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Radial flow of kaon mesons in heavy ion reactions
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This work investigates the collective motion of kaons in heavy ion reactions at SIS en@es 1-2
GeV/nucleon. A radial collective flow ofK ¥ mesons is predicted to exist in central AuAu collisions, which
manifests in a characteristic “shoulder-arm” shape of the transverse mass spectrum of the midkapidity
mesons. Th& ™ radial flow arises from the repulsiié® mean field in nuclear matter. In spite of a strong
reabsorption and rescattering the attracti/e mean field leads as well to a collective radial flow Kf
mesons. TheK ™ radial flow, however, is different from that d* mesons and can be observed by a
characteristic “concave” structure of the transverse mass spectrum &f th@esons emitted at midrapidity.

The kaon radial flows can therefore serve as a novel tool for the investigation of kaon properties in dense
nuclear matter] S0556-28138)06206-3

PACS numbgs): 25.75.Ld, 13.75.Jz, 24.10.Lx, 25.75.Dw

I. INTRODUCTION description. It still remains an open question if secondary

Collective motion in heavy ion reactions has attracted in particles can exhibit collective motion in heavy ion reactions

. . o ” ,,in this strict sense.
creasing experimental and theoretical interest. “Bounce-off

p ) X In this paper, we explore the possible existence of a col-
[1-3] and “squeeze-out'[4,5] as well as radial floW6-8  |o¢tive motion ofk* andK~ mesons in heavy ion reactions

of nuc_:lear matter are predicted by theories and o_bserved iBy comparing to a pure thermal picture. We mainly consider
expenments: By “bouqce-off” one means a deﬂgctlon oftheay, + Au reactions at SIS energiegabout 1-2
spectators sidewards in the reaction plane, while “squeezezev/nucleon, since this system has been extensively stud-
out” denotes nuclear matter jets in the direction perpendicuied by the experimentalists at GSI, Darmstadt. Second, at an
lar to the reaction plane emitted from the high density overincident energy below the the kaon production threshold in
lap region (so-called firebajl Radial flow is a collective free NN collisions(about 1.58 GeV/nucleon fd ™ mesons
expansion of the fireball. The collective motion has provedand 2.5 GeV/nucleon fdk~ mesony one can expect a low
to be a good probe for the equation of steE©S of nuclear  thermal velocity of the kaons. Consequently, a collective
matter [9,10] as well as for heavy ion reaction dynamics motion, if it exists, will show up clearly. In the present study
[11-13. we are especially interested in kaons emitted at midrapidity.
The techniques developed in studying the collective flowThese kaons are most likely produced in compressed nuclear
of nuclear matter have also been applied to secondary pafatter stopped in the overlap region of colliding nuctbie
ticles such as pions, kaons, hyperons, Etd—26. For sec- so-called firebajl The reaction dynamics is thereby de-
ondary particles “squeeze-out” and “transverse flow” are scribed within the transport approach of quantum molecular
defined in the same way as for nucleons by the azimuthalynamics(QMD). We find in this work that both midrapidity
anisotropy and the rapidity dependence of the in-plane comK ™ andK ™~ mesons exhibit a novel collective motion in the
ponent of the particle momentum, respectively. The predicradial direction, which we call kaon radial flow. We demon-
tion of a pion transverse flow anticorrelated with that ofstrate that the kaon radial flow can provide information on
nucleons has been confirmed by experim¢hts-16. Kaon  in-medium modifications of kaon properties.
transverse flow also attracts attention since it might provide This paper is organized as follows. In Sec. II, we briefly
information about possible modifications of kaon propertiessketch the QMD approach and describe the treatment of the
in dense nuclear matté17_1q_ The in-medium kaon prop- kaon dynamics. In Sec. lll we elaborate on the Signature of
erties are an important issue not only for nuclear physics, buhe K™ radial flow and demonstrate its collective nature. In
also for astrophysics with respect to the evolution of compacec. IV, we study th&™ radial flow, which is found to be
stars[27]. Secondary particles are usually created from el-quite different from thé&* flow. The role of rescattering and
ementary hadron-hadron collisions which take place ranreabsorption of th&™ mesons is also investigated. In Sec. V
domly in the colliding system. In the spirit of a proposal by we summarize the main results and conclusions of this work.
Fermi [28], multiple particle productions from energetic
hadron-hadron collisions can be understood in terms of a Il. DESCRIPTION OF KAONS IN QMD
thermal description. As a result of the fairly strong interac-
tion between particles involved in a collision, the available
phase space will be occupied according to statistical laws. The QMD model[29] has been extensively used for the
This physical picture has been supported by extensive exnvestigation of heavy ion reactions. In addition to nucleons,
periments on particle production from heavy ion reactionswe include als@A and N* resonances, which turned out to
Therefore, a collective motion of secondary particles shoulglay a nontrivial role at an incident energy of 1-2
be identified by observing deviations from the pure thermalGeV/nucleon[30,31. Pions are produced by the decay of

