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A model of nuclear matter composed of nucleons interacting with neutral scalar mesons and neutral
vector mesons, which Walecka has shown in the classical field approximation to reproduce the nuclear
saturation property, is studied. The Fermi gas state for the system is shown to be unstable, resulting in the
equidistant multilayer structure, a new phase of the system in which nucleons are distributed in multiple
layers spaced equidistantly. In this structure, the energy per nucleon is E/N = — 24 MeV and the nucleon
density is p = 0.02p, with the normal nucleon density p,. It is pointed out that the saturation property of a
nucleon system, as well as the exchange term for nuclear interactions should be of considerable consequence

in the discussion of the instability of nuclear states.

nuclear matter. Saturation and antisymmetrization considered.

':NUCLEAR STRUCTURE Instability of Fermi gas state and stable phase in :|

I. INTRODUCTION

A considerable amount of literature! has been
devoted to the investigation of bulk properties of
an infinite nuclear system. One of the unsolved
problems is the saturation property of nuclear
matter. Conventionally, starting with plane waves
for nucleon wave functions, one modifies them
with nucleon-nucleon correlations. The approaches
using the correlation, however, might not be
efficient for the discussion of bulk properties of
nuclear matter. Therefore, other approaches
suitable for the consideration of the gross struc-
ture might be exploited.

Some papers along this line appeared recently.
By scaling the nuclear potential into the potential
between 3He atoms, Anderson has predicted that
nuclear matter will be solidified? as in the case of
the ®He liquid, while a possibility of localization
of nucleon density or spin-isospin density has been
suggested in the course of controversial discus-
sions on meson condensation,® Coherent localiza-
tion of nucleons is found to induce meson con-
densation, and vice versa.?

The conventional theories which favorably pre-
dict the localization of nucleons have left out two
factors unfavorable to the localization, viz., the
saturation property of a nuclear system and anti-
symmetry between nucleon wave functions., Hence,
starting with a Hamiltonian which assures the
nuclear saturation, we shall investigate bulk
properties of nuclear matter and predict its new
phases. Antisymmetry will also be taken into ac-
count, '

In a nucleon system with spin S=0 and isospin
T=0, the contribution of the one-pion-exchange
potential largely averages to zero, while the

dominant part of the nuclear interaction is from
scalar-meson exchange which represents part of
the two-pion-exchange potential, A system of
nonrelativistic nucleons interacting through
scalar-meson exchanges, however, is not satu-
rated. For a nucleon system to be saturated
normally, some relativistic effects of nucleons
and vector-meson exchanges have to be taken into
account,

We adopt the following Lagrangian density® for
relativistic nucleons interacting with neutral
scalar mesons and neutral vector mesons:

L==-(y,2,+ M- 5(,03,0 +m*p?
- -;_Fuv Full— % mvz¢u¢u +g$¢¢ +igu$‘yu¢¢u
1.1)

with a nucleon field ¥ of mass M, a scalar-meson

‘field ¢ of mass m, and a vector-meson field ¢,

of mass m,. The field tensor F,, for ¢, is given
by

F,,=09,0,-9,9,. (1.2)

In Sec. II, we review a formulation for a system
of nonrelativistic nucleons interacting with neutral
scalar mesons in the random phase approximation
as well as in the classical field approximation for
the purpose of applying the technique in later dis-
cussions,

In Sec. I, we derive an effective mass for
nucleons in nuclear matter from a relativistic
expression for nucleons. The effective nucleon
mass is essential for the nuclear saturation. We
also take into account vector-meson exchange ef-
fects which modify some properties of nuclear
system,

In Sec. IV, we show that the plane wave bases
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for Hartree- Fock (HF) single nucleon wave func-
tions are unstable in nuclear matter, and predict
new phases of nuclear matter where localization
of nucleon density develops and gives rise to an
equidistant multilayer structure.

A discussion and conclusion will be given in Sec.
V.

