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Influence of the in-medium pion dispersion relation in heavy ion collisions

C. Fuchs, L. Sehn, E. Lehmann, J. Zipprich, and Amand Faessler
Institut für Theoretische Physik der Universita¨t Tübingen, Auf der Morgenstelle 14, D-72076 Tu¨bingen, Germany

~Received 6 September 1996!

We investigate the influence of medium corrections to the pion dispersion relation on the pion dynamics in
intermediate energy heavy ion collisions. To do so a pion potential is extracted from the in-medium dispersion
relation and used in QMD calculations and thus we take care of both, real and imaginary part of the pion
optical potential. The potentials are determined from different sources, i.e., from theD-hole model and from
phenomenological approaches. Depending on the strength of the potential, a reduction of the anticorrelation of
pion and nucleon flow in noncentral collisions is observed as well as an enhancement of the high-energetic
yield in transverse pion spectra. A comparison to experiments, in particular topt spectra for the reaction
Ca1Ca at 1 GeV/nucleon and the pion in-plane flow in Ne1Pb collisions at 800 MeV/nucleon, generally
favors a weak potential.@S0556-2813~97!03401-8#

PACS number~s!: 25.75.2q, 13.75.Gx, 25.80.Ls
in
le
d/
t

th

ite

ra
n
th
ri
th
le

ti
at
le
ed

a
tic
e

ho
lli
o-
h-
gh
th

e
sy
r

pr
t

um
ary
e
ch
um.
n-

est
e.
re-
ec-
V/
NE

ion
.
in
ons
. In
to a

o-
E

in

tic
ear
er-
2

ree
enta
ge
us,
the
ef.

Ka-
to
I. INTRODUCTION

The main motivation to study heavy-ion reactions at
termediate energies is to extract some information on nuc
matter under extreme conditions, i.e., at high densities an
high temperatures. Besides nucleonic observables like
rapidity distribution and flow observables as, e.g.,
bounce-off and squeeze-out, also mesons@1,2# (p,K1,h,
etc.! emitted from the reaction zone can be probes of exc
nuclear matter. Pion yields and spectra@3–8# turned out not
to be sensitive to properties of the nucleon-nucleon inte
tion and difficult to interpret. Due to their strong interactio
with the nuclear environment, pionic observables at
freeze-out are the result of complex creation and rescatte
processes. However, pions can provide information about
resonance production in compressed and excited nuc
matter, in particular with respect to theD~1232! resonance
which is the dominant production channel. In high-energe
collisions with heavy nuclei, the creation of ‘‘resonance m
ter,’’ i.e., a state with a density ofD resonances comparab
to the nuclear saturation density has, e.g., been discuss
this context@1,2#.

Whereas total pion yields and low-energeticpt spectra
can be well explained by present theoretical transport
proaches@9#, the subthreshold production of high-energe
pions is a question of current debate. Such spectra have,
been measured by the TAPS@5,6# and the KaoS@7# collabo-
rations and at the Fragment Separator@8# at GSI. Various
processes can contribute to the creation of subthres
pions. One is the accumulation of energy by multistep co
sion processes, e.g.,DD scattering, but also heavier res
nances as theN* ~1440! can be excited and decay into hig
energy pions. The analysis, in particular, of these hi
energypt spectra is supposed to yield information about
role of resonances in heavy ion collisions@6#. However, both
cases are rare and require a sufficiently high density of
cited resonances, a state which mainly occurs in heavy
tems. In lighter systems which have also been measu
~Ar1Ca by TAPS@6# and Ni1Ni in Ref. @8#! multistep pro-
cesses and the creation of higher resonances are less
able and it is not clear if these phenomena are sufficien
550556-2813/97/55~1!/411~8!/$10.00
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explain the experimental data.
However, most theoretical approaches@9,10# included the

interaction of the pions with the surrounding nuclear medi
only by collision processes, i.e., parametrizing the imagin
part of the pion optical potential. In the present work w
include also the real part of the pion optical potential whi
influences the pion propagation through the nuclear medi
We thus take care of the full in-medium pion optical pote
tial. We investigate the influence onpt spectra with pion
momenta of several hundred MeV/c. This allows one to t
the in-medium dispersion relation in the high-energy rang

To investigate the low-energy range of the dispersion
lation, we consider the momenta of the pions in the coll
tive in-plane pion flow which have values of some 10 Me
c. The pion flow has been measured, e.g., by the DIOGE
group for the system Ne1Pb at 800 MeV/nucleon@11#. The
prominent observation was there as an always positive p
flow in contrast to the typicalS shape of the nucleon flow
This fact is probably due to the projectile-target geometry
this highly asymmetric system and the reabsorption of pi
by the target matter, i.e., the so-called shadowing effect
symmetric systems this shadowing effect may even lead
complete anti-correlation of pion and nucleon flow@9,13#.
Although conventional calculations, i.e., without a pion p
tential, are able to qualitatively reproduce the DIOGEN
data@10,12#, in particular, this~anti!correlation of flow reacts
sensitively on the in-medium effects taken into account
the present work.

