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Abstract: With an oscillator basis, the nuclear Hamiltonian is defined in a no-core model space. It
consists of an effective nucleon-nucleon interaction obtained with Brueckner theory from the Reid
soft core interaction, a Coulomb potential, nucleon-delta transition potentials, and delta-delta in-
teraction terms. By performing spherical Hartree-Fock (SHF) calculations with the realistic
baryon Hamiltonian, the ground state properties of "*Ca are studied. For an estimate of how the
delta degree of freedom is excited, SHF calculations are performed with a radial constraint to com-
press the nucleus. The delta degree of freedom is gradually populated as the nucleus is com-
pressed. The number of A’s is decreased by increasing model space. lLarge amount of the com-
pressive energy is delivered to create massive A in the nucleus. There is a significant reduction in
the static compression modulus for RSC static compressions which is reduced by including the A

excitations. The static compression modulus is decreased significantly by en larging the nucleon

model space. The results suggest that inclusion of the delta in the nuclear dynamics could head to

a significant softening of the nuclear equation of state.
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1 Introduction

The nucleus is considered as a collection of nu-
cleon (N) and delta (A) resonances interacting via
realistic effective (N-A) interactions in a large but
finite model space. The effect of including the A
resonances on the Hartee-Fock energy (Eyp). A-
orbital occupations, and radial density distribution
is investigated under large amplitude state com-
pression at temperature T=0.

In our earlier work, the excitation of A-degree
of freedom in **Ca nucleus in constrained spherical
Hartree-Fock (CSHF) was investigated". In Ref.
[1], the ground state properties of '"Ca nucleus

was examined in small model space that consisted
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from a six major oscillator shells for N and a six
orbitals for A. The goal of this work is reexamined
these properties of '"Ca nucleus in large model
space that consists of nine oscillator shells for N
and ten orbitals for A.

The excitation of A isobars is very important
to understand structure of nuclei at intermediate
and high energies. It forms various probes to pro-
vide an exciting challenge both theoretically and
experimentally, especially in the search for con-
structive, coherent pion production” *!, The A
excitation and its decay to nucleon and to pions are

of current interest for understanding collision of

9

light and heavy ions"™ .

This paper is organized as follows: Sec. 2
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specifies the definition of the nuclear Hamiltonian.
The effective Hamiltonian used in the calculation is
displayed in Sec. 3. The calculation procedure and
strategy are outlined in Sec. 4. Results and discus-
sions are presented in Sec. 5. Conclusions will be

presented in Sec. 6.

2 Definition of the Nuclear Hamiltio-
nian

The nuclear Hamiltonian that is coupled chan-
nels from a pure nucleon-nucleon ( N-N) sector, a
nucleon-delta (N-A), a A-nucleon (A-N) sector,
and a (A-A) sector is

H=T—T.. +V" +Vc, (1

where T is a one-body kinetic energy term, T, is

B the strong

the center of mass kinetic energy, V
interaction between the baryons and V¢ is Coulomb
interaction. The nucleon mass is m, the delta mass
is M and the speed of light c=1.

We define relative kinetic energy T, as:

DY (pi—p)?

Trd:T_Tc.nL :T ’ (2)
with
A ) ,
T= [(p—'+7nj ;p2+(p +Mj } (3)
— [\Zm bi
and
Piw 1N Pi P
Tom = ZMA 2 2m 2

where M, is the total mass of nucleus, M, =mA,
p: is the single particle momentum operator and i,

is single particle isospin projection operator.

62-[/ ‘T’> D) (5)

75, )=
7o) \z‘il,)> =1, (6)

the full Hamiltonian of the system can be written

as the one-body and two-body parts as follows:

H4 = H, (one-body) + H, (two-body) , (7)
where

H, (one-body) =

SN Pl (m
[ZZM(T)Jr(M—m)}rm;, &

i=1

and

H, (two- body)—T,el(m)JrV”‘ +Ve., (D

H, arises due to the presence of the A’s. It
consists of a mass correction and a kinetic energy
term for the delta particles multiplied by a negative
factor. These terms give non-zero contribution in
A-sector only, since projection operator 7.’ works
in the space "% only.

