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Radial flow of kaon mesons in heavy ion reactions
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~Received 7 October 1997!

This work investigates the collective motion of kaons in heavy ion reactions at SIS energies~about 1–2
GeV/nucleon!. A radial collective flow ofK1 mesons is predicted to exist in central Au1 Au collisions, which
manifests in a characteristic ‘‘shoulder-arm’’ shape of the transverse mass spectrum of the midrapidityK1

mesons. TheK1 radial flow arises from the repulsiveK1 mean field in nuclear matter. In spite of a strong
reabsorption and rescattering the attractiveK2 mean field leads as well to a collective radial flow ofK2

mesons. TheK2 radial flow, however, is different from that ofK1 mesons and can be observed by a
characteristic ‘‘concave’’ structure of the transverse mass spectrum of theK2 mesons emitted at midrapidity.
The kaon radial flows can therefore serve as a novel tool for the investigation of kaon properties in dense
nuclear matter.@S0556-2813~98!06206-2#

PACS number~s!: 25.75.Ld, 13.75.Jz, 24.10.Lx, 25.75.Dw
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I. INTRODUCTION

Collective motion in heavy ion reactions has attracted
creasing experimental and theoretical interest. ‘‘Bounce-o
@1–3# and ‘‘squeeze-out’’@4,5# as well as radial flow@6–8#
of nuclear matter are predicted by theories and observe
experiments. By ‘‘bounce-off’’ one means a deflection of t
spectators sidewards in the reaction plane, while ‘‘squee
out’’ denotes nuclear matter jets in the direction perpendi
lar to the reaction plane emitted from the high density ov
lap region ~so-called fireball!. Radial flow is a collective
expansion of the fireball. The collective motion has prov
to be a good probe for the equation of state~EOS! of nuclear
matter @9,10# as well as for heavy ion reaction dynami
@11–13#.

The techniques developed in studying the collective fl
of nuclear matter have also been applied to secondary
ticles such as pions, kaons, hyperons, etc.@14–26#. For sec-
ondary particles ‘‘squeeze-out’’ and ‘‘transverse flow’’ a
defined in the same way as for nucleons by the azimu
anisotropy and the rapidity dependence of the in-plane c
ponent of the particle momentum, respectively. The pred
tion of a pion transverse flow anticorrelated with that
nucleons has been confirmed by experiments@14–16#. Kaon
transverse flow also attracts attention since it might prov
information about possible modifications of kaon propert
in dense nuclear matter@17–19#. The in-medium kaon prop
erties are an important issue not only for nuclear physics,
also for astrophysics with respect to the evolution of comp
stars@27#. Secondary particles are usually created from
ementary hadron-hadron collisions which take place r
domly in the colliding system. In the spirit of a proposal b
Fermi @28#, multiple particle productions from energet
hadron-hadron collisions can be understood in terms o
thermal description. As a result of the fairly strong intera
tion between particles involved in a collision, the availab
phase space will be occupied according to statistical la
This physical picture has been supported by extensive
periments on particle production from heavy ion reactio
Therefore, a collective motion of secondary particles sho
be identified by observing deviations from the pure therm
570556-2813/98/57~6!/3284~8!/$15.00
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description. It still remains an open question if second
particles can exhibit collective motion in heavy ion reactio
in this strict sense.

In this paper, we explore the possible existence of a c
lective motion ofK1 andK2 mesons in heavy ion reaction
by comparing to a pure thermal picture. We mainly consid
Au 1 Au reactions at SIS energies~about 1–2
GeV/nucleon!, since this system has been extensively st
ied by the experimentalists at GSI, Darmstadt. Second, a
incident energy below the the kaon production threshold
free NN collisions~about 1.58 GeV/nucleon forK1 mesons
and 2.5 GeV/nucleon forK2 mesons!, one can expect a low
thermal velocity of the kaons. Consequently, a collect
motion, if it exists, will show up clearly. In the present stud
we are especially interested in kaons emitted at midrapid
These kaons are most likely produced in compressed nuc
matter stopped in the overlap region of colliding nuclei~the
so-called fireball!. The reaction dynamics is thereby d
scribed within the transport approach of quantum molecu
dynamics~QMD!. We find in this work that both midrapidity
K1 andK2 mesons exhibit a novel collective motion in th
radial direction, which we call kaon radial flow. We demo
strate that the kaon radial flow can provide information
in-medium modifications of kaon properties.

