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Multipion coherent effects in high energy heavy-ion collisions
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Multipion production in high energy nucleus-nucleus collisions is considered within the model of the pion
radiation by classical current. Strong coherent effects of narrowing of the pion longitudinal and transverse
momentum distributions are predicted at RHIC energies. The coherence enhances the large pseudorapidities,
producing a bump in the distribution. The growth of the average pion multiplicity and oscillation effect in the
multiplicity distribution are caused by the coherence as well.

PACS number~s!: 25.75.2q, 13.75.Gx
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I. INTRODUCTION

The observation of a new physical phenomenon could
done in experiments at RHIC, which is a coherent multip
radiation in heavy-ion collisions analogous to the laser rad
tion @1,2# of the electromagnetic field. Besides, this pheno
enon is important in connection with disoriented chiral co
densate~DCC! @3# and classical pion field@4# problems. It is
known that quantum statistical correlations change the m
tiplicity distribution and momentum spectra of identical ha
rons. The effect becomes crucial in the high energy hea
ion collisions where the mean number of pions in the u
volume of phase space (DxDk cell! reaches the value o
about a unity~or more than a unity!. In this case the coheren
radiation of pions can lead to the formation of a so-cal
pion laser@1#. Usually these effects are discussed assum
thermal emission of pions by a static source with radiusR
@5#.

On the other hand, the most popular basic model for
description of the underlying events in heavy-ion collisio
~assuming no any new physics in the nucleus-nucleus s
tering! is that of independent nucleon-nucleon interactio
Each pair of incoming nucleons produces secondary p
independently. In other words, each pair of colliding nuc
ons plays the role of a separate source placed at some
xi within the space-time domain where the beamA1 and
target A2 ions overlap. Each source is more or less we
though the number of sources is large (;A), so that the
density of pions becomes greater than unity~in the cell of
phase space!. In the present paper we study how the quant
statistics~i.e., the permutations! of identical pions modifies
the spectra and multiplicity distribution of secondaries
such a simple~basic! model of independent nucleon-nucleo
interactions.1

Certain possible effects of the pion coherence were c
sidered qualitatively within the simple model of bremsstra
lung of scalar pions with a small pion multiplicity@6#. Now
we step further towards a quantitative understanding of
phenomenon considering more realistic central nucle
nucleus collisions and accounting for true pion amplitud

1This model can be considered as a realistic one, if there ar
other new dynamical effects in the nucleus-nucleus collision.
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with large multiplicity in the nucleon-nucleon interaction
This can be carried out using the model of Gyulassy, Kau
mann, and Wilson@7# for the pion radiation by classical cur
rent in the nucleus-nucleus scattering. We see a strong
herent narrowing in the pion transverse and longitudi
momentum distribution for such a process. This confirms
analogous result obtained in@6#. The longitudinal momenta
are strongly softened by the coherence, unlike in the mo
of the scalar pion bremsstrahlung where the monochro
tism of pions takes place. In spite of this difference, t
conclusion@6# about the enhancement of large pseudorap
ties by coherence is encouragingly confirmed now. Ap
from the coherence effects manifested by the kinemat
variables, we have prominent coherent effects in the p
multiplicity with a large number of radiating nucleons. Th
is in accordance with the threshold character of the coh
ence as a function of the number of pion sources@6#.

II. PION RADIATION BY CLASSICAL CURRENT

The average pion multiplicity in the central heavy-ion co
lisions at RHIC energies is of the order of 104. A convenient
way to perform calculations with such a number of radia
pions consists in considering the pion radiation by class
current@7#. TheS matrix for the emission ofm pions by the
currentJ(k) can be written as

uJ&5e2n̄/2expS i E d3kJ~k!a†~k! D u0&, ~1!

n̄5E d3kuJ~k!u2, ~2!

Sf i5^a~k1!•••a~km!uJ&. ~3!

The coherent stateuJ& is the state with an indefinite numbe
of quanta, the quantum-mechanical average of the pion
nihilation operatora(k) being equal toJ(k). The exclusive
cross section, semi-inclusive cross section for the case om
radiated pions, inclusive cross section, and pion multiplic
distribution can be easily obtained from Eqs.~1!–~3! using
the permutation property of the operatorsa(k i) anda†(k i):

dW(m)

dk1•••dkm
5uJ~k1!u2

•••uJ~km!u2e2n̄, ~4!no
©2000 The American Physical Society03-1
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dW(m)

dk1
5uJ~k1!u2

n̄m21

~m21!!
e2n̄, ~5!

dW

dk1
5 (

m51

`
dW(m)

dk1
5uJ~k1!u2, ~6!

