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{

The mass levels of mesons and baryon resonances are studied from the view-point of
the compositeness of “molecule-type”. The model of the density oscillation in the hadronic
matter is discussed in connection with the mass levels of mesons, and an estimation of the
sound velocity of the density oscillation is given by applying the theory of collective motion.
The mass levels of baryon resonances are discussed in relation with Magli¢’s rule and the
theory of intermediate coupling.  A-quantum is discussed as being due to a kind of col-
lective motion in the hadronic matter arising from strong correlations which are not taken
into account in the collective motion for the density oscillation,

§1. Introduction

The Sakata modell) of the composite structure of the elémentary par-
ticles proposed in 1955 has provided us the way to recognize various aspects
of the elementary particles as the appearence of the dynamics of the funda-
mental particles or urbaryons, which lie in strata or levels deeper than those
of the elementary particles in the series of infinite strata of matter in Nature
each having its own law.?

On the basis of the Sakata model, Ogawa (1959)3 proposed the Ogawa
symmetry to treat symmetrically p, » and / which were assumed to be the
fundamental particles in the original form of the Sakata model. Ikeda, Ogawa
and Ohnuki (1959)% then applied a group theoretical method to the Ogawa
symmetry, studying the meson octet. Gell-Mann (1964)5 and Zweig (1964)6)
showed that the baryon octet could be treated with such a group theoretical
method as in Ref. 4). Many of group-theoretical studies on mesons and
baryons or baryon resonances have been done until now by making use of
groups of various kinds. |

These studies have been, however, mainly in the direction to seek the
characteristics of the symmetry properties among the fundamental particles
or'ur-baryons, without entering into the dynamics of the fundamental particles
or ur-baryons. In other words, these studies have been performed from the
side of the kinematics, remaining in the classification of the experimental
data with the use of the phenomenological mass formula or selection rules.

* Read at a symposium held on June 25~27 at the Research Institute for Fundamental Physics, Kyoto.
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74 M. Nagasaki and M. Taketani

“As regards the point of view from the side of the dynamics of the funda-
mental particles or ur-baryons, on the other hand, the so-called non-relativistic
~or independent quark model has been considered by many authors. In
connection with the thyeory of baryon structure by Taketani and Fujimoto
(1965),7 the non-relativistic quark model has certain difficulties, upon which
discussions are given in a separate paper of the present authors® together with
a review of criticisms? against reasonings for it.

As is summarized and discussed in the first paper in Part I of the present
issue of this journal, phenomena of multiple production of particles in hadronic
interactions in the region of incident energy of the order of 101~103 GeV
are closely connected with the production of A-quanta due to Hasegawa
(1961).103 Hasegawa (1963)10P) also observed that there is a phenomenological
resemblance between A-quantum and the composite system of a nucleon and
an anti-nucleon, and the mass of Z-quantum was determined from the phe-

- nomenological resemblance of the decay process of H-quantum to the an-
nihilation process of the system of a proton and an anti-proton.

One of the philosophical bases of the Sakata model is the analogy on
‘the theory of atomic nucleus which assumes the nucleus as being a composite
system of pand 7. Nobody at present has a doubt that an atomic nucleus
is composed of p and 7. As was pointed out by Taketani (1963),10 however,
one knows at the same time that the nuclear statistical model, which assumes
a nucleus as a simple aggregate of p and #», and the single particle model,
which emphasizes individualities of p and # in a nucleus, are effective in some
'respects, but the reliance only upon one of them will lead one to deadlocks.
It is necessiated to regard the atomic nucleus as a liquid drop in some cases
and to emphasize the existence of a-particles as constituent in other cases.
One will need other nuclear models, too.

Tati (1969)12) proposed an idea to understand the H—quantum as the ex-
cited state of the hadronic matter composed of superstrongly interacting
many basic particles, which Tati (1966)!3) supposed to be constituents of ur-
baryons, too. About this Tati’s idea, one of the present authors (M.T.) has
pointed out, in the course of discussions with Tati, that it is important to
study the excited states of hadrons by means of the concept of the hadronic
matter, thereby getting a clue to the nature of the hadronic matter. At the
same time, M.T. pointed out also that it is necessary to study the possibility
that the A-quantum arises as an accumulative point of the meson levels,
beyond which the excitation of the hadronic matter will have other charac-
~ teristics different from that of the excitation of the hadronic matter giving
rise to the meson levels. In Tati (1970),12 this thought of M.T. has been
treated as the surface oscillations of the hadronic matter for hadron levels
and the internal vibrations in the interior part of the hadronic matter for A-
quanta., '
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Excitation of Hadronic Matter and H-quantum 75

