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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 II model. We find that it has two extrema and one singularity in terms of
K0/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 and
density is one of the interesting topics in recent research on
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
hot/dense matter have excited a lot of investigations[1–8].

In the hot and dense environment, there are various exci-
tation modes in medium, which lead to difference between
the field in vacuum and in medium. Generally speaking, in
order to understand this difference, two fundamental prob-
lems should be discussed. One is the dispersion relation of
the excitation modes, namely, the relation between the three-
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-
persion area and the spacelike region is the Landau damping
area. For the massive vector field liker meson, its field
tensor involves both the electrolike and the magnetolike
components. So another related problem is the dielectric and
permeable property. Analogizing with electromagnetism
theory we know that they can be described by the dielectric
function and permeability, which mainly reflect the differ-
ence between the meson field in vacuum and in nuclear me-
dium.

Some literatures have discussed the dielectric functions
and dispersion relations of QED and QCD plasma under the
Hard thermal loop approximation(HTLA ) [9,10]. And the
dispersion relation of nuclear matter which concerns thev
meson was also studied based on the QHD-I(Quantum
hadrodynamics I) model in zero temperature but high density
environment[5]. The r meson, whose decay width is larger
than that of thev andf, has shorter lifetime compared with
the central fireball formed in high-energy heavy ion colli-
sion. Therefore ther meson in medium has attracted much
more attention[3,4,7,8,11]. The dispersion relation ofr me-
son in medium has been investigated[3], but its dielectric
property is not yet clear and needs further study. In this paper
we shall start at QHD-II and discuss the dielectric function
excited by ther meson at high temperature. In the following
discussion we denoteK2=K0

2−k2 and uk u=k.
In electromagnetism theory, we know that the polariza-

tions are the essence of dielectric property. The dielectric
function including the polarization tensor of massless photon

has been given in early works[9]. In the similar manner, one
can obtain the formula of the dielectric function«,

« = 1 −
PL

K2 − mr
2 , s1d

which relates to the polarizations of massive vector meson.
The polarization tensor can be decomposed into transverse
and longitudinal parts as:Pmn=PL

mnPL+PT
mnPT. The trans-

verse and longitudinal projects are defined by Kapustaf12g.
The Lagrangian of QHD-II is[13]

LQHD−II = LI + Lp + Lrh, s2d

LI = c̄fgmsi]m − gvV
md − sM − gsfdgc + 1

2s]mf]mf − ms
2f2d

− 1
4FmnF

mn + 1
2mv

2VmVm,

Lp = 1
2s]mpW · ]mpW − mp

2pW · pW d − igpc̄g5tWc · pW

+ 1
2gfpmspW · pW f,

Lrh = − 1
4BW mn ·BW mn + 1

2mr
2bWm ·bWm − 1

2grc̄gmtWc ·bWm

+ grs]mpW 3 pW d ·bWm + 1
2gr

2spW 3 bWmd · spW 3 bWmd + dHiggs,

where,Fmn=]mVn−]nVm and

BW mn = ]mbWm − ]nbWn − grsbWm 3 bWnd,

whereBW mn is the field tensor ofr meson.
From the Lagrangian, one can read out five ways of po-

larization ofr meson(see Fig. 1).
These five diagrams can be classified as three types: the

nucleon polarization, the pion polarization and the self-
polarization.

The polarization tensor ofr meson will be calculated in
the real-time formalism of finite temperature field theory.
First turn to the nucleon polarization,*Electronic address: liuhui@iopp.ccnu.edu.cn
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Pmn
absrNd = −

i

2
gr

2E d4P

s2pd4TrftagmGsPdtbgnGsP + Kdg

= −
i

2
gr

2Trstatbd E d4P

s2pd4TrfgmGsPdgnGsP + Kdg

= dabPmn
srNd, s3d

GsPd is the thermal nuclear propagatorGsPd=GFsPd
+GDsPd, with

GFsPd =
P” + mN

*

P2 − mN
* 2 + ie

, s4d

GDsPd = 2pisP” + mN
* dnFdsP2 − mN

* 2d, s5d

where nF is the Fermi-Dirac distribution function:nF
=fexpsbvpd+1g−1.

