RAPID COMMUNICATIONS

Model for the spacetime evolution of 208 GeV Au-Au collisions

PHYSICAL REVIEW C 70, 021903R) (2004

Thorsten Renk
Department of Physics, Duke University, P.O. Box 90305, Durham, North Carolina 27708, USA
(Received 16 April 2004; published 31 August 2004

We investigate the space-time evolution of ultrarelativistic Au-Au collisions at full relativistic heavy-ion
collider energy using a schematic model of the expansion. Assuming a thermally equilibrated system, we can
adjust the essential scale parameters of this model such that the measured transverse momentum spectra and
Hanbury-Brown Twiss correlation parameters are well described. We find that the experimental data strongly
constrain the dynamics of the evolution of the emission source although hadronic observables for the most part
reflect the final breakup of the system.
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Numerical simulations of finite temperature quantum s(7,757) =N R(r,7) - H(5¢ 7 (1)
chromodynamic$QCD) on discrete space-time lattices sug- . . . .
gest that the theory exhibits a transition to a new state oYV!th T the proper time as measuredl in a frame co-moving
matter, the quark-gluon plasn@GP), at temperatures of the With @ given volume element angs=3In[(t+2)/(t-2)] the
order of 170 MeV[1]. Experimentally, hadronic matter at SPacetime rapidity and(r,7),H(7s,7) two functions de-
this temperature can only be created for a short time in ulSCriPing the shape of the distribution ahkda normalization
trarealtivistic heavy-ion collisions, and currently there arefaCtor' We use Woods-Saxon distributions
ongoing efforts from both experiment and theory to find con- r
clusive evidence for the creation of the QGP and ultimately R(r,7) = 1/ (1 +exq ﬂ})
to study its properties. A wealth of data on hadronic single dys
particle distributions and two particle correlations has been

assembled so far. [ = H(7)
In the interpretation of experimental data of ultrarelativis- H(7ne7) = 1/ (1 +exp %—CD , 2)
tic heavy-ion collisions, however, one is often faced with the L Thws

challenge to disentangle signals of new physics indicatingo describe the shapes for a giveriThus, the ingredients of
the production of a QGP from known hadronic effects. Thisthe model are the skin thickness parametgysand 7, and
question can only be reliably addressed if the space-tim¢ne parametrizations of the expansion of the spatial exten-
evolution of the fireball created in the collision is sufficiently sionsR.(7),H.(7) as a function of proper time. For simplic-
known. In this note, we present an attempt to determine thé&y, we assume for the moment a radially nonrelativistic ex-
evolution of the bulk hadronic matter by fitting the essentialpansion and constant acceleration, therefore we Rga)
scales of a schematic model for the fireball expansion dy=R,+(a, /2)72. H(7) is obtained by integrating forward in
namics to the measured hadronic data. The resulting scenarotrajectory originating from the collision center which is
can then be used in the calculation of other observalles characterized by a rapidityz(7)=7no+a,r with 7
used in the fit which are sensitive to the bulk matter expan-=a tanhv; wherev; is the longitudinal expansion velocity
sion, such as the emission of dileptons and photons or jebr that trajectory. Since the relation between proper time as
quenching, thus reducing or eliminating the inherent ambimeasured in the co-moving frame and lab time is determined
guity in the interpretation mentioned above. by the rapidity at a given time, the resulting integral is in
The main assumption for the model is that an equilibratedyeneral nontrivial and solved numericaligee[2] for de-
system is formed a short timg after the onset of the colli- tails). R, is determined in overlap calculations using Glauber
sion. Furthermore, we assume that this thermal fireball subtheory, the initial size of the rapidity interval occupied by the
sequently expands isentropically until the mean free path ofireball matter.7, is a free parameter and we choose to use
particles exceedgat a timescaler;) the dimensions of the the transverse velocitylza 7+ and rapidity at decoupling
system and particles move without significant interaction toproper time77f=7;0+a,lrf as parameters. Thus, specifying
the detector. In addition to this final break(fpeeze-oux of ) 1 andr; sets the essential scales of the spacetime evo-
the fireball, particles are emitted throughout the expansioiution andd,s and 7, specify the detailed distribution of
period whenever they cross the boundary of the thermalizedntropy density. For simplicity, we do not discusges-

fireball matter. sible) time dependence of the shagesg., parametrized by
For simplicity we restrict the discussion to a system ex-d,(7) and »,(7)] at this point.

hibiting radial symmetry around the beafm)-axis corre- We require that the parameter $&#, 7,,o) reproduces the

sponding to a centrgb=0) collision. For the entropy den- experimentally observed rapidity distribution of partic[8%

sity at a given proper time we make the ansatz but we do not make any assumptions about the initial rapid-
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L e N : density inside the fireball matter we assume a transverse dis-
| [— RHIC scenario L tribution (apart from a normalization factpgiven byR(r, 7),
--- boost-invariant expansion but its longitudinal distribution we parametrize such as to
3 . describe the measured dd#.