A. QMD model

0556-2813/98/5(6)/32848)/$15.00 57 3284 © 1998 The American Physical Society



57 RADIAL FLOW OF KAON MESONS IN HEAVY ION REACTIONS 3285

these resonances. Their Coulomb interaction with the baryparametrization of the experimental cross section for these
ons is also included. This is important for a correct descripreactiond36]. TheK ™ absorption is rather strongy-n_ v
tion of the pion dynamics, since the pion phase space i about 50 mb at a laborato/~ momentum of 0.2 Ge\&/

highly isospin dependef22,32,33. and increases rapidly with decreasing momenta.
Both K™ and K~ mesons may scatter elastically with
B. Sources ofK* and K~ mesons nucleons in the nuclear medium. TKé -nucleon interaction

is relatively weak ¢y~ 10 mb [42]. However, in the ini-

. : 4 _
frolnrwl QIE:rlr\%r:;\ r; r?waacc:jt;grr]\grfa d%%d(}:i)llisrinoensson;ir?ég g:lelatsg tial stage of the nucleus-nucleus collisions at SIS energies,
; y - ' Y V€¥sne can expect nuclear matter densites up to 3 times the
energetic hadron-hadron collisions are able to produce a . : ; .
: Saturation density{33], which considerably shortens the

kaon (or antikaon, one usually assumes that no coherence -
mean free path of the kaons [A=

exists between the different collisions producing kaons. At ~ )11, This may lead to observable effects on the kaon
SIS energies the major processes responsible for kaon a'ige’c)tram.l 43 Conz/ ared tK * mesonsK— mesons have a
antikaon production are baryon-baryon collisions P 9. ~Oomp : o

much larger elastic cross section, which is about 50 mb at a

B+B—B+Y+K"™, (1) laboratoryK™ momentum of 0.2 Ge\ and becomes even
larger with decreasing momenta. For the elakticandK ~
B+B—B+B+K*" (K% +K™ (2)  cross sections we use the parametrization given in [B6f.
and pion-baryon collisions D. Kaon Coulomb interaction
T+B—=Y+K", (3) In Ref. [18] it was shown that the Coulomb interaction
betweenK™* mesons and the nuclear medium has a visible
7+B—B+K (K% +K™. (4) effect on the kaon dynamics in heavy systems like-Aku.

Thus the Coulomb interaction of both tie” andK™~ me-
HereB stands for a nucleon or nucleonic resonance wiiile sons is taken into account. The Coulomb field acting on the
denotes a hyperon¥( or A). At SIS energies the relevant kaons is generated by protons, charged resonances, and
resonances are mainly andN* resonances. If one goes to charged pions. We should notice that the multiplicity of
higher incident energies, e.g., to AGS energiabout 10  negative charged pions has been observed to exceed greatly
GeV/nucleon, one must take into account contributions of the value for positive charged pions in large systems such as
heavier mesons and resonan{@4]. For the baryon-baryon Au + Au [22,32,33. This leads to a nonvanishing contribu-
channels leading t& " or K~ mesons, we have adopted tion of the pions to the charge density. Thus the total Cou-
theoretical cross sections based on the one-boson-exchanigenb interaction is given by the sum over all charged par-
model. These cross sections agree well with experimentgscles, i.e.,
[36]. TheK™ production cross section from the pion-induced
channel has been evaluated within a resonance niGagl cou i\ Zi € z,7; & z2,Z; €
and good agreement has been found between theory and Ui, =2 = - Y =t = O
data. TheK™ production cross section from pion-baryon col- 'n |rik rin| ' |rik rir| ' |rik riw|
lisions is a parametrization of the experimental d&@. In
a previous study, it was shown that at SIS energies piongherei,, i,, andi, denote nucleons, resonances &nd
baryon reactions can produce even m#&ré mesons than N*), and pions, respectively.
baryon-baryon reactior{88]. With an increasing number of
participating nucleons, this* multiplicity originating from
the 7-induced channel increases much faster than that from E. Kaon mean field of the strong interaction
the baryon-baryon channel. Hence this channel is essential in The strong interaction of kaons with nuclear matter is