H, is the effective baryon-baryon interaction
that consists of the effective N-N interaction that
was represented by Reid soft core (RSC) poten-
tial™  plus the transition potentials among
baryons, which are generally labeled by V¥ EL’“B;B:—) ,
where B; B, represent initial baryons and B B,

U1 The allowed exchanged

represent final baryons
mesons are 7= and p-meson only. Other mesons do
not contribute since they cannot change the spin
and isospin of a nucleon to the value of 3/2 for the
A isobar.

The effective two-baryon interaction is

I]S VNNH\I\I +V>\I{:—>NA +V:\I:AA +

V3IRTNS fo Y REPAN Y RaTAs Ly RaTas - (10)
The explicit form of the resonance part of the tran-
sition potential read as:
VE‘."L;“HBBB‘? = (T%; B, - T%’ 1" ) { (o 1;:?- O'%aﬁn;,i ) X
(Ve BB, By “(r) 4 ZVBaBu B e () ] 4 BQL’QBng X
[Vie BBy “(r) — V%!”ﬂ“ﬁ”ﬁ’ *(r) ]+
(11Vb“b“bﬁb‘? ')<7'>}+(19(1\_2) ] (11)

where B,, -, B}; denote nucleon or delta reso-
nances, the function V., Vi, and V., are the cen-
tral, tensor, and spin part potentials respectively.
For more detail see Ref. [1].

The Coulomb term, V¢, is taken to be the

average Coulomb potential energy per proton and

A" in a uniformly charged sphere

_ 6 Zet |y o1
Ve=2 % [1 5(16 ZJ Z} .12

where Z is atomic number of nucleus, Z7?° term is

the exchange contribution and the Z ' term sub-
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tracts the interaction of the proton with itself and

AT,

3 Effective Hamiltonain

By applying the variation principle, Hartree-
Fock equation for nucleon and delta orbitals can be
derived from the effective Hamiltonian with the
chosen model space-!”.

In calculations, no-core oscillator model space
that includes 9 major oscillator shells was used. In
the 9 shells, 37 nucleon orbitals were used: Osj; ,
O0pszs Oprzs Odsps Isins Odspns Ofrns 1psss
Ofsos 1piss Ogopms lgins ldsps ldspms 2515
Ohiisas Ohgos 1f70s 1f5/0e 2P32s 2P12s Otrsss
l1gozs 2ds/2s Oiyiyss
071320 Lhiyes lhoms 2f009 2f 525 3Psps 3Pies
0ky7» and for the delta states, 10 delta orbitals
were used: 0psns O0pi/zs Odsses Odssos Of 725 Ofs/ns
1ps2s 1125 Ogoses 0g7ss.

bitals were included.

1g7,'2 s 3S1/2s 2d3,~2 ’ Ole/Z ’

A total of 47 baryon or-

The matrix elements of the effective Hamilto-
nian had been calculated using the Brueckner G-

121 The effective N-N interaction

matrix methodt
was the sum of the Brueckner G-matrix and the
lowest order fold diagram acting between pairs of

=11 RSC po-

tential for the N-N interaction was adopted. To ap-

nucleons in a no-core model space

proximate the N-N interaction term of H., the
Brueckner G-matrix in an oscillator basis consisting
of the lowest 9 oscillator shells using the methods
of Refs. [13—15] is solved. Therefore, working
in a no-core basis space, hw =14 MeV, and w= 9
MeV is used. The lowest order N-N folded dia-
gram based on this G-matrix as described in Refs.
[13—15] is added. This greatly reduces the w-de-
pendence of the N-N contribution to H.4. In prin-
ciple, if all folded diagram to all orders was incor-
porated, this w-dependence would be eliminated

complexly-'o 18,

4 Calculation Procedure and Strategy

The used strategy is the same as in the earlier

th1o-22) - Tt is summarized as following:

studies
First, the effective Hamiltonian in the nucleon sec-
tor only is considered (i. e. by turning off the (N-
A) interaction). This is followed by calculating the
ground state properties in the spherical Hartree-
Fock (SHF) approximation (i. e. Hartree-Fock
energy. Eyr, and the root mean square radius
(rms)) by adjusting the strength of the kinetic and
potential factors in H. until agreement between
SHF results, the experimental binding energy and
experimental radius at equilibrium are obtained.
The adjusting parameters A; and A, are introduced
to adjust the matrix elements of T,s and V4, re-
spectively. Since the two-body matrix elements are
evaluated with an oscillator energy spacing hw =14
MeV, these matrix elements are then scaled to the
new oscillator basis characterized by a new value of
hw' as described by Refs. [13—14, 237. Second,
the N-A and A-N interactions are activated. The
adjusting parameters and Ao’ for *°Ca nucleus in a
given model space at equilibrium with the A chan-
nel turned off are obtained in Table 1. The binding
energy (point mass r.,,) that was fitted was —342
MeV (3. 46 fm) for ""Ca. Third, the N-A and A-N
interactions are turned off and a radial constraint
—pr* is utilized to include the static compression.
Where r is the one-body scalar radius operator.
Fourth, the N-A and A-N interactions are activated
and again, the radial constraint —pr* is applied and
the difference in Eyr from the third step and cur-