As was discussed in Taketani and Fujimoto (1965),” and as has been
studied in Nagasaki and Taketani (1973)®-14) in connection with the problem
of the hard core in nuclear force and the angular distributions of p-p elastic
scattering at high energies, the phenomena of hadronic interactions in the

region of incident laboratory energy up to at least a few or several ten GeV

strongly suggest us that in this energy region the structure of mesons is ex-
cited while the structure of baryons remains in a deeper stratum than that of
the structure of mesons. In other words, these phenomena support the
possibility pointed out by Taketani (1964)19 that mesons are like molecules
if baryons composed of ur-baryons are considered on the analogy of atoms,
to which the names of the compositeness of “‘atom-type’” and that of ‘““molecule-
type”’ were given by Sakata (1964).16) This is in accordance with the pro-
perties mentioned above of the /-quantum.

It seems necessary, therefore, to investigate models of the structure of
mesons in which both the excitation of the hadronic matter and the com-
positeness of ‘‘molecule-type’” are taken into consideration. The aim of
the present paper is to show such a model along the line described in our
previous papers.1?:18) In §2  the mass levels of mesons are studied with
a model in which they are assumed to arise from the density oscillation of
the hadronic matter. In §3, the excitation of the hadronic matter is discussed
as due to the phonon mode of collective excitation of pairs of a nucleon and
anti-nucleon. Taking into account the residual interaction among three
and four phonons, the A-quantum is then discussed as due to a kind of col-
lective motion of phonons. In §4, the mass levels of baryon resonances are
discussed in connection with Magli¢’s rulel® and the theory of intermediate
coupling. Section 5 is devoted to discussions of the SH- and heavy quanta
observed by Japan-Brazil Emulsion Chamber Collaboration.

§2. Mass levels of mesons.

According to Refs.7) and 8), we suppose that the structure of mesons extends
over a spatial region with the radius @ more or less equal to the nucleon Com-
pton wave length: a=1/M y, M n being the nucleon mass and Z=c=1. Let
us consider therefore the excitation of the hadronic matter with the radius a.
As . is mentioned in §1, we shall now discuss the density oscillation of the
hadronic matter in order to study the mass levels of mesons.

In the original form of the Sakata model, a pion is composed of pair of

a nucleon and an anti-nucleon. The field theoretical bound state problem of
the composition of the pion out of pair of a nucleon and an anti-nucleon is

complex one, though there have been certain studies with the use of, for
example, the chain approximation by Maki (1956).200 The problem of the
binding of the hadronic matter, whose excitation is supposed here to give
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rise to the mass levels of mesons, is therefore expected to be complex, too.
As in the case of the nuclear matter, however, there is a possibility that the
excitation of the hadronic matter may be treated by simpler methods, while
leaving the problem of its binding to be determined later. We thus assume
that the pion is the ground state of the hadronic matter, and consider the
density oscillation of the hadronic matter as giving rise to the excitation
of the hadronic matter.

Woeste (1952)21 studied the density oscillation of compressible nucleus.
For the convenience of our present discussion, the essentials of Ref. 21) are
summarized in the appendix, rewriting some of the equations in Ref. 21) in
suitable forms to our purpose. Rewriting the result given in Ref. 21), we
know that the energy w, of the density oscillation with the angular momentum
/4 is given in terms of the sound velocity Z by the relation

w,=(Fla)x,, | D
where x, is a solution of the equation
U enax D )= A8 6 — 1) 6 +2) 2 @
Here, 7, is the spherical Bessel function of £-th order, and
£=(eslpoa) 21, 3)

po and s being the average mass density and the surface energy per unit
area of the matter under consideration, respectively.

¢ represents the ratio of the velocity of the surface wave to the sound
velocity, because (es/poa)1”2 gives us the measure for the velocity of the surface
wave.l?”  The familiar expression for the incompressible matter can be
obtained from (2), by putting #—c0.21)  That is, rewriting (2) as

8]0’ —(af2)] 1z w1 )= (poa®les)| (4 —1)(4+2), @)
we have the result in the limit Z—co that
w = {(es/poa®) (4 —1)(4 +2)} 172, \ (5)

This has been used in Tati.1®» In the case of the incompressible matter, the
oscillations with =0 and 1 cannot be excited on account of the constancy of
the density and center-of-mass. In this case wd and w; tend to infinity with
- » ‘ . ‘

