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Hadron masses at finite density from the Zimanyi-Moskowski model
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The density dependence of hadron masses has been calculated from different versions of the Zim
Moskowski~ZM! model and the results have been compared with the Walecka model. The ZM model has
extended to include pions. The meson masses have been calculated in the random phase approx
self-consistently. Thes, v, andp masses are found to increase with density, as also in the Walecka mo
interestingly, it has been found that the abnormal increase of pion mass with density, which is found in
Walecka model, can be avoided in the ZM models.

PACS number~s!: 21.65.1f, 24.10.Jv
r

The description of the strongly interacting hadronic ma
ter at high energy should be based on a reliable relativis
model. It is required in such a model that the properties
normal nuclear matter be well reproduced. A large number
models has been proposed until now, but there does not
exist a consensus preferring any one model to the others.
behavior of different physical quantities coming out of the
models is found to vary widely, not only in magnitude bu
also qualitatively@1#. Such a physical quantity is the densit
dependence of hadron masses.

In this Brief Report we would like to calculate the densit
dependence of hadron masses from different versions o
newly proposed model: the Zimanyi-Moskowski~ZM! @2#
model. The model differs from the usual Walecka@3,4#
model only in the form of the coupling of the nucleon to th
scalar meson. As a result it yields the incompressibilityK
5224.49 MeV, which is much closer to the experiment
value (K5210630 MeV! @5# compared to the Walecka
model (K5534 MeV!, and a nucleon effective massM*
5797.64 at the nuclear matter saturation density (kF51.42
fm21!. The model is no longer renormalizable due to th
derivative coupling. But, the price is not too severe, since
is believed that the description of hadronic matter need o
be valid up to temperaturesT<200 MeV and densities
<5–6 times the normal nuclear matter beyond which a n
state of matter, the quark-gluon plasma~QGP!, should form
@6–10#.

On the other hand, a better description of the ground-st
properties of nuclear matter is most desirable. Recently
modified versions of the ZM models have been extensive
used to describe the nuclear matter properties@5#. We will
extend the study to the mesonic sector. First, we shall brie
recapitulate the different variants of the ZM model@2,5# and
extend it to include the pseudoscalar meson: pion. Then
shall calculate the density dependence of hadron mas
from this model.

The Lagrangian densities for the Walecka, ZM, ZM2, an
ZM3 models, respectively, can be written as~following the
nomenclature of Delfinoet al. @5#!
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LW5c̄ igm]mc2c̄MNc11/2~]ms]ms2ms
2s2!

1gsc̄sc2~1/4!GmnG
mn1~1/2!mv

2VmV
m

2gvc̄gmcVm,

LZM52c̄MNc1m*21~ c̄ igm]mc2gvc̄gmcVm!

11/2~]ms]ms2ms
2s2!2~1/4!GmnG

mn

1~1/2!mv
2VmV

m,

LZM252c̄MNc1m*21~ c̄ igm]mc2gvc̄gmcVm

2~1/4!GmnG
mn1~1/2!mv

2VmV
m!

11/2~]ms]ms2ms
2s2!,

and

LZM352c̄MNc1m*21c̄ igm]mc2gvc̄gmcVm

11/2~]ms]ms2ms
2s2!2~1/4!GmnG

mn

1~1/2!mv
2VmV

m, ~1!

wherec, s, andVm are, respectively, the nucleon, the scala
meson, and the vector meson fields;MN , ms , andmv are the
corresponding masses;gs and gv are the couplings of
nucleon to scalar and vector mesons, respectively;Gmn

5]mVn2]nVm andm* is given as

m*5~11gss/MN!21. ~2!

If we now rescale the nucleon field asc→m* 1/2c for all ZM
models andVm→m*Vm for ZM2 and ZM3 models, we can
write the Lagrangian densities for all these models~Walecka,
ZM, ZM2, and ZM3! in a unified form@2,5#:

LR5c̄ igm]mc2c̄~MN2m* bgss!c2m* a@gvc̄gmcVm

2~1/4!GmnG
mn1~1/2!mv

2VmV
m#

11/2~]ms]ms2ms
2s2!, ~3!
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wherea andb have the following values for different mod-
els: Walecka:a50, b50; ZM; a50, b51; ZM2; a51,
b51; ZM3; a52, b51.

If we now extend the model to include pion, which is a
pseudoscalar meson, the total Lagrangian becomes

L5LR1Lp,

where

Lp51/2~]mp]mp2mp
2p2!1m* bF f pNN

mp
G c̄gmg5t•c]mp

~4!

with p the pion field andf pNN the pion-nucleon coupling
constant. We have used the pion-nucleon pseudovector c
pling @11#.

In the mean-field approximation~MFA! we replace the
meson fields by their ground-state expectation values. In th
limit the Lagrangian density is given as@5#

L05c̄@ ig•]2~MN2gsm*
bs0!2gvg0V

0#c2 1
2ms

2s0
2

1 1
2mv

2V0
2.

Then the equation of motion for the baryon field is@5#

@ ig•]2MN*2gvg0V
0#c50, ~5!

whereMM* 5MN2gsm*
bs0 is the nucleon effective mass

and

V05
gv
mv
2 ^c1c&5

gv
mv
2 rB ,

s05
gs

ms
2 m*

2b^c̄c&1
a

2 Fmv

ms
G2 gs

M
m* ~a11!V0

2.

The baryon propagator can be given by

Gab* ~p!5~p”1MN* !F 1

~p22MN*
21 i«!

12ipd~p22MN*
2!u~p2pF!G . ~6!

The energy momentum tensor, fromL0, may be determined
in the canonical fashion

Tmn
0 52gmnL01S]nc

dL0

d~]mc!

which, on usingL0, gives

E5
gv
2

2mv
2 m*

arB
21

ms
2

2gs
2 F12m*

m* b G2

1
2g

p2 E
0

kF
p2~p21m* 2!1/2dp. ~7!

