PHYSICAL REVIEW C

VOLUME 51, NUMBER 4

Bose-stimulated pion production in relativistic nuclear collisions
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We demonstrate the importance of the Bose-statistical effects for pion production in relativistic
heavy-ion collisions. The evolution of the pion phase-space density in central collisions of ultrarela-
tivistic nuclei is studied in a simple kinetic model taking into account the effect of Bose-stimulated
pion production by the NN collisions in a dense cloud of mesons. It is assumed that pions are
produced within a finite formation time at the stage of the projectile-target interpenetration. The
mutual slowing down of nuclei is described schematically by introducing an effective deceleration
length. The role of the quasideuteron and A-isobar mechanisms of pion absorption is investigated.
The model predicts the enhancement of the soft pion yield as compared to inclusive pp data. The
effect is sensitive to the pion formation time and is more pronounced at midrapidity and for heavy
nuclei. The results are compared with pion spectra observed in central 10.74 GeV Au+Au and
200A GeV S+S collisions. We suggest new experiments sensitive to the Bose enhancement phenom-
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I. INTRODUCTION

It was observed in CERN experiments [1, 2] that the
low pr component of pion spectra in central heavy-ion
collisions at 200 GeV /nucleon is enhanced as compared
with the normalized pp — wX data. The analogous
enhancement was discovered earlier in high-multiplicity
pp [3] and aa [4] collisions. This “soft pion puzzle” has
attracted much attention in recent years (see, e.g., [5—
11]). Many authors try to explain the effect by the res-
onance decays and pion rescatterings starting from some
(nonenhanced) phase-space distributions of these parti-
cles in the initial state [8-10]. In Refs. [12, 13] we pro-
posed a new mechanism which may be responsible, at
least partly, for the enhanced yield of soft pions. This ef-
fect is explained by the increased (Bose-stimulated) rate
of inelastic processes NN — 7 inside a dense pion cloud
produced at earlier stages of the nuclear collision.

The model-independent estimates [12] based on the ob-
served pion spectra in central S+S collisions at 2004 GeV
show large values of the pion phase-space occupation
number, n, ~ 5, at small py in the central rapidity
region [14]. Soft pion occupation numbers of the same
order of magnitude were obtained in Ref. [15]. By the
analogy to the Bose-stimulated emission of photons in
atomic processes, the probability of producing a new pion
in an elementary collision of hadrons [16] may be en-
hanced as compared with the vacuum value if other pions
are present nearby in the phase space. The enhancement
factor, n, + 1, can be significant if n, 2 1.

To estimate qualitatively the observable effects of this
Bose-stimulated pion emission we developed a simple
model [12, 13] based on the exact solution of the kinetic
equation for the pion phase-space distribution function.
As in the convolution model it is assumed that pions are
produced in binary collisions of nucleons at the stage of
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the projectile-target interpenetration. A finite formation
time of pions [17, 18] is taken into account by assum-
ing that a pion goes on the mass shell (is hadronized)
with some delay after the corresponding NN interaction.
As shown in [12, 13], the effects of Bose-stimulated pion
production can be noticeable only if the duration of the
projectile-target interaction exceeds the pion formation
time, i.e., for heavy combinations of nuclei [19].

In Refs. [12, 13] few simplifying assumptions were in-
troduced. In particular, the slowing down and excitation
of the colliding nuclei were disregarded (free-streaming
approximation). Neglecting the energy losses of inter-
acting nucleons results in an overestimation of pion mul-
tiplicities by a factor ~ 2 in the case of medium and
heavy nuclei at CERN energies. The multifluid model
has been developed in Refs. [20, 21], where the finite
stopping power of the nuclei is taken into account. This
model reproduces the pion multiplicity observed in cen-
tral 200 GeV /nucleon S+S collisions. On the other hand,
in Refs. [20,21] the effects of the Bose-enhanced pion pro-
duction have not been included.

Here a more realistic version of the model is presented
which takes into account the projectile-target decelera-
tion as well as pion absorption effects. A more detailed
analysis of possible signatures of the Bose-stimulated
pion emission is performed. The main goal of this
work is to find observables most sensitive to the Bose-
enhancement (BE) effects.

The paper is organized as follows: Section II is devoted
to the description of the model. A generalized kinetic
equation for the pion phase-space occupation number is
introduced. The gain and loss terms are evaluated and
the basic approximations of the model are discussed. In
Sec. III the solution of the kinetic equation is investi-
gated. First we consider the BE effects in absence of the
projectile-target deceleration and pion absorption. Then
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the general case is studied both qualitatively and numer-
ically. The model predictions for pion spectra in central
2004 GeV S+S and 10.7A GeV Au+Au collisions are
compared with the existing experimental data. Some rec-
ommendations for future experimental studies are given.
Section IV is reserved for concluding remarks and discus-
sion.

II. DESCRIPTION OF THE MODEL

In this section we present the simple kinetic model of
pion production in relativistic nuclear collisions. It is
a natural extension of the convolution model, but takes
into account deceleration of the colliding nucleons, pion
absorption, and the effects of Bose-stimulated pion emis-
sion.

A. The kinetic equation for pion phase-space
distribution

As already stated, we consider the hadronic scenario
of nuclear collisions. Only the pion and nucleon degrees
of freedom are included explicitly. Possible modifications
due to the formation and decay of meson and baryon
resonances will be discussed later. The coupled kinetic
equations describing the dynamics of pions and nucleons
in high-energy heavy-ion collisions have been proposed in
Refs. [22,23]. The two-particle collision integrals enter-
ing these equations were expressed via the inclusive cross
sections of the elementary processes a+b — c+ X, where
a,b,c = N,n. The numerical realizations of this model
within the multifluid approximation were described in
Refs. [20, 24]. In the present paper this kinetic approach
is generalized by taking into account the pion formation
time, pion absorption in # N N interactions and the Bose-
stimulated pion emission.

To simplify the problem, in the present version of the
model we do not treat the space-time evolution of nucle-
ons self-consistently, but use a parametrization of their
phase-space distribution functions (see Sec. IIC). An-
other important approximation (which makes the model
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more tractable) is the neglect of 7m rescatterings for pi-
ons produced in different NN collisions. As discussed in
Refs. [8,25], at \/szr $0.7 GeV, the 7w interactions are
mostly elastic, i.e., do not change the number of pions,
but only change their distribution in the phase space. It
was shown in Ref. [10] that the total 77 cross section in
a dense cloud of secondary pions may be considerably re-
duced as compared with the vacuum value. On the other
hand, the in-medium 77 cross section contains the en-
hancement factor n, + 1 which leads to the preferential
scattering of pions to the phase-space regions with high
Ny. According to Refs. [8,10] this may increase the pion
yield at low pr.