The knowledge of the pion optical potential from elas
pion-nucleus scattering is, however, restricted to nucl
densities at and below saturation and relatively small en
gies@14#. In intermediate energy heavy ion reactions up to
GeV incident energy per nucleon baryon densities of th
times saturation density are reached and transverse mom
of about 1 GeV/c are detected in pion spectra. In this ran
the real part of the pion potential is almost unknown. Th
one has to extrapolate the pion dispersion relation to
ranges relevant for heavy ion collisions. As done in R
@13#, we apply two models, i.e., theD-hole model@15,16#
and a phenomenological ansatz suggested by Gale and
pusta @17#. The application of these models allows one
411 © 1997 The American Physical Society
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412 55FUCHS, SEHN, LEHMANN, ZIPPRICH, AND FAESSLER
investigate the influence of the possible boundary cases,
a soft (D hole! and a rather strong phenomenological pote
tial. Moreover, since the in-medium corrected dispersion
lation suggested by Gale and Kapusta is close to the hy
thetical pion condensation limit, it is a question of intere
whether the boundary conditions occurring in intermedi
energy heavy ion collisions would allow such a scenario.
addition, we apply a third potential which is a modificatio
of the parametrization of Gale and Kapusta and lies
strength between the two former cases. In Ref.@13# we have
demonstrated the influence on pionic flow observables
heavy ion collisions. Here we want to derive quantitati
statements and to distinguish between the different
proaches by comparison to experimental data, i.e., topt spec-
tra of the emitted pions and the pion in-plane transverse fl
produced in noncentral collisions.

The paper is organized as follows: First, we give an ov
view of the treatment of pions in the quantum molecu
dynamics~QMD! approach, in particular, with respect to th
resonances included and the collision processes. Next
discuss the dispersion relation and the resulting pion po
tials, and then compare the results to experiment. Finall
summary and an outlook is given.

II. PIONS IN QUANTUM MOLECULAR DYNAMICS

QMD is a semiclassical transport model which accou
for relevant quantum aspects like the Fermi motion of
nucleons, stochastic scattering processes including P
blocking in the final states, the creation and reabsorption
resonances, and the particle production. A detailed desc
tion of the QMD approach can be found in Refs.@18,19#.

Each baryon is represented by a Gaussian wave pa
with a fixed widthL. The temporal evolution of the centroid
of these wave packets is described by the classical equa
of motion generated from anN-body Hamiltonian

]pi
]t

52
]HB

]qi
,

]qi
]t

5
]HB

]pi
~1!

with

HB5(
i

Api21Mi
21

1

2 (
i , j

~ jÞ i !

~Ui j1Ui j
Yuk1Ui j

Coul!. ~2!

The Hamiltonian, Eq.~2!, contains mutual two-~and three-!
body potential interactions which are finally determined
classical expectation values from local Skyrme forcesUi j
supplemented by a phenomenological momentum dep
dence and an effective Coulomb interactionUi j

Coul

Ui j5aS r i j
r0

D1bS r i j
r0

D g

1d ln2~eupi2pj u211!
r i j
r0

, ~3!

Ui j
Coul5S ZAD 2 e2

uqi2qj u
erfS uqi2qj u

A4L D , ~4!

wherer i j is a two-body interaction density defined as
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1

~4pL !3/2
e2~qi2qj !

2/4L ~5!

and erf is the error function. The parametersa,b,g,d,e of
the Skyrme interaction, Eq.~3!, are determined in order to
reproduce simultaneously, the saturation density (r050.16
fm23) and the binding energy (EB5216 MeV! for normal
nuclear matter for a given incompressibility as well as t
correct momentum dependence of the real part of
nucleon-nucleus optical potential@19,20#. In the present cal-
culations we apply the standard parametrization of a ha
soft equation of state (K5380/200 MeV!. The Yukawa-type
potentialUi j

Yuk in Eq. ~2! mainly serves to improve the sur
face properties and the stability of the initialized nuclei.

