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In-medium meson propagators in relativistic nonlinear models
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Using the generating functional method, theand @ 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 the meson mass have been considered.

PACS numbegps): 21.65+f, 12.40~y, 24.85+p

I. INTRODUCTION and G2 which allow all scalar-vector couplings up to fourth

order.
Since the original Walecka mod€l], relativistic mean We develop the formalism in Sec. Il and present our re-
field models have been quite successful in describing nucle&ults in Sec. ll. Finally, the conclusions are drawn in Sec.

matter and ground state properties of finite nuflei4]. In V.

these models, the nucleons are generally treated as Dirac

particles interacting via scalar and vector meson fields in the Il. FORMALISM
mean field approximation through Yukawa or Dirac cou-
plings. In addition, the most recent moddthe so-called
nonlinear models[5—8] include couplings between the me-
sonic fields in the Lagrangian.

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

First, the models NLI5] and NL-SH[6], which contain £=E[y (1% =gy VA — (My—0g1 ) 1
o self-coupling terms, were applied to the description of fi- g
nite nuclei with great success. The next step has been to +5(d, 0 p—mip?) +3m2V V¥ —F, FH

introduce anw self-coupling term in the Lagrangian in order 1 3,1 1 4
to reduce the resulting strong scalar and vector potentials, 39030° 1 30053 BV V"~ 20040
closer to those obtained in the relativistic Brueckner-Hartree- +3004(V, V924 20,,00°V V-, (1)
Fock theory with realistic nucleon-nucleon interactid@%
The parameter sets obtaingd], TM1 (for medium and WhereMy is the nucleon massn, andm, the scalar and
heavy nuclei and TM2 (for light nuclej) lead to results Vector meson masses, and as usual
which compare extremely well with the existing data for
both stable and unstable nuclei. More recently, an effective
field theory that maintains the symmetry of quantum chro-, ; :

E : Lagrange equations yield
modynamicgQCD), based on an expansion of the Lagrang- grange eq y

F,LLV:a,u,VV_ﬁllV,u' (2)

ian in powers of the fields and their derivatives, has been ('9#9”+m(27+903¢+904¢2—%gngMV“)‘ﬁ
proposed for finite nuclei calculatiof8]. Naive dimensional o
analysis and the naturalness assumption have been used to =g(,1¢//z/f+%g(,w3VMV“, (©)]

truncate the Lagrangian at some finite order. Keeping terms
up to fourth order in the Lagrangian, two parameter sets G1 ﬁMF/‘”+(m§,+ 59003®+ 9uaV*V 1t 3050407V
and G2 are obtaine[B]. In the same worK8], another pa-

rameter set, Q2, retaining only the same terms as TM1 and =gw1$y”¢, (4)
TM2 and providing a description of nuclear matter and finite

nuclei almost as good as those provided by G1 and G2 is [Vu(10* =0, V) —(MNy—0p10) 4=0. (5)
also given.

All of these models lead to a rather good description of Following the standard procedutsee for example Ref.
the nuclear properties. The question that now arises is holi]), we first introduce the actio written as the integral of
do the mesons propagate in nuclear matter in these model§% Lagrangian density. This integral is then evaluated ap-
In this work, we have determined the in-medium propagator®roximately, keeping only linear and quadratic variations
of the ¢ and @ mesons in the seven nonlinear models weabout the classical fields. We denetg andV§ as thes and
have previously listed. These models are namely NL1 ane classical fields that satisfy the Lagrange equatidbgs.
NL-SH with only scalar meson self-couplings, TM1, TM2, (3) and (4)], and, o and w* as the quantum fluctuations
and Q2 with scalar and vector meson self-couplings, and, Gabout these fields. Note that the linear termgriand w* in

S have disappeared sinagg, and V4 satisfy the Lagrange
equations. We now introduce the generating functional for
* Affiliated with CNRS as UMR 5797. the Lagrangian density of Eql)
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W(Z.ed 3 In Egs.(10) and(11), we have neglected the contributions
(£,£,3,.9) S g e
, (6) quadratic ing,3, 954, 9war Yow3, aNAY, 4 SiNce in realistic
[W(Z, 83, ]e=¢=3,=0=0 effective models in which the naturalness assumption is re-
ith quired, these contributions should be much smaller than the
wit ones taken into account in this work. The second order
_ _ ow-meson propagatdihich mixes thes andw mesongis
W(§,§,J,“J)=J’ D(4)D(¢)D(w*)D(0) obtained similarly:

W(Z,2,9,.9)=

Xexp[if d*X[ L+ LY+ i+ 0+ ]| .
(7

Irl this expression, the integrals run over aI.I vglues of the (k+q)]|Gw i q)+in’,(q)
fields ¢(x), ¥(X), o*(x), ando(x) at each poink in space )
time and{(x), ¢(x), J¥(x), andJ(x) are the correspondin 0
source fugécziogg. )In or(de)r to Iim(it )ourselves to tragtable ?ax- §g"‘”3+g“‘”4¢°>vo}lew an(9)-
pressions, we have expanded here the exponential iG7Eq. (12)
only up to first order ing,3, 9s4s 9wa, Jow3s Jows and
second order ig,1, Jg1-

By performing variational derivatives diV with respect  In these expression§_(q), GJ, ,,,(q), andGy(k) are, re-
to the source functions, we can generate all the Green fun&pectively, thes, w, and nucleon propagators in free space.
tions of the theory. Ther and w meson propagators may  Following the procedure already developed in RéD)],
then be calculated by the following functional derivatives: the polarization operators in the, o, and cw channels

2) - ~0 d*k i~0 s oa
1Gga u(D=09519,11G(q) 2W4Tr[IGN(k)w

become
iIG@(x;—x,)=1]—i o i o
o 1— A2)— - -
0L al0) () =T1%,(q)+ 11, (13
xVV(Zg,J,L,J)] . ®
{=4=3,=0=0 I0(a) =T (@) + T (14
|G(2) X1—Xo)= _ a — o “ W nl u
o (X1~ X2) = sl 530 %, (q)=TIg. () + 1.0, (15)
xW(Zg,JM,n] . (9  Where
=¢=3 =3=0
nl _ 2_ 1 A
After performing a Fourier transform, we obtain the in- M56=29s3¢0% 305400~ 29504VoVor (16
mediumo and @ meson propagators in momentum space
iG@(q)=iG%q)—(ig,1)%G%(q) 547 == 9" (39su3¢0t uaVoVor + 39mws b))
d*k —29,4V5Ve, (17)
f )4Tr[ieﬁ(k>ieﬁ(k+q>]iGEi(q)
a
. 0 . 2 1 A Hgle:_(%gaw3+gaw4¢0)V6L’ (18)
+ IG(r(q) | _2903¢0_3ga4¢0+ Egu’a)4VOVO)\
xiG%(q), (100  are the polarizations yielded by nonlinear meson coupling
terms. The polarizationH" (q), IV #*(q), andII\¥ “(q),
|foLV(q) iG2 W(q)—(igwl)z iG2 ueld) obtained from the original Walecka modglarticle-hole ex-
4K citationg are calculated with an interacting nucleon propaga-
j THi y*G2(K)i vAG2(k+q)] tor taking a form analogous to the noninteracting one but
4 N N with My =M+, whereXs* is the scalar component of

the nucleon self-energy. These contributions can be found in

+ 0
G, B"(q) Gy ual@) Ref.[11]. Note that we have omitted the contribution arising

il g8 VY +1 2 from antinucleons.
"9 §g”w3d’0 YuaVoVor §g<’w4¢0 In symmetric nuclear matter, for a static and uniform sys-
tem in mean-field theory, in the rest frame of nuclear matter,
+29,,4V8 VB}IGS,,;V(Q) (11)  the classical fiellds¢0 and Vy, can be obtained from the
Lagrange equations, Eq&) and (4)
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golps+ %ga'wSVg

$ho= : (19
m§'+ go’3¢0+ go’4¢g_ %ga'w4vg
9w1PB
V = OVO: 6 0 ’
on g g mczu+%ggw3¢0+gw4v(2)+%gaw4¢(2)
(20)

where the scalar and baryonic nuclear densijigsand pg,
are defined as usual as

ps= (), (21
pe={(4"¥). (22)
The equation for the nucleon field then becomes
[i 70"~ 9u17Vo— M{14=0, (23)
with
MY =My—0s100- (24)