Let us denote by n.(z,p) the dimensionless single-
particle distribution function (occupation number) of
pions with momentum p in a given space-time point
xz = (t,7). In the quasiclassical approximation and dis-
regarding possible isospin effects, one can consider the
quantity

Fulty 7 5) = (E%rh)_sn"(x’m - %n,,(a:,ﬁ') (1)

as the phase-space density of pions in a point with co-
ordinates (7,p) at time ¢. In the above expression
g~ = 3 is the spin-isospin degeneracy factor for pions,
and ¢ = (27k)3/3 is introduced for brevity.

We proceed from the following relativistic kinetic equa-
tion for n, (units ¢ = 1 are used throughout the paper):

P oma(,) = G )~ Aal@ D mal@ ), (2)

where p* = (E,r,[)')i is the pion four-momentum, E, =
v/m2 + 5?2 and m, is the pion mass. The gain (source)
term G(z,p) describes the rate of pion production in the
inelastic NN collisions. The last term on the right-hand
side of Eq. (2) corresponds to the local rate of pion ab-
sorption [26]. The absorption coefficient A, will be de-
rived in Sec. IIB.

Let us consider first the limit of zero pion formation
time and disregard the BE effects. In this case the gain
term has the form [22, 23]

Go(%ﬁ) = g /d3P1fN($aI71) /d3P2fN($,ﬁ2)\/(51 —772)2 - (171 X 172)2 O'inv(\/g717)- (3)

Here fn(z,p) is the phase-space distribution function of
nucleons, normalized to the baryon density (after inte-
grating over the momentum space), and ¥, » are nucleon
velocities. The last factor in Eq. (3)

o-inv(\/g,m = EW%ZM (4)

p
is the invariant differential cross section of the inclusive
reaction NN -7 X, summed over all charge states of a
secondary pion and averaged over the isospin compo-
nents of colliding nucleons. It is a function of p and
the total c.m. energy (squared) of a nucleon pair, s =

(p1+p2)?. In our calculations we use the parametrization
of the NN 7 X cross section described in Ref. [13].

Following Refs. [12, 13] we incorporate the effects of
the Bose-stimulated pion production by inserting an ad-
ditional factor n, + 1 into the gain term of the kinetic
equation [27]. The delayed character of pion emission is
taken into account in the same way as in Ref. [28], by
the replacement z — 2’ = (¢t — 74,7 — U7¢) in the source
term of Eq. (2). Here ¥ = p/FE, is the pion velocity and
7¢ = T¢(P) is the formation time of pion with the momen-
tum p'in a single NNV collision. 7¢(p) is parametrized as
follows [28]:
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Ex
Tf:TO'—=L (5)

Mme  1—2

where 79 2 A/m, ~ 1 fm/c is the formation time in the
pion rest frame [29]. The modified gain term can be

written as
G(z,p) = GO(:EI’I;) 1+ nn(m',ﬁ)] ’ (6)
where Go(z,p) is given by Eq. (3) and
’ p
= — —_— . 7
T xr T0 o ( )

Due to the shift in the argument of the gain term, the
resulting kinetic equation is nonlocal in space-time coor-
dinates.

At ultrarelativistic energies the colliding nuclei are par-
tially transparent, at least at the initial stage of the nu-
clear collision [24]. Following Ref. [30] we describe the
nuclear collision as an interaction of two interpenetrating
baryonic flows originating from the projectile and target
nucleons. As in the two-fluid model we parametrize the
nucleon distribution function fy(z, ) by the sum of two
components separated in the momentum space and cor-
responding to the projectile (o« = p) and target (a = t)
flows. Disregarding the spread of the momentum distri-
bution of nucleons inside each flow, we write [23, 24]

fN(xvﬁ‘) = Z anao 6(ﬁ_mNﬁa)? (8)

a=p,t

where myy is the nucleon mass, py = po(z) and U =
Ui(z) = (UY, (—J'a)’ are, respectively, the rest-frame
baryon density and four-velocity of the a flow in a space-
time point .

Substituting (8) into Eq. (3) and taking into account
only the contribution of (more violent) interflow NN col-
lisions [31] we get

GO(I"vIT) ZCVNN("E) Uinv(\/%:l?)' (9)
Here so = m¥% - (U, + Ut)2 and the quantity

v (@) = pppr/(TpT)2 — 1 (10)
is proportional to the local rate of the NV collisions. The
latter is nonzero at the stage of the nuclear geometrical
overlap, when p,p; # 0. The source is fully determined
if the space-time evolution of p,, and U? is known.

It is convenient to represent the kinetic equation for the
pion occupation number in a noncovariant form, dividing
it by E,. Using Egs. (2), (6), (9) we obtain

(% + 6%) nr(w7m = ’\(mlnﬁ) [1 + nﬂ-(.’El,I—f)]
—Aa(z, P)1r (2, P) , (11)

where

do x
Az, P) = Go(2,5)/Ex = Cunn(z) —goi o™X
d P S = 8¢

(12)

and

Xa(2,5) = Aa(z,5)/Ex (13)

are, respectively, the pion production and absorption
rates at given = and p.

The transition to new spatial variables, ¥ — 7+ U't,
yields the transformed functions marked by tildes:

ﬁ:)r Ny
A (7D =¢ A (L, T+TLP) . (14)
Ao Aa

This change of variables is equivalent to the transition
into the pion rest frame, where the interacting nuclei ac-
quire an additional velocity —v. By using Eq. (14) one
can rewrite the kinetic equation (11) in the form where
7 and p enter only as parameters:

Tim(t) = At — 75) - [1 4 Ain(t — 75)] — Aa(t) Aix(t) . (15)

Here the arguments 7,p are omitted for brevity and
Tin(t) = Zhia(t,7,P) -

Equation (15) is an ordinary differential equation
which can be formally solved by iterations for arbitrary
A(t) and A4 (t). Using the boundary condition i, (—o0) =
0 one can represent this equation in the integral form

A (£) = /Mf A1 B(t, 1) - [1+ An(t1)] (16)

— o0

where

B(t,t1) = A(t1) - exp (-/t dda(f)) . an

1475

Note that the pion absorption exponent contains explic-
itly the pion formation time. One can see that absorption
effects become weaker with raising 7. In particular, this
takes place at high c.m. pion momenta due to the strong
energy dependence of 75 [see Eq. (5)].

Below we assume sharp boundaries of interacting nu-
clei (see Sec. IIC). In this approximation A(t) is nonzero
within the time interval t_ < t < t, where t1+ = t4 (7, D)
are the minimal (¢_) and maximal (¢, ) times for the pion
production in the phase-space point (7,p). They corre-
spond to the roots of the pion production rate [32]:

Ats) =0. (18)

The second term in square brackets of Eq. (16) gives
the contribution of the BE effects. Omitting this contri-
bution, we get the lowest-order approximation to 7. (t):

no(t) = ["T' dt1B(t, 1) . (19)

It is nonzero at t > t_ +7¢. In a general case the solution
of Eq. (16) can be represented as a sum over iterations

kmax

fn(t) =D Ot —t_ — (k+1)75] na(t) , (20)
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t—75
ng(t) =/ dt1®(t,t1) ne—1(t1) , (21)
t_+kTy

where ©(z) = (1 +sgnz)/2 and kmax = [(t4+ — t-)/7¢].
The terms ng(t) with £ >1 in Eq. (20) are responsible for
the Bose-stimulated emission of pions. They are nonzero
if kpax >1. Therefore, the Bose-enhanced pion produc-
tion in a given phase-space point is possible only under
condition

t+ —t_ > Tf - (22)

This condition will be further discussed in Sec. IID.