Analogously to the baryons, Eq.~2!, the mesons also obe
Hamilton’s equations of motion. The Hamiltonian of th
pions, i.e., the sum of the respective single particle ener
v i , is represented in a mean field form

Hp5(
i

Np

v i5(
i

Np

@Api21mp
21ReVp

opt~pi ,qi !#, ~6!

whereNp is the actual number of pions. The dependence
the pionic mean field, i.e., the real part of the pion optic
potential ReVp

opt, on the pion coordinates originates from th
medium effects in dense nuclear matter. Such medium
fects are naturally expressed through a density depend
and ReVp

opt takes the form

ReVp
opt~pi ,qi !5ReVp

opt@pi ,rB~qi !#, ~7!

whererB is the respective baryon density. In convention
approaches@9,10# the Hamiltonian, Eq.~7!, is taken as that
of the vacuum, i.e., ReVp

opt is set equal zero.
Hard core scattering of the particles is included by t

simulation of the collision processes by standard Mo
Carlo procedures. The collisions’ probabilities are det
mined by a geometrical minimal distance criterio
d<As tot /p weighted by the Pauli blocking factors of th
final states@18,21#. For the inelastic nucleon-nucleon cha
nels we include theD(1232) as well as theN* (1440) reso-
nance. In the intermediate energy range, the resonance
duction is dominated by theD; however, theN* yet gives
non-negligible contributions to the high-energetic pion yie
@1#. The resonances as well as the pions originating fr
their decay are explicitly treated, i.e., in a nonperturbat
way and all relevant channels are taken into account. In p
ticular, we include the resonance production and rescatte
by inelasticNN collisions, the one-pion decay ofD and
N* , and the two-pion decay of theN* and one-pion reab-
sorption processes. These are summarized in Table I w

TABLE I. Inelastic scattering processes which are included
the present calculations.

NN↔ND D↔Np
NN↔NN* N*↔Np
NN→DD N*→Dp
ND→DD N*→Npp
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the isospin dependence of the various channels is suppre
for the sake of simplicity; which is, however, taken into a
count in the calculations.

For the cross sections of the inelasticNN channels, we
adopt the parametrizations of Ref.@22# which have been de
termined from one-boson-exchange amplitudes in a Born
proximation. The lifetimes of the resonances are determi
through their energy and momentum dependent decay wi

G~ upu!5
a1upu3

~11a2upu2!~a31upu2!
G0 , ~8!

which originates from thep-wave representation of the res
nances. In Eq.~8! p is the momentum of the created pion~in
GeV/c) in the resonance rest frame. According to Ref.@22#
the valuesa1522.83 ~28.8!, a2539.7, anda350.04 ~0.09!
are used for theD (N* ), and the bare decay widths are tak
as G0

D5 120 MeV andG0
N*5 200 MeV. The reabsorption

cross sections (pN→D,N* ) are determined assuming
Breit-Wigner distribution for the masses, i.e.,

s5
s0

p2~MRGR!2
1

~s2MR
2 !21~MRGR!2

, ~9!

whereR stands for aD or N* andp is the c.m. momentum
In contrast to, e.g., Ref.@10# the momentum dependent res
nance width, Eq.~8! is used in Eq.~9!. The resonance re
scattering cross section@N(D,N* )→NN# is determined
from a detailed balance. To take care of the proper ph
space available for this channel, we take the finite width
the resonances into account as proposed in Ref.@23#. In par-
ticular for pions near theD threshold this procedure leads
a significant enhancement of the rescattering cross sec
and the low-energetic pion yield is suppressed by about 3
Thus, we are able to reasonably reproduce the total p
multiplicities with results similar to Ref.@9#.

In the presence of a pion potential, this has to be ta
into account in the energy balance in order to ensure en
conservation in the collision processes, i.e., the relation

ApR21MR
25A~pR2pp!21MN

21App
21mp

21ReVp
opt~pp ,rB!

~10!

has to be fulfilled. Concerning the pion reabsorption, E
~10! is exactly fulfilled; in the case of a resonance decay, t
procedure is more involved since the decay takes place in
resonance rest frame. The potential of the created pion
pends, however, on its momentum in the rest frame of
colliding nuclei. Thus, the pion momentum is determin
iteratively until Eq.~10! is fulfilled with an accuracy bette
than 0.5 MeV which corresponds to an energy violation
less than about 0.04%.

