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An improved nuclear model with derivative scalar couplings is proposed. It includes the freedoms of
nucleons,c mesonsw mesons, ang mesons. Employing the thermofield dynamics, we have calculated the
self-energy Feynman diagrams mfneson and found the temperature and density dependence pfrithson.

We found that the density dependence of phmeson given by this model is in good agreement with recent
experimental result§S0556-28139)03002-3

PACS numbdps): 14.40.Cs, 24.10.Jv, 13.75.Cs

I. INTRODUCTION asymmetric nuclear matter, a lot of difficulties, e.g., Cou-
lomb instability and negative asymmetric parameter in the
The Zimanyi-Moszkowski{ZM) model[1] is one of the vapor phase, will emerge because this model is isospin inde-
useful models in explaining many experimental properties opendent. To overcome these difficulties, we addpehgeson
both nuclear matter and finite nuclei in mean field approxi-freedom into the ZM mod€9].
mation(MFA) [2-5]. This is a nuclear model with derivative ~ According to the above arguments, instead of the rescal-
scalar couplings. It has a softer equation of state and a re#ld ZM Lagrangian1]
sonable compression modulls=225 MeV when compared . . .
to those of the Walecka modg6]. In our previous works Lzv=—¢M* y+ i y"d,— g,y 0"
[7-9], by using the real time Green’s function method and
the pair-cutoff approximatiorf10], we extended the ZM
model to finite temperature and density. We investigated the D
liquid-gas phase transition of nuclear matter and the fluctua-
tions of the meson field of this model and found that the ZMwhereM* is the effective mass of nucleon,
model is suitable in describing many physical properties of

+ %(o"ﬂa'&"o— m,2,0'2) - %FWF’“’—F %miwﬂw",

nuclear systems even at finite temperature and density. A g,0] !
recent paper by Malheiret al. [2] confirmed this conclu- M*=fM, f=]1+-F]-| . 2
sion.

However, as pointed out by Ref&,11,13, there are two : . .
main shortcomings in the ZM model. One refers to the spin—We suggested an improved ZM Lagrangian without the

orbit splitting [12]. The effective mas#M* of nucleon at above two shortcomings as

saturation density given by the ZM model in MFA is — — _
M*/M=0.85. It is too large and will almost certainly have ~ Lizw=—¢M* 4+ i y*d, =g ihy, 0
small spin-orbit splitting for finite nuclei because the mean

fields are small. To overcome this difficulty, Biro and +
Zimanyi[13] added a tensor coupling term NfNw interac-

w

AM* wo-'uv(ﬁ,uwv_ (91/(’)/1) lzb_ gpl'yp,'71 Bulﬂ

tion to the ZM Lagrangian and proved that the description of | R R 1

the spin-orbit term is justified without changing other MFA - 4'\/’;* at'7-(d,b,—d,b,)p— ZFWF”“V
results of the ZM model. In Ref11], we studied the effect

of tensor coupling term on the properties of an unpolarized 1 1. . 1 .. .

hot medium and proved that the vacuum fluctuation effect of + > mf,wﬂw“— 2 B, B*"+ > mibu- b*

tensor interaction in the ZM model on the liquid-gas phase
transition is very small. Therefore, the addition of a tensor 1

coupling term to the ZM Lagrangian is successful because it +5 (00t m2a?), ()
not only improves the spin-orbit splitting in finite nuclei, but

also does not change the thermodynamical properties of

nuclear matter. The second shortcoming of the ZM mode/Vhere

refers to isospin independeng®9]. In Ref.[9], we pointed

out that when we employed the ZM model to investigate F,=0,0

wr=0,0,—d,0,, B,,=d

—d,b,,
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i QCD sum ruleg24], the quark-meson coupling modé5],
ur=5[Vus 7] (4 vacuum polarization Feynman diagram calculatii26-2§,
etc., have been employed to explain the experimental results.
and7 is the isospin operator. In E(3), o, w,,, and BM are Unfortunately, however, the mass reduction of theeson
the neutral scalar meson field, themeson field, and the observed is significantly different from the theoretical pre-
p-meson field with the Corresponding masses, m,,, and dictions mentioned abO\,{QS—Z@ It is therefore of interest

m,, and the corresponding coupling constagys d,,, 9, to explore another model to study this prpblem.