II. NONRELATIVISTIC NUCLEONS INTERACTING
THROUGH SCALAR-MESON EXCHANGES

In this section, we show that a system of non-
relativistic nucleons interacting through only
neutral scalar-meson exchanges will collapse, We
treat the system in order to sketch the technique
which will be applied to a more realistic case
later. The Lagrangian density in Eq. (1.1) leads
to the Hamiltonian density for the system

H= = 1 V24 5[0+ (V) +m0%] - gy 9.

(2.1)

The fields ¥ and ¢ satisfy the equations
(- 537 72-2)=ib, .22)
@Q-mhp=—gv*p. (2.2D)

In the following, the field equations are solved in
the classical field approximation and in the random
phase approximation as well.

A. Classical field approximation to meson field ¢

One of the simplest methods in which one may
discuss some bulk properties of the nuclear sys-
tem is the classical field approximation to the
meson field ¢. We separate ¢ into a classical
field ¢ and an additional field 5 due to quantum
fluctuations,® i.e.,

P=¢+n. 2.3)
The classical field approximation to ¢ takes into
account only ¢ which is assumed to be a constant
over the space and time. In the approximation, we
obtain the classical field®

2g
o=z bs 2.4)
as a function of the Fermi momentum p , for the
nuclear system.
The energy for the whole system in the ground

state is given by

E:f(c[H|G>d3r

P
2M+ tm2p*Q - goN
3p g% ”)
—{ X F_ _
—<1oM Frm) @.3)

with spatial volume , nucleon number N, and the
suffix A representing nucleon spin and isospin.
Equation (2.5) indicates that E has no lower bound
and that the system will collapse for the values of
nucleon density above that corresponding to the
Fermi momentum’

3m2m?

= 2.
F g7’ (2.6)

where E is a maxXimum,

It should be noted that E in Eq. (2.5) can also be
obtained for a Fermi gas system of nucleons inter-
acting through the static one-neutral-scalar-
meson exchange potential with the exchange term
of the interaction neglected. The system will not
be saved from collapsing by inclusion of the ex-
change term.

B. Random phase approximation

In Sec. II A we have considered only a constant
classical field ¢ for ¢. In such a treatment, one
cannot take into account the nuclear interaction
with momentum transfers 2=0. The interaction
gives rise to ground state correlations and will
make other nuclear states lie lower than the Fermi
gas state. In order to incorporate the effect of the
interaction, we consider the quantum fluctuations
of the meson field ¢.

We introduce the random phase approximation
(RPA) into the system.? The approach can deter-
mine whether the Fermi gas state is unstable for
an excitation mode of the system. In RPA we
obtain the secular equation

_ (;—n ,,&)(ewz—E)
- 2-(.02)92 ,,k-—e wz

p+k )
(wg -w?d)Q Z: (ewk—e,,) —w2 ’ @.7)

where ¢; is the kinetic energy of the nucleon with
momentum P, and w; is the relativistic energy of -
the meson with momentum K. The factor 4 is.due
to the degrees of freedom for nucleon spin and
isospin, and

nz=

{1, for p <p,
2.8)

0, forp>p,.

The solutions w deviate from the unperturbed en-
ergy of any one-particle—one-hole pair, which in-
dicates that there exist ground state correlations
more or less.

A catastrophe occurs at higher nucleon densities.
The right hand side of Eq. (2.7) is a continuous -and
increasing function of w? for w? <0. Hence, in the
case where the right hand side is larger than unity
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FIG. 1. Hatched area indicates the region where there
exist imaginary solutions to the secular equation (2.7)
for given 2/p . The nucleon density is represented by
the Fermi momentum p . The coupling constant is set
at £=9.0, the value modified by the exchange term of the
nuclear interaction; see Eq. (4.3).

at w2=0 i.e.,

wgzﬂ Ze* *—e~ ’ @.9)

p+k

the secular equation has a pair of imaginary solu-
tions, which indicates that the Fermi gas state is
unstable for a coherent excitation of particle-hole
pairs,

Figure 1 exhibits the region of nucleon density
at which there exist imaginary solutions for given
k, with the Fermi momentum p, representing the
nucleon density. At higher nucleon densities with

2,2
bp> ;g—TM ) (2.10)
the Fermi gas state is unstable® and particle-hole
pairs with momenta 2 which fall in the hatched
area in the figure will be coherently excited.

