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In-medium meson propagators in relativistic nonlinear models

J. C. Caillon and J. Labarsouque
Centre d’Etudes Nucle´aires de Bordeaux-Gradignan,* UniversitéBordeaux I, IN2P3, Le Haut Vigneau,
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Using the generating functional method, thes and v meson propagators in nuclear matter have been
determined in relativistic nonlinear models. The scalar and vector collective modes as well as the density
dependence of thev meson mass have been considered.

PACS number~s!: 21.65.1f, 12.40.2y, 24.85.1p
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I. INTRODUCTION

Since the original Walecka model@1#, relativistic mean
field models have been quite successful in describing nuc
matter and ground state properties of finite nuclei@1–4#. In
these models, the nucleons are generally treated as D
particles interacting via scalar and vector meson fields in
mean field approximation through Yukawa or Dirac co
plings. In addition, the most recent models~the so-called
nonlinear models! @5–8# include couplings between the me
sonic fields in the Lagrangian.

First, the models NL1@5# and NL-SH@6#, which contain
s self-coupling terms, were applied to the description of
nite nuclei with great success. The next step has bee
introduce anv self-coupling term in the Lagrangian in orde
to reduce the resulting strong scalar and vector potent
closer to those obtained in the relativistic Brueckner-Hartr
Fock theory with realistic nucleon-nucleon interactions@9#.
The parameter sets obtained@7#, TM1 ~for medium and
heavy nuclei! and TM2 ~for light nuclei! lead to results
which compare extremely well with the existing data f
both stable and unstable nuclei. More recently, an effec
field theory that maintains the symmetry of quantum ch
modynamics~QCD!, based on an expansion of the Lagran
ian in powers of the fields and their derivatives, has be
proposed for finite nuclei calculations@8#. Naive dimensional
analysis and the naturalness assumption have been us
truncate the Lagrangian at some finite order. Keeping te
up to fourth order in the Lagrangian, two parameter sets
and G2 are obtained@8#. In the same work@8#, another pa-
rameter set, Q2, retaining only the same terms as TM1
TM2 and providing a description of nuclear matter and fin
nuclei almost as good as those provided by G1 and G
also given.

All of these models lead to a rather good description
the nuclear properties. The question that now arises is
do the mesons propagate in nuclear matter in these mod
In this work, we have determined the in-medium propagat
of the s and v mesons in the seven nonlinear models
have previously listed. These models are namely NL1
NL-SH with only scalar meson self-couplings, TM1, TM
and Q2 with scalar and vector meson self-couplings, and,
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and G2 which allow all scalar-vector couplings up to four
order.

We develop the formalism in Sec. II and present our
sults in Sec. III. Finally, the conclusions are drawn in S
IV.

II. FORMALISM

For all of the models considered, the part of the Lagra
ian density which will contribute to the scalar and vect
meson propagations in symmetric nuclear matter reads

L5c̄@gm~ i ]m2gv1Vm!2~MN2gs1f!#c

1 1
2 ~]mf]mf2ms

2f2!1 1
2 mv

2 VmVm2 1
4 FmnFmn

2 1
3 gs3f31 1

3 gsv3fVmVm2 1
4 gs4f4

1 1
4 gv4~VmVm!21 1

4 gsv4f2VmVm, ~1!

whereMN is the nucleon mass,ms and mv the scalar and
vector meson masses, and as usual

Fmn5]mVn2]nVm . ~2!

Lagrange equations yield

~]m]m1ms
21gs3f1gs4f22 1

2 gsv4VmVm!f

5gs1c̄c1 1
3 gsv3VmVm, ~3!

]mFmn1~mv
2 1 2

3 gsv3f1gv4VmVm1 1
2 gsv4f2!Vn

5gv1c̄gnc, ~4!

@gm~ i ]m2gv1Vm!2~MN2gs1f!#c50. ~5!

Following the standard procedure~see for example Ref
@1#!, we first introduce the actionS written as the integral of
the Lagrangian density. This integral is then evaluated
proximately, keeping only linear and quadratic variatio
about the classical fields. We denotef0 andV0

m as thes and
v classical fields that satisfy the Lagrange equations@Eqs.
~3! and ~4!#, and, s and vm as the quantum fluctuation
about these fields. Note that the linear terms ins andvm in
S have disappeared sincef0 and V0

m satisfy the Lagrange
equations. We now introduce the generating functional
the Lagrangian density of Eq.~1!
©2000 The American Physical Society01-1
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W̃~ z̄,z,Jm ,J!5
W~ z̄,z,Jm ,J!

@W~ z̄,z,Jm ,J!# z̄5z5Jm5J50

, ~6!

with

W~ z̄,z,Jm ,J!5E D~ c̄ !D~c!D~vm!D~s!