The w meson propagator as well as the polarizafidfy,
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are symmetric second rank tensors and can be expanded in f|G. 1. Thes andw collective modes at nuclear matter satura-

terms of independent symmetric tens¢se Appendix B of

tion density obtained with models NL@pper part and NL-SH

Ref.[12]). As usual, we have dropped the terms proportionallower par). For each model, the two upper solid curves areche
to g#g” since they vanish when coupled to a conserved curand longitudinak mesonic branch modes and the lower solid curve

rent. Thus, the polarization in the andow channel can be

written as
) Sulv g+ gl p?
e =—gend+ L e T T, (o)
772 \/E(q2772)l/2
o .
MM, =111, + e, 29
n
where

H?UZH?UW_l_%gow3¢0+gw4v(2)+%gaw4¢g’ (27)

=117 "= 27%g,,4V5, (28
"7]2 1/2
87=—2129,,V5(q.7) ?) , (29)
ng: H\évw_ Anz(%go’wii_‘_ gaw4¢O)VOy (30)
Hg'w:_(q'n)(%go’w3+gaw4¢0)voa (31)
with

. a“q’
§r=g" - -, @2

(9.7)g"
nt=n"— e (33

is the zero-sound mode. The dashed curve represents the transverse
® mesonic branch.

and
q*=v’-q’. (34)

Here »* describes the uniform motion of the medium, and is
such that, in the nuclear matter rest frame we haye
=(1,0,0,0). Then, as in Refl0], Dyson equations taking
into account the effects of summing polarization insertions
up to all orders are built for the and @ meson propagators
(including theo-w mixing term

Gl @) =G, (q)+ G P~ (DG, (DI, G(a),

(35)
Gu (=G, 1(D)+Gy, L DI, ()
XG (2, (a)B,, 4,(a), (36)
where
Go(a)=G2(q)+ G, (q)G(q), (37)
and
G ul =G () +GY , (DIIZE(Q)G,, 4,(q)
(39)
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are the meson propagators when éh@ mixing is not taken  provided that
into account. These equations, which can be solved formally,

. . . q2
glr%lgagzoglowmg expressions for the and v meson H’§U=H)’,VU+H2'U+ 2;:; @1
2
~ _ qz_mw_Hg}*'f‘HZ* Hg)*:ng' (42)
2_ A2 TT* 2_ 2 a* L I17 %)+ *x 27
(q m(r H(r(r)(q mw Hw Ho) ) H(rw(39) 1—[2772
HZ*zHZ—i— Pyl (43
g | oy 70 1 7'’ o
T Jemeeng o W22 mgu 220y, nguy
oo Ay T 2 27 2\1/2 2,2
2_m2_H* n 2mw (q Ui ) q mw
q g go (44)

A similar procedure for thesr-o propagator(see Ref.
(40 [12]) leads to

_n I3,

M _
(PN (P mE T ) (P mE—TI0* +TI7 %)+ 11

* 2’ (45)

ow

In Eq. (40), the w propagator has been split into its trans- nonlinearo meson self-couplings are not taken into account

verse(first term) and longitudinalsecond termparts and we in the meson propagatofas for the NL1 and NL-SH mod-
have dropped all terms proportionalg#q” since they van- els), the @ mass remains unchangédqual to the freew
ish when coupled to a conserved current. Obviously, whemasg. The curves in Fig. 4 represent themeson effective

the polarization vanishes, the and w propagators in free mass calculated with the models NL1, NL-SH, TM1, TM2,

space are recovered. Q2, G1, and G2. As we can see, the behavior ofdhmaeson

effective mass when density increases, drastically depends
on the model. For TM1, TM2, G1, and G2 an increase is