order to reproduce the mass dependence oktheproduc-  expected to play also an important role in modifying the
tion observed in experimen{89]. Furthermore, the pion- propagation ofk* and K~ mesons. Possible effects of the
baryon reaction is important if one wants to understand thaon—nuclear-matter strong interaction have attracted special
experimental observation of a nonisotropic angular dis- interest[17—19,35,3% The well-established formalism for
tribution in symmetric heavy ion reactions at subthresholdstudying kaon properties in nuclear matter is chiral perturba-
beam energie$40]. This is due to the fact that the pion- tion theory. Based on an SU(3) SU(3) chiral Lagrangian
baryon reaction of Eq3) has a substantid-wave compo-  kaplan and Nelsor{44] constructed an effective meson-
nent, which results in a large anisotropy. TRevave con-  baryon Lagrangian, whose coefficients had been determined
tribution turned out to be essential for the understanding ofrom experimental measurements, however, still with an un-

the observedK ™ angular distributiorf41]. certainty of about 30%. Applying this Lagrangian to the
kaon-nucleonKN) interaction on the mean field level, one
C. Kaon reabsorption and rescattering can obtain the following dispersion relation for a kaon or

Once produced &* meson can be hardly absorbed in- antikaon in nuclear matt¢d7]:

side the medium because of strangeness conservation. How- s 3 2T 5
ever, aK™ meson can be easily destroyed through the reac- ,, . — \/52““5 1 KN pst PB 42 @,
tion K-+N—#+Y. The inverse process also contributes f2mg 8f2my 8 f2

partially to theK™ production. We used in our calculation a (6)



3 S kn=450 MeV. Thus the strength of the potentials is now
82 roughly consistent with the respective empirical values.
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> KN 3ps
wg-= \/pz—l—mﬁ 1- > 5 Pst > > _ -tive :
famic 8f o The K~ -nuclear matter interaction is complicated by the
() A(1405) resonance in th& ™ -nucleon channel, which is

wheremy denotes the bare kaon mass, dgd~ 93 MeV is ~ commonly considered to be an unstaliid | =0 bound state
the pion decay constanps and ps are the baryon density about 27 MeV below tth‘p threshold. This state qlso
and the scalar density, respectively. The kaon-nucleon sigmappears as a resonance in the channel. TheA (1405) is
term X depends on the nucleon strangeness content anésponsible for the repulsive isospin-averagéd scattering
the strange quark mass. A Yalueia,tN=350 MeV has been |ongih in free spacB48]. Since theK N interaction is strong,
used in the literatur¢17,36]; however, recent lattice QCD  he impulse approximation should not be good. A coupled
calculations imply a higher value of yy=450+30 MeV . — )
channel description of th&N and m-hyperon channels is

[45]. While the 3¢y term provides a scalar attraction for o )

both K* andK~ mesons, the term proportional fg gives necessary. Such_ studies including th¢1405) have been
rise to a vector potential, which is repulsive f6¢ mesons Performed by Kaiser and co-worke51,53. They show that
and attractive folk ~ mesons due to th&-parity transfor- the A(1405) state dissolves in a nuclear environment due to

mation. The expressior(§) and(7) for the in-medium kaon Pauli blocking. Therefore, although the(1405) dominates
potentials include only th&-wave interaction. There is also the threshold KN dynamics at very low densitiesp(

a P-wave contribution of kaons with the nuclear medium by <0.3p,), it is of minor relevance for th& ~-nuclear matter
hyperon-nucleon hole excitations. Thiswave interaction interaction at densitiep>p,. These calculation$51,52
changes signs frorK* to K~ mesons and is in its absolute have been performed with free kaons. A self-consistent in-
value about twice as large fé¢~ than forK ™ mesons. This  clusion of the kaon-nucleus potentiéh-medium effects
P-wave interaction has till now been neglected in all previ-may change these conclusions and should in the future be
ous works on kaons in nuclei. We will neglect it here also.considered.

But future investigations should study it if it is important.  For the K* mesons, we use the potential suggested in
The strong potential for a kaon is in this approach defined aRefs. [45,49|, since it agrees with the impulse approxima-