This paper is organized as follows. In Sec. II, we brie
sketch the QMD approach and describe the treatment of
kaon dynamics. In Sec. III we elaborate on the signature
the K1 radial flow and demonstrate its collective nature.
Sec. IV, we study theK2 radial flow, which is found to be
quite different from theK1 flow. The role of rescattering and
reabsorption of theK2 mesons is also investigated. In Sec.
we summarize the main results and conclusions of this wo

II. DESCRIPTION OF KAONS IN QMD

A. QMD model

The QMD model@29# has been extensively used for th
investigation of heavy ion reactions. In addition to nucleo
we include alsoD and N* resonances, which turned out t
play a nontrivial role at an incident energy of 1–
GeV/nucleon@30,31#. Pions are produced by the decay
3284 © 1998 The American Physical Society
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57 3285RADIAL FLOW OF KAON MESONS IN HEAVY ION REACTIONS
these resonances. Their Coulomb interaction with the b
ons is also included. This is important for a correct desc
tion of the pion dynamics, since the pion phase spac
highly isospin dependent@22,32,33#.

B. Sources ofK1 and K2 mesons

In heavy ion reactions,K1 and K2 mesons are create
from elementary hadron-hadron collisions. Since only v
energetic hadron-hadron collisions are able to produc
kaon ~or antikaon!, one usually assumes that no coheren
exists between the different collisions producing kaons.
SIS energies the major processes responsible for kaon
antikaon production are baryon-baryon collisions

B1B→B1Y1K1, ~1!

B1B→B1B1K1~K0!1K2 ~2!

and pion-baryon collisions

p1B→Y1K1, ~3!

p1B→B1K1~K0!1K2. ~4!

HereB stands for a nucleon or nucleonic resonance whileY
denotes a hyperon (S or L). At SIS energies the relevan
resonances are mainlyD andN* resonances. If one goes t
higher incident energies, e.g., to AGS energies~about 10
GeV/nucleon!, one must take into account contributions
heavier mesons and resonances@34#. For the baryon-baryon
channels leading toK1 or K2 mesons, we have adopte
theoretical cross sections based on the one-boson-exch
model. These cross sections agree well with experime
@36#. TheK1 production cross section from the pion-induc
channel has been evaluated within a resonance model@37#,
and good agreement has been found between theory
data. TheK2 production cross section from pion-baryon co
lisions is a parametrization of the experimental data@36#. In
a previous study, it was shown that at SIS energies p
baryon reactions can produce even moreK1 mesons than
baryon-baryon reactions@38#. With an increasing number o
participating nucleons, theK1 multiplicity originating from
the p-induced channel increases much faster than that f
the baryon-baryon channel. Hence this channel is essent
order to reproduce the mass dependence of theK1 produc-
tion observed in experiments@39#. Furthermore, the pion
baryon reaction is important if one wants to understand
experimental observation of a nonisotropicK1 angular dis-
tribution in symmetric heavy ion reactions at subthresh
beam energies@40#. This is due to the fact that the pion
baryon reaction of Eq.~3! has a substantialP-wave compo-
nent, which results in a large anisotropy. TheP-wave con-
tribution turned out to be essential for the understanding
the observedK1 angular distribution@41#.

C. Kaon reabsorption and rescattering

Once produced aK1 meson can be hardly absorbed i
side the medium because of strangeness conservation. H
ever, aK2 meson can be easily destroyed through the re
tion K21N→p1Y. The inverse process also contribut
partially to theK2 production. We used in our calculation
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parametrization of the experimental cross section for th
reactions@36#. TheK2 absorption is rather strong.sK2N→pY
is about 50 mb at a laboratoryK2 momentum of 0.2 GeV/c
and increases rapidly with decreasing momenta.

Both K1 and K2 mesons may scatter elastically wit
nucleons in the nuclear medium. TheK1-nucleon interaction
is relatively weak (sKN;10 mb! @42#. However, in the ini-
tial stage of the nucleus-nucleus collisions at SIS energ
one can expect nuclear matter densites up to 3 times
saturation density@33#, which considerably shortens th
mean free path of the kaons @l5
(s•r)21#. This may lead to observable effects on the ka
spectra@41,43#. Compared toK1 mesons,K2 mesons have a
much larger elastic cross section, which is about 50 mb
laboratoryK2 momentum of 0.2 GeV/c and becomes even
larger with decreasing momenta. For the elasticK1 andK2

cross sections we use the parametrization given in Ref.@36#.