Although the elementary cross sections@22# are param-
etrizations of the free cross sections, medium correction
the imaginary part of the pion optical potential are includ
firstly by the enhancement of the rescattering/reabsorp
probability which is proportional to the nuclear density, i.
the available scattering partners, and secondly by the P
blocking in the final states according to the respective ph
space occupancy. Via Eq.~10! also the real part of the pion
potential gives corrections to the imaginary part. Thus,
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mean free path of the pions is significantly reduced an
consistent treatment of the real and imaginary part of
optical potential is achieved. Furthermore, the moment
dependence of the nuclear mean field, Eq.~3!, results in a
~nonrelativistic! effective mass of the baryons.

III. THE PION POTENTIAL

In contrast to the imaginary part of the pion optical p
tential which is well known from inelastic pion-nucleus sca
tering, the knowledge of the real part extracted from elas
pion-nucleus scattering is rare and restricted to low ener
@14#. Data are available only for momenta up to about
mpc. However, in intermediate energy heavy ion reactio
pion momenta of more than 1 GeV/c can occur and the high
energy tails of the pion spectra are of particular interest si
they are supposed to yield information about the resona
production in hot and dense nuclear matter and correspo
ing in-medium effects@5,6,8#. Furthermore, nuclear densitie
up to three times saturation density can be reached whe
the elastic pion-nucleus scattering is restricted to dens
around saturation and below. Thus, one has to extrapolate
dispersion relation to the energy range relevant for heavy
collisions. However, such an extrapolation is affected
large uncertainties. To cover the unknown ranges, we ap
two contrary approaches, i.e., a microscopic and a phen
enological ansatz for the pion dispersion relation.

The microscopic ansatz is based on the perturbation
pansion of theD-hole model@15#. The summation of the
D-hole polarization graphs results in a pion self-energyP
entering into the in-medium pion dispersion relation

v~p!25p21mp
21P~v,p,rB!. ~11!

Here the self-energy depends on the energyv and the mo-
mentump of the pion and on the nuclear matter dens
rB . In the framework of theD-hole model, the self-energy i
finally given in the form

P~v,p,rB!5
p2x~v,p,rB!

12g8x~v,p,rB!
~12!

with

x~v,p,rB!52
8

9 S f D

mp
D 2 vD~p!rB

vD
2 ~p!2v2~p!

,

vD5AMD
21p22MN.

The parameters entering into Eq.~12!, in particular, the
pND coupling constantf D and the correlation paramete
g8 are taken in consistence with the OBE parameters of R
@22# and a consistent treatment of the real and imaginary
of the pion optical potential is achieved.

Although this approach works reasonably well at lo
baryon densities and low pion momenta@16#, one has to be
careful when applying Eq.~12! to heavy ion reactions. The
self-energy obtained from theD-hole model includes, in ad
dition to the excitation ofDN21 states, also short-range co
relations of these states. In this approximation one negle
however, terms of higher order@24# which are necessary to
prevent the system from undergoing a phase transition to
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414 55FUCHS, SEHN, LEHMANN, ZIPPRICH, AND FAESSLER
so-called pion condensation. Furthermore, Eq.~11! yields the
wrong boundary conditions for high-energy pions when th
pass through the surface of nuclear matter into the vacu
in particular, a ‘‘quasi-pion’’ expressed by aD-hole state has
to convert asymptotically to a real pion which can be d
tected. A common practice to avoid these unphysical featu
is to mix the two solutions of the dispersion relation, E
~11!, i.e., the pionlike and theD-hole-like branch (V1 ,V2)
in order to obtain an effective pion dispersion relation@25#

veff5Z1V11Z2V2 , Z11Z251. ~13!

The probabilities for the quasipion to sit on the pionli
branch (Z1) or theD-hole-like branch (Z2) are determined
from the condition

1

v22p22mp
22P

5
Z1

v22V1
2 1

Z2
v22V2

2 ~14!

and thus the physical boundary conditions are fulfilled. R
placingv in Eq. ~11! by veff , one obtains an effective pio
self-energyPeff . The real part of the optical potential i
obtained from the pion wave equation, i.e., the Klein-Gord
equation as@15#

ReVp
opt~p,rB!5

Peff~veff ,p,rB!

2veff
. ~15!