3expH i E d4x@L1 z̄c1c̄z1Jmvm1Js#J .

~7!

In this expression, the integrals run over all values of
fields c̄(x), c(x), vm(x), ands(x) at each pointx in space
time andz(x), z̄(x), Jm(x), andJ(x) are the corresponding
source functions. In order to limit ourselves to tractable
pressions, we have expanded here the exponential in Eq~7!
only up to first order ings3 , gs4 , gv4 , gsv3 , gsv4 and
second order ings1 , gv1.

By performing variational derivatives ofW̃ with respect
to the source functions, we can generate all the Green fu
tions of the theory. Thes and v meson propagators ma
then be calculated by the following functional derivatives

iGs
(2)~x12x2!5H F2 i

d

dJ~x1!GF2 i
d

dJ~x2!G
3W̃~ z̄,z,Jm ,J!J

z̄5z5Jm5J50

, ~8!

iGv mn
(2) ~x12x2!5H F2 i

d

dJm~x1!
GF2 i

d

dJn~x2!
G

3W̃~ z̄,z,Jm ,J!J
z̄5z5Jm5J50

. ~9!

After performing a Fourier transform, we obtain the i
mediums andv meson propagators in momentum space

iGs
(2)~q!5 iGs

0~q!2~ igs1!2iGs
0~q!

3E d4k

~2p!4
Tr@ iGN

0 ~k!iGN
0 ~k1q!# iGs

0~q!

1 iGs
0~q! i F22gs3f023gs4f0

21
1

2
gsv4V0

lV0lG
3 iGs

0~q!, ~10!

iGv mn
(2) ~q!5 iGv mn

0 ~q!2~ igv1!2 iGv ma
0 ~q!

3E d4k

~2p!4
Tr@ igaGN

0 ~k!igbGN
0 ~k1q!#

3 iGv bn
0 ~q!1 iGv ma

0 ~q!

3 i FgabS 2

3
gsv3f01gv4V0

lV0l1
1

2
gsv4f0

2D
12gv4V0

aV0
bG iGv bn

0 ~q!. ~11!
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In Eqs. ~10! and ~11!, we have neglected the contribution
quadratic ings3 , gs4 , gv4 , gsv3, andgsv4 since in realistic
effective models in which the naturalness assumption is
quired, these contributions should be much smaller than
ones taken into account in this work. The second or
sv-meson propagator~which mixes thes andv mesons! is
obtained similarly:

iGsv m
(2) ~q!5gs1gv1 iGs

0~q!E d4k

~2p!4
Tr@ iGN

0 ~k!iga

3GN
0 ~k1q!# iGv am

0 ~q!1 iGs
0~q!

3 i F S 2

3
gsv31gsv4f0DV0

aG iGv am
0 ~q!.

~12!

In these expressions,Gs
0(q), Gv mn

0 (q), andGN
0 (k) are, re-

spectively, thes, v, and nucleon propagators in free spac
Following the procedure already developed in Ref.@10#,

the polarization operators in thes, v, and sv channels
become

Pss~q!5Pss
W ~q!1Pss

nl , ~13!

Pvv
mn ~q!5Pvv

W mn~q!1Pvv
nl mn , ~14!

Psv
m ~q!5Psv

W m~q!1Psv
nl m , ~15!

where

Pss
nl 52gs3f013gs4f0

22 1
2 gsv4V0

lV0l , ~16!

Pvv
nl mn52gmn~ 2

3 gsv3f01gv4V0
lV0l1 1

2 gsv4f0
2!

22gv4V0
mV0

n , ~17!

Psv
nl m52~ 2

3 gsv31gsv4f0!V0
m , ~18!

are the polarizations yielded by nonlinear meson coupl
terms. The polarizationsPss

W (q), Pvv
W mn(q), andPsv

W m(q),
obtained from the original Walecka model~particle-hole ex-
citations! are calculated with an interacting nucleon propag
tor taking a form analogous to the noninteracting one
with MN* 5MN1Ss* , whereSs* is the scalar component o
the nucleon self-energy. These contributions can be foun
Ref. @11#. Note that we have omitted the contribution arisin
from antinucleons.

In symmetric nuclear matter, for a static and uniform sy
tem in mean-field theory, in the rest frame of nuclear mat
the classical fieldsf0 and V0m can be obtained from the
Lagrange equations, Eqs.~3! and ~4!
1-2
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f05
gs1rs1

1
3 gsv3V0

2

ms
21gs3f01gs4f0

22 1
2 gsv4V0

2
, ~19!

V
0m

5dm0V05dm0

gv1rB

mv
2 1 2

3 gsv3f01gv4V0
21 1

2 gsv4f0
2

,

~20!

where the scalar and baryonic nuclear densities,rs andrB ,
are defined as usual as

rs5^c̄c&, ~21!

rB5^c†c&. ~22!