D. Kaon Coulomb interaction

In Ref. @18# it was shown that the Coulomb interactio
betweenK1 mesons and the nuclear medium has a visi
effect on the kaon dynamics in heavy systems like Au1 Au.
Thus the Coulomb interaction of both theK1 and K2 me-
sons is taken into account. The Coulomb field acting on
kaons is generated by protons, charged resonances,
charged pions. We should notice that the multiplicity
negative charged pions has been observed to exceed gr
the value for positive charged pions in large systems suc
Au 1 Au @22,32,33#. This leads to a nonvanishing contribu
tion of the pions to the charge density. Thus the total C
lomb interaction is given by the sum over all charged p
ticles, i.e.,

Ui k
Cou5(

i n

Zi k
Zi n

e2

urW i k
2rW i n

u
1(

i r

Zi k
Zi r

e2

urW i k
2rW i r

u
1(

i p

Zi k
Zi p

e2

urW i k
2rW i p

u
, ~5!

where i n , i r , and i p denote nucleons, resonances (D and
N* ), and pions, respectively.

E. Kaon mean field of the strong interaction

The strong interaction of kaons with nuclear matter
expected to play also an important role in modifying t
propagation ofK1 and K2 mesons. Possible effects of th
kaon–nuclear-matter strong interaction have attracted spe
interest @17–19,35,36#. The well-established formalism fo
studying kaon properties in nuclear matter is chiral pertur
tion theory. Based on an SU(3)L3SU(3)R chiral Lagrangian
kaplan and Nelson@44# constructed an effective meson
baryon Lagrangian, whose coefficients had been determ
from experimental measurements, however, still with an
certainty of about 30%. Applying this Lagrangian to th
kaon-nucleon~KN! interaction on the mean field level, on
can obtain the following dispersion relation for a kaon
antikaon in nuclear matter@17#:

vK15ApW 21mK
2 F12

SKN

f p
2 mK

2
rS1S 3rB

8 f p
2 mK

D 2G1
3

8

rB

f p
2

,

~6!
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vK25ApW 21mK
2 F12

SKN

f p
2 mK

2
rS1S 3rB

8 f p
2 mK

D 2G2
3

8

rB

f p
2

,

~7!

wheremK denotes the bare kaon mass, andf p ' 93 MeV is
the pion decay constant.rB and rS are the baryon density
and the scalar density, respectively. The kaon-nucleon si
term SKN depends on the nucleon strangeness content
the strange quark mass. A value ofSKN5350 MeV has been
used in the literature@17,36#; however, recent lattice QCD
calculations imply a higher value ofSKN5450630 MeV
@45#. While the SKN term provides a scalar attraction fo
both K1 andK2 mesons, the term proportional torB gives
rise to a vector potential, which is repulsive forK1 mesons
and attractive forK2 mesons due to theG-parity transfor-
mation. The expressions~6! and~7! for the in-medium kaon
potentials include only theS-wave interaction. There is als
a P-wave contribution of kaons with the nuclear medium
hyperon-nucleon hole excitations. ThisP-wave interaction
changes signs fromK1 to K2 mesons and is in its absolut
value about twice as large forK2 than forK1 mesons. This
P-wave interaction has till now been neglected in all pre
ous works on kaons in nuclei. We will neglect it here als
But future investigations should study it if it is importan
The strong potential for a kaon is in this approach defined
@46#

UK
str5vK2AmK

2 1pW 2. ~8!

Considering the mean field of the strong interaction and
Coulomb field, the total Hamiltonian for the kaons reads

Hk5(
i k

~AmK
2 1PW i k

2 1Ui k
Cou1Ui k

str!. ~9!

There exist experimental constraints on the kaon mean fi
As indicated above, theK1N interaction is relatively weak
compared to other hadron-nucleon interactions. Theref
the impulse approximation should be justified to determ
the in-mediumK1 potential at low densities from exper
mental freeKN scattering data. This yields a repulsiveK1

potential of about 30 MeV at the saturation density (r0
50.16 fm23), if one adopts an isospin-averaged freeKN

scattering lengthāKN520.255 fm@47#. On the other hand
experiments of kaonic atoms can provide direct informat
on theK2 mean field aroundr0. An attractiveK2-nucleus
potential ofUK252200620 MeV had been found in56Ni
@48#. With SKN5350 MeV, one obtains from Eqs.~6!–~8! a
K1 potential of about17 MeV and aK2 one of2100 MeV
at r0. Both values are quite different from their respecti
empirical findings. High order corrections andP-wave con-
tributions to the mean field approximation may be resp
sible for this discrepancy. In Refs.@45,49# it was argued that
the so-called range term, which is of the same order in ch
perturbation theory as theSKN term, has also contributions
In addition, the presence of the nuclear medium can red
the pion decay constantf p by decreasing the quark conde
sates. Taking the range term and the in-medium reductio
f p into account, one obtains atr0 about128 MeV for the
K1 and 2175 MeV for theK2 potential with a value of
a
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SKN5450 MeV. Thus the strength of the potentials is no
roughly consistent with the respective empirical values.