The asymptotic behavior of the pion phase-space dis-
tribution at ¢ — oo determines the observable pion spec-
tra. For pions of a given charge, e.g., 7, we have

di\;;“ = (27h) ™3 tgxgo/dsr Ny (x, P)
. —3 1. 3~
= (2mh) tliglo d°r g (t) . (23)

Due to the neglect of isospin effects, the same spectra
are predicted also for 7° and 7T mesons. The pion dis-
tribution in the longitudinal rapidity y = arctanh(v,)
can be obtained from Eq. (23) by multiplying it by
E, = \/m2 + p%coshy and integrating over the trans-
verse momentum pr.

B. Pion absorption cross section

In this section we discuss the parametrization of the
absorption coefficient A,(z,p) introduced in Eq. (2). It
is well known that the pion absorption on a free single
nucleon is forbidden and at least two nucleons should par-
ticipate in this process. The quantity A, is represented as
a sum of two components describing absorption of pions
in the projectile and target nuclei:

Aa - Z Aaa’ (24)

a=p,t

where A,y corresponds to the rate of pion absorption
in the o flow. We do not include pion absorption on a
pair of nucleons from different flows because this process
should be suppressed by the high Lorentz factor of their
relative motion.

Let us make transition to the local rest frame of the
a flow denoting the corresponding quantities by primes.
Then the pion energy may be written as

Eo=vmi + P52 = (pUa), (25)

where P!, is the pion three-momentum. The quantity
Aqo/E!, is the inverse absorption time for a pion in
the a-flow rest frame [see Eq. (2)]. Assuming the two-
nucleon mechanism of pion absorption one can write
Ao o p20abs(EL), where 0,15 is the effective cross sec-
tion in nuclear matter at normal density po = 0.17 fm 3.
As a result, we obtain the relation [33]

Aoo P2
B = p_ovfzaabS(Eéx% (26)

@

where v/, is the pion velocity relative to the o flow. Sub-
stituting Eq. (26) into Eq. (24) we get

2
Aa = E‘IrAa = Z Z—z|ﬁ:1|o—ab5(Ela) N (27)

a=p,t

Here we consider two mechanisms of pion absorption.
The first one is the direct (quasideuteron) absorption of a
pion by the correlated pn pair with the total isospin I=0.
The experimental data show [33, 34] that the NN pairs
with I=1 give a relatively small contribution. The most
effective absorption takes place for internucleon distances

< __h__ o 0.55 fm. As compared to a free deuteron,
MmN

the probability to find such a short-range pn correlation
in normal nuclear matter is higher by factor of about
3 [35]. On the other hand, the pn pairs with I=0 have
the relative weight 1/4. Both factors roughly compensate
each other. Therefore for the quasideuteron component
of o.ps we use the vacuum ntd — pp cross section for
which analytic parametrization is suggested in Ref. [36].
The energy dependence of 0+ 4_,,, is displayed in Fig. 1.
Note that the 1/v’ behavior of this cross section at small
v’ does not lead to very large values of the absorption
rate because of the compensating factor v’ [see Eq. (26)].

In addition to the quasideuteron mechanism we take
into account the pion absorption via the intermediate
formation of the A isobar. It is a two-step, essentially
nonlocal process: first a pion is captured in a A isobar
(mN — A) which is later absorbed in a collision with
another nucleon (AN — NN). We describe this com-
ponent of pion absorption by the TN — A cross section
multiplied by the probability Wa to absorb A in subse-
quent AN interactions. Therefore, we use the following
approximate expression for the pion absorption cross sec-
tion:

Oabs(E) = Ordspp(E) + Waorna(E), (28)

where W, is treated as an energy-independent constant.

To evaluate Wa rigorously, one should introduce ex-
plicitly the A degrees of freedom and determine their
phase-space distribution. In principle this can be done by

200
=)
B
© 100
0
Yiab
FIG. 1. The md — pp (dashed line) and 7N — A (solid

line) cross sections vs pion rapidity in the laboratory frame.
Arrows show the initial rapidities of pions produced at zero
c.m. momentum at the bombarding energies 200 (CERN) and
10.7 (BNL) GeV /nucleon.
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solving the coupled-channel kinetic equations for A, N,
and 7 particles. To simplify the problem we estimate
only the average value of Wa which is a function of the
ratio Aa /R, where Aa is the A mean free path in nuclear
matter and R is the characteristic size of the projectile
or target nucleus (below we consider only central col-
lisions of identical nuclei). We assume that A isobars
are produced with an isotropic momentum distribution
at random positions inside a spherical domain of nuclear
matter of radius R. Then W is calculated as the volume
averaged absorption probability of a A particle. Taking
Aa >~ Ax ~ 2 fm at normal nuclear density, we estimated
Wa for typical medium and heavy nuclei. The resulting
values used in the calculations are

__Jo.5for S+8S,
Wa = {1 for Au+Au. (29)

As one can see from Fig. 1, the 7N — A cross sec-
tion is much higher than or4—,,p at pion kinetic energies
T2 100 MeV (we use the parametrization of o,n_ A
given in Ref. [37]). However, this does not imply that
one may disregard the contribution of the quasideuteron
mechanism. As we will see below, the latter may be
rather important for the absorption of soft (in the c.m.
frame) pions at late stages of nuclear collisions. Indeed,
due to the projectile-target mutual slowing down the en-
ergy of soft pions may be well below the A-absorption
peak even at high bombarding energies. In addition,
more time is available for the absorption of soft pions
at low pion-nucleon relative velocities.

C. Space-time picture of a nuclear collision

The main problem in solving the kinetic equation (2) is
associated with the space-time evolution of the densities
and four-velocities of baryonic flows which determine the
pion production and absorption rates, A and A, (see Sec.
IT A). In this work we use a rather crude approximation of
the dynamics of baryonic matter in a heavy-ion collision.
Therefore, the numerical results should be taken with
caution. On the other hand, we think that the model is
quite reasonable, at least on the qualitative level.

