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We investigate the effect of early chemical freeze-out on radial flow, elliptic flow, and Hanbury Brown—
Twiss (HBT) radii by using a fully three-dimensional hydrodynamic model. When we take account of the early
chemical freeze-out, the space-time evolution of temperature in the hadron phase is considerably different from
the conventional model in which chemical equilibrium is always assumed. As a result, we find that radial and
elliptic flows are suppressed and that the lifetime and the spatial size of the fluid are reduced. We analyze the
p: spectrum, the differential elliptic flow, and the HBT radii at the Relativistic Heavy-lon Collider energy by
using hydrodynamics with a chemically nonequilibrium equation of state.
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. INTRODUCTION gies seem to be aligned on one line in the.g plane. This
line is sometimes called the “chemical freeze-out line” and
One of the main topics in the physics of relativistic heavy-can be parametrized by the average energy per particle
ion collisions is a detailed description of space-time evolu(E)/(N)~1 GeV[22]. Those analyses indicate that the sys-
tion for the hot and dense nuclear matter by using a dynamikem undergoes first the chemical freeze-out where the ob-
cal model such as kinetic transport model&] or  served particle ratios are fixed and next the thermal freeze-
hydrodynamicg2]. Recent experimental data from Relativ- out where the shape of the transverse momentum distribution
istic Heavy-lon Collider(RHIC) suggest that we may see the s fixed [28]. Since the time scale of the hydrodynamic evo-
significant effect of jet quenching in transverse momentunution is comparable witlfor smaller thanthat of the inelas-
distribution for neutral piong3] or azimuthal asymmetry for tic collisions between hadrons, the number changing pro-
charged hadron$4]. So hydrodynamic simulations of ex- cesses are likely to be out of equilibrium. This is the reason
panding hot and/or dense matter are indispensable in quantishy there are two sequential freeze-out processes in relativ-
tatively estimating the effect of the medium on the jetistic heavy-ion collisions. To give a more realistic description
quenching 5]. One of the author¢T.H.) has already built a of the temporal and spatial behavior of the hot and dense
fully three-dimensional hydrodynamic model which de- matter, the above pictures should be included in the model.
scribes not only central but also noncentral collisif®ls In  This makes us approach the comprehensive understanding of
contrary to other hydrodynamic models, e@1) dimen-  the deconfined matter, the quark gluon plasiQ&P.
sional models with the Bjorken’s scaling solutipf-9] or In this paper, we incorporate the different freeze-out tem-
(3+1) dimensional models with cylindrical symmetry along peraturesT" and T, into hydrodynamics and discuss how
the collision axig10-13, full (3+1) dimensional hydrody- the early chemical freeze-out affects the space-time evolu-
namic modeld14-19 enable us to obtain the rapidity de- tion of fluids and the particle spectf29]. In the ordinary
pendence of particle distribution, elliptic flow, and Hanbury hydrodynamic calculations, one assumes both chemical and
Brown—Twiss(HBT) radii in noncentralcollisions. thermal equilibria and consequenfly"=T™ which is to be
Statistical and hydrodynamics-motivated models give usletermined from comparison of the slopes of the transverse
the characteristic temperatures in relativistic heavy-ion collispectrum with the experimental data. If the system obeys the
sions. These temperatures are very useful in understandirgbove picture of early chemical freeze-out, those ordinary
what happens in collisions. From fitting the model calcula-hydrodynamic models can hardly reproduce the particle ra-
tion of particle ratios for hadrons to the experimental datatios due to the smallness of the chemical freeze-out tempera-
the chemical freeze-out temperatUf€' is obtained at each ture. As a result, the number of resonance particles at the
collision energy{20—25. On the other hand, we can obtain thermal freeze-out becomes too small. The physics at the low
the thermal(kinetic) freeze-out temperatur@" from the  transverse momentum is largely affected by resonance de-
slopes of a transverse momentum distribution by assumingays after thermal freeze-out. For example, the lmwen-
the radial flow profild22,26,27. The temperatures obtained hancement in the transverse momentum spectrum for pions
above are usually different from each other at the alternatingan be explained by the contribution from resonance decays
gradient synchrotron, SPS, and probably RHIC energieq:30,31. The slope of they, spectrum for pions directly emit-
T~ 160-200 MeV whileT""~100—140 MeV. The chemi- ted from the freeze-out hypersurface is almost constant. On
cal freeze-out parameters ¢, 13" at various collision ener- the other hand, data for pions at Igw show a steeper slope
than those in the medium, region (~1 GeV/c). So one
cannot reproduce the low; enhancement only from direct
*Electronic address: hirano@nt.phys.s.u-tokyo.ac.jp pions. Pions fromp, w, or A decays show a steepex
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spectrum than direc.t pions. We.naturally explain the law  +2) dimensional spaceN for u; and 2 forT and ug). This
enhancement seen in the experimental data by resonance dguses a serious problem when we numerically simulate a
cays. Another example is the reduction of the second Fourigiydrodynamic model with finite resources of memory. Since
coefficient of the azimuthal distribution for pions at IgW  ine chemical potential of each hadron dependg&h x&"

[32]. From the exact treatment of the decay klngm_atlcs, PION§ and ug during expansion along an adiabatic path, we can
from resonance decays can pretend-of-planeelliptic flow ogtrict ourselves to the EOS in a two-dimensional hypersur-
even when the hydrodynamic flow showsplane elliptic ¢, .o i =ui(T, us) embedded in theN+2) dimensional

flow. This dilutes elliptic flow from direct pions. Therefore space. Thus we need not prepare such a large dimensional
the early chemical freeze-out must be included in hydrodymme of the EOS anymore. When we obtain at a point
. 1

namics in. order to_analyze not only the _particle ratios bw(T,,uB) below the chemical freeze-out line, we need the in-
also the single-particle spectra and the azimuthal asymmet%rmation at the chemical freeze-out poifs(, u&") some-
MB

o o o Lo o e chemicl reeze-out Ine and have o go back
equilibria in Sec. Il. We argmetrize the initial condition for he point along an adiabatic path. Since the adiabatic path
hqdrod namic s-im.ulatio%s in the full three dimensional itself is obtained from the thermodynamical variables and
Byorkeril coordinate in Sec. Ill. By using these equations o (T, ), we have to solve the problem self-consistently. In
stjate and the initial conditioﬁ v>\//e e?form h d?od namicthis paper, we restrict our discussion to the zero baryonic
. ) . X ' P Y Y chemical potential where the adiabatic path becomes a trivial
simulations in full three dimensional space at the RHIC en- " o T
. i . .one, ng/s=0. This is good approximation in Au+- Au
ergy and compare space-time evolutions with each other in o ) L=
Sec. IV. We analyze the particle spectra and the azimuthaySnn=130 GeV collisions in whichp/p~0.6 [33—-3§ or
asymmetry at the RHIC energy and discuss the effect othe resultant chemical freeze-out parametgf~50 MeV
early chemical freeze-out on observables in Sec. V. We alst24]-

