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Using an analytical parametrization of hadronic freeze-out in relativistic heavy ion collisions, we present a
detailed study of the connections between features of the freeze-out configuration and physical observables. We
focus especially on anisotropic freeze-out configurati@gected in general for collisions at finite impact
parametey, azimuthally sensitive Hanburry-Brown-Twiss interferometry, and final-state interactions between
nonidentical particles. Model calculations are compared with data taken in the first year of running at RHIC;
while not perfect, good agreement is found, raising the hope that a consistent understanding of the full
freeze-out scenario at RHIC is possible, an important first step towards understanding the physics of the system
prior to freeze-out.
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[. INTRODUCTION simultaneously describing the freeze-out coordinate-space
distribution probed by two-particle intensity interferometry

The first data from collisions between heavy nuclei at themeasurement$6] [also known as Hanburry-Brown-Twiss
Relativistic Heavy lon Collide(RHIC) have generated in- (HBT) [7] measuremenisHadronic cascade models predict
tense theoretical efforts to understand the hot, dense mattartoo weak momentum azimuthal anisotropy and too large
generated in the early stage of the collis[d@h Testing these source sizeg8]. Hydrodynamic transport models describe
theoretical ideas relies on comparison to experimental obsuccessfully transverse mass spectra and elliptic flow but fail
servables. Leptoni¢2] or electromagneti¢3] observables at describing pion source radf]; some hydrodynamic mod-
are believed to probe directly the early, dense stage of thels have successfully reproduced pion source ifddj, but
collision. Most of the early data from RHIC, however, have only with different model parameters than those used to re-
been on hadronic observables. Measurements of hadrons @ioduce spectra and elliptic flofid1]. Similarly, sophisti-
high transverse momentuttpr) [4] have generated much cated hybrid transport models.g., AMPT[12]) require dif-
excitement, as they may provide usefubbesof the dense ferent model parametefd3] to reproduce data on elliptic
medium produced at RHIE5]. However, the mediunitself  flow [15] and HBT measuremen{d6]. Good reproduction
decays largely into the softow-py) hadronic sector. of observed values has been acheived in models which adjust

Soft hadronic observables measure directly the finaparameters to fit data within a given freeze-out scenario, such
“freeze-out” stage of the collision, when hadrons decoupleas in the Buda-Lund hydro approa¢h7]. The work pre-
from the bulk and free-stream to the detectors. Freeze-owdented here falls into this latter category.
may correspond to a complex configuration in the combined The parametrization used in this pap#blast-wave pa-
coordinate-momentum space, with collective componentsametrization) is similar in form to the freeze-out configu-
(often called “flow” generating space-momentum correla-ration obtained from hydrodynamic calculatidds$], but we
tions, as well as geometrical and dynamidddw) anisotro-  treat the physical parameters of the configuratiemq., tem-
pies. A detailed experimentally driven understanding of theperaturg¢ as free parameters. Our main goal is simply to
freeze-out configuration is the crucial first step in under-quantify the driving physical parameters of freeze-out at
standing the system’s prior evolution and the physics of hoRHIC and the dependence of observables on these param-
colored matter. eters.

In this paper, we explore in detail an analytic parametri- Further motivation for exploring freeze-out configurations
zation of the freeze-out configuration, which includes non-of the type discussed here is that they implicitly assume a
trivial correlations between coordinate- and momentum-“bulk” system which may be described by global parameters
space variables. We discuss the connections between tiimperature, flow strength, etcDiscussions of a “new
physical parameters of the model and observable quantitiephase of matter” and its “equation of state” are only sensible
If the model, with correct choice of physical model param-if indeed such assumptions hold. Comparison of blast-wave
eters, can adequately reproduce several independent mezlculations with several independent measurements, then, is
sured quantities, then it might be claimed that this “cruciala crucial consistency check of these assumptitimsugh, of
first step,” mentioned above, has been performed. course, a successful comparison still would not constitute a

A consistent reproduction of all loyw; observations at proof of their validity).

RHIC is not achieved in most physical models which aim to  In transport models, whether the constituents are hadrons
describe the evolution of the collision. In particular, it is [19,2Q, partons[21,22, or fluid element§9,23-25, if they
difficult to reproduce momentum-space measurements whileeinteract substantially, pressure gradients are generated,
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leading to collective velocity fieldg“flow”), pushing the Soon thereafter, Bondorf, Garpman, and Zimgi3y| de-
matter away from the hot center of the collision and into therived a nonrelativistic expression for the energy spectra of
surrounding vacuum. Evidence of collective flow, generatedparticles emitted from a thermekplodingsource. The radial

by final-state reinteraction of collision products, has beerflow in their (spherical source results in energy spectra in-
based largely on interpretations of transverse mass specté&€asingly different than those from a purely therrfradn-

and transverse momentum azimuthal anisotrf@ly How-  flowing) source, as the particle mass increases. Siemens and
ever, this scenario has been challenged by new measurBasmusseii34] then generalized the formula with relativis-
ments ofp-Au collisions [26] and new theoretical interpre- {i¢ kinematics, further simplifying by assuming a single ex-
tations [27]. Indeed, so-callednitial-state effects such as Panding radial shell.

random walk of the incoming nucleori@é] or color glass While a spherically expanding source may be expected to

condensate phenomef27] may offer an alternative expla- approximate the fireball created in lower-energy collisions, at
. P Y . L P higher energies stronger longitudinal flow may lead to a cy-
nation of the measured spectra and anisotropies in transverﬁ drical geometry. A decade ago, Schnedermanal. [35]

momentum. This ambiguity apparently threatens the conceRfiroduced a simple functional form for the phase-space den-

that abulk system has been created at all. However, it ISsity at kinetic freeze-out, which approximated hydrodynami-

important to recall that collective expansion, if it exists, .5 results assuming boost-invariant longitudinal flg88],
would manifest itself not only in momentum-space observ-g,,q successfully used it to fit; spectra with only two pa-
ables, but would also generate space-momentum correlgameters: a kinetic temperature and a radial flow strength.
tions, which can be measured via two-particle correlations. The coordinate-space geometry was an infinitely long solid
_ The possible validity of any scenario may only be claimedgyjinder (and so should approximate the situation fsr0

if a single set of model parameters allows a successful deso|lisions at midrapidity, the transverse radial flow strength
scription ofall measured observables. Here, we study, in thyecessarily vanished along the central axis and is assumed
context of a bulk collective flow scenario, transverse Mo-maximum at the radial edge. Most hydrodynamic calcula-
mentum spectra, momentum-space anisotrapglliptic  tions yield a transverse rapidity flow field linear in the radial
flow”), HBT interferometry, and correlations between noN-coordinate24].

identical particles. _ Huovinenet al. [18] generalized this parametrization to

Similar studies have been reported previoy2§,28—-31.  account for the transversely anisotropic flow field which
New aspects in our study include consideration of a morgyises innoncentralcollisions and which generates an ellip-
general (azimuthally anisotropic freeze-out configuration, tjc flow signal similar to that seen in measuremef83].
applicable to nonzero impact parameters; model studies ofhis added one more parameter—the difference between the
azimuthally sensitive HBT interferometry and correlationsggyy strength in and out of the reaction plane. The spatial
between nonidentical particles; and a multiobservable 9|0baéeometry remained cylindrical, though it was assumed to be
fit to _several pieces of_ published RHIC data. _a cylindrical shell, not a solid cylinder.

This paper is organized as follows: In Sec. Il, we describe  The measured elliptical flow systematics as a function of
the blast-wave parametrization. In Sec. Ill, we investigate Ny, and mass are fairly well fit with the Huovinen parametri-
detail the sensitivity of several observabips spectra, ellip-  zation [37]. However, better fits were achieved when the
tic flow, pion HBT radii, and average space-time separationsTAR Collaboration generalized the model even further,
between different particle typesn the physical parameters aqding a fourth parameter designed to account for the aniso-
of the blast-wave parametrization. In Sec. IV, we perform ﬁtstropic shape of the source in coordinate spg&d. A shell
to published data measured at RHIC for Au+Au collisions atyeometry was still assumed.

Vsyv=130 GeV and, based on these fits, describe how as-yet 1o calculate the spatial homogeneity lengths probed by
UnpUinShEd analySQHZimUtha”y Se.nSitiV.e HBT interferom- two_partide correlation measuremer[m' we must revert
etry and correlations between nonidentical particl® ex-  from the unrealistic shell geometry to a solid emission region
pected to look. The reader primarily interested in the qualityinfinite series of elliptical shel)s Furthermore, additional

of the fit to the data and the resulting parameters may want tgarameters corresponding to the source size, emission time,

skip past the details of Sec. Ill. In Sec. V, we summarize anghnd emission duration must be included, increasing the num-
conclude on the relevance of the blast-wave parametrizatioggy of parameter§38]. A similar generalization has been
at RHIC. studied by Wiedemani39]. Finally, in this paper, we ex-

plore the effects of a “hard-edge” versus a smooth spatial
density profile; similar studies have recently been done by

IIl. BLAST-WAVE PARAMETRIZATION Tomasik et al. [40] and Peitzmanr{30] for the more re-
A. Geneology and motivation stricted case of a transversely isotropic source. This brings to
8 the total number of parameters which we study.
More than a quarter of a century ago, Westédllal. [32] Although the blast-wavédunctional formwas motivated

introduced the nuclear fireball model to explain midrapidity by its similarity to the freeze-out configuration of a real dy-
proton spectra. The idea was that the overlapping nucleons efamical modeli.e., hydrodynamical solutiofsit is not nec-

the target and projectile combined to create a hot source withssarily true that the hydrodynamical freeze-out configura-
velocity between that of the target and projectile. Protongion corresponds to the parameter set that best describes the
emitted from this source were expected to be emitted isotrodata. In this sense, the blast-wave model presented here re-
pically with a thermal energy distribution. mains only a parametrization. With eight freely tunable pa-
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0.2 L VN FIG. 2. Schematic illustration of an elliptical subshell of the
(AN N \,\ source. Here, the source is extended out of the reaction plane
0 T PP T T A e e B (Ry>R,). Arrows represent the direction and magnitude of the flow
0 02 04 06 08 1 12 14 16 18 % boost. In this exampley,>0 [see Eq(4)].
FIG. 1. (Color onling The source weighting functiof as a  profile approximates a Gaussian shapedge0.3.
function of the normalized elliptical radiisfor several values of It should be noted that the weighting functiéxr, ¢ is
the surface diffuseness paramedgr not, in general, the source density distribution. In particular,

as we discuss especially in Secs. Il C and Il D, nonzero
rameters, it is clearly a toy model with little predictive collective flow induces space-momentum correlations which
power. However, the goal is to see whether a consistent délominate the spatial source density distributions. Only for a
scription of the data from the soft sector at RHIC is possiblesystem without flow(py=p,=0; see belowis the source dis-
within a simple boost-invariant model with transverse collec-tribution given by(), so that, e.g., foes=0, there is a uni-
tive flow. If this turns out to be the case, then it is worthwhile form density of source&’N/dxdy=cons} inside the ellipse
considering that the parameter values indeed characterize thefined byR, andR,, and no sources outside.
size, shape, time scales, temperature, and flow strengths of The momentum spectrum of particles emitted from a
the freeze-out configuration. A consistent parametrization irsource element dk,y,2) is given by a fixed temperature
terms of such physical quantities represents a true step foglescribing the thermal kinetic motion, boosted by a trans-
ward and provides valuable feedback to theorists constructerse rapidityp(x,y). This is common in models of this type.
ing physical models of the collision. However, unlike transverselgotropic parametrizations, the
azimuthal direction of the boogtlenotedg,) is not neces-
sarily identical to the spatial azimuthal angbe=tar(y/x).
B. Parameters and quantities in the blast wave Instead, in our model, the boost is perpendicular to the ellip-
The eight parameters of the blast-wave parametrizatiofical subshell on which the source element is found; see Fig.
described in this paper ar€, py, p2, Ry, Ry, &, 7, and 2. We believe this to_be a more naturallexfcensllon of an “out-
A7, their physical meaning is given below. ward” boost for nonisotropic source distributions than that
The freeze-out distribution is infinite in the beam) di- ~ used by Heinz and Wong41], who used an anisotropic
rection and elliptical in the transverge-y) plane.(Thex-z ~ Shape but always assumed radial boost diredtiy ¢y). It
plane is the reaction planeThe transverse shape is con- May be shown that, for our model,

trolled by the radiiR, andR,, and the spatial weighting of R \2
source elements is given by tan(¢) = (#) tan(¢y) . (3)
X
1 . . . :
Q(r, ) =Q(F) = PRI 1) Hydrodynamical calculations focentral collisions (i.e.,

azimuthally isotropic freezeout distributipsuggest that the
where a fixed value of the “normalized elliptical radius,” oW rapidity boost depends linearly on the freeze-out radius
[24]. We assume a similar scenario, but in our more gener-
- [rcoggdl? [rsin(¢y]? alized parametrization, the boost strength depends linearly
F(r, ) = R2 + R (2 on the normalized elliptical radidsdefined in Eq(2). Thus,
X in the absence of an azimuthal dependence of the (flowe
corresponds to a given elliptical subshell within the solidintroduced shortly, all source elements on the outer edge of

volume of the freeze-out distribution. the source boost with the saraximumn) transverse rapid-
The parameteag corresponds to a surface diffuseness ofity pg in an “outward” direction.
the emission source. As shown in Fig. 1, a hard edbex In noncentral collisions, the strength of the flow boost

profile”) may be assumed by settimg=0, while the density itself may depend on azimuthal angle, as suggested by
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Huovinenet al. [18]. As those authors did, we incorporate authors[43—464, and here we follow closelj44]:
this via a parametep,, which characterizes the strength of
the second-order oscillation of the transverse rapidity as a S(x,K) = mrcosi{(7 - Y)Q(r ¢S)e—(r—70)2/2A72 1

function of ¢,. Hence, the flow rapidity is given by T+
~ (= 1)
p(r, o) =Tlpo+ pocod2¢hy)]. (4) = mrcoshn - Y)Q(r, ge 7~ 0727
We note that source anisotropy enters into our parametri- “ KT
zation in two independent ways, and each contributes to, X2 (F1)™e ' (8)
e.g., elliptic flow. Settingp,>0 means the boost is stronger n=1
in plane than out of plane, contributing to positive elliptic yhere the uppefiower) sign is for fermiongbosons. Often,
flow. However, even ip,=0 (butpo# 0), settingR, >R still - ony the first term in the sum in E@8) is used, resulting in

generates positive elliptic flow, since this means there arg Bojtzmann distribution for all particles. Below, we show
moresources emitting in plane than out of plaisee Fig. 2 hat there is a small change to observables when truncating
The STAR Collaboration found that both types of anisotropyafter the second term and negligible effect when including
were required to fit their elliptic flow datg87]. In general-  fyrther terms. The Boltzmann factor &K -u/T) arises
izing the circular transverse geometry parametrization Ofom our assumption of local thermal equilibrium within a
Huovinenet al. [18] (in which ¢p= ), they added a param- 5o rce moving with four-velocity,,(x). We assume longitu-
eters; and weighted source elements with a givénas dinal boost invariance by setting the longitudinal flow veloc-
dN  dN ity v, =2/t (z=7sinhy andlt=7-cosh77), so that the longitu-
dde - d. [1+2s,c092¢)]. (5 dinal flow rapidity 7g0y=5IN[(1+v)/(1-v)] is identical
S [36] to the space-time rapidity:%In[(t+z)/(t—z)]. Thus, in
Thus, a positive value o8,=(cog2¢y)) corresponded to cylindrical coordinates,
more source elements emitting in plane, similar to setting _
R,>R, in our parametrization. u,(x) = (coshz coshp(r, ¢), sinhp(r, ¢s)cos ¢y,
To facilitate comparison of fits with the STAR model and i ; i
with ours, we relat(fthez of STAR to the geometric aniso- sinhp(r, @9sin ¢, sinh coshu(r, &J) - (9)
tropy of our parametrization. In the case of isotropic boostand