As in Refs. [20, 38], we assume that at the stage of
the projectile-target interpenetration both nuclei move as
“rigid bodies” along the beam axis and describe them as
Lorentz-contracted ellipsoids of homogeneous rest-frame
density p,: = po. Therefore, the spatial variations of
density and four-velocity are neglected within each bary-
onic flow as well as compression [39] and transverse mo-
tion of the projectile and target matter. Below the z axis
is chosen along the beam direction and £, denotes the
longitudinal coordinates of the projectile (« = p) and
target (o = t) center at a given time t. The calculations
are performed in the equal velocity (e.v.) frame where
colliding nuclei move with the velocities

ép = —ét = 6 (30)

and have the Lorentz factor y = (1 — £2)~1/2 (see Fig. 2).
In the case of a central collision of identical nuclei their
four-velocities can be written as

Gy

Iy

e
2R/y  2R/y

FIG. 2. Geometrical picture of a central collision of equal
nuclei in the e.v. frame.

Ui = (70,0, 7). (31)

The rest-frame densities of the baryonic flows can be ex-
pressed as follows:

pa=po @ (R 72— FEW]} . (32)

Here the upper (lower) sign corresponds to the projectile
(target) nucleus, R is the radius of initial nuclei, 7, =
(z,y) are spatial coordinates in the transverse plane.

In the general case, the values of é,’y decrease with
time due to the mutual deceleration of the interacting
nuclei. Choosing t = 0, 7 = 0 as a point of the first
contact, one can write the initial conditions, determining
the trajectory of the projectile £(t) = &,(¢) as

£(0) =—R/v , (33)
£(0) = vo , (34)

where vy is the initial c.m. velocity of the nucleons and
70 = (1 — v2)7Y/2. The initial Lorentz factor is related
to the bombarding energy per nucleon in the laboratory
frame Fy,,:

Yo = (]_ + E]ab/2mN)1/2 . (35)

The procedure of calculating £(¢) will be described in the
next section. The trajectory of the target center can be
found from the symmetry relation: &(t) = —&(t).

Inserting Eqgs. (31) and (32) into Egs. (12) and (10),
we obtain

A) = Rot) - O(ts —)O(t ) , (36)
where tilded quantities are defined in Eq. (14) and
: do -
Ao(t) =2 (pon)* € g " : (37)
p Vs=2mn~vy

In Eq. (36) we assume that A # 0 in the time in-
terval (t_,ty) [see Eq. (18)]. According to Eqs. (12)
and (14), the latter condition is equivalent to Dy () -
Oinv(2mp-y,P) # 0. By using Egs. (10) and (32), it can
be shown that the corresponding time interval exists only
if the conditions

(FL+0rt)® +9()° - [z + vt — E(t)]° < R?, (38)
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(FL+vrt)? + () [z + v t+£(2)])° < R?, (39)

Y(t) > Yene = [Ex + 4/ EZ —mZ +4m}]/2my ,  (40)

hold simultaneously in a given phase-space point (7, 7).
Here U and v, are, respectively, the transverse and lon-
gitudinal components of the pion velocity.

The violation of the last condition implies that the c.m.
energy of the NN pair, |/sq, is less than the threshold
value, necessary for producing a pion with c.m. energy
E, [32]. The relation (40) can be rewritten as

t < tene(Ex) (41)

where tin, is the solution of the equation y(t) = ~ihr-
At high enough E, or low bombarding energies Ej,}, this
equation may have no roots. In this case 7i.(t) = 0 for
all ¢.

The first (second) inequality in Eqgs. (38)-(40) is equiv-
alent tc the condition that the projectile (target) baryon
density is nonzero at the considered space-time point.
Let * (') and tf (¢}, ) denote, respectively, the lower
and upper time limits when the corresponding inequality
holds [if these limits do not exist, 7., = 0 in a given (7, p)
point]. Then we arrive at the following expressions for
til

t4 =min(th ,t4, tene) , (42)

t_ =max(t?,tt) . (43)
Explicit expressions for t1. can be obtained if the function
£(t) is specified.

Inserting Eqgs. (31) and (32) into Egs. (25) and (27)
one obtains the following relation for the pion absorption
rate:

:\a(t) = Z Aaa(t)G(t‘_T_ - t)@(t - ti) ’ (44)
a=p,t
where
/\aa = pPo \/ ’72 (UH + 6)2 + ’D‘i : Uabs(E;) ) (45)
El,=vE. (17 ¢v)) . (46)

Again, the upper and lower signs correspond, respec-
tively, to the projectile and target nucleus. As follows
from Eqgs. (16), (17), and (44), the pion absorption in
the nucleus o (a = p,t) is nonzero only if the inequality
tT >t_ + 74 holds.

All calculations can be done analytically for the free-
streaming limiting case, when the mutual deceleration of
nuclei is totally disregarded, i.e., for £(t) = vo =const.
This approximation was considered earlier in Refs. [12,
13]. The resulting expressions can be obtained by sub-
stituting

£(t)=—R/vo +vot, (47)
¥(t) = o, (48)

into Egs. (38)—(39). In the most simple case .. = 0 we
get

N . 1 (R+R
) =t = - (B2 ee) L )
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where R) = /R? —7Z. Assuming that Eq. (40) holds
at given E, and ~, (i.e., tyny = 00) and using Eqgs. (42)—
(43) it is easy to show that in the considered case t4 =
t% (7L, F|z]). The total pion production time at a given
spatial point is equal to

2R
t+—-t_=£(£——zl)< l<7'C.

50

Vo \ Yo ~ Yovo (50)

Here 7. = 2R /~ovp is the reaction time in the e.v. frame.
From Egs. (22) and (50) one obtains the necessary con-

dition for the BE effect in the free-streaming approxima-
tion [12, 13]

Te > To - (51)

As an illustration, Fig. 3 shows the space-time picture
of pion production and absorption for pions with p. . =
0 at points along the collision axis (7, = 0). In the free-
streaming approximation the backward (front) boundary
of the nucleus a is represented by the straight line t = tg
(t = t2) on the (¢,z) plane. The pion production takes
place within the region (OBCD). Pions are hadronized
above the dotted lines representing the points ¢t = t_ +
T¢. The shaded region corresponds to the domain t_ +
T < t < ty where pions are produced in presence of
the already formed 7 mesons. This is the domain where
the BE is nonzero. It exists if condition (51) is fulfilled.
The vertical dashed line corresponds to world lines of
zero-momentum pions produced at fixed z. Within the
interval (F'G) both the Bose-enhanced pion production
and absorption in the projectile and target nuclei take
place. Inside the interval (GH) the absorption occurs
only in the projectile.

D. Mutual deceleration of the colliding nuclei

Below we describe the parametrization of the function
&(t) which determines the motion of nuclei in the course
of the collision. Instead of using the Woods-Saxon pro-
file for £(t) [38], we adopt the deceleration law obtained

R
N\

2R/, z

2R/,

FIG. 3. Space-time picture of a central heavy-ion colli-
sion in the free-streaming approximation for the points at the
beam axis. Solid (dash-dotted) lines show boundaries of the
projectile (target) nucleus. R denotes the radius of the nuclei
and 7o is their Lorentz factor in the e.v. frame. The shaded
region represents the domain where the Bose-stimulated pro-
duction of pions with zero c.m. momentum takes place.
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earlier [23] for ultrarelativistic proton-nucleus collisions.