f,, andf,, respectively. The basic extensionslofy are _ This paper evolves from an attempt to investigate the den-
not only the tensor coupling terms of tiNNw interaction,  Sity dependence of themeson mass by using the improved
but also the isospin-dependgrtmeson field. ZM model. The thermofield dynamid3FD) is used to sum

On the other hand, the deduction of {hveneson field ina the NNp self-energy Feynman diagrams and calculate the
hot and dense medium has attracted much attention recenti§ffective mass and the screening mass ofgheeson. The
Experiments from HELIOS-3, CERES, and NA50 Collabo- coupling constang, of the NNp interaction is chosen to fit
rations at SPS/CERN energies have shown that there existd#@ symmetry energy 33.2 MeV of the nuclear matter. An-
larger excess of lepton pairs in centrak-8u, S+W,  other coupling constant, is given by the strong coupling
Pb+Au, and Pb-Pb collisions[14]. These experimental re- and weak coupling approaches, respectively. We will prove
sults may give a hint of some changes of hadron properties ithat the reduction op-meson mass given by this model is in
nuclei. To explain the dilepton enhancement in hadronicood agreement with present experiments of the TAGX Col-
matter, many workers used different approaches includindgboration[22].
transport studiegL5], a dispersion relation for scattering am-  In the next section, the formalism is given. The results
plitude at low density16,17, spectral distributions of cur- and discussions will be presented in the last section.
rent correlation functions in baryonic mattgt8,19, and
changes of the propagator in ther interaction or vector
dominance model20,21] to investigate the dropping gf Il. FORMALISM
meson mass. Furthermore, a recent experiment of the TAGX
Collaboration[22] has shown that when the density of the
medium equals to 0pg wherepg is the saturation density, The equations of motion for nucleon and, »-, and
the mass of the neutralmeson reduces to 610 MeV. Many p-meson fields can be easily derived from the improved La-
theoretical treatments including Brown-Rho scalif2g], grangianLzy :

A. Equations of motion and mean fields of mesons

N fo f -
Y19, 0o, = 8,7 b)+ s oHF,,— 4|\/T* o7 B,,—M* | =0,

*
— O.fu— 9f— . =
_(9M(7M0'_m§_0'+wgglﬂl//+mlﬂ(f’u FMV¢_4_MZ ot T-BMVz,b:O,

f, _
%(F“” S b |+ mle” g, py §=0,

R fo— L
aﬂ( Brr— 2|v[|)* lﬁa"“”ﬂ/l) +m2b¥—g, ¢y 7=0. (5)

For an unpolarized mediumﬂgwwzo_ The mean fields The internal energy per nucleo&/B) in nuclear matter at a
of the mesons satisfy given temperature and a given density- p,+p, can be

expressed as

1 mM*2
_ 1 2
7=z iz 9, © E/Bsz A3 E* (K)[ () + 1y (K) + (k) + ()]
2 2 2

wo=%<w+w>=%(pp+pn), (7) +502+ 2Pt ﬁmzp(pp—pn)z. 9)

g g where

9 iyt o= 8

Po H’g(w ) Hi(pp Pn) 8 £ (1 = T, 10
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FIG. 1. The self-energy Feynman diagram of gheeson.

neg(k) andng(k) (F=n,p) are the nucleon and antinucleon
distributions

1

nF(k) = e'B(E* _VF)+ 1 y

ne(k)= (F=p,n), (11

efE T4

and vg (F=p,n) is related to the usual chemical potential
ue (F=p,n), respectively, by

9%p .\ gﬁ( :
Vn= Mn 2 T 2 Pp~Pn)s
m,  m’
2 2
9w 9
Vp=Mp— #_ m_g(Pp_Pn)- (12)

w

p

B. p-meson mass in a hot and dense medium
Since the details of the procedures to calculateNinp

self-energy Feynman diagransSig. 1) by TFD [29] can be
found in our previous papd6], we will only present the
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where
NEe(k)=[ 6(ko)ne(k) + 0(—ko)ng(k) ],
nB(k)= e—ﬁw_—l (15)

0(ko) is the step function andg the boson distribution func-
tion. It is worth noting that instead of the vali# of nuclear
mass in vacuum, the effective nucleon mas% in a hot
medium occurs in the propagatar! of the nucleon. This is
obvious because on rescaling the wave function of nucleon
field y— 2y for the ZM model, the derivative coupling
term between the nucleon field andield disappears and the
Lagrangian becomels,y, [1]. The LagrangiarLzy or Lzy
include the effective massl* only, which is a function of
the mean fieldr. As was pointed out by many authd26—