analyze the two-pion correlation functions to see the effect We construct three model EOS's to compare the space-
on the hydrodynamic evolution in Sec. VI. A summary andtime evolution of fluids. These models describe the first order

discussions are given in Sec. VII. phase transition between the QGP phase and the hadron
phase aff.=170 MeV. We suppose the QGP phase is com-
posed of masslessd, ands quarks and gluons and that this

is common to three models. The EOS for the QGP phase is

We assume the following picture of space-time evolutionP = (E—4B)/3, whereB is a bag constant specified later. For
for hot and/or dense matter produced in relativistic heavy-iorfn€ hadron phase, we choose three different model EOS’s as
collisions. First, the huge number of secondary partons arfollows.
produced and both chemical and thermal equilibria among
these partons are achieved in the early stage of collisions. A. Chemical equilibrium
The initial dominant longitudinal flow and the large pressure  The first model is an ordinary resonance gas model in
gradient perpendicular to the collision axis cause the systeRyhich complete chemical equilibriuimodel CH is always
to expand and cool down. When the temperature of the sysgssumed. This model is employed for the sake of comparison
tem reaches the critical temperatufg, the hadronization jth the other models. We include strange and nonstrange

starts to occur. Just after the hadronization finiSheS, thﬁadrons up to the mass AK1232) Energy density and pres_
chemical freeze-out happens Bf'(<T.). Below T®", the  gyre are as follows:

ratios of the number of observed particles are fixed. Even

after chemical freeze-out, the system keeps thermal equilib- i

rium through elastic scattering. Finally, all hadrons are ther- EZE_ 3f d’p
mally frozen atT"(<T°"). If we neglect dissipation in the T (2m)
space-time evolution of nuclear matter, we can apply the q
hydrodynamic equations for the perfect fluid,T#”=0 and _— i f 3 - (2 m2_ .

9,nE=0, whereT#*=(E+P)u*u”—Pg"" ﬂﬂd n&=ngu* P +2i T(ZW)3 d°pIn{15exd — (Vp™+mi—wi)/T]},

are energy momentum tensor and baryon density current, 2
respectivelyE, P, ng, andu* are energy density, pressure, ) o _ i
baryon density, and four fluid velocity. With the help of ther- Wheré #=0 due to complete chemical equilibrium in this
modynamical identities and the baryon density conservatiod'°d€l- Here the upper and lower signs correspond to bosons
the first equation is rewritten as,s*=0, wheres* is the and fermions. We neglect the excluded volume correction

entropy current. These equations mean that a fluid elemefnich largely affects the hadronic EOS in the high baryon
evolves along an adiabatic patmg(/s=const) in theT density region. From the Gibbs’s equilibrium condition at

— H 1/4
— ug plane. We assume this fact is approximately valid evenlc-170 MeV, we obtain the bag constanB

below the chemical freeze-out line. =247.2 MeV and the latent heatE~1.7 GeV/fn‘?
When N stable hadrons in the equation of staE0S
undergo chemical freeze-out across the chemical freeze-out
line, we can introduce chemical potentiglsassociated with The second model is the simplest one which describes the
those hadrons. Then we may construct the EOS in Mhe ( picture of chemical freeze-oinodel CFQ. Below T°", we

Il. EQUATIONS OF STATE

exp (Vp?+mi—u)/T]+1’

@

B. Chemical freeze-out
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assume that the numbers alf hadronsN; included in the 400 . . . .
EOS are fixed and that the particle number densities obey 350} L
d,nf*=0. We introduce a chemical potentia(T) associ- 300} p ]
ated with each species so tijtbecomes a conserved quan- 2 250 @ |
tity. From the conservation of entropy,s“=0, the ratio of 5200
the particle number density to the entropy density below the - i
chemical freeze-out temperature obeys 150+ 1
100 .
Ni(T,pi) — Ni(Ten,ui=0) @ ol e |
S(TAuib)  s(Ten {mi}=0) . A(CFO) ™~ = =N
&g 100 120 140 160 180
T (MeV)

forh all hadrons along the adiabatic path. Here we assume g\ 1. chemical potentials for piorgiashed lines p mesons
T'=170 MeV, which is consistent with a recent analysis sojid lineg, and @ mesons(dotted line$ for the models CFO
based on a thermal model at the RHIC end24]. From Eq.  ang PCE.

(3), we obtain a chemical potential as a function of tempera-
ture for each hadron. The;(T) ensures keeping the ratios of
the number of each hadron throughout the space-time evolu- ) .
tion of a fluid element without explicitly solving,,n*“=0. Figure 1 shows the chemical potentials fer p, and w

All chemical potentials are functions of temperature, so thénesons for the models CFO and PCE. The difference of

thermodynamical variables depend only on temperature evefflémical potentials between hadrons depends only on their
after chemical freeze-out. mass in the model CFO, so,(T) behaves likeu,(T) due

to the small mass difference. Both are almost linearly in-
creasing with decreasing temperature. On the other hand,
C. Partial chemical equilibrium these chemical potentials differ from each other in the model

. - PCE. This results from each elementary process pise.
The third model represents a more realistic EOS than th?,u —2u.) and wommm (,=3X0 g&g ) wrﬂ:treﬁze
P . w . )

second one. The following model is first discussed in Ref,) hi ti f ReR3Y
[37]. The observed particle numbers are always composed Ofranc ing ratios are from Refi39].

S ) ) One can easily evaluate EOS'’s for these models by insert-
the contribution from direct particles and resonance decay%g chemical potentials obtained above into Ed3.and (2)

l.e, N;=N;+Z;..di_.N;. Hered is an effective degree e represent pressure and temperature as functions of en-
of freedom which is a product of the degeneratgnd the  ergy density for three models in Fig. 2. We find in Figa)2
branching ratidB. So some elastic processes with large crosghat pressure as a function of energy density is similar. On
sections (e.qg.,, mm—p—mm, "N—A—aN, 7K—K*
—K) can be equilibrated even beloW" [38] as long as

D. Chemical potentials and equations of state

400

the equality 350
Ni(T,xi)  Ni(Teh,ui=0) g 300
o - ) > 250
S(Ti{/‘l’l}) S(Tch1{ﬂ|}_o) O
2200
A 150
is kept instead of Eq3). We regardm, K, , N, A, andX as 100

“stable” particles and that all chemical potentials can be
represented by chemical potentials associated with these
stable particles, €.9u,=2u,, Mkx=Uzt MK, HA= My

+ un, and so on. Thus the third model describesphbeial
chemical equilibrium(model PCE even belowT¢" [37]. It
should be noted that, after chemical freeze-quit,= un
(#0) with keeping baryonic chemical potential;=0 in

our model.