Pm5
n̄m

m!
e2n̄. ~7!

So we obtain the Poisson multiplicity distribution within th
model, and the physical meaning of the valuen̄ @Eq. ~2!# is
clear from Eq.~7! as the average pion multiplicity.

One can write the nuclear current as a sum of current
constituent nucleons@7#:

J~x!5(
i 51

N

Jp~x2xi !, J~k!5J0~k!(
i 51

N

eivt i2 ik•xi. ~8!

Here the space-time pointsxi are the coordinates of certai
‘‘inelastic scattering centers’’ where the strength of the c
rent is localized;v5Ak21m2 is the energy andm is the
mass of a pion. We obtain all distributions with formul
~4!–~7!, substituting the following expression forn̄ which
depends now on the instant space-time coordinates oN
nucleonsx1 , . . . ,xN :

n̄5n̄~x1 , . . . ,xN!

5E d3kuJ0~k!u2S N12(
i , j

cosk~xi2xj ! D . ~9!

The final cross section can be obtained by averaging
distributions of Eqs.~4!–~7! over the whole space-time re
gion of the nucleus-nucleus collision.

The amplitude of the vacuum-vacuum transiti
exp@2n̄(x1, . . . ,xN)/2# gives the correct cross section no
malization, i.e., provides the unitarity to be fulfilled, thu
taking into account the pion radiation in one point and
absorption in another one.

As an example we study the central Au-Au collisions w
energyp05100 GeV per nucleon in the center-of-mass s
tem. The number of radiating nucleons,N5150, is fixed. We
neglect now the spin and isospin variables, considering p
of the same sign of charge only. The currentJ(k) is obtained
by fitting the single inclusive pion longitudinal@8# and trans-
verse momentum distributions, with real average pion mu
plicity in the nucleon-nucleon scattering.2 To average the
cross section over the radiation space-time region, we
proximate this domain by the Woods-Saxon distribution w
radius R56.3 fm and diffusion parametera50.6 fm. The
longitudinal coordinate and radiation time were averaged
dependently, the Lorentz contraction of the nucleus be
taken into account.

2We are grateful to Yu.M. Shabelsky for providing us with tab
lated pion distributions.
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The resulting spectra of pion kinematical variables a
shown in Fig. 1. It is seen that coherence strongly affe
both transverse and longitudinal momentum distributio
Comparing the transverse momentum spectrum without
terference@the dashed line in Fig. 1~b!# with spectra where
coherence takes part@solid and dotted lines in Fig. 1~b!#, we
can observe the diminishing of pion transverse momenta
to coherence. The average transverse momentum in
nucleon-nucleon interaction iŝkt0&'0.36 GeV; just this
value corresponds to the dashed line in Fig. 1~b!. Typical
transverse momentum for the spectra shown in Fig. 1~b! with
coherence~solid and dotted lines! is ^kt&'0.055 GeV. This
value turned out to be about the inverse nucleus radiusR
'0.031 GeV, but it is slightly higher due to the fact that t
Fourier transform of the space distribution of the pion sou
is determined not only by the radiusR but by a smaller
diffusion parametera as well. The obtained result corre
sponds to the picture of pion production in the nucleu
nucleus collision, when in the main the whole nucleus ra
ates pions coherently but not separate nucle
independently.

The longitudinal momentum, as shown in Fig. 1~a!, also
decreases because of the coherence. The solid and d
lines show much narrower distributions than the dashed
calculated without pion interference. To estimate the char
teristic energy of coherent pions with transverse momen
^kt&, let us take the valuev'0.75 GeV corresponding to th
maximum of the pseudorapidity distribution in Fig. 1~c!
~solid and dotted lines!. However, to estimate correctly th
longitudinal range of the pion source, we must remem
that the connection between the pion currentJ(k) and space-
time source range,

J~k!5E d4x
eivt2 ik•x

@2v~2p!3#1/2
J~ t,x!,

includes the normalization factor 1/A2v of a pion plane
wave @7#. So, to estimate this range, we must use the lon
tudinal momentum distribution multiplied by the pion ener
~or pion longitudinal momentum, if its value is larg
enough!. It is the invariant cross section shown in Fig. 1~a!
that possesses the necessary information. We use the w
of the distribution on the level of one-half of the cross se
tion maximum as a scale for the inverse size of the p
source. We obtain the valueQL'4.2 GeV from the solid~or
dotted! line; it can be compared withQL

NN'11 GeV for the
corresponding value in nucleon-nucleon interactions~dashed
line!. The obtainedQL turns out to be about the invers
nuclear range shortened by the Lorenz boost:QL

R5p0 /m/R
'3.3 GeV (m is the nucleon mass!. This corresponds to the
conclusion which has been done before in the analysis of
transverse momentum distribution about the coherent ra
tion of the nucleus as a whole.