The density and momentum dependence of the disper
relation are shown in Fig. 1 and it is seen that such a c
struction leads to a strong softening of the in-medium effe
compared, e.g., to the original dispersion relation@25#. Con-
sequently, the medium dependence of the resulting poten
Eq. ~15!, ~called Pot. 1 in the following and shown in Fig. 1!
is moderate and the attraction of the potential is we
Hence, one cannot be sure that the modified dispersion
tion still represents the true pion-nucleon interaction.

As already done in Ref.@13#, we also consider a phenom
enological ansatz suggested by Gale and Kapusta@17#. The
dispersion relation then reads

v~p!5A~ upu2p0!
21m0

22U, ~16!

U5Ap021m0
22mp , ~17!

m05mp16.5~12x10!mp , ~18!

p0
25~12x!2mp

212m0mp~12x!. ~19!

A phenomenological medium dependence is introduced
x5e2a(rB /r0) with the parametera50.154 andr0 the satu-
ration density in nuclear matter~herer050.16 fm23). The
form of Eqs.~16!–~18! is motivated by the following con-
straints@17#:

~i! The group velocity]v/]p may not exceed the veloc
ity of light.

~ii ! For high-energetic pions many-body effects should
of minor importance andv should in leading order be
proportional top for p→`.

~iii ! Corresponding to a strongp-wave interaction, the en
ergy should have a minimum.
y
m,

-
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.
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~iv! Due to a weaks-wave interaction, medium effects ar
weak for pions at rest with respect to the surround
medium.

~v! The observation of pionic atoms implies th
v.220 MeV for rB5r0 andp.2mpc.

~vi! Pion condensation can only appear at infinite dens

The dispersion relation as well as the corresponding poten
~called Pot. 2 in the following! are shown in Fig. 1. Here
ReVp

opt is extracted from Eq.~16! as ReVp
opt5v2Ap21mp

2 .
It turns out that the potential is much stronger and its m
dium dependence is much more pronounced than in the
of the modifiedD-hole dispersion relation. In this context w
want to mention that this effect is to a large extent due to
mixing of the pionlike and theD-hole-like branches in Pot. 1
since a potential extacted according Eq.~16! from the pure
pionlike branch given in theD-hole model is of the same
magnitude as Pot. 2@26#. Thus, Pot. 1 and Pot. 2 can b
looked as the boundary cases of a rather weak and a
strong pion potential. Furthermore, the phenomenolog
dispersion relation 2 is closer to the limit where pion co
densation can occur.

In order to test the pion dispersion relation, it is, therefo
a natural step to suggest a third parametrization~Pot. 3!

FIG. 1. Upper figure: The free pion dispersion relation~solid! is
compared to various in-medium dispersion relations at nuclear d
sities rB5r0 ~respective upper curves! and rB52r0 ~respective
lower curves!. The in-medium dispersion relation is extracted fro
theD-hole model~Pot. 1, long dashed! and the phenomenologica
parametrization of Ref.@17# ~Pot. 2, dotted! as well as a softer
parametrization~Pot. 3, dashed! are shown. Lower figure: Real par
of the pion optical potential at densitiesrB5r0 ~upper curves! and
rB52r0 ~lower curves! extracted from the corresponding dispe
sion relations. The inserted figure zooms the low momentum ra
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55 415INFLUENCE OF THE IN-MEDIUM PION DISPERSION . . .
which lies in between the former ones. To do so, we decre
the powerx10 in Eq. ~18! to x2. The constraints~i!–~iv!
remain unrendered by this modification except of point~v!
where now a value of110 MeV is obtained instead o
215 MeV in the former case. However, we do not consid
this as a severe drawback since the application of the po
tial to heavy ion collisions should not be affected therefro
In addition, also theD-hole model potential does not yield
bound quasipion for these values ofrB andp.

IV. RESULTS

First we consider transverse momentumpt spectra for the
system40Ca140Ca at 1 GeV incident energy per nucleon.
particular, we compare thep0 spectra recently measured b
the TAPS collaboration@6#. Here thep0’s have the advan-
tage that they are not distorted by Coulomb effects. The
culations are impact parameter averaged and a rapidity c
20.2<yc.m.<0.2 has been applied which takes into acco
the detector acceptance. The data shown in Figs. 2 an
have been obtained with this cut@27# and are slightly en-
hanced with respect to the results shown in Ref.@6# where a
larger cut has been used. In Fig. 2 we first investigate
influence of the nuclear equation of state and, theref
compare a soft~SMDI! and a hard~HMDI ! momentum de-
pendent Skyrme force, see Eq.~3!. It is seen that the depen
dence of the pion spectrum on the nuclear EOS is mode
and the agreement with the data is reasonable, however
overwhelmingly good. We want to mention that the resu
obtained with the hard EOS are close to those of Ref.@9#. As
also found there the lowpt spectrum is slightly overesti
mated whereas the highpt range is underestimated by abo
a factor of 3. In Ref.@9# the lack of high energy pions is eve
more pronounced than in the present calculations. Thi
probably due to theN* ~1440! resonance which was no
taken into account there.