The model PCE employed here is not the only one to
describe the partial chemical equilibrium. There may be
other choices for stable particles or other processes to be
equilibrated in this model. Various models should be checked 0
by future precise experimental data of particle ratios. 0

500 1000 1500 2000 2500 3000
E (MeV/f®)
FIG. 2. (a) Pressure as a function of energy densib). Tem-

!Here we use a term “stable” when the lifetime of a hadron is perature as a function of energy density. The dashed, dotted, and
much longer than that of the fluid~10 fm/c). solid lines correspond to the models CE, CFO, and PCE.
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the other hand, temperature as a function of energy density where T(x,y) is a thickness function with the standard
the models CFO or PCE in Fig(ld deviates from the model Woods-Saxon parametrization for nuclear density,

CE. Since the resonance population of the models CFO or

PCE is larger than that of the model CE due to the chemical

freeze-out, the energy density at a fixed temperature in the T(x,y)=f dzp(x,y,2),

hadron phase is also large in those models. Conversely, tem-

perature in the models CFO or PCE at a fixed energy density

is smallerthan in the model CE. This fact is very important ( ) Po @
in qualitatively understanding the difference of the space- pX.,y,2)= v :

time evolution of fluids among three models as shown in eXHL (VXY 2= Ro)/ ] +1

Sec. IV.

Herep,=0.17 fm 3 is the saturation densitg=0.54 fm is
Il INITIAL CONDITIONS the diffuseness parameter, aRg=1.12A3—0.86A "1 fm
is the nuclear radius. The proportional constant in &gis
We numerically solve the hydrodynamic equation in thefixed from the conditiotW(0,0;0)=1. The longitudinal pro-
full three-dimensional Bjorken coordinate, (s, x, andy) file functionH( 7 is characterized by two part,13,47; it
which is relevant to analyze heavy-ion collisions at the col-is flat near»,~0 and smoothly connects to a vacuum as a
lider energies. Herer= Jt2—72 and ns=(1/2)IN (t+2)/(t half part of the Gauss function in the forward and backward
—2)] are the proper time and the space-time rapidity, respecspace-time rapidity regions:
tively. The x axis is parallel to the impact parameter vector
and they axis is perpendicular to theaxis in the transverse F{

2
plane. As was pointed out in Reff6], the main reason to (3 =exg — (175~ 1sd = M1ad2) 0(| ne— 1ed = 71ad2) |.
employ the Bjorken coordinate rather than the Cartesian co- 2 D auss
ordinate is a practical one: This considerably reduces nu- (8
merical efforts such as the long lifetime of fluids

(~100 fm/c) and less numerical accuracy near the lightTne |ength of a flat regiomy,, and the width of the Gauss
cone. In addition to this reason, there is alsc_) a physmgl r'®&unction 5gaussare adjustable parameters to be determined
son why we avoid employing the Cartesian coordinatepy the experimental data, especially tpeeudorapidity dis-
When one simulates the space-time evolution in the Cartéripytion. In symmetric collisions with the vanishing impact
sian coordinate, one gives the initial condition at a constanfarameter, we expect the symmetnE(X,y,— 79

to- If ty is regarded as the thermalization time, this initial —E(x,y, 79 holds at the initial time. On the other hand, in
condition implies that the thermalization occurs first from thenoncentral(or asymmetrit collisions, we can shift the en-

forward (backward space-time rapidity in ther-7s gy density byzg, which is identified with the center of
coordinaté. This is somewhat unrealistic because the m“'“'rapidity for each transverse coordindts],

plicity in the forward rapidity region is much smaller than

the one at midrapidity. This may cause a crucial problem

when one discusses the rapidity dependence of radial and ned X y'b)=lln (T +T)wH(T-—Ty)yon
elliptic flows at the collider energies, since they are sensitive '~ ' 2 (T +T )W (T-=T)ynon]’
to the thermalization of the system.

We choose initial conditions in the Bjorken coordinate yherey, and yy are, respectively, the velocity and Lorentz
so as to reproduce the pseudorapidity distribution in Auy factor of an incident nucleon in the center-of-mass system.
+Au 130A GeV central(0-6 %) collisions obtained by the For illustrations of the initial energy density, see Ri].
PHOBOS Collaboration[40]. At the initial time 7o  The initial longitudinal flow is the Bjorken's solutiofd4],
=0.6 fm/c, the initial energy density for central collisions e  the fluid rapidityYs( ) is equal to the space-time rapid-

9

can be factorized as ity 7s. It should be noted that this is merely an initial con-
dition and thaty;# 7, after an initial time due to the pressure
E(X,Y, 79 = EmaW(X,y;b)H( 7). (5) gradient directed to theys axis. The transverse velocities

vanish atry and are to be generated only by the transverse

) pressure gradient.
We assume the transverse profile functitix,y;b) scales Initial parameters in hydrodynamic simulations are cho-
Wlth the impact parametey in proportion to the number of ¢o 55 fOllOWSE =35 GEV/iNT, 7a=5.8, Neaus=0.2,
binary collisions[41], andb=2.4 fm. These values lead us to reproduce the pseu-
dorapidity distribution in Au+ Au central collisions at
W(X,y;b)xT, T, T.=T(x=b/2y), (6)  sun=130 GeV observed by the PHOBOS collaboration
[40]. The parameters are adjusted for the model PCE with
T=140 MeV. We also use the same values for the other
2Supposing,=1 fm/c, the corresponding initigiropertime be- ~ model EOS’s for the sake of comparison, although this
comes 7o=to/yn~0.01 fm/c near the beam rapidity region at causes the pseudorapidity distribution to be slightly deviated
RHIC energies. from the experimental data.
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& e 10F g
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5+
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FIG. 4. Space-time evolution of thermal freeze-out hypersurface
FIG. 3. (a) Time evolution of energy density at the center of the for (a) the model CE andb) the model PCE.
fluid. (b) Time evolution of temperature at the center of the fluid.