The K2-nuclear matter interaction is complicated by t
L(1405) resonance in theK2-nucleon channel, which is

commonly considered to be an unstableK̄NI50 bound state
about 27 MeV below theK2p threshold. This state also
appears as a resonance in thepS channel. TheL(1405) is

responsible for the repulsive isospin-averagedK̄N scattering

length in free space@48#. Since theK̄N interaction is strong,
the impulse approximation should not be good. A coup

channel description of theK̄N and p-hyperon channels is
necessary. Such studies including theL(1405) have been
performed by Kaiser and co-workers@51,52#. They show that
the L(1405) state dissolves in a nuclear environment due
Pauli blocking. Therefore, although theL(1405) dominates

the threshold K̄N dynamics at very low densities (r
,0.3r0), it is of minor relevance for theK2-nuclear matter
interaction at densitiesr.r0. These calculations@51,52#
have been performed with free kaons. A self-consistent
clusion of the kaon-nucleus potential~in-medium effects!
may change these conclusions and should in the future
considered.

For the K1 mesons, we use the potential suggested
Refs. @45,49#, since it agrees with the impulse approxim
tion. ForK2 mesons, a potential of2200 MeV atr0 seems
to be too deep to describe the experimental data ofK2 pro-
duction from heavy ion reactions@36,50#. Thus one usually
uses aK2 potential of about2100 MeV at normal nuclear
matter density@36,50#. We use aK2 potential derived from
Eqs.~7! and~8! with SKN5350 MeV. The additional correc
tions from P-wave contributions, the range term, and t
in-medium modification of the pion decay constant a
thereby neglected. Such aK2 potential is more or less the
same as used by other authors@36,50#, and agrees reasonab
well with coupled channel studies@51,52#. We will show
later that the conclusions of the present work do not dep
on the particular choice of theK2 potential. However, there
seem to exist some discrepancies between theK2 potential
extracted from the kaonic atoms and the one required
understandingK2 production from heavy ion reaction
@36,50#. Future studies should shed light on this question.
Fig. 1 the corresponding potentials forK1 and K2 mesons
used in the present work are shown for zero momentum.
note that the scalar densityrS is model dependent. We fol
lowed a method used in the relativistic Boltzmann-Uehlin
Uhlenbeck~RBUU! model to calculaterS as a function ofrB
@53#.

The kaon production thresholds might also be change
the nuclear environment by the strong mean fieldUstr. ~We
note that the Coulomb fieldUCou has no net effect on the
threshold due to charge conservation.! The KaoS Collabora-
tion @35# has observed an enhancedK2 production in
nucleus-nucleus collisions as compared to free nucle
nucleon collisions, which could be attributed to an attract
K2 mean field. Thus, we have taken into account the red
tion of the K2 production threshold in a way similar as i
Ref. @36#. The K1 mean field is much weaker than theK2

one. Different opinions exist in the literature about mediu
modifications of theK1 production threshold@36,45,54#. If
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such an effect exists, it should mainly affect the multiplic
of the kaons, rather than their collective motion. Therefo
we have not included any medium modification of theK1

production threshold in the present work, since theK1 mean
field is much weaker than that for theK2 mesons. One can
expect that the threshold is also much less affected.

The QMD model described above has been shown to
able to reproduce very well the experimental measurem
of the multiplicities and transverse flow of nucleons, pio
and kaons@18,38,41,33#. In this work, we will apply the
same model to other kaon collective flows~e.g., radial kaon
flow!.

III. K1 RADIAL FLOW

A. Transverse mass spectra

One way to obtain information on the collective motion
heavy ion reactions is to investigate particle multiplicities
a function of the transverse mass (mt5Am0

21PT
2). In Fig. 2

we show the transverse mass spectrum ofK1 mesons emit-
ted at midrapidity (20.4,yc.m./yproj,0.4) in the reaction
Au 1 Au at an incident energy of 1 GeV/nucleon and
impact parameter of 3 and 5 fm, respectively. A striki
finding of the present work is that the kaon spectrum exhi
as a function of the transverse mass a ‘‘shoulder-arm’’ sha
which deviates from a pure thermal picture. This becom
evident by comparing the kaon spectrum with a Boltzma
fit to the high energy part of the spectrum~also shown in Fig.
2!. In a pure thermal picture the kaons are produced from
equilibrated thermal source. The transverse mass spe
should thus satisfy a Boltzmann distribution, which is mo
or less a straight line if plotted logarithmically. A simila
deviation from thermal behavior had already been found
nucleons and composite particles~deuterons, heliums etc.!,
which was explained by introducing a collective expans
of the fireball, i.e., the nuclear matter radial flow@55–57#.
This expanding source picture has also been successfully
plied to pion and kaon spectra at AGS energies~about 10
GeV/nucleon! @58#. This seems to be reasonable since
such high beam energies hadron-hadron collisions occur
in the late expansion phase of the reaction are still energ

