PHYSICAL REVIEW C 69, 037601(2004)

Dielectric function excited by p meson polarization in nuclear matter
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The dielectric function of nuclear matter has been studied in the framework of finite temperature field theory
based on the quantum hadrodynamics Il model. We find that it has two extrema and one singularity in terms of
Ko/k. One of the extrema reflects Landau damping and the other is related to the resonance phenomenon.
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The property of hadronic matter at finite temperature anchas been given in early work8]. In the similar manner, one
density is one of the interesting topics in recent research oban obtain the formula of the dielectric functien
relativistic heavy ion collision. The medium effect of had-
ronic matter, such as the dispersion relation, the dielectric
function, the permeability, and the nuclear effective mass in e=1-
hot/dense matter have excited a lot of investigatinrs3). K?-m?

In the hot and dense environment, there are various exci-

tation modes in medium, which lead to difference between, ;o rejates to the polarizations of massive vector meson.
the field in vacuum and in medium. Generally speaking, inrq nojarization tensor can be decomposed into transverse
order to understand this difference, two fundamental prob; 4 longitudinal parts agil#*=PHTI, +P4Tl;. The trans-
lems should be discussed. One is the dispersion relation erse and longitudinal projects :;re (LjefirIed Tby Kap(is?.

the excitation modes, namely, the relation between the three- 1 Lagrangian of QHD-Il i§13]

momenta and frequencies of the modes, which is decided by

the pole of in-medium propagators. It is a basic feature in

dispersion relation that the timelike region is the normal dis- Lonp-n =L+ L+ Ly, 2
persion area and the spacelike region is the Landau damping

area. For the massive vector field like meson, its field

tensor involves both the electrolike and the magnetolike » _ 7. 9 _ g V&) — (M — 1 g 2 2
components. So another related problem is the dielectric andﬁI WYuli9, =GV = (M = ged) [+ 3(9, 40" ~ M)
permeable property. Analogizing with electromagnetism - %FWF“W %mﬁVMV“,

theory we know that they can be described by the dielectric

function and permeability, which mainly reflect the differ-

, 1)

S . i L R =
gir:Jcnt: between the meson field in vacuum and in nuclear me L,=Y0,7 o7- mia-r-w) —ig ystih - 7
Some literatures have discussed the dielectric functions + %g¢ﬂn1sa?-7?¢,

and dispersion relations of QED and QCD plasma under the
Hard thermal loop approximatioHTLA) [9,10. And the

dispersion relation of nuclear matter which concerns ¢he 15 Buralo 20 Cu_ 1 s

. =-iB  -B*"+imPp, -b*-1 ‘b
meson was also studied based on the QH@uantum P ATk 2Pk 29,077 by
hadrodynamics)imodel in zero temperature but high density + g (47 X ) b, + %gi(ﬁ X b,) - (7 X D*) + Suiggs

environment5]. The p meson, whose decay width is larger
than that of thaw and ¢, has shorter lifetime compared with
the central fireball formed in high-energy heavy ion colli- Where,F,,=d,V,=d,V, and
sion. Therefore the meson in medium has attracted much
more attentior{3,4,7,8,11. The dispersion relation gf me- B =0b —ab g 6. % b,)
son in medium has been investigatg], but its dielectric S A
property is not yet clear and needs further study. In this paper
we shall start at QHD-II and discuss the dielectric functionwhereéw is the field tensor op meson.
eXCited by thQ) meson at h|gh temperature. In the f0||0Wing From the Lagrangian, one can read out five Ways Of po-
discussion we denoté’=K3-k? and |k|=k. larization of p meson(see Fig. 1
In electromagnetism theory, we know that the polariza- These five diagrams can be classified as three types: the
tions are the essence of dielectric property. The dielectrigucleon polarization, the pion polarization and the self-
function including the polarization tensor of massless photorpolarization.
The polarization tensor g meson will be calculated in
the real-time formalism of finite temperature field theory.
*Electronic address: liuhui@iopp.ccnu.edu.cn First turn to the nucleon polarization,
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FIG. 1. Five ways ofp meson polarizations. The plain line is for
nucleon, dotted line for pion, and wiggly line fermeson.
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d*P
=- EgiTr(faqb) f WTr[«yMG(P) v,G(P +K)]