The dashed, dotted, and solid lines correspond to the models Clgand so explosively for the model PCE. Since the two-

CFO, and PCE. particle correlation function is sensitive to the spatial size
and the lifetime of the fluid, it is interesting to see the effect
IV. TIME EVOLUTION OF FLUIDS of early chemical freeze-out on the HBT radii. Detailed

analyses of pion interferometry will be discussed in Sec. VI.
full three dimensional spadé] with the initial conditions Figure 5 shows the thermal freeze-out temperature depen-

and the EOS'’s discussed in the previous sections. First, Wgenmes of average radial flow at mldrap|d|(y,>|,75:o,

pick up a fluid element at the central point<€y=n.=0)  Wherev,=vi+v}. Radial flow is generated by the pres-
and pursue its time evolution until its temperature reachesure gradient, so it contains information about the EOS.
T=100 MeV. Figure 3 shows the time evolution [Fig.  From this figure, the radial flow is suppressed when we take
3(a)] energy density anfFig. 3(b)] temperature at the center account of the early chemical freeze-out. AT"

of the fluid for three model EOS’s. As far as the time evolu-=140(120) MeV, the average radial flow for the model PCE
tion of energy density, we cannot distinguish them. This isis reduced by 17.7%22.5% from the one for the conven-
easily understood by Fig.(®: Energy density evolution is tional model CE.

completely governed by the EOS, i.€(E) and the three It should be noted that the difference between the thermal
models are very similar to each other. We transform theséeeze-out temperatufE" and the thermal freeze-out energy
results from energy density to temperature by using Figdensity E" plays an important role in analyses of particle
2(b). For the time evolution of temperature, chemical freeze-spectra. It may be claimed that there are no significant dif-
out makes a substantial difference between the model CE

We simulate the space-time evolution of the fluid in the

and the model CFO or PCE. If we suppose thermal freeze- 0.8 . . . . . .
out occurs at the constant temperature, the system in which 0.7
the property of the chemical freeze-out is considered is des- 0.6
tined to be thermally frozen earlier than the conventional ©05
model CE. The early chemical freeze-out makes the hadron 2
phase cool down more rapidf#5]. 7: 04

Next, we show how the early chemical freeze-out affects Vv 0.3
the spatial size of the fluid. Figure 4 represents the time 021 E
evolution of freeze-out hypersurfacesyat =0 for [Fig. 0.1} -
4(a)] the model CE andFig. 4(b)] the model PCE. Here the 9 .

TI0 120 130 140 150 160 170

hypersurfaces in Fig. 4 correspond to varioug"
=100, 120, 140, and 160 MeV which are within a plausible
range for the thermal freeze-out temperature. We find that the FIG. 5. Thermal freeze-out temperature dependence of average
early chemical freeze-out reduces not only the lifetime of theadial flow. The dashed, dotted, and solid lines correspond to the
fluid but also its spatial size and that the fluid does not exmodels CE, CFO, and PCE.
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ferences among three models when one shows the results in 600 -
PHOBOS

Figs. 4 and 5 as functions of the thermal freeze-engrgy so0l ——0-6% PCE__
density E", not temperatur@™. It is indeed true when one —135-45% & CE --
discusses only the hydrodynamic behavior. The shape of par- 4001 F 1

ticle distributions, especially the, spectrum, are determined

; &[S0t ]
by the thermal freeze-owemperature ¥ and the flow in the
hydrodynamic model. So this difference is clearly meaning- 200+ -
ful when we compare the numerical results of particle spec- Z 3
tra with experimental data as shown in the next section. 100 & =89 fm . B
2:-0-"" ““tk
0 1 1 1 1 1
-6 -4 -2 0 2 4 6
V. SINGLE-PARTICLE SPECTRAAND AZIMUTHAL n
ASYMMETRY

. . . FIG. 6. Pseudorapidity distribution of charged particles in
Hydrodynamics has a limited prediction power, so the cal-o 1 Ay 1308 GeV central and semicentral collisions. Data from
culation is really meaningful only after tuning the initial pa- Rref. [40].

rameters and reproducing the single-particle spectra. The
momentum distribution for particles directly emitted from a have no adjustable parameters for noncentral events due to
(therma) freeze-out hypersurface can be calculated througlyssuming the binary collision scaling. For noncentral colli-

the Cooper-Frye formulgd6] sions, we change the impact parameter in @&).as to the
number of participants and keep other parameters in the ini-
dN_d J p-do 10 tial condition. Although the binary collisions contribute to
d*p  (2m3)s exd(p-u—p)TMF1 hard components, the binary collision scaling seems to be

reasonable to parametrize the hydrodynamic initial condition
Here,> anddo* are the thermal freeze-out hypersurface an0[41\]/\/fé0rr?e>l<:'clg§h%w in Fig. 7 thep, spectrum for negative
its elementu* is the four fluid velocity. The- (+) sign is charged hadrons. The experimental d@ta5 % centra[48]

for boson(fermion) andd is the degeneracy of particles un- )
der consideration. This formula merely counts the net parf”md 30-40% semicentral everjtd)) are observed by the

ticles passing through the hypersurfaeather than decou- STAR Collaboration. The impact parameters used in this cal-

ping from the syster. Afthough it has a problem with the coBar S8 o 10 B SR O empera:
negative number in the treatment of the timelike freeze-ou ' P P

is is wi i dependence of thg spectrum for the models CE and
hypersurfacg47], this is widely used in almost all hydrody- ure _ _
namic models. The observed spectra always contain the cof.CE- 1€ SIope op; spectrum is almost independent Bf

tribution from resonance decays. We assume all of the reso-

X ; ; 10000 ; . .
nance particles in the EOS are also emitted from a freeze-out  ~ 2.4 fm (a)
hypersurface and that they decay into stable particles. Taking E 1000 L 7 - STAR 0-5% o ]
account of the decay kinematics, we easily obtain the single-  § STAR 30-40% ——

particle spectra from resonance partidias,32.2 For further

= 100} ]

details to calculate the spectra from resonance decays, see |3 b=8.6 fm
the Appendix. Since the results from the model CFO are “:_ 10F
similar to the ones from the model PCE, we hereafter con- Th=140 MeV.
centrate our discussions on the models CE and PCE. Lt 12120 MeV-------

T"=100 MeV- - - -

.1 : : :
A. Spectra and flow for charged hadrons 0 (b)
h=2.4 fm

a
Figure 6 shows the pseudorapidity distribution of charged E
particles in Au+ Au 130A GeV collisions. We choos&™ )
=140 MeV for both models. From the analyses based on the
wounded nucleon model, we choose the impact parameter
b=2.4 fm for 0—6 % central collisions and=8.9 fm for
35-45 % noncentral collisions. The resultant number of par-
ticipants is 34294) for b=2.4(8.9) fm, which is consistent
with estimation by the PHOBOS Collaboratip40]. We rea- o1 . . .
sonably reproduce the data in not only central but also non- 0 0.5 1 L5 2
. . o . . B (GeV/o)
central collisions by using initial parameters in the previous
section. After tuning initial parameters for central events, we F|G. 7. Transverse momentum spectra of negative charged par-
ticles in Aut+Au 130A GeV central and semicentral collisions for
(a) the model CE andb) the model PCE. The dashed, dotted, and
SWhen we calculate the two-pion correlation function in the nextsolid lines correspond td"=100, 120, and 140 MeV. Data from
section, we neglect this contribution for simplicity. Refs.[48,49.
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0.2 T T T 0.08