FIG. 1. The in-medium potentials ofK1 and K2 mesons in
nuclear matter used in this work.
,

e
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,
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ts
e,
s
n

n
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n
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t
g

tic

enough for kaon production. The kaons produced in the
panding nuclear matter should reflect a collective compon
transferred from the nucleons to kaons. However, it is
clear if this mechanism still works at subthreshold energ

In Fig. 3 calculations are presented where theK1 poten-

FIG. 2. Transverse mass spectra of theK1 mesons emitted a
midrapidity (20.4,yc.m./yproj,0.4). The histograms are results o
the QMD simulations for Au1Au reactions at 1 GeV/nucleon an
at two different impact parametersb53, 5 fm. The calculations are
performed including the full in-medium kaon dynamics. The lin
are fits to the transport calculations. In the upper panel the resu
a pure thermal Boltzmann fit to the high energy part of the spe
(mt2m0.0.15 GeV! is shown. In the lower panel the fit accordin
to Eq. ~10! is presented where one assumes aK1 radial flow in
addition to the thermal motion.

FIG. 3. Transverse mass spectra of theK1 mesons emitted a
midrapidity (20.4,yc.m./yproj,0.4) for the same reactions as i
Fig. 2. The histograms present results of the transport calculat
without the K1 mean field and Coulomb potential. Now a pu
thermal fit ~lines! is sufficient to reproduce the spectra.
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3288 57Z. S. WANG et al.
tial Ustr and the Coulomb interactionUCou have been
dropped. Now one sees only effects of the hadron-had
collisions, which produce the kaons.~The K1-nucleon elas-
tic scattering is also included in the simplified calculation
however, its influence is fairly weak.! The resultant kaon
transverse mass spectrum with the same rapidity cut a
Fig. 2 is in exact agreement with a Boltzmann distributio
Thus, we can deduce that the ‘‘shoulder-arm’’ structure
served in Fig. 2 is caused by the kaon mean field and
Coulomb interaction, rather than by a collective expansion
the kaon sources. As pointed out in Ref.@18#, the mean field
and not the Coulomb interaction plays the dominant role
modifying the kaon motion. The fact that the potential a
not an expandingK1 source is responsible for th
‘‘shoulder-arm’’ structure can be connected with the su
threshold beam energy. Only the hadron-hadron collisi
during the early compression phase of the reaction h
enough energy to produce a kaon. As the fireball start
expand coherently in a later stage, the kaon production s
since the energetic collisions have been exhausted. Co
quently, at a subthreshold beam energy no ‘‘shoulder-ar
spectrum for the midrapidity kaons can arise from the velo
ties of the sources. On the other hand, theK1 mean field is
repulsive with a value of about 28 MeV at the saturati
density (r0) and increases with the density. The kaons w
thus inevitably experience an acceleration due to the re
sive potential as they propagate outwards from the ove
region. This may give rise to a collective motion of the kao
in the radial direction, which can lead to a deviation from t
thermal picture. Therefore, the observed ‘‘shoulder-arm
structure in the kaon spectrum appears to be a signature
genuine collective motion of the kaons, rather than onl
result of the nuclear matter radial flow.

B. Radial flow

In order to quantitatively extract the collective compone
from the kaon spectrum, we fit the QMD results by incorp
rating a common radial velocity of theK1 mesons to the
standard Boltzmann distribution. The corresponding distri
tion reads

d3N

dfdymtdmt
;e2~gE/T 2a!H g2E2gaTS E2

p2
11D

1~aT!2
E2

p2J A~gE2aT!22m2

p
, ~10!

whereE5mt coshy, p5Apt
21mt

2 sinh2y, a5gbp/T, and
g5(12b2)21/2. T is the temperature of the thermal sourc
while the parameterb5y/c is a common radial velocity o
the kaons. Figure 2 shows that Eq.~10! gives a good fit to the
QMD results. The fit yields forb55 fm a temperature o
T560 MeV and a common velocity ofb50.1. A slightly
higher temperature (T562 MeV! and larger common veloc
ity (b50.11) are obtained for more central collisionsb
53 fm!. Are theT andb derived from the fit a good mea
sure of the thermal and collective motion of the kaons?
we mentioned above, the thermal feature of the kaon spe
described byT reflects the temperature of the kaon sourc
n