We proceed by specifying the equation of stéE®S of
- the thermalized matter. In the QGP phase, we use an equa-
=k - tion of state based on a quasiparticle interpretation of lattice
B a QCD data(see[5]). In the hadronic phase, we adopt the
" 1 picture of subsequent chemical freeze-¢att the transition

- temperaturél) and thermal freeze-oyat breakup tempera-
ture Tg) and consequently use a resonance gas EoS which
- 1 depends on the local net baryon density. The reason for this
- is that a finite baryochemical potentigly leads to an in-
0 05 1 15 2 25 3 35 creased number of heavy resonances at the phase transition
N, point, and decay pions from these resonance decays lead in
o _ _ turn to a finite pion chemical potential,. in the late evolu-

FIG. 1. The longitudinal flow profiler(zs) as a function of  {jon phases which implies an overpopulation of pion phase
spacetime rapidity for both the RHIC scenario fitted in the presengpace and faster cooling as compared to a scenario in chemi-
paper(solid) and for a boost-invariant scenario at freeze-outtime - oqujilibrium. We calculate the pion chemical potential as a
The boost-invariant case has been chosen such that it leads to t nction of the local baryon and entropy density using the

same final distribution of particles in. In the accelerated scenario . . - .
o ‘P S - ) statistical hadronization framework outlined [i6]. We find
the extension in spacetime rapidity is always smaller than in the

boost-invariant one for a given proper time, hengee3.5 is reached Mo t(_) _b‘? smaII[O(_30 Me\_/)] in the midrapidity region at
for a value of 7,=2.7 already. Note that the flow profile in the relativistic heavey-ion collide(RHIC), however the correc-

accelerated case is nevertheless to a good approximation linear §iPNs to the chemically equilibrated case are important.
e With the help of the EoS, we can find the local tempera-

ture T(#,,r,7) of a volume element from its entropy density
s(7s,r,7) and net baryon densitgg(7s,r,7). We calculate
particle emission throughout the whole lifetime of the fire-
ball by selecting a freeze-out temperatifefinding the hy-
persurface characterized By#,r, 7)=T; and evaluating the
Cooper-Frye formula

ity interval characterized byy,. This allows for the possibil-
ity of accelerated longitudinal expansion and implies in gen
eral n# 7. Here, n:%In(p0+ p,)/(po—p, denotes the
longitudinal rapidity of a volume element moving with mo-
mentump®. We require that the longitudinal flow profile is

such that an initially homogeneous distribution remains ho- &N P

mogeneous. For a general accelerated motion, there is no g— = 9 do ptex P~ = d**9x
simple analytical expression for the spacetime position of dp (2m) Ty

sheets of giverr or the flow profile such as=\t>-7* and (4)

n=mns Which are valid for the non-accelerated case[2h
however, we have investigated such an expansion pattern
with a constant acceleration and argued that for rapiditiés  with p* the momentum of the emitted particle agdts de-
the acceleration leads to an approximately linear relagjon generacy factor. Note that the factde,p” contains the
~{ns at given 7 (see Fig. ] and that sheets of constant spacetime rapidityn; and the factorp“u,, the rapidity ».
proper time are approximately hyperbolae as in the nonacSince these are in general not the same in our model, the
celerated case. This mismatch betwegrand 7 leads to  analytic expressions valid for a boost-invariant scen§fio
additional Lorentz contraction factors in volume integrals atdo not apply.
given 7, hence the longitudinal extension of matter on a sheet In our case, the parameter denotes the freeze-out time
of given 7 in the interval =°"< 5,< 7" must then be for the last volume element to reach the temperalyra/ol-
calculated as ume elements freeze-out throughout the whole evolution
_ front time (and are boosted with a time- and position-dependent
L(r) = sinh({ - 1) 775 . (3) flow velocity) whenever they cross the Cooper-Frye hyper-
(-1 surface. Therefore the transverse expansion paraméiter

also does not necessarily reflect the typical transverse veloc-

In the following, we use these results in our computationdty of & volume element since freeze-out may occur earlier
whenevery; # 7. For 7=, the model reduces to the well- than7; and not at the radius=R(7).
known expressions of the Bjorken expansion scenario, e.g., Using this emission function, we calculate the Hanbury-
L(7) =277 with 7=\t?-Z2. Brown Twiss(HBT) parameters ag3,9]

For transverse flow we assume a linear relation between
radius r and transverse rapidity p=a tanhv (7) _
=r/Ry(7)-p(7 with p(7)=a tanha, r. For the net baryon Rise= 2 Rou=(X-B1?) Rong=@> (5
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FIG. 2. Left panel: Time evolution of the average fireball temperature for the fitted set of para(setiefdine) and a model assuming
boost-invariant longitudinal expansigdotted. Right panel: Measured transverse momentum spectrarfgcircles, K~ (squarey andp
(diamond$ as compared to the model results.