(p,=0) [42], B . .
)2 K, = (mrcoshY, prcos ¢y, prsin ¢, mysinhY),  (10)
1 (EY) -1 where the transverse momentypy), transverse magsny),
S =(CoOL2¢p)) = = 75— (6)  rapidity (Y), and azimuthal anglép,) refer to themomentum
2(52) +1 of the emitted particlenot the source elementNote that
Ry three azimuthal anglegs, ¢, and ¢, are relevant to this

. S . __discussion. Thus,
If p,#0, anisotropies in the space-momentum correlations n

Iead_ to a significantly more cqmplicated expression. _ K,,.u* = mrcoshp(r, pcost(7 - Y)
Finally, since our model is based on a longitudinally .
boost-invariant assumption, it is sensible that the freeze-out = prsinhp(r, ¢s)cos by, = p), 11

occurs with a given distribution in longitudinal proper time

e . Lo and the emission functiofEq. (8)] may be rewritten as
7=\t?>-~7Z%. We assume a Gaussian distribution peaked,at Eg. (8)] may

and with a widthA7: S(x,K) = S(r, ¢bs, 7, 7) = mycosh(7 - Y)QUr, ¢S)e—(7'— 702207
dN (7= 79)? 7 *
dr ~exp — 2A72 . ( ) XE (1 1)n+1ena cos(¢>b—¢>p)e—nﬁ cosk(r;—Y), (12)
n=1

We note that although the source emits particles over a i
finite duration in proper time, we assume that none of the Where we define
source parameters changes witfThis is obviously an over-
simplification valid only for smallA7; with time, one may a= p—Tsinhp(r,(ﬁS), (13)
expect the flow field to evolvéincreaseor decreasg and it T
is natural to expect the transverse siggsandR, to change
(grow or fall) with time. However, calculation of the time my
dependence of these parameters requires a true dynamical B= ?coshp(r,%). (14
model and is outside the scope and spirit of the present work.

Exploiting the boost invariance and infinite longitudinal
extension of our source and focusing on observables at
midrapidity and using the longitudinally comoving system

Our emission function is essentially a generalization of(LCMS) for HBT measurements, we may simplify Ed.2)
azimuthally isotropic emission functions used by previousby settingY=0.

C. Emission function
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D. Calculating observables

All observables which we will calculate are related to
integrals of the emission functiofl2) over phase space
d*x=dxdydzdt rdrdyrdrd ¢, weighted with some quantity
B(x,K). In all cases, the integrals overand » may be done

analytically, though the result depends on whetBéx,K)

itself depends orr and #.

In particular, ifB(x,K)=B'(r, ¢, K)7'sinh  cosi 7, then

the integrals of interest af@7]

2T 0 ) )
J d¢sf rdrf dﬂJ 7d7S(x,K)B(x,K)
0 0 —% —%

=mrH{B'}; «(K),
where ther and » integrals are denoted

H, = f dritle (- 7-0)2/2Ar2,

Ho: \’ET AT T0»
Hy= 27 Af(AR+ ),

H,=\2m A7 7(3A 2+ 75)

and

daye B oshisinh 5 costf* 1,

Gj'k(X, K) = J

Go,o(x,K) = 2K(B),

Gox(xK) = 2[% + Kow)] |

Gl,o(X,K) = G1,1(X, K)=0,

Gosx.K) = 2[ Kzl(f) + Kl(ﬁ)] ,
K
Gzyo(x, K) = 2% .

B was defined in14), and K, are the modified Bessel func-

tions. For the above, we define the notation

* 2
B}(K) =2 {(1 1)me f debs

n=1 0

xf rdr[G; «(x,nK)B’(x,K)
0

X ghe o y=dp) () (1 ¢s)]}

(15)

(16)

(17)

(18)
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TABLE |. Default parameter values for most calculations in Sec.
lll. Note thatp,, R,, andR, default values depend on whether we
are discussing an azimuthally isotropitround”) or anisotropic
(“nonround”) source. One might expect such sources from central
and peripheral collisions, respectively.

Parameter Round source Nonround source
P 0 0.05

R, (fm) 12.04 11

R, (fm) 12.04 13

T (GeV) 0.1

Po 0.9

70 (fm/c) 9

A7 (fm/c) 2

as 0

its dependence o, as defined in Eq(14), and so cannot
move outside the integrals in EEL8).]

I1l. CALCULATION OF HADRONIC OBSERVABLES

In this section, we discuss how hadronic observables are
calculated from the parametrized source and illustrate the
sensitivity of these observables to the various parameters
presented in Sec. Il B.

With several observables depending on several param-
eters, it is not feasible to explore the entire numerical param-
eter space. Instead, we anticipate the results of the next sec-
tion, in which we fit our model to existing data, and vary the
parameters by “reasonable” amounts about values similar to
those which fit the data. The default parameter values used in
several of the calculations in this section are listed in Table I.

A. pr spectra

In the notation of Sec. Il D théazimuthally integratedp
spectrum is calculated as

dN
prdpr

:f d¢pfd4XS(X,K) * mTj depp{L}o,o(K).
(19

In this paper, we focus only on the shapes, not the normal-
izations, of the spectra.

We note that spectra calculated in the blast-wave model
scale neither withm; nor p;, as both quantities enter the
expression throughk and 8 [Eqgs.(13) and(14)]. This break-
ing of my scaling is a well-known consequence of finite
transverse flow35] (p# 0 in our model.

According to Eq.(19), m; spectra calculated in the blast-

wave model are insensitive to the time parametgandA .
The spectral shapes are furthermore insensitive to the spatial
scale(i.e., R)) of the source, though, as we see below, there
is some small sensitivity to the spatial shdpe., R,/R).

First, we study the importance of using quantgs op-

for the remaining integrals, which we perform numerically. posed to classicabtatistics in the source function. Figure 3

[Note thatG,; ;(x,nK) retains dependence orand ¢ due to

showspy spectra for pions and protons, treated as bosons and
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—_

dN/pdp; (arb. units)
=

dN/p.dpy (arb. units)
)

!
T 5] T

10 10
— N =1 f— T=008GeV
--- Nov=2 === T=01GeV
-— No=3 L= T=0.2GeV
4 - Nf”m=4 3 = T=016GeV
! L | L ! L L Y L
104 0.5 1 15 2 10 4 0.5 1 5 2
pr (GeV/c) pr (GeV/c)
FIG. 3. Transverse momentum spectra for protqusper FIG. 4. Transverse momentum spectra for protc(upper

curveg and pions(lower curve$, as calculated by Eq19), for curvey and pions(lower curve$, as calculated by Eq.19), for
several values olN, the maximum value ofi taken in the summa- several values of the temperature paramd@teOther parameters
tion of Eq.(8); see text for details. Parameter values correspond tdollow the “round” source defaults of Table I. All spectra are arbi-
the “nonround” source of Table I. All spectra are arbitrarily normal- trarily normalized to unity apy=0.

ized to unity atpy=0.

fermions, respectively. Model parameters were set to the f dx X
“nonround” values listed in Table I. The sum in E8) [and o l+exg(x-1)/ag
Egs.(12) and(18)] is overn=1,...,N; curves are shown for Flag) = — X (20)
N=1,2,3,4. For parameter values in the range we study here, f dx
o l+exg(x-1)/ag

proton spectra are essentially independenNofor N> 1,
the pion spectra are likewise robust against the valul,of
though in the classical limitN=1), there is relatively lower
yield at low py. (Note that all spectra are arbitrarily normal-
ized to unity atp;=0.) Calculations below use the truncation
N=2.

is independent ofpy or R=R,=R,. For the box profile,
—M=2 i ' .
F(as=0)=3. Figure 6 shows this geometric factor as a func-
tion of the surface diffuseness.
Figure 7 shows the pion and proton spectra for various
values ofa,. The radial flow strengtp, was covaried witlag
1. Spectra from central collisions so that the average transverse flow boost {gas0.6. To a

Focusing first on central collisior{so that the flow aniso-
tropy parametep,=0 andR,=R), then, we need only con-
sider the spectra sensitivity to the temperature and radial
flow parameterg, and T, and to the surface diffusioay.

Fixing the transverse spatial density distribution to a box
profile (a;=0), the evolution of spectral shapes for pions and
protons are shown in Figs. 4 and 5, as the temperature and
radial flow parameter, respectively, are varied about nominal
values of T=100 MeV andpy=0.9. As has been noted pre-
viously [35], at low py, temperature variations affect the
lighter pions more strongly, while variations in the collective
flow boost produce a stronger effect on the heavier particles.

Next, we consider the effect of a finite surface diffuseness
parameter(a;# 0)—i.e., using the smoother spatial density
distributions of Fig. 1. Since we assume a transverse flow
profile which increases linearly with radifisf. Eq. (4)], one 10 -3 ‘ . ‘ .
trivial effect is that, for a fixegby, increasinggs will produce 0 0.5 1 L5 2
a larger average flow boogp). The effect of increasing pr (CeV/c)

transverse flow was already explored directly in Fig. 5, SOWe £ 5 Transverse momentum spectra for protangper
avoid this trivial effect here, and explore the effect of varyingcrveg and pions(lower curves, as calculated by Eq19), for

—_
'
[y

dN/pdp; (arb. units)
=

._
o
TT [‘\) T

as, while keeping(p) constan{30]. several values of the radial flow paramefgr Other parameters
The average transverse flow bo¢st=F(as)po Wwhere the  follow the “round” source defaults of Table I. All spectra are arbi-
geometric proportionality constant trarily normalized to unity ap;=0.
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Qs pr (GeV/c)
FIG. 6. The geometric constant of proportionaktyoetween the FIG. 8. Transverse momentum spectra for protqnpper
average transverse flow bodph and the blast-wave parametsy;, curveg and pions(lower curve$, as calculated by Eq19) for an
as a function of the surface diffuseness azimuthally symmetric flow fieldp,=0) and an asymmetric field

(pp=0.15. Other parameters follow the “round” source defaults of

Table I. All spectra are arbitrarily normalized to unity@t=0.
first approximation, the spectral shapes depend only on the
temperaturd and the average transverse flow bagst The
residual dependence on the surface diffuseness parameter Azimuthally integratecpr spectra are often presented as a
arises from the fact that while theeverageboost rapidity has function of event cen.trallty. _de;ﬁ 0 collisions, the emitting
been held constant, trepreadof boost rapidities increases Source may have anisotropic structéRy # R, andp, #0 in
with increasinga [30]. Thus, we observgualitativelysimi- the present modglThus, it is interesting to explore possible

lar variations in the spectral shapes wierincreasegFig.  ©ffects of these anisotropies.

7), as whenl increasesFig. 4). The variations are najuan- For an azimuthally isotropic flow fieldp,=0), the spec-

titatively identical since in the present case, the velocitytral shapes are insensitive to spatial anisotropies in the source

spread is not thermal, and the particle velocity spreaci"e" R,#R)). This is because the spectral shapes are deter-

: : . - .~ mined by the distribution of boost velociti¢80], which is
evolves differently with mass, depending on whether it arises, | -hanged by a shape chanae in our parametrizati if
from a boost spread or a thermal spread. -0 9 y P 9 P P

2. Dependence of spectral shapes on source anisotropy

For an azimuthally symmetric spatial sour@®,=R), a
very small variation in thep,-integrated spectral shapes is
observed whem, is changed from a value of 0.0 to 0.15, as
seen in Fig. 8. This, again, is due to the slightly increased
spread in boost velocities; source elements emitting in plane
boost a bit more and out of plane a bit less. This effect
becomes stronger in the presence of an out-of-plane spatial
anisotropy(R,/R,>1) as shown in Fig. 9. In any case, the
effects of “reasonable” source anisotropy on the shapes of
azimuthally integrated spectra are very small.

Thus, we conclude that azimuthally integra@dspectra

dN/p.dpy (arb. units)
o

10 are largely insensitive to “reasonable” source anisotropies
(see Sec. IV for “reasonable” rangesnd probe mainly the
i ag=0.0p, =09 \$ thermal motion(T) and average transverse flow bo¢&gi))
- Zi;gzé gg o of the source.
3 == a=03p,=0612 -
10 5 ‘ 0|5 . i S ) B. Elliptic flow versus mass andpt
' p; (GeV/c) In the notation of Sec. Il D the elliptic flow parameter
is calculated as
FIG. 7. Transverse momentum spectra for protgopper 2
curveg and pions(lower curve$,_ as calculated by Eq19), fc_)r J d¢p{005(2¢p)}o,o(K)
several values of the surface diffuseness paranatefhe radial 0
flow strengthpg is covaried; see text for details. Other parameters va(pr,m) = 2 . (21)
follow the “round” source defaults of Table I. All spectra are arbi- f d¢’p{1}o,o(K)
trarily normalized to unity apy=0. 0
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> 0.1
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FIG. 9. Transverse momentum spectra for protqnpper FIG. 10. Elliptic flow parametes, for pions(upper curvesand

curvey and pions(lower curves, as calculated by Eq19) for an  protons(lower curve$, as a function of transverse momentum, as
azimuthally anisotropic flow fieldp,=0.195 and a spatially isotro-  calculated by Eq(21), for several values df, the maximum value
pic (R/R=1) and anisotropic(R,/R,=1.5 spatial distribution.  of n taken in the summation of E@8); see text for details. Model
Other parameters follow the “round” source defaults of Table I.  parameters follow the “nonround” source defaults of Table I.

A finite v, arises from azimuthal anisotropies in the
source(R,# R, and/orp, # 0). As discussed below, however,
the parameterp, and T strongly affect its value and evolu-
tion with pr and mass. In the present parametrizationis
not sensitive to the overall spatial scale of the soyR or
the time parameterg, andAr.