The equation for the nucleon field then becomes

@ igm]m2gv1g0V02MN* #c50, ~23!

with

MN* 5MN2gs1f0 . ~24!

The v meson propagator as well as the polarizationPvv
mn

are symmetric second rank tensors and can be expand
terms of independent symmetric tensors~see Appendix B of
Ref. @12#!. As usual, we have dropped the terms proportio
to qmqn since they vanish when coupled to a conserved c
rent. Thus, the polarization in thev andsv channel can be
written as

Pvv
mn 52ĝmnPv

q 1
ĥmĥn

ĥ2
Pv

h1
ĥmqn1qmĥn

A2~q2ĥ2!1/2
Pv

qh , ~25!

Psv
m 5

ĥm

ĥ2
Psv

h 1
qm

q2
Psv

q , ~26!

where

Pv
q 5Pv

q W 1 2
3 gsv3f01gv4V0

21 1
2 gsv4f0

2 , ~27!

Pv
h5Pv

h W22ĥ2gv4V0
2 , ~28!

Pv
qh522A2gv4V0

2~q.h!S ĥ2

q2 D 1/2

, ~29!

Psv
h 5Psv

W 2ĥ2~ 2
3 gsv31gsv4f0!V0 , ~30!

Psv
q 52~q.h!~ 2

3 gsv31gsv4f0!V0 , ~31!

with

ĝmn5gmn2
qmqn

q2
, ~32!

ĥm5hm2
~q.h!qm

q2
, ~33!
03520
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q25n22q2. ~34!

Herehm describes the uniform motion of the medium, and
such that, in the nuclear matter rest frame we havehm

5(1,0,0,0). Then, as in Ref.@10#, Dyson equations taking
into account the effects of summing polarization insertio
up to all orders are built for thes andv meson propagators
~including thes-v mixing term!

G̃s~q!5Ḡs~q!1Ḡs~q!Psv
m ~q!Ḡv mn~q!Psv

n G̃s~q!,
~35!

G̃v mn~q!5Ḡv mn~q!1Ḡv ma~q!Psv
a ~q!

3Ḡs~q!Psv
b ~q!G̃v bn~q!, ~36!

where

Ḡs~q!5Gs
0~q!1Gs

0~q!Pss~q!Ḡs~q!, ~37!

and

Ḡv mn~q!5Gv mn
0 ~q!1Gv ma

0 ~q!Pvv
ab ~q!Ḡv bn~q!

~38!

FIG. 1. Thes andv collective modes at nuclear matter satur
tion density obtained with models NL1~upper part! and NL-SH
~lower part!. For each model, the two upper solid curves are thes
and longitudinalv mesonic branch modes and the lower solid cur
is the zero-sound mode. The dashed curve represents the trans
v mesonic branch.
1-3
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are the meson propagators when thes-v mixing is not taken
into account. These equations, which can be solved forma
yield the following expressions for thes and v meson
propagators:

G̃s5
q22mv

2 2Pv
q * 1Pv

h *

~q22ms
22Pss* !~q22mv

2 2Pv
q * 1Pv

h * !1Psv* 2
,

~39!

G̃v
mn5S 2ĝmn1

ĥmĥn

ĥ2 D 1

q22mv
2 2Pv

q *
2

ĥmĥn

ĥ2

3
q22ms

22Pss*

~q22ms
22Pss* !~q22mv

2 2Pv
q * 1Pv

h * !1Psv* 2
,

~40!
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Pss* 5Pss
W 1Pss

nl 1
Psv

q 2

q2mv
2

, ~41!

Pv
q * 5Pv

q , ~42!

Pv
h * 5Pv

h1
Pv

qh 2

2mv
2

, ~43!

Psv* 25
Psv

h 2

ĥ2
1

Psv
q Pv

qh

2mv
2 S 2A2Psv

h

~q2ĥ2!1/2
1

Psv
q Pv

qh

q2mv
2 D .

~44!

A similar procedure for thes-v propagator~see Ref.
@12#! leads to
G̃sv
m 52

ĥm

~ĥ2!1/2

Psv*

~q22ms
22Pss* !~q22mv

2 2Pv
q * 1Pv

h * !1Psv* 2
, ~45!
nt

2,

nds
is

nces
In Eq. ~40!, the v propagator has been split into its tran
verse~first term! and longitudinal~second term! parts and we
have dropped all terms proportional toqmqn since they van-
ish when coupled to a conserved current. Obviously, w
the polarization vanishes, thes and v propagators in free
space are recovered.