Next we turn to the influence of the in-medium pion p
tential. In Fig. 3 we show thep0-spectra for the same reac
tion as in Fig. 2 now include the pion-nucleon interaction
discussed in the previous section. All calculations are p
formed with the soft momentum dependent Skyrme force

FIG. 2. Influence of the nuclear EOS on thep0 pt spectrum for
the reaction40Ca140Ca at 1 GeV/nucleon. Hard~HMDI ! and soft
~SMDI! momentum dependent Skyrme forces have been used.
experimental data have been measured by the TAPS Collabor
for the system40Ar140Ca at 1 GeV/nucleon@6#.
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is seen that the weakD-hole potential~Pot. 1! has nearly no
influence on thept spectrum which is in agreement with th
results of Ref.@25# where a similar potential has been inve
tigated. In this context we want to mention that concern
the low-energy pions, the present results~and those of Ref.
@9#! stand somehow in contradiction to the BUU calculatio
of Refs. @25,26# since the significantly underestimated low
energypt yields were obtained when the pion potential w
neglected. However, in these works comparisons to o
measurements have been performed@28,29#. In our opinion
the discrepancies are rather caused by the analysis of the
than by a slightly different treatment of the pion creation a
annihilation processes outlined in Sec. II.

In the case of the phenomenological potentials 2 and
the situation is completely different now. With Pot. 2 the lo
pt range is slightly enhanced, however, the high-ene
pions are overestimated by nearly one order of magnitu
Such an enhancement of low-energy pions has been
served in Ref.@26# where an effective pion potential has als
been determined within theD-hole model which is, however
apparently stronger than Pot. 1 in the present work. T
complex behavior can be understood by the strong attrac
of the respective potential which forces the pions to follo
the trajectories of the nucleons. Most pions get bound by
stopped participant matter resulting in an enhancement of
low pt yield. On the other hand, pions which are bound
the spectator matter are driven out to high transverse
menta by the nucleonic flow and thus the highpt range is
strongly enhanced. This effect is diminished when the pot
tial is weaker ~Pot. 3!. Here the very high-energy yield
(pt>0.7 GeV/c) is still slightly overestimated but also th
low pt range is now overestimated by about a factor of
The latter is understandable since for low mome
(p<1.5mpc) Pot. 3 is even stronger than Pot. 2, see zoom
region in Fig. 1.

The above observations are clearly reflected in the p
transverse flow. In Fig. 4 we compare the pion and
baryon in-plane transverse flow for the reaction Ca1Ca at 1
GeV/nucleon. The results are impact parameter averaged
scaled to the pion and nucleon mass, respectively. By

he
ion

FIG. 3. Influence of the in-medium pion potential on thep0

pt spectrum for the same reaction as in Fig. 2. The calculations
performed without~solid! and include a pion potential. The respe
tive potentials have been obtained from theD-hole model~Pot. 1!
and by the phenomenological ansatz of Ref.@17# ~Pot. 2!. Pot. 3
corresponds to a modification of Pot. 2.
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scaling pion and nucleon flow are of the same order of m
nitude. It is seen that without any pion-nucleon interacti
the flow of pions and nucleons is clearly anticorrelated. T
anticorrelation originates from the absorption of the pions
the participant matter which produces the nucleonic flo
This is known as the shadowing effect. In the presence of
weakD-hole potential~Pot. 1! the pion flow remains nearly
the same. In the case of Pot. 2 the pion flow switches from
anticorrelation to a correlation with the nucleon flow, i.e., t
pions are forced to follow the trajectories of the specta
nucleons by the strong attractive potential. Further, it is s
that the strength of Pot. 3 has just a magnitude where
attraction and the shadowing effect are nearly comple
counterbalanced and the resulting flow is around zero. T
overall behavior is in good agreement with the interpretat
of pt spectra given above.

