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EQUATION OF STATE OF NUCLEONIC MATTER� ��W. CassingyInstitut für Theoretishe Physik, Universität GiessenD-35392 Giessen, Germany(Reeived November 16, 1999)The nulear equation of state (EoS) is investigated by �ow phenomenain relativisti heavy-ion ollisions, both in transverse and radial diretion,in omparison to experimental data from 150 A MeV to 11 A GeV. To thisaim the olletive dynamis of the nuleus�nuleus ollision is desribedwithin a transport model of the oupled hannel RBUU type. There aretwo fators whih dominantly determine the baryon �ow at these ener-gies: the momentum dependene of the salar (US) and vetor potentials(U�) for baryons and the resonane/string degrees of freedom for ener-geti hadron exitations. We �x the expliit momentum dependene of thenuleon�meson ouplings by the nuleon optial potential up to 1 GeV andextrapolate to higher energy. When assuming the optial potential to van-ish identially for Ekin � 3:5 GeV we simultaneously desribe the sideward�ow data of the PLASTIC BALL, FOPI, EoS and E877 ollaborations,the ellipti �ow data of the E895 and E877 ollaborations and approxi-mately the rapidity and transverse mass distribution of protons at AGSenergies without employing any expliit assumption on a phase transitionin the EoS. However, the gradual hange from hadroni to string degrees offreedom with inreasing bombarding energy an be viewed as a transitionfrom hadroni to string matter, i.e. a dissolution of hadrons at high energydensity.PACS numbers: 21.65.+f, 25.75.�q, 25.75.Ld
� Invited talk presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 1-11, 1999.�� Supported by BMBF and GSI Darmstadt.y In ollaboration with A. Hombah, U. Mosel and P. K. Sahu.(213)



214 W. Cassing1. IntrodutionRelativisti heavy-ion ollisions (RHIC) provide a unique tool to studynulear matter at high densities and temperatures, reminisent of the earlybig-bang of the universe, but with better statistis and under ontrolled on-ditions. These reations also provide onstraints on the interior of neutronstars, where the nulear equation-of-state (EoS) plays an essential role forthe possible existene of an inner quark ore or an extended mixed phaseof quarks and hadrons [1℄. However, sine in a RHIC the system initially isfar away from thermal and hemial equilibrium, both partile produtionand olletive motion depend on various quantities suh as the sti�ness ofthe EoS, the momentum dependene of the interation or mean-�eld po-tentials (MDI), in-medium modi�ations of the NN ross setion �NN , theinitial momentum distribution of the nuleons [2,3℄ as well as the number ofhadroni degress of freedom aounted for in the transport simulation [4℄. Itis thus neessary not to fous on a single observable alone but to investigatethe dynamial evolution of the RHIC within a single model that is able todesribe all relevant single-partile as well as olletive quantities.Whereas the experimental and theoretial studies of olletive nulear�ow have been restrited to the 1�2 A GeV energy regime in the past [5,6℄,more reently both the direted transverse �ow (sideward �ow) and the �owtensor (ellipti �ow) have been measured and reported by the BNL-E877ollaboration [7�10℄ for heavy-ion (Au+Au) ollisions at AGS energies inthe energy range of 1 A GeV � Ein � 11A GeV. In this energy rangethe direted transverse �ow �rst grows, saturates at around 2 A GeV, andthen dereases experimentally with energy showing no minimum as expetedfrom hydrodynamial alulations inluding a �rst order phase transition inthe EoS [11℄. Whether this derease in direted �ow or the hange of signin ellipti �ow is indiative of a phase transition [12℄ is a question of highurrent interest.In this ontribution the olletive behaviour of nulear matter in a heavy-ion ollision is reviewed in the energy range from 150 A MeV to 11 A GeVfor various systems using the transport model [13℄. For energies above 1 AGeV it has been, furthermore, omplemented by the string dynamis fromthe HSD transport approah [14℄ whih has been tested extensively for p+Aand A+A ollisions from SIS to SPS energies [15℄.2. The extended RBUU-modelTo desribe the heavy-ion ollision data at energies starting from the SISat GSI to the SPS regime at CERN, relativisti transport models have beenextensively used [14,16�19℄. For a general derivation of transport theories thereader is refered to Ref. [20℄ and to Ref. [15℄ for a reent review. Among these



