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Expanding the nonlinear coupling constant in the derivative coupling model
and the analysis of the effective nucleon mass

Song Shu* and Jia-Rong Li
Institute of Particle Physics, Hua-Zhong Normal University, Wuhan 430079, People’s Republic of China

~Received 19 September 2002; published 11 December 2002!

In light of the derivative coupling model, we make an expansion of the nonlinear coupling constant, and
calculate its effective nucleon mass at different orders. The varying characteristic of the effective nucleon mass
at these orders is discussed and its physical meaning is interpreted. We find that the mechanism of phase
transition at high temperature in the Walecka model is suppressed in the derivative coupling model.
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In recent years, the properties of hadronic matter at fin
temperature have remained an active area of investiga
@1–3#. The quantum hadrodynamics model~QHD!, proposed
by Walecka, has proved to be a successful model in this
@4#. In this model, the interaction between nucleons is me
ated by the exchange ofs and v mesons. Thes meson is
simulated as a long-range attraction, while thev meson is
simulated as a short-range repulsion. This simple model
curately describes the properties of nuclear matter and fi
nuclei. For example, it gives the binding energy and satu
tion density of nuclear matter, and it explains the noncen
spin-orbit splitting of finite nuclei in a more natural way.
also predicts that there is a liquid-gas phase transition
nuclear matter at low temperature (T,20 MeV). However,
this model has its shortcomings. One of them is that
effective nucleon mass in nuclear matter at moderately h
density and/or temperature becomes very small, or e
negative ifD particles are included@5#. In order to avoid this
problem, Zimanyi and Moszkowski have proposed the
rivative coupling model~also called the ZM model! @6#. In
this model, they have introduced a nonlinear effective sc
coupling constant between nucleon ands meson. This modi-
fication has corrected the defect of effective nucleon mas
the Walecka model. Recently, variations of the ZM mod
have already been applied to investigate many physical p
lems, such as, multilambda matter properties@7#, neutron star
@8#, D excited nuclear matter@9# as well as some thermody
namical properties of nuclear matter@1,10#.

In the study of nuclear matter at finite temperature,
important problem is how the effective nucleon ma
changes in medium. By applying the ZM model, many a
thors have discussed the temperature and density depend
of the effective nucleon mass@1,11#. Although the ZM model
has improved the effective nucleon mass, it is still not cl
how the nonlinear coupling constant changes the effec
nucleon mass. The main purpose of this Rapid Commun
tion is to discuss the mechanism of how the effective nucl
mass has been modified by expanding the nonlinear coup
constant and study them order by order.

Since the ZM model has been discussed in de
in past literature@1,6,11#, here we just write down its
Lagrangian@6#,
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L5c̄ igm]mc2c̄~M2m* gss!c2gvc̄gmcvm

2
1

4
FmnFmn1

1

2
mv

2 vmvm1
1

2
~]ms]ms2ms

2s2!,

~1!

in which

m* 5F11
gss

M G21

; ~2!

c, s, and v are the fields of nucleon,s, and v mesons,
respectively. M is the nucleon mass andFmn5]mvn

2]nvm . After the mean field approximation,s→s̄, vm

→dm0v̄0, and through finite temperature field theory, w
could derive the partition functionZ of the system. Consid-
ering the thermodynamic relationp5TlnZ, we obtain the
pressure

p5
4T

~2p!3E d3k@ ln~11e2b(E* 2m* )!1 ln~11e2b(E* 1m* )!#

1
1

2
mv

2 v̄0
22

1

2
ms

2 s̄2, ~3!

in which E* 5Ak21M* 2, and

M* 5M2m* gss̄, ~4!

m* 5m2gvv̄0 . ~5!

T is the temperature,m is the chemical potential. Throug
the use of Gibbs’s relation for thermodynamic equilibrium
one can get the self-consistency equations ofs̄ and v̄0 by
maximizingp with respect tos̄ andv̄0, respectively@12#. So
we can get

]M*

]s̄
r1ms

2 s̄250, ~6!

v̄05
gv

mv
2

rB , ~7!
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in which rB is the net baryon density;r is the scalar density
which is related to the total baryon density,

r5
4

~2p!3E d3k
M*

E*
~nk1n̄k!, ~8!

rB5
4

~2p!3E d3k~nk2n̄k!, ~9!

wherenk and n̄k stand for the Fermi-Dirac distribution fo
baryons and antibaryons, respectively. These equations c
be solved self-consistently to determine the effective nucl
mass M* . As is known, m* 5(11gss/M )21, here for
small gss̄/M , we could expandm* in power series. Then
from Eq. ~4! we can get

M* 5M2gss̄1
~gss̄!2

M
2

1

2!

~gss̄!3

M2
1•••. ~10!

So Eqs.~6! and~7! could be solved up to different orders o
s̄ at certainT andm. Here we only discuss the temperatu
dependence ofM* under the case ofrB50. So only Eq.~6!
need be solved at givenT. For coupling constant, we se
gs57.62 andgv56.41@1#. Then we could plot the curves o
M* versusT at different orders.

