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ABSTRACT

The effect of the guark structure of the nucleon on
nuclear matter properties is investigated within a o-w-g
model. We have found that in order to reproduce the known
properties of normal nuclear matter, the mass of the scalar
meson must decrease with incteasing nuclear density, in aecord

with the recent fihding of Bernard, Meissner and Zahed,
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Relativietic'descriptién'of nuclear structure and
reactions; within Quantum ‘Hadrodysamics “{QHD) has’ been greatly
developed during the last’ several years]);' In such a theory
mesons appear explicitly together with the nucleons, with the
Dirac equation used to describe the latter’'s motion. Both
mesons and nucleons, however,_are treated as_ structureless
Although several major advantages over the convent;onal non-
relativistic theory with efﬁective_two—body interactions have
been clearly demonstrated, it is expeeted, towever, that .certain
nuclear observables-may eventually call for the mesen and nucleon
substructure for their exglanatidn,;thdsii;e&uiring .g_mej;t'”
revision of QHD. - C | V |

A partlcularly 1mportant questlon which bears on the

.above statementis how. the theory descrlbes nuclear matter

at high densities. This is an important issue both for astro—
physics in connectieon with supernovi explosions ‘and-nuclear
heavy-ioh reactions at relativistic .energies.

The purpose of :this Letter is to dnvestigate-the-
effect of quark substructure of ‘the-nucleon-on the -density
dependence of the physical: paraméters: entering QHD; : The - 00
theoretical framework we adopt here-is.-a : ¢-w: modsel
Lagrangian for the gquarks. [The interaction:.Lagrangian density:

is taken to .be
F{r—w)

Jﬁz :}%(Ziﬁb 4/5;7; (1)

o=
P
?g\ftk;
tha'
N
Ry




.3.

where . is the quark field and gg and. gg

are the scalar
meson and vector meson-quark coupling constants, respectively,

¢7and:1ff aré_sgalar.and_vector meson fields respectively.

Eg. (1) should be contrasted with the QHD eguation for the point.

nucleonm

/v(a'-— M)

Byﬂcomparing{ -1 .-and: 2, it becomes natural to make the identification

where the - (N|. |N) - matrix element are nucleon ground state
expectation valuesm_-The_model Lagrangian, Eg. (2) is véry

3) in their many=-body

close to that employed by Celenza et al.
soliton dynamics. The nucleon: emerges as a solitary -wave.
Confinement in this. model:-is -insured through the introduction
of a fictitious scalar xfmeson-coupled'to‘the guarks just like-
the ‘o . In our discussion below, we instead introduce an
ad-hoc term, ﬁq % {I+B)V(r)¢q » guaranteed to insure confinement

as demonstrated by Ferreira .and Zagury3).

N?E?% j <NIZ7D4’ /N> 7 (3)

'. ' : o 3 - | . ; '
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The quark field wave function wq(:} _is.obtained_

from the following Dirac equation

XM gl -tV (pum]y, e

Because of its .analytical simplicity we choose a .

harmdnic_oseilator form for the potential U{r) 3}

LL(r; u + = K 'r'?' : . - (6)

where UOV’ K and MO are qhosen to adjust the mass and a root

mean square radius of 0.85 fm for a free nucleon.

7 The staticnsolution'Eor'therfundamental_level of

the guark -inside the nuéleon isg giﬁen by

. f,or o | |
A
1 A Lr K/a N - :
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where,

f (r) = ‘-""F [— /K(E’ ] ’

and 3 Fkﬁz ]
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The effectlve enerqgy and effectlve mass for the
quark are defined by:
/ DN A “al 4 -
:_E"'avv : ) M, 35 4‘" " (9)

where E' is given by

'E/': N},’—rsl K B N T N
_ alesM?) '

We construct the internél nuélea;:waée Eunctiﬁnﬂas
a ;wm@trized producf of 'three independent quark Qave funcﬁions;

We now caltulate the effective nuciéon meson .
couplings by equating the cor;esponding Lagrgngeén iﬁtéraétion

4)

terms For the vector meson coupling we have, from Eg. {3):-

TV =9 le VY \/ ] > . an

3_\/ ~| /“ - t[':J gv< L— 1 -
Evaluating this expression in fhe C¢.M. of the nucleon, we obtain:
N~ 39% o (12)
gV = 33] -

Tﬁis simple result is due to the vector character of the

coupling and our independent guark model for the nucleon.

Using the same approach, we obtain for the scalar

'3._ 33‘1 [i 2. ETr ) _1_32

e - 3 gy

‘meson coupling

A

t (13).
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whére we haVe'ihfroducea; what‘Weﬁmay_caIlﬂtﬁe."caibﬁed"

" coupling constant,'g: r which takés into account the short -

range a—mescn.cohpling with-éll-other nuclgon'constitueﬁts

aside from the three valence gquarks, which contribute the first
tearm.  Note that there is no need for gs to.be added  to

. N R .
Eq. (12) sxnce gv is a constant

.We are now in a pos;txon to study the propertles
of the mesonjnuclepn system 1ns;de.nuqlea:_matter,_,-Befqrer__
presenting the results within ‘our model we first cite-those

obtained by Walecka within his first simple QHD calculation5).