In the case of the compressible matter, that is in the case of a finite ¢,
the oscillations with =0 and 1 can be excited with finite values of wg and
w1. In this case, if ¢ is not small so that €31, wo and w; are comparable
with wg, wg, and so on. Physically, this is because the surface wave propa-

gates faster than the sound wave. On the other hand, if ¢ is small so that

220z ysnbny Lz uoysenb Aq |162681/€L ¥S SdLd/EY L L 0L/1op/ajoiHe/sdid/wod dno-olwepede//:sdjy woly papeojumog



- Excitation of Hadronic Matter and H-quantum e

£€L1, wz, wg, etc. are small compared with wp and w;. These oscillations
with =2 having very small energies arise from the non-spherical surface
deformation which occurs after the sound wave has propagated repeatedly.
We suppose, therefore, that on account of some instability, the non-linear
effect, for example, these oscillations accompanying the non-spherical surface
deformation could not be allowed, as, for example, in the case of heavy enough
nuclei which are unstable for fission through the non-spherical deformation
with small wg, wg and wyq because of the reduction in effective surface tension
due to the Coulomb force. It should be noted that for the oscillations with
¢=0 and ¢=1, the spherical form of the surface is maintained, and also that
w1 does not depend on &s and the dependence of wg on & is weak.

In making the comparison of the result of our present model with the
existing mass levels of mesons, we assume that the intrinsic spin and parity
of the mesons are given by the original form of the Sakata model, just as the
angular momenta of the odd nucleons in A. Bohr’s collective model of the
nucleus??) are coupled to that of the collective motion. On assuming so,
there are still two, or more, possibilities of making the comparison, depending
on the degree of taking the view point of the symmetry theory, as has been
noted in Ref. 17), since, although the oscillation in general of the hadronic
matter will naturally carry the charge, strangeness and intrinsic spin, we have
not entered into such complexity in our present model.

One way is to take all the mesons together, without taking notice of the

symmetry theory. Figure 1 shows the correspondence between the theoretical -

and experimental mass levels of mesons for this case. In the calculation of
the meson mass #y in our model, we have put

my=mr+nwf, (6)
where ¢=1 and 2, n=1, 2, 3, ..., and %’ is the energy of the 4-th normal

oscillation with 4. For £=0, we have wi=4w{’ when £¢£1. For the state
of two phonons with /=1, the total orbital angular momentum is 0 or 2.
In Fig. 1, we have put a=1/M y and adjusted Z so as to fit to the mass of n
meson with /=0, z=1 and £2=1, since n meson is in a 15 state. The value
of Z thus obtained is z=0.14, that is, the sound velocity is about one seventh
of the light velocity.

Another way of making the comparison is to take mesons separately along
the line of the symmetry theory. In this case, one considers that =, n and
K mesons are in ground states degenerate in principle. Figure 2 shows an
example of the comparison of such kind, in which p meson in a 3S; state is
fitted by the one phonon state with £=0. In the case of Fig. 2 we have
¢==0.22. The separate comparisons for » mesons and X mesons gives us also
values of # around 0.15. '

In any way, ¢ cannot be near to unity if we take, as the smallest excitation
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Fig. 1. Correspondence between the theoretical Fig. 2. Correspondence between the theoretical
and experimental mass levels of mesons. ‘ and experimental mass levels of mesons.

energy, several hundred MeV at most, t.ogether with ¢=1/M . From the

discussions given above, we see that the sound velocity in the hadronic matter

is
z~0.2, @)

in order to get the general trend of the mass levels of mesons.

In our present model, 7, is left to be detérmined. In this connection,
it may be interesting to see m,~wg/2, the zero point oscillation energy. Under
the condition that £K1 applied above, the mass of the hadronic matter con-
cerned with the density oscillation is not related to the value of wé’“ and
w{®, which are mainly determined by the sound velocity Z, as mentioned
above. This condition is, when written in another form, £;&3 m&2, where
m is the mass of the hadronic matter concerned with the density oscillation
and Ej; is the total surface energy. The binding of the hadronic matter itself
should determine 7, in relation with 22 in our model, as has been described
at the beginning of the present section. ‘
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Excitation of Hadronic Matter and H-guantum 79

§3. Collective modes of excitation of hadronic matter
and H-quantum

In this section, we shall at first try to make an estimation of the velocity
of the sound wave of the density oscillation in the hadronic matter. The
quantum theory of density oscillation in an aggregate of many fermions was
‘studied by Tomonaga (1950),23 and have been formulated by many authors.

