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Dispersion relation of the p meson in hot and dense nuclear matter
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The dispersion relation gf meson in both timelike and spacelike regimes in a hot and dense nuclear
medium is analyzed and compared withmeson based on the quantum hadrodynamics model. The pole and
screening masses pfando are discussed. The behavior of screening magsieifferent from that ofr due
to different Dirac- and Fermi-sea contributions at finite temperature and density.
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Heavy-ion collision physics has stimulated intense invesMy, and effective chemical potential* for discussing the
tigations of the properties of strongly interacting, hot andin-medium meson property. In the relativistic Hartree ap-
dense nuclear mattdd]. Among the proposed signals for proximation, the self-consistent equations i, and u*
detecting quark-hadron phase transition, dileptons and phan be written a§17,16]
tons are considered to be the clearest ones because they can

penetrate the medium almost undisturbed and reflect the 9> 4 M _
property of the fireball formed in the initial stage of colli- My—My=— —Z 3f d®p—[ng+ng]
sions[2]. Furthermore, the dileptons from the decay of light mj (2m) ©

vector mesons can be considered as possible signals of the 5 .

partia_l chiral symmetry restora_tion. Especially, the property + 9 i M§,3In<m) —MrZ\J(MKJ—MN)
of p in a hot and dense environment has attracted much m§ G My

attention in the literature due to its relatively larger decay
width compared witho and¢ [3-5]. It is interesting that the
p mass decreasing mechanism can be used to explain the low
invariant mass dilepton enhancement in cenal colli-
sions observed_ by CE_RES—NAA[B—8]. wr—p=— giPB/mi, 2
From the point of view of many-body theory, the collec-
tive effect of medium on a meson is reflected by its full Wherew:,/Mmz—k p2 is the nucleon energy and the baryon
propagator, which determines its dispersion relation as weljensitypg is defined by
as the response to the external sour@ell]. Due to the
broken Lorentz symmetry, the dispersion relations for longi- 4
tudinal and transverse modes of vector mesons are different. pPB= 3
However, the timelike and spacelike regimes are related to (2)
each other through the dispersion relation as in the case of — ] o o .
QED [12]. With vector meson dominance model, thene- with Ng. (ng) being the Fe_rml-Dlrac distribution functlons
son screening mass is an important quantity related to thfr (anti-)baryons, respectively. The coupled equations can
electromagneti¢dEM) Debye mass and to the emissivity of P& solved numerically with the parameters determined by
dileptons and photons produced in heavy-ion collisions. Fofitting the binding energy at normal nuclear dengitygiven
example, the screening mass in spacelike limit is associatél Table I. TheMy decreases with increasing density at
with the isospin fluctuations, which can be used as a poterfixed temperaturésee Fig. 1, analogously to the result of
tial signature of quark-gluon plasm@®GP formation[13]. mean field theory neglecting the vacuum fluctuatiph6.
Furthermore, the scalar quark density fluctuation of QCD isThe effective chemical potentia* will affect the properties
related to the spacelike limit of in-medium self-energycof ~Of mesons indirectly through the distribution functions.
as pointed out in Ref{14], where the contribution of free ~ In Minkowski space, the polarization tensdr*”(k) of p
nucleons aff=0 is ana|yzed through one-k)d‘FbN_l exci- can be divided into two parts with the standard projection
tation. In Refs[15,16], it was found that the Dirac-sea con- tensorsP{*" andP%" according to
tribution to the pole mass gf dominates over Fermi sea’s.
In this paper, we discuss the dispersion relationg ahd o A7 (k) = I (k) PE”+ [ (k) PE” (4)
in both spacelike and timelike regimes determined by the .
pole positions of their in-medium propagators. The mediumVith
effects onp ando at finite temperatur@ and baryon density 2 1
pg are taken into account in the framework of quantum _ 2 100 T piiTT.
hadrodynamics model(QHD) through the in-medium M (k) kZH (), Tx(k) 2 P711j (k). ®)
nucleon excitation.
We start from QHD-I to obtain the effective nucleon massWith the effective Lagrangian fgsNN interactiong 18]
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TABLE |. Parameters of QHD-I determined at normal nuclear " — =]