Equation of State of Nuleoni Matter 215transport models the Relativisti Boltzmann�Uehling�Uhlenbek (RBUU)approah inorporates the relativisti mean-�eld (RMF) theory, whih isappliable also to various nulear struture problems as well as for neutronstar studies [1, 21℄. Sine it is based on an e�etive hadroni Lagrangiandensity it allows to evaluate diretly the nulear EoS at zero and �nite nu-lear temperature T as well as the salar and vetor mean �elds US and U�,that determine the in-medium partile properties, for arbitrary on�gura-tions of nuleons in phase spae [20℄. Here we essentially base the studieson the Lagrangian (parameter set NL3) from Ref. [22℄ sine this Lagrangianhas been applied widely in the analysis of heavy-ion ollisions by variousgroups [13, 23, 24℄.We reall that the most simple versions of RMF theories assume thesalar and vetor �elds to be represented by point-like meson�baryon ou-plings. These ouplings lead to a linearly growing Shrödinger-equivalentpotential in nulear matter as a funtion of the kineti energy Ekin, whihnaturally explains the energy dependene of the nuleon optial potentialat low energies (� 200 MeV). However, a simple RMF does not desribethe nuleon optial potential at higher energies, where it deviates substan-tially from a linear funtion and saturates at Ekin � 1 GeV [25℄. Sine theenergy dependene of sideward �ow is ontrolled in part by the nuleon op-tial potential, the simple RMF annot be applied to high-energy heavy-ionollisions. In order to remedy this aspet, the more sophistiated RBUU ap-proahes invoke an expliit momentum dependene of the oupling onstant,i.e. a form fator for the meson�baryon ouplings [14, 15, 26℄.Further important ingredients at AGS energies are the resonane/stringdegrees of freedom whih are exited during the reation in high energybaryon�baryon or meson�baryon ollisions. While at SIS energies partileprodution mainly ours through baryon resonane prodution and theirdeay, the string phenomenology is found to work well at SPS energies (�200 A GeV) [15℄. One of the harateristi features of the AGS energy regimeis the ompetition between these two partile prodution mehanisms whihmight be separated by some energy sale pssw [27℄. Due to this omplexitythere are various ways to implement elementary ross setions in transportmodels [4,12,15,23,24,28℄. One of the extremes is to parameterize all possi-ble ross setions diretly for multi-pion prodution, NN ! NNn� (n � 3)only through N;�; � degrees of freedom; the other extreme is to fully applystring phenomenology in this energy region without employing any reso-nanes. Although it is possible to reprodue the elementary ross setionsfrom NN and �N ollisions and the inlusive �nal hadron spetra in heavy-ion ollisions within these di�erent models, we expet that di�erenes shouldappear in the dynamial evolution of the system, e.g. in the thermodynam-



216 W. Cassingial properties [4, 29℄ and in olletive �ow [27℄. For example, if thermalequilibrium is ahieved at a given energy density, models with a larger num-ber of degrees of freedom inluding strings will give smaller temperature andpressure [30℄.We have employed here the ombination of a resonane prodution model[31℄ and the Lund string model [32℄ as inorporated in the Hadron�String�Dynamis (HSD) approah [14,15℄. In the pratial implementation for NNorMN ollisions at invariant energies lower (higher) than a threshold energypssw resonanes (strings) are assumed to be exited (see below).2.1. The optial potentialIn this presentation the salar and vetor mean �elds US and U� arealulated on the basis of the same Lagrangian density as onsidered inRef. [13℄, whih ontains nuleon, � and ! meson �elds and nonlinear self-interations of the salar �eld (f. NL3 parameter set [22℄). The salar andvetor form fators at the verties are taken into aount in the form [14℄fs(p) = �2s � 12p2�2s + p2 and fv(p) = �2v � 16p2�2v + p2 ; (1)where the ut-o� parameters �s = 1:0 GeV and �v = 0:9 GeV are obtainedby �tting the Shrödinger equivalent potential,Usep(Ekin) = Us + U0 + 12M (U2s � U20 ) + U0MEkin; (2)to Dira phenomenology for intermediate energy proton�nuleus sattering[25℄.