In this section, we shall make use of the approximational method used in

Sawada (1957).29

Let us denote with Ay and Hnt the free and interaction Hamiltonians,
respectively, of the field of nucleon and anti-nucleon. Hipt is to represent
the fundamental force in the sense of the compositeness of “‘molecule-type”

mentioned in §1. In this section, A iny will be assumed to be of the four- ‘

fermion type. Let us denote with p'(k) such a part of the Fourier component
of the field density p(k) that is contributed by pairs of a nucleon and an anti-
nucleon:

p'(R)y=(2m)=372 f AP(Agrasb g nszt bpinss@—pirss)s 8y

where @, and g, are the creation and annihilation operators for the nucleon,
and 4, and 4, are those for the anti-nucleon. In (8), we have ignored the
spin and iso-spin variables in order to make an estimation of the sound velocity
of the density oscillation, along the line of the treatment of the density oscillation
in our present model in the preceding section.

Let us assume that the ground state ¥y with the energy £g is known for
the total Hamiltonian A =Hy+H int:

HY¥y=EyW,. )

Let us further assume that Hn4 is devided into two parts,
Hine=H Q)+ H ), (10)
so that we have the commutation relation
* * 1
[dp+k/2é—p+k/2.~ Hi(n%]
— ’ * *

=(2m)~3f f AP (@p 11202y k20— 1/2), (11)

and

[6ptks2@pinre H gl

=@y [dp @ a6 snat-bysars i) (12)
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where f is the coupling constant of the interaction of four-fermion type. We
have then ‘

{H —(Eo+€p{k/2+8p—k/2>} @y /26 2 52 W0
= — @Y [ AP (@ s st by ) P
+[H R apri2bZprnsal Po 13)
and
{H—(Eo—eptrp—p—rs2)} 0 +;c/2a~p+k/2¥,0
“(277} 3 f AP @y 117202y s kp2 by o8 v 172) W0
FLH B, by oyl Po, | ()
where ¢, is the energy of a nucléon or anti-nucleon with momentum p:
ep=Vp2+ M3 | (15)

Now, let us denote with ¥ an excited state with energy £ of the total_Hamil-
tonian H:

HY¥Y =EV. (16)

Neglecting the last terms in the right-hand sides of (13) and (14), we have from
(13), (14) and (16)

<Y/|(H—E)a +k/2b—p+k/21q10>
= (et rrztepi)a— 0B W | @pisrsod prnse] P
—(2m)3f f AP’ Y@y s ry20p k2t Op k20— 1y2)| lfjo>

=0 | a7
and
KVNH —E)bprrspa—pinzl Yoo
= —(eptr/ztEp—i/2 T O | bptrs2a—pirs2l Foy
+@2m)73f f Ap' Y (gt apeb e t-bpsny2a—y 11s2) | Po).
=0, (18)
where

wr=FE—FE,. (19)
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From (17) and (18) it results that

SV (@ rsa0 2 prnjot-bps ro@—pinya) | Wod
i 1 - 1

- (277)3 {€p+k/2+8p—k/2‘—wk Eptk/2 T Ep—k/2 T WK

X [/ PN @ aab g snrrt-by st )| W), (20)

from which we have the following eigenvalue equation for the excitation energy
wg in our approximation:

1 1
1= S (s
(277)3f P Ept+k/2 T Ep—k/2— Wk T Ep+i/2t Ep—k/2 T WE

. 21)

The terms (P H (R, apyrssb X prnse] Pop and CPIH D, by a/oa—p i) Pod neglected
in (17) and (18), respectively, represent the residual interaction in the so-called
pair approximation in the theory of many-body problem. A similar eigenvalue
equation as (21) was used by Ihara and Hatano (1958),25) who made use of
that equation to get approximately the energy of m-meson, wp~VE2+m2, by
adjusting the value of the coupling constant,

In our present estimation of the sound velocity, we shall make use of 2D
to get the following relation between the energy @y and the wave number &,

wr=2k, 22)

the proportionality constant Z being the sound velocity, by adjusting the
value of /. To this purpose, we introduce the cutoff momentum 4 into the
integration in (21), and adjust the value of f to be

p=4

@mif1= [ " aps?, 23)

which is obtained by putting k=0 and wp=0 in (21). The value of wy is
then calculated numerically as a function of k for a given value of 4. In
actual calculation, we have expanded the integrand in the powers of wg and
k up to w} and k4. ,

Figure 3 shows the result of the numerical calculation, in which the
variation of wg/2M y with kM y is given for several chosen values A/M y.
From Fig. 3, we see that the linear relation (22) between wy and £ holds ap-
proximately well. The value of # thus obtained numerically is almost constant
over a wide range of given value of 4. For example, in the case A/M y
=V10, z is observed to be constant within a relative variation of about 19

up to £/Mny~4.5. We have also similar results for the cases A/M y=v50

and 10. The proportionality of wg to 4 is seen to be a little worse in the case
A|M =15, giving for the value of Z a relative variation of a few percent over
the range of given value of £ mentioned above.
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.0
) ) A/MN =10
08 A/Mw=Y50
3
E)
‘06 A/M/v= m
—A/Mn= 'S
~04
0.2
kM
O 1 1 | 1 o
! 2 3 4 5

Fig. 3. The energy w versus the momentum £ of the sound wave for several
values of the cutoff momentum 4, in units of the nucleon mass M y.