1.4 - -
densitypo=0.1484fm™3. The masses are iMeV). ot _ -
1 = T=100 MeV
gi g¢2,; me m, 9oNN kp m, My - e
54.289 102.770 458 783 263 6.1 770 939 *
EIE
0.8
_ - a n KP - a W\ S 0.6
‘CPNN_gpNN \P’)/MT \I,Va_ ZMN\PO’MV’T Vo Va y
0.4

whereV£4 is the p meson field andP the nucleon field, the
polarization tensor is given in random phase approximation
(RPA) by

FIG. 1. Effective masses as functions of scaled density at tem-
dp perature T=100 MeV. The solid line represents the effective
nucleon masglabeled asN). The dotted lines are for pole masses

Hw(k)zzgﬁNNTpE f
0

3
(2) (p and o, respectively, dot-dashed for transverse screening mass
1 (T). The dashed lines indicate the longitudinal screening rfiass
X Tr| T#(k) r’(—k)——|, of p and screening mass{) of o, respectively.
p—M} (P—K)— M}

sons. At zero temperature, the propertycothas been dis-
(6)  cussed in Refs[22,23. As pointed out in the introduction,
with T#= 4+ (ik /2M ) ok, . The temperature and ef- the screening mass of in spacelike limit has been discussed

- . _ _1 ._
fective chemical potential are hidden in the zero—componengti)?zvthﬂfséitﬂﬁegﬁ Ccz:[gsdlf?iltr}?n:theetgr?le (Ia?kajﬁjreetxhcé
of nucleon momentum vigy=(2n+1)7Ti+ w*. With the 9 ’ P '

residue theorem, one can separate the polarization tensor intge >0 self-energy with RPA is

two parts d%p

(277)3Tr

1 1
p— My (b—K) —MY

IT,,(k) =2g2
IT#7(k) = IE"(k) + 115" (k), ) o(K) gaTDEOJ

wherelI£"(k) corresponds to the particle-antiparticle contri- which can be reduced to

bution of the Dirac sea at=0 andll5"(k) arises from the 3g?
partlcls-hole coptrlbut.|0r1i19—2]]. The_ varlousv components I, (k)= _z; 3MK,2—4M’,§MN+ Mﬁ,—(M’,\jz— Mﬁ)
of II£"(k) are listed in the Appendix antl£"(k) can be 2
found in Ref.[16]. )
For vector meson excitation in the medium, the dispersion 1 My —x(1-x) k?
relations determined by the pole positions of the full propa- X 0 In M2 dx
gator D#” for longitudinal and transverse branches are dif- N
ferent, while the pole masses determined by taking the limit 1 Mﬁz—x(l—x)kz
IT; 1(ko,|k|—0) for L and T modes are consisteft6]. As — | IMZ—=x(1—x)k?]In 5 5
pointed out in Ref[13], the screening mass determined by 0 M{—X(1=x)k
IT1,(0)k|—0) can be related to the isospin fluctuations. In ) ) ) 2
general case including the Dirac sea contribution and the +& p dp(n o)l 2+ —4My (a+b)
vacuum massn,, the screening masses are defined by the w2 BB 4p|k| '
pole positions of full propagators related with the finite mo-
mentum self-energyI (0k) [15,12, ©)
k?+m2+11, +(0k)=0. @ "
2_ _
The screeningDebye massesM=—i|k| are the inverse a:|nk 2p|K ZkOw,
Debye screening lengths and reflect the collective effects of k?+2plk| = 2kqw
the medium, i.e., the damping characteristic* of the
excitations with purely imaginary wave numbers. The self- _ k?—2p|k| +2kow
consistent numerical results féd, determined by Eq(8) - nk2+2p|k|+2k0w

are indicated in Fig. 1, where the effective nucleon n¥gs
and the effective pole mass pfare also shown for compari- with kzzké—kz. It is necessary to note again that here we
son. discuss the full propagat@ , with the in-medium nucleons.

It is interesting to discuss the in-medium property of sca-The effective masses of meson defined analogously to
lar mesono with QHD and compare it with the vector me- those ofp are also displayed in Fig. 1.
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@ contribution increases with increasing momentis: | K|.
For o, I1(0,k) contains both Dirac- and Fermi-sea contribu-
tions in the spacelike limit. It is the Fermi-sea contribution
that leads to a negativid (0,k) in the low |k| region.

In summary, we have analyzed the dispersion relations of
p ando in hot and dense nuclear environment in the frame-
work of QHD in timelike and spacelike regimes. The pole
——————————— and screening masses pfare found to decrease with in-
creasing density. Although the pole massooflecreases in
the low density region, the screening mass behaves very dif-
ferently from those ofp at finite temperature and density.
- . . - This difference is attributed to the corresponding Dirac- and

IK (GeV) <—Screen|ng Propagatlon - K(GeV) Fermi-sea contributions.