[46] tion. ForK ~ mesons, a potential of 200 MeV atp, seems
« I to be too deep to describe the experimental datil ofpro-
Uk = og— VMg +p-. (8) duction from heavy ion reactiori86,50. Thus one usually

o ] ) _ uses aK~ potential of about-100 MeV at normal nuclear
ConS|der|n_g the mean field o_f th(=T strong interaction and thenatter density36,50. We use &~ potential derived from
Coulomb field, the total Hamiltonian for the kaons reads Egs.(7) and(8) with 3« =350 MeV. The additional correc-

tions from P-wave contributions, the range term, and the
= [m2 1 p2 Cou stry in-medium modification of the pion decay constant are
Hi lzk ( mK+P'k+U'k +U'k) ® thereby neglected. Suchka™ potential is more or less the
same as used by other authf86,50, and agrees reasonably
There exist experimental constraints on the kaon mean fieldye| with coupled channel studid$1,57. We will show
As indicated above, th& "N interaction is relatively weak |ater that the conclusions of the present work do not depend
compared to other hadron-nucleon interactions. Thereforeyn the particular choice of thé€ ™~ potential. However, there
the impulse approximation should be justified to determineseem to exist some discrepancies betweerkthepotential
the in-mediumK™ potential at low densities from experi- extracted from the kaonic atoms and the one required for
mental freeKN scattering data. This yields a repulsi€”  ynderstandingKk ~ production from heavy ion reactions
potential of about 30 MeV at the saturation densipy (  [36,50. Future studies should shed light on this question. In
=0.16 fm %), if one adopts an isospin-averaged fié®  Fig. 1 the corresponding potentials fi§r” and K~ mesons
scattering lengtla, = —0.255 fm[47]. On the other hand, used in the present work are shown for zero momentum. We
experiments of kaonic atoms can provide direct informatiomote that the scalar densipg is model dependent. We fol-
on theK™ mean field arounghy. An attractiveK ™ -nucleus lowed a method used in the relativistic Boltzmann-Uehling-
potential ofUy-=—200=20 MeV had been found in®Ni UhlenbeckRBUU) model to calculateg as a function opg
[48]. With X y=350 MeV, one obtains from Eq&)—(8) a  [53].
K™ potential of about-7 MeV and aK~ one of— 100 MeV The kaon production thresholds might also be changed in
at po. Both values are quite different from their respectivethe nuclear environment by the strong mean figy. (We
empirical findings. High order corrections aRdwave con- note that the Coulomb fielt) “° has no net effect on the
tributions to the mean field approximation may be responthreshold due to charge conservatjofihe KaoS Collabora-
sible for this discrepancy. In Refg15,49 it was argued that tion [35] has observed an enhancéd™ production in
the so-called range term, which is of the same order in chirahucleus-nucleus collisions as compared to free nucleon-
perturbation theory as thBy, term, has also contributions. nucleon collisions, which could be attributed to an attractive
In addition, the presence of the nuclear medium can reduck ™ mean field. Thus, we have taken into account the reduc-
the pion decay constarfit, by decreasing the quark conden- tion of the K™ production threshold in a way similar as in
sates. Taking the range term and the in-medium reduction dRef. [36]. The K™ mean field is much weaker than tke
f . into account, one obtains at about+28 MeV for the one. Different opinions exist in the literature about medium
K* and —175 MeV for theK ™ potential with a value of modifications of theK ™ production threshold36,45,54. If
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FIG. 1. The in-medium potentials d¢* and K~ mesons in [0 S S TP S
nuclear matter used in this work. 00 01 02 03 04 05
m-m, (GeV)

such an effect exists, it should mainly affect the multiplicity £ 2. Transverse mass spectra of tié mesons emitted at

of the kaons, rather than their collective motion. Therefore migrapidity (= 0.4<Ycm/Yprj<0.4). The histograms are results of

we have not included any medium modification of €  the QMD simulations for Ad-Au reactions at 1 GeV/nucleon and

production threshold in the present work, sincefiemean  at two different impact parametebs=3, 5 fm. The calculations are

field is much weaker than that for th€™ mesons. One can performed including the full in-medium kaon dynamics. The lines

expect that the threshold is also much less affected. are fits to the transport calculations. In the upper panel the result of
The QMD model described above has been shown to be pure thermal Boltzmann fit to the high energy part of the spectra

able to reproduce very well the experimental measurementgn;—my>0.15 GeV is shown. In the lower panel the fit according

of the multiplicities and transverse flow of nucleons, pions,to Eq. (10) is presented where one assumek a radial flow in

and kaons[18,38,41,3% In this work, we will apply the addition to the thermal motion.

same model to other kaon collective flovesg., radial kaon
flow). enough for kaon production. The kaons produced in the ex-

panding nuclear matter should reflect a collective component

. transferred from the nucleons to kaons. However, it is not

Il K™ RADIAL FLOW clear if this mechanism still works at subthreshold energies.
A. Transverse mass spectra In Fig. 3 calculations are presented where iig poten-

One way to obtain information on the collective motion in
heavy ion reactions is to investigate particle multiplicities as
a function of the transverse mass;& \/m02+ PTZ). In Fig. 2 r
we show the transverse mass spectrunk 6fmesons emit- ~ 107 |
ted at midrapidity ¢0.4<Yy.m/Yp<0.4) in the reaction °"> E
Au + Au at an incident energy of 1 GeV/nucleon and an