The energy density can be fitted to the nuclear ground-sta
energy at zero temperature and nuclear saturation density
obtain the different coupling constants. They are given b
ou-

is

te
to
y

Cs
25gs

2(MN /ms)
25357.4 and Cv

25gv
2(MN /mv)

25273.8
for the W model; Cs

25169.2 andCv
2559.1 for the ZM

model;Cs
25219.3 andCv

25100.5 for the ZM2 model, and
Cs
25443.3 andCv

25305.5 for the ZM3 model@5#. The pion-
nucleon coupling constant is determined from the expe
mental data on pion-nucleon scattering:fpNN50.988@12#.

The nucleon effective mass at finite density, in the MFA
is

MN*5MN2gsm*
bs05MN2

4MN* gs
2

p2ms
2 E

0

pF p2dp

Ep*
, ~8!

where Ep*5Ap21MN*
2 is the effective energy of the

nucleon. A self-consistent solution of Eq.~8! gives the varia-
tion of the effective nucleon mass with density. The densi
variation of the effective nucleon mass has recently be
reported in the literature@5#. In the present work we look at
the density variation of the effective masses ofp, s, andv
mesons, using the density dependence of the effect
nucleon mass in the random-phase approximation~RPA!.

The calculation of meson masses is done using the f
lowing prescription: Dyson’s equation relates the tot
Green’s functionD(p) to the free Green’s functionD0(p) as

D21~p!5D0
21~p!1P~p!,

whereP(p) is the polarization function. The pole of the full
propagator then gives the effective mass. We restrict o
selves to only the pole mass and ignore the screening m
@12# or the Landau mass. In the RPA, the Feynman graph t
arises is given in Fig. 1.

So the polarization functions can be given by

Pvmn52 igv
2gE d4p

~2p!4
Tr@gmG* ~p!gnG* ~p1q!#

for vector mesons,

Pps52 igp
2gm* 2bF f pNN

mp
G2E d4p

~2p!4

3Tr@qg5G* ~p!gg5G* ~p1q!#

for pseudoscalar mesons,

FIG. 1. One-loop Feynman diagram contributing to meson p
larization function. The internal solid lines represent nucleons a
the external dashed lines represent the mesons, which can be
one of thep, s, or v mesons.
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Ps52 igs
2gm* 2bE d4p

~2p!4
Tr@G* ~p!G* ~p1q!#

for scalar mesons,

where the value ofg, the degeneracy factor, is 2 for neutro
matter and 4 for symmetric nuclear matter.

The real part contributes to the effective mass. The r
part also contains two parts, a density-dependent and
density-independent part. The density-dependent real p
for different mesons are

RePDL5216ggv
2E

0

pF d3p

~2p!3
q2~Ep*

22upu2cos2q!

Ep* @q424~p•q!2#
U
p05E

p*
,

RePDT5216ggv
2E

0

pF d3p

~2p!3

3
~p•q!22q2upu2~12cos2q!/2

Ep* @q424~p•q!2#
U
p05E

p*

for vector mesons,

RePPS5216gF f pN

mp
G2E

0

pF d3p

~2p!3
4q4MN*

2

Ep* @q424~p•q!2#
U
p05E

p*

for a pseudoscalar meson, and

RePS5216ggs
2m* 2bE

0

pF d3p

~2p!3
4~p•q!2

q424~p•q!2
U
p05E

p*
~9!

for scalar mesons.
Here DL and DT represent the density-dependent longi

dinal and transverse parts, respectively. The dens
independent parts have been neglected which is consis
with the MFA of the ground state@13#.

We write the effective masses as

FIG. 2. Density dependence of thes-meson mass.W refers to
the Walecka model and ZM, ZM2, and ZM3 refer to the differe
versions of the Zimanyi model.
n
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Di~q0!uq05m
i*
5q0

22mi
22P~q!u uqu50, q05m

i*
50,

i5v, s, or p.

Figures 2–4 show these effective masses as functions of d
sity.

To conclude, the density dependence of meson masses
been calculated from the modified Zimany-Moskowsk
model in the RPA. The model has been extended to inclu
the pseudoscalar pion. In the symmetric matter approxim
tion, the nuclear energy density at the nuclear saturation de
sity has been calculated to obtain the coupling constants
the MFA. The density dependence of the nucleon mass
MFA has been used to calculate the density dependence
the meson masses, in the RPA, self-consistently. Thes, v,
andp masses are found to increase with density for both th
models but, the change in the case of the ZM model is com
paratively much less in magnitude. Special attention may b
paid to the pion mass. The main problem of treating pions
the Walecka model is that its mass increases with dens
abnormally@11,14#. On the other hand one expects the pio
mass not to change much, as the pion, being a Goldsto
boson, is protected by chiral symmetry@15#. As seen from
Fig. 4 here, the pion mass in the ZM models does not chan
much with density and one can expect that the problem

nt

FIG. 3. Density dependence of thev-meson mass. The nomen-
clature is same as that of Fig. 2.

FIG. 4. Density dependence of thep-meson mass. The nomen-
clature is same as that of Fig. 2.
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abnormal change in pion mass, which is observed in
Walecka model, can be overcome in the ZM models.
should of course be mentioned in this context that neither
Walecka model nor the ZM models incorporate chiral sym
metry and thus the preceding argument is somewhat extra
ous. Nevertheless, a model of nuclear matter at supernuc
density with ‘‘correct’’ behavior of the pion mass is quite
the
It
the
-
ne-
lear

appealing and in this respect the ZM models appear to p
form better. The model can be extended to include t
meson-meson couplings. Such calculations will be report
shortly.
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