;

in
.
-
e
f

n

-
s
e

to
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se-
’’
i-

l
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’
f a
a

t
-

-

,

s
tra
,

while the collective component — given byb — is due to
the acceleration of the kaons by the mean field. Thus
extracted temperature describes the thermal motion with
the influence of the kaon potential~see Fig. 3!. On the other
hand, the collective motionb can be quantitatively describe
by the enhancement of the kaon momentum by the repul
K1 potential. The simulations shown in Fig. 3 give tempe
tures of T564 MeV for b55 fm and T566 MeV for b
53 fm, respectively. They are quite comparable to the te
peraturesT extracted from the fit to the full calculations~Fig.
2!. The average transverse mass of the kaons is increa
from ^mt&5566 MeV to 594 MeV forb55 fm as one
changes from the simulations without to those including
kaon potential. Forb53 fm it increases from̂ mt&5571
MeV to 600 MeV. ~We note that the Coulomb interactio
contributes less than 30% to the enhancements.! This corre-
sponds to a common radial velocity boost of the kaons
b50.102 andb50.113 forb55 fm and 3 fm, respectively
The two values are very close to theb parameters obtained
by the fit. This indicates that it is possible to separate
thermal and the collective components of the kaon spect
by the present analysis.

At an incident energy of 1 GeV/nucleon, the energy ava
able for kaon production is quite limited. Consequently, t
kaons have also a limited thermal motion. The average ra
velocity of the kaons due to thermal motion is about 0.4
~in unit of the light velocityc) for Au 1 Au, while the flow
velocity is aboutb 5 0.1 as mentioned above. The collectiv
motion is more than 20% of the thermal motion, so that it
not obscured by the latter, and can be observed as a c
signal.

The radial collective motion of theK1 mesons may pro-
vide a new opportunity for the investigation of the kao
mean field in nuclear matter. The stronger the kaon poten
the more significant is the radial kaon flow. Thus the ka
radial flow can be used as a meter to determine the k
in-medium potential. We note that an analysis of the tra
verse momentum of the kaons as a function of the rapid
~so-called kaon transverse flow! might give also information
on the kaon potential. Without the kaon mean field, the tra
verse kaon flow follows the flow patterns of the baryons a
exhibits anS shape. This has been found in both RBU
calculations@17# and previous studies using the QMD mod
@18#. The S shape disappears and a zero flow can be obse
if one takes into account the kaon potential as found in R
@17–19#.

IV. K2 ‘‘VIRTUAL’’ RADIAL FLOW

In contrast to theK1 mesons studied in the precedin
section, many other hadrons such asK2, L, S, etc., are
supposed to feel an attractive mean field in nuclear matte
addition they may be strongly absorbed or scattered in
medium. Whether these hadrons can also develop a ra
collective motion in heavy ion reactions is not clear. The
fore, it is of high interest to investigate the possible form
tion of radial flow of these hadrons. As a first example,
consider in the present workK2 mesons which are subjecte
to all the final-state interactions mentioned above.

In Fig. 4 theK2 transverse mass spectrum at midrapid
is shown for the Au1 Au reaction at a single impact param
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eter b55 fm and for the Ni1 Ni reaction by integrating
over impact parameters 0,b,4 fm. The considered beam
energies~1.8 GeV/nucleon for the Au1 Au reaction and
1.93 GeV/nucleon for the Ni1 Ni reaction! are below the
free NN K2 threshold. We analyzed theK2 mesons from a
rapidity interval (20.3,yc.m./yproj,0.3) normalized to pro-
jectile rapidityyproj , which looks narrower than the one fo
K1 mesons (20.4,yc.m./yproj,0.4). In fact, the sizes of the
intervals in units of rapidity are very close to each oth
since we consider for theK2 production higher beam ene
gies than for theK1 production due to the different thresh
olds ~2.5 GeV compared to 1.58 GeV!. The rapidity of the
K1 or K2 mesons is explicitly included in the equation
fitting the kaon spectra@see Eq.~10! for theK1 case and Eq.
~11! below for theK2 case#. Therefore, small difference
between the rapidity intervals for theK1 and K2 mesons
should not influence the conclusions of this study. A
shown in Fig. 4 is a Boltzmann fit to the high energy part
the spectrum (mT2mK2.0.1 GeV!. One can clearly observ
a ‘‘concave’’ structure in theK2 spectrum, again deviating
from a thermal Boltzmann distribution. This structure
however, completely different from the ‘‘shoulder-arm
shape found forK1 mesons.