10_1 JASAEAELE BLELELELE BUELELELES BUBLELELES BUBLELELE BUBLELEME

—— with the strong and Coulomb potentials ]
no potential ]

impact parameter of 3 and 5 fm, respectively. A striking 00 F 3
.. . o F K, -04<Y__/Y <04
finding of the present work is that the kaon spectrum exhibits : o
. L Au + Au 1 GeV/nucleon
as a function of the transverse mass a “shoulder-arm” shape, 107 . . .
10_1 T T T 1 1

—— with the strong and Coulomb potentials ]
no potential ]

evident by comparing the kaon spectrum with a Boltzmann
fit to the high energy part of the spectryaiso shown in Fig.

2). In a pure thermal picture the kaons are produced from an
equilibrated thermal source. The transverse mass spectra
should thus satisfy a Boltzmann distribution, which is more
or less a straight line if plotted logarithmically. A similar
deviation from thermal behavior had already been found for .
nucleons and composite particlédeuterons, heliums ej¢. 0 o " o1 o2 03 o0z o2 -
which was explained by introducing a collective expansion ' " m-m .(GeV-) '

of the fireball, i.e., the nuclear matter radial flg&s5—57. v

This expanding source picture has also been successfully ap- FiG. 3. Transverse mass spectra of #& mesons emitted at
plied to pion and kaon spectra at AGS enerdi@sout 10  midrapidity (—0.4<y. n/Ypo<0.4) for the same reactions as in
GeV/nucleon [58]. This seems to be reasonable since afrig. 2. The histograms present results of the transport calculations
such high beam energies hadron-hadron collisions occurringithout the K* mean field and Coulomb potential. Now a pure
in the late expansion phase of the reaction are still energetitiermal fit(lines) is sufficient to reproduce the spectra.

v
2
)
vﬂ
£
which deviates from a pure thermal picture. This becomes >
=
=
[
Q
=

-
o
b
T
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tial US" and the Coulomb interactioJ® have been Wwhile the collective component — given k¥ — is due to
dropped. Now one sees only effects of the hadron-hadrothe acceleration of the kaons by the mean field. Thus the
collisions, which produce the kaon@he K " -nucleon elas- €xtracted temperature describes the thermal motion without
tic scattering is also included in the simplified calculations;the influence of the kaon potentiaee Fig. 3. On the other
however, its influence is fairly weakThe resultant kaon hand, the collective motiog can be quantitatively described
transverse mass spectrum with the same rapidity cut as iy the enhancement of the kaon momentum by the repulsive
Fig. 2 is in exact agreement with a Boltzmann distribution.K* potential. The simulations shown in Fig. 3 give tempera-
Thus, we can deduce that the “shoulder-arm” structure obiures of T=64 MeV for b=5 fm and T=66 MeV for b
served in Fig. 2 is caused by the kaon mean field and the 3 fm, respectively. They are quite comparable to the tem-
Coulomb interaction, rather than by a collective expansion operatures extracted from the fit to the full calculatioriBig.

the kaon sources. As pointed out in Rfg], the mean field 2). The average transverse mass of the kaons is increasing
and not the Coulomb interaction plays the dominant role ifrom (m;)=566 MeV to 594 MeV forb=5 fm as one
modifying the kaon motion. The fact that the potential andchanges from the simulations without to those including the
not an expandingK® source is responsible for the kaon potential. Fob=3 fm it increases fromm,)=571
“shoulder-arm” structure can be connected with the sub-MeV to 600 MeV. (We note that the Coulomb interaction
threshold beam energy. Only the hadron-hadron collisionsontributes less than 30% to the enhancemgifitss corre-
during the early compression phase of the reaction haveponds to a common radial velocity boost of the kaons by
enough energy to produce a kaon. As the fireball starts t@=0.102 and3=0.113 forb=5 fm and 3 fm, respectively.
expand coherently in a later stage, the kaon production stopghe two values are very close to tifeparameters obtained
since the energetic collisions have been exhausted. Consky the fit. This indicates that it is possible to separate the
guently, at a subthreshold beam energy no “shoulder-arm’thermal and the collective components of the kaon spectrum
spectrum for the midrapidity kaons can arise from the velociby the present analysis.