=&Y, 3

G(P) is the thermal nuclear propagatd®(P)=Gg(P)
+Gp(P), with

T #7,G(P)™y,G(P +K)]

P+my
Ge(P) = : , 4
#(P) PZ-m2+ie @
Gp(P) = 27 (P + myne8(P? — my?), (5)

where ng is the Fermi-Dirac distribution functionng

=[exp(Buy)+ 1]

So,
I0,,,(K) =T1F(K) + I1 (K), (6)
. d*pP
I (K) =~ Ig§ f (27 2 11L7,.Ge(P)y,Ge(P + K)],
d*P
H,LDLV(K) == Igif (277 4Tr[7MGF(P) YVGD(P + K)

+ ’YMGD(P) ’vaF(P + K) + ’yMGD(P) ’YVGD(P + K)]

The Feynman part is divergent but can be renormaljzédi
At first we focus on the temperature-dependent part.
By using the definition of Kapusta, we gell"
g’ K? pzdp[
=p

= Kz/kznoo, and
2 k2 J wp

, 4wp+ oo+ K2
4pk

K? 4w? - Aw Ko+ K2
= Fnoo: : .

4pk

In A

In B—Z}np, (7)

where w,=\p?>+m{ and my is the effective mass of
nucleon. And

_ 20pKo+K?+ 2pk
" 2wpKo+ K2 - 2pk’

P 2w,Ko + K2 + 2pk

- , 8
- 2w,Kq + K? - 2pk ®
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FIG. 2. The dielectric function of the nucleon polarization in
terms of Kg/k. The solid line is for the case of=200 MeV, k
=100 MeV, the dashed line far=190 MeV, k=100 MeV, and the
dotted line forT=200 MeV, k=150 MeV.

Joining up Eqgs(1) and(7), and taking the real part of the
dielectric function into account, one can draw out the curves
in Fig. 2. In the numerical calculation, the effective mass of
nucleon decreases with T which is decided by the self-
consistent mass equatioii3]. The other parameters are
given in Table 1.

In Fig. 2, the excitation modk has been fixed so as to see
the dielectric function varying with frequency. There is one
singularity and two minimum values on the solid curve
where their positions and magnitude change vkitand T.
When T rises, the magnitude of the two minimum values
increase but the position of the singularity remains stable.
The change of excitation mode moves the position of the
singularity and has a tiny effect on the magnitude.

With more specific analysis to the mathematical structure
of the dielectric function, one can find that the singularity
appears when the mass shell condition is satisfied, which is
obvious in Eqg.(1). In QED, this effect can also be found.
The only difference is that the singularity appearKgtk
=1 in QED or QCD because of the massless photon or gluon,
while in QHD case it has been moved to right due to the
mass ofp meson.

The structures of the extrema are more complex than that
of the singularity. Analyzing the polarization tensor math-
ematically, we discover that the extrema are firmly related to
the singularities in IM and InB in Eq. (8). Setting the nu-
merators and denominators AfandB to zero, one can ob-
tain the positions of singularities.

- 20 Ko+ K§— K2+ 2pk=0,
- 20K+ K§ - k2= 2pk=0,
2w,Ko+ K5 — K2+ 2pk=0,
2wpKo + K§—k? - 2pk=0.

9)

There are eight roots for these four equations

TABLE |. Parameters of QHD-I[13] with masses and the tem-
perature in(MeV).

