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THE QUEST FOR THE EQUATION OF STATEOF NUCLEAR MATTER IN THEENERGY RANGE (0.1�2)A GeV�W. Reisdorffor FOPI CollaborationGesellshaft für Shwerionenforshung mbH64291 Darmstadt, Germany(Reeived Deember 11, 2001)Heavy ion ollisions in the energy region from 0:1A to 2A GeV are ex-peted to yield information on the Nulear Equation of State at baryondensities between roughly 1/3 and 3 times the saturation density of oldnulei. Due to the omplexities of heavy ion ollision dynamis, the extra-tion of fundamental nulear physis from the observables by omparisonswith transport model simulations requires a rather omplete and auratesystematis of data. Spei�ally, we disuss stopping and mixing, lusteri-zation, pion prodution and the various manifestations of �ow.PACS numbers: 25.70.Pq, 25.75.+r1. IntrodutionThe Equation of State (EoS) of nulear matter, i.e. the relationship spe-ifying how the pressure, or alternatively the energy per partile, depends ondensity and temperature, is of fundamental interest. It is relevant to astro-physial events and objets suh as the Big Bang, supernovae explosions,and neutron stars.Energeti heavy ion ollisions are expeted to yield information on theEoS. Indeed, when two heavy nulei ollide at su�iently high energy theyare ompressed and heated up. A �ow pattern will develop as the systemsubsequently expands. In marosopi lassial physis �ow an be desribedin the language and with the tools of hydrodynamis [1, 2℄, where one linksin a oneptually simple way onservation laws (mass, momentum, energy)with fundamental properties of the �uid: the equation of state and transportoe�ients, suh as visosity and heat ondutivity.� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (107)
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Fig. 1. Some typial `hard' (H) and `soft' equations of state used in the simulationof heavy ion ollisions.
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Fig. 2. Predited maximum densities reahed in heavy ion reations (FG Fermigas).



The Quest for the Equation of State of Nulear Matter : : : 109As the EoS is not known one ompares the experimental observationswith theoretial simulations using various assumed EoS, Fig. 1. The max-imum density that an be reahed an be very simply estimated from theRankine�Hugoniot�Taub shok equations, Fig. 2. As we shall disuss in thispresentation the simple link,experiment ! hydrodynami simulation ! EoS,has not materialized. In ontrast to the assumptions of hydrodynamisthe `objets' we are trying to ompress, the nulei, are not marosopiallylarge, i.e. the surfae/volume ratio is not negligible. Already for groundstate masses (i.e. the EoS at zero temperature and saturation density �0 =0.16 fm�3) the `�nite size' orretions (surfae and Coulomb energy) tothe bulk volume binding energy (�16 MeV) ut the e�etive binding en-ergy per nuleon in half (�8 MeV). In heavy ion ollisions the `surfae' is3-dimensional beause also the time is �nite. As a onsequene we havewhat I shall all the `small objet problem'. To infer nulear properties fromheavy ion data we must develop transport model odes whih require in ad-dition to the stati EoS (mean �eld dependent on density), the dynamisof mean �elds (momentum dependene) and opious information on the mi-rosopi proesses (nuleon�nuleon ollisions and their modi�ations `inthe medium'). All this requires on the experimental side a large system-ati e�ort delivering data of su�ient diversity and quality to onstrain themany unknown parameters. This requires both in theory and experiment amonumental e�ort that is still going on.Due to spae limitation this presentation must be very inomplete. Com-plementary work is represented in this workshop by Danielewiz [3℄ (trans-port theory) and by Senger [4℄ (strangeness prodution).2. Stopping and mixingIn the energy regime overed in this talk, 0:1A to 2A GeV, entral heavyion ollisions will lead to the emission of about 60 partiles at the low energyend and 200 partiles at the high energy end. Suh omplex reations arestudied nowadays with use of large modular detetor setups overing loseto 4� sr. The FOPI detetor is desribed elsewhere [5, 6℄. Here we shalljust mention that the apparatus onsists of a large superonduting magnetproviding a uniform solenoidal �eld of 0.6 T and housing two drift ham-bers for partile traking. Highly granular sintillator arrays are arrangedaround and downstream of the drift hambers. Partile identi�ation (bymass and harge) is generally based on the measurement of three quantities:the spei� energy loss in the drift gas or in the sintillators, the magnetirigidity (trak urvature) and the time-of-�ight (or veloity).