ties of the sources. On the other hand, khe mean field is At an incident energy of 1 GeV/nucleon, the energy avail-
repulsive with a value of about 28 MeV at the saturationable for kaon production is quite limited. Consequently, the
density (pg) and increases with the density. The kaons willkaons have also a limited thermal motion. The average radial
thus inevitably experience an acceleration due to the repulelocity of the kaons due to thermal motion is about 0.488
sive potential as they propagate outwards from the overlagin unit of the light velocityc) for Au + Au, while the flow
region. This may give rise to a collective motion of the kaonsvelocity is abou{3 = 0.1 as mentioned above. The collective
in the radial direction, which can lead to a deviation from themotion is more than 20% of the thermal motion, so that it is
thermal picture. Therefore, the observed “shoulder-arm”not obscured by the latter, and can be observed as a clear
structure in the kaon spectrum appears to be a signature ofsignal.

genuine collective motion of the kaons, rather than only a The radial collective motion of th&™ mesons may pro-

result of the nuclear matter radial flow. vide a new opportunity for the investigation of the kaon
mean field in nuclear matter. The stronger the kaon potential,
B. Radial flow the more significant is the radial kaon flow. Thus the kaon

In order to quantitatively extract the collective com onentradial flow can be used as a meter to determine the kaon
from the kaonqs ectrum v)\//e fit the QMD results b inpcor 0_in-medium potential. We note that an analysis of the trans-

. P L . + y PO°yerse momentum of the kaons as a function of the rapidity
rating a common radial velocity of thK™ mesons to the

o . .~ (so-called kaon transverse flpwmight give also information
standard Boltzmann distribution. The corresponding d|str|bu-On the kaon potential. Without the kaon mean field, the trans-

tion reads verse kaon flow follows the flow patterns of the baryons and
FEN 2 exhibits anS shape. This has been found in both RBUU
e LET —a)[ YE—yaT| —+1 calculationd 17] and previous studies using the QMD model
dédymdm p? [18]. The S shape disappears and a zero flow can be observed
) — if one takes into account the kaon potential as found in Refs.
LE°| V(yE=aT)*—m [17-19.
+(aT) E b , (10)

IV. K™ “VIRTUAL” RADIAL FLOW

whereE=m, coshy, p=\p;Z+m? sintfy, = yBp/T, and In contrast to theK* mesons studied in the preceding
y=(1—B?) Y2 T is the temperature of the thermal source,section, many other hadrons such s, A, 3, etc., are
while the parameteB=v/c is a common radial velocity of supposed to feel an attractive mean field in nuclear matter. In
the kaons. Figure 2 shows that E#j0) gives a good fit to the addition they may be strongly absorbed or scattered in the
QMD results. The fit yields fob=5 fm a temperature of medium. Whether these hadrons can also develop a radial
T=60 MeV and a common velocity g8=0.1. A slightly  collective motion in heavy ion reactions is not clear. There-
higher temperatureT(=62 MeV) and larger common veloc- fore, it is of high interest to investigate the possible forma-
ity (8=0.11) are obtained for more central collisions ( tion of radial flow of these hadrons. As a first example, we
=3 fm). Are theT and 8 derived from the fit a good mea- consider in the present wok™ mesons which are subjected
sure of the thermal and collective motion of the kaons? Ado all the final-state interactions mentioned above.

we mentioned above, the thermal feature of the kaon spectra In Fig. 4 theK™ transverse mass spectrum at midrapidity
described byT reflects the temperature of the kaon sourcesjs shown for the Aut+ Au reaction at a single impact param-
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m-m, (GeV) midrapidity (—0.3<Y¢n/Y,<0.3) for the same reactions as in
t 0 Fig. 4. The histograms present results of the transport calculations
without the K™ mean field and Coulomb potential. Now a pure

FIG. 4. Transverse mass spectra of e mesons emitted at o . o
thermal fit(lines) is sufficient to reproduce the spectra.

midrapidity (—0.3<Yn/Yp<0.3) in a semicentralg(=5 fm)

Au + Au reaction at 1.8 GeV/nucleon and in a NiNi reaction at ) . .
1.93 GeV/nucleon. The Ni Ni reaction is averaged over the im- SPectra obtained without the mean field and the Coulomb

pact parameter region<Ob<4 fm. The histograms are the results interaction(but including rescattering and reabsorpjiamne

of the transport calculations including the fidl~ in-medium dy-  in good agreement with a Boltzmann distribution. At a sub-
namics and the lines are the corresponding fits to the spectra. In tiBreshold beam energy hadron-hadron collisions, i.e., sources
upper panel the result of a pure thermal Boltzmann fit to the higifor the K~ mesons, cannot induce this “concave” structure
energy part of the spectran{—m>0.1 GeV is shown. In the since theK™’'s are mainly produced before the fireball starts