Let us consider a fast nucleon traversing normal nu-
clear matter with the instantaneous kinetic energy FE.
in the rest frame of the matter. The following equation
for the average energy loss per unit path length (z;e1) of
a nucleon was derived in Refs. [23, 24]:

dErel _ _Erel
—_— = Ad y

where A4 is the effective deceleration length. The latter
is inversely proportional to the fractional energy loss in
a single NN collision. At E.,;>1 GeV the deceleration
length is almost independent of E,.; and equals approx-
imately 4 fm [40]. The deceleration law (52) agrees well
with the data on average rapidity shifts of leading nu-
cleons observed in pA collisions in a wide range of bom-
barding energies [24].

In this work we extrapolate Eq. (52) to the case of
a nucleus-nucleus collision. Making the transformation
from the e.v. frame to the target rest frame and apply-
ing Eq. (52) to a projectile nucleon we get the relations
Eie1 = 2mpy - (72 —1), dzre1 = 24/72 — 1dt, where « is the
Lorentz factor of nuclei in the e.v. frame and Eq. (31)
was used for the instantaneous nucleon four-velocities.
This results in the differential equation

dzrel (52)

d _ _
ACER P vl (53)

Assuming Aq =const we get the solution for ~(t)

L1t
ViE-1 R -1 M’

According to this equation the complete mutual stopping
of nuclei (y — 1) takes place only asymptotically at t —
oco. From Eq. (54) we obtain the explicit expression for
the projectile velocity in the e.v. frame

: d£ Vo
€:E: =
\/1+x2+2x-70
x

(54)

(55)

— 2ot

=

As one can see from this equation, at ¢t — oo § drops
rather slowly, as 1/t. The solution of Eq. (55) can be
written analytically

R
g(t)z__+,\d1n(x+\/1+x2+2x-70_1), (56)
Yo

where the initial condition (33) is used. In the limit
A4 — oo we arrive at the formulas (47) and (48) of the
free-streaming approximation. Relations (54)—(56) were
applied for calculating the pion production and absorp-
tion rates in accordance with Egs. (36) and (44).

Of course, initially only the overlapped parts of nuclei
are involved in the deceleration process. Therefore, the
extension of the energy loss to the entire nuclear volume
is a rather crude approximation, especially for the early
stage of the reaction. However, we think that the above
approach gives a reasonable description of the local en-
ergy losses in the overlap region and, therefore, can be
applied for calculating the pion production rates even at
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the initial stage of the reaction.

On the other hand, the compression effects will cer-
tainly enhance the friction between the baryonic flows.
Besides, a dense cloud of secondary hadrons should lead
to an additional stopping of baryons at a later stage of the
collision [21]. This may essentially modify the dynam-
ics of nucleon deceleration as compared to the proton-
nucleus collision. Bearing this in mind, we consider the
deceleration length Ay as a model parameter which is
determined from the fit of observed pion spectra for a
given bombarding energy and combination of nuclei. We
believe that 4 fm is a reasonable upper limit for A4.

Figure 4 represents the space-time region of pion pro-
duction in 2004 GeV central S+S collision. As in Fig. 3,
we consider the pions with p. ., = 0 produced at differ-
ent points along the beam axis. Solid and dash-dotted
lines correspond, respectively, to the projectile (¢t = ¢ )
and target (¢t = t%) boundaries, calculated for Ag=4 fm
by using Egs. (38) and (39). From Fig. 4, one can see
that in the considered case the reaction time, tc — to, is
about 3 fm/c, which is much larger than the correspond-
ing value 7. ~ 0.69 fm in the free-streaming model. Now,
the BE effects are possible even at relatively large pion
formation times and also for light combinations of nuclei
and/or rather high bombarding energies. For example,
at 7 = 79 = 2 fm the BE is predicted inside a shaded
region shown in Fig. 4. In contrast, in the free-streaming
approximation the BE effects are predicted only for much
smaller 7o [see Eq. (51)].

The other consequence of the deceleration is a strong
time dependence of the pion production rate A. The cal-
culation shows that A drops by 2 orders of magnitude
when going from the point O to C in Fig. 4. As we shall
see later, for the soft pion component this drop can be
partly compensated by the BE. Due to the deceleration
and absorption effects, the total pion multiplicity is, as a
rule, lower than in the free-streaming case.

5

z (fm)
Dynamical picture of a central 2004 GeV S+S
collision in the -z plane (7L = 0). Solid (dash-dotted) curves
represent the projectile (target) boundaries in the case when
the deceleration length A\¢q = 4 fm. Dashed lines show the
position of the nuclear boundaries in the limit Ag = co. Other
notations are the same as in Fig. 4.

FIG. 4.
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E. Solution of the kinetic equation in limiting cases

In conclusion of this section let us study in more detail
some limiting cases when the solution of Eq. (15) may
be obtained in an analytic form. For example in the case
Ao = 0,7f = 0 we have [13]

e = €XP [nﬁf’)] -1, (57)

where
t
n{® = / dr (1) (58)

is the pion occupation number in absence of the BE ef-
fects. Omne can see that the pion phase-space density is
strongly enhanced if n{® >1. On the other hand, Eq. (57)
overestimates the BE since it does not take into account
the finite pion formation time.

The other example which can be studied analytically is
the case when the pion production and absorption rates
do not depend on ¢t and 7

X, Ao = const. (59)

In particular, such a situation may take place when two
half-spaces of nuclear matter interpenetrate without de-
celeration and one considers the production of pions with
|[vy| < vo. Substituting t* = 0, t = oo into the general
formulas (19)-(21), (42), and (43) we get

N
ix(t) = Z <;\i> {1 — e Tk |:1 + g
k=1 a
k—1
}@(wk) , (60)

Ty

where z1 = A, - (t —kry).
The term k£ =1 in Eq. (60) gives the solution without
the BE effects:

0 = A [1 - e—ia'(f—fﬁ] ot —y) . (61)

a
As we can see from this equation, 7, increases linearly
with t at small ¢ — 74 and reaches the limiting value
;\/;\a within a time interval ~ 5\;1. The terms with
k > 1 describe the influence of the Bose-stimulated pro-
duction. At A 7¢ <1 they give rise to “jumps” of 7, at
t = 2Tf,37'f,...

The asymptotic behavior of 7i, at large t is essentially
determined by the ratio A/A\,. In the case of A, > ), as
one can see from Eq. (60), the pion occupation number
saturates at £ — oo
_ A
R, =2 Meq = T

= 62
SaMen = (62)

The “equilibrium” value n.q can be obtained assuming
that all quantities entering the kinetic equation (15) do
not depend on time. ~ _

In the opposite case, A, < A, the balance between the
absorption and production of pions is not possible and

Nx grows exponentially at large t. For example, the limit
AaTs K 1 yields the following relation (t > 7y):

Wi] S (= krp)

il (63)

Ngp =
k=1

At :\'rf < 1 one gets the relation i, ~ exp (At) —1 which
may be derived also from Eq. (57).

