—l)}

R,.(r) =0, (13)
and

Banii(r) = LULLr) + honti anii(r) = £ ganii(r).

FansiCr) = LUolr) = b 1ganiCr) + Z foni (1), (14)
where K = *(j + 1/2) for j = [ ¥ 1/2, respectively, g,,,,(r) and f,,(r) satisfy the normalization
condition

[[artgtuiCr) + Fa(1 = 1. i
By using the transformation [8]
Banii(r) = [a(r) + honii 1 gonii(r) (16)

where u,(r) = U,(r) + m,, we can reduce the simultaneous equations (14) into a second order
ordinary differential equation

Feui(r) + {2[};“::—5-’3,(;—)] - % [ h‘,,,,,-u-;i-(LZ(r) T - [h,.z:‘il(-rt?a(r) J ‘ _If_

I(l+l)

(17)

+ [Eiwij — ui(r)] — jga.u( r) =0,



Volume 15, Number 1 47

550 e e e e e -
5401 8

= 530k \2

=

Z

>

»* 5201 \6
5101

N0

f T

1 1 A 1 L
10 15
fiw,. (MeV)

Fig. 2
Dependence of the 7-meson excitation energy &, on the
mean-field harmonic oscillator frequencies w,, and wy..

Since Egs.(13) and (17) are both in the form of
U’(r) + A(nU(r) = 0. (18)
we can solve them numerically by using the method suggested by Blatt [9].
Finally, we present the formulas for calculating Hamiltonian matrix elements in Eq.(8). Take

Fig. 1(b) as an example. The initial state |/ >, final state |f> and (N*N') intermediate state are,
respectively,

|i) = 1f) = |n> aLM),
|my = |[(N*, mbiji)s (N5 mhafn) 1L, M3T = 0), (19)

where T denotes the total isospin. Using the angular-momentum coupling method given by Kuo [10],
we can obtain the following matrix elements from Eq.(9):

(i) For N*(1/2,1/2%)
(m|H(0) i) = in/ drgant o[ 2hpar + (2L + 1)171

4 | ! |
° [I(ﬂxlx”zlzﬂl‘xllll'xl L [ Iziz>° + I(rx;l;nJmL)(lljx | L l léiz)“] ’ (20)

(if) For N*(1/2, 1/27)

(m HC0) i) = i/ dmgra®yl 2hpar + (2L + 1)]72

} | | \
° [J(T’xllﬂzlzﬂL><11i1 t L] lziz>° - K("xllﬁzlz"[-)a’lh I L II;iz>°] ’ (21)
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Table 1
Numerical results calculating the dependence of forming the bound
state 16O,,, based on the nature of the nNN* interaction.

Resonance my.(MeV) g,leN' Re(eg)(MeV)
1589 0.0713 57248
N*(1/21/2%)Py, 1665 0.0930 572.48
. g 1608 0.3795 532.98
N*(1/21/27)Sy, 2088 05914 554.88
Table 2

Numerical results calculating the decrease of the binding
energy E as the g;NN*(l/Z, 1/27) decreases.

82(1/21/27) £o(MeV)
0.48 52411
043 528.44
0.3795 532.98
0.33 537.60
028 542,45
with
KmbmhnL) = =i [ 22 £, 1 (P () Rae(r) 22
and
d
J(”lllﬂzlan) o S . gnlllil(’)gu,l,i,(r>RuL(’)a (23)
T

where the radial wave functions f, g and R in Egs.(22--24) can be determined by solving Egs.(13)
and (14), respectively. The off-diagonal matrix element is

KCmbmbinL) = [ 42 14 (i (P Ru (), (24)
where C and ¥ are the Clebsch-Gordan coefficient and the Racah coefficient, respectively, and the
definition of the quantity with the hatis A = (2\ + 1)"/2

3. RESULTS AND DISCUSSION

Using the Green’s function formula mentioned above and the vertex function in Fig. 1, we
calculate the binding energy £, of the n-meson in the (#L) = (0S) nuclear orbit of '°O under various
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Table 3
Numerical results calculating the dependence of £} to Aw,,.
o, (MeV) Eg(MeV) T'(MeV)
3.0 0.77 18.80
4.0 420 3141
5.0 9.13 41.90
6.0 14.65 49.28
7.0 20.04 54.26 :
8.0 25.04 5775
9.0 29.63 60.34
10.0 33.83 62.35
11.0 37.70 63.97
12,0 41.28 65.32
13.0 44.59 66.47
14.0 47.66 67.48
15.0 50.53 68.37
16.0 53.21 69.17
physical conditions.