It is obvious that, whenM* is expanded to the first orde
the case corresponds to the Walecka model, while at the

FIG. 1. The effective nucleon mass as a function ofT for ZM
and Walecka models atm50.

FIG. 2. The effective nucleon mass as a function ofT at m
50. ‘‘2nd’’ stands for expanding to the second order; ‘‘3rd’’ mea
expanding to the third order. The curve between them correspo
to the ZM model.
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finite order it corresponds to the ZM model. So the Z
model is preferable to the Walecka model mainly becaus
accommodates for the higher orders ofs̄. In Fig.1, in the
Walecka model,M* suddenly drops to a very low value a
moderately high temperature, while in the ZM model,M*
declines in a smooth way and will not drop very low@1#.
WhenM* is expanded to the second order,M* falls mono-
tonically and smoothly with temperature as shown in Fig.
While at moderately high temperature, it goes up and se
rates with the curve of the ZM model. When it is expand
to the third order, again,M* will drop to a very low value,
but in a nonmonotonical way. WhenM* is expanded to
higher orders, we find that the varying characteristic ofM*
will switch between these two varying types. That is to s
when M* is expanded to the even order,M* will drop
slowly, and will approach the curve of the ZM model at th
infinite order; when expanded to the odd order,M* will drop
to a very low value in a nonmonotonical way, however, at
infinite order it will also approach the curve of the ZM
model. At the same time, the nonmonotonically falling p
disappears. This is shown in Fig. 3.

Now we are in a position to discuss the related phys
When M* is expanded to the first order, from Eq.~10!, s̄
will increase as temperature, increases whileM* decreases.
At certain high temperatures,s̄ gets large very quickly and
leadsM* suddenly drop to a very low value. WhenM* is
expanded to the second order, it will decrease smoothly. T
means the second order ofs̄ plays the role which preventss̄
increase so quickly at certain high temperatures. So the e
of the second order is opposite to that of the first order. A
the third order will be opposite to the second order, and
on. Now let us take a look at the interaction Lagrangian os
meson and nucleon,

Lint5gssc̄c2
~gss!2

M
c̄c1

1

2!

~gss!3

M2
c̄c2•••.

~11!

If we only consider the first order, it is a Yukawa couplin
and results in an attractive force between nucleons. As m
tioned above, the effect of the second order is opposite
that of the first order. It shows a repulsive force. Again t

ds

FIG. 3. The effective nucleon mass as a function ofT at m
50. ‘‘10th’’ stands for expanding to the tenth order; ‘‘11th’’ mean
expanding to the eleventh order. The curve between them co
sponds to the ZM model.
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third order gives the attractive force, and so on. From
view of the interaction between nucleons throughs field, we
can see that the two different characteristics ofM* are the
result of two forces, attraction and repulsion, competing w
each other. If the attraction dominates, the effective m
will drop very low. If the repulsion dominates, the effectiv
mass will be lifted up and drop slowly. When it goes to t
infinite order, the final result corresponds to the ZM mod

It is important to note that whenM* is expanded to the
odd order,M* always drops in a nonmonotonical way. As
known from the Walecka model, at high temperature, ther
also a first order phase transition from high density to l
density@3#, and it has also been shown that at the two pha
coexistent area, the self-consistence equation of effec
nucleon mass has multiple solutions which correspond to
effective nucleon mass at high density phase and low den
phase, respectively. Here the nonmonotonical decline ofM*
suggests there is a phase transition at high temperature
this nonmonotonically falling part is greatly pushed dow
ward at high orders and finally disappears in the ZM mod
This fact can explain why there is no phase transition in
ZM model at high temperature. It is because this phase t
sition mechanism has been suppressed and is not manife
In order to make it clear, we pay attention to Fig. 2. Wh

FIG. 4. The pressurep as a function of the scalar densityr at
T5200 MeV when expanding to the third order.
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M* is expanded to the third order ofs̄, it is shown that, at
high temperature,M* drops nonmonotonically with tem
perature. This means there is a phase transition. LeT
5200 MeV, then solving Eqs.~6! and ~7! self-consistently
and together with the Eq.~3!, we could plot the isotherm o
pressure versus the scalar density and the effective nuc
mass as a function of chemical potential as shown in Fig
and 5. Here we can see this phase transition at high temp
ture is analogous to that in the Walecka model. As in hig
orders, this phase transition will be suppressed. Finally, w
it approaches the ZM model, it disappears.

In summary, in this Rapid Communication, through e
panding the nonlinear coupling constant in the ZM mod
we discuss the characteristics of the effective nucleon m
with variations in temperature. We find there are two effec
attraction and repulsion, in the expanding terms, and th
competing results in two varying characteristics ofM* . The
final result is the case of the ZM model. From our discussi
it is also seen that the mechanism of phase transition at
temperature that occurs in the Walecka model is comple
suppressed in the ZM model. There is no phase transitio
the ZM model at high temperature.

This work was supported in part by the National Natu
Science Foundation of China with Grant No. 10175026.

FIG. 5. The effective nucleon mass as a function ofm at T
5200 MeV when expanding to the third order.
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