The v, parameter depends nontrivially on bopk and

particle masg18,37,48,4% In this section, we explore the For a slightly anisotropic shap®,/R,=13/11, Fig. 13

evolution of pion and protom,, as we vary the model pa- . ok
rameters from nominal “nonround” values for noncentralthevz parameter increases significantly for both protons and
collisions (cf. Sec. } pions, due to the larger number of source elements boosted

As with the p, spectra of Sec. IIl A, we first check the in plane(cf. Fig. 2). The finite spatial asymmetry Ieads_to an
. o~ . effect that tends to oppose the reductiomw gvith increasing
importance of quantum statistics. Figure 10 shawsfor

pions and protons, for different values Nf where the sum

when most source elements are highly boosted transversely;
this is also the origin of the “shoulder arm” in tipge spectra

(cf. Sec. Il A). This depletion is larger in plangince the
boost is higher—i.e.,p,>0), leading to negativev,. At
higherpy and/or lower flow strengths, the competing effect is
dominant: the larger in-plane boost leads to more particles
emitted in plane, and,>0.

in Eq. (8) [and Egs.(12) and (18)] runs overn=1,...,N. 0.12¢
Again, we find only a small difference for the pions between = [~ T=008GeV
N=1 (classical limij) and N=2, beyond whichv, is robust 0.1 === T=0.1GeV
against further increases M Calculations here usse=2. == T=012GeV
Figure 11 shows the evolution of, as the temperature 008k~ T=016GeV
parameter(T) is varied. For both particle types shown, the i
increased thermal smearing in momentum spac§, iasin- 0.06
creased, leads to a reduced momentum-space anisotropy. The i
effect of the thermal smearing is greater for the lighter pions. :
Less intuitive is the evolution af, as the flow field p, or 0.04r
po) is varied. In Figs. 12 and 13, the average transverse flow I
parameterp, is varied for an azimuthally isotropitR,/R, 0.02
=1) and anisotropi¢R /R=13/11 shape, respectively. For i
the isotropic spatial distribution, we find th&t decreases as 0
po increases, for alb; and for both particle types. This is due S S S ——

: . . S 0 0.2 0.4 0.6 0.8 1
to the decreasing relative amplitude of the oscillation in the pr (GeV/c)
flow field. Not surprisingly, the effect is larger for the heavier
protons. FIG. 11. Elliptic flow parametew, for pions(upper curvesand

Indeed, it has been pointed dui8,49,5Q that high radial  protons(lower curves, as a function of transverse momentum, as
flow (large pg) can lead to negative values of for heavy  calculated by Eq(21), for various values of the temperature param-
particles; this is clearly true for the protons in Fig. 12. ThiseterT. Other parameters follow the “nonround” source defaults of
negativev, reflects thedepletionof the lowpy particle yield  Table I.
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0.12¢ 0.12¢ =
~ [ T pp=07 « [ — p,=002 ’
Z01f - p,=09 Z 01f - p, =005 !
- = py=1.1 r -—p,=01 /
0.08 0.08
0.06| 0.06|
0.04| 0.04|
0.02| 0.02|
of of
[ protons\ ::-:_ -
P T AN R TR NN NN TR ST N S S| L L L L
'0‘020 0.2 0.4 0.6 0.8 1 '0‘020 0.2 0.4 0.6 0.8 1
pr (GeV/c) pr (GeV/c)
FIG. 12. Elliptic flow parametew, for pions(upper curvesand FIG. 14. Elliptic flow parametew, for pions(upper curvesand

protons(lower curve$, as a function of transverse momentum, as protons(lower curve$, as a function of transverse momentum, as
calculated by Eq(21), for various values of the transverse flow calculated by Eq(21), for various values of the modulation in the
parametepy. The source spatial distribution is assumed azimuthallytransverse flow,. Other parameters follow thgound” (note that
anisotropic(R,=R,), but other parameters follow the “nonround” R,=R,) source defaults of Table I.

source defaults of Table I.

ber of sources emitting in plane results in more particles

po, discussed above and, for pions at Ipy even reverses it measured in plandgthus v,>0). This momentum-space
in this case. Hence, at loyy, increasingp, increasegde-  asymmetry saturates @t~ 1.0 GeV (for this set of pa-
creasepuv, for pions(protons. rametergand is relatively independent of particle magae

We observe similar trends wheyg is held fixed ang, is  note that thep; scale in Fig. 16 is larger than the other
varied. Figure 14 shows, evolution for a spatially azimuth- figures, in order to show the, saturation effec}.This effect
ally symmetric sourcéR,/R,=1) and Fig. 15 for a slightly is similar to those previously discussed by Houviretral.
asymmetric sourceR, /R,=13/11). [51] and Shuryal52]. However, we stress that the nonzero

As mentioned above, a finite value ®f may be obtained v, parameter doesot indicate “elliptic flow without trans-
for an azimuthallysymmetridlow field if the spatial shape is verse flow,” as suggested [B1]. If transverse flow is turned
asymmetric. Figure 16 shows the proton and pigrfor p,  off (py=0), the spectra are thermal and isotropic, ane0
=0 andpy=0.9, for various values d® /R,. The larger num-  for all pr; space-momentum correlatio(isduced byp # 0 in

0.12¢ 0.12¢
> | = ]
0.1f .17
0.08} 0.08}
0.06 0.06
0.04} 0.04}
0.02} 0.02}
oF oF
PR T (N R TR A N N TR AN NN SR N T R SR PR T (N R TR NN NN TR ST T NN S SO T N S '
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
pr (GeV/c) pr (GeV/c¢)
FIG. 13. Elliptic flow parametew, for pions(upper curvesand FIG. 15. Elliptic flow parametew, for pions(upper curvesand

protons(lower curves$, as a function of transverse momentum, as protons(lower curve$, as a function of transverse momentum, as
calculated by Eq(21), for various values of the transverse flow calculated by Eq(21), for various values of the modulation in the

parameterpy. Other parameters follow the “nonround” source de- transverse flow,. Other parameters follow the “nonround” source
faults of Table I. defaults of Table I.

044907-9



F. RETIERE AND M. A. LISA PHYSICAL REVIEW C70, 044907(2004)
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FIG. 16. Elliptic flow parametew, for pions(upper curvesand FIG. 17. Elliptic flow parametew, for pions(upper curvesand

protons(lower curve$, as a function of transverse momentum, as protons(lower curve$, as a function of transverse momentum, as
calculated by Eq(21), for various values of the spatial anisotropy calculated by Eq(21), for various values of the surface diffuseness
(Ry/Ry). Elliptic flow parameterv, for pions (upper curvep and parameteis. The values ofpy and p, are covaried withag so that
protons(lower curve$, as a function of transverse momentum, asthe average transverse flow and its average azimuthal modulation
calculated by Eq(21), for various values of the modulation in the remain fixed; see text. Other parameters follow the “nonround”
transverse flow,. Other parameters follow thgound” (note that  source defaults of Table I.

p>=0) source defaults of Table I.

which are related to space-time varianceg@&89|
our mode) are required for a finite,. In the model of Hou- L L
vinenet al. [51] it is the implementation of the Cooper-Frye 2_ 1 ~» 2\ _ S (R2\ — (RR o
freeze-out proceduréwhich creates an infinitely opaque Re= 2(6( )+ 2(6( )= )cod24p) = Ky)sin2éy),
sourcg which produces the space-momentum correlations,
effectively generating “flow.” Shuryak52] implemented a 1 1
parameterc which controlled the opaqueness; was found — R2= E(G@) + (%) + 5({7@) ~ (J?)cod2¢,) + (XY)sin(2¢,)
to increase withx until the source was essentially infinitely
opague. - % + (F9)si + 32

Finally, we again explore the effect of “softening” the Z'BL(&)QCOS% @sin %) BK{Z)'

spatial source distributiof)(r, ¢s). Similar to the discussion
surrounding Fig. 7, it is clear that the most meaningful com- Rﬁ = (Xy)cog2¢,) - _(5(2> ¥?) )sin(2¢,) + B ({TX)sin ¢,
parison comes from keeping the average value of the trans-
verse boostand its anisotropy constant, not keeping the
parameterg, and p, constant, as we varg. Similar to the
discussion of they; spectra, we find in Fig. 17 that, is
largely insensitive to the surface diffuseness parameter R =@ -2p{2) + BH{®, (22

- ({fy)cosdy),

C. HBT radii versus pr and ¢, where
The previous subsections have discussed momentum- f 4
. xf(x)S(x,K)
space observables only, even though coordinate-space con-
siderations came into play indirectly. The most direct experi- FONK) =——",
mental probes of the space-time structure of the freeze-out f d*xS(x,K)
configuration are two-particle correlation functions in rela-
tive momentuni6,53. Here, we use the standard “out-side-
long” coordinate system of Prait al.[54] and Bertsclet al. X = xt — (x*)(K). (23
[54], in which the long directioriR)) is parallel to the beam,
the side directiofRy) is perpendicular to the beam and total
pair momentum, and the out directidR,) is perpendicular
to the long and side directions.

We restrict our attention to correlations calculated in the
LCMS, in which Y=4,=0. In this case the last equation of
Egs.(22) simplifies to

For boost-invariant sources, the HBT radf, and R}, R=@®). (24)
vanish by symmetry55]. (For the more general case, see
Refs. [39,55-58.) Thus, we are left with four HBT radii, In the notation of Sec. Il D and further defining
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——  {B}jx T |

o= 2k E |

{B}],k {1}0’0! (25) \;107

the space-time correlations of interest are I

%= {yz}o,o‘ Wﬁ 0 *

&) = 0¥lo.0~ 0.0 Moo 5|

AP+ 75 5

0= = (o~ oo (T, 10}
R A R [ S
F0="—"%(Ylo1~ Voo W), x (fm)

70
FIG. 18. (Color onling Emission probability contours, plotted

_ A72+7§ 2_ on a linear scale, indicate emission zones for pions vgth
&?> = (3A7'2+ Tg){l}o,z‘ < - {1}0,12, =0.3 GeVk at ¢,=0° and¢,=135°(indicated by arrows from a
0 blast-wave source with “nonround” default parameters listed in
—_— Table 1.
@)=EA7+ ){Lsp (26)

We note that all quantities with space-time dimensions argion interferometry are compared to second-order moments
explicitly shown in Egs.(26) and in particular, all depen- calculated as shown in Eq®6). Such comparison is strictly
dence on the time scale parametegyand Ar. correct only if the homogeneity regions are Gaussian

The proper time of freeze-out is often estimategdg., distributions. Figure 19 shows an example of spatial
[59]) by fitting them; dependence of the measurigdradius  distributions along the three Cartesian directions for pions
to a formula motivated by Sinyukov and collaboratorswith two different momentap=(0.25 GeVk,0,0 and p
[43,60, and subsequently improved upon by othgt4,61]. =(0.5 GeVL,0,0); in this case, thet,y andz directions cor-
They assumed boost-invariant longitudinal flow, but vanishrespond to “out,” “side,” and “long,” respectively Theedis-
ing transverse flow(p=0—B=my/T) and instantaneous tribution is nearly Gaussian; the difference between dghe
freeze-out in proper timé.e., A7=0); they also simplified extracted from a Gaussian fit and the second-order moment
the formalism by using Boltzmann statistise., using only is on the order of a few percent. On the other handxthad
the first term in the summation in E¢B)]. In this case, we y distributions are clearly not Gaussian. To estimate the level

find, in agreement with Ref$44,61], of distortion introduced by the non-Gaussian shape, we com-
T Ky(my/T) pare the s_eqond-order moments W_ith t_he_Ga_ussiaex-
RY(my) = Tg—z—_ (27)  tracted by fitting the peak of the spatial distributions. Indeed,
My Ky (my/T) it has been shown if63] that calculating correlation func-

We note that the last term, which represents a correction t§on from models and fitting them as experimental data yields
the original Sinyukov formuld43,60, approaches unity for

my/T— 0 but remains sizablé~1.5) for my/T~ 2. ‘g ‘g ‘g
In general, the emission “homogeneity regidf?2] [char- 5 z N
acterized by the correlation coefficients of EB6)] and the %01 %01 %m

HBT radii of Eq.(22) depend on the pair momentui®,39.

For a boost-invariant system, this corresponds to depen-

dences oy and ¢,. Figure 18 shows projections onto the

transversdx-y) plane of the emission regions for pions with

pr=0.3 GeVk and ¢,=0°, 135°, for an anisotropic source

with strong transverse flow. The flow generates strong space-

momentum correlations, so that particles with higpgtend

to be emitted from the edge of the source, with~= ¢s. \ \

Together with the finite extent of the overall source, this -0 0 10 -0 0 10 -0 0 10

. . . L. . . . . x (fm) y (fm) Z (fm)

implies that, spatially, the emission region is often wider in

the direction perpendicular to the particle motigndicated FIG. 19. Distribution of the pion spatial distribution in the di-

by the arrows than along the motion; this can have strongrectionx (left), y (middle), andz (right). Solid line: pion momentum

implications, e.g., for the difference betweRf andRZ. p=0.25 GeVL and p,=0. Dashed line: pion momenturp,
While the blast-wave parametrization provides direct ac=0.5 GeVk and p,=0. Round source parameters of Table | were

cess to the homogeneity region, the radii extracted from twoused, with the exception @, which was set to 0.01.