110 W. ReisdorfOne of the basi questions to be answered �rst when studying heavyion ollisions is the following: are we anywhere lose to the ideal hydrody-nami regime? The fast establishment of loal equilibrium following om-plete stopping whih is neessary to enter this regime, is governed by themean free path �free of a nuleon in one of the ions in the `medium' of theother ion whih it is traversing. �free depends on the density reahed andon the (known) elementary nuleon-nuleon ross setions �nn. The e�etof varying the e�etive or `in-medium' �nn is dramati, as an be demon-strated in simulations using transport odes suh as IQMD [7℄ based onquantum moleular dynamis [8℄. Fig. 3 shows alulated invariant rosssetion ontours in the plane of transverse momentum p(0)t versus rapidityy(0) for entral ollisions of 96Ru on 96Ru at 400A MeV. Both p(0)t and y(0)are given in saled units, i.e. they are divided by the .o.m. beam momen-tum and rapidity, respetively. Using half the known �nn values leads toa `transpareny' senario, left panel. A `hydro-shok', with nulear matterejeted at 90Æ, is obtained if one uses 5 � �nn. Using 2 � �nn does notlead to signi�ant deviations from the hydro-shok topology, right panel inFig. 3. Thus, deviations, downward or upward, by a mere fator two of thein-medium elementary ross setions are su�ient to proeed from `gasespassing thru eah other' to `droplets splashing on eah other' [9, 10℄. Theprojetions of these topologies on the rapidity axis for protons and deuteronsseparately, are shown in Fig. 4 together with the measured data (irles),demonstrating that the experimental data are signi�antly di�erent fromboth extreme senarios. Spei�ally, to enter the hydrodynami regime, wewould have needed a system with twie the linear dimension of 96Ru, or inthree dimensions, eight times the mass, i.e. a ollision of nulei with massesA = 800! For the nominal �nn the IQMD alulation (solid urve) repro-
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Fig. 4. Proton and deuteron rapidity distributions in the reation 96Ru+96Ru at400A MeV.dues the data surprisingly well. It is important to realize that this partialtranspareny is in part a onsequene of the fermioni nature of nuleons,whih is approximated `semi-lassially' here by the Uehling�Uhlenbek partof the ollision term (Pauli bloking of the populated phase spae).Inomplete stopping in heavy ion ollisions, evidened by the presentdata by omparison with transport alulations, suggests that omplete equi-libration might not be reahed. Suh onlusions were reahed more unam-biguously (i.e. in priniple without the need for transport alulations) byour Collaboration by using the isospin traer method [11℄. Here one studiessystems suh as 96Ru+96Zr that, while being symmetri in mass, are asym-metri in isospin. If one assoiates isospin to a `olour' one an envisionwhat might happen if two suh di�erently oloured nulei ollide, Fig. 5.Provided one is not olour-blind, then for the transparent senario onewill observe the passing thru, while in the hydro-shok senario a so-alled



112 W. Reisdorf`rebound' is expeted: the initially stopped and shoked material in the mid-dle will ause additional inoming material to rebound on its borders. If onewere to measure the neutron-to-proton ratio, N=Z, as a funtion of rapidity,one would expet spei� slopes as shown in the �gure.