Of course, the assumption (59) is not realistic. In a real
heavy-ion collision ;\, A, decrease rapidly at large t due to
the deceleration effects. The calculation shows that X, A,
drop more rapidly than t=2 at t — co. As a consequence,
N, saturates at late stages of the reaction. A rough es-
timate for pion phase-space density may be obtained by
substituting Eq. (20) into the r.h.s. of Eq. (15) and com-
paring the gain and loss terms at t ~ (k + 1)74 where
k=0,1,.... We arrive at the following approximate re-
lations for the components of 72, defined in Eq. (20):

ng ~ 5(0) /Aal7) (64)
g1 /ne ~ Mktg) /Aal(k + 1)7y] . (65)

The calculation shows that at the BNL and CERN bom-
barding energies ng > 1 and ng4; Sni. A more de-
tailed study of the time dependence of 7i, will be given
in Sec.IIIC.

III. RESULTS

A. Free-streaming approximation

Let us consider first the limiting case Ay = 0o, A\, = 0,
disregarding the deceleration and absorption effects. In
Refs. [12, 13] we applied this free-streaming approxima-
tion to study the production of pions with zero c.m. mo-
mentum. Here the results for arbitrary pion momenta are
presented. In the considered case the time dependence
of the pion production rate is determined by Eq. (36)
where Ao is time independent. The latter is calculated
by substituting (47)-(48) into Eq. (37). A straightfor-
ward calculation based on Egs. (19)—(21) shows that the
solution of the kinetic equation for 7, is given by Eq. (63)
with the replacement A — Ao, ¢ — min (t,ty +75) —t_.

The asymptotic value of the pion occupation number
may be written as

2
Nas = tlim e = Ao AtO(AL) + ald (At —715) O(ALt — 7)
— oo

2!
A8

ET(At—QTf)ZE‘)(At—?rf)—}—”- , (66)

+

where At =t —t_. The terms with At > 7 give the
contribution from the BE effect. By substituting (66)
into Eq. (23) one can calculate spectra of secondary pi-
ons.

The explicit expression for the pion yield may be ob-
tained [12, 13] in the case pc,. = 0. Then At is given
by Eq. (50) and the volume integration in Eq. (23) results
in the following expression for the invariant spectrum of
7~ in a central nuclear collision:
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TR33 446
[ty & | -
{ +P 15

dN, - Mg
d*p =0 (2mh)® 2%

N(0) = E,

Here 8 = Ao7c and 6 = 79/7. are, respectively, the di-
mensionless pion production rate and formation time for
Pem. = 0 [7c is the reaction time defined in Eq. (50)].
The factor outside the curly brackets is the pion yield
predicted by the simple convolution model [13]. The ex-
pression in the curly brackets gives the correction due
to the BE effect. It has a nontrivial A dependence
(Te « R o< A'/3) and differs from unity for § < 1 or
7o < T.. This condition may be fulfilled only at suffi-
ciently low values of the pion formation time 7y, heavy
combinations of nuclei and/or not too high bombarding
energies.

Table I gives characteristic numbers for the case of cen-
tral Au+Au collisions at bombarding energies 10.7 and
200 GeV /nucleon. The value 79 = 1 fm/c is taken in the
calculation [41]. The table shows separately the values
of nonzero terms on the r.h.s. of Egs. (66) and (67). The
relative contribution of the BE is much smaller in the
pion spectra than in the corresponding occupation num-
ber, because the spatial domain where the condition (22)
holds, occupies only a small fraction of the total volume
where pions are produced [12,13]. Apparently, the very
large contribution of the BE for the BNL energy is unre-
alistic. Indeed, the free-streaming approximation is not
justified at this relatively low E),p, especially for such a
heavy system as Au+Au. The recent experimental data
show [42] that a complete baryon stopping takes place in
this case.

More detailed information about the pion spectra is
given in Figs. 5 and 6 which show the m~spectra for dif-

10¢ § E
a Yem=0 E
L ]
g ':*\ E
R E\ 3
% 2\\\ T, (fm/c): 7
3 -
ISAET S 3
- E o3
& F -—== 07 ]
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> F 3
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T 10°F =
1ot 1 11 1l
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FIG. 5. @~ spectra in 2004 GeV central Au+Au colli-
sions versus transverse momentum pr at longitudinal rapid-
ity Ye.m. = 0. Shown are the results obtained in the free-
streaming approximation for different values of the parameter
T0.

(1-68)0(1 - §) + 42
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(67)

ferent values of the rest-frame formation time 79. Cen-
tral Au4Au collisions at 200A GeV are considered in
the free-streaming approximation. One can see that the
Bose-stimulated production leads to the additional yield
of the low-pr pions (Fig. 5) as compared to the convo-
lution of the NN — 7w X cross section. The effect is
very sensitive to the parameter 79 . For the reaction con-
sidered, the model predicts a nonvanishing BE effect at
To < 7. = 1.26 fm/c. According to Fig. 6, the effect may
be seen even in the rapidity distribution dN,- /dy: the
model predicts a central rapidity peak if 79 is sufficiently
small.

Within the free-streaming approximation the width of
this peak can be estimated from purely geometrical con-
siderations. Let us consider the production of pions with
pr = 0 and nonzero c.m. rapidity y. The straightforward
generalization of formulas (49) and (50) for the case vyxo
yields

2R 2R coshy
t+ —t_ S = ’
Yo (vo + [vi[)  sinh (yo + [y])
where yo = arctanh(vo) is the projectile rapidity in
the e.v. frame. By using Eqgs. (22) and (68) it is easy to

see that the BE is significant only in the central rapidity
window

(68)

2R

YoTo

|y| < arcsinh <g—13) —yo~In (69)
To

Relation (69) generalizes condition (51) for pion rapidi-

ties |y| # 0. It can be fulfilled if 2R > 7¢sinhyo. In the

case of 2004 GeV Au+Au the half-width of the midra-

pidity peak is equal to 0.92 and 0.23 for 7y = 0.5 and

1 fm/c, respectively. One should have in mind that the

5 T T T T T T T
4 ﬂ 1, (fm/c)
> ’ ! oy
o
J,L . ‘ ................. .
Z l - -=== 07
P ! \ —-— 05
S 2 / ' _
SN \
- N —
o | | L | |
1 o0 1 2 3 4 5 6 7
Yiab

FIG. 6.
tion.

Same as in Fig. 5 but for pion rapidity distribu-
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The characteristics of soft pion production (pc.m. = 0) in central Au + Au collisions.

Different terms in n,s and N (0) give the contributions of corresponding terms of Egs. (66) and (67).