The instability of the state is closely related to
the collapsing property of the model system. In
order to discuss bulk properties of stable nuclear
matter, it is essential for the nuclear system to be
saturated.

III. EFFECTIVE NUCLEON MASS
AND VECTOR-MESON EXCHANGES

In order to make the nuclear system saturate,
we start with the relativistic Lagrangian density
in Eq. (1.1). The fields satisfy the Euler-Lagrange
equations for the Lagrangian density:

(7,0, +M-gp —ig,y,$,)9=0,
@-mYp=-gPy,

8, F,, +m, 20, =igdy,b.

(3.1a)

(3.1b)

[
N

The meson fields ¢ and ¢, are separated into a
classical field and an additional field due to quan-
tum fluctuations:

o=¢+n, ¢,=0¢,+n,. (3.2)

First, we treat the system in the classical field
approximation, assuming the system to be transla-
tionally invariant. The classical meson fields ¢
and ¢, are constants independent of spatial posi-
tion and time and are obtained from the field
equations (3.1b) as

o=2(clwle), (3.32)

v

(3.3b)

where the space components ¢, (¢ =1,2,3) of the
vector-meson field vanish in a translationally in-
variant system since

(G|I7y]G) =0. (3.4)

The time component is given by

=22 (clutulo). (3.5)

With ¢ and ¢, the classical equation for the
nucleon field

[-ia-V +BM-20)] X = G- 2,00 (3.6)
has plane wave solutions with energy
=£[P+ (M-g9)] 2 48,9, (3.7)

as eigenstates. The double sign + represents

“positive” and “negative” energy solutions. The
+)

nucleon field § is expanded in terms of y; as

T
b= Z Cor Xp)s +Z: dmx-n - (3.8)

where ¢;, and d, are operators. The ground state
|G) is composed of N nucleons occupying the
lower lying states with “positive” energies:

l6y=T1 <ilo).
YLy S
Hence Eq. (3.5) leads to

9y=1itzp (3.9)

with nucleon density p=N/Q. The scalar-meson
field ¢ is determined by the equation®

Z M-go
29,<, [B2+ (M-g)tT7?’

(3.10)

which is derived from Eq. (3.3a).
Now the energy of the whole system is given by
’r
E:Z (M*2 +PAL/2 &
2.8

F m** +m 2p)Q 3.11)
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FIG. 2. Effective nucleon mass M* as a function of
Fermi momentum pr. The coupling constant is g
=9.0.

with an effective nucleon mass
M*=M-go. (3.12)

In the classical field approximation, Walecka
shows that the Fermi gas state for the nuclear
system exhibits the saturation property for the
coupling constants’

£=8.6, g,=11.4. (3.13)

The effective mass M* is shown as a function of
Fermi momentum p, in Fig. 2. At the normal
nucleon density p =270 MeV, we obtain

M*/M=0.6. (8.14)

A nonrelativistic expression for the eriergy“’ is
PF P2
E=Zﬁ: Chad -goN+ 5 (mp* +m,2 )0, (3.15)

where, compared with Eq. (2.1‘2), the nucleon
mass has been modified into M* and the effect of
the vector-meson field ¢, has been added.

Next, we take account of the interaction of nu-
cleons with mesons with momenta % +0 which has

been neglected in the classical field approximation.