In summary none of the cases under consideration is
to reproduce the experimental spectrum over the entire ra
of energy with a satisfying high accuracy. Both, the low
well as the highpt range react sensitively on the pion pote
tial. Pot. 2 seems to be too attractive and can be ruled ou
the comparison to the data. However, the present result
dicate that the inclusion of higher resonances may not
sufficient to explain the role of high-energy pions, but fu
thergoing medium effects should be taken into account.

Next we investigate the collective in-plane transve
flow of pions which has been measured for the syst
Ne1Pb at 800 MeV/nucleon by the DIOGENE Collabor
tion @11#. There the most striking results were the obser
tion of a positive pion flow also for backwards rapidities, i.
the pion flow is partially anticorrelated to the nucleon flo
In particular, here we consider a semicentral reaction at
pact parameterb53 fm. For a comparison with the data, w
included the experimental detector filter cuts given in R
@11#. In addition, we simulated the reconstruction of the
timated reaction plane as it was done in the experime

FIG. 4. Influence of the in-medium pion potential on the i
plane transverse pion flow as a function of the center-of-mass
pidity for the same reaction as in Fig. 2. The calculations are p
formed without~solid! and with inclusion of a pion potential. Th
respective potentials have been obtained from theD-hole model
~Pot. 1, long dashed! and by the phenomenological ansatz of R
@17# ~Pot. 2, dotted!. Pot. 3~dashed! corresponds to a modificatio
of Pot. 2. In addition, the nucleon flow is shown~solid with dia-
monds!. The results are scaled to the pion and nucleon mass
thus the transverse flow is given in units ofmpc andmNc, respec-
tively.
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analysis. In contrast to the theoretical calculation where
true reaction plane is knowna priori in the experiment, the
transverse in-plane vector is estimated for every event b

Q5(
j

v jp' j , ~20!

where the sum runs over all detected protons weighted
their relative rapidityv j5yi2^y& with ^y& the mean rapid-
ity of the total system. The estimated in-plan pion mome
tum px5p'•Q̂ is then obtained by the projection on the un
vectorQ̂.

Figure 5 shows the correspondingp1 rapidity distribu-
tion obtained with the various pion potentials and includi
the detector cuts. The calculation without pion potential
thereby in a good agreement with the result of Ref.@10#. The
influence of the pion potentials 1 and 2 on the longitudin
flow is relatively weak, only in the case of Pot. 2 a slight
enhancement of the backward, i.e., the targetlike, rapid
distribution is observed. Applying Pot. 3 we observe a stro
suppression of the detectedp1 yield over the entire rapidity
range. This effect is also reflected in the total yields given
Table II; is, however, not so pronounced since the total yi
is only suppressed by about 10%. In general the usage
potential leads to a slight reduction of the total yields whi
was also found in Refs.@25,26#. Concerning Pot. 3 the effec
seen in Fig. 5 seems to be somehow an artifact of the de
tor geometry. Nevertheless, the dynamics of the pions is
nificantly changed and slow pions near theD threshold get,

a-
r-

.

nd

FIG. 5. p1 rapidity distribution for a semicentral~b53 fm! Ne
on Pb reaction at 800 MeV/nucleon after applying the experime
detector filter cut. The calculations are performed without~solid!
and include a pion potential. The respective potentials have b
obtained from theD-hole model~Pot. 1, long dashed! and by the
phenomenological ansatz of Ref.@17# ~Pot. 2, dotted!. Pot. 3 corre-
sponds to a modification of Pot. 2.

TABLE II. Total p1 yield ~without experimental filter! and the
ratio R of detectedp1 and p2 pions with positive to negative
values ofpx for the reaction Ne on Pb at 800 MeV/nucleon a
impact parameterb53 fm. The experimental value forR is an
average of the respective values forp2 andp1 given in Ref.@11#.

No Pot. Pot. 1 Pot. 2 Pot. 3 Exp.
Np1 1.89 1.86 1.80 1.59
R 1.26 1.25 1.03 1.12 1.34
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55 417INFLUENCE OF THE IN-MEDIUM PION DISPERSION . . .
in particular, strongly bound and are preferentially rea
sorbed by the spectator matter.