Elab = 10.7TA GeV

Elar = 2004 GeV

7e (fm/c) 2.73 1.26
816
Mas|7=0o

N(0) (c® GeV™?)

|
|
Ao (¢/fm) | 40.7
|
| 2.74 x 10° + 7.53 x 10* + 8.18 x 10°

l
l
| .
2.22 x 102 4 1.64 x 10* + 4.62 x 10° 1 1.03 x 10% + 2.30 x 10*
|

3.17 x 10® +1.95 x 10®

model becomes unrealistic at 7o — 0 when it predicts
a very large enhancement of the total pion multiplicity
[see Eq. (57)]. In this case one should explicitly take into
account the substantial energy losses of baryons due to
the pion emission. This, in turn, will suppress the pion
production rates and diminish the possible BE effect.
As we shall see later, the qualitative signatures of the
BE, predicted in the free-streaming limit, remain also in
a more realistic calculation when the deceleration and
absorption effects are taken into account. On the other
hand, the geometrical conditions for the BE become less
restrictive in this case. In particular, effects of Bose-
stimulated production may be expected even at relatively
large 79, high Ej,p and/or light combinations of nuclei.

B. Comparison with the CERN and BNL
experimental data

As was noted earlier, the effects of the projectile-target
deceleration change substantially the dynamics of pion
production processes and the magnitude of the BE ef-
fect. Below we present the results of calculations where
the absorption and deceleration processes are taken into
account. We consider central collisions of identical nu-
clei at CERN and BNL bombarding energies: (A) 2004
GeV S+S and (B) 10.7A GeV Au+Au. The comparison
of observed pion spectra with model predictions can be
used to fix the two adjustable parameters introduced in
the present approach, namely 79 and A4.

The analysis shows that the value 79 ~ 2 fm/c gives
the best fit of experimental data for both reactions con-
sidered. The sensitivity to the choice of 73 can be seen in
Fig. 7 where the rapidity spectrum of 7~ in the reaction

60 T T T T T
T, (fm/c):
50 - ____7 4
2
40 —_ 3 -
%\ .
E 30 ,/#¢>- -
RN
o //’ / \ \Q
20 < // \\ N —~
N NN e
10 < il N < —
vt TNt
0 1 | | | | <2
0 1 2 3 4 5 6
Yiab
FIG. 7. #~ rapidity spectra in 2004 GeV central S+S
collisions calculated for Ay = 1.5 fin and different values of

7o. Experimental data (open dots) correspond to the rapidity
distribution of negative hadrons [1, 43].

(A) is represented for the parameter Ay = 1.5 fm/c and
various values of 79. At 79 = 2 fm/c the model agrees
fairly well with the experimental data (note that the ver-
tical scale is linear). The pion yield is underestimated at
the tails of the rapidity distribution. This may be a con-
sequence of w7 rescatterings disregarded in our model.
These final-state interactions will certainly cause some
collective expansion of the pion cloud [20] and increase
the width of the dN/dy distribution.

Figure 8 presents the results for different choices of the
deceleration length A4. In this reaction, the best fit is ob-
tained for Ag=1.5 fm. The comparison with the limiting
case A\q = oo shows that deceleration effects suppress the
pion yield by about 50%. The main reason for this sup-
pression is a reduced pion production rate. The direct
calculation with o,,s = 0 shows that the absorption ef-
fects are not so important in this case and reduce the
pion multiplicity by only about 15%. In the same figure
we show the results obtained without the BE effect, i.e.,
by omitting all terms in Eq. (20) except & = 0. It is seen
that the BE effects are relatively small in the reaction
(A) and can be noticeable only at midrapidity. At Az >3
fm the BE practically vanishes, in agreement with the
free-streaming model which does not predict any Bose
effect for 7o = 2 fm/c and E),, = 2004 GeV.

Figure 9 represents the pr distribution of pions in the
same reaction. The “best-fit” parameters 79 = 2 fm/c
and A\3=1.5 fm are used in the calculation. One can see
that the model underestimates the data at pr 21 GeV/c,
which may be also due to neglect of the 77 rescatterings.
Only a minor BE effect is predicted at pr <0.1 GeV/c

Yiab

FIG. 8. Same as in Fig. 7, but for 70 = 2 fm/c and dif-
ferent Ay (shown in fm at the corresponding curves). Solid
(dashed) lines represent the results with (without) the inclu-
sion of the BE effects.
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FIG. 9. pr distributions of 7~ mesons in 2004 GeV cen-
tral S+S collisions calculated for Aq = 1.5 fm and 70 = 2
fm/c. The notations are the same as in Figs. 7 and 8.

(cf. Fig. 5). As will be seen in the next section, the BE
gives a small contribution in the considered cases since
the most interesting kinematic domain pr ~ 0, ye.m. >~ 0
has a relatively small weight in the integrated (rapidity
or pr) distributious.

The results for the reaction (B) are shown in Figs. 10
and 11. Again, the data are reproduced fairly well with
the choice 70=2 fm/c. However, a higher deceleration
length, Ay =4 fm, which coincides with the estimate given
in Sec.IID, is preferable in this case. The other qualita-
tive difference with the case (A) is the role of pion ab-
sorption. As one can expect from Fig. 1, the absorption
effects are much more important at the BNL bombarding
energy. The calculation shows that the model overesti-
mates the pion yield in this reaction unless an additional

150 T T T T T
= E 866 data

100~ ' x=0\ =
. /
2
Z
=)

50

0

Y1ab

FIG. 10. «* rapidity spectra in 10.7A4 GeV central
Au-+Au collisions calculated for A\¢q = 4 fm, 70 = 2 fm/c and
different values of the compression parameter x. The dashed
line shows the result without BE (for x = 3). Experimental
data are taken from Ref. [42].
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FIG. 11. Same as in Fig. 10, but for the pion pr spec-

tra in two regions of pion rapidity. mr =
transverse pion mass. The parameter k£ = 3.

m2 + p2 is the

absorption is introduced.

The additional absorption can be explained by the
compression of baryon flows [39]. Within the multifluid
approach the compression ratios p/pg ~ 2 — 3 are pre-
dicted [21, 24] for this reaction. On the other hand, no
significant compression has been obtained for reaction
(A). To take into account the additional absorption at
the BNL energy we introduced the compression factor
K = pa/po in the r.h.s. of Eq. (27), replacing p2/po
by pak. One power of k is effectively cancelled out by
integrating over the Lorentz-contracted nuclear volume
[see Eq. (17)]. The absorption rate now becomes kAq
where ), is given by Egs. (44) and (45).

According to Figs. 10 and 11, a reasonable agreement
with the data may be achieved by choosing the parameter
x ~ 3. It is seen that the BE at low p7 and midrapidity
is more noticeable than in the reaction (A). More defi-
nite conclusions may be drawn if it would be possible to
extend measurements to the region pr < 0.1 GeV/c.