lower panel the fit according to Eqll) is presented where one to expand. We already discussed this point in Sec. ll. It is
assumes &~ “virtual” radial flow in addition to the thermal mo-  important to realize that also reabsorption and rescattering do
tion. not lead to the observed “concave” structure. The transverse

mass spectrum of the midrapidily~ mesons is determined

eterb=5 fm and for the Ni+ Ni reaction by integrating primarily by the interaction of th& ~ mesons with the fire-
over impact parameters<Gb<<4 fm. The considered beam ball. If one neglects all the final-state interactions, the pri-
energies(1.8 GeV/nucleon for the Au+ Au reaction and mordial K~ spectra should satisfy, according to Fermi’s ar-
1.93 GeV/nucleon for the Ni- Ni reaction are below the gument[28], a pure Boltzmann distribution. On the other
free NN K™ threshold. We analyzed th€™ mesons from a hand, the fireball baryons show predominantly a single-
rapidity interval (=0.3<Yy¢ m /Ypg;<0.3) normalized to pro- temperature structure before the formation of the nuclear
jectile rapidity y,;, which looks narrower than the one for matter radial flow. We know that both rescattering and reab-
K™ mesons ¢ 0.4<Y.m/Yproj<0.4). In fact, the sizes of the sorption are in nature stochastic processes which tend to
intervals in units of rapidity are very close to each other,thermalize a narrow distribution. One can hardly expect that
since we consider for th& ™ production higher beam ener- a stochastic interaction between two thermal distributions
gies than for theK ™ production due to the different thresh- can change the thermal distributions to a two-temperature
olds (2.5 GeV compared to 1.58 GeVThe rapidity of the structure. Thus one observes in Figa Boltzmann distribu-
K* or K~ mesons is explicitly included in the equations tion of the K~ mesons even though rescattering and reab-
fitting the kaon spectrgsee Eq(10) for theK™* case and Eq. sorption have been included. However, we should note that
(11) below for theK™ casd. Therefore, small differences rescattering and reabsorption of hadrons by spectators can
between the rapidity intervals for thé" and K~ mesons induce nonthermal features since the spectators are collec-
should not influence the conclusions of this study. Alsotively deflected sidewards in the reaction plauclear mat-
shown in Fig. 4 is a Boltzmann fit to the high energy part ofter bounce-off. Absorption of pions by the spectator baryons
the spectrumifi;—mg->0.1 Ge\). One can clearly observe is responsible for a pion transverse flow which is anticorre-
a “concave” structure in the&K ™ spectrum, again deviating lated to the nucleon floWl4—16. Rescattering and reab-
from a thermal Boltzmann distribution. This structure is, sorption by the spectators can also give rise to an azimuthal
however, completely different from the ‘“shoulder-arm” anisotropy in the hadron emissigsqueeze-oyif20—23.
shape found foK* mesons. In Sec. lll we have shown that thé* radial flow can be

The “concave” structure is a consequence of the attracdescribed very well by boosting a Boltzmann distribution
tive K~ mean field. Without the mean field this structure with a commonK™ radial velocity directed away from the
vanishes(The present work also includes the Coulomb in-fireball as a result of the repulsiv€™ mean field. Here we
teraction of theK™ mesons. However, the Coulomb effects try to understand th& ™~ spectra with a similar boost, how-
are found to be negligible compared to those originatingever, now with a commorK ™ radial velocity tending to-
from the strong potentiglFigure 5 demonstrates that tke wards the center of the fireball since ti€ mesons feel an
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attractive mean field. In analogy to Eq.0) the K™ distribu-  Resonance decay producing pions has also a significant con-
tion reads tribution, which has been found to be able to induce a “con-
cave” structure in pion transverse mass spel@f331,63. It

d3N E2 is worth noting that some explanations for these observations
(wd—d~e‘(75’”“) Y’E+ yaT —+1 have also used an attractive pion or kaon in-medium mean
ymdm p field [63]. However, it seems that there exist some differ-
2 R ences between these observations and our present work
E*| V(YE+aT) —m .
+(aT)2— (11)  Wwhere the subthreshold beam energy plays an essential role.
p? p Finally we want to add some remarks concerning the kaon