0.05-

;
) 1
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30.6 : and negative “outt correlations at freeze-out in some hy-
04l i drodynamical model$69] have been a significant compo-
= nent of predicted Iargétﬁ/Rﬁ ratios. As required by symme-
90.2 i i try [55], (Xi) displays an odd-order cosine dependenceygn
AN} clearly the first-order component dominates here, as shown
0n / \ in the right panel of Fig. 20. This ctg,) dependence is
' . driven mostly by the cdg) dependence of thecoordinate,
0.4 #5=0 r=0.5 GeV/c coupled with the radial flow which tends to makig~ ¢,
0.6 (cf. Fig. 18. However, we also note from the figure that the
05 1 15 2 ! 6 scaleof these correlations iss1 fm?/c, which, as we shall
pr (GeV/c) ¢, (rad) see, is much smaller than the typical scaleR3f hence,

space-time correlations do not dominate in the blast wave.
More important are the correlation coefficiefs), (%),
and (y%) and theirp dependenceXy) quantifies the trans-
verse “tilt” of the emission zone with respect to the reaction
radii that are close to the Gaussiarextracted by fitting the  plane. As required by symmetrg5], this tilt vanishes at
peak of th(_a spatial distributon_s. In both theandy direc- #,=0, while, in the present case wi,>R,, it is positive
tions, we find that the Gaussian is systematically larger for $,=135°(see Fig. 18 That(X?) and(y? also depend on
than_the second-c_;rder moments by up to 2@@9”0“”9 on 4 is likewise clear from Fig. 18. As we shall see, t
the fit range for pions atp;=0.25 GeV k. This discrepancy dgpendence ofy), (@), and (), combined with th,e ex-

diminishes when increasing the transverse momentum or the. ™. : . A .
particle mass. E.g., it is on the order of 10% for pions at&'c't ¢, dependences in Eq22), drive the oscillations in

pr=0.5 GeVk or for kaons ap;=0.25 GeVt. Thus, com- HBT radii which we will study. , .
paring second-order moments with the radii extracted from ALthis point, it is worthwhile to mention that the emission
two-pion correlation functions may involve significant sys- zor21e( h20mogene|ty regionj’and the correlation coefficients
tematic errors at low transverse mass. This issue may béX") (Y ), (Xy), (X0, (¥1)) will vary with ¢, also for an azi-
overcome by calculating correlation functions from the blast-nuthally isotropic source (Ri=Ry,p,=0). However, of
wave space-time distributions or by relying on an imagingcourse, the measured HBT radii will lgg, independent. This
method to extract space-time distributions from the 6 arises due to the cancellation and combination of terms in
Applying these methods is beyond the scope of this papéfds.(22). ForRZ, the first term becomes, independent, and
and we will thus carry on keeping in mind that systematicthe second and third termsombinedare ¢, independent
errors are associated with comparing HBT radii with secondf((x®)—(¥?) = cog2¢,) and (Xy)esin2¢,)]. For RZ, the
order moment at low transverse momentum. story is the same for the first three terms, while the fourth
On the other hand, resonance decay may introduce a coréerm becomese, independent aﬁ)occos(¢p) and (Yt
halo pattern in the distribution of particle space-time emis-xsin((ﬁp)_ Meanwhile, for Rgs, the first and second terms
sion points[65]. Indeed, some resonances decay sufficientlcancel each other, as do the two components of the third
far away from the bulk of the system that their decay prodterm; henceR?.=0 for azimuthally symmetric sources. We
ucts emerge beyond the main homogeneity region. Such pagention these points here because several obgaetcan-
ticles form a halo around the core of the source. However, t@ellations and combinations which hold for asotropic

affect the extracted radii, the resonance lifetime needs to b&)urce continue to ho|dppr0ximate|}even when the geom-
short enough for the correlation to take place at a relativestry or flow field is anisotropic.

momentum accessible to the experiment. This lifetime is e turn now to a detailed study of the observable HBT
typically between 10 and 100 fm. The effect of resonancgadius parameters and the effects of varying blast-wave pa-
feed-down on radii measured by two-pion interferometry hagameters. For a boost-invariant system, the symmetry-

been studied within an early version of the blast-wave pag|lowed ¢, oscillations of the(squaregl HBT radii are[55]
rametrization[66]. It was found that thev meson leads to a

halo effect, itscr being 23.4 fm. The other resonances have  Ra(Pr.#p) = Reo(Pr) + 250046, Ren(Pr)COSNy),
lifetimes that are either too shq#.g.,p,A) or too long(e.g.,

FIG. 20. (Color onling Space-time correlatiofki) as a function
of pr for ¢,=0 (left pane) and as a function ofg, for pr
=0.3 GeVck. “Nonround” source parameters of Table | were used.

7,K9. At RHIC energy, thermal model§57] show that RA(Pr, ) = R o(P1) + 281046, R n(Pr)COSNG,),
about 10% of the pions come from which means that this

effect should be rather small. The effect of the very long- RePr. p) = 220046, Resn(Pr)SIN(NG,),
lived (c7> 100 fm) resonances is usually assumed to reduce T

the so-called\ parametef68], which we do not discuss here. R(pr, dp) = Reo(Pr) + 22 nep6,. Ren(PICOLNA),

Also important are temporal effects, including space-time
correlations. The averaget correlation, quantified byxt), (28)
for the same anisotropic source, is plotted in Fig. 20, as ahere the HBT radii Fourier coefficienﬁiﬁn (n=0,s,0s,l
function of pr and ¢,,. In the left panel$,=0°, and thusxis  andn=0, 2, 4,..) are ¢, independent.
the “out” direction. We first note that the correlation is nega-  Figure 21 shows ther and ¢, dependence of HBT radii
tive, tending taincrease I%for finite B, [see Eq(22)]; large  calculated for a blast-wave source with a slightly anisotropic
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FIG. 21. Squared HBT radius parameters calculated with Eqs.%: F\>-~ - - -0.1
(26) and(22) from a blast-wave source with the “nonround” default [ N 7/ ]
parameters of Table I. Squared radii for various cutpqirare plot- 00‘ ‘ 0'2 ‘ 0'4 ‘ 0‘6 ‘ 0 ' 0‘2‘ ‘ 0‘4 ‘ 0‘6 ' ‘0'8
ted versusp,, the emission angle with respect to the event plane. ’ F‘)T (Gév/c) ' F')T (Ge‘\//c)'

flow field and shape. In addition to an overall decrease in the FIG. 22. Fourier coefficients of thep, dependence of the
average value of the HBT radii with increasipg, we ob-  squared HBT radii, as calculated by Hg9). Zeroth- and second-
serve significant oscillations in the transverse rggﬁj Rg, order Fourier coefficients are plotted in the left and right panels,
and Rgs and smaller oscillations iR|2_ respectively. The transverse shape of the sodreg R//R,) was

The Fourier coefficients may be calculated as varied, whileRS+RE was held fixed. “Round” source values from
Table | are used for the other parameters.

(%(pT,¢p)001n¢p)> (u=0,51), The zeroth-order Fourier coefficientsorresponding to
n(PT) = (R \Sinnd))  (u=09 (29 the radiiR,, R, andR, usually measured by experimental-
WP P o p=09 ists) are sensitive only to the average scale, not the shape, of

the source. The average values of the transverse R3gii
In the present model, we find that oscillation amplitudesgng R2,, fall with increasingpy due to radial flow{6,44] (cf.
above second order are very small in all cases considergdg, 31). At intermediate values qir, R2 ;> R? , due to finite
(|R2 ,/R. J|=<0.01). Therefore, thed, dependence of the time scale effects(cf. Figs. 29 and 30 but at high
HBT radii at a givenpy is essentially encapsulated in sevenp., R2 <RZ, (i.e.,R,/Rs<1), in qualitative agreement with
numbers: the zeroth- and second-order Fourier coefficienisxperimental dat459,70. The boost-invariant longitudinal
of RS, RZ, andR? and the second-order Fourier coefficient of flow produces the strong decrease &, with p;
Rﬁs. We henceforth explore the evolution of tipg depen-  [6,43,44,60,6] '
dence of these seven numbers, as model parameters are varRicher detail is seen in thescillationsof the HBT radii,
ied. quantified by Fourier coefficienf&’, , in the right-hand pan-

Figure 22 shows the Fourier coefficients for0, 2, cor-  els of Fig. 22. Here, the elliptical shape of the source is
responding to a blast-wave source with0.1 GeV, an iso-  explicitly clear. The signs of the second-order Fourier coef-
tropic flow field (po=0.9,0,=0), a box profile(a;=0), and ficients of the transverse radii directly reflect the out-of-
time parameters,=9 fm/c,A7=2 fm/c. Here, the average plane-extended source geometry whgy™ R, Rﬁsz has a
transverse size of the sourt&+RY) was held fixed, while  similar geometric interpretation, in terms of t4g evolution
the shapgR,/R,) was varied. of the “tilt” of the homogeneity regiori23]. The relatively
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small oscillations irR? arise not directly from geometry, but —— R, = 12,0416 fm ErET TR ]

instead from transverse flow gradients, which slightly reduce R.=120416fm | 102 ™
R? [44)]. In the present example, the transverse flow increase: ! - T T T —] "
linearly from O(at the centarto p,=0.9 (at the edge of the == &, =157m e e e Jo1 =
source, independent of boost angles,. However, when R=11fm T ] ey
R/>R,, the flow gradient is larger for source elements — R =13.784 fm —>f 10 £
boosted in plane, Ieadlng to a slightly greater reduct|oR,20f Ri = 10 fm B ]

Whend)p 0; henceR|2<0 :‘“\“‘\“‘\H-:;Hl\l:lllH‘::;—

Finally, we recall that the flow field is isotropig,=0)  30f I
and so allg, dependence arises from geometry here. Thus, if“g ;
the values 01R andR, are mterchangedcorrespondlng to £ oot
in- planeextended sourcg:stL would remain unchanged, g
andR2 , would simply change in sign in Fig. 22. o 10f

As” dlscussed above, transverse flow-induced space
momentum correlations tend to decrease homogeneity
lengths aspy increases. When combined with other effects __
(e.g., temporal effecjs nontrivial p; dependences of the
HBT radii result. Thep; dependences of the,-averaged  «
vaIuesRi have been discussed extensivgby44]. Mean- o
Wh|Ie the pr dependences of the oscillation amplltudes‘?x
(R ,) shown in the right panels of Fig. 22 have not been
explored previously and may be nontrivial in principle.

It was suggested71] that the p; dependence ofR2 P
might be driven largely by the same effects which generateN
the pr dependence dR; ,, and hence the most efficient and
direct way to study the source is to plgf, o, which encode
scale information, and then thatio of second- to zeroth-
order Fourier coefficients, which would encode geometric
and dynamic anisotropy. This is an excellent suggestion, 0L i S I I I
though consideration must be given to the appropriate scal b 02 04 (GO \6// | 02 04 GO-S/ (3-8
ing. First, we consider the transverse ragfi, RZ, andR2,. pribev/e or (GeVi/e
The radii RO and Rgs encode both transverse geomenyd FIG. 23. (Color onling Identical data as in Fig. 22, except the
temporal information. As discussed above, space-lieng., right panels show ratios of second- and zeroth-order Fourier coef-

x-t) correlations are small in magnitude and, furthermore fisients of the ¢, dependence of the squared HBT radii. Arrows
affect the HBT radii in combinations which tend 10 jngicate values calculated from E@2): see text for details.

cancel any ¢, dependence. Therefore, we expect

Rio Ry RE,, RZ,, andRS,, to contain geometric contri- 1 L

butions, while temporal contributions are significant only for 2 = (V) + (2 = —(RR+ R2 30)
Rgo In this case, the appropriate ratios to study are R (&5 +6) S(Ry ) (

RS,IRE o, RE,IRS,, andRZ,,/ RS, Indeed, we find numeri-
caIIy that these are the ratios least affected by the overall

1 1

scale of the homogeneity region, which varies both vgith Res2=RE=—Ro,= Z(G’z> - (%)) = 1_6(R§ - R,
and with model parameter. The oscillation stren@ﬁg of the
longitudinal radius, on the other hand, is entlrely due to im-
plicit ¢, dependences driven by space-momentum correlas, that
tions; these same correlations affeR% Hence, the appro-
priate ratio to study in this case R,ZZ/R| o R, R, R, 1R-R €

In Fig. 23 we show these ratios for the same sources as Rs_2 = Rs_z == T = 2R§+ R2 (32)
were plotted in Fig. 22. Th@; dependence of the ratios is 0 o Rso
significantly less than that of the oscillation strengﬂﬁé as In the presence of flow, however, HBT radii measured at
anticipated, due to the fact that the latter is driven largely bymomentumg reflect homogeneity lengths which in principle
space-momentum correlations reducing the spatial scale ohay vary nontrivially both withpr and ¢,. While we find
the homogeneity region. that nonvanishing flow violates they independence of

Going further, we may recall that in the special case ongo, Roz, Rsz, and ROS2 [and thus Eqs(30) and (31)], Eq.
vanishing space-momentum correlatigps-0 or T=x), the  (32) remains remarkably robust. As seen in the next several
transvserse radii oscillate with identical strengtt®,, figures, the ratioRR’ ,/ RS 5, R,/RS,, andRe,/RE, largely
-R§2 ) and the in-plane and out-of-plane extents ofindependent opr, prowde an estimate of the source elliptic-
the source may be directly extractqd9,55-57, as the ity e Arrows to the left of the panels foRl /R o, RE,IRE,
“whole source” is viewed from every angle. In that specialand ROS~2 RSO in Figs. 23-34 indicates/2 for the sources
case, independent g, used.

sz (fm

(31
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FIG. 24. (Color onling Fourier coefficients of thep, depen- FIG. 25. (Color onling Fourier coefficients of thep, depen-

dence of the squared HBT radii, as calculated by §) using  dence of the squared HBT radii, as calculated by(2§). The data

several values o, the maximum value ofi taken in the summa- are not from blast-wave calculations, but from the hydrodynamic

tion of Eq.(8). Values of the blast-wave parameters are for a “non-calculations of Heinz and Kolf23], for two different equations of

round” source, as listed in Table I. Arrows indicate values calcu-state and initial conditions. Arrows indicate values calculated from

lated from Eq.(32). See text for details. Eqg. (32) and extracted values of freeze-out edge radii; see text for
details.

Now that we have established the quantities to be exam-
ined in this section, we briefly check the importance of usingnection between the freeze-out geometry and oscillations of
guantum, rather than classical, statistics in the source fundhe HBT radii. Both calculations result in a freeze-out con-
tion of Eq.(8). Setting the parameter values to correspond tdiguration, integrated ovepy, which is rather sharp edged in
the “nonround” source of Table I, we plot in Fig. 24 the transverse coordinate space; thus, we may extract surface
Fourier coefficients corresponding to different valuesNof  radii R, andR, to calculatee.
where the summation in E@8) [and Eqs(12) and(18)] is Figure 25 shows the same quantities as plotted in Fig. 23,
overn=1,...,N. Once again, we find a small difference be- but extracted from these hydrodynamic calculations. The
tween the curves foN=1 and N>1, while inclusion of “RHIC” source, which is geometrically extended out of
higher terms in the summation has essentially no effectplane (R,>R,, resulting in a positives), generates oscilla-

Blast-wave calculations in this section correspondNto2. tions in the transverse radii with the same phase as out-of-
Recently, Heinz and Kolb, in a hydrodynamic model, cal-plane sources in blast-wave calculations. For this source, the
culated HBT radii as a function ap, for noncentral colli- ~ connection betweeaand the radius oscillatior{Eq (32)] is

sions[23]. They used two different equations of state andmost robust forR52 and least well satisfied f(RO 2 an effect
initial conditions: ong“RHIC") is appropriate for soft phys- not observed in the blast wave. However, our blast-wave
ics at RHIC energies and has successfully reproducedarametrization does not include expli¢if, dependence of
momentum-space observablgd]; the other(“IPES”) as- the temporal scale, which would a1‘fel§§2 and, to a lesser
sumes extremely high initial energy densities, perhaps appmn:legreeR052 Instead of attempting a more sophisticated pa-
priate for collisions at LHC energies. rametrization, we simply note this fact and would recom-
It is worthwhile to point out that even the “RHIC” hydro- mend that an experimental estimation of the source deforma-
dynamic calculations fail to reproduce azimuthally integratedion e is probably best extracted froRﬁ z/Rso, which should
HBT data[9]; here, however, we simply investigate the con-be unaffected by the azimuthal structure of the temporal

044907-15



F. RETIERE AND M. A. LISA PHYSICAL REVIEW C70, 044907(2004)

— p, =005 — p,=-005 g ]
- 40.15
== p,=0.02 --= p,=-002 r ] C?UN
[ = B D
— p,=-002 Sf — p,=002 i =y ! A
r F ] Py
"= P, = -0.05 Ry = 0.05 - -1 0.05 o S
1 (=]
SESUTANE ‘ SERTTE T
; 10