The Hamiltonian is then given by!!
P+
H= Z 5= Ch i 89N
PA

T
+(zmPet + tm o )Q +;%wza;a:
#

g Y e (arta s
RwiQ) Ci.tln@r+ap)

PAK# 0

2
g L oLl alce.Cn
+__§'i ST OB et (3.16)
§24 k-

with energy for vector meson
WP = (m2+R)I2, (3.17)

In the Hamiltonian, the spin-dependent interaction

due to the quantum fluctuations of vector-meson
fields ¢,(¢=1,2,3) is not taken into account, since
it will not greatly affect bulk properties of nuclear
matter with spin $=0.

Since corrections due to relativistic effects of
nucleons other than the effective mass are small
at the normal density, we use the Hamiltonian for
nonrelativistic nucleons with the effective mass
M* which is determined by the scalar-meson field
as'in Eq. (3.12). For the Hamiltonian which makes
the nuclear system saturated, we have performed
an RPA calculation,

[H,0:]=w0; (3.18)
with

Op =aap + " BiCg.taCp + va2

j2
1
+ Z' 530;105 s (3.19)
PA

where the summations Z}é run over B with p<pp
and |§¢E|>p,,, and found that for the coupling
constants given in Eq. (3.13) the Fermi gas state
is unstable at certain nucleon densities. In Fig.
3, we show the region of nucleon density where
the Fermi gas state is unstable for certain kot
should be noted that the state is unstable at the
normal density.

It was.discussed by Chin that the quantum fluc-
tuations of the scalar-meson field renormalize the
nucleon mass and the coupling constant g, to
which the instability of the Fermi gas state is
supposed to be sensitive. We have found, how-
ever, that such effects do not affect our conclusion
that the Fermi gas state is unstable in nuclear
matter,

The exchange term!? for the nuclear interaction
influences the energy of nuclear matter,!® as will

3T . M =940MeV
. . m=500MeV
mz=783MeV
g=90
9,118

1 Lo bl 1 TR | il

10 P, Mev/c 100

FIG. 3. Hatched area indicates the region where there
exist imaginary solutions for given k/ppin RPA cal-
culation for the Hamiltonian in Eq. (3.16).
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be discussed later, In the calculation above, the
exchange term for the vector-meson exchange
interaction, however, has not been taken into ac-
count, since that for the scalar-meson exchange
is not effective in the RPA calculation.

Figure 3 indicates that the stability of the
Fermi gas state is recovered at relatively high
densities owing to the saturation property due to
the decreasing effective mass M*. The stability
is not recovered, by contrast, in the system of
nucleons with mass independent of the density, as
shown in Fig, 1. ‘

1V. STABLE PHASE OF NUCLEAR MATTER

Let us investigate the possible structure of
nuclear matter in the case where the Fermi gas
state becomes unstable, For this purpose, we
consider a system of nucleons interacting through
the static meson exchange potentials

2 2

__ 8 oemr 8y -myr
)= yrl i vl A (4.1)
where nucleons have the effective mass M* due
to exchange effects of scalar mesons with mo-
mentum k=0. The Hamiltonian for the system is
given by

p? ¢

H:Z oar* Shlih

28

)> g2 & \ot oot
T\ 2o 20w ) G G- G G
. ¢
4.2)

For this Hamiltonian, the exchange term for the
nuclear interaction can be taken into account. In
the RPA calculation one may average the exchange
term,14

Since properties of nuclear matter are phe-
nomenologically deduced only in an extrapolation
from finite nuclei, little information has been
available as to the possible structure of nuclear
matter. The average energy per nucleon! E/N
=-15.7 MeV has been obtained from the term
linear in nucleon number in the nuclear mass
formula. The extrapolation may suggest that the
average energy is attributable to nucleons in an
independent particle field, which are described by
a Fermi gas. Hence introducing the coupling
constants g and g, so that the saturation property
for nuclear matter can be reproduced by the Fermi
gas state, we set out to search for a stable phase
of nuclear matter. The exchange term for the
nuclear interaction modifies the energy for the
whole system. Setting the Fermi gas state to be
saturated with energy per nucleon E/N=- 15,7
MeV at p,=270 MeV, we obtain coupling constants