with X,,=x,—(x,) and taneous agreement with the slope of the momentum spectra
implies that large transverse flow has to be accompanied by
f d*xf(x)S(x,K) low freeze-out temperatures. Therefore, the volume at
_ freeze-out has to be large in order to reach small entropy
FONK) = . (6) densiti . : ST ; :
4 ensities. The inclusion of a finite pion chemical potential
Jd xSx,K) (originating from resonance decays in chemical nonequilib-
rium) is crucial to reduce the volume corresponding to a
In order to parametrize the spacetime evolution of a centraéiven average temperature. Since the radial expansion is
200A GeV Au-Au collision at Rf"”C we fit the remaining set rather constrained by the normalization of the HBT param-
of parameterslys, 7o, Te, andv | to the experimentally ob-  gters; a large volume implies sizeable longitudinal extension
tained single particle transverse momentum spgdgand 54 hence a long-lived system. Such a long lifetime in com-

:_'B.T parametersﬁll].hl.:ohr the descripti%nfof g(‘)eo/HBT tcol”e'”,bination with a standard boost-invariant longitudinal expan-
ation parameters which are measured for o central COllig;q 1eads to large values &4 Which are clearly incom-

slons, we scale down the entropy content and initial overla atible with the data. A sizeable longitudinal compression
radius guided by overlap calculations and neglect the angular . o
asymmetry. and re-expansion however leads to a reasonable description

We find that the choice of parameteig=110 MeV, of R"?“g as weII._ . . .
dye< 1.0 fm, 7,=1.8 andv1=0.67 is able to give a good It is not possible to identify a single feature of the model

description of the datam;=3.5 andz,.=0.6 are determined 2S P€ing responsible for the good quality of the fit but one
by the experimentally observed rapidity distribution of par-can illustrate certa|_n.trends. Neglec_tmg thg addltlpnal cool-
ticles. In particular,;,s influences results in the forward ra- iNg caused by a finite value gk, it is still possible to
pidity region and the present investigation is not very sensidescribe the spectra and the slope of the HBT data well for a
tive to changes of this parameter;=19 fm/c ends the low freeze-out temperature, however a larger volume is
fireball expansion by the time all volume elements haveneeded to get to this temperature and therefore the normal-
cooled down to the temperatufeg. ization of the correlation radii is systematically above the
The resulting average cooling curyeomputed by aver- data(see Fig. 4, left pangl
aging the entropy density over the fireball volume at a given On the other hand, retaining the idea of a boost-invariant
proper time and determining the corresponding temperaturécenario without longitudinal acceleration implies a short
where we define the fireball volume at givenas the lifetime of the system as apparent from the estinfag,
3-volume bounded by the Cooper-Frye surfaead the =m¢(T;/m)*? based on such an expansion pattern. Such a
transverse momentum spectra fof, K~ and nucleons are short lifetime can be achieved by a large valueTaf The
shown in Fig. 2, the HBT correlation parameters in Fig. 3. transverse expansion velocity can then be adjusted to fit the
The fit apparently misses the logy part of the transverse m, spectra, but the resulting solution is characterized by
momentum spectra for the heavier particles but describes tremall flow velocities which leave both normalization and
w*a* correlation radii well, with the exception of the logy  falloff of R4 in disagreement with the dataee Fig. 4, left
part of R,,; where the calculation lies somewhat above thepane). Retaining a low freeze-out temperature in a boost-
data. invariant scenario allows to describe the transverse spectra
The rather steep falloff 0Rgge Roy @s a function of,  and correlations well but significantly overpredi&g,q (see
favors a large amount of flow. However, demanding simul-Fig. 4, right panel
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FIG. 3. The HBT correlation parameteRige Rour Riong: @nd the ratidR,,/ Rsige In the model calculation as compared to PHENIX data
[10].

Concluding, we find that them, spectra and HBT compression and re-expansion. The data strongly con-
parameters measured at RHIC can be simultaneously dstrain alternative scenarios. An upcoming publication will
scribed assuming a scenario with small freeze-out temperanvestigate the dependence of the results on the different
ture Te=110 MeV and a sizeable initial longitudinal model parameters in more detail. The -calculation of

' ' ' ' ' ' 10 T T ' T ' T y
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FIG. 4. Left panel:Rg4e in @ scenario with vanishing pion chemical potentigl (dotted ling and a difference scenario assumihg
=140 MeV (dashed lingas compared to the standard calculatisolid) Right panel:R,g in a scenario withl;=110 MeV but assuming no

longitudinal acceleratiofdotted compared with the standard scengsolid). Note that the transverse momentum spectra are well described
by all of the scenarios shown in this figure.
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ball expansion such as the emission of electromagnetidiscussions, comments, and their support during the prepara-
probes or the suppression of hig jets within the same tion of this paper. This work was financially supported by
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