T=100 MeV, pp/po=1.0

This work was supported by the NSFC under Grant Nos.
10135030, 10175026, 19925519 and the China Postdoc Re-
search Fund.

(b)

T=100 MeV, pg/po=1.0

g o APPENDIX
(4
£ o2 B The ingredients ofI§" with the similar expressions @t
S Z andb in Eq. (10) are the following:
N I
wal e Ip(k) =135 + 5+ I35,
(; ---------- 0.1 0 0:3K & v)O.4 0.5 0.6 0.7 9
(Ge d
o . o Mip=-2 (g"NN) P p(nB+nB)

FIG. 2. (a) Dispersion relation curves fgr. The solid line cor-
responds toL mode, dot-dashed t&@ mode, and long-dashed to K2 K
invariant massMp:\/ka—kz; (b) TI(0k) for p ando. The solid x| 4+ —4wko+ 4w’ a+(w——o)
line and dot-dashed lines correspond, respectivelyl tand T 2p|k| '
modes ofp, and the dotted line is four.

The pole massesi* , My, andm? versuspg at fixed T 00 gpNN 2k, . [Pdp —

. p: ' o, B 5 =4(K| —(ng+ng)(a+b),

behave very differently. The effective nucleon mass de-

creases monotonously with increasing density, while the ef-
fective pole mass op decreases at first and then becomes
saturated. The pole mass; also decreases in the low den- n32=2
sity region. As for the screening mass behavior, the longitu-

g ?[ Kk, \2 [ p%dp —
2p77) (ZI\/’IJN)J 1) (Ng+Ng)

d|r)al and trans_verlse Debye oneSp_aiecrease but the one of k2(K2— 4p2)+ (K2 — 2kow)?

o increases with increasing density. X 4k§+ at(w——w)|;
The corresponding dispersion relation curves calculated 2plk]

from the pole position of the full propagat@*” in both

timelike and spacelike regions fprare shown in the upper KOK

panel of Fig. 2. Due to the tensémagneti¢ coupling and (k)— HOO(k)

the relatively smaller coupling constagyy compared with

w meson, the invariant in-medium mak&;pz\/koz—k2 is

i':llmost a cons]Eant ri]n tlhe timedl_ikelregi(;)n. The dispegsion r:e— " k'
ation curves for the longitudinal and transverse branches

almost coincide and can ognly be separated from each other in MB(K) = (Ar+Az+Ag) 01+ (By+ Byt By)- - K2
the spacelike screening region. For comparison, the spacelike

tensorslI(0k) of p ando are shown in the lower panel of

Fig. 2. Forp, in the limit|k| — 0 the Dirac-sea and the tensor gpNN p2dp — | 4(k?+kd)

coupling contributions vanish, and the Fermi sea contributesA;= J (Ng+ng)| ———

only to the longitudinal mode. Therefore, the screening mass k

determined by the spacelike limit dii(0k) will be very 4 2 2,2

different from what we showed in Fig. 1. The difference _K k3(ko—2w)*+ 4K%(p kow)a_(wﬁ_w) ,

between theL and T modes dominated by the Fermi-sea 2p|k|3

068202-3



BRIEF REPORTS PHYSICAL REVIEW &7, 068202 (2003

k? gonn| 2 [ P2dp — | A(K%+3K))

AZZEHgOD’ Bl=< 2,)77) jT(nB_l'nB) T e

, - , k*—3k3(ko— 2w)2+ 2k?(k3+ 2p?— 2kgw)
gonn| %[ K pdp |4k * 3 a
_ 2| 2e p o
As=—k 277) (ZMN)J - (nB+nB){ % 2p|K|
k*+4k%2w(w—Kg) +4k?(p?— w?) "‘((U—’_w)l,
+ at(w——w)|,
2plk[®

_ 100
B,=1I3p,

2 2 2
gonn| [ Ko f pedp —
B;= ng+n
3 ( 277) 2MN ® ( B B)
A(kg+k*  K2(2kg+Kk*) + 4kok?(2k3+ k) 0 — 4(2k?+ k?)k2p?+ 4(2kg — k2k?+ 2k*) w?
X 5 + 3 at(w——w)]|.
k 2plk|
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