~Table I shows the value of the sound velocity  obtained by taking the

average value of Z over the range of £ shown in Fig. 3, for each value of A4/
My. In Table I, also shown is the adjusted value of szvf/? for each case of
A|M . The values of f for the cases A/M y=y10 and V5 are of the same

order in their magnitude as the value of the coupling constant taken in the

calculation of meson masses based on the Sakata model with the use of the
chain approximation.2®) As is seen from Table I, the value of # obtained here
does not depend strongly on the value of A4/M . The values of Z shown in
Table I are about twice larger than that we have had in the preceeding section,
£2~0.2. This result of the estimation of Z in the present section should be
said, we think, to be rather satisfactory, if we remember that the value of Z
- 2~0.2 has been deduced in the preceeding section by fitting the level scheme
given by our present model to the general trend of the existing meson levels,
and also that the estimation of ¢ given above with the use of the pair approxi-
mation for phonon excitation is a simple approximation.

On deriving (17) and (18), we have neglected the contributions from the

Table I. The values of the sound velocity, Z, and the coupling, 4/ N 718,
for several values of the cutoff momentum, /I/M ~; M y being
the nucleon mass.

Al y 10 ‘ W | v | v
l ‘ i ‘
| o o (I
w0051 ’ 010 | 057 | 13
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Excitation of Hadronic Matter and H-quantum ' 83

terms <'1U[[Hmt, p+k/25—p+k/2]|'luo> and <W|[H1(1?{2, p+k/26l—p+k/2]|qlo> As has
been mentioned above, these terms represent the residual interaction in the
pair approximation for phonon excitation. Some terms in the residual inter-
action neglected give rise to interactions among three and four phonons.
Since higher levels in the level scheme of meson masses correspond to many
phonon states in our model, these interactions will play important roles at high
excitations.

In order to see the main characteristics of such effects, let us now consider
a process in which many mesons with various masses are exchanged, and re-
place each higher level in our model with an aggregate of bosons each having
a mass, u, of about 0.5GeV. 0.5 GeV is roughly the average excitation
energy to produce one more phonon of the lowest frequency discussed in the
preceeding section. In accordance with the discussions given above, strong

interactions should be supposed to act among three and four bosons with the

mass .

Nielsen and Olesen (1970)26) have studied the limit of very high- order’

Feynman diagrams for exchanges of many scalar particles with the non-linear
interactions of ¢3 and ¢4 types, the so-called ‘‘fish-net” diagrams. Their
result shows that there occur levels having the masses 7, given approx1mately
through the relation

m3~n(apu2|g)(3N3+4N1)| N3, (24)

where # is an integer, ¢ is a simple numerical factor of the order of 1 depending
on the geometry of the diagram, and N3 and Ny are the numbers of the vertices
of the interactions of ¢3 and ¢* types, respectively. - Applying their result
with N3//N4=2 to our present case, we see that the value #1;~~2 GeV is well
compared with the mass of the A-quantum mg~2 GeV. We see also that
my4 corresponds to 2mez, and that mg and mg are smaller than 2muz, so that
the levels with masses ma and 4 fall within the spread of mz, mg~(2~3)
GeV. '

This fact shows that in our present model the Z-quantum corresponds
to a kind of field theoretical collective mode of the excitation of the hadronic
matter. This kind of collective mode is different from that giving rise to low
excitations of the hadronic matter, or, in other word, from that assumed in the
estimation given above of the sound velocity of the density oscillation in the
hadronic matter. It should noted, however, that in our present model both
the kinds of collective modes of excitation of the hadronic matter are con-
sidered in the sense of the compositeness of “molecule-type”’, and the problem
of the binding of #-meson itself is left to be solved.
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§4. Baryon resonances