H.\.‘.\.Hm..:‘.‘\...1...\...: e e b b P e b 0
0O 02 04 06 0 02 04 06 03 0O 02 04 06 0 02 04 06 03
pr (GeV/c) pr (GeV/c) pr (GeV/c) pr (GeV/c)
FIG. 26. (Color onling Fourier coefficients of thep, depen- FIG. 27. (Color onling Fourier coefficients of thep, depen-

dence of the squared HBT radii, as calculated by &9). The dence of the squared HBT radii, as calculated by &§). The
anisotropy of the flow fieldp,) is varied. Values of the other pa- anisotropy of the flow fieldp,) is varied. Values of the other pa-
rameters are for a “round” source, as listed in Table |. Arrows in-rameters are for a “nonround” source, as listed in Table I. Arrows
dicate values calculated from E@2); see text for details. indicate values calculated from E(2); see text for details.

scale. From the studgbelow) of parameter variations in the =0 andu=l, this is indeed observed, at @. R, however,
blast wave, the approximatiom~2R%,/R2, is good to changes sign from positive at lops, to negative at highpr.
~30%, for RHIC-type sources. - This behavior at lowp; is due to an effect similar to that
Figure 25 also shows results from the “IPES” hydrody-Which led to negative proton, at low pr, even wherp,>0.
namic calculation. Here, the freeze-out shape is extended ifBee discussion surrounding Fig. 1ih the present case, the
plane[23], but dynamical effects are so strong in this ex- particles withpr~0 are more likely to be emitted by source
treme case that even the sign of the transverse radius osc@lements positioned along theaxis, due to the strong in-
lations changes withp;. The relationships in Eq32) work  plane boost for source elements with large spatial coordinate
only at low py and, even there, only very approximately. X- The homogeneity region fqrr=0 particles is independent
According to this model, then, geometrical consideration®f ¢, and has a larger extent out of plane than in plane. Thus
dominate the HBT radius oscillations, while dynamical ef-we find the counterintuitive result tha®2(¢,=0) >R(¢,
fects begin to dominate at much higher energies. =m/2)—RZ,>0 atpr=~0. We note that a similar argument
In Fig. 26, the source geometry is azimuthally isotropicholds for R2, except that it leads to the conclusion that
(R¢=R,=12.042 fm), while the flow field is varied from hav- R§2<0 atpy=0, and so goes in the same direction as flow-
ing a stronger boost in plar(@,>0) to a stronger boost out gradient effects. It is only foR? that the two effects com-
of plane (p,<0). We notice again that the average HBT pete.
radius vaIueS?zvO are unaffected by the anisotropy. The os-  Finally, comparing the scales on the right-hand panels of
cillations (Ri,z) are driven by flow gradients. Naively, one Figs. 23 and 26, it is clear that, while the second-order coef-
would expect that all HBT radiR,, R, and R, would be ficients are driven by both anisotropic geometry and flow
smaller when the emission angfg is in the direction of the field, a variation in geometr{R,/R,) has a stronger effect on
strongest boost. Fgs,=0.05, for example, the radii would thz than a variation irp,, when these parameters are varied
be smaller at¢,=0, the direction of stronger transverse by amounts which would generate a similar effect on elliptic
boost; this would correspond ﬁiy2<0 (u=0,s,l). Foru  flow v, (cf. Figs. 14 and 16 Thus, measurement of boibh
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FIG. 28. (Color onling Fourier coefficients of thep, depen- FIG. 29. (Color onling Fourier coefficients of thep, depen-

dence of the squared HBT radii, as calculated by &9). The dence of the squared HBT radii, as calculated by &§). The
overall transverse sca(afR§+ R?) is varied, while keepin®} /R,  evolution durationr, is varied. Values of the other parameters are
=13/11. Values of the other parameters are for a “nonroundfor a “nonround” source, as listed in Table I. Arrows indicate values
source, as listed in Table I. Arrows indicate values calculated frontalculated from Eq(32); see text for details.

Eq. (32); see text for details. . . .
963 nents (which increase withRS+RZ) and temporal compo-

and HBT radius oscillations would allow independent deter-"€nts(which do noj. Thus, its average valug; , increases

mination of both anisotropic flow strength, and shape @lmost proportionally td+R; at low pr (B.~0) and less
R/R,. so at higherpy. Due to the near cancellation of thg, de-

In Fig. 27, we consider anisotropy simultaneously in bothP€ndence of temporal terms, the increase in oscillation am-
the source geometry and the flow field. The source is expl'tUdeschmZ andRy., is driven mainly by the spatial terms,
tended out of plan€R, =13 fm andR,=11 fm) and the flow  3° t?athO’ZI Rso and Rchsz/Rg,Q display alr.noszt.no sensitivity
anisotropy(p,) varied. The zeroth-order coefficients remain 0 Ry+R; at anypr. The longitudinal radiu®” is unaffected
unaffected by the anisotropies, while tR& , reflect essen- by variation in the transverse scale.
tially the cumulative effects of the geometric anisotropy !N Figs. 29 and 30, we vary the time scale parametgrs
(shown in Fig. 23 and the flow field anisotropgshown in  andA7, respectively. All dependence B, , on these param-
Fig. 26, with no strong nonlinear coupling between them. &ters comes directly through the dependenc@pt,), which
Thus, whilein principle anisotropic flow effects may mask are listed explicitly in Eqs(26). After an inspection of those
or dominate geometric anisotrop], flow field anisotropies ~€guations, it is unsurprising that the effects of varying these
represent small perturbations on the dominant geometric effarameters are similar. The space-time correlation coeffi-
fects in the blast wave, using “realisti¢tf. Sec. I\) param- ~ ciénts which depend on the time scale parameters are
eters. &b, §1), ), and (7). According to Eq.(22), then, R,

In Fig. 28 we show the effect of increasing the transverseand Riz are unaffected by variations i andA 7. R*={) is
size of the sourcé\R; +R?) while keeping the shap® /R, directly proportional tq3A7%+79), soR?, andR?, both scale
and other source parameters fixed. As expected, the purelyith that quantity. Turning to the HBT radii with both spatial
spatial transverse radiuﬁ (average and oscillation ampli- and temporal contributions, we again find that tkig
tude increases proportionally witrR§+ Rf( The squared dependence of the temporal terms is negligible, so that
“outward” radius parameteR? contains both spatial compo- R /R, and R§32/R§’0 are independent of the time scales,
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FIG. 30. (Color onling Fourier coefficients of thep, depen- FIG. 31. (Color onling Fourier coefficients of thep, depen-

dence of the squared HBT radii, as calculated by &9). The dence of the squared HBT radii, as calculated by &§). The
evolution durationAr is varied. Values of the other parameters areaverage radial flow magnitudg, is varied. Values of the other
for a “nonround” source, as listed in Table I. Arrows indicate valuesparameters are for a “nonround” source, as listed in Table I. Arrows
calculated from Eq(32); see text for details. indicate values calculated from E(2); see text for details.

while R? ; displays the well-knowiii6] sensitivity to the time while the average scale of the longitudinal radie;) de-
scale. creases as the flow is increased, dependencé|Rﬁ2|)
Thus, we find that, in the blast-wave parametrization, esincreases(and so, then, doefR’,/Rq)). This is because
sentially all sensitivity to time scales comes through thethere is no explicits, dependence iR’ =(Z’); any ¢, depen-
¢p-independent quantitieﬁgyo and Rl%O_ However, it is im-  dence is implicit and thus is generated by space-momentum
portant to point out that an experimental estimate of thecorrelations[39], which, in this model, arise solely from
freeze-out geometric anisotropy, defined in E82), from  flow. In the no-flow limit for a boost-invariant source,
measurements of the” = would place an additional con- (), (), (¥°), and (Z) are all ¢,-independent constants
straint on the evolution time scatg. In particular, the large [39,55,58.
initial-state anisotropy in coordinate spa¢g,>R,) in a Indeed, it is for a similar reason thsz vanishes fompr
noncentral collision will be reduced due to stronger flow in=0, independent of model parameter in Figs. 23-32pAt
plane than out of planép,>0 in the present parametriza- =0, symmetry demands that none of the spatial correlation
tion). If the source lives for a long timgarge 7y), the system  coefficients(x,x,) may depend omb,. Hence, only HBT ra-
may become roundR,=R,) or even in-plane extended dii with explicit ¢, dependence may exhibit an oscillation in
(Ry<Ry [24]. A quantitative constraint om, from the rela-  that limit.
tionship of the initial to freeze-out anisotropies, however, Finally, we note in Fig. 31 that the oscillation strengths
must be made in the context of a realistic dynamical modelR§’2| and Riz\ are somewhat less diminishéat low pr), by
and is beyond the scope of the blast-wave parametrizationincreasing radial flow, than iﬁio, which measures the over-
In Fig. 31, the effect of variations in theé-averaged all spatial scale of the homogeneity region. Here, we offer no
(“radial”) flow on the HBT radius parameters is shown. simple insights into the interplay between the increasing de-
As is well known [6], stronger flow reduces the homo- formation of the homogeneity region and its decreasing
geneity lengths, and, indeed, almost all of tlﬁl%’n| fall scale, but simply note that the dependence of the scaled os-
with increasingpg. The one interesting exception 32,2; cillation strengths omy is rather small, especially at lopy,
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FIG. 33. (Color onling Emission probability contours, plotted
on a linear scale, indicate emission zones for pions wyith
=0.3 GeVk at ¢,=0° and¢,=135°(indicated by arrows from a
blast-wave source withg=0.3. Other parameter values correspond
to the “nonround” values listed in Table I.

the geometric size parametdsandR,, as the overall scale
of the source will increase withg, if these parameters re-
main fixed. Less clear is the exact scaling which would keep,
e.g., R§0 independent ofa,, especially in the presence of

: . 1 : finite flow. For illustrative purposes, we scd andR, also
| T I PR by F(ay), so thatR =13.0, 12.21, and 8.84 fm, f@,=0, 0.1,
0 02 04 06 0 02 04 06 08 and 0.3, respecnvel;R /R,=13/11 in all cases. This scaling

GeV/c GeV/c
By (G Py (Gev/e) keeps(|r|), as well as the flow gradient, the same in each
FIG. 32. (Color onling Fourier coefficients of thep, depen- ~ Case. _ _ .
dence of the squared HBT radii, as calculated by @§). For T Figure 33 shows homogeneity regions projected onto the

=0.7 GeVL, ROO and R1 o curves partially exceed the displayed x-y plane, for a blast-wave source with=0.3, correspond-

scale. Values of the other parameters are for a “nonround” sourcéng to a pseudo-Gaussian geometrical distributiof isee

as listed in Table I. Arrows indicate values calculated fromB8); Fig. 1). Comparing Figs. 18 and 33, we observe that the lack

see text for details. of a “hard cutoff” in coordinate space in the latter case leads
to less reduction in the “out” directioi.e., along the direc-

even for the unrealistic case of no average transverse flotion of motion). Thus, the important ratiGif)’o/Rio will be

(po=0). larger at finitepy, whenas=0.3.

Figure 32 explores the effect on HBT radii of varying the  We also note that the shape and size of the homogeneity
temperature parametdr. IncreasingT increases “thermal region itself depend much less afy,, whenas=0.3. The
smearing,” reducing the flow-induced space-momentum coiomogeneity region for pions emitted #),=135° is essen-
relations. It is well known that this leads to increased homodtially a spatially translatedand unrotatedreplica of that for
geneity lengths and HBT rad[B5], as reflected in the left pions emitted tap,=0°. Since HBT correlations are insensi-
panels of the figure. In the present model, we find a smaltive to a spatial translation of the source, the situation for
residual dependence 6&‘;2 on T beyond the scaling dﬂi,o as=0.3 is rather similar to the situation in which no flow is
(right panels. present. In the no-flow case, the same homogeneity region is

In the limit of very high temperature, all space- measured at all angles, and all oscillations of the HBT radii
momentum correlations are eliminated, and all oscillations ofirise from the expliciip, dependence in Eq$22) [39,56;
HBT radii are again due to the explicit, dependence in for the source in Fig. 33, not the same region, buyvigu-
Egs.(22). Then, we find that Eqg30)<32) hold, indepen-  ally) identical one, is being measured at all anglgs
dent opr For the source of Fig. 32, according to E§2), This has implications for the oscillations of the transverse
|R? 2/Rso|—0 083. FlnaIIy,R1 , decreases with increasing  radii. Focusing on the homogeneity regions fig=135°, we
and must vanish af —c when all space-momentum corre- observe that whilgXy) (which quantifies the “tilt” of the
lations are destroyed. homogeneity region relative to theandy axeg is greater

Finally, we consider the effect of a finite “skin thickness” whenag=0, R%, (which quantifies the tilt of the homogeneity
as. As in the discussions surrounding Figs. 7 and 17, it isregion relative to the “out” and “side” direction®3]) is
appropriate to scale the flow parameters according (&) larger fora;=0.3. Therefore, we expect larger valuesRﬁg2
given in Eq.(20). Moreover, it is clearly appropriate to scale for largeras,
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4. =i SEEREER R tion of kaons compared to pions may cause them to be emit-
S a — — 1015 g ted earlier and closer to the center of the source than pions.

F- - ag=01 , However, if most of the system evolution takes place at the

— a;=03 - parton level, the space-time emission pattern of pions and

i 0.05 . kaons Woul_d be similar. This example is far from unique as

R, R, D p, covaried | ] ° the same _kmd of argument can be made_for protons recalling

> E .40 that the pion-proton hadronic cross section is very large or,
R R ) conversely, ta&2 and{) whose hadronic cross section is ex-

pected to be small. Furthermore, in terms of temporal effects,
strangeness distillatiofv4,75 or other unique physics may
cause some particles to be emitted later than others. Prelimi-
nary analyses of the*-K=*, 7=—p*, andK*-p* correlation
functions have been reported by the STAR Collaboration in
Au-Au collisions atysyy=130 GeV and 200 GeV\76,77.
These analyses show that pions, kaons, and protons are not
emitted at the same average space-time point.