¢ ¢ m

, M, mg my(T=190 my(T=200 my

36.79 62.89 770 138 550 857.4 811.6 939
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p
1 s
n= E(wp - k% - 2kp+ wz), 4
1 s
n:—(wp—\r’k2+2kp+w§), 2 \
\ X (10) & v
_1 1,2 2 0
n—E(— wp+ \VK*— 2kp+ wp),
1 _— -2
n:E(—wp+\s’k2+2kp+w§),
\ 0 2 4 6 8 10 12 14

1 S R —
— N2 2
n= E(wp + k= 2kp+ wp)v FIG. 3. Dielectric function contributed by the pion polarization

with k=100 MeV atT=200 MeV.
1 N2 2
n=—(wp+ k™ +2kp+ wp), , - L
ample, on the solid curve in Fig. 2, the timelike extremum
< k (11) | the solid Fig. 2, the timelike ext
1 — appears at,/k=16.2. Notice thatk=100 MeV andmy
n= E(_ wp = VK= 2kp+ wp), =811.6 MeV, so the invariant mass @f meson M>=K?
~(16.2-1)k?* and M,~1616.9 MeV. Thus it can be seen
n= 1(_ wp— VK2 + 2kp+ “’r2>) that there is a resonance conditiM]D~2mL at this extre-
k ' mum.
\

Now we are in the position to give physical explanations
to the dielectric curve: as what is shown in Fig. 2, in a certain
excitation modek, ¢ decreases with increasifg, at first and
i < 1 ' gives a minimum value in the spacelike region, which can be
with the left minimum value in Fig. 2. The other four roots in explained by the Landau damping effect. The nucleons will

Eq. (11) are in the region ofn| > 1, so they are the counter- achieve the energy according to this damping mechanism
parts of the right minimum value. Retrospect to QED case inyng form the induced current to decide Then with Ko

HTLA, no such effect was presented as we know, becausgsing, the curve enters into the timelike region, namely, the
the vector field in QED is massless and the electronic masgorma) dispersion area, andrises until the singularity ap-

has been neglected in HTLA. In Fig. 2 if the masses Ofpears WherKg—kZ:mz, which is the mass-shell condition of
fermion and meson vanished, the two minimum Valuesphysical particle. A P

- ! s we know, it is impossible for the in-
would converge at the point ai=1 which was the exact medium meson to satisfy this condition. After passing the
position of the mass-shell singularity of photon or gluon. Ingjnqlarity, the excitation mode goes back to the normal dis-
that case the extrema are hidden in the singularity effect. It if)ersion area an@ is rising again withK,. But when the
necessary to point out that whether it is QED or QCD, thesg,ariant mass op meson satisfies the resonance condition,
extrema are always there. But only in QHD, due to theye nycleons will form the induced current according to this
masses of meson and fermion, this effect can be obviouslyssonant mechanism,again deviates far from one which is
presented. , _ _ _the value in vacuum, and the curve gives another minimum

We have studied the real part of the dielectric functionyajye. Moreover, as to different excitation modes, the posi-
and given the fundamental characteristics of the functionions of the singularities and extrema shift under the con-

curve which contains two extrema and one singularity. Bulsyraint of mass-shell and resonance conditions. The calcula-
what do they mean in physics? Analyzing the imaginary partjon also shows that in the timelike region when some mode
of the dielectric function which is related to the energy ex-

change between the excitation modes and the medium, we

can also find two extrema, one is in the spacelike region and

the other in the timelike region. Their positions are exactly

the same with those in the real part respectively. This means

that the extrema in Fig. 2 are related to some energy absorp-

tion phenomenon in the medium. Obviously, the extremum £

in the spacelike region reflects Landau damping mechanism
becaus&,/k<1 belongs to the damping area in the disper-

sion relation. In this damping mechanism the excitation -
mode losses energy into the medium. The extremum in the
timelike region may be excited by the resonant absorption in 0 5 10 15 20

the medium. Detailed analysis to the numerical result in Fig. Ko /k

2 demostrates that when the invariant mass gheson is

close to twice as large as the mass of nucleon, the real part of FIG. 4. Dielectric function contributed by the self-polarization
the dielectric function gives the timelike extremum. For ex-with k=100 MeV atT=200 MeV.

wheren=Kg/k.
Obviously, the four roots in Eq10) are all in the region
of [n|<1. Note thatp>0 andn>0; they must be linked

R o kN W
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FIG. 5. Exaggerated region around the resonant point on the Ko /k

dielectric function curve contributed by the pion polarization, with . ) ) . )
k=100 MeV andT=200 MeV. FIG. 6. The final dielectric function op meson in QHD-II

model withk=100 MeV atT=200 MeV.

