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How Reliable is the Mean-Field Nuclear Matter

Description for Supporting Chiral E�ective Lagrangians?
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The link between non-linear chiral e�ective Lagrangians and the Walecka model description of bulk
nuclear matter is questioned. This fact is by itself due to the Mean Field Approximation (MFA)
which in nuclear mater makes the picture of a nucleon-nucleon interaction based on scalar (vector)
meson exchange equivalent to the description of a nuclear matter based on attractive and repulsive
contact interactions. We present a linear chiral model where this link between the Walecka model
and an underlying to chiral symmetry realization still holds, due to MFA.

Recently, a chiral e�ective Lagrangian description
of nuclear matter has been suggested [1]. Such a pro-
posal was based on adding a four-fermion Lagrangian
term to a general Lagrangian proposed by Weinberg
[2], describing the interactions of pions and nucleons in
which the spontaneously broken SU(2) x SU(2) chiral
symmetry is non-linearly realized. In short, the con-
structed non- linear chiral Lagrangian is

LNLC = LWeinberg + L4�N ; (1)

where

L4�N =
1

2
G2

s(
�  )2 �

1

2
G2

v(
� 
� )

2 ; (2)

It turned out from that study that, at the mean-�eld
level, the equations of state for this model are nothing
but those obtained from the standard Walecka model
[3] for in�nite nuclear matter. Therefore, one gets the
picture of a connection between a non-linear chiral La-
grangian and a baryonic phenomenological model. At
the level of mean-�eld this is correct. In order to un-
derstand how far we can proceed beyond this picture it
is important to see where all this comes from.

To study the properties of hadronic matter, Walecka
[3] proposed a simple renormalizable model based on
�eld theory, which is often referred to as Quantum
Hadrodynamics (QHD). In this model nucleons inter-
act through the exchange of � and ! mesons, with �
simulating medium range attraction and ! simulating
short-range repulsion. The usual approach to solve
this model is the mean �eld approximation (MFA), in

which the meson �elds are replaced by their expecta-
tion values. A curious aspect of this model is that the
scalar (vector) m� (m!) masses and g� (g!) coupling
constants in the equations of state for in�nite nuclear
matter are eliminated in favour of C2

� = g2�M
2=m2

�

and C2
! = g2!M

2=m2
! [4]. Since C2

� and C2
! are �tted

to reproduce the nuclear matter bulk properties, values
of m� and m! become irrelevant. It means that this
model cannot distinguish between arbitrary values for
the mesonic masses. Such arbitrariness can be extended
to include in�nite mesonic masses. If this is the case
, one is led to the situation where the interaction be-
tween the nucleons is zero-range. By using attractive
and repulsive contact interactions it is easy to show
that the above conjecture is correct and therefore, a
Zero Range Model (ZRM) is equivalent to the Walecka
model for in�nite nuclear matter at the MFA level. It
means that, if we start with
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where  's are baryonic �elds, we arrive at the same
equations of state of the Walecka model if one just mul-
tiplies by M2 the coupling constants. This strange pic-
ture is therefore constructed from MFA itself applied
for in�nite nuclear matter, and has nothing strictly to
do with chiral invariance. The Lagrangian given by
Eq.(1) and the Lagrangian given by Eq.(3) lead to the
same equations of state obtained from the Walecka La-
grangian at MFA level for in�nite nuclear matter. They
do not di�er at the MFA level when surfaces e�ects
are not included. Further distorted pictures could be
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obtained also for the self-coupling nonlinear � � !
model [5,6], if one adds terms such as a( �  )3 and
b( �  )4 to the above Lagrangian which in this model
become pure three- nucleon-and four-nucleon-forces re-
spectively. A modi�cation of the Walecka model, in-
cluding higher orders of many-body forces, as suggested
by Zimanyi and Moszkowski [7-9] also becomes equiva-
lent to ZRM for in�nite nuclear matter in MFA if one
replaces G2

s in Eq. (3) by G2
s = ( 1 + ( �  )=M ).

To illustrate still further the risks of associating
chiral symmetry to the Walecka model we show be-
low that within MFA one cannot even distinguish if
this symmetry is realized in a non-linear [1] or linear
form. We start with the well-known Nambu-Jona-
Lasinio(NJL) model [10], which has a linear realization
of chiral symmetry. We include a vector interaction
in a current-current form and the Lagrangian remains
invariant under a linear chiral transformation of the
baryon �eld  
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For static, in�nite nuclear matter, the three-vector
momentum and spin dependent interaction average to
zero due to rotational symmetry and the Lagrangian
reduces to [11]
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which is identical to that of Eq. (3) , except for the
baryonic mass term. In the MFA, we linearize the in-
teraction in Eq. (3) by closing the Fermi loop [12].
It means replacing ( � ��  )

2 by 2 � ��  h � �� i. In
nuclear matter we have only ��= 1 and 
o. Here
h � �� i is the vacuum (ground state) expectation value
of the operators. For a Lorentz-invariant and parity-
conserving vacuum, the only non-vanishing term is
h �  i.

So, in the same spirit of the dynamical quark mass
generation mechanism of the NJL model [13], we can
associate the nucleon rest mass M to

M = �G2

sh
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therefore obtaining a mean �eld Lagrangian identical
to the ZRM model in MFA
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(7)

where now h � �� i means the expectation value of
these operators in the nuclear matter ground state (all
the nucleon states �lled up to Fermi momentum) and


 stands for the degeneracy factor equal to four. By
looking at the problem in this perspective we have in-
troduced a constraint, as in the standard NJL model.
Thus, in order to have a non trivial nucleon mass so-
lution for the Eq. (6), the coupling constant G2

s must
be greater than a critical value Gcrit = (4�2)=(
 �2).
Here � is the cut-o� which �xes the bare nucleon mass
M given by the gap equation

1 � C2

s
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where we have identi�ed G2
s to the Walecka coupling

constant C2
s=M

2 and x = k=M is a dimensionless
variable. By �xing M=938.27 MeV and the value of
C2
s which gives the correct nuclear matter saturation

properties [14,15] we have obtained � = 328:5MeV.
Then, Eq.(7) will give also the same equation of state
of the Walecka model, but now the chiral symmetry
is 'realized' in a linear way. We are aware that our
drawback to this chiral approach is the existence of
a zero-frequency mode, the Nambu-Goldstone boson,
which in this case is a pseudoscalar-isovector nucleon-
antinucleon mode that we cannot identify to the pion.

In summary, all the arguments we have presented
stress the diÆculties of extracting , from a nuclear
matter description at the MFA level, a justi�cation of
Walecka model coming from recent chiral e�ective La-
grangians [16]. To be more speci�c, if one adds to the
Weinberg Lagrangian [2] the four-nucleon term, at the
MFA level one arrives at a equivalent Walecka model as
presented in ref. [1]. However, if we add any other term
involving �eld derivatives which explicitly breaks the
chiral symmetry we arrive also at an equivalent Walecka
model. We have shown that the same procedure may
be extended to a model where the chiral symmetry can
be realized linearly. To conclude, we believe that what
is in fact behind all of this is the fact that the MFA of
Walecka model for in�nite nuclear matter gives simply
the same results of ZRM. We claim that is more appro-
priate and consistent to think just about a distorted
picture furnished by MFA than to claim any chiral re-
alization of hadronic phenomenological model. In this
approximation, the pion which realizes the non-linear
chiral symmetry cannot couple to the nucleons. So, the
only way to conclude something about chiral e�ective
Lagrangians describing bulk nuclear matter properties
is to go beyond this approximation, where the identi�-
cation with the Walecka model description will be lost.
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