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   dataFig. 6. Comparison of the proton ounting observable with various IQMD simula-tions.means that they have to be fed with momentum dependenes of the mean�elds (in addition to the density dependenes) and with `e�etive' rosssetions for all the relevant mirosopi proesses, inluding possible in-medium modi�ations, a monumental task. The experiment must be ableto provide as onstraints omplete and preise stopping power systematisas a funtion of inident energy, system size and ejeted partile type, alsoa monumental task.3. Expansion and lusterizationThere is another observable that we must try to understand in more de-tail in this energy regime: the tendeny of hot nulear matter to be ejetedin lusters, rather than as single nuleons. The fat that nuleons, whih arefermions, oagulate to form nulei is a fundamental nulear physis fat thatdeserves our full attention also, and maybe espeially, in the dynami situ-ation. As shown in Fig. 7, the probability for a proton to appear attahedto at least one other nuleon dereases rather slowly from about 80% at200A MeV to still 50% at 1A GeV. As in these energies the `available' .o.m.energies are well beyond typial nuleon binding energies, dynami meha-nisms, suh as ooling by adiabati expansion, or non-equilibrium proesses
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Fig. 7. Degree of lusterization (%) of protons in entral Au on Au ollisions.must be invoked to explain suh high degrees of lusterization. Indeed, at-tempts to parameterize the observed luster size distributions, whih areexponential funtions in entral ollisions, in terms of thermal `freeze-out'models lead to very low apparent temperatures as is shown in Fig. 8. Takenat fae value the thermal part of the available energy would represent onlyabout 20%, leaving us with the di�ult task of identifying 80% of the energyas olletive `�ow'.
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Fig. 8. Apparent `temperatures' dedued from the luster distributions in entralollisions as a funtion of the beam energy.



The Quest for the Equation of State of Nulear Matter : : : 115An alternative interpretation of the luster data is in terms of a non-equilibrium proess spei� to fast expansion dynamis and �rst suggestedby Grady et al. [12℄ to aount, in a very di�erent ontext, for the distri-bution of lusters of galaxies (following also an exponential derease) in a`slightly' bigger system: the expanding Universe. The idea [12℄ is that ina �ow �eld strong gradients of �ow, rather than `temperatures', determinehow preformed lusters of nuleons manage to stik together, just when ex-panding below the saturation density. In Fig. 9 we demonstrate that theaverage fragment size seems to be linearly orrelated with the inverse ofthe radial �ow. In two-partile orrelation studies (whih yield informationrelated to that of luster formation probability) similar mehanisms deter-mine the dedued apparent radii: they are governed by the size of regionsof homogeneity (within whih �ow gradients are modest). Suh ideas aresupported by reent simulations [13℄.
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          Fig. 9. Variation of the average luster-size with the inverse radial �ow.As is the ase also for other observables (to be disussed below), furtherompliations arise from the `small objet problem'. Cluster formation prob-abilities are found experimentally to be system-size dependent, see Fig. 10.We have varied the system size from Ca + Ca (Zproj = 20) all the way toAu + Au (Zproj = 79). Even if we take out the trivial size dependene(relative to Au) by saling the multipliities with ZAu=Zproj, we observe sig-ni�antly higher Li fragment multipliities in the larger systems, with noobvious tendeny to `saturate' at the heavy end. Again, this weakens in-terpretations in terms of global thermal models and points to rather large
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Fig. 10. System size dependene of Li luster multipliities in entral ollisions at400A MeV.surfae to volume ratio e�ets. Correlations of this observable with stoppingpower, expansive �ow, et., are under investigation. We expet interestinglues also about the vapour to liquid transition from suh studies.4. The rise and fall of �owThe term `�ow' is borrowed from hydrodynamis. One treats the motionof many �uid ells, eah one ontaining many atoms or moleules (nule-ons or hadrons in our ontext) moving with a olletive ell veloity `�ow',while inside the ell a disordered (maybe `loally' thermalized) motion takesplae. On the absolute sale, radial expansion due to the ation of pressuregradients has the largest `�ow' omponents. It is however easier to observeand de�ne azimuthal asymmetries in the partile emission patterns, that o-ur in non-entral ollisions and are based on the existene of an observablereation plane serving as referene for the third-dimension oordinate, theazimuth � (in addition to pt and the rapidity). We start by de�ning a saledglobal measure of the so-alled direted side�ow pdirxpdirx = Pi sign (yi)ZiuxiPi Zi ;uxi = ~uti � ~QijQij ;