(@) STAR [ PCE —
STAR } PHOBOS —— CE ----
0.15} 0.06 - . .
\\
£ 01t = 0.04 - \ 4
t \
Th=140 MeV $
L _ 0.02 .
0.05 =120 MeV------- I
T"=100 MeV- - - -
0 = = > 07— 0 3 ) 3
(b) - n
STAR § o
0.15F FIG. 9. v,(n) for charged hadrons in AbiAu 130A GeV colli-
sions. The solid and dashed lines correspond to the models PCE and
S 01k CE. Data from Refs[50,53.
T5=140 MeV consistent with their results. Now that we find the space-time
0.05r T6=120 MoV--no--- 1 evolution in our model is different from their result where
Th=100 MeV- - - - chemical equilibrium is always assumed, we must check
0§ 03 : 13 whether the hydrodynamic description is really accurate at

RHIC even when we include the effects of early chemical
freeze-out. The numerical results are calculated from the fol-

FIG. 8. v,(p,) for charged hadrons in AtAu 130A GeV col-  lowing equation:
lisions. The dashed, dotted, and solid lines correspondl’“fo

p, (GeVic)

dN
=100, 120, and 140 MeV. Data from R¢&0]. f dndd cos2d) b—m9m—-— ‘b
% Y d) i d)) ptdptdndd)(pt,n,(ﬁ, )
i i i X ) UZ(pt): dN
near p;~1 GeV/c, which is a little peculiar in the usual s fdnb (pe,7:b)
sense. However, it is interpreted by the result in Fig. 5. When b pdpdn "
one reduces the thermal freeze-out temperature by hand, the (12)

average radial flow enhances as its response. The magnitude . . .
of the response is governed by the EOS. The resufpant . ere the summation with respect to th_e impact pargrrteter
slope is a competition between these two effects: The reducg’tt""keln over evfery 2f fm UDltg t141fg] |nhth|§, analysis. ghe
tion of temperature makes the slope steeper in the case H}erg];ra re?lo_n %77 IS from — .h 0 I. ' Wf Ic co:jrespog S
vanishing flow, while the thermal distribution is Lorentz- 1o the analysis by STARS0]. The va ue ofv2(Py) epends
boosted by radial flow, and the slope becomes flatter. The on the thermal freeze-out temperatit&in cqntrast with the
effect of generated radial flow on the slope usually over- Pt SPectrum. We also r(tahproduce the experimental data below
comes that of the reduction 3" in the model CE, so thp, ~ + G€V/c by choosingT™=140 MeV and slightly overesti-

slope becomes flatter with decreasify On the other hand, mate the data a_boye 1 Ged// Similar to thept.sp(.ectrum,_
the radial flow is slightly suppressed in the model PCE aghls result also indicates that the hard co_ntrlbutlon, which
shown in Fig. 5. Hence the reduction B is just compen- reduces calculated from the hydrodynamic sour&52],

sated by its response to radial flow for the model PCE. Th@ecomgs important above# Gev/ d iditv d d f
is the reason why thp, slope is almost independent Y in In Fig. 9, we compare the pseudorapidity dependence o

Fig. 7. For the model CE, we reproduce the slope by ChOOS@Iliptic flow between the models CE and PCE. Similar to the

ing T"=140 MeV. For the model PCE, in any" within a v2(Py), v2(7), which is to be compared with minimum bias
plausible range, we reproduce the experimental data belo@2®@: 1

1 GeV/c for central collisions. This indicates that there ex- dN

ists the onset of hard processes aroyme-1 GeVic. It > fptdptdda cos{2¢>)bm(pt,n,¢;b)
should be noted that a bend of the spectrum in the fpow (7)= b Pdpd7ydé

region is simply due to the Jacobian between the pseudoré{—2 dN _
pidity » and the rapidityY. % pid ptb—ptd ptdn(pt,n,b)
We next show the transverse momentum dependence of (12)

the second Fourier coefficient for azimuthal distribution for

the models CE and PCE. Figure 8 represengép,) for ~ We chooseT™=140 MeV and integrate with respect
charged particles in minimum bias collisions. Experimentalfrom O to 2.0 GeV¢. Data plots are observed by PHOBOS
data is also observed by STARQ]. Hydrodynamic analysis [53]. The rectangular area corresponds to the statement by
of the data has already been done by Ketlal. [51]. They = STAR[50], v,(#%)=4.5+0.5% for 0.k p,;<2.0 GeVk and
found the hydrodynamic result excellently coincides with the| 7| <1.3. As for the case of radial flow, the elliptic flow is
data belowp;~ 1.5 GeVEk. Our results for the model CE are also reduced by taking account of the chemical freeze-out.
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10° y y y near midrapidity, although there are some open problems in
< 10? 72140 MeV g ] hydrodynamics such as the treatment of freeze-out through
8 10 Th=120 MeV ------ 1 the Cooper-Frye formula, more sophisticated initialization,
T 1 Th=100 MeV - - - ] and the absorption by spectatd€s.
B 10 ST pm e ] From Figs. 8 and 9, the hydrodynamic description with
§ 1072 _ ’55}80 il early chemical freeze-out seems to be valid for, at least, 0
§ 1073 kno »p ] <p;<1 GeVlc and —1<7<1 in Au+Au collisions at
E 104 2 ] 130A GeV.
= 101 g

1074 } ~ B. Spectra and Flow for Identified Hadrons
“% 10? Th =140 Mevﬁ ] In this subsection, let us see the difference between the
Q 10 g:::i(z)g ng T models CE and PCE by comparipgspectra and ,(p;) for
e 1 3 identified hadrons which are supposed to be sensitive to
E 107} — the early chemical freeze-out.
T 107 et The p; spectra for identified hadrons i®—5%) central
E 1% E collisions observed by the PHENIX Collaboratip®6] are
g* 10 - : compared with our results in Fig. 10. The impact parameter
= 107 ST \T ] which we choose for central collisions is alse 2.4 fm. For