£=9.0, g,=11.8, (4.3)

=940Mev
=500MeV |

. Vzg%w@v —
=118 ‘

o33

E/N
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FIG. 4. Energy per nucleon E/N in the Fermi gas
state obtained for the revised set of coupling constants
in Eq. (4.3). The exchange term for the nuclear inter-
action is taken into account.

deviating from that of Walecka’s, owing to the
presence of the exchange term in the present
calculation, We show in Fig. 4 that the coupling
constants give rise to the saturation property of
the nuclear system. We shall hereafter set the
coupling constants at the values in Eq. (4.3).

In the HF approach, wave equations for single
nucleons are given by

(5o Vo) - [ 2 FowEra

€i¢i(;') , (4.9)

where the HF potentials are

(4.5)
TICRENED DEHENININENR
For nuclear matter, the set of plane waves
- 1 ..
¥; (1) ='\7‘§‘—3'”‘ ?xs‘,‘, (4.8)

with p; <p, are solutions to the HF wave equa-
tions. We note that for these solutions the ex-
pectation value of the Hamiltonian is stationary,
i.e., it is an extremum, while it is not necessarily
the minimum.

In the case where the nuclear system has other
states lying at lower energies than the Fermi gas
state, HF wave functions for single nucleons in one
of the nuclear states will have to be modified from
plane waves; they may be expanded as

S ¥i=a; 55i+’z Biits 4.7)
Fi I
in terms of plane waves

& -1 eiv* t
P

o) Xs,r,°

Let us first consider, for simplicity, wave

4.8)
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functions for single nucleons composed of two
plane waves

hi=aky + A5, o]t +]e]0=1, (4.9)

where p, are to be determined by pi on a one-to-
J
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one correspondence basis. The interaction energy

between two nucleons expressed by
zp: ag; +B§‘;: , =a’£3: +ﬁ'§.3' ’ (4.10)

is

COE @) = ' @)E) [0 ) [BE DY (1)) =0y +5 5(555,3 -5 + 03-3,5 320 Ba’ B

- [v3-3- 0% +v3 3,08 +v5_;

Bza,z +’U %’ ﬁZﬁIZ

+ (0350530, 35 +05.5:85.5,5-502080 B ] 85 618, 12, (4:11)

where

vg —_—% fv('r)e"i" Fddy, (4.12)
Terms with a positive (negative) sign in Eq. (4.11)
are due to the direct (exchange) term for the
nuclear interaction,

Equation (4.11) indicates that a gain in the inter-
action energy will result when single nucleon wave
functions for a pair of nucleons are composed of
two plane waves, i.e., af+0, and that the gain
will be achieved only for a pair of nucleons whose
wave functions satisfy p—p=x= (p’ - p’). Since

(4.13)

1 1
zzapz-3,

the interaction is most effective for a pair of
nucleons with (a=8, a’'=8)or (a=-8, a'=- )
and is most defective for a pair with (a=5,
a'=-p)or (a=-8, a'=§).

Accordingly, ] let us relate momenta p p +X to.
p with a given k and assign (+) and (-) states to

(+)

1
95 = 55+ E),

(4.14)
PO = - 88,

respectively. Then we see from the foregoing
discussion that a pair of nucleons occupying states
with like signs interact constructively with each
other, while a pair of nucleons of opposite signs
interact destructively. Thus, as far as the inter-
action energy is concerned, all nucleons are
likely to occupy states with an equal sign, Wave
functions for the (+) and (-) states in Eq. (4.14)
are expressed explicitly as

/2 . o . kT
(4.15)

o (2\Y%. iG.t/me.. KT
v =(G) S s

which indicate that probability density for any (+)
state undulates with maxima at k- r =2n7 while
that for any (-) state with maxima at k- r

= (2n +1)m, and wave functions for any pair of
states of opposite signs scarcely overlap each
other.