The ‘‘concave’’ structure is a consequence of the attr
tive K2 mean field. Without the mean field this structu
vanishes.~The present work also includes the Coulomb
teraction of theK2 mesons. However, the Coulomb effec
are found to be negligible compared to those originat
from the strong potential.! Figure 5 demonstrates that theK2

FIG. 4. Transverse mass spectra of theK2 mesons emitted a
midrapidity (20.3,Yc.m./Yproj,0.3) in a semicentral (b55 fm!
Au 1 Au reaction at 1.8 GeV/nucleon and in a Ni1 Ni reaction at
1.93 GeV/nucleon. The Ni1 Ni reaction is averaged over the im
pact parameter region 0,b,4 fm. The histograms are the resul
of the transport calculations including the fullK2 in-medium dy-
namics and the lines are the corresponding fits to the spectra. I
upper panel the result of a pure thermal Boltzmann fit to the h
energy part of the spectra (mt2m0.0.1 GeV! is shown. In the
lower panel the fit according to Eq.~11! is presented where on
assumes aK2 ‘‘virtual’’ radial flow in addition to the thermal mo-
tion.
,

f

,

-

-

g

spectra obtained without the mean field and the Coulo
interaction~but including rescattering and reabsorption! are
in good agreement with a Boltzmann distribution. At a su
threshold beam energy hadron-hadron collisions, i.e., sou
for the K2 mesons, cannot induce this ‘‘concave’’ structu
since theK2’s are mainly produced before the fireball sta
to expand. We already discussed this point in Sec. III. I
important to realize that also reabsorption and rescattering
not lead to the observed ‘‘concave’’ structure. The transve
mass spectrum of the midrapidityK2 mesons is determined
primarily by the interaction of theK2 mesons with the fire-
ball. If one neglects all the final-state interactions, the p
mordial K2 spectra should satisfy, according to Fermi’s a
gument @28#, a pure Boltzmann distribution. On the oth
hand, the fireball baryons show predominantly a sing
temperature structure before the formation of the nucl
matter radial flow. We know that both rescattering and re
sorption are in nature stochastic processes which ten
thermalize a narrow distribution. One can hardly expect t
a stochastic interaction between two thermal distributio
can change the thermal distributions to a two-tempera
structure. Thus one observes in Fig. 5 a Boltzmann distribu-
tion of the K2 mesons even though rescattering and re
sorption have been included. However, we should note
rescattering and reabsorption of hadrons by spectators
induce nonthermal features since the spectators are co
tively deflected sidewards in the reaction plan~nuclear mat-
ter bounce-off!. Absorption of pions by the spectator baryo
is responsible for a pion transverse flow which is anticor
lated to the nucleon flow@14–16#. Rescattering and reab
sorption by the spectators can also give rise to an azimu
anisotropy in the hadron emission~squeeze-out! @20–22#.

In Sec. III we have shown that theK1 radial flow can be
described very well by boosting a Boltzmann distributi
with a commonK1 radial velocity directed away from the
fireball as a result of the repulsiveK1 mean field. Here we
try to understand theK2 spectra with a similar boost, how
ever, now with a commonK2 radial velocity tending to-
wards the center of the fireball since theK2 mesons feel an

the
h

FIG. 5. Transverse mass spectra of theK2 mesons emitted a
midrapidity (20.3,Yc.m./Yproj,0.3) for the same reactions as i
Fig. 4. The histograms present results of the transport calculat
without the K2 mean field and Coulomb potential. Now a pu
thermal fit ~lines! is sufficient to reproduce the spectra.
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attractive mean field. In analogy to Eq.~10! theK2 distribu-
tion reads

d3N

dfdymtdmt
;e2~gE/T1a!H g2E1gaTS E2

p2
11D

1~aT!2
E2

p2J A~gE1aT!22m2

p
. ~11!

T is the primordialK2 temperature, andb is the common
K2 velocity. Figure 4 shows that Eq.~11! provides a good fit
to the K2 spectrum obtained from the full calculation. Th
adjusted temperature parameters (T583 MeV and 76 MeV
for Au 1 Au and Ni 1 Ni, respectively! are again close to
these values deduced from a Boltzmann fit to the QMD
sults without the mean field (T587 MeV and 82 MeV for
the two reactions, respectively!. This indicates that the fitting
parameterT in Eq. ~11! is a good measure for the therm
motion of theK2 mesons. The average transverse mass
theK2 mesons is found to be reduced by the mean field fr
^mT&5596 MeV to 575 MeV for Au1 Au and from 585
MeV to 569 MeV for Ni1 Ni, which correspond to a radia
decelerating boost ofb50.083 and 0.067, respectively. Bo
b values agree with that from the fit (b50.085 for Au1 Au
and 0.066 for Ni1 Ni!. Therefore, the nonthermal feature
the K2 mesons can be described well by a radial velocityb
extracted from the fit.