10—2) S B T S B S T the model CE, the. slqpes of. pions, kaons, _and antiprotons

p, (GeV/e) become steeper with increasifig', which is similar to the

case of charged particles. The number of antiprotons be-
FIG. 10. The transverse momentum spectra for negative pionggomes very small a'"=100 MeV for the model CE due to

negative kaons, and antiprotons f@ the model CE andb) the =~ chemical equilibrium. On the other hand, the numbers of
model PCE. To see these results clearly, the yield of kdan-  each hadron in the model PCE are independentdfand
protons is scaled by 10" (107%). The dashed, dotted, and solid reasonably agree with experimental data. The number of an-
lines represent results for"=100, 120, and 140 MeV, respec- tiprotons in the model PCE might be slightly improved by
tively. Data from Ref[36]. taking into account the baryonic chemical potential which is

neglected in the present analysis. It should be noted that pion
We reproduce the PHOBOS data only near rfudeudo}  spectra in the larg@, (>1.5 GeVk) region can be repro-
rapidity and overestimate in forward and backward rapidity.duced by including contributions from nonthermalized hard
On the other hand, a microscopic transport model reproducgsartons(jets) with energy losg55].
the data only in forward and backward rapidity regi¢s4]. We next show in Fig. 11 the elliptic flow, for identified
This indicates that the full thermalization is achieved onlyhadrons, and itd" dependence. The STAR daffa6] are

0.12 T T T T T T T T =
R CE [PCE

01

T=100 MeV- - - -
0.08 pu=120 MeV-------
© 0,06} T=140 MeV:

FIG. 11.v,(p,) for pions, kaons, and protons
in Au + Au 130A GeV collisions. Left(right)
column represents the results for the model CE
(PCB. Data from Ref[56].

0z 0.

¥ 0.6 03
Dy (GeV/e)

02 04 06 08
D (GeV/e)
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0.1 . . - - see this more clearly, we discuss the two-pion correlation
STAR = function in this section.
0.08 In hydrodynamics, the two-particle correlation function
for directly emitted bosons from the freeze-out hypersurface
g 0.06 3 can be calculated frorf60,61]
e
0.041 Ca(p1,p2)
total T
0.0z direct T ------- i _ P(py,p2)
ol_£ . . . R>mX----] P(p1)P(p2)
0 0.2 0.4 0.6 0.8 5
b (GeV/c) ) K-u—pu;
_ _ 3] K-daexp(lx-q)fBE<T
FIG. 12.v,(p,) for charged pions. The solid, dotted, and dashed 14 (2m)°J)x T
lines correspond to total pions, pions directly emitted from freeze- dN dN ’
out hypersurface, and pions from resonance decays. Data from 1 —E,—
Ref.[56]. d*p; “d%p,

13
compared with our results with or without chemical equilib- 13
rium. For the model CEy,(p;) of pions is almost indepen- Here P(p;,p,) is the two-particle coincidence cross section
dent of T, while v,(p;) of kaons and protons increases with and P(p;) is the same Cooper-Frye formula represented in
T On the other handy, of pions grows with decreasing Eq. (10). We consider only directly emitted pions for sim-
T for the model PCE. Whethar,(p,) increases withf'™  plicity. K#=(pf+p5)/2 andg”=pf—p5 are, respectively,
depends not only on the particle mass but also on the flouhe average and relative four momentum of the phig
velocities and its anisotropy in the transverse plg&g®. The  =(e*—1) ! is the Bose-Einstein distribution function. The
elliptic flow seems to be more sensitive T thanp, spectra  information about hydrodynamic simulations enter through
when we consider the early chemical freeze-out. For thehe freeze-out hypersurfa&and the four velocity* in this
transverse momentum spectra of identified hadrons shown igquation. The average pair momentinis decomposed into
Fig. 7, we roughly reproduce the slope in the lpywregion  the transverse momentuly;, the longitudinal momentum
with T™=140 MeV. On the other hand, we cannot repro-K,, and the azimuthal angte, .* The relative pair momen-
duce vy(p;) of identified hadrons by a common thermal tumg* is also decomposed into the standard coordirgjg,
freeze-out temperature: each hadron seems to favor differebarallel toK+), g (along the beam directionand ggjge
T". This indicates that the hadronic afterburner in the late(perpendicular to the othersSince the experimental accep-
stage of the expansion may be importes@]. From a hydro-  tances are limited to midrapidityY|<0.5 (STAR) [62] or
dynamic point of view, detailed analyses with various EOS’s| | < 0.35 (PHENIX) [63], we can puk,=0. Moreover, we
and initial conditions are needed to understand thermahverage the two-particle functiof, over the azimuthal
freeze-out properties. angled . Thus we obtain the following equation which can

Figure 12 separately represents the contribution of pionge compared with the experimental data:
directly emitted from the freeze-out hypersurface and the

contribution of pions from resonance decays. The STAR data

show the contribution from identified piori§6]. From this J OxP(p1,p2)
figure, the concavity ofv,(p;) in the low p; region (o, C2(K+,Asige: dout: Aiong) =

< 0.3 GeVk) results from the resonance decay after thermal j ®P(py)P(py)
freeze-out. The exact treatment of the decay kinematics of K,=0

resonances dilutas, for direct pions especially in the lop (14
region[32]. The fraction of the contribution from resonance

decays plays a very important role in understandingp,) Our definition of the HBT radii is similar to the one used in
for pions in the lowp, region, so the early chemical freeze- Refs.[61,64,63. Assuming thatC,(K+,Jsides dout: diong) fOr
out must be included when one discusses the phenome@&chKy is fitted by the Gaussian form

proper to the low transverse momentum. by , ,
Co=1+Nexp— Rsiddside™ Rouour™ RIongQIong) (15
VI. PION INTERFEROMETRY . .
with a chaoticityA =1, theK; dependence of the HBT ra-

From single-particle spectra and azimuthal asymmetry, welius for the side direction iRqqd K1) = 1/g%.dK+), where
obtain information about the distribution in the momentum

space at freeze-out. On the other hand, we can obtain infor———

mation about the particle distribution in the coordinate space “gven for central events, we no longer have cylindrical symmetry
through two-particle interferometrjyp9]. We see in Sec. IV around the collision axis due to the smédut finite) value of the
that the space-time evolutions are considerably different beimpact parameter, s6, depends on the azimuthal angbg which
tween the models with and without chemical equilibrium. Tois measured from the reaction plane.
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: face depicted in Fig. 4. We compare our results with experi-
i STAR } | mental data observed by STAR2% most central events
PHENIX ) [62] and PHENIX(30% maost central event63]. We repro-
I { { PCE — duce theK; dependence oRy,q by employing the model
I CE --- 1 PCE, whileR4. andR,,; do not show good agreement with
i } T the experimental data.