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Equation of State of Nuleoni Matter 217The resulting Shrödinger equivalent potential (2) is shown in Fig. 1 asa funtion of the nuleon kineti energy with respet to the nulear matterat rest in omparison to the data from Hama et al. [25℄ (open squares). Theexperimental inrease of the Shrödinger equivalent potential up to Ekin = 1GeV is deribed quite well; then the potential dereases and is set to zeroabove 3.5 GeV.For the transition rate in the ollision term of the transport model weemploy in-medium ross setions as in Ref. [31℄ that are parameterized inline with the orresponding experimental data for ps � pssw. For higherinvariant ollision energies we adopt the Lund string formation and frag-mentation model [32℄ as inorporated in the HSD transport approah [14℄whih has been used extensively for the desription of partile prodution innuleus�nuleus ollisions from SIS to SPS energies [15℄. In the present rela-tivisti transport approah (RBUU) as in Ref. [13℄ we expliitely propagatenuleons and �'s as well as all baryon resonanes up to a mass of 2 GeV withtheir isospin degrees of freedom [31,33℄. Furthermore, �; �, �, !, K; �K and �mesons are propagated, too, where the � is a short lived e�etive resonanethat desribes s-wave �� sattering. For more details we refer the reader toRefs. [31, 33℄ onerning the low energy ross setions and to Refs. [14, 15℄with respet to the implementation of the string dynamis.2.2. Transverse mass spetra of protonsIn Fig. 2 we show the dependene of the alulated proton transversemass spetra in a entral ollision of Au+Au at 11.6 A GeV for b < 3:5fm for pssw = 2.6 GeV (dotted histograms) and 3.5 GeV (solid histograms)in omparison to the experimental data of the E802 ollaboration [34℄. Aasade alulation (rosses) is shown additionally for pssw = 3.5 GeV todemonstrate the e�et of the mean-�eld potentials whih lead to a redutionof the transverse mass spetra below 0.3 GeV. As expeted, the transversemass spetrum is softer for smaller pssw due to the larger number of degreesof freedom in the string model relative to the resonane model.We note that strings may be regarded as hadroni exitations in theontinuum of lifetime tF � 0.8 fm/ (in their rest frame) that take over asigni�ant part of the inident ollision energy by their invariant mass. Theydeay dominantly to light baryons and mesons and only to a low extent toheavy baryon resonanes. Thus the number of partiles for �xed system timeis larger for string exitations than for the resonane model where severalhadrons propagate as a single heavy resonane whih might be regarded as aluster of a nuleon + n pions. As a onsequene the translational energiesare suppressed in string exitations and, as a result, the temperature as wellas the pressure are smaller when exiting strings.