The gain in the interaction energy due to the
composition of (+) states will be balanced with an
increase of the kinetic energy of nucleons, which
suppresses some of the nucleons from composing
states with an equal sign. It requires twice as
large a momentum space as that for the Fermi
gas state that all nucleons occupy states with an
equal sign.

Hence, for nuclear matter in the neighborhood
of the critical density to undergo a phase transi-
tion, nucleons around the Fermi surface only
compose (x) states with an equal sign. As a re-
sult, the Fermi surface is softened. At higher
nuclear densities, the phase transition will be
ach1eved whlle one of the two nucleons occupying
states p and p +k inside the Ferm1 sphere in the
Fermi gas state forms a state zp > and the other
leaves the sphere to form a new () state, re-
sulting in deformation of the Fermi surface.

The exchange term in the nuclear interaction
suppresses nucleons from forming (x) states.
From the dependence of v; on ?1, however, it is
seen that for small Kk the direct term is dominant
and that a pair of nucleons with larger momentum
difference 5-— [3’ will be favorable to the formation
of (+) states.

The discussion above can be generalized to
many-wave approaches. In a 2n-wave approach,
single nucleon wave functions are given by

n

Y= E 1ai§5+ti’ Z la|?=

i==n+ 1

4.16)

The interaction energy between a pair of nucleons
described by

¢=E a; &5,
i
= z‘:a'eﬁzwi

4.17)

is
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n=1’
<¢’¢'l'”|¢¢'>:”o+: ”n«( Z oz}.‘a“,>

i=-n+1

n=l
2 3
X( Z a'ja’y -1)’
J==n+1

(4.18)

where the interaction energy for the direct term
only has been shown for simplicity. Since the
inequality

*
Zai Oy
i

is satisfied, the composition of many plane waves
for single nucleon wave functions gives rise to a
limited gain in the interaction energy, and for a
large n a pair of nucleons occupying states with

@; = (£1)*1/V2n will have the maximum gain. As

a generalization, let us assign to (+) states, single
nucleon wave functions

<1 (4.19)

n ‘z

() 1) .

v = 2 Vo £k
i==-n+

signl?';

V2n sin(k- 1/2)

et (wk/”'r)(s,z,/fﬁ, for (+)

isinnk-T (GeE/n e F /
V2n cos(E-?/Z)e” 2" N sprg/ V5 for (=),
(4.20)

for which probability density is localized and
which undulate with a wavelength 27/k. Any pair
of wave functions of opposite signs overlap each
other less than those in the two-wave approach.

In the limit of n going to infinity, the probability
density for the wave functions is distributed in
multifold layers spaced equidistantly as

)7 3 0 F-20m),
N,S &

with N, the number of layers aligned along the Kk
direction. In this limit the interaction between
nucleons will become most effective. In actual
nuclear matter the interaction energy is balanced
with the kinetic energy of nucleons, so that the
layers would be diffused.

Let us introduce the following three models of
the nucleon system in an attempt to search for a
stable phase of nuclear matter.

(@) Two-wave approach on plane wave bases in
the Fermi spheve (TWAS). This approach provides
a model of the nucleon system around the critical
density for the system to turn from the Fermi gas
state into a new phase. For single nucleon wave
functions 33, we take (+) states

4.21)

o _

5 ——J;f(sﬁs%), for p<pbp, P>bp  (4.22)

with §=E¢E for f) k=0 and take plane waves §&;
foE p <ppand p <p,. The signs in front of kK in-p
=pzxk have been determined to make the p space
for 9%’ larger, which is essential for making the
energy for the nuclear system lower when the
Fermi surface is little deformed. - In the ground
state of the system, the single nucleon states with
P in the Fermi sphere are occupied: The state is
described by

Lrd ot
6> =T1 b 1T 5 10y

DA 2
Fepp  Bop

(4.23)

1
with creation operators cé;n for nucleons forming
(+) states. The nucleon effective mass M* is
determined by Egs. (3.12) and (3.10).