The blast-wave parametrization implicitly assumes that
the particle freeze-out conditiorgiemperature, flow profile,
freeze-out time, and positiprare the same for all particle
species. However, as shown earlier, the transverse momen-
tum spectra and elliptic flow or different particle species do
not look alike. Indeed, the relative contribution of the ran-
dom emissior(quantified by temperatuyend collective ex-
pansion depends directly on particle masses. The same phe-
nomenon is likely to affect the particle freeze-out space-time
emission distribution. In this section, we will show that col-

7 ~T== lective flow effects implicit in the blast-wave parametrization
| A S e R induce a shift between the average freeze-out space-time
0 02 04 06 0 02 04 06 08 point of different particle species. We will then study how
pr (GeV/c) pr (GeV/c) ;
changing the blast-wave parameters affects these average

FIG. 34. (Color onling Fourier coefficients of thep, depen- freeze-out separations.
dence of the squared HBT radii, as calculated by &9). The
parameterd, 75, andAr are set to values listed in Table I, while ) ) ]
the parametergg, p,, R, and R, are covaried with the surface Two particles interact when they are close to each other in

diffusenessag see text for details. phase space in the local pair rest frame. Thus, particle pairs
may be correlated when their relative momentum in the pair
trest frame is small. For particles with different masses, a
small relative momentum in the pair rest frame means that
both particles have similar velocities in the laboratory frame
e%pd not similar momentum. This point is particularly impor-
tant to realize when studying correlation involving pions.
Due to the low pion mass, the pion velocity is the same as
heavier particlege.g., kaons or protomsvhen its momentum
is much lower than the particle momentum it is associated
with. For example, a proton with a momentum of 1 GeV/
has the same velocity as a pion with a momentum of
~0.15 GeVE.
D. Nonidentical particle correlations As described in Ref[78], the spatial separation between

Final-state interactions between pairs of nonidentical parParticles in the pair rest frame can be projected along three
ticles (e.g., K-m) are sensitive to the space-time structure@x€S{roy, along the pair transverse momentuimqe), per-
(size, shape, emission duratjowf the emitting source, pendicular to the pair transverse momentum &ng,),
analogously to HBT correlations between identical particlesalong the beam axis. To study the blast-wave prediction, we
Most importantly, the authors of Reff3,72,73 show that  focus on the limiting case where the relative momentum be-
studying correlations between nonidentical particles revealsveen both particles in the pair rest frame is zero, which
new information about the average relative space-time separeans that both particles have the same velocity. Thus we
ration between the emission of the two particles, in the restalculate the separation between particles 1 and 2 in the pair
frame of the pair. This unique information may be extremelyrest frame(Ar,,), (Argq), and <Arfong), at a given pair
valuable to determine the interplay between partonic andransverse velocityy, azimuthal anglep,, and longitudinal
hadronic effects. For example, the lower hadronic cross searelocity 8, :

1. Nonidentical particle and blast-wave formalism

Figure 34 shows quantitatively the effects on the HB
radii, whenag is varied. As intended by the scaling of flow
and size parameters wifi(ay), Rﬁ,o remains approximately
invariant when the parameters are covaried. As discuss
above R /RZ, grows withay at finite pr, as do the magni-
tudes of the oscillation strengthfR? /R |, |R3../ R,
and|RZ,/RZ | The average value & remains roughly con-
stant, while its oscillation amplitude increases slightly with
a,, due tox-z andy-z correlations.
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(Arg = (rou D)) = (rou2)), (33) o0 02 0a o8 Br{m) :gﬂm:m(palr)
|l Ll L) L I LA L |
<Al’;de> = <I';de(1)> - <I’;de(2)>, (34) E ..' : LD T I
(Aiong) = (Fiong(1)) = (Fiong(2)). 35 &7
with the particle emission points defined @sy, z,t) ‘,-°
€ o
(roud = YL O0cOS ) + ()sin(p) = Br(D],  (36) T
v
. . — o1 0z 03 o4
(a9 = (Ycos ) = (X)sinl ), (37) I N . L ./
(] 02 04 06 Y gé%/c) 12 14
* pT
<rlong> = 7L<(Z) - BL(t)> (38)
Recalling that(,BL):<z/t>,(rfong(i»:o. Following the no-
tation of Eq.(25), the variablegx),(y), and(t) depend onsy
and on the particle magm) as =
(X = {xo,om, ), (39 &,
H
) ={ylo,o(m,Br), (40) ;
10
AP+ 5
(t)= 0{1}0,1(m,/3’T)- (41) o5 01 015 02
7o ...|...|...P"'.("?(?e|w.c)..| Ly
The average values afandy will vary with particle mass 0 02 o4 °'§T(p) ((?é?l/c) 124
and particle transverse velocity, which yields separations be-
tween pions and kaons, pions and protons, and protons and B1(K) = B(p) = B(pair)
kaons in the pair rest frame shown as in Fig. 35. The dashed  Frrrrrroi2rr o e e 22
and dotted lines show the contribution of the spatil,,,) Ol tmmmnnn
and time(At) separation boosted to the pair rest frame along E
the pair transverse momentum, respectively; i.e., the dashed z -
line shows (y;Ar,,y and the dotted line represents 9';
—(y1BrAt). The solid line showsgAr; ) =(yr(Ary,—BrAt)), %
the spatial separation in the pair rest frame. When boosting ¥,§
to the pair rest frame, time and spatial shifts in the laboratory + B3
frame add up due to their opposite signs. The lar¢gersall- O By S——
es) shift is obtained when the mass ratio between both spe- '40—. gl pr(K) (Gevie) | | el

cies is the largestsmalles}—i.e., for pion-proton(kaon-
proton) pairs.

In order to understand the behavior &f,, it is instruc- FIG. 35. Separation between the average emission points of
tive to investigate how the average emission points in theions, kaons, and protons in the pair rest frame along the pair trans-
laboratory frame((r,,») of pions and kaons behave in vari- verse velocity. The values of the blast-wave parameters are for a
ous conditions as shown in Fig. 36. This figure shows theound source, as listed in Table I. Dotted line: time shift in the
average emission points of pions and kaons in four differenkeboratory boosted to the pair rest frame. Dashed line: spatial shift
configurations{1) The thin solid line shows the flow profile in the laboratory boosted to the pair rest frame. Solid line: total
[Eq. (4)], which sets the emission point of particles when Spatial shift in the pair rest frame.
=0 GeV.(2) The dotted line is calculated assuming an infi-
nite system—i.e.)(r,¢)=1 and withT=0.1 GeV.(3) The e ™Tcoshplldgcostin) jn Eq. (12) favors smallp—i.e., small
dashed line corresponds to a finite system as in(Bgwith . Thus, the average emission poin},, is smaller than the
a;=0 and(for illustration) an extremely low temperaturB  one defined by the flow profile. In caé®), the average emis-
=0.01 GeV.(4) The thick solid line is calculated using the sion points of pions and kaons follow closely the flow profile
standard parameters used in Fig. 36. Only in cdgeare  when the particle rapidity is significantly smaller thap
pions and kaons emitted exactly at the same point. Sihce Close or beyong, a certain fraction of the particle emission
=0 GeV, all particles are always emitted at the same point afunction is truncated due to the system finite size. The par-
set by the flow profile. In cas€), particle emission points ticle emission points are not allowed to spread beyond the
spread around the average emission defined by the flow pr@ystem boundary, hence breaking the balance between par-
file. At small 5 there are as many particles emitted at largeticles emitted at small radii and particles emitted at large
r—i.e., largep as at smalr. But when|7]| is large, the term  radii. Thus, the particle average emission radius is smaller

0.6 0.8
P(P) (GeVic)
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By(r) = Br(K) = B(pair) Belr) = B(K) = B(pair)
05 0 05

(e L AR I A R UL 37 AR L IR 10:_ E :_ E
120 /) o e N : r :
o L =% ] i

_ o -
E& o f i
Al e -5 r !
® g i s
v -10F -
vaL i | C
b 1 1 1 1 1 L 1 1 1 1
2 rf 10| f— 5
) 1 1 ) 1 1 E E
o7 o0z 03 o4 0.5 1 15 =5 -
p+(n) (GeV/c) p+(K) (GeV/c) ‘g 0: .

> [

FIG. 36. Average emission points of piorieft) and kaons o
(right) as a function of the pion and kaon velocity and momentum.
All curves are calculated witpg=0.9 andp,=0. The parameters
and At are irrelevant. Thin solid IineRX=Ry=13 fm,T=0 GeV.
Thick solid line: infinite system{i.e., Q(r, ¢y =1], T=0.1 GeV. i :
Dashed line:R,=R,=13 fm,T=0.01 GeV. Dotted line:R=R, 10F -
=13 fm,T=0.1 GeV. ’ :

10 Pt

5t
than the emission radius given by the flow profile. Because £ ¢t
the temperature is rather small, the average emission point =%
of both species converge rapidly toward the radius of the “:_53_
system. The larger temperature in cé4emakes the average j ]
emission radii converge slowly toward the system limit. This -10F P :
phenomenon, with the addition of the phenomenon describer o i T s P B o | g o .1 sl
in case(2), reduces very significantly the average particle MR G W S S
- . o . (fm) R, (fm)

emission radius compared to the flow profile limit.
momeen’[efniCtchn:jeO%pg:ﬁteljarr?ndeigerggiirzgl F;g:tlcz!\ertigzzswﬁﬂd FIG. 37. Distribution of the emission points in the transverse

’ 9 orp plane, for different particle species emitted at the same velocity,
low mass and momentum such as the lpypions that are

I iated with k . identical Iﬁy:O and 8,=0.907 on the left-hand side angl=0.974 on the
usually associated with kaons or protons in nonidentical paj right-hand side. Top panels are for pions, middle for kaons and

ticle correlation analyses. This effect is illustrated in Fig. 37.pot10m for protons. The same logarithmic color scale is used for all
It shows the probability of emitting pions at a given point in gjx panels. The blast-wave parameters are the same as in Fig. 36
the transverse plane for two different pion momema except thag,=0.01. The dashed lines shaw).

=(0.15,0,0 and p=(0.3,0,0. Kaon and proton momenta

are calculated so that they have the same velocities as piorf2ons or protons. Protons are emitted first, then kaons, and
The region of the system that emits particles of a given mothen pions. The spatial and time shifts have opposite signs in
mentum shrinks and moves towards the edge of the systefi® laboratory frame but they sum up when boosting to the
as the particle mass and/or momentum increases. The mag‘:’“r rest frame. The solid line in Fig. 35 shows the added
nitude of the inward radius shift depends on the fraction ofcontributions of both shifts. The pion-kaon and pion-proton

the source distribution that is truncated due to the systerﬁeparat'on in the pair rest frame ranges from 5 to 15 fm,

finite size. Thus, the inward shift of the average emissionWhlle the separation between kaons and protons is on the
) : . . . order of 2—4 fm. These shifts are large enough to be mea-
radius scales with the source size. This effect yields the SYSSured

tematic shift between the average emission points of pions, & .. rves in Fig. 35 have been obtained by setting the

kaons, and protons as shown in Fig. 35 since the pion sourGg,qi \vave parameters to arbitrary values. We will now in-
size is the largest and the proton the smallest. Light part|cle§estigate how changing these parameters affects the shift be-
are emitted the closer to the center of the source than heavigfeen pions and kaons. The results obtained studying pion-
ones. ] ] kaon separation can be easily extrapolated to pion-proton

In addition to a spatial separation, the blast-wave paramand kaon-proton separations. Since experimental analyses of
etrization induces a time shift between different particle spenonidentical two-particle correlations performed to date do
cies emitted at the same velocity as shown by the dotted linaot investigate the azimuthal dependences with respect to the
in Fig. 35. As a result of random motion, the space-timereaction plane, we will focus our study on central collisions.
rapidity () spreads around the momentum rapidi¥y. Be-  We will then show that the shift between the average emis-
cause the relationship=rcos H#) is positive definite, the sion points of different particle species oscillates with respect
larger dispersion ofy for pions than for kaons or protons to the reaction plane without investigating the effect of vary-
leads to a delay of the emission of pions with respect tdng the parameters in detail.
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FIG. 38. Average separation betweenandK in the pair rest FIG. 39. Average separation betweenandK in the pair rest

frame as a function of the pion and kaon momenta using severdfame as a function of the pion and kaon momenta for different
values ofN, the maximum value afi taken in the summation of Eq. temperature. The values of the other blast-wave parameters are for a
(8). Values of the blast-wave parameters are for a round source, 48und source, as listed in Table I.

listed in Table I.

points inward. Because the pion source size is significantly
2. Nonidentical particle correlations in central collisions larger than the kaon source size due to the pion lower mass
and momentum, the pion average emission point is more
hifted inward than the kaon’s, which is illustrated in Fig. 40.
his figure shows the contribution of the spatial shift in the
average separation between the pion and kaon average emis-
sion points in the pair rest frame. When the temperature is

In central collisions, azimuthal symmetry implies that the
particle emission pattern depends only on the relative angl
between the position and momentum - ¢.. Thus, setting
for conveniencap,=0 yields

<r;ut(i)> = (y7(x = BAL)), (42) low (0.01 GeVj, both spatial and time separations are small
as shown by the dashed lines in Figs. 40 and 41. As the
« ()=0 43) temperature increases, the pion emission time increases
sidel)) =U.

faster than the kaon emission time; the higher the tempera-

Furthermore, we consider emission from an azimuthallyture, the larger the shift between pion and kaon average
isotropic source(R,=R, and p,=0) only. Hence, the only emission tim&after boosting into the pair rest fram®n the
quantity of interest iSAr ). other hand, the spatial shift varies little within the tempera-

Figure 38 shows the dependence of the average separatidire range expected in relativistic heavy-ion collisigd98—
betweens andK in the pair rest frame as a function of the 0.12 GeV. At a temperature above 10 Mev//a fraction of
pion and kaon momentum using several valuesNofthe  the pion and kaon sources is truncated even at low particle
maximum value ofn taken in the summation of Eq8).  Velocity. The fraction of the source that is truncated, which
Pions and kaons are of course treated as bosons. The differ-
ence between the average separation calculated either by u Br(m) = B(K) = B(pair)
ing a Boltzmann functionN=1) or by approximating the 0 02 04 98 o8
Bose-Einstein distribution at the fourth order is smaller than
0.5 fm. The maximum relative difference is on the order of
8% at small transverse momentum. The Bose-Einstein distri
bution already converges whéh=2.

Figure 39 shows the dependence of the spatial shift be- g -5~
tween pions and kaons in the pair rest frame as a function ofY | .. 1_o008Gev = i,
the pair velocity for different temperature. The shift increases?;5 R e,
as the temperature increases all the way from 0.01 GeV tc;° — T =012 GeV ...,...'.'.'.'.'.',
0.12 GeV. When the temperature is very lag.g., 0.01 10~ | |
GeV), pion and kaon emission patterns are dominated by 005 01 015 02 025 03 035 04
space-momentum correlation independent of particle masses 1, Pri(GeVe)

In the limit of zero temperature, there is a unique correspon-  © 02 04 08 02
dence between the particle velocity and emission point. In '
that case, since we consider particles with the same velocity, F|G. 40. Contribution of the spatial shift to the average separa-

pions and kaons are emitted from the same point. On thgon between pions and kaons in the pair rest frame as a function of
other hand, when the temperature is nonzero, a fraction afe pion and kaon momenta for different temperature. The values of
the pions and kaons that would be emitted in an infinitethe other blast-wave parameters are for a round source, as listed in
system are truncated, which shifts their average emissiomable I.