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Fig. 2. The transverse mass spetra of protons for Au+Au ollisions at b < 3:5 fm.The solid line and the dot-dashed line with rosses are results for pssw=3.5 GeVwith and without nulear potentials, respetively. The dotted line RBUU(2.6) isfor pssw=2.6 GeV. The data points are taken from the E802 ollaboration [34℄.From the above omparison with the experimental transverse mass spe-tra for protons we �nd pssw � 3.5 GeV, whih implies that binary �nalbaryon hannels should dominate up to ps � 3.5 GeV whih orresponds toa proton laboratory energy of about 4.6 GeV for pp ollisions.3. SIS energies3.1. Transverse �owWithin the RBUU model desribed above we now alulate the trans-verse �ow for various systems and beam energies and analyse the dependeneon di�erent quantities. The �ow F is de�ned as the slope of the transversemomentum distribution at midrapidity,F = dhpxidy jy=y0 ; (3)whih is essentially generated by the partiipating matter in the `�reball' [4℄.The latter �nding explains why �ow does not learly distinguish betweenan EoS with and without momentum-dependent fores. Sine the �reballontains the stopped matter, the relative momenta in the �reball (besidesthe unordered thermal motion) are small. Only when applying additionaluts, e.g. on high transverse momenta [16, 18℄, i.e. by seleting partilesesaping early from the �reball, or seleting mainly partiipant or spetatorpartiles by appropriate �m-Cuts [35℄, a di�erene between the momentum-dependent and momentum-independent EoS an be established.



Equation of State of Nuleoni Matter 219The FOPI data on proton �ow [7℄ indiate a derease of sidewards �owabove 1 A GeV inident energy following the well known logarithmi in-rease at low energies. Using standard potential parameterizations, bothnonrelativisti [2℄ and relativisti [13℄, this behavior annot be understoodwithin onventional transport models. In the latter the optial potentialstays onstant or even inreases at high momenta and therefore the repul-sion generated from the momentum-dependent fores in a HIC gives rise toa signi�ant ontribution to the �ow signal. However, sine the nuleon�nuleus optial potential is only known up to 1 GeV experimentally [25℄, itwas proposed that this derease of �ow above 1 A GeV might indiate aderease of the optial potential at high relative momenta or at high baryondensity [13℄.In Ref. [3℄ the transverse momentum of the baryons has been disentan-gled into a ollisional part, a mean-�eld part and a part originating from theFermi-motion of the partiles,pt = pollt + pMFt + pFermit ; (4)where pFermit pratially does not ontribute at midrapidity. Thus disentan-gling the �ow signal into a ollisional and a potential part, it turns out that�50 % of the �ow stems from the partile�partile ollisions while roughlyanother 50% are generated by the potential repulsion at 1 A GeV. Fig. 3shows these two ontributions for �ow for the system Ni+Ni at b = 4 fm inomparison to the experimental data using di�erent EoS denoted by `hard',`medium' and `soft'. Both the ollisional �bakground� and the potential partrise up to 1 A GeV inident energy and remain onstant above, whereas the
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220 W. Cassingdata indiate a derease above 1 A GeV. As seen from Fig. 3 the Ni+Nidata are desribed reasonably by both a `soft' and `medium' EoS, while aasade alulation fails substantially.A note of aution has to be added here: The �ow F (3) not only dependson the baryon self-energies US and U� but also on the number of (resonane)degrees of freedom above about 1 A GeV as �rst pointed out by Hombahet al. [4℄. This observation will beome ruial at AGS energies.3.2. Radial �owRadial �ow has been disovered [36℄ when analyzing the �ow pattern ofvery entral events of RHIC. In ontrast to transverse �ow up to about 70 %of the inident energy (stored in the hot ompressed �reball) is released asordered radial expansion of the nulear matter. Thus the hope is to extratinformation espeially on the ompressibility of the EoS via the magnitudeof the radial �ow.Experimentally the radial �ow is haraterized or �tted in terms of theSiemens�Rasmussen formula [37℄d3NdEd2
 � p � e�E=T �sinh�� � (E + T )� T � osh�� (5)with  = (1 � �2)�1=2 and � = �p=T , while � denotes the �ow veloityand T haraterizes some temperature. We follow the same strategy in ourRBUU alulations and apply a least square �t to the RBUU nuleon spetrausing Eq. (5).