In Fig. 6 the corresponding in-plane flow per pion
shown in units of the pion mass. Here the procedure to
construct the experimental reaction plane has been
formed. It turns out that in the case of a vanishing or a we
potential~Pot. 1!, the flow is always positive and in a fairl
good agreement with the data for values around midrapid
In the high forward rapidity range we, however, undere
mate the data by about a factor of 2. Since the results
strongly distorted by the large asymmetry of the conside
system and the reconstruction of the reaction plane, this
fect can be due to a lack of sufficiently good statistics in t
range. The positive flow at backward rapidities is explain
by the reabsorption of the pions by the large target and t
is a consequence of the shadowing effect. In the case o
strong Pot. 2, the shadowing effect is overcompensated
the attraction of the potential and the flow shows a defin
change of sign from negative to positive values at midrap
ity. Similarly as in Fig. 4 Pot. 3 shows the same behav
which is, however, not so pronounced. Both, Pot. 2 an
yield significantly too less positive flow over the entire r
pidity range.

These observations are also reflected in the ratioR be-
tween the numbers of pions with positive and negative v
ues ofpx displayed in Table. II. Since we did not explicitl
include the Coulomb interaction in the propagation of t
pions, Eqs.~1! and ~6!, the different charge states are on
taken into account via the isospin dependence of the res
tive creation/absorption channels. Thus, for a fair comp
son to the measured ratio a mean value~corrected for the
respective total yields! of p1 (R51.42) and p2

(R51.30) which is aboutR51.34 should be compared
Then the theoretical positivepx abundancy is in reasonab
agreement with the experiment for the calculations with
potential and with Pot. 1. In the case of Pot. 2 and Pot
however,R is close to unity.

FIG. 6. Transverse in-plane flow per pion scaled to the p
mass for a semicentral~b53 fm! Ne on Pb reaction at 800
MeV/nucleon after applying the experimental detector filter c
The calculations are performed without~solid! and include a pion
potential. The same potentials as in Fig. 5 have been used, i.e.
1 ~long dashed!, Pot. 2~dotted!, and Pot. 3~dashed!. The data are
taken from Ref.@11#.
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V. SUMMARY AND CONCLUSIONS

We investigated the influence of medium corrections
the pion dispersion relation on the pion dynamics in hea
ion collisions. This was done by the introduction of a pio
nucleus potential through which the pions propagate betw
their collisions and refers to the real part of the pion opti
potential. The imaginary part is included by the nonpert
bative description of elementary rescattering and reabs
tion processes and is directly medium corrected via the
spective densities of nucleons and resonances. Henc
consistent treatment of the real and imaginary part of
optical potential was achieved.

The pion potential was extracted from the dispersion
lation given in theD-hole model thereby mixing the pionlike
and theD-hole-like branches in order to avoid some unphy
cal features of the model. This, however, leads to a str
softening of the medium effects. Thus, we also applied
phenomenological dispersion relation with a pronounced m
dium dependence.

Studying the influence of such effects, the different a
proaches have been subjected to a comparison to the ex
ment for two contrary observables, i.e., spectra and in-pl
flow. Thereby one has to keep in mind that pions at
freeze-out are remnants of a complex collision history, i
of multiple creation and reabsorption processes. The ana
of the DIOGENE flow data implies a preferential absorpti
of pions by the spectator matter known as the shadow
effect which may even lead to an anticorrelation of the c
lective pion and nucleon in-plane flow. However, a stro
attractive pion potential leads to a bending of the pions
the nucleons and thus was found to favor a correlation of
respective flow. The magnitude of this effect is directly pr
portional to the strength of the potential. Since the pions
bound by the participant matter~slow pions! as well as by
the spectator matter~fast pions!, this process is complex, i.e
an enhancement of the lowpt range as well as of the high
pt range was observed in transverse momentum spectra

A comparison to experiments, i.e., the TAPS spectra
to the DIOGENE flow data, seems to rule out a too attract
optical potential. Hence, the pions created in intermed
energy heavy ion collisions are far from the limit of pio
condensation. The weak effectiveD-hole potential has nearly
no influence on pionic observables as well as the depend
on the nuclear equation of state was found to be rather w
However, in particular, the spectra of high-energetic pio
react sensitively on the dynamics and the present res
would favor a pion potential whose attraction is weak at lo
energies, but becomes more pronounced with increasing
ergy. In our opinion a furthergoing analysis of high-energe
subthreshold spectra as, e.g., measured in Ref.@8# may help
to clarify the question if conventional approaches as, e
energy accumulating multiscattering processes or the
ation of higher resonances are sufficient to explain such d
The present results indicate that the inclusion of in-medi
corrections to the real part of the pion optical potential is
essential importance for a correct description of pion dyna
ics. In addition, the analysis of the pion in-plane flow also
symmetric systems as, e.g., recently measured by the F
collaboration, will help one to learn something about t
pion dispersion relation from heavy ion collisions.
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