So,

PmnsKd = Pmn
F sKd + Pmn

D sKd, s6d

Pmn
F sKd = − igr

2E d4P

s2pd4TrfgmGFsPdgnGFsP + Kdg,

Pmn
D sKd = − igr

2E d4P

s2pd4TrfgmGFsPdgnGDsP + Kd

+ gmGDsPdgnGFsP + Kd + gmGDsPdgnGDsP + Kdg.

The Feynman part is divergent but can be renormalizedf14g.
At first we focus on the temperature-dependent part.

By using the definition of Kapusta, we getPL

= K2/ k2P00, and

PL
rN =

K2

k2 P00 =
gr

2

p2

K2

k2 E p2dp

vp
F4vp

2 − 4vpK0 + K2

4pk
ln A

+
4vp

2 + 4vpK0 + K2

4pk
ln B − 2GnF, s7d

where vp=Îp2+mN
*2 and mN

* is the effective mass of
nucleon. And

A =
− 2vpK0 + K2 + 2pk

− 2vpK0 + K2 − 2pk
, B =

2vpK0 + K2 + 2pk

2vpK0 + K2 − 2pk
. s8d

Joining up Eqs.(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 equation[13]. The other parameters are
given in Table I.

In Fig. 2, the excitation modek 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 withk and 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 Eq.(1). In QED, this effect can also be found.
The only difference is that the singularity appears atK0/k
=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 ofr 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 lnA and lnB in Eq. (8). Setting the nu-
merators and denominators ofA andB to zero, one can ob-
tain the positions of singularities.

5
− 2vpK0 + K0

2 − k2 + 2pk= 0,

− 2vpK0 + K0
2 − k2 − 2pk= 0,

2vpK0 + K0
2 − k2 + 2pk= 0,

2vpK0 + K0
2 − k2 − 2pk= 0.

s9d

There are eight roots for these four equations

FIG. 1. Five ways ofr meson polarizations. The plain line is for
nucleon, dotted line for pion, and wiggly line forr meson.

FIG. 2. The dielectric function of the nucleon polarization in
terms of K0/k. The solid line is for the case ofT=200 MeV, k
=100 MeV, the dashed line forT=190 MeV,k=100 MeV, and the
dotted line forT=200 MeV,k=150 MeV.

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

gr
2 gs

2 mr mp ms mN
* sT=190d mN

* sT=200d mN

36.79 62.89 770 138 550 857.4 811.6 939
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5
n =

1

k
svp − Îk2 − 2kp+ vp

2d,

n =
1

k
svp − Îk2 + 2kp+ vp

2d,

n =
1

k
s− vp + Îk2 − 2kp+ vp

2d,

n =
1

k
s− vp + Îk2 + 2kp+ vp

2d,

s10d

5
n =

1

k
svp + Îk2 − 2kp+ vp

2d,

n =
1

k
svp + Îk2 + 2kp+ vp

2d,

n =
1

k
s− vp − Îk2 − 2kp+ vp

2d,

n =
1

k
s− vp − Îk2 + 2kp+ vp

2d,

s11d

wheren=K0/k.
Obviously, the four roots in Eq.(10) are all in the region

of unu,1. Note thatp.0 and n.0; they must be linked
with the left minimum value in Fig. 2. The other four roots in
Eq. (11) are in the region ofunu.1, so they are the counter-
parts of the right minimum value. Retrospect to QED case in
HTLA, no such effect was presented as we know, because
the vector field in QED is massless and the electronic mass
has been neglected in HTLA. In Fig. 2 if the masses of
fermion and meson vanished, the two minimum values
would converge at the point ofn=1 which was the exact
position of the mass-shell singularity of photon or gluon. In
that case the extrema are hidden in the singularity effect. It is
necessary to point out that whether it is QED or QCD, these
extrema are always there. But only in QHD, due to the
masses of meson and fermion, this effect can be obviously
presented.