rent step as a function of r.,, is observed.

Table 1 Adjusting parameters 4,, A, , and ke of effective
Hamiltonian for *°Ca for the model space of nine
oscillator shells for which the calculations

were performed

Nucleus *°Ca Al Az hw /MeV

(9 shelD 0.999 1.093 11.700

5 Results and Discussion

In the previous studies!': 2 2%

, the following
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quantities: The Hartree-Fock energy, the root
mean square radius, the number of delta particles
in the occupied orbitals, the radial density distribu-
tion, the single-particle energies, and the occupa-
tion probability of the single-particle orbitals were
calculated in the case of small model space. In this
work, more detailed results for "Ca nucleus are
presented in order to examine its properties under
static compression in a larger model space consis-
ting of nine major oscillator shells (excluding ¢ >
5) for nucleons and ten orbitals for A’s making a
total of 47 baryons orbitals.

The Hartree-Fock energies Eur versus 7.
using RSC potential are displayed in Fig. 1 for
“Ca. The solid line represents the results of calcu-
lation performed in the nucleon-only sector and the
dashed line represents the results obtained when
the A’s are added in the ten orbitals: 0ps2, 0py)s s
0ds;ps Odsins Of72s Ofssos 1paes 1p1es 0gosss
0g7/». Note that, in the constrained SHF (CSHF)
approximation, the nucleons and delta may only
mix in the 0ps s 0p1sos Odsizs Odses 0f70s Ofs)ss
1pses 1p1sss Ogosss and Ogq/y states.

—60F N-only
L 0Cq
(9 shells)

% b
= —ISOj

—300F

2.0 24 2.8 32 3.6

—_ 3(.'0 1 1

r_/fm
ms

Fig. 1 CSHF energy as a function of the point mass 7, for
*"Ca evaluated in 9 major oscillator shells with 10 A-

orbitals.

Fig. 1 clearly shows that there is virtually no
difference in the results with and without A’ s at
equilibrium. It is seen that without the A-degree of
freedom in the system, Epyr increases steeply to-
wards zero binding energy under compression.
When the transition to A is allowed, the nucleus

remains bound as density is increased to 5. 26 of

normal density. Considering only the nucleons,
the volume (based on the root mean square radius)
of nucleus decreases by about 31%, the binding
energy will be about 160, 88 MeV with the inclu-
In other words, this

shows about 282. 96, and 122. 08 MeV of excita-

sion of the A-excitations.

tion energy to achieve a 31% volume reduction in
the nucleon-only results, and nucleons and A"’ s
results, respectively.

It appears that from the above results, 122. 08
MeV of excitation energy is enough to reduce the
volume by 31% and the energy by 36 % more. The
results show that there is a significant reduction in
the static compression modulus for RSC static
compressions which is reduced by including the A
excitations. The consequence of this reduction is a
softening of the nuclear equation of state at larger
compression. To see the role of A in determining
the equation of state, Fig. 1 shows the dependence
of the Eyr on the compression characterized by the
7ms. 1t can be seen that near equilibrium (r.,, =
3.46 fm) all curves agree. Also, the inclusion of A
orbitals tends to decrease of Eyr for compressed
nuclei. The role of the A’s is less significant as the
7ms approaches the ground state value.

Fig. 1 shows that as the static load force in-
creases, the compression of nucleus with nucleons
only is less than the other nucleus with nucleons
and A’s.