In 1966 we have noticed?? the physical implication of Magli¢’s rule
(1966)19) for the masses M y*’s of -baryon resonances, that are given as

in terms of the masses of nucleon and meson, 4/ y and myp respectively. As

has been pointed out in Ref. 27), this rule shows that the baryon resonances
are nearly zero-energy resonances, and should therefore be understood, for the
sake of the field nature of mesons, along the line of the Tomonaga theory
(1941)28 of strong or intermediate coupling with the momentum cutoff of
~the order of My, as in the case of the (3, 3) resonarce in m+-p scattering.
If one tries to derive the systematics of baryon resonances, of which
Magli¢’s rule gives us a general trend, by applying the thedry of potential
scattering as was done in Otsuki and Sawada, (1966)29 one will have wave
functions with large spatial extension for baryon resonances, on account of
the nearly zero binding energy of meson in baryon resonance, as is the case
for the wave function of deuteron. The structure of baryon resonance cannot
extend, however, beyond more or less the pion Compton wave length. Other-
wise, baryon resonances would display some features very different from
other phenomena of hadronic interactions. ,
" On applying the Tomonaga theory of intermediate coupling to pion-

nucleon scattering, Maki, Sato and Tomonaga (1953)39 devided the meson

wave functions into the sets of the bound meson and the scattered meson
wave functions. The bound meson wave functions were nothing but the
ones that make up the meson cloud around a nucleon, and the scattered
meson wave functions were chosen so as to make an orthogonal complete
set of wave functions together with the bound meson wave functions. Ac-
cordingly, each Fourier component of the meson field was devided into the
bound and the scattered parts. They made then an approximation in which
such part of the Hamiltonian that includes up to only one scattéered meson
was retained. The number of the bound mesons was not restricted, on the
other hand, and the bound state problem of the meson cloud was solved by
applying a variational method of the Hartree type developed by Tomonaga.2®

The devision of the meson wave functions into the two parts mentioned
above was taken because of the fact that the meson cloud of the target nucleon
includes in it the Fourier component of the meson field having the same value
of momentum as that of the incident meson. The plane wave function of the
incident meson is not orthogonal, in the strict sense, to the wave function of
mesons in the cloud. In an application of the Tomonaga theory of inter-
mediate coupling to pion-nucleon scattering, Lee and Christian (1954)3D
treated this problem of the orthogonality a little differently, making use of the
variational method also for the scattering. )
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Let us now consider the simplified Hamiltonian for the meson field,

H=Ho H ), (26)
with
Hy= 3 wpay oy 27)
and )
=St Vid), | 28

Here, af and a, are creation and annihilation operators for single mesons,

respectively, wg is the energy of a meson of mass »)p having momentum E,

k—\/,é2—l—ml;, and V' is the vertex function of the meson-nucleon interaction,
nucleon recoil being ignored. Let us denote with @ the state of a physical
nucleon with the energy,

HOy=EyDy. (29)
Then we shall apply the variational principle |
HP|(H—Eg—wq)|®>=0, | - (30)

for the scattermg problem of the incident meson with momentum g, taking
the form

D= Zf(k)a:@o—{—/\@o, (31)
k
used by Lee and Christian3D for the trial function @ in (30). In (31), f(k)’s

are the variational parameters, and A is the Lagrange multiplier to keep the
scattering state orthogonal to the state of the physical nucleon. 1In fact,
carrying out the variation (30) with respect to A*, we get

{Po|P>=0, | (32)
from which we have |

A= —<{Do| by F(R)ai |Do). (33)
Taking the variation (30) with respect to f*(p), we get

{af @o|(H— Eg—wy)|®>=0. | | (34)

Substituting (31) and (33) into (34), we have an integral equatmn for
f(P), which can be solved by putting

J(P)=8(p—q)+outgoing part. (35)

The kernel in the integral equation includes terms such as {@p| V,a]|PoD,
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{Dyla;ay|Dop, etc. These can be evaluated by making use of the solution
D, to (29) obtained by applying the Tomonaga theory of intermediate coupling.
Those parts of the kernel such as {@p|ap a,|Po> do not include the coupling
constant explicitly, though @ does implicitly, and arise from the orthogonality
condition (32). In fact, in the lowest order in such kernels only, one has a
7-matrix proportional to <(@Polaya)|Poy. The scattering due to the
kernels of such kind represents the “potential scattering” in Maki, Sato and
Tomonaga.3% :

- Wick (1955)32) discussed the orthogonality problem mentioned above
by constructing an incident meson wave packet such as

y=x G(B)e—tota; By, | - (36)

which does not overlap with the meson cloud initially, and showed that the
scattering problem of the wave packet can be approximated by the scattering
problem in stational state for which one puts '

(H—Eo—wq)®=0 37
and '
®=a} Dy~+outgoing part. (38)

This Wick’s method was used in Chew and Low (1956).3%

The meson wave functions used in the variational calculation of @g in
the Tomonaga theory of intermediate coupling are confined in a region smaller
than more or less the meson Compton wave length. The overlapping integral
of the incident plane wave function with the meson wave functions in the
meson cloud may be small for long incident wave length. For such a case,
one may ignore the “potential scattering”.