Tt

14,

oo (K) > (fm)
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FIG. 41. Contribution of the time shift to the average separation F|G. 43. Contribution of the spatial shift to the average separa-
between pions and kaons in the pair rest frame as a function of thgon between pions and kaons in the pair rest frame as a function of
pion and kaon momenta for different temperature. The values of thenhe pion and kaon momenta for different flow rapidity,). The
other blast-wave parameters are for a round source, as listed Walues of the other blast-wave parameters are for a round source, as
Table 1. listed in Table I.

leads to an inward shift of the average emission radius, varreaches 0.25 Ge\¢/ The magnitude of the time shift starts
ies with transverse momentum and particle mass but it iglecreasing in the laboratory frame upon reaching this pion
relatively insensitive to temperature variation between 0.08nomentum but it is compensated by an increase of the boost
and 0.12 GeV. It is interesting to note that the average spatidhctor y;3r. On the other hand, whep, is large enough, a
separation between pions and kaons in the laboratory framgignificant spatial separation appears in the pair rest frame,
actually decreases as the particle velocity rises above 0.8which is sensitive to the value gf,. The main effect of
However, this decrease is not visible in Figs. 39 and 40 beincreasing the flow strength is to decrease the piand
cause they; factor applied when boosting to the pair rest kaor) transverse source size, as shown in Fig. 31. In the
frame rises faster with velocity than the separation betweetboratory frame, the spatial shift between pion and kaon
pions and kaons in the laboratory frame decreases. average emission point switches from decreasing to increas-

Changing the maximum flow rapidity,) also affects the ing as the particle velocity increases. The value of the veloc-
separation between pions and kaons in the pair rest frame gy where this switch occurs depends on the valugpfThe
shown in Fig. 42. Whem,=0, pions and kaons are emitted increase of the spatial shift between pions and kaons arises
from the same space point as shown in Fig. 43 and only thérom two effects: the first is the expected shift of the average
time shift remaingFig. 44). Indeed, the time shift depends emission point of both particles due to the flow profile; the
weakly onpg. Figure 44 shows that the contribution of the second is that the kaon source size drops more rapidly than
time shift to the separaration between pions and kaons in thigne pion source size. Then, above a velocity that depends on
pair rest frame reaches a plateau when the pion momentum

By(m) = B(K) = By(pair)
By(n) = Br(K) = B;(pair) 0 02 04 0.6 0.8
0 02 04 0.6 0.8

(1| =P =
g
- £
£ re
a g
% T2
*o 5
. v
5;5 & -3
-
N S N AN N N R N A A S R AR
v L 005 0.1 015 02 025 03 035 04
157005 01 045 02 025 03 035 04 '4_. A R R PT.(E.) (‘G?V{c)l R R
...|...|...P1.(n.)(.Ge|'v{c)..|...|...|. 0 0.2 0.4 06 0.8 1.2 14
0 0.2 04 0.6 0.8 1.2 14 p+(K) (GeV/c)
P(K) (GeV/c)

FIG. 44. Contribution of the time shift to the average separation
FIG. 42. Average shift between the pion and kaon emissiorbetween pions and kaons in the pair rest frame as a function of the
points in the pair rest frame as a function of the pion and kaorpion and kaon momenta for different flow rapidify,). The values
momenta for different flow rapiditypg). The values of the other of the other blast-wave parameters are for a round source, as listed
blast-wave parameters are for a round source, as listed in Table lin Table I.
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FIG. 45. Average shift between the pion and kaon emission FIG. 47. Average shift between the pion and kaon emission
points in the pair rest frame as a function of the pion and kaorpoints in the pair rest frame as a function of the pion and kaon
momenta for different system radid®,=Ry). The values of the momenta for surface smoothnéss). The values of the other blast-
other blast-wave parameters are for a round source, as listed imave parameters are for a round source, as listed in Table I.
Table ! effect of varyingr, is small because the contribution of the
time shift to the separation in the pair rest frame is signifi-

po the fr_ac_tlon of pion that would be emitted beyond tr?ecantly smaller than the contribution of the spatial separation.
system limit starts dropping faster than the corresponding Figure 47 shows the effect of varyirg on the separation

fraction of kaons, and thus the separation between the avefenween pions and kaons in the pair rest frame. Unlike in
age emission points of pions and_kaons decreases. Howe\_/@ig_ 34,p, was kept constant. Indeed varyipgsignificantly
this turnover, which takes place in the laboratory frame, isaffects the average emission radii, which hides the effect of
not directly visible in Fig. 43 because the boost facier  changingas at low velocity. However, when the velocity is
compensates it. larger than tantpy) =0.71&, the amount of boost and space-
Figure 45 shows the sensitivity of the average separatiomomentum correlation that a particle acquires depends;on
between pion and kaon emission point in the pair rest framehe largera,, the larger the boost. Thus, when the pair veloc-
to varying the system radius. This spatial separation scalégy is lower than 0.716, the separation decreases with in-
directly with the system radius because it does not modifycreasinga, because the fraction of truncated particles de-
the fraction of pions or kaons that are truncated due to thereases. When the pair velocity is larger than 0c716

system finite size. increasingas has the same consequence as incregsing
Like the system radius, the proper lifetimg acts as a o ) .

scale driving the shift between the pion and kaon emission 3. Nonidentical particle correlations in noncentral

times. Figure 46 shows the effect of varyimgon the sepa- collisions

ration between pions and kaons in the pair rest frame. The As reported in Ref[73], the average space-time separa-
tion between different particle species may depend on the
Br(m) = B(K) = By(pair) particle emission angle with respect to the reaction plane.
0.8 The effect in the blast-wave parametrization is shown in Fig.
48. The blast-wave parameters are the same as in Fig. 35
with the exception oR, and p, which are varied. Clear os-

0 0.2 04 0.6

B B L ) LA B B S

—_,=7fm

E e cillations of (r_(m)—r,,,(K)) are found wherR, is set to 11
5 5 fm—i.e., when the source is out-of-plane extendd),
= =13 fm). Small oscillations okr4d7) —r4d K)) appear as
t well. The oscillations in both directions are on the order of
E 1-2 fm, which may be measurable. On the other hand, keep-
4;_5'10_ ing the source cylindrical but setting the flow modulation
v L parameterp, to 0.05 yields very small oscillations, which
005 01 015 02 025 03 035 04 will be very challenging to probe experimentally. Thus, non-
pr(r) (GeVie) identical t ticl lati ! ith tto th
AB vy 1 1 T T 1 identical two particle correlation analyses with respect to the
0 02 04 ofT(K) (g'eﬁ,,c) 1 12 14 reaction plane, as the pion HBT measurement may provide a

good handle on the source shape but not on the flow modu-
FIG. 46. Average shift between the pion and kaon emissioriation.
points in the pair rest frame as a function of the pion and kaon

momenta for different system proper lifetifig). The values of the E. Summary of the effects of parameters
other blast-wave parameters are for a round source, as listed in Above, we have explored the sensitivity of several experi-
Table I. mental observables on various freeze-out parameters. Here,
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| e o — transverse flow fixed, variation ims has little effect on

B e purely momentum-space observablep; spectra and
L vo(m,pyr). On the other hand, going from a “box profile”
(as=0) to a pseudo-Gaussian profile;=0.3) increases the
“out-to-side” ratioR? o/ RZ, at higherpr, as the homogeneity
& region is not constrained by hard geometric “emission
boundaries.” Furthermore, for a fixed average transverse
een — flow (and flow gradient increasingag leads to stronger os-

p, = 0.05 cillations in the HBT radius parameters. Increasagalso
increases ther, (K)-r,{(m) when the temperature and
particle velocity are such that the pion source size is signifi-
cantly larger than the kaon'’s.

— pK=12GeV Considering variations in the geometric transverse scale
..... pK = 0.9 GeV of the sourceVRE+RJ, while keeping all elseg(including

[ eone prK = 0.6 GeV R//Ry) constant, we conclude that the sensitivity is in the

wwan prK = 0.3 GeV HBT radii and the average separation between different par-
ticle species. In HBT measurements, the sensitivity to this

<r* ) - 1, (K)> (fm)

R.=11fm R.=11fm R,=12.04 fm
4. R=13tm | R=13fm | R =1204fm
1

<r*side(n) = r*side(K)> (fm)

0 parameter is througiRZ ; and R, The spatial shifts that
i contribute to the separatign,, (K)—r,, (7)) in the pair rest
— Py~ 0.34 GeV frame scale directly with this parameter. Momentum-space
05 | axee pri ~ 0.25 GeV observables such as spectral shapes,@re unaffected.
----- Py~ 0.17 GeV We turn now to variations in the time scale parameters—
wone Pyt~ 0.08 GeV the evolution duratiorir,) and emission duratiofA7). The
0 3 4+ & 3 4 e 2 4 ¢ onlysignificant variations are iR, andR? ;, and these de-
9, (rad) 9, (rad) 9, (rad) pend differently onry and A7, allowing independent probes

of the two parameters. The time shifts that contribute to the

FIG. 48. Average separation between pions and kaons in the pafieParation(r, (K)—rq,(m)) in the pair rest frame scale di-
rest frame as a function of their momentum azimuthal angle withrectly with these paramete(s, and/orAr).
respect to the reaction plane. The four different lines are calculated Noncentral collisions may exhibit azimuthally anisotropic
for four different kaon momenta and the corresponding four differ-geometry and/or dynamics in the freeze-out configuration.
ent pion momenta required so that pions and kaons have the saridese two effects were studied by varyiRy/R, and p,,
velocity. The values of the blast-wave parameters used in the leftespectively. Azimuthally integrategh spectra were negligi-
panel are for a “nonround” source, as listed in Table I. The samély affected, as were thép-averaged values of HBT radii
parameters were used in the middle panel exceptdfa0. The  (R2 ;). Observables designed to probe anisotrapy, and
round source parameters are used in the right panel excepithat g2 2 of course showed strong sensitivity to geometric or dy-
=0.05. The separation along tbe_t andside axes is shown in the ngfnical anisotropy, increasing strongly in magnitude as
upper and lower panels, respectively. R,/R, deviates from unity and/ap, from zero.

we summarize in an orthogonal manner, describing briefly
the main observable effects due to an increase in each pa- IV. COMPARISON WITH EXISTING DATA

rameter, if the other parameters are left fixed. _ In the previous section, we reviewed the various experi-
The temperature paramefeiquantifies the randomly ori- mental observables that the blast-wave parametrization may

ented kinetic energy component of the freeze-out scenarigye gple to reproduce. The effect of changing blast-wave pa-

Increasing this energy component leads to decreased slopggmeters has been examined. In this section, we investigate

of pr spectra, especially for light-mass particles. Since ranp o well those parameters can be constrained by the experi-
dom motion destroys space-momentum correlations, increagnental data.

ing T reduces measured elliptic flow,) and increases ho-  Before comparing the blast-wave parametrization with
mogeneity scales—i.eR’, ,. On the other hand, for the range data, we highlight its limitations and possibly not valid as-
of values considered, increasing temperature increases tRgmption.
average separation in the pair rest frame between pions and (i) Freeze-out from a thermalized system at a constant
heavier particles—e.g(r o, {K) =1 oy m))- temperature In the blast-wave framework, freeze-out is as-
The ¢-averaged transverse flow strength is quantified insumed to take place at the same temperature for every par-
this model byp,. Increasing this directed energy componentticle. In principle, this condition may be relaxed by fitting
decreases slopes @ spectra, especially for heavier par- separately the data for each type of partiqd/e do not
ticles. Increasingp, leads to increasing space-momentumattempt this herg.Perhaps a more important assumption,
correlations, which redud®’, ; and(r,,(K)=r,,(m)), and at however, is made in discussing “temperature” at all; it re-
constantp, reduces, at highmy. quires system thermalization. If particles are emitted in a
The parameters quantifies the “surface diffuseness” of nonthermal way, our framework may fail to describe the
the spatial density profile. Taking care to keep the averagdata.
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TABLE II. Upper section: data used in the fit. Middle section: numbey%tata points for each measure.
Lower section: best fit parameters. Note thaf) is not a fit parameter, but it is calculated frgm

Central Midcentral Peripheral
Data
,K, p spectra[81] 0%-5% 15%-30% 60%-92%
A spectra[82] 0%-5% 20%—-35% 35%—-75%
Pion radii[70] 0%—-12% 12%—-32% 32%-72%
Elliptic flow [37] 0%-11% 11%—-45% 45%—-85%
X2/ (number of data poinjs
ot spectra 7.2/10 26.5/10 13.0/9
K*,K™ spectra 24.2/22 21.4/22 10.1/10
p,p spectra 10.6/18 23.2/18 28.0/12
A,Xspectra 9.5/16 12.8/16 11.0/16
U, 14.6/12 29.8/12 5.2/12
pus, 1.6/3 9.2/6 0.8/3
7T Fout 1.9/6 0.4/2 0.4/2
T Tsige 2.716 0.07/2 0.06/2
T Tiong 5.3/6 0.003/2 0.1/2
Total 77.6/99 107.7/90 68.7/68
Parameters
T (MeV) 106+3 107+2 100+5
Po 0.89+0.02 0.85+0.01 0.79+0.02
(Br) 0.52+0.01 0.50+0.01 0.47+0.01
P2 0.060+£0.008 0.058+0.005 0.05+0.01
R, (fm) 13.2+0.3 10.4+0.4 8.00+0.4
Ry (fm) 13.0£0.3 11.8+0.4 10.1+0.4
7 (fm/c) 9.2+0.4 7.7+0.9 6.5+0.6
At (fm/c) 0.003%+1.3 0.06+1.3 0.6+1.8
(i) Longitudinal boost invarianceThe blast-wave pa- We focus on data from Au-Au collisions at/syy

rametrization relies on longitudinal boost invariance. Elliptic=130 GeV published by the PHENIX and STAR Collabora-
flow data (v,) published by the PHOBOS Collaboration tions at RHIC. The measurements used are listed at the top of
clearly show that longitudinal boost invariance is broken forTable 1. To avoid uncertainties between different experi-
rapidity larger than 179]. Thus the blast-wave parametriza- ments and to optimize the overlap between centrality bins,
tion can only be applied withitiY| < 1. This assumption will we do not use the full set of data published at RHIC. Three
be validated or ruled out by high-precision data. centrality bins are available. The approximate overlap be-
(i) No resonancesThe observables that constrain the tween the centrality bins for the different measures may af-
blast wave are calculated for each particle species using thefect the quality of the fits.
own masses, ignoring the fact that some particles may be The blast-wave parameters are constrained by simulta-
decay products of other particles. In fact a large fraction ofheously fitting transverse momentum spectra, transverse mo-
pions and protons produced at RHIC energy originates fronmentum azimuthal anisotropyw,), and pion HBT radii.
resonance decays. As mentioned in Sec. lll, pions fiom Bose-Einstein and Fermi-Dirac distributions are used when
meson decay distort the pion source space-time distributiogppropriate using the approximation to the fourth order as in
but this gffect is limited because the fraction of pions COMINGEq, (8)—i.e., the value oh=4 in the summation of Eq(8).
from w is on the order of 10%. On the other hand, PION The quality of the fit to each measure is shown by fReer
spectra and to a lesser extent proton spectra may be signifipy, hoints listed in Table II. The number of degrees of free-
cantly distorted by resonance feeddown. Within the bIaStaom is not shown because the number of parameters cannot