The difference between the results of the Har-
tree-Fock binding energy obtained in this work and
those in Refs.[1, 24—26] is the size of the
nucleon model space, the number of the A orbitals
included, different potentials and more compres-
sion, and also it is worth mentioning that at equi-
librium (no constraint) in " Ca, it was not found
any mixing between nucleon states and the A
states. As same as in Refs. [1, 24—26], all curves
of Eyr agree near equilibrium (r.,, = 3. 46 fm).
This implies that the results for the system at
equilibrium don’t depend on model space. In com-

parison with the results in previous studies™ ** 2%,
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current results are consistent with the results ob-
tained for '"Ca for Eye. The results of the Hartree-
Fock energy without comparison and the behavior
of curves for nucleons only and nucleons+ A’s are
the same for both the six and nine shells'’’. The
static compression modulus is decreased signifi-
cantly by enlargeing the nucleon model space. The
current results display more compression than pre-

27261 The results show that there

vious studiest’’
is a significant reduction in the static compression
modulus for RSC static compressions which are re-
duced by including the A excitations. The conse-
quence of this reduction is a softening of the
nuclear equation of state at larger compression.

In order to elucidate the role of the A’s as a
function of compression, the number of A’s
against r.,, radius was plotted in Fig. 2. The total
number of A’s, the number of AT ’s and A’’s are

plotted separately.

24
A =AT+AY

~ 18} ¥Ca
< {9 shells)
T
=]
B 12
E hY
z i

0.6 Aor At

0 2.0 24 28 32 3.6

Fig. 2 Number of A’s as a function of 7., for **Ca in 9 ma-
jor shells model space. The upper curve is for the total
number of A’s. The sold curve is for the number of

A", and the dashed curve is for A",

In Fig. 2, the number of deltas increases
rapidly as volume decreases. When the nucleus
volume is reduced to about 81% of its volume at
equilibrium, the number of deltas is increased to
about 5. 8% of all constituents of “Ca. It is inter-
esting to note in Fig. 2 that the number of A°’s and
A" ’s are the same. This is due to the fact that the
number of neutrons is equal to the number of pro-

tons in **Ca nucleus.

Although there is a rapid rise of the A-popula-
tion as compression increases, the change in the
total number of A’ s does not exceed 0. 058 in
Fig. 2. Is this a reasonable amount of A popula-
tion? To examine this issue, it is interesting to
note that there is a consistency of the amount of N-
A mixing with the amount of excitation energy ex-
hibited with compression. That is, for example,
when 0. 058 A’s are presented, the excitation ener-
gy is in the order of 0. 058 (M—m)=17. 23 MeV.
Thus, on the scale of the unperturbed single-parti-
cle energies (including the rest mass of the
nucleons and deltas), a substantial fraction of the
compressive energy is delivered, through the N-A
and A-A interactions, to create more massive
baryons in the lowest energy configuration of the
nucleus. By other words, the number of A’s can
be increased to about 2. 33 at r,ns=1. 99 fm which
corresponds to about 5. 26 times the normal
density.

Fig. 2 shows that the number of created A’s
increases sharply, when **Ca nucleus compressed
to a volume of about 0. 81 of its equilibrium size.
However, at this nuclear density, which is 5. 26
times the normal density, the percentage of
nucleons converted to A is only about 5.8% in
Y Ca.

The numbers of A" ’s and A””’s are the same
for both the six and nine shell as shown in Fig. 2 in
the present work and Ref. [1]. If one compare the
current results of Fig. 2 with Fig. 8 of Ref. [25],
then the number of A’s is decreased by increasing

model space as seen from Table 2.

Table 2 The number of A’s is calculated with H.; (RSC)

Number of Ref. [25] Our results
A’s is 0. 09 (6 shells) (9 shells)
Fems/fm 3. 26 2.55

One potential consequence of this result is that
it could represent a collective mechanism for “Sub-
That is, in “ Sub-

threshold” pion production.

threshold” pion production experiments between
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colliding nuclei where the bombarding energy per
nucleon is below that needed to produce pions in N-
N collisions. If the collisions produce isothermal
compression, then the A’s are populated and re-
laxation could occur by decay of the A’ to a
nucleon and a pion. These calculations support a
collective mechanism for subthreshold pion produc-
tion.

In the relativistic heavy-ion collisions, the nu-
cleus that can more easily penetrate when the A
degree of freedom becomes explicit is implied by
Fig. 1.

space, the calculations for higher densities are

Because of the limitations of the model

more speculative. Nevertheless it can give us some
idea about how the A population can be increased
as the nucleus is compressed to higher densities
accessible to relativistic heavy-ion collisions. The
results shown in Figs. 1 and 2 are consistent with
the results extracted from relativistic heavy-ions
collisions® 1.