C. Possible signatures of the Bose-enhancement
effect

As discussed in the previous section, single differen-
tial spectra like dN/dy or dN/dpr show a rather low
sensitivity to the BE effect, especially for those values
of model parameters which are favored by experimental
data. Therefore, it is desirable to find observables which
are more sensitive to this effect. The double-differential
pion spectra at low pr and small c.m. rapidities are
rather promising. Of course such measurements demand
much better statistics than it is available now. As shown
in Fig. 12, even in the case of a light combination like
S+S at 2004 GeV, one may expect a rapid change of
double differential spectra at pr — 0 due to the BE ef-
fect [44]. One can see that at pr = 0.1 GeV/c this effect
gives only a minor (~ 10%) contribution in the central ra-
pidity region. On the other hand, its contribution grows
to the level of ~ 100% if pr — 0. It is worth noting
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FIG. 12. Double-differential spectra of 7~ in 2004 GeV

central S+S collisions vs pion rapidity at fixed values of pr.
The choice of model parameters is the same as in Fig. 9. Solid
and dash-dotted lines show the results for pr = 0 and 0.1
GeV /c, respectively. The dashed and dotted lines represent
the corresponding calculation without the BE effects.

that the pion spectra in Fig. 11 correspond to the “al-
most” double-differential distributions since the rapidity
windows are rather narrow. The region 1.2 < yjp < 1.4
is near midrapidity (yjap ~ 1.6) and it is not surprising
that at pr — 0 the model predicts rather large BE factor
(~ 5) in this case.

The rapid variation of the pion yield with the trans-
verse momentum may be explained as follows. With in-
creasing pion transverse velocity, the time available for
the pion production, t, —t_, decreases while the pion for-

mation time, Eq. (5), increases. As a consequence, the:

region where condition (22) is satisfied becomes smaller,
if it exists at all. More information is given in Fig. 13
where the pion occupation numbers for pr = 0 and 0.1
GeV /c are compared for the 2004 GeV Au+Au collision.
One can see that the BE factor for asymptotic values of
7 drops by more than 1 order of magnitude when going
from zero transverse momentum to pr = 0.1 GeV/c.

Due to the BE, the time interval where 71, is essentially
nonzero, 6t, increases by an order of magnitude, from
0t ~ 1 to 5-10 fm/c, for pr $0.1 GeV/c. Such a qualita-
tive difference in the dynamics of pion production should
be reflected in the m7-correlation function C(pi,52). It
is defined as the normalized probability to detect simul-
taneously two pions with momenta p,p>. At small rel-
ative momenta C' > 1 due to the symmetrization of the
two-pion wave function [45]. The characteristic sizes and
“lifetimes” of pion emitting source were extracted from
the w7 interferometric measurements [46].

Leaving the detailed study of wm-correlations for the
future, here we restrict ourselves to a short remark. As-
suming a purely incoherent pion emission, one can ex-
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FIG. 13. Time dependence of i, in the point ¥ = 0 for
pions with yc.m. = 0 produced in 2004 GeV central Au+Au
collisions. The solid lines show the results of calculation with
the parameters 70 = 2 fm/c, Ay = 4 fm, x = 1. The dashed
lines are calculated without BE. The dash-dotted line rep-
resents the results for pr = 0 in the free-streaming limit
(/\d = 00,k = 0).

press [45] the function C via the four-dimensional Fourier
transforms of the pion occupation numbers 7. (¢, 7, P 2)
with the corresponding wave vector ¢* = (p¢ — p%)/h
where Pi,z are the pion four-momenta. The increase of
the pion source lifetime §t due to the Bose-stimulated
pion emission should give rise to a narrow peak in
C(p1,p2) at small |Ey — Ey| ~ h/6t <50 MeV. This
peak should be more pronounced for the pion pairs with
p:(l}’z) < 0.1 GeV/e, |y£1,’3)| <0.5. Heavy combinations of
nuclei are preferable for this analysis. Unfortunately, up
to now no measurements at sufficiently low pr have been
carried out. Nevertheless, we encourage experimentalists
to perform such measurements with Au beams at BNL
and Pb beams at CERN.

As follows from the above calculations a rather sharp
peak of the pion phase-space distribution is predicted
around the central point 7= 0, p'= 0 at the initial stage
of the reaction. One should bear in mind that this re-
sult is obtained within the quasiclassical approximation.
Due to the uncertainty principle the particle distributions
must be smoothed out over the phase-space cells of the
volume (27#)3 [13]. Therefore, in a more refined quan-
tum mechanical approach the maximal pion occupation
numbers will be lower. However, we do not expect a sig-
nificant change of pion spectra, predicted by the present
model, because these spectra are obtained by averaging
over a large spatial volume of the pion emitting source.

IV. SUMMARY

The main results of the present paper can be summa-
rized as follows.

(1) Experimental data for nuclear collisions at CERN
energies imply large phase-space occupation numbers of
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pions with y¢.m;m. ~ 0, pr ~ 0.

(2) The present model can easily explain the enhanced
low-pr yield of pions observed at CERN and BNL ener-
gies as a manifestation of the Bose-stimulated pion pro-
duction. However, existing data neither confirm nor ex-
clude this explanation. Measurements of extra-soft (pr <
50 MeV/c) pion yields will be decisive for this mecha-
nism.

(3) The Bose-enhancement effect should be more
prominent in double-differential pion spectra and may
produce a central rapidity peak for pions with pr <0.1
GeV/c. High statistics measurements in this kinematic
region are crucial to pin down this effect.

(4) The Bose-stimulated pion production should in-
duce a narrow peak in the mm-correlation function at
small difference of pion c.m. energies, |E; — E2|< 50
MeV. The corresponding measurements should be per-
formed for samples of pions with small pr and |yc.m.|.

To make the model more realistic, it will be necessary
to develop a more consistent treatment of the dynam-
ics of baryon flows, e.g., by using the multifluid or ki-
netic approach. Then the energy transfer from baryons
to the mesonic subsystem can be included explicitly. In

particular, it would be interesting to investigate the in-
fluence of the BE on the stopping of baryons. A more
rigorous study of pion absorption processes requires the
explicit inclusion of baryon and meson resonances. Fi-
nal state interactions and the n7 rescattering in a dense
meson cloud must also be investigated. A smooth dis-
tribution in pion formation times should be introduced
instead of the step function used above. We hope to
apply the model for studying the possibility of Bose con-
densation of pions and the evolution of chiral symmetric
states in high-energy heavy-ion collisions.
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FIG. 3. Space-time picture of a central heavy-ion colli-
sion in the free-streaming approximation for the points at the
beam axis. Solid (dash-dotted) lines show boundaries of the
projectile (target) nucleus. R denotes the radius of the nuclei
and o is their Lorentz factor in the e.v. frame. The shaded
region represents the domain where the Bose-stimulated pro-
duction of pions with zero c.m. momentum takes place.