(b) Two-wave approach on plane wave bases
in the Fermi cylindev (TWAC). This approach
provides a model of the nucleon system above the
critical density for the phase transition. For the
system the Fermi surface will be deformed.
Single particle wave functions are taken to be (+)
states

@ _ 1 .

R v £3) (4.24)
with p=pzk for p-k=0. The signs in front of k
in p have been determined to make the Kinetic
energy of nucleons smaller, which is essential
for making the energy for the nuclear system
lower when the Fermi surface is deformed. The
momenta p for occupied states ¥$” are confined in
a cylinder with length 2, which is aligned along the
k direction, With the volume of the cylinder de-
termined by the nucleon density, its radius p,
satisfies

Thok =41p,/3 .
The ground state of the system is given by

()t
I;‘I c;}. ‘0> ’

D
PRI N IR

(4.25)

|Gy = (4.26)

and the nucleon effective mass by M*=M-g¢
with

_4g
qp_ng ;
@ ki <P

(c) Equidistant multilayer stvucturve (EMULS).
This is a model of the nucleon system in a new
phase in which nucleons enjoy the nuclear inter-
action most effectively. Instead of composing
many plane waves for single nucleon wave func-
tions, we take wave functions in the form

1/2 e, .
‘pm;:(m}f) e-(z—nd)z/2azetn'a/ VS, (4.28)

M-g¢
[+ 01=gory72 - @20
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which have a large probability density in multi-
layers aligned equidistantly along the 2 direction,
with an interval d=27/% and a diffuseness pa-
rameter a. In Eq. (4.28), we use the cylindrical
coordinates with cross section S of the nuclear
system and nucleon coordinates 5 perpendicular to
the z direction. The two-dimensional momenta E
for the occupied nucleon states are confined in the
Fermi cylinder given in Eq. (4.25), and the ground
|

o= | o@)C [3ERE |6) atr/x

state of the nuclear system is described by

t
loy=II elnl0), (4.29)
nox
(p=pg)

with creation operators cI,;l for nucleons with
quantum numbers n, p, and A. For this state, we
take the effective nucleon mass M™* = M- g¢ with
the scalar-meson field ¢ averaged over the nu-
cleon density:

. . —-m| T =1 —_— .
=g [ (GFEWDI6) g <CIFEWE 0y atrar/n

= 1 -12%2/2
=80 20 e :

In each of the three model states described
above, we have evaluated the expectation value
E=(G|H|G) of the Hamiltonian (4.2) with the
effective nucleon mass M* adequate for the state,
in order to determine a nuclear state which has
the lowest energy. In the evaluation, we have
taken into account the exchange term for the nu-
clear interaction, Most probable values of £ and
a are obtained in the variational method. The
energy E of the system and the ratio B/p p thus
obtained are shown to be functions of p, in Fig.

5 and Table I.

The TWAS state lies below the Fermi gas state
at nucleon densities where the latter state is un-
stable. On account of a gain in the interaction
energy, some nucleons in the former state com-
pose two-wave states on the Fermi sphere bases.
In contrast, the TWAC state lies above the Fermi
gas state, since an increase in the kinetic energy
of nucleons in this state is larger than a gain in
the interaction energy. In the region from p,=50
to 230 MeV, the EMULS state lies lowest owing

/
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FIG. 5. Energy per nucleon E/N in Fermi gas (FG)
—, in TWAS — -« . == , in TWAC —=+=—+—, and in

(4.30)

r
to a large gain in the interaction energy. At p,

> 230 MeV, on the other hand, the EMULS state
lies above the Fermi gas state, since the effec-
tive nucleon mass M* becomes smaller in the
former state. It is seen in Fig. 5 that the EMULS
state is stable with the energy per nucleon E/N
=~ 24 MeV at the nucleon density corresponding
to p =60 MeV.