28], the p-meson mass calculated by the vacuum polarization
diagrams of théNNp vector and tensor coupling interactions
increases with the temperature and density. This result is
obviously in conflict with recent experiments. To reconcile
the discrepancy, as was pointed out by Shiomi and Hatsuda
[27], the vacuum fluctuatiofVF) effect must be taken into
account, i.e., by changing the mass of nucl&m vacuum

in the Feynman propagator by its effective mh&$ in a hot
medium and recalculation of the vacuum polarization dia-
grams. After this step, one can find that ireneson mass in

a hot medium decreases with temperature and density. In
Refs. [27,28 and [26], the effective mass of nucleon is
adopted from the results of MFA in the Walecka model and
Bonn potential model, respectively. In our improved ZM
model, the effective madgl* occurs naturally in the Feyn-
man propagatoA ! and the VF effect has been considered in

essential steps here which are necessary for our calculatioribe same model self-consistently, which are the advantages
According to TFD, each field has double components an@f the model.

they lead to the X2 matrix propagator, but only the 1-1

Now we turn to calculate the-meson mass. The self-

component has a contribution to the self-energy. The 1-Energy of thep meson under the one-loop approximation

component of the nucleon angmeson are, respectively
(26,30,

10y — (e *
AT = (k- y+M sz_wms

+27-riNF(k)5(k2—M*2)], (13
v v, KK
14

_ H 2_ A2
X[m 2aring(k) 8(k mp)],
(14
|
s =114

reads(Fig. 1

H;;Vz—if

4

TT#AYNK) T AYk+q)], (16)

(2m)*
where
F“=[gp7"— S 1 T
L=1g,7"+ srwio” a7 17

A straightforward calculation can show

v nv
FrIlp,

1

HMV_'I d4k THY.
N P N T VRS TICS L VR



PRC 59 IMPROVED NUCLEAR MODEL WITH DERIVATIVE . .. 931

P s S O (it ) AL(k+a)*—M*?]
1_[pD J(Z’ﬂ)sT (k+ )2 M*Z F(k) kZ_M*Z NF(k+q) ' (18)
where
v fP H N * v fp ) *
TH'=Tn 19,7+ oy io®iay (K- y+ M%) g, y"— S 1070, (k- y+q- y+ M™)
=4g2{k(k+0)"+k"(k+q)*—g*Tk- (k+q)—M*?]} —4g, f (9“q”—q*g*")
2
_ fP mAV kz—k~ *2\ _ k-g(k*g” 0 2k,u,kv 2% k- 2_ (2 kz—k- *2
IVEzACHCK q+M*%) —2k-q(k*g"+q“k") +2q +9*[2(k-q)"—q( q+M*9]}. (19
|
Because of the self-energy correction, the propagator gf the 1 M*2— qu+ qax?
meson in the hot and dense medium reads = J dxin— 2.7
M“—qg x+q
v P P4y
D,"'=- P, qF—m—Tl,, (20 1 M*Z—q2x+q(2)x2
peoe poor l,=| dxx(1—x)In Ve
whereTl, and Il are, respectively, the longitudinal and 0 Gox-+ d
transverse components of theneson self-energy: )
X _
2 1/0? |3:f dx 727 LNe(X) +Nne(X)],
M, = — 5 u,u, 47, HPTZE(?—ZU u,—g,, |I;". o en(X)[4en(X)~dol
(21) " 4
. . . . dx ne(X)+ne(x)], (26
u, is the four vector of the medium and in the medium rest f gN(X)[48N(X) %][ FOO+Ne(X)], (26)

frame, uﬂz(l,ﬁ); P{¥ and P#” are the projection tensors
defined as andey(x)=\x?+M*2. The effective mass’* can be ob-
ia i tained from Eqgs(24) to (26) numerically.
00_ p0i _ ij_— ol _~inl/n2 ; :
Pr="P7 P =0, Py=d'—dqql/a, However, there is another way to define fhmmeson mass
in a hot dense medium, i.e., the so called screening mass
which is defined as the inverse Debye screening length
[28 26,30,31 The equations for defining the longitudinal
screening masen® ;L and the transverse screening me@s
of the p meson are

Pf"+Pl"=—g""+q"q"/o’. (22

The effective mass of the-meson is defined as the pole of
the propagatoD”" in the limit G—0 [26,28,3]. One can
prove that, in the limitg— 0,

