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Expanding the nonlinear coupling constant in the derivative coupling model
and the analysis of the effective nucleon mass
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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 finite T Bl T M — m* P u
temperatureyhave remgingd an active area of investigation L=y d™y =y (M= m7g,0) = Gu iy,
[1-3]. The quantum hadrodynamics mod@&HD), proposed 1 ) ) 1 » 5
by Walecka, has proved to be a successful model in this area — g Fw k" sm w0t 45 (9,00 0 —mio®),
[4]. In this model, the interaction between nucleons is medi-
ated by the exchange of and w mesons. Ther meson is (1)
simulated as a long-range attraction, while themeson is

simulated as a short-range repulsion. This simple model ac” which
curately describes the properties of nuclear matter and finite 9,011
nuclei. For example, it gives the binding energy and satura- m*=|1+ I(t/l ; ©

tion density of nuclear matter, and it explains the noncentral

spin-orbit splitting of finite nuclei in a more natural way. It o, and o are the fields of nucleony, and @ mesons
also predicts that there is a liquid-gas phase transition Oespectively. M is the nucleon mass an®,,=d,,

nuclear matter at low temperaturé<<20 MeV). However, ; h field S
this model has its shortcomings. One of them is that the dyw, . After the mean field approximatiory—o, e,

effective nucleon mass in nuclear matter at moderately high~ d,0wo, and through finite temperature field theory, we
density and/or temperature becomes very small, or evegould derive the partition functiod of the system. Consid-
negative ifA particles are includefb]. In order to avoid this  €ring the thermodynamic relatiop=TInZ, we obtain the
problem, Zimanyi and Moszkowski have proposed the depPressure

rivative coupling modelalso called the ZM modg[[6]. In

this model, they have introduced a nonlinear effective scalar
coupling constant between nucleon angneson. This modi- = (2m)3
fication has corrected the defect of effective nucleon mass in

the Walecka model. Recently, variations of the ZM models 1 ,— 1 ,—
have already been applied to investigate many physical prob- + 2 M@0 g ©)
lems, such as, multilambda matter properfi@s neutron star

[8], A excited nuclear mattd®] as well as some thermody- in which E* = Jk?+M*2, and

namical properties of nuclear mat{elr,10].

In the study of nuclear matter at finite temperature, an M* =M —m* gU;, (4)
important problem is how the effective nucleon mass
changes in medium. By applying the ZM model, many au-
thors have discussed the temperature and density dependence
of the effective nucleon ma$$, 11]. Although the ZM model T s the temperaturey is the chemical potential. Through
has improved the effective nucleon mass, it is still not cleathe use of Gibbs's relation for thermodynamic equilibrium,
how the nonlinear coupling constant changes the effectlv%ne can get the self-consistency equations;aind go by

nucleon mass. The main purpose of this Rapid Communica- .~ ith > ando. Vel 12l S
tion is to discuss the mechanism of how the effective nucleoﬁnax'm'z'ngﬂoWIt respect tar andw,, respectivelf12]. So

mass has been modified by expanding the nonlinear coupling® ¢an get
constant and study them order by order.

fd3k[|n(1+e*ﬁ<E**M*>)+|n(1+e*ﬂ<E*+M*>)]

p* = pn—g,0. 5

Since the ZM model has been discussed in detail 2 2
. . . ) ; —p+m_o“=0, (6)
in past literature[1,6,11, here we just write down its Jo
Lagrangian 6],
— Qo
wo=—2 pa, @
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FIG. 1. The effective nucleon mass as a functionTdbr ZM FIG. 3. The effective nucleon mass as a functionToat u
and Walecka models at=0. =0. “10th” stands for expanding to the tenth order; “11th” means

expanding to the eleventh order. The curve between them corre-
in which pg is the net baryon density; is the scalar density sponds to the ZM model.

which is related to the total baryon density,
finite order it corresponds to the ZM model. So the ZM

4 f 3kM* — g model is preferable to the Walecka model mainly because it
P~ 2m3 E* (Mt N, ®  accommodates for the higher orders @f In Fig.1, in the
Walecka modelM* suddenly drops to a very low value at
4 - moderately high temperature, while in the ZM modél}
pp= f d3k(ne—ny), (9)  declines in a smooth way and will not drop very Igw].
(2m)* WhenM* is expanded to the second ordkt} falls mono-

_ tonically and smoothly with temperature as shown in Fig. 2.
where Ny and Nk stand for the Fermi-Dirac distribution for While at moderate|y h|gh temperature, it goes up and sepa-
baryons and antibaryons, respectively. These equations couleltes with the curve of the ZM model. When it is expanded
be solved self-consistently to determine the effective nucleoky the third order, agairyi* will drop to a very low value,
massM*. As is known, m*=(1+g,0/M)~*, here for pyut in a nonmonotonical way. WheNl* is expanded to
small g,o/M, we could expandn* in power series. Then higher orders, we find that the varying characteristidvigf

from Eg. (4) we can get will switch between these two varying types. That is to say,
o _ when M* is expanded to the even ordev]* will drop