Now, one sees that if the orthogonal condition (32) is ignored, that is, if
the second term of @ given by (31) is ignored in (34), one has instead of (34),

(H— Eo—wg)®=0, (39)

with @ of same form as (38), by noting that o) @¢’s form a complete set in
the one scattering meson approximation. Thus, one sees that the differences
in the treatment of the orthogonality give rise to the different forms of equations
in Maki, Sato and Tomonaga (1953),30 Lee and Christian (1954)31) and
Chew-Low (1956),3% but the essential point is common to these works.

Friedman, Lee and Christian (1955)3% applied the variational method
to the meson-nucleon scattering for the case of symetric pseudoscalar mesons.
They found that the experimentally observed AP-wave phase shifts can be
explained by taking the coupling constant f2=0.712 and the cutoff momentum
for the meson-nucleon interaction Amax=0.13 m;. They calculated the
renormalized coupling constant f; defined as
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fT/f—<¢0 o’ IU'zTaI(DO p>/<¢)(0)10z7al(p > (40)

where @, 5, and D represent the physical and bare nucleon states, respectively,
with spin-isospin index p, and o; and 7, are components of the nucleon spin
and isospin, respectively, by applying the Tomonaga theory of intermediate
coupling to get @y, ,. The value of f, obtained by them was f#=0.105;
This value of f, is well compared with the value of the coupling constant
obtained in the theory of nuclear force.35)

Chew and Low33 applied a dispersion theoretic method for the formal
solution to (37), and evaluated the renormalized coupling constant as fi=
0.08 from the experimentally observed energy dependence of the phase shifts
or the cross section. Salzman and Salzman36) solved numerically the formal
solution in Chew and Low33 by an iterative method to obtain the phase
shifts. The numerical solution obtained by the iterative method is dependent
on the .cutoff momentum Apyax for the meson-nucleon interaction. They
obtained a result compatible with the experiment for the case /2=0.08 and
kmax=7 m,. This result is essentlally the same as Friedman, Lee and C l’ll‘lS-
tian’s result mentioned above.

The discussions given above thus shows that the (3, 3) resonance in wt-p
scattering can be explained in terms of the Tomonaga theory of intermediate
coupling with the cutoff momentum for the meson-nucleon interaction of the
order of M . ‘

From the view-point of the compositeness of “molecule-type” for the
structure of mesons,® the cutoff momentum of the order of M  for the meson-
nucleon interaction is not a conventional one, since in it the structure of meson
is supposed to have a size of the order of the nucleon Compton wave length
1/ n.

With the cutoff momentum of the order of My for the meson-nucleon
interaction, the neglect of the nucleon recoil in the Tomonaga theory of inter-
mediate coupling is not a great defect. This fact is important in the appli-
cation of the Tomonaga theory of intermediate coupling to scattering of
heavier mesons in order to understand Magli¢’s rule.

Now, the zero energy resonances as given by Magli¢’s rule in meson-
nucleon scattering can be said, seen from other side, to be the zero binding
energy isobars of the nucleon. In fact, Lee and Christian3l) found numerically
for the case of charged scalar meson that the same value of the coupling constant

as is required to get an isobar with the excitation energy equal to the meson

mass gives rise to the zero energy resonance in the scattering.

With the cutoff momentum of the order of My, the effect of the nucleon
recoil can be taken into account approximately in the calculation of the ex-
citation energy of a nucleon isobar. That is, with the non-relativistic ap-
proximation for the energy of the recoil nucleon, the energy of a state in which
7 mesons are present is given by37)
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7
Myt Swr+(E k2 M,
= i=

and if we neglect the cross product (k;+R;) by noting that » mesons are more
or less at random in their directions, this is approximated by

M+ él(wki—l—é%ﬂM »)-

The substitution of wrp=+vmi-+~2+42/2M y for wp=+vm3+42 may cause a
slight change in numerical result for the value of the coupling constant required
in getting a nucleon isobar of zero binding energy with the use of the Tomonaga
theory of intermediate coupling, but it is expected that the essential point
concerned is not altered by this substitution. |