In order to discuss the dependence of forming the bound state 160,7, based on the nature of the
nNN* interaction, we first calculate &, by evaluating the self energy term I'(w) in Eq.(4) with N*(1/2,
1/2*) and N*(1/2, 1/27) individually. The numerical results are shown in Table 1. In order to
compare our result with those given by Harider and Liu, we take two sets of values [2] for the nNN*
coupling constant and the N* mass. We also assume that the harmonic oscillator frequencies of mean
fields for N*, n and N are the same, i.e., flwﬂ = fiwy. = Awy = 16 MeV. Table 1 shows that forming
the bound state of %0 in the 0S nuclear orbit is possible (when Re(e,) < 1) in the case of N*(1/2,
1/27), but not in the case of N*(1/2,1/2"). Hence, we conclude that the attractive feature in the S,
channel, N*(1/2, 1/27) = 1N, is very crucial for the formation of the bound state. This agrees with
Haider and Liu’s conclusion. Moreover, it is notable that £ is very sensitive to the nNN* coupling
constant (gf,NN.). As an example, we calculate £ with the odd parity N*(1608) by using different
values of gf,NN,(l /2,1/27) (the other parameters keep their original values shown in Table 1). The
numerical results are shown in Table 2. This table indicates that one finds that the binding energy
E; decreases rapidly with the decrease of gf]NN.(l/Z, 1/27). However, if one chooses reasonably the
coupling constants in the physical region, forming the bound state of ~'°O in the 0S nuclear orbit is
possible in the case of N*(1/2, 1/27). Thus, our theoretical calculation supports the conclusion that
due to the attractive feature of the strong interaction in the S, channel, N*(1/2, 1/27) = nN, the
formation of the bound state of °O is possible.

Obviously, assuming the same frequency for all harmonic oscillator potentials U, Uy. and Uy
is not realistic. We should discuss the relations among £, the binding energy of the 7-meson in the
0S orbit of O, and mean fields U, and Uy.. Since it was experimentally found that the 7NN
interaction is not strong, it is more realistic to introduce a weaker mean field U, for 7-meson. As for
N*, due to the inadequate information about the NN* interaction, we take #iwy. as a free parameter.
Keeping #iwy = 16 MeV for wy and taking different values for Aw,,, we calculate the Awy. dependence
for E; and plot our results in Fig. 2. In order to fit the actual situation better, we take the values of
the masses and widths of N* from Particle Data Group [7] and the values of the coupling constant
e from Ref. [2]. As a result, E; is not sensitive to the variation of the mass of N*. From Fig. 2,
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we find that for every given value of w, Ep reaches its maximum value around fwy. = 6 ~ 7 MeV.
In view of the fact that 7w ~ 1/M in the nuclear shell model and My/M, ~ 2, the N*N interaction
seems to be slightly weaker than the NN interaction. Moreover, we also see that £, increases along
with the increase of 7iw,,. We tabulate the dependence of fiw, on Ey in Table 3, where Aiwy = 16
MeV and 7wy, = 6 MeV. This table clearly shows that the bound state of °O still exists, i.e. £; >
0, even if the mean field of the 7-meson in the nuclear medium of *°O is much weaker (Aw, ~ 3.0
MeV). However, the width of the °O bound state is larger than its binding energy £, and observing
such a bound state would be difficult. The conclusion agrees with that given in Ref. [11].

In summary, since the )NN*(1/2, 1/27) interactinn is attractive and quite strong, it is possible
to bind the n-meson in the nucleus through forming a particle (N*)-hole (N!) state. In other words,
the n-meson repeats the decay and fusion processes, 7 = N*N"! in the nuclear medium and
consequently forms a bound state of the n-mesic nucleus. Of course, it is necessary to test
experimentally the validity of the conclusion. We believe that the bound state of ‘°O can be obtained
via the m-nucleus reaction, such as 7+ + 0 — 160,'7 — B0 + p, at medium energies. If it is true, one
can obtain more informations about the 7NN* interaction in the nuclear matter by measuring the
energies and widths of the excited state of °O, .
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