The deviation of theK2 transverse mass spectra from
pure thermal distribution can therefore be understood
terms of a commonK2 radial collective motion, which arise
from the deceleration by the attractive mean field. We c
this type of collective motion ‘‘virtual’’ flow in order to
distinguish it from theK1 radial flow driven by a repulsive
mean field. Such a virtual flow is characterized by a ‘‘co
cave’’ structure in the transverse mass spectrum, whil
radial flow shows up in a ‘‘shoulder-arm’’ shape of the spe
trum.

Rescattering and reabsorption alone cannot induce
‘‘concave’’ feature in theK2 spectra. However, a stochast
process may interfere with the collective motion as m
tioned above. Reabsorption plays forK2 mesons a large
role than for K1 mesons.K2 rescattering on the fireba
baryons may increase the energy ofK2 mesons. This will
cancel partially the virtual flow caused by the mean fie
Therefore, we observe in the present work a relative sm
reduction of theK2 transverse mass (D^mT&5221 MeV
and 216 MeV for Au 1 Au and Ni 1 Ni, respectively!
although we have adopted a mean field for theK2-nuclear
matter interaction of about2100 MeV at normal nuclea
matter density.

A ‘‘concave’’ structure has been observed experimenta
in the transverse mass spectra forK1 andK2 mesons in Si
1 Pb at 14.6~GeV/c)/nucleon@59# and Au 1 Au at 10.8
~GeV/c)/nucleon@60# as well as for pions in many reaction
and at various beam energies@61#. In all the cases the beam
energies are much higher than the corresponding produc
thresholds for freeNN collisions. Considerable numbers o
kaons or pions are produced even after the fireball start
expand. Thus the fireball expansion can independently ca
nontrivial collective features in the particle spectra@57,58#.
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Resonance decay producing pions has also a significant
tribution, which has been found to be able to induce a ‘‘co
cave’’ structure in pion transverse mass spectra@30,31,62#. It
is worth noting that some explanations for these observat
have also used an attractive pion or kaon in-medium m
field @63#. However, it seems that there exist some diffe
ences between these observations and our present
where the subthreshold beam energy plays an essential

Finally we want to add some remarks concerning the ka
potentials used in this work. For the description of theK1

radial flow a potential has been used which agrees with
free KN scattering data. Based on the same potential,
were able to reproduce the experimentalK1 transverse flow
data in a previous work@18#. It is also unlikely for resonance
decay to modify the ‘‘shoulder-arm’’ shape of theK1 spec-
tra, since, at the incident energies studied here, very few
mesons and antibaryons can be created. TheK2 potential
applied is less attractive than that extracted from kaonic
oms. Since the deceleration of theK2 mesons by the attrac
tive mean field is responsible for the ‘‘concave structure’’
theK2 spectra, a more attractive potential should even fa
a more pronounced ‘‘concave’’ shape. TheL~1405! might
also play a role in leading to a ‘‘concave’’ structure of th
K2 spectra just analogous to the role of theD resonances for
pions. However, the formation of theL~1405! is reduced at
high densities. Since theK2 radial flow arises from interac
tions with the dense fireball, one can expect that theL~1405!
is only of minor importance. We also note that our treatm
of the kaon dynamics is obviously noncovariant, since, e
the space component of the vector part of the kaon-nuc
potential is neglected as usual@64#. However, this treatmen
is sufficient for the present studies, since the relative mot
between the fireball and the midrapidity kaons is quite sm
at subthreshold beam energies. The present conclusion
not significantly affected by a full covariant treatment of t
kaon dynamics.

V. SUMMARY

In this work, we have studied possible collective moti
of K1 andK2 mesons emitted at midrapidity from heavy io
reactions at SIS energies~1–2 GeV/nucleon! by comparing
with a thermal picture. The main findings are the followin

~1! A collective flow ofK1 mesons in the radial direction
should exist in central nucleus-nucleus collisions, which c
be identified by a characteristic ‘‘shoulder-arm’’ shape of t
transverse mass spectrum of the midrapidity kaons. TheK1

radial flow is caused by the repulsiveK1 mean field.
~2! K2 mesons also exhibit a collective motion in th

radial direction in heavy ion reactions at subthreshold be
energies even though they suffer strong reabsorption and
cattering in the nuclear medium. The collective motion lea
to a characteristic ‘‘concave’’ structure in the transver
mass spectrum ofK2 mesons emitted at midrapidity. Thi
distinguishes theK2 collective motion from that ofK1 me-
sons. TheK2 collective motion is induced by an attractiv
mean field.

~3! Since the radial flow of bothK1 and K2 mesons
arises from their respective in-medium mean field, the rad
flow may act as a novel tool for the investigation of possib
modifications of kaon properties in dense nuclear matter
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