.He finds for .the energy density'of-the’nuclear‘system ~the. .

féllowing

qu
am: 8 9.(3 )
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where kF is the Fermi momentum and M-M* is the difference

between the free and effective nucleon masses, given by

gsd). Minimizing - E with respect.toTM*, Walecka obtains the

- o
' F)} (15)

(16)

self consistency equation for . M* namely o

It is'a s;mple matter to repeat the above variational-
calculatxon glven the nucleon structure modified scalar ammﬂlng
constant Qf Eq.(S), whlch-cleaxly depends oh the variational
pa?amefei- M* fthrough the deﬁendehce'of the quark effective
maééfﬁﬁa'-EQL(9). 'en'the scalar field f>l= —%-(M—M*). As a
resuléfef'thié Caicuiétlon,we‘obtéin'a'new e%%ective o-nucleon .

coupling éohétaﬁﬁ; QN“,'givén by

~ 2
gn? S-N._,. ( 2?_’ (‘3_:;) 4M,., k E MNA(K +E )J .
—_— = : 3 L 1
mZ : G e > iﬁn )3-/ W‘(E M’)sj

and a new effective mass

¥ gy '*' +€
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In figure 1 we plot thé effective coupling constants,

”N/m and gN/ms vs the (nuclear-density)h?'s kF' for two

. values of the "colored" coupling constants, gg , which are

glven in the form of two values of the core radlus, e =

= 0.85 fm and 'r_ =0.5 fm. We observe in the figure;thét with

the meson-quark coupling 'ﬁ$= 3, §S/ms decreases appreciably
1

with k. At a nuclear matter density of kp = 1.44 fm |, it

attains a value of'?§13, much smaller than.the value of 17.4

obtained by walecka in Hié nuclear.metter.gélculation. Thus
nuclear matter responde strongly .t0' changing \
propertiesfof the nucleon. This findings contrgdicts some of
the assumptlons made- by Shakin and ccllaborators in their
5011ton descrlptlon of the nucleonz).

‘To restore nuclear matter to-its Fnormal“_bdxwiour!:
that is tu raise fhe value of qs/mE to 17.4, which wouldf
guaranhtee the_ normal. saturation properties, we are forced td ‘change
an'important pfoperty df;the g-meson, namely its mass. Thus.
we have repeated the variational calculation described above
with a densityfdependenu g-mesSon mass, mslkF} . We‘have
assumed a linear dependence on the densi_t).r, msckF)/”?;_(o%: i_z k;

The =self consistent calculation then gave rise to_the“dashed

‘curve in figure 1, with A=0.027. The effective nucleon

mass, for this value of X is found to be 0.56 M, quite close
to the acceptéd‘value.

_Anqther property of the-nucleon_which haé.attracted
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a lot of attention in the last few years is the apparent increase
of its effective size inside the nucleus This is an important
feature believed to underly the physics behind the EMC effectst
We_have calculated the ‘rms radius of the nucleon (rﬁ) wiﬁhin
our model, and have verified an appreciable increase with
increasing nuciear density. At nuclear matter dénsity there is
about a 6% increase in (rﬁ) over the free space value for A=0
and a Hﬁ increase with A=0.027. Thus the reduction in_the
mass of the c—méson at highe:'densities helps therndcleon
“attain a larger size, an important.propeitf requiréd in the EMC
_effect. |

The decreaée of mg with -k oEtained above, is

'very close to the behaviour, within the same range of k values,

7)

obtained by Berpard.et al. within the Nambu-Jona-Lasinio

modela). Our finding certainly supplies more evidence in favor
of a softer equacion of state of nuclear matter than that
obtained within the Walecka model, and contradicts the conclusion

of Horow1tz and Serotg)

about an 1ncrea51ng ms with increasing
nuc;ear dens;ty.

In conclusion, we have studied the response of
nuclear matter to changlng properties of the nucleon, using .a
model meson—3q—nucleon_coupleq system both in free épace and
in the medium. We have found that in order to reproduce the

known properties of normal nuclear matter the o-meson mass must

appreciably decrease with the nuclear density in accord with

10,
the recent finding of Bernard et a1.7). It would be important. .

to check how the gg structure of the g-meson affects the

result. This will be investigated in a future work.
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FIGURE CAPTION

1 - The effective oc-meson-nucleon coupling parameter
S

mwo Vs kF . Lower full curve represent the case with
s -

a constant m_ (k=0), whereas the upper full curve

is obtained.with m (A =0;02?) (see text). The long
dashed curve represents ;E (coupling in Eree.space};
All these curves were obtained with nucleon core .

radius of 0.85 fm. The middle curves correspond to

core radius of 0.5 fm; dashed-dotted, with m  (1=0.027)

- and small-dashed with m_ (A= 0} ..
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