\évc?l;/riiLrgnf]g;lvcr)erlgbgngfgseré#e\ggs t];?:nt()jla[s[,at(-)\’/\?gvg-]g;rﬁr_]eteb-e subtracted from the number of data points independently
extracted fit to spectra by no more than 20%. While 20% iJor each measure. In addition to the seven blast-wave param-

not negligible, we feel that the gross features of the param€te'S: there are eight scaling parameters used to normalize

etrization are preserved. On the other hand, an investigation”, 7, K*, K7, p, p, A, andA spectra. These scaling pa-
of the effect of resonance feeddown og remains to be rameters(A) are not minimized by the fitting function but
performed. calculated directly. The? for a given spectra is given by
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To avoid the region where resonance feeddown may bez

& E . ) ) L
large and where the Boltzmann approximation may not be ©|$ 10k R p
valid, fits to transverse momentum spectra are restricted tc,_l I3 1, e

pions with pr>0.4 GeV/k. We further restrict the fit range 3 o A . % ...
to pr<1 GeV/c for pions, p;<1.5 GeVk for kaons, and 107 g oyt R
pr<2 GeV/c for protons and lambdas, because hard pro- 102 “k )
cesses may significantly contribute to the particle yield : ¥

above these momen{asg].

d

Given the large number of data points from the spectra, . A
the temperaturéT) and the maximum flow rapidityjp,) pa- h‘\ _____ \
rameters are constrained by transverse mass spectra. A cor 10'15' k\‘\\\’ of e

[} e ¥y
. . . R a
parison of the data and the blast-wave calculation with the |0‘2:— . Q'Q, ~ﬂ‘Q
best fit parameters is shown in Fig. 49. In semilogarithmic X g
plots, the data and the model fits seem to agree very well. 10°L . s P S s . .
The x2/(number of data poinisin Table Il shows, however, 0.5 pT1(Ge\1l7g) 2 0.5 pT1(Ge\1lig)

that the fit quality varies between particle species and cen-
trality bins. The correlation between the flow rapidity and  FIG. 49. Comparison of the data with the blast-wave calcula-
temperature is shown in Fig. 50. The extracted temperatureains performed with the best fit parameters in three centrality bins.
and flow velocities are consistent with similar studies re-The solid circles are central data, the open circles are midcentral
ported in Refs.[29-31,83. The differences between these data, and the crosses are peripheral data. The solid lines show the
analyses are due to the use of different data sets, different filast-wave calculation within the fit range while the dashed lines
ranges, and different flow and spatial profiles. The study reshow the extrapolation over the whole range.
ported in Ref[30] shows that accounting for resonance feed-
down leads to a temperature 30% higher and a transversgal bins, the pion source size has been measured at only one
velocity 15% lower than in our study. transverse momentum, which weakly constrains the param-
The fit of v, mainly constrains the flow rapidity modula- eters. The comparison between the data and the blast-wave
tion parametep, and the ratio between the radius in planecalculation performed with the best fit parameters is shown
and out of planeR,/R,. A comparison between the data and in Fig. 53. This figure includes the pion source radii reported
the blast-wave calculation with the best fit parameters idy the PHENIX Collaboratiorj59] although they were not
shown in Fig. 51. The correlation betwepp andR,/R, is used in the fit. These radii were measured over the 30% most
shown in Fig. 52. The fit performed in this paper differs from central events, which does not overlap well with the
the fit reported together with the data in REF7]. There are  STAR Collaboration centrality bin€-12 %, 12-32 %, and
three main differencesi) in Ref. [37], the temperature and 32-72 %. Qualitatively the PHENIX data points agree with
flow velocity are free parameters while in this paper they arehe blast-wave fit as they oscillate between the central and
mostly determined by spectra shap@s,a filled volume and  midperipheral lines. The? obtained from the fit is small,
a flow profile are used instead of a shell, giid the fits are  because the systematic errors were added in quadrature to the
performed on three centrality bins instead of the minimum-statistical errors. The system radius increases from peripheral
bias sample. Thus, a direct comparison between the fit pavents to central events following the growth of the system
rameters extracted in this paper and those reported in Rehitial state. The final system radius is roughly twice the
[37] is difficult. The freeze-out spatial anisotropy probed byinitial system radius, which is clear evidence of the system
the ratio R/R, increases when increasing the initial stateexpansion. The proper tim) is surprisingly small. Typi-
spatial anisotropy—i.e., when going from central to periph-cally, hydrodynamical calculations reach kinetic freeze-out
eral events. The flow modulation decreases from central tin 15 fm/c, not 9 fm/c [84]. The hydrodynamical calcula-
peripheral events, following the same trendpgs tions may be over-predicting the system lifetime or the as-
The pion source radii allow us to estimate the parametersumption underlying the extraction of may not be valid.
R, (or R), 7, andAt. As discussed earlier, the ratRy/R,is  The assumption of a boost-invariant expansion along the
constrained by the fit to,. In the midperipheral and periph- beam axis from a narrogess than 1 fm thickpancake may
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% FIG. 52. Number ofo contours of the ratio of the in-plane
0.1 - radius over the out-of-plane radig,/R,) with respect to the flow
: . rapidity oscillation parametefp,). The colors show the d, 2¢,
- Peripheral and 3r contours from darkest to lightest.
0.8 0.85 0.9 the other hand, processes such as superco¢86y have
Po been discussed and may lead to such a scendRiecent

_ ~ experimental dat@87] show that the value of thB, radius
FIG. 50. Number ofo- contour of the maximum flow rapidity may have been underestimated by the experiments. Thus,

(po) with respect to the temperatuf@). The shadows show the
lo, 20, and 3r contours from darkest to lightest.

be too simplistic. Indeed, it has been shown that accountinbIn
for the fluid viscosity breaks the boost-invariant flg2s].
Furthermore, three-dimensional hydrodynamical calculation
reproduce the measured pseudorapidity distribution only
when the initial width of the system along the beam axis
extends over several units of spatial pseudorapi@@y).
Such initial conditions lead to a longitudinal expansion that T
also breaks boost-invariant scaling. In these calculationse
even though the system persists for 15 énthe Ry, radii 3
are well reproduced. Thus, the absolute value of the propef:
lifetime 7 extracted within the blast-wave parametrization
may be questionable. Along the same lines, the very short
emission duration is surprising. Indeed, a scenario where pal
ticles are emitted in a flash would appear rather unlikghn
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since the emission duration parametatsstrongly depend
on R,,, it is not appropriate to draw definite conclusions
til the experimental issues are settled.

We have shown thatr,K,p,A transverse momentum
pectra,m, p elliptic flow, and pion source radii measured in
u-Au collisions atysyy=130 GeV are well reproduced by

o

TE+

04 06
p; (GeV/c)
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p; (GeV/c)

| |
06 08 02 04 O K
p; (GeVic) Py FGeV?cg FIG. 53. Comparison of the pion source data measured by the

STAR (circle) and the PHENIXbox) Collaborations with the blast-

FIG. 51. Comparison of the, data with the blast-wave calcu- wave calculations. Only the STAR data were used to constrain the
lations performed with the best fit parameters in three centralityblast-wave parameters. The solid circles are the central data, the
bins. The solid circles are central data, the open circles are midcempen circles are the midcentral data, and the crosses are peripheral
tral data, and the crosses are peripheral data. data.
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FIG. 55. Space-time separation between pions and kdefts
pions and protongmiddle), and kaons and protorgight) calcu-
lated with the best fit parameters in the three centrality bins. Solid
line: parameters from fit to central data. Dashed line: parameters
from midperipheral data. Dotted line: parameters from fit to periph-

eral data.
00- 02\04 e 0 02 - \0w4\ - 06 (;8 pion source radii including the oscillations with respect to
by (GeV /) by (GeV /) the reaction plane(4) the kaon source radii, an¢b) the

space-time separation between pion, kaon, and proton

FIG. 54. Oscillations of the pion source radii obtained with the Sources. If a satisfactory agreement between these various

best fit parameters in the three centrality bins. measurements is achieved, it would provide evidence of a

collective expansion that would be very challenging to avoid.
the blast-wave parametrization. With the exception of the
time-scale parametefsystem proper lifetime and emission
duration, which fall short of any realistic model calcula- __
tions, the fit parameters are within expectations. This issue.E 5.  Peripheral | Mid-peripheral
may be resolved when new data on pion source radii becom¢ 34l
available. Based on the published data in Au-Au collisions atec
\SNN—130 GeV, we conclude that the blast-wave parametri-
zation provides a good description of the system freeze-our 2
stage.

This conclusion will be tested in the future, using the
sensitivity of the blast-wave parametrization to observables g
that have been presented in the previous section: the oscillaec”
tion of the pion radii with respect to the reaction plane and
the space-time separation between the emission points of dif
ferent particle species. Using the parameters extracted fron_,
the fits we have calculated the corresponding oscillation ofE 5
the pion radii with respect to the reaction plairéy. 54) and 2
the separations between the average space-time emissicg”
point of pions, kaons, and protoriBig. 55. We have also
calculated the kaon source radii as shown in Fig. 56 since
they may become available from the RHIC experiments 05 3 15 ; — ; '

- . . 1 1.5 0.5 1 1.5
[87,88. The blast-wave parametrization faces the challenge m; (GeV) m; (GeV) m; (GeV)
of simultaneously reproducing a large variety of observables
that will be measured in Au-Au collisions at 200 GeV—  FIG. 56. Kaon source radiisolid line) compared to the pion
namely,(1) pion, kaon, proton, and transverse momentum radii (dashed ling The blast-wave calculations are performed with
spectra(2) the elliptic flow of many particle specie€) the the best fit parameters in each centrality bins.
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Furthermore, when high-quality data become available thahas inescapable consequences:fédf correlations and ellip-
allow for separate fits to each particle species, the blast-wavéc flow. This allows for the “breakdown” of the parametric
parametrization may prove to be an important and handy toahodel and indicates the need to consider new driving physics
to assess whether or not the freeze-out time depends on thfects.

hadronic cross sections. It will be especially interesting to |n Sec. IV, the model was used as a functional form in a
study particles with presumably low hadrqnic cross sectionsimultaneous fit to particle spectfedN/dpy)(pr,m)], ellip-
such.gs thep, E, an_dQ. Slnc.e. these particles may no} be tic flow [v5(pr,mM)], and pion HBT radii[R(py)] for three
sensitive to hadronic collectivity, they may have a hIgh(.arcentrality classes from published RHIC results for Au-Au
freeze-out temperature, and they may pick up less collectlvgomsions at \s“‘ﬁz 130 GeV. While highep; HBT radii

flow and freeze out earlier and _from a sm_aller_ system tha'f"rom PHENIX are only qualitatively described, a good fit is
, K, p, and A. It may be possible to distinguish between obtained to theo- specira. ellivtic flow. and lovo- STAR
the collective expansion at the partoriitany) versus had- HBTI dii &r SP » Ellip ' VP
ronic stage. radi. . .
Most of the physical parameter values obtained from the
fits, as well as their evolution with collision centrality, fall
V. SUMMARY AND OUTLOOK within reasonable expectations. The exceptions are the evo-

We have discussed a scenario of particle kinetic freezglution duration 7, and emission duratiod7, which are

out in heavy ion collisions, inspired by the results of full Shorter than most physical models predict. Thediscrep-
hydrodynamic calculations of the collision evolution. The &€y may be partially resolved by an improved experimental
scenario, while simplified, nevertheless includes several imtréatment of the Coulomb interaction in HBT analyses; this
portant features which drive experimental observables of th#/ill be evaluated upon publication of the new results from
bulk properties of the system. This includes randg¢ther- ~ RHIC. The 7o value is strongly connected to the model as-
mal”) motion superimposed upon collective flow fields, ansumption of boost invariance; if this assumption is invalid at
anisotropic transverse geometry, and a freeze-out distributiomidrapidity at RHIC(e.qg., if there is longitudinal accelera-
in proper time. The main assumptions of the model are lontion in the early system evolutipnwe expect our fit values
gitudinal boost invariance, the same parametric source for atb be only lower limits on the evolution duration.
particle types(e.g., 7,p), and the invariance of source pa-  Finally, Sec. IV discusses expectations for kaon HBT, azi-
rameters over the kinetic freeze-out procgssequivalently, muthally sensitive pion HBT, and emission space-time sepa-
that the model source parameters can represent the appropmtions between nonidentical particles, K, p), based on the
ate average of the time-evolving paramgtéife discussed fit parameters to the published data. Expectations for the azi-
the interplay of the various features, such as spacemuthally sensitive pion HBT radii are driven by the elliptic
momentum correlations depending on the competition beflow data, which indicate®, >R, (see Table l—i.e., the
tween thermal and collective motion and the source geomfreeze-out system shape is out-of-plane extended, qualita-
etry. tively similar to the geometrical overlap configuration in the
The various featureg.g., random thermal motiprwere  entrance channel of the collision. From Sec. Il C, it is clear
guantified with several parametdesg.,T) in a mathematical that this determines the phas@sd amplitudesof the ex-
model outlined in Sec. Il. The general class of integralspected oscillations in the HBT radii—i.e., the signs and mag-
which relate the model emission function to the various exmitudes ofR? ,. If azimuthally sensitive HBT measurements
perimental observables was identified. confirm this out-of-plane freeze-out configuration, it might
The sensitivity of several observables to the underlyingorovide further evidence of short evolution timeg since it
physics represented by the parameters was studied by syweuld imply that the source, which is expanding faster in the
tematically varying each parameter in Sec. lll. In addition toreaction plane than out of it, did not have sufficient time to
momentum-space observables such aspthspectra and el- overcome its initial geometric anisotropy before freeze-out.
liptic flow, which have been discussed previously in the con-Quantifying the time scale in this way is outside the scope of
text of similar models, we focused on the sensitivity of final-the blast-wave model, which does not attempt to describe the
state correlations between nonidentical particles andystem evolution.
azimuthally sensitive HBT measurements, new coordinate- Exploration of simple parametrizations such as the blast
space-sensitive analysis tools now becoming available witlwave is driven by the desire to connect observations to driv-
the quality high-statistics data sets from RHIC. ing underlying physics. Furthermore, a quantitative interpre-
The nontrivial interplay between competing physics ef-tation of many measurementerhaps especially two-
fects was different for the different observables. It is clearparticle interferometry requires some model assumptions.
that the model parameter space can only be constrained hyaturally, one prefers assumptions which are consistent with
examining several observables simultaneously; p;ospec-  other measurementge.g., elliptic flow in the same system.
tra alone are insensitive to the source shdQgR,) and only  Especially since first-principles model calculations have dif-
crudely distinguish between high transverse flow and higHiculty consistently explaining the range of observations in
temperature. Furthermore, from Sec. lll, it is clear that exthe soft sector of RHIC, it is hoped that insight may be
perimental data carpoverconstrainthe model parameter gained from rather simple theoigspired parametrizations
space. If consistency witpy spectra and HBT data demand such as the blast wave.
a high temperature and small transverse boost velocity, this Inasmuch as such parametrizations reproduce observa
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tions, there is hope that the driving physics effects have beetion, generating insights into the dynamics of heavy ion col-
approximately quantified, and one may compare the “undedisions at RHIC.

lying” parameterge.g., time scaleswith first-principles cal-
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