It has been suggested that the raRig,/ R4 reflects the
prolongation of the lifetime due to the phase transition be-
tween the QGP phase and the hadron pH&d¢ Various
[ (@ 1 models predict that this ratio has a value significantly larger
ST’AR i than unity in someK; regions[42,61,64—68 although it is
- N PHENIX | | around unity in 0.2°K;<0.6 GeVk in Au + Au \syy
=130A GeV caollisions according to the recent measurement
at RHIC[62,63. This discrepancy is often called the “HBT
puzzle” [66,67). The ratio for the model PCE reduces by
about 12% above 0.2 Ge¥/due to the property of the early
chemical freeze-out, but it clearly turns out to be larger than
s POE — the experimental data. Our aim in this paper is to see how the
| i early chemical freeze-out affects the HBT radii, so we leave

(b) CE --- detailed discussions on the HBT puzzle for future works.

Rside (tm)
O NN ®

w

Rout(fm)
S = N W s NN =N

N ' STAR }
. PHENIX ] ]|

—

a
T
’

VIl. SUMMARY AND DISCUSSION

—_
[ 8]
T
-,

We have investigated the effect of early chemical freeze-
out on the hydrodynamic evolution and the particle spectra
by using a genuine three dimensional hydrodynamic model.
We constructed the equation of state for hadronic matter
which is in partial chemical equilibrium. Pressure as a func-
tion of energy density is not affected by the chemical non-
equilibrium property, while temperature as a function of en-
ergy density is largely reduced due to the large population of
resonance particles. By using the EOS with a first order
phase transition, we simulated hydrodynamic evolution at
y the RHIC energy. We found the system cools more rapidly

2 than the conventional model and that the lifetime and the
spatial size of the fluid and the radial and elliptic flows are
reduced when they are compared at the isothermal hypersur-

PCE — STAR =+ | face. We also analyzed particle spectra and two-pion corre-
@ CE --- PHENIX « lation functions in Au-Au 130A GeV collisions. We chose
0 03 0T 05 o' initial parameters in the hyd_rody_nar_nlc _S|mqlat|ons o as to
Kr (GeVic) rgproduce the pseudorapidity distribution in central colli-
sions observed by PHOBOS. The slope of thespectrum

FIG. 13. HBT radii for negative pions ifa) side,(b) out, and(c) for negative hadrons is less sensitive to the thermal freeze-
long directions andd) its ratio Ry ,/Rgige @s a function oK. The  out temperature, which results from the reduction of radial
solid and dashed lines correspond to the models PCE and CE. Dafiow. On the other hand, the transverse momentum depen-
from Refs.[62,63. dence of elliptic flow 5(p;) for charged hadrons depends on

the thermal freeze-out temperature. The situation is com-
Co(K7,05460,0)=1+e~!, and analogous definitions are pietely opposite to the ordinary hydrodynamic results. In the
used for theK; dependence R, and Rygng. conventional models, the, slope is steeper with increasing

We evaluate two-pion correlation functions for negativeTth gnd vo(py) is not so sensitive tor™ We found T™
pions directly emitted from the freeze-out hypersurface and=140 MeV and the resultant average radial flaw,)
obtain theK; dependence oRgjge, Rout, @ndRygng. Figure
13 shows the HBT radii and the rati®y;/ Rgjqe fOr the mod-
els CE and PCE witlT""=140 MeV. Here the impact pa- 5 Ref. [42], slightly largerR;4eis obtained by assuming a simple
rameter which we choose in this analysidis 2.4 fm. The  fiat transverse profile and vanishing impact parameter for initial
difference between the two models is very small Rys.  energy density distribution. The flat profile leads a larger value of
On the other handR,, and R,y for the model PCE are the root-mean-square radius of a fluid in the transverse plane than
significantly smaller than the ones for the model CE, whichthat of the present initialization based on the binary collision
reflects the space-time evolution of the freeze-out hypersuiscaling.

R long (tm)

S N e

—
W

—
¢
4

Rou /R side

o
W
T
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=0.3& are the values to simultaneously reproduce phe the medium effects such as temperature and/or baryonic
slope and,(p;) for charged hadron@nainly pions below 1 chemical potential69], one can easily estimate their effect
GeV.v,(7) is also reduced by the early chemical freeze-outpy using hydrodynamic simulations. We regard the model
but we failed to reproduce the data in forward and backward®CE as a complementary tool to those hybrid models.
rapidity regions. We see the thermal freeze-out temperature After publishing our preliminary result29] and almost
independence of thp; slope more clearly in the, spectra finishing this work, the authors became aware of a paper
for identified hadrons. We reasonably reproducegthslope  concerning the same subjg@0], in which the conclusion of
with T"=100-140 MeV for the model PCE, while,(p;)  the hydrodynamic behavior is almost the same as ours. In
for identified hadrons seems to favor different thermalRef.[70], the effect of finite baryonic chemical potential is
freeze-out temperatures which are dependent on hadronigcluded but the hydrodynamic simulation is performed only
species. In order to see more quantitatively the effect of earljn the transverse plane by assuming the Bjorken’s scaling
chemical freeze-out on the temporal or spatial size of fluidsgolution.

we calculated the two-pion correlation functions and ob-

tained the HBT radii. By taking account of the early chemi- ACKNOWLEDGMENTS

cal freeze-out in the EORyyi, Riong, and Ryyi/Rgige are
significantly suppressed, whilgg4 is not changed. Never-
theless, the properties of the early chemical freeze-out a
not enough to interpret the HBT puzzle.
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case of partial chemical equilibrium. Although the best placé"”th T. Hatsuda, P. Huovinen, K Morita, S. Muroya, H. Na-
to see the difference between the models CE and PCE mu§gmura. C. I\_lonaka, af_‘d D. R|sc_hke. He also thanks the In-
be the particle ratios, we cannot discuss this observable p3U€ Foundation for Science for financial support.

using the present model due to an approximation of vanish-

ing baryonic chemical potential. This will be discussed else- APPENDIX: MONTE CARLO CALCULATION OF THE

where. Penetrating probes such as thermal photons and dilep- CONTRIBUTION FROM RESONANCE DECAYS

tons may also be affected by the early chemical freeze-out. | this appendix, we show how to calculate the particle
The emission rates of photons or dileptons increase due {gsribution from resonance decays within the Cooper-Frye
the chemical potentials for hadrons, while the Space't'm%rescription. This method can be used in hydrodynamics-
volume of the hadron phase decreases. Therefore we shoylghtivated models as well as in hydrodynamics.

check_ whether the total mu_ltiplicity and spectra of photons Lorentz transformation for the momentum of a decay par-
and dileptons are changed in terms of hydrodynamics.  icje petween the local rest systefstarred and the finite

There are other approaches to describe the early chemicg|{omentum systennonstarreli of a resonance particlg is
freeze-out. These models evolve the QGP and mixed phases

as a relativistic fluid, while it switches to a hadronic cascade E p- Pr

model, e.g., UrQMI68] or RQMD [58]. The advantage of P*=p—pr e Ma(met En) | (A1)
our hydrodynamic model over these hybftdydrodynamics R RTRETR

+ cascadpmodels is to be able to obtain the average hydro\We rewrite Eq.(A1) explicitly

dynamic behavior and the effect of temperature naturally.