We have studied the real part of the dielectric function
and given the fundamental characteristics of the function
curve which contains two extrema and one singularity. But
what do they mean in physics? Analyzing the imaginary part
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
becauseK0/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
the medium. Detailed analysis to the numerical result in Fig.
2 demostrates that when the invariant mass ofr meson is
close to twice as large as the mass of nucleon, the real part of
the dielectric function gives the timelike extremum. For ex-

ample, on the solid curve in Fig. 2, the timelike extremum
appears atK0/k<16.2. Notice thatk=100 MeV andmN

*

=811.6 MeV, so the invariant mass ofr meson Mr
2=K2

<s16.22−1dk2 and Mr<1616.9 MeV. Thus it can be seen
that there is a resonance conditionMr,2mN

* at this extre-
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 increasingK0 at first and
gives a minimum value in the spacelike region, which can be
explained by the Landau damping effect. The nucleons will
achieve the energy according to this damping mechanism
and form the induced current to decide«. Then with K0
rising, the curve enters into the timelike region, namely, the
normal dispersion area, and« rises until the singularity ap-
pears whenK0

2−k2=mr
2, which is the mass-shell condition of

physical particle. As we know, it is impossible for the in-
medium meson to satisfy this condition. After passing the
singularity, the excitation mode goes back to the normal dis-
persion area and« is rising again withK0. But when the
invariant mass ofr meson satisfies the resonance condition,
the nucleons will form the induced current according to this
resonant mechanism,« again deviates far from one which is
the value in vacuum, and the curve gives another minimum
value. Moreover, as to different excitation modes, the posi-
tions of the singularities and extrema shift under the con-
straint of mass-shell and resonance conditions. The calcula-
tion also shows that in the timelike region when some mode

FIG. 3. Dielectric function contributed by the pion polarization
with k=100 MeV atT=200 MeV.

FIG. 4. Dielectric function contributed by the self-polarization
with k=100 MeV atT=200 MeV.
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carries extremely large momentum(e.g., K→`), «→1,
which is consistent with the related dispersion relation.

For the other two types of polarizations, the results are

PL
srpd =

gr
2

2p2

K2

k2 E p2dp

vp
F4vp

2 − 4vpK0 + K0
2

2pk
ln A

+
4vp

2 + 4vpK0 + K0
2

2pk
ln B − 4GnB, s12d

where nB=fexpsbvpd−1g−1 is the Bose-Einstein distribu-
tion function, and

PL
srrd =

gr
2

2p2

K2

k2 E p2dp

vp
F2K0

2 + 12vp
2 − 10vpK0 − 4k2 − 2p2

2pk

3ln A +
2K0

2 + 12vp
2 + 10vpK0 − 4k2 − 2p2

2pk

3ln B − 8GnB. s13d

The other two types of polarizations give almost the same
result as what is shown in Figs. 3 and 4, except that the
timelike extremum in Fig. 3 seems to have disappeared. This
may be due to the relatively small magnitude of the timelike
extremum. In fact, zooming in the region around the possible
resonant point, one can see the minimum value appearing on
the curve(Fig. 5), where the resonance begins atK2,4mp

2.
This result strongly supports our explanation to the resonant
mechanism.

In Figs. 2, 3, and 4, one can see that at the same tempera-
ture, the pion polarization has the greatest effect on the mag-
nitude of the dielectric function. Self-polarization takes the
second place, while the nucleon polarization has the least
contribution. Adding up all the Feynman diagrams, we can
obtain the final dielectric function which is induced byr
meson. The numerical result is plotted in Fig. 6.

«r = 1 −
1

K2 − mr
2sPL

srNd + PL
srpd + PL

srrdd. s14d

Let us draw some conclusions on the dielectric function
of nuclear matter excited byr meson in QHD-II. First, the
dielectric function appears a singularity when the nuclear
mass-shell condition is satisfied. Besides the singularity, it
has an extremum in the spacelike and the timelike region
respectively, which is the main difference compared with the
case in QED or QCD. This new phenomenon may be owing
to the masses ofr meson and fermion, which separate the
two extrema from the mass shell singularity. In QED or
QCD, these extrema are hidden in the singularity atn=1,
which is the mass shell of massless particle. Finally, the ex-
tremum in the spacelike region is the Landau damping effect
and the one in the timelike region is related to the resonance
caused byr mesons and nucleons in the medium.
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FIG. 5. Exaggerated region around the resonant point on the
dielectric function curve contributed by the pion polarization, with
k=100 MeV andT=200 MeV. FIG. 6. The final dielectric function ofr meson in QHD-II

model withk=100 MeV atT=200 MeV.
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