Ill. RESULTS

The preceding formalism has been used for the determi- _
nation of the scalar and vector collective modes and of the  1ggg P =Po
density dependence of the meson mass in symmetric —

nuclear matter. These results are displayed for the seven non- 750 F 7

linear models: NL1, NL-SH, TM1, TM2, Q2, G1, and G2. 500 F 4

The values of the coupling constants can be extracted from

Refs.[5-8]. < i 7
In Figs. 1, 2, and 3, we show the and w collective L 0 ™1

modes at nuclear matter saturation density. For each model~ =

used, the two upper solid curvés the timelike region are A /50 r 3

the o and longitudinale mesonic branch modes and the 500 .
lower solid curve(in the spacelike regionis the zero-sound

mode. The dashed curve represents the transwersesonic 2501 i
branch. We can remark that the shape of the mesonic 0 . : . M2
branches is only weakly dependent on the model used. On
the other hand, the zero-sound mode depends strongly on the 750 F 1
model since, for example, we can see that no zero sound 500 F .
exists at saturation density for the model G1.

We have also calculated the meson effective mass de- 250 ¢ = a2 i
fined by the position of the mesonic branch at zero momen- 0 i ' '

. ; 0] 100 200 300 400

tum, as a function of densitiat zero momentum one cannot q (MeV)

distinguish between transverse and longitudinal mpdes
Note that in the limitg?— 0 the particle-hole excitations con- FIG. 2. Same as Fig. 1 but for TMdipper part, TM2 (middle),
tribute nothing to the meson effective masses. Thus, wheand Q2(lower par.
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g (Mev) decrease of th@ meson mass when the density increases.
FIG. 3. Same as Fig. 1 but for GQUpper part and G2(lower IV. CONCLUSION
parp.

In this work, using the generating functional method, we
) L have determined the in-medium propagators ofdhend w
are easily understood considering that, at zero momentunyyesons in the seven relativistic mean-field nonlinear models
both the particle-hole contributions and the terms of the PONL1, NL-SH, TM1, TM2, Q2, G1, and G2. This study was
larization containings? vanish and, consequently, the only motivated by the fact that, although the nonlinear models are
modification of the mass comes from the last three terms ikknown to provide a rather good description of nuclear prop-
Eq. (27). Hence, since the mean-field values, andV,, do  erties, nothing was known on how the mesons propagate in
not vary very much at zero momentum from one model tonuclear matter with these models. As an application of this
another, the density dependence of theeffective mass is formalism, we have considered the scalar and vector collec-
entirely determined by the values of the three coupling contive modes and the density dependence ofdhmeeson mass.
stants:g,43, Ju4. andg,.4. For the TM1, TM2, and Q2 The shape of the mesonic branches found are only weakly
models whereg, 3 andg,,4 are equal to zero, the mass dependent on the model used, in contrast with the zero-sound
increases whewg,, is positive(as in TM1 and TM2, and  mode which depends strongly on the model. Concerning the
decreases wheg, 4 is negative(as in Q2. In the case of G1 » meson effective mass, the behavior when density increases
and G2, these three coupling constants are, respectivelis strongly model dependent. For NL1 and NL-SH the mass
(680.6 MeV, 86.41-64.95) and6663 MeV, 71.71, 8.385 is constant, for TM1, TM2, and G1 a weak increase is ob-
For the G2 model, the three coupling constants are positiveained, for G2 the increase is stronger, while for Q2 the mass
and, thus, the mass increases strongly, while for the Gtlecreases weakly when density increases as expected from
model, a partial cancellation of the last two terms of &) “QCD inspired” models. Considering these discrepancies
(9,4 andg,,4 are of the same order of magnitude and ofand since, as it is well knowfsee for example the discussion
opposite sighand a rather weak positive value fgy,; lead in Ref.[8]) that the determination of so many coupling con-
to a weak increase of the mass. Let us mention that an irstants by a minimization procedure faces serious difficulties,
crease of thes mass contradicts what is obtained in manyone can reasonably question the reliability of the values ob-
other models. Indeed, many authors using either the Nambutained for high order coupling constants suchgass, 9.4,
Jona-Lasinio moddl13], or QCD sum rule§14,15, or di- andg,,4, and thus for thes meson effective mass in these
latational symmetry of the chiral Lagrangiab6] obtain a models.
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