HpL(QO:(j_)O):HpT(Qan_’O) lH# (qO q_)o) m;SJL:[m;Z)—FHpL(O!q);}O)]l/ZI
(23)
i i mS=[m2+1I (0,G—0)]*2 (27)
The effective mass of the-mesonm;; then satisfies pT p TP .
m:2:m§+HpL(qO:m; ,G—0). (24)  We can prove that
From Egs.(18), (19), (21), and(23), we obtain I1,.(0,G)=11,00(0,),
i 9%, . %, 0.6) = [11% (0,6)~ 1,500 28
11,.(do,G—0)= = I+ o >zl I,1(0,G)=3[117,(0,6) —I1,00(0,0) ], (28)
292 and
+ gz (M*21+031)
{ 4g§ 1/2
m L: H|_ m2+_2|5>:| y
3gp(6|v|*2|3+4|4)+ 49, 1 L 02l ’ Poom
2N x 2 1/2
2f2 s _ 2. 9%
+ 3oz (BUM* Pl —adla), (25 mﬂ—[HT myt = '6” : (29

wherel, 1,, I3, andl, are integrals as follows: where
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FIG. 2. The density dependence of the binding energy per
nucleon. The lower curve corresponds to the symmetric nucleal ' ' ' '
matter and the upper curves to neutral nuclear matter. 940 4
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andls, lg, andl, are integrals as follows:
0 ' 5l0 ' 1(IJO . 1%0 ' 200
o 2 (b)
X _ T(MeV)
I=f dX———=[np(X) +ne(X)],
5 0 SN(X)[ F( F( ]
FIG. 3. (a) The effective mass of nucledvi* against density at
zero temperature(b) The effective mass of nucleoM* against
% X2 . temperature at zero density.
|6:f dX——[Ne(X) +Ne(X)],
0o &n(X)
m,=768 MeV, m,=550 MeV,
* x* 2 M2 2 2 M? 2
|7=f dX——[Ne(X) +Ne(X)]. (31) Co=|72)9,=169.2, C=| —=]9,=59.1, f,=7.0.
0 SN(X) o ®

Ill. RESULTS AND DISCUSSIONS

(32

The vector coupling constagt, is chosen to fit the symme-

Prior to the numerical calculations, we must first deter-try energy of the nuclear matter because the tensor coupling
mine the parameters fdr,,,. The parameters except the term of NNp interaction has no contribution to the binding
vector coupling constarg,, and the tensor coupling constant €nergy in MFA. The curves of binding energy per nucleon
f, are chosen as those in Ref4,11,13 to reproduce the against the density at zero temperature are shown in Fig. 2,

equilibrium properties of nuclear mattét] and the spin-
orbit splitting of nuclei[11,13:

M=939 MeV, m,=783 MeV,

where we have chosen the parameggr 4.23. In this figure,
the lower curve corresponds to the symmetric nuclear matter
(pp=pn) and the upper curve corresponds to the neutral
nuclear matter §,=0). By using this figure, we find the



PRC 59 IMPROVED NUCLEAR MODEL WITH DERIVATIVE . .. 933

800 . . . . . . , 800 . . . T . y
700 700 4
- >
> 600 e
o T =
s Z 600
= oo
.. £
£
500
500 -
400 -} -
. . . T . T . 400 , . . T v . .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
3
@ b (m°) (@) o (m®)
800 d T d T d T T 800 v T T T T T
700 <
700
- >
® [
= =
~ 600 ~
. @ a
e £ 600
500
500
v T T T T T v v T v T T T T
0 50 100 150 200 0 50 100 150 200
(b) .
T (MeV) (b) T (MeV)

FIG. 4. (@) The density dependence of the effective masg of FIG. 5. (8) Same as Fig. @), but for longitudinal screening
meson at zero temperature: the solid curve corresponds to strongass(denoted byl) and for transverse screening médenoted by
coupling and the dashed curve to weak couplifiy. Same aga), T) of p meson.(b) Same aga), but for temperature dependence at
but for temperature dependence at zero density. zero density.