The Quest for the Equation of State of Nulear Matter : : : 117~Qi = Xj 6=i Zj~utj ; ~u = ~��pp :The sum for pdirx extends over all observed harged (Zi) partiles with saledfour-veloities u (ut being the transverse omponent). The reation planevetor ~Qi [14℄ used for the de�nition of the in-plane omponent uxi does notinlude the partile i to avoid autoorrelations.When de�ning the redued impat parameter b̂ = b=bmax, where bmax =1:15(A1=3p +A1=3t ), with Ap and At the projetile and target masses, one �ndsthat the direted side�ow peaks around b̂ = 0:35 � 0:05. Impat parametersorting is generally done by using sharp-ut geometri interpretations ofthe measured distribution of global event observables, suh as total partilemultipliities or ERAT-the ratio of total transverse to longitudinal kinetienergy [15℄.In Fig. 11 we follow direted side�ow near b̂ = 0:35 for Au + Auas a funtion of inident energy from 90A MeV to 1500A MeV. We ob-serve a remarkable rise and fall of saled side�ow in this energy regime,with a maximum of 16% (in units of the .o.m. beam momentum) near400A MeV. We reall that ideal-gas non-visous hydrodynamis would pre-dit a perfetly �at exitation funtion. The observed harateristi shapeof the exitation funtion alls for a searh for other orrelated observablesin order to �nd experimental lues to the mehanisms behind the side�owphenomenon.
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Fig. 12. System size dependene of side�ow at 400A MeV.Another important piee of information is the observed system-size de-pendene of side�ow for symmetri systems shown for 400A MeV beam en-ergy in Fig. 12. Again, we are faed with the small-system onsequenes. Itis remarkable that side�ow does not show any tendeny to `saturate' evenfor the heaviest system (Au+Au). This has to be seen in onjuntion withthe stopping studies just disussed, where we onluded that the ideal hy-drodynami limit would require (unavailable) projetiles muh heavier thanAu. Side�ow does not only depend on the sti�ness of the EoS, but is alsoin�uened by the stopping power. Partial transpareny simulates a soft EoSand must therefore be aounted for realistially in transport alulations.4.1. Spetators as a lokConerning the fast rise [16℄ of saled side�ow in the energy range be-tween 90A and 250A MeV, it is tempting to orrelate it with the onset ofompression and of radial �ow. Above 100A MeV, saled radial �ow [15℄does not vary in any signi�ant way however. Very reent measurements bythe INDRA ollaboration [17℄ show that radial �ow in Au on Au ollisionssets in just above 30A MeV and reahes saled values omparable to those at400A MeV already at 100A MeV. If one envisions side�ow as resulting from�reball matter exploding into spetator matter, one wonders why side�owdoes not follow exatly the behavior of radial �ow. A qualitative lue isgiven in Fig. 13 whih shows momentum spae topologies for Li fragmentsin Au on Au ollisions at 90, 150 and 400A MeV for the same entrality,b̂ = 0:35 (in the maximum of side�ow). The most onspiuous feature isthe inreasing separation of `spetator' soures as the energy is raised. At
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120 W. Reisdorfthe lower energy there is more time for spetators and partiipants to mixdue to Fermi motion: this weakens the side�ow. Indeed one has to omparethe passing time (2R=u) (R projetile radius, u four-veloity) whih variesfrom about 60 fm/ (90A MeV) to about 30 fm/ (400A MeV) with theFermi-time of about 60 fm/ (typial time for a nuleon to ross the systemdue to its Fermi motion).4.2. The rise of nuleoni exitationsIn the energy range from 400 to 1500A MeV, side�ow (Fig. 11) is dereas-ing by a fator 1.7. Among the auses that are invoked for this phenomenonare the dereasing passing time, the inrease of transpareny, the dereaseof the momentum dependent repulsion, and, of ourse the softening of theEoS. The passing time is dereasing by a fator 1.9. Roughly speaking, �nal(observed) �ow results from the produt of the pressure gradient (whih hasa mean �eld and a kineti omponent) with the passing time. A dereasing�ow due only to a dereasing (spetator) passing time would imply that thepressure gradient does not inrease signi�antly with inreasing energy.What is hanging in this regime is the gradual rise of the probability ofexiting internal degrees of freedom of the nuleon, whih deexite primarilyby pion emission, degrees of freedom that are still frozen below 400A MeV.