V. DISCUSSION AND CONCLUSION

Single nucleon wave functions in nuclear matter
are conventionally taken to be plane waves, i.e.,
eigenstates of HF wave equations, and they are
modified by nuclear correlations. The HF cal-
culation, however, cannot take into account ef-
fectively the nuclear tensor force which is sup-
posed to be essential for the nuclear saturation
property. The tensor force affects HF single
nucleon energies only through the exchange term.
In the conventional calculation, one cannot ignore
higher order corrections to the energy for the

TABLE I, Energy per nucleon E/N and ratios 2/pp
and a/d for EMULS.

FG EMULS

pr MeV/c) E/N (MeV) E/N (MeV) k/pr a/d
50 +0.526 -13.9 . 0.040 0.002
75 +0.,798 -23.5 0.060  0.005
100 +0.735 —22.7 0.11 0.011
125 +0.222 -21.5 0.17 0.022
150 . =1.03 -19.7 0.25 0.038
175 -3.14 . —17.4 0.37 0.066
200 —6.18 -14.3 0.52 0.107

225 -9.74 -10.4 0.68 0.16

250 ~13.4 —6.4 0.93 0.27
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nuclear system due to the tensor force, since at
present no HF expression for single nucleons
diagonalized with respect to the tensor force is
available,

Some higher order effects of the tensor force
may be reproduced by an exchange of scalar
meson which represents two-pion exchange,
Neutral scalar-meson exchange by itself, how-
ever, does not correctly reproduce the nuclear
saturation property. Hence we have considered
an infinite system of nucleons interacting with
neutral scalar mesons and neutral vector mesons
instead, and found that the system reproduces
the saturation property.’ It is brought about by
the scalar-meson field dependent on the nucleon
density, which is expressed as an effective mass
M?* of nucleon. Our result may imply that the
scalar part in higher order terms of the tensor
force is essential for the nuclear saturation.

Appearance of layered structure, or solidifica-
tion of nuclear matter, has been discussed in the
literature,”? where, however, much importance
has not been attached to the saturation property of
the nuclear system and the antisymmetry between
nucleons, in spite of the fact that these properties
suppress nucleons from being localized. Discus-
sion based on the direct term only for a nuclear
attractive interaction has predicted the localiza-
tion of nucleons to be too favorable, In our dis-
cussion we have demonstrated a nuclear system
to reproduce the saturation property by intro-
ducing an effective nucleon mass that varies with

scalar-meson field dependent on nucleon density.
In the discussion we have taken account of the ex-
change term for the nuclear interaction and the
nuclear repulsive force due to vector-meson ex-
change which affect the saturation property to a
considerable extent. All three factors tend to
make nucleon localization unfavorable,

We have started with the Hamiltonian for which
the coupling constants g and g, are so determined
for the Fermi gas state to reproduce the satura-
tion property. The antisymmetry between nucleons
has led to a set of the coupling constants deviated
from those obtained by Walecka, For the Hamil-
tonian the RPA calculation indicates the Fermi gas
state is unstable and EMULS, a nuclear state in
which nucleons are distributed in multilayers
spaced equidistantly, is lying lower. We have
also examined a three-dimensional solid phase,
which has an energy larger than EMULS.

We have searched for a stable state for nuclear
matter, considering nucleon excitation modes with
one definite kK and neglecting coupling between”
different k’s. This is in accordance with the fact
that the nuclear interaction favors coherent ex-
citations of nucleons with one definite E, as is
shown in Eq. (4.11). In contrast to the conven-
tional discussion of pion condensation from the
point of view that the Fermi gas state is unstable
for a pion condensate mode, we have shown that
nucleons in nuclear matter are distributed in
layers and that instability for pion condensation
should be discussed on this basis.
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