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Equation of State of Nuleoni Matter 221The results of the RBUU alulations for entral Au+Au ollisions areshown in Fig. 4 as a funtion of the bombarding energy in omparison to thedata from [38�40℄. We �nd that the `temperature' T is systematially under-predited in all shemes investigated (soft and hard EoS, with and withoutmomentum dependent fores), and that the �ow veloities are not orretlyreprodued, being too low at low energy and rossing the experimental dataaround 800 A MeV. This might indiate a strong binding from the potentialwhih gives not enough repulsion at high densities and overompensates theollisional pressure from the �reball. However, the nuleon spetra result-ing from the RBUU alulation show a strong non-thermal omponent atlow inident energies and are thus in ontradition to the physial piturebehind Eq. (5) whih assumes an isentropi expansion of a thermal equili-brated soure. In Ref. [41℄ the degree of equilibration in a HIC has beeninvestigated as a funtion of the inident energy and the system mass andit has been found that even the most massive systems like Au+Au do notequilibrate at low energies. 4. AGS energies4.1. Sidewards �owWe now turn to the AGS energy regime from 1�11 AGeV. The alula-tions are performed for the impat parameter b = 6fm for Au+Au systems,sine for this impat parameter we get the maximum �ow whih orrespondsto the multipliity bins M3 and M4 as de�ned by the Plasti Ball ollabo-ration [42℄ at BEVALAC/SIS energies. In Fig. 5 (l.h.s.) the transverse �ow(3) is displayed in omparison to the data from Refs. [7, 8, 43℄ for Au+Ausystems. The solid line (RBUU with pssw = 3.5 GeV) is obtained withthe salar and vetor self energies as disussed above, Eq. (1). The dottedline (CASCADE with pssw = 3.5 GeV) orresponds to asade alulationsfor referene in order to show the e�et of the mean �eld relative to thatfrom ollisions. We observe that the solid line (RBUU, f. Fig. 1) is in goodagreement with the �ow data [43℄ at all energies; above bombarding energiesof 6 A GeV the results are pratially indential to the asade alulationsshowing the potential e�ets to anel out.We note that the sideward �ow shows a maximum around 2 A GeV forAu+Au and dereases ontinuously at higher beam energy (� 2 A GeV)without showing any expliit minimum as in Ref. [11℄. This is due to thefat that the repulsive fore aused by the vetor mean �eld dereases at highbeam energies (f. Fig. 1) suh that in the initial phase of the ollision thereare no longer strong gradients of the potential within the reation plane.In subsequent ollisions, whih are important for Au+Au due to the systemsize, the kineti energy of the partiles relative to the loal rest frame is then
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Equation of State of Nuleoni Matter 223GeV) is obtained with the same mean �elds as disussed before while thedotted line (CASCADE with pssw = 3.5 GeV) stands again for the asaderesults. The �ow parameter v2 hanges its sign from negative at low energies(� 5A GeV) to positive ellipti �ow at high energies (� 5A GeV).This an be understood as follows: At low energies the squeeze-out ofnulear matter leads to a negative ellipti �ow sine projetile and targetspetators distort the olletive expansion of the `�reball' in the reationplane. At high energies the projetile and target spetators do not hinderanymore the in-plane expansion of the `�reball' due to their high veloity(� ); the ellipti �ow then is positive. The ompetition between squeeze-out and in-plane ellipti �ow at AGS energies depends on the nature of thenulear fore as pointed out already by Danielewiz et al. [12℄. We note,however, that in our alulation with the momentum-dependent potential(Fig. 1) we an desribe both the sideward as well as ellipti �ow data [9,10℄simultaneously without inorporating any phase transition in the EOS as inRef. [12℄.In the asade alulation the ellipti �ow from squeeze-out is weakerdue to the lak of a nulear fore whih demonstrates the relative role of themomentum-dependent nulear fores on the v2 observable below bombardingenergies of about 5 A GeV. 5. SummaryIn this ontribution we have explored the dependene of transverse andradial �ow signals on various model inputs � that are related to the nulearEoS � using the oupled hannel RBUU model. We �nd that the massdistribution of the resonanes inluded in the model plays an importantrole for the desription of transverse �ow above 1 A GeV. For the radial�ow we have onentrated on the di�erene between the results for the �owtemperature T and �ow veloity � when using di�erent EoS. However, nosizeable sensitivity to the ompressibility of the EoS ould be established.On the other hand, we found that in order to reah a onsistent under-standing of the nuleon optial potential up to 1 GeV, the transverse massdistributions of protons at AGS energies as well as the exitation funtion ofsidewards and ellipti �ow [9,43℄ up to 11 A GeV, the strength of the vetorpotential has to be redued in the RBUU model at high relative momentaand/or densities. Otherwise, too muh �ow is generated in the early stagesof the reation and annot be redued at later phases where the Shrödingerequivalent potential is experimentally known. This onstrains the parame-terizations of the expliit momentum dependene of the vetor and salarmean �elds U� and US at high relative momenta.