From these discussions given above in this section, we see that Magli¢’s
rule (25) representing the-general characteristics of the experimentally observed
mass levels of baryon resonances can be explained, in its essential point, by
the meson field theory in which the cutoff momentum for the meson-nucleon
~interaction nearly equal to the nucleon mass is used, as was noted by us in
1966.19)  The use of this cutoff momentum for the meson-nucleon interaction
nearly equal to the nucleon mass is in accordance with the view-point of the

compositeness of ‘“‘molecule-type’” taken in the present paper, in which mesons

are considered to be composed out of baryons and to have spatial dimensions
of the order of the nucleon Compton wave length. This view-point is in sharp
contrast to current quark models in which mesons, baryons and baryon re-
sonances are treated.in a single way, as is discussed in a separate paper of us.®

§5. Discussion and conclusion

In the previous sections, we have studied the mass levels of mesons and
baryon resonances from the view-point of the compositeness of ‘““molecule-type”.
In this view-point, the structure of baryons are considered to lie on a level
deeper than that of the structure of mesons in the strata of the structure of
nature. The structure of baryons will be governed by the dynamics of ur-
baryons or fundamental particles more directly.

Super strong interactions may be present among ur-baryons or fundamental
particles. The interactions between baryon and anti-baryon fields to com-
pose mesons are expected to be very strong, too. Such super or very strong
interactions will give rise to some matter-like feature for the dynamics of
mesons and baryons.

Thus, we have studied the mass levels of mesons with the model of density
oscillation in the hadronic matter, supposing that the binding of w-meson
itself is governed by more complex dynamics. Then, we have applied the
approximation of pair excitation in the théory of collective motion to make
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‘an estimation of the sound velocity of the density oscillation. That is, we
have considered that the mass levels of mesons are due to a kind of collective
motion in the hadronic matter.

The A-quantum is studied, on the other hand, as the one due to strong
corrélations among mesons arising from the residual interactions which are
neglected in the collective motion mentioned just above. This means that
we have considered that the A-quantum is due to another kind of collective
motion in the hadronic matter.

When the excitation of the hadronic matter is so high that the binding of

wm-meson itself breaks down, it is expected that there occur phenomena of new

kinds. We think that SA-quantum which decays into several A-quantum
may be related to the ‘“‘boiling” of 7-meson. In this connection, it is interesting
to note the event “Centauro” observed by Japan-Brazil Emulsion Chamber
Collaboration in cosmic ray study in which a heavy quantum decays into
directly into many nucleon pairs.3® This event may also be related to the
“boiling” of 77-meson which is considered in the present model to be composed
of nucleon and anti-nucleon fields.

Appendix

As was done in Woeste (1952),2D the density oscillation in a matter can
be treated by means of the velocity potential @:

V=grad @. (Al)
Denoting by p the mass density, the continuity equation becomes
div(pV)+0p/d¢t=0. (A2)
From (Al) and (A2), one has
pAd®+(grad p-grad ®)-+3p/dz=0.
With the linear approximation that dp<p, this reduces to
AD—H-(0p[32)/po=0, ‘ (A3)

where pg is the average density. Assuming the sound velocity  is given by
the relation

22=3p[0p, ‘ (Ad)

in terms of the pressure p and density, we have from (A1) and the equation
of motion

pdV|dt=—grad p,
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that
grad(3@/d¢+22p/po)=0, (AS)

where the linear approximation is used to replace dV/d¢ with 877/0¢. From
(A3) and (AS5), we have the wave equation:

- dp—032p[220£2=0), (A6)
from which we hav¢ the steady state sc:)lutioni
p=po-
When the density oscillates in time as
p=po{l-+ 3D ,(2)j ,(4r)P (cosh)}, (AT)

where j, and P, are respectively the spherical Bessel and Legendre functions
and £ is the wave number, with the deformation of the surface given by

R=a{l+ 20 ,(£)P (cos 0}, | ' (A8)
in terms of the change of the radius & from a, we have the relation

D j (ka)=b,£2(4—~1)((—2), (A9)
where

é=Ves[poalz, (Al0)

and & is the surface energy per unit area. (A9) results from the change of
the pressure at the surface:

P(R)—po=22{p(R)—po}
= ERe - 1+DP o5 ).
; The substitution of (A7) into (A3) gives us the general solution for @:
b= ; {D,(r)rt —]—(BD,/Bz‘)j,(ér)/,éz}P,(c'os‘ 6), | (All)
where @, should be determined by the relation _ |
(0D /0r)q=0R|0t, \ | (A12)
from -which one has @, in terms of 85(/8& (A9), (All) and (Al2), together

with the relation ,
903 22p( R)[po=const, (A13)

which follows from (A5), suffice to get the equation of harmonic oscillation
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