potentials used in this work. For the description of #é

T is the primordialkK ™ temperature, ang is the common radial flow a potential has been used which agrees with the
K™ velocity. Figure 4 shows that E¢L1) provides a good fit free KN scattering data. Based on the same potential, we
to the K~ spectrum obtained from the full calculation. The were able to reproduce the experimerkal transverse flow
adjusted temperature parametefs=(83 MeV and 76 MeV  data in a previous worKL8]. It is also unlikely for resonance
for Au + Au and Ni+ Ni, respectively are again close to decay to modify the “shoulder-arm” shape of the" spec-
these values deduced from a Boltzmann fit to the QMD reira, since, at the incident energies studied here, very few phi
sults without the mean fieldT=87 MeV and 82 MeV for mesons and antibaryons can be created. Khepotential
the two reactions, respectivelyThis indicates that the fitting applied is less attractive than that extracted from kaonic at-
parameterT in Eq. (11) is a good measure for the thermal oms. Since the deceleration of tKe' mesons by the attrac-
motion of theK™ mesons. The average transverse mass ofive mean field is responsible for the “concave structure” of
theK™ mesons is found to be reduced by the mean field fronthe K™ spectra, a more attractive potential should even favor
(m7)=596 MeV to 575 MeV for Au+ Au and from 585 a more pronounced “concave” shape. Th€1405 might
MeV to 569 MeV for Ni+ Ni, which correspond to a radial also play a role in leading to a “concave” structure of the
decelerating boost g8=0.083 and 0.067, respectively. Both K~ spectra just analogous to the role of theesonances for
B values agree with that from the fiB& 0.085 for Au+ Au  pions. However, the formation of th&(1405 is reduced at
and 0.066 for Ni+ Ni). Therefore, the nonthermal feature of high densities. Since th€ ™~ radial flow arises from interac-
the K~ mesons can be described well by a radial velogity tions with the dense fireball, one can expect thatAli&405
extracted from the fit. is only of minor importance. We also note that our treatment

The deviation of theK ™~ transverse mass spectra from a of the kaon dynamics is obviously noncovariant, since, e.g.,
pure thermal distribution can therefore be understood irthe space component of the vector part of the kaon-nucleus
terms of a commoK ~ radial collective motion, which arises potential is neglected as usUy&H]. However, this treatment
from the deceleration by the attractive mean field. We calls sufficient for the present studies, since the relative motion
this type of collective motion ‘“virtual” flow in order to between the fireball and the midrapidity kaons is quite small
distinguish it from theK* radial flow driven by a repulsive at subthreshold beam energies. The present conclusions are
mean field. Such a virtual flow is characterized by a “con-not significantly affected by a full covariant treatment of the
cave” structure in the transverse mass spectrum, while &aon dynamics.
radial flow shows up in a “shoulder-arm” shape of the spec-
trum.

Rescattering and reabsorption alone cannot induce the
“concave” feature in theK™ spectra. However, a stochastic  In this work, we have studied possible collective motion
process may interfere with the collective motion as men-of K* andK ™ mesons emitted at midrapidity from heavy ion
tioned above. Reabsorption plays fif mesons a larger reactions at SIS energi€&—2 GeV/nucleonhby comparing
role than forK™ mesons.K™ rescattering on the fireball with a thermal picture. The main findings are the following.
baryons may increase the energykf mesons. This will (1) A collective flow of K* mesons in the radial direction
cancel partially the virtual flow caused by the mean field.should exist in central nucleus-nucleus collisions, which can
Therefore, we observe in the present work a relative smalbe identified by a characteristic “shoulder-arm” shape of the
reduction of theK™ transverse massA(m;)=—21 MeV  transverse mass spectrum of the midrapidity kaons.Khe
and —16 MeV for Au + Au and Ni + Ni, respectively  radial flow is caused by the repulsi¥e" mean field.

V. SUMMARY

although we have adopted a mean field for Kie-nuclear (2) K~ mesons also exhibit a collective motion in the
matter interaction of about-100 MeV at normal nuclear radial direction in heavy ion reactions at subthreshold beam
matter density. energies even though they suffer strong reabsorption and res-

A “concave” structure has been observed experimentallycattering in the nuclear medium. The collective motion leads
in the transverse mass spectra kof andK~ mesons in Si  to a characteristic “concave” structure in the transverse
+ Pb at 14.6(GeVic)/nucleon[59] and Au + Au at 10.8 mass spectrum oK~ mesons emitted at midrapidity. This
(GeV/c)/nucleon[60] as well as for pions in many reactions distinguishes thé& ™ collective motion from that oK™ me-
and at various beam energig&l]. In all the cases the beam sons. TheK™ collective motion is induced by an attractive
energies are much higher than the corresponding productiomean field.
thresholds for freeNN collisions. Considerable numbers of  (3) Since the radial flow of botiK™ and K~ mesons
kaons or pions are produced even after the fireball starts tarises from their respective in-medium mean field, the radial
expand. Thus the fireball expansion can independently cauglow may act as a novel tool for the investigation of possible
nontrivial collective features in the particle spect&r,58. modifications of kaon properties in dense nuclear matter.
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