. — (g,0)%> 1 (g,0)3 slowly, and will approach the curve of the ZM model at the
M*=M=g,0+ —y—= 51 M2 - (10 infinite order; when expanded to the odd ordéf; will drop

to a very low value in a nonmonotonical way, however, at the
So Eqgs.(6) and(7) could be solved up to different orders of infinite order it will also approach the curve of the ZM

- at certainT and u. Here we only discuss the temperature model. At the same time, the nonmonotonically falling part

_ disappears. This is shown in Fig. 3.
dependence di1* under the case gig=0. So only Eq(6) i I . .
need be solved at givel. For coupling constant, we set Now we are in a position to discuss the related physics.

g,=7.62 andy,, = 6.41[1]. Then we could plot the curves of WhenM?* is expanded to the first order, from EQ.0), o
M* versusT at different orders. will increase as temperature, increases wMI& decreases.
It is obvious that, wheiM* is expanded to the first order, At certain high temperatures; gets large very quickly and

the case corresponds to the Walecka model, while at the ileadsM* suddenly drop to a very low value. Whén* is
expanded to the second order, it will decrease smoothly. This

means the second orderEprays the role which preveng
800 increase so quickly at certain high temperatures. So the effect
2nd of the second order is opposite to that of the first order. And
= 600 : : :
> the third order will be opposite to the second order, and so
g M . . .
Z 100 on. Now let us take a look at the interaction Lagrangiawr of
5 meson and nucleon,
200 3 rd ) 5
ro—aogy G = 1 (Ge0)
0 = Qoo N gy
0 100 200 300 400
T (MeV) (1)

FIG. 2. The effective nucleon mass as a functionTofit u If we only consider the first order, it is a Yukawa coupling
=0. “2nd” stands for expanding to the second order; “3rd” means and results in an attractive force between nucleons. As men-

expanding to the third order. The curve between them correspondéoned above, the effect of the second order is opposite to
to the ZM model. that of the first order. It shows a repulsive force. Again the
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FIG. 4. The pressurp as a function of the scalar densityat FIG. 5. The effective nucleon mass as a functionuofat T
T=200 MeV when expanding to the third order. =200 MeV when expanding to the third order.

M* is expanded to the third order of it is shown that, at

third order gives the attractive force, and so on. From thehigh temperatureM* drops nonmonotonically with tem-
view of the interaction between nucleons throughield, we  yeraqyre. This means there is a phase transition. Tet
can see that the two different characteristicdvof are the =200 MeV, then solving Eq(6) and (7) self-consistently

result of two forces, attraction and repulsion, competing with, 4 together with the Eq3), we could plot the isotherm of

each other. If the attraction dominates, the effective masgessyre versus the scalar density and the effective nucleon
will drop very _Iow. If the repulsion domlnates,_the effective ,ass as a function of chemical potential as shown in Figs. 4
mass will be lifted up and drop slowly. When it goes to the 54 5 Here we can see this phase transition at high tempera-
infinite order, the final result corresponds to the ZM model. ;e is analogous to that in the Walecka model. As in higher

It is important to note that wheM* is expanded to the g qers; this phase transition will be suppressed. Finally, when
odd orderM* always drops in a nonmonotonical way. As is approaches the ZM model, it disappears.

known from the Walecka model, at high temperature, there is |, summary, in this Rapid Communication, through ex-

also a first order phase transition from high density to |°Wpanding the nonlinear coupling constant in the ZM model,
density[3], and it has also been shown that at the two phasege discuss the characteristics of the effective nucleon mass

coexistent area, the self-consistence equation of effectivgi variations in temperature. We find there are two effects,
nucleon mass has multiple solutions which correspond to thﬁttraction and repulsion, in the expanding terms, and their

effective nucleon mass at high density phase and low dens'té’ompeting results in two varying characteristics\of . The

phase, respectively. Here the nonmonotonical declifédf  fina) result is the case of the ZM model. From our discussion,
suggests there is a phase transition at high temperature. Byt 5150 seen that the mechanism of phase transition at high

this nonmonotonically falling part is greatly pushed down-iemperature that occurs in the Walecka model is completely
ward at high orders and finally disappears in the ZM modelgpnressed in the ZM model. There is no phase transition in
This fact can explain why there is no phase transition in th,e 7M model at high temperature.

ZM model at high temperature. It is because this phase tran-
sition mechanism has been suppressed and is not manifested.This work was supported in part by the National Natural
In order to make it clear, we pay attention to Fig. 2. WhenScience Foundation of China with Grant No. 10175026.
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