III. RESULTS

The preceding formalism has been used for the dete
nation of the scalar and vector collective modes and of
density dependence of thev meson mass in symmetri
nuclear matter. These results are displayed for the seven
linear models: NL1, NL-SH, TM1, TM2, Q2, G1, and G2
The values of the coupling constants can be extracted f
Refs.@5–8#.

In Figs. 1, 2, and 3, we show thes and v collective
modes at nuclear matter saturation density. For each m
used, the two upper solid curves~in the timelike region! are
the s and longitudinalv mesonic branch modes and th
lower solid curve~in the spacelike region! is the zero-sound
mode. The dashed curve represents the transversev mesonic
branch. We can remark that the shape of the meso
branches is only weakly dependent on the model used.
the other hand, the zero-sound mode depends strongly o
model since, for example, we can see that no zero so
exists at saturation density for the model G1.

We have also calculated thev meson effective mass de
fined by the position of the mesonic branch at zero mom
tum, as a function of density~at zero momentum one cann
distinguish between transverse and longitudinal mod!.
Note that in the limitq2→0 the particle-hole excitations con
tribute nothing to the meson effective masses. Thus, w
n

i-
e

n-

m

el

ic
n

the
nd

-

n

nonlinearv meson self-couplings are not taken into accou
in the meson propagators~as for the NL1 and NL-SH mod-
els!, the v mass remains unchanged~equal to the freev
mass!. The curves in Fig. 4 represent thev meson effective
mass calculated with the models NL1, NL-SH, TM1, TM
Q2, G1, and G2. As we can see, the behavior of thev meson
effective mass when density increases, drastically depe
on the model. For TM1, TM2, G1, and G2 an increase
observed, while for Q2 the mass decreases. These differe

FIG. 2. Same as Fig. 1 but for TM1~upper part!, TM2 ~middle!,
and Q2~lower part!.
1-4
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are easily understood considering that, at zero momen
both the particle-hole contributions and the terms of the
larization containingĥ2 vanish and, consequently, the on
modification of the mass comes from the last three term
Eq. ~27!. Hence, since the mean-field values,f0 andV0, do
not vary very much at zero momentum from one model
another, the density dependence of thev effective mass is
entirely determined by the values of the three coupling c
stants:gsv3 , gv4, and gsv4. For the TM1, TM2, and Q2
models wheregsv3 and gsv4 are equal to zero, the mas
increases whengv4 is positive ~as in TM1 and TM2!, and
decreases whengv4 is negative~as in Q2!. In the case of G1
and G2, these three coupling constants are, respectiv
~680.6 MeV, 86.41,264.95) and~6663 MeV, 71.71, 8.385!.
For the G2 model, the three coupling constants are pos
and, thus, the mass increases strongly, while for the
model, a partial cancellation of the last two terms of Eq.~27!
(gv4 and gsv4 are of the same order of magnitude and
opposite sign! and a rather weak positive value forgsv3 lead
to a weak increase of the mass. Let us mention that an
crease of thev mass contradicts what is obtained in ma
other models. Indeed, many authors using either the Nam
Jona-Lasinio model@13#, or QCD sum rules@14,15#, or di-
latational symmetry of the chiral Lagrangian@16# obtain a

FIG. 3. Same as Fig. 1 but for G1~upper part! and G2~lower
part!.
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decrease of thev meson mass when the density increase

IV. CONCLUSION

In this work, using the generating functional method, w
have determined the in-medium propagators of thes andv
mesons in the seven relativistic mean-field nonlinear mod
NL1, NL-SH, TM1, TM2, Q2, G1, and G2. This study wa
motivated by the fact that, although the nonlinear models
known to provide a rather good description of nuclear pro
erties, nothing was known on how the mesons propagat
nuclear matter with these models. As an application of t
formalism, we have considered the scalar and vector col
tive modes and the density dependence of thev meson mass.
The shape of the mesonic branches found are only we
dependent on the model used, in contrast with the zero-so
mode which depends strongly on the model. Concerning
v meson effective mass, the behavior when density increa
is strongly model dependent. For NL1 and NL-SH the ma
is constant, for TM1, TM2, and G1 a weak increase is o
tained, for G2 the increase is stronger, while for Q2 the m
decreases weakly when density increases as expected
‘‘QCD inspired’’ models. Considering these discrepanc
and since, as it is well known~see for example the discussio
in Ref. @8#! that the determination of so many coupling co
stants by a minimization procedure faces serious difficult
one can reasonably question the reliability of the values
tained for high order coupling constants such asgsv3 , gv4,
andgsv4, and thus for thev meson effective mass in thes
models.

FIG. 4. Thev meson mass as a function of the baryon dens
obtained with models NL1, NL-SH, TM1, TM2, Q2, G1, and G2
J.
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