Fig. 3 displays the radial density distributions
of protons, neutrons, total radial density at equi-
librium for "“Ca state without any compression
with point mass radius 7., = 3. 46 fm in a model
space of nine major oscillator shells with A excita-
tion restricted to the ten orbitals: 0psszs 0pi/zs
Ods;ns Odssns Of728 Ofsos 1psps 1pias 0gosns
0g7/2. It can be seen from this figure, there is no a
radial density distribution for A at the ground state
of "Ca nucleus without any compression. The ra-

dial density distributions have inverse relation with

square of the radius.

.I(I(“EI
(9 shells)
r_ =3.46 fm

Equilibrium state

p / (baryons/fm?)

]

r/ fm

Fig. 3 Total pr, proton p, (solid line), and neutron p,
(dashed line) radial density distributions for **Ca at
equilibrium state without any compression in a model

space of nine major oscillator shells.

Fig. 4 shows the radial density distribution for
neutrons p,s protons p,, deltas p,, and their sum
orr as a function of the radial distance from the
center of the nucleus at large compression in a
model space of nine major oscillator shells. The p,
is scaled by a factor of 5 to make it visible on the
same scale as p, and p,. From this figure, the neu-
tron radial density is higher than the proton density
at all values of . This is due to Coulomb repulsion
between the protons. The A-radial density distri-
bution, under high compression (point mass 7., =
2.54 fm), reaches a peak value of about 0.01 of
the proton (or neutron) radial density at »=2. 20
fm. A-mixing with the nucleons in the 0ps .,
O0pizs Odsies Odsses Of72s Ofsns 1pss 1pies
0g¢/2» and 0g;,, orbitals occurs and this explains
the shape of the A-radial distribution presented in
Fig. 4.

7
6
~ | Wi
é B I (9 shells)
E 4 r. =2.54 fm
=
g 3
L=
e, 2 (Scaled
F P, (5caled
< 1 by Factor 5)
|- e
(] 1 L 1
0 2 4 6 8 10
r/fm

Fig. 4 Total pr, proton p, (dashed line), neutron p, (solid
line) , and delta p, (dotted line) radial density distribu-
tions for **Ca at point mass 7, = 2. 54 fm in a model

space of nine major oscillator shells.

Fig. 5 displays the radial density distributions
of ""Ca evaluated of the about 0. 19 reduced volume
( reme= 1.99 fm). In this case, the A-radial densi-
ty distribution reaches a peak value of about 0. 26
of the proton radial density. The peak value of the
radial density distribution for A appears at about 2
fm for both the six and nine shills'"’.

It can be seen from Figs. 4 and 5, as compres-
sion increases the total radial density increases and

the radial density distribution of A’ s increases

sharply, but radial density of nucleons decreases
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sharply. This suggests that the less dense outer
part of the nucleus initially responds to the exter-

nal load more readily than the inner part.

:“ .Ier(-‘a
g (9 shells)
Z r_ =199 fm
o
&
o
=,
a
6 8 10

r/ fm

Fig. 5 Total pr, proton p, (dashed line), neutron p, (solid
line), and delta p, (dotted line) radial density distribu-
tions for " Ca at point mass 7= 1.99 fm in a model

space of nine major oscillator shells.

Clearly, the density in the interior rises rela-
tive to the interior density at equilibrium as one
compresses the nucleus. This is in contrast to the
behavior of the radial density on the outer-surface,
where the radial density distribution is higher at
equilibrium than the radial density when the static

load is applied.

6 Conclusions

In the CSHF approximation the ground state
properties of "Ca have been investigated at equilib-
rium and under static compression. In model space
consisting of nine major oscillator shells with A
resonances of nucleons restricted to ten A orbitals,
the sensitivity of the results to the choice model
space is examined.

The A degree of freedom is gradually popula-
ted as the nucleus is compressed. The number of
A’s is decreased by increasing model space. Large
amount of the compressive energy is delivered to
create massive A in the nucleus. There is a signifi-
cant reduction in the static compression modulus
for RSC static compressions which is reduced by
including the A excitations. The static compression

modulus is decreased significantly by enlarge the

nucleon model space
Finally, if the static load force increases, then
the compression of nucleus with nucleons only is

less than the nucleus with nucleons and A’s.
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