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Fig. 15. System size dependene of pion multipliities at 400A MeV.Figure 14 shows the measured rise of the fration of energy removed by pionreation and emission. One ould argue that this energy is not availablefor side�ow generation. A rough estimate shows however that this does notquantitatively aount for the derease of side�ow. On the ontrary, onemight expet that the pion wind hitting the spetators will aelerate thelatter, ausing side�ow. Clearly pion reation must inrease the stoppingpower. The atual ause for the derease of side�ow still requires furtherinvestigation. As with all other observables, pion emission per nuleon inentral ollisions shows also pronouned surfae/volume e�ets (as well asisospin e�ets) as shown in Fig. 15. The shown pion data are still prelimi-nary. 5. Ellipti �ow and the EoSFlow is one of the prime observables (for the `Kaon observable' see [4℄)expeted to onstrain our ideas about the EoS. For spae reasons we shalldisuss this aspet here only for the so alled ellipti �ow, stressing thata onvining transport theory ode must also reprodue the other mani-festations of �ow and the other observables, suh as stopping, degree oflusterization (entropy) and pion emission harateristis disussed earlier.In modern data analysis that studies momentum spae population in fullthree-dimensional glory, it is ustomary to Fourier analyse the azimuthaldistributions. Finite reation plane resolution problems (with typially 20Æ



122 W. Reisdorfto 30Æ azimuthal unertainty) limit suh expansion toEdNd3p = 1� d3Ndp2tdy (1 + 2v1 os�+ 2v2 os 2�) :The Fourier oe�ient v1 = hos�i = hpx=pti (the omponent x is in-planeperpendiular to the beam axis z) is assoiated to the direted side�ow.The oe�ient v2 = hos(2�)i = h(px=pt)2� (py=pt)2i is alled `ellipti' �owand orresponds for negative values to preferential out-of-plane emission(`squeeze-out'). An alternative for v2 is the ratio RN = (1� 2v2)=(1 + 2v2)of the 90Æ=0Æ emission probability. One �nds both v1 and v2 to be pt and y(rapidity) dependent implying a wealth of information.We have studied ellipti �ow in two separate experiments. The results(in terms of v2) for the `high' energy experiment (from 400 to 1500A MeV),whih are still preliminary [18℄, are shown in Fig. 16, the data for the `low'energy experiment (in terms of RN [19℄) are shown in Fig. 17 together withtransport alulations demonstrating the sensitivity to the EoS and the prob-lems onneted with suh omparisons. Above about 200A MeV the alu-lations show sensitivity to the mean �eld: in Fig. 16 the predition withoutmean �eld is labelled `asade', alulations [20℄ with a soft, or hard, mo-mentum dependent EoS (ompressibility K = 220, or 379 MeV), are labelledSM, or HM. Clearly the data (full symbols) exlude the asade option, but
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The Quest for the Equation of State of Nulear Matter : : : 123seem to suggest a gradual transition from `hard' to `soft' (suggested pos-sibly also by the side�ow observable, Fig. 11). We note that below 600AMeV the ontribution from lusters (inluded in the data) is important asan be inferred by omparing to data for single protons (open symbols). In
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