carries extremely large momentuige.g., K—®), ¢—1, )
which is consistent with the related dispersion relation. In Figs. 2, 3, and 4, one can see that at the same tempera-

For the other two types of polarizations, the results are ture, the pion polarization has the greatest effect on the mag-
nitude of the dielectric function. Self-polarization takes the

H(m,)__gﬁ_K_z pPdp| 4wh - 4w Ko+ Kgl A second place, while the nucleon polarization has the least
L To2Kk2 » 2pk n contribution. Adding up all the Feynman diagrams, we can
5 ) obtain the final dielectric function which is induced by
4dwp + 4opKo + Ko _ meson. The numerical result is plotted in Fig. 6.
+ In B-4|ng, (12
2pk
_ 1 . . _— 1
vyhere nB—_[exp(ﬁwp)—l] 1 is the Bose-Einstein distribu- g,=1- mz(H(LpN) + H(Lmr) + H(L”P)). (14)
tion function, and -my
2 K2 2 2 2 _ — 4K2 — 2p2 Let us draw some conclusions on the dielectric function
g K dp| 2K§+ 12w — 10w,Ky = 4k = 2p | . !
H(Lpp)=2_ﬂpzpf P p[ : . > IE 0 of nuclear matter excited by meson in QHD-II. First, the
“p P dielectric function appears a singularity when the nuclear
2K + 1207 + 100,K — 4k? - 2p? mass-shell condition is satisfied. Besides the singularity, it
XIn A+ 2pk has an extremum in the spacelike and the timelike region
respectively, which is the main difference compared with the
<InB-8In (13) case in QED or QCD. This new phenomenon may be owing
B to the masses gb meson and fermion, which separate the

o ) two extrema from the mass shell singularity. In QED or
The other two types of polar_lzatlons give almost the Same)CD, these extrema are hidden in the singularinatl,
result as what is shown in Figs. 3 and 4, except that thghich is the mass shell of massless particle. Finally, the ex-
timelike extremum in Fig. 3 seems to have disappeared. Thigemum in the spacelike region is the Landau damping effect
may be due to the relatively small magnitude of the timelikeang the one in the timelike region is related to the resonance

extremum. In fact, zooming in the region around the possiblgaysed by mesons and nucleons in the medium.
resonant point, one can see the minimum value appearing on

the curve(Fig. 5), where the resonance beginskat~ 4me. This work was partly supported by the National Natural
This result strongly supports our explanation to the resonarfécience Foundation of China, Grant Nos. 10175026 and
mechanism. 90303007.

[1] C. Song, P. W. Xia, and C. M. Ko, Phys. Rev. 8, 408

(1995. A632, 109 (19998.
[2] K. Saito, T. Maruyama, and K. Soutome, Phys. Revd@ 407 [8] O. Teodorescu, A. K. Dutt-Mazumder, and C. Gale, Phys. Rev.
(1989. C 66, 015209(2002.
[3] Ji-sheng Chen, Jia-rong Li, and Peng-fei Zhuang, Phys. Rev. C[9] H. A. Weldon, Phys. Rev. 26, 1394(1982.
67, 068202(2003. [10] M. H. Thoma and M. Gylassy, Nucl. Phy8351, 491(1991).
[4] Ji-sheng Chen, Jia-rong Li, and Peng-fei Zhuang, J. High En{11] C. Gale and J. Kapusta, Nucl. PhyB357, 65 (1991).
ergy Phys.0211, 014 (2002. [12] J. I. Kapusta,Finite-Temperature Field TheoryCambridge
[5] A. K. Dutt-Mazumder, Nucl. PhysA713, 119(2003. University Press, Cambridge, 1989
[6] K. Saito and A. W. Thomas, Phys. Rev. &1, 2757(1995. [13] B. D. Serot and J. D. Walecka, Adv. Nucl. Phyik5, 1 (1986).

[7]1 W. Peters, M. Post, S. Leupold, and U. Mosel, Nucl. Phys.[14] H. Kurasawa and T. Suzuki, Nucl. PhyA490, 571 (1988.

037601-4