3715 for Hdhler-Pietarinen modal
symmetry energy is 33.2 MeV, i.e., if we takg=4.23, we 42.3 for Bonn potential
can reproduce the symmetry energy satisfactorily. 45.4 for Bonn B potential

The tensor coupling constarff, is chosen by strong or 41.0 for Nijmegen potential

weak coupling. To compare with the usiNp vector and
tensor coupling model, we defirfg="1,[1+g,0/M]"%, so for strong coupling and
the NNp tensor coupling term ofl;z, becomes
(f JaM)yorv7-(d,b,—,b,) ¢, which has the same form
as that ofNNp vector and tensor coupling model. According f K i | lculati h 4.93
to the arguments of Brown and Machle[@2], it is better to or weak coupiing. In our calcuiations, we c 00},?: ‘
consider the overall strength of thecoupling in this case, as and @,+f,)/4m=45.4 or 13.3 for strong coupling and
it emerges from the calculation of a opeexchange Feyn- weak coupling to determing, .
man diagram between two nucleons. The values of the over- Another point we hope to note before calculating the
all strength arg32] p-meson mass is about the effective mass of nuchdén As

(9,+1,)%4m=

(9,+1,)%4m=13.25
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TABLE |. The mass ofp meson at density of 0.12 fifand at  meson against densitftemperature at zero temperature
zero temperature where exp, WC, and SC denote values of expefidensity, whereL denotes the longitudinal part aridthe
ment, weak coupling calculation, and strong coupling calculationgransverse part, the solid lines refer to strong coupling and
respectively. dashed lines to weak coupling. We see from these figures
that allm} , m%, , andm’; decrease as the densiyr tem-
perature increases for both strong coupling and weak cou-

Density(fm™%) m}* (MeV) m5 (MeV) m’; (MeV)

exp 610 pling. This is reasonable because we have taken into account
wC 0.12 597 616 609 the vacuum fluctuation of the effective nucleon mass which
sc 453 462 469 make the mass gf meson decrease with density or tempera-

ture[26—28. Furthermore, we see from these figures that the
reductions of thep-meson mass for the strong coupling are
can be observed from Eq®) and(6), M* is determined by faster than those for the weak coupling, which means that the
the exchange of meson only in the usual ZM model. How- tensor coupling term oNNp plays an essential role in the
ever, in our improved ZM model, in a rigorous senbg; reduction of thep-meson mass because the values of the
must be determined not only by the exchange ofdheme-  couplingf, are different for strong and weak couplings.
son, but also the meson and the meson because we have  To compare our results with experiments, we list the the-
NNw andNNp interactions inLz, . Even though the con- oretical values ofp meson mass at the densip=0.7pq
tribution of the tadpole diagram with the vector mesons ex=0.12fm 3 and the experimental value from the TAGX
change to the nucleon self-energy is zero, the exchange di&ollaboration[22] in Table I. From Table I, we see that the
grams of the Hartree-Fock approximation can affstt.  weak coupling results fit the experimental data very well.
This effect had been calculated in details in our previous In summary, to overcome the shortcomings of the ZM
paperd11,26. However, our results indicate that the effects model, we have added themeson freedom and the tensor
of vector mesons exchange are very small. Even in the strongpupling terms to the ZM model and suggested an improved
coupling approach, the reduction d* at the saturation ZM Lagrangian. The freedoms inz, are nucleonsg me-
density due to the exchange of vector mesonsMs sons,w mesons, ang mesons. BesidddNo interaction, we
=0.98M. We can neglect the contributions of the exchangehaveNNp andNNw vector and tensor coupling interactions
of vector mesons td1*. In fact, the main contributions of in our improved ZM Lagrangian. By using the TFD, in one-
the reduction ofM* come from the exchange of scalar loop approximation, we have calculated fhieneson mass of
mesons. The dependent curves Mf to density (at zero this model at finite density and/or finite temperature. We
temperatureand to temperaturéat zero densityare shown have found that the-meson mass ap=0.7p, given by
in Figs. 3a) and 3b), respectively. weak coupling is in good agreement with the recent TAGX
Now we are in a position to address our main results, i.e.experimental results. Then we come to a conclusion that the
the effective mass and the screening mase aheson at improved ZM model is successful. It can explain more ex-
finite temperature and/or finite density. Our results are showperimental properties of nuclear systems than the ZM model
in Figs. 4a) and 4b) and Figs. %) and 8b). In Figs. 4a) can.
[and 4b)], we show the curves of the effective masspof
mesonm* against densitytemperaturgat zero temperature
(density, where the solid line refers to strong coupling and
the dashed line to weak coupling, respectively. In Fi@) 5 The present work was supported in part by the NNSF of
[and §b)], we show the curves of the screening masgp of China.
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