224 W. CassingIn addition, we have shown the relative role of resonane and string de-grees of freedom at AGS energies. By reduing the number of degrees offreedom via high mass resonanes one an build up a higher pressure and/ortemperature of the `�reball' whih shows up in the transverse mass spetraof protons as well as in the sidewards �ow [27℄. A possible transition fromresonane to string degrees of freedom is indiated by the RBUU alula-tions at invariant baryon�baryon ollision energies of ps � 3.5 GeV whihorresponds to a proton laboratory energy of about 4.6 GeV. Due to Fermimotion of the nuleons in Au+Au ollisions the transition from resonane tostring degrees of freedom beomes smooth and starts from about 3 A GeV;at 11 A GeV pratially all initial baryon�baryon ollisions end up in strings,i.e. hadroni exitations in the ontinuum that deay to hadrons on a timesale of about 0.8 fm/ in their rest frame. This initial high-density stringmatter (up to 10 �0 at 11 A GeV) should not be interpreted as hadronimatter sine it implies roughly 5 onstituent quarks per fm3, whih is morethan the average quark density in a nuleon.It is interesting to note that at roughly 4 A GeV in entral Au+Auollisions the ratio K+=�+ is enhaned experimentally relative to transportalulations [44℄. One might speulate that a restoration of hiral symmetryould be responsible for the softer olletive response as well as enhanedstrangeness fration. REFERENCES[1℄ K. Shertler et al., Nul. Phys. A637, 451 (1998).[2℄ C. Gale, G. Bertsh, S. Das Gupta, Phys. Rev. C35, 1666 (1987).[3℄ B. Blättel, V. Koh, A. Lang et al., Phys. Rev. C43, 2728 (1991).[4℄ A. Hombah, W. Cassing et al., Eur. Phys. J. A5, 157 (1999).[5℄ H. Stöker, W. Greiner, Phys. Rep. 137, 277 (1986).[6℄ H.H. Gutbrod et al., Rep. Prog. Phys. 52, 1267 (1989).[7℄ N. Herrmann et al., Nul. Phys. A610, 49 (1996).[8℄ W. Reisdorf, H.G. Ritter, Ann. Rev. Nul. Part. Si. 47, 1 (1997).[9℄ P. Braun-Munzinger, J. Stahel, Nul. Phys. A638, 3 (1998).[10℄ P. Chung et al., J. Phys. G 25, 255 (1999).[11℄ D. Rishke, Nul. Phys. A610, 88 (1996).[12℄ P. Danielewiz et al., Phys. Rev. Lett. 81, 2438 (1998).[13℄ P.K. Sahu, A. Hombah, W. Cassing et al., Nul. Phys. A640, 493 (1998).[14℄ W. Ehehalt, W. Cassing, Nul. Phys. A602, 449 (1996); J. Geiss, W. Cassing,C. Greiner, Nul. Phys. A644, 107 (1998).[15℄ W. Cassing, E.L. Bratkovskaya, Phys. Rep. 308, 65 (1999).
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