When one discusses the spectral changes of hadrons due to P =pi—PriIF(PI,9), (A2)

cosgpt =X — P(P1, $)COS¢ — PriCOSPRF (P, &) A3)

pr P2(p1. &)+ PEFA(p,B)—2p(pr . B)PrCOS b — dRIF(P) . &)

where

E(Pi,¢)  PuPi,P)PrCOI S~ dr)+ PiPRI

Mg Mg(Mg+ER) A4

F(pi.¢)=

Here the independent variables which we choose for decay particles are the longitudinal momeartdrthe azimuthal angle
¢. Thus the transverse momentum of a decay parpglis written in terms ofp, and ¢,

pi(pr, )= {(E* + pur|YR)VRCOS ¢ — dR)

YRl 1-v&coS (b~ ¢g)]
+ \J(E* + pogiyr) 2= (PP +m?) ya[ 1—v2coZ(d— dr) 1} (A5)
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The Jacobian of the Lorentz transformation is defined by p* 2
ey . (A1)
dprde* =J(py, ¢;VR)dpde, (AB) expl (vP*?+mz— ug)/T"] -1
* * Here we omit the Breit-Wigner function for simplicity.

apr - Ip =

_— — Step 3. For each random momentuer* , generate ran-
J(py,d:Ve)= P 9d _ (A7)  dom variables @ ,®}) whose ensemble is uniformly dis-

ap*  IP* tributed on the unit sphere. By using these random variables,

ap,  dp we obtain an ensemble op mesons with momentum

Pi = (P, Py, P7) = (P sin®F cosdf , Pi'sin®] sindj
The calculation of] is straightforward, so that we do not Pj*cosG)j*), which obeys the Bose-Einstein distribution in the

represent it here. The normalization of momentum space voFuid rest system.

ume for a decay particle in the resonance rest frame is Step 4. BoosPJ* with respect to the fluid velocity
s« dpt [erdg* Pl o
p | * * J
_ P. = P* + Ef 4+ ————|, Al2
f—p* 2p* fo 27 L (A8) T TR 1+ 7y (A12)

We always average the decay probability over the spin owhereykzllvl—v,:
resonances, so that the decay probability does not depend on Step 5. Generat® uniform random variables on the unit
p;' and ¢*. Thus the normalization in the resonance refer-sphere 07 .#;) and obtain an ensemble of negative pions

ence frame is with momentum
J J(p|,¢>;VR)dp|d¢>:1 (A9) P =(py;.Py;.P3)
47p* =(p*sing; cose] ,p*sind}sing} ,p*cosd;),

The Jacobian in EqAG) has very narrow peaks when the \yherep* is given by
resonance particle moves at a large velocity in the laboratory
system[32]. This singularity makes it difficult to integrate 1
the Jacobian numerically. So we introduce a very simple p*=2—\/(mR+ m,,)2—mz+/(mg—m,)2—mz.
Monte Carlo calculation to evaluate the momentum distribu- Mg
tion from resonance decays. All input parameters in this cal-
culation are the numerical results of hydrodynamic simula- _
tion, i.e., the temperatur@™, the chemical potential for For the decay pr’?cg?,s—m-m-r, My=My -
resonance particlegr, the three dimensional fluid velocity .Step 6. Boospy with respect to the resonance momentum
v, and the elemerdo* on the freeze-out hypersurfae In i
the following discussion, we show how to obtain the rapidity
distribution of negative pions, for simplicity, only from

(A13)

E *.p.
p=pf+P| -+ b

mesons. In this case, the branching raBgo-)_, ;- 7+ mg Mr(Mg+ER) | (A14)
=1. It is straightforward to extend this scheme to the cases
for other resonances or the transverse ngassnentum dis- Step 7. IfP{'do . is positive,
tribution.
Step 1. Evaluate the number of and p~ which are PAdo
emitted fromor absorbed by th&th freeze-out hypersurface Ny — Ny + J " K (A15)
elementdoy’ : j
\E_ Ir J d3pr |Pr- dory If P{‘do,, is negative,
© 2m*)x Er exdl(pr: e pr)/ T -1 Prdar
(A10) Njg =Ny + —— (A16)
E*

. . . L j
The integrand does not contain the Jacobian, so that it is

simple to carry out the numerical integration by a standargyere, N, (N;) is to be proportional to the number of

technique. It should be noted tH‘S{E is different from thenet mesons which are emitted frombsorbed bythe kth fluid
number of emitte¢h mesons from théth fluid element and  glement.

that this is used merely for normalization. ~ Step 8. If the rapidity of a negative piow; which is
Step 2. Generatd random momentﬁ’jk (1=<j=<N) forp evaluated fromp; enters in a rapidity windowy —AY/2
mesons which obey the distribution <Y;<Y+AY/2 andP{do, is positive,
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Pedor ), It should be noted that the minus sign in the bracket of Eq.
ANI(Y)—>ANQ(Y)+J—*“. (A17)  (A19) represents theetnumber of emitted particles from the
Ej kth fluid element, which is consistent with the Cooper-Frye
prescription. For the normalization in EGA19), we use the
gross numbeN, + N, since this number is positive definite.
Step 11. Repeat the above steps from 1 to 10 for all fluid
| Jydaﬂkl elements obtained in a numerical simulation of the hydrody-
AN, (Y)—AN, (Y)+ =

If Y; also enters the above rapidity window Hetdo . is
negative,

; (A18) namic model. Summing over the contribution from all fluid
j elements on the freeze-out hypersurfate we obtain the

~ . rapidity distribution of negative pions which are frgmmde-
Step 9. Repeat steps 7 and 8 for Mlrandom variables.

ays
Step 10. Obtain the rapidity distribution of decay particles
from thekth fluid element:

R + _ - dN X de
de(Y): N AN (Y)— AN (Y) (A19) %(Y)z% Al (A20)
dy Ny +Ny AY '
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