The physical nature of the coherent narrowing of t
transverse momentum distribution was studied in the fram
work of a simple model of the bremsstrahlung of a sing
scalar pion created in every nucleon-nucleon interaction@6#.
Such an effect appeared in@6# as a consequence of pion Bos
3-2
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FIG. 1. Distributions of the~a!
pion longitudinal momentum
~multiplied by kl), ~b! transverse
momentum squared,~c! pseudora-
pidity, and ~d! rapidity. The solid
line shows the semi-inclusive
cross section with the fixed num
ber of pions in the eventm
57000, the dotted line shows th
inclusive cross section, and th
dashed line shows the inclusiv
cross section without the interfer
ence contribution~normalized in
the maximum forkl distribution
and at zero for others!.
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statistics. At the same time, there was also a narrowing of
longitudinal pion momentum spectrum around its charac
istic value (m t /m)p0, wherem t is the pion transverse mas
Am21kt

2. It is clear that the diminishing of pion longitudina
momenta due to the coherence observed now@see Fig. 1~a!#
may be explained with the help of the same mechani
where many pions are radiating analogously. The narrow
of the spectrum around the average value (m t /m)pi takes
place at everyi th step of the radiation. Herepi is the mo-
mentum of the nucleon before thei th emission. So the sum
mary effect of the softening of the spectrum can be produ
by decreasing the spread around the average values an
minishing pion transverse momenta due to the coherenc

We see that the coherent decrease is stronger for tr
verse momenta than for longitudinal ones:

QL /^xF0&p0'0.4, ^kt&/^kt0&'0.15.

Here^xF0&;0.1 is the average Feynman’sx in the nucleon-
nucleon invariant cross section. We conclude from the an
sis of the spectra in Figs. 1~a! and 1~b! that the source of
coherent pions could be roughly approximated by a d
radiating pions with the transverse momenta;1/R and lon-
gitudinal momenta;QL

R . One could illustrate the observe
difference by the same picture of the pion radiation, for e
ample, within the model, where the average transverse
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mentum of the emitted pion iŝkt0&;m. The coherent de-
crease of the average longitudinal momentum in thei th step
of a ‘‘ladder’’ is

QL
R

^kl0~ i !&
'

p0

m

1

RY m

m
pi'

p0

pi

1

R^kt0&
.

This value is found to be higher than the decrease of tra
verse momenta (1/R)/^kt0&, aspi!p0 for most of the steps
in the ‘‘ladder.’’ Within a more realistic multiperiphera
model of pion production one obtains exactly the same re
with the pion momentumki instead of (m/m)pi in the de-
nominator. As in the multiperipheral approach the typic
value of ki!(m/m)p0; we have to expect here the effe
discussed above as well.

So, as a consequence, large pseudorapidities must b
hanced by coherence. This effect is really seen in Fig. 1~c!,
the cross section being twice as much as the noncoheren
in the shoulder region having a bump there. This is mai
conditioned by the multiperipheral character of the pion p
duction. One could suppose this effect to be enhanced w
the growth ofp0 by virtue of a decrease of̂xF0& and in-
crease of̂ kt0&.

The rapidity distribution@Fig. 1~d!# shows a coherent ef
fect as well. However, such a kinematical variable is n
convenient for this case to clear up the physics, when
pion transverse momentum is lower than the pion mass.
3-3
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considered inclusive distributions do not differ noticeab
from the spectra where the number of pions is fixed nea
mean value.

III. MULTIPLICITY DISTRIBUTION

The existence of strong coherent effects in the pion m
tiplicity is suggested by the fact that laser-type pion radiat
has the characteristicN2 dependence of the average mul
plicity on the number of nucleon sources@7#. The valuen̄
averaged over the space-time region@Eq. ~9!# is given by

^n̄&5n̄0@N1eN~N21!#. ~10!

Here n̄0'6 is the average multiplicity of pions of the sam
sign of charge in the nucleon-nucleon interaction ande is the
probability for two pions to be at the same state~i.e., the
sameDxDk cell!. The strong threshold growth of cohere
effects in the pion induced radiation versus the number
radiating nucleons@6# corresponds to the small overlappin
of the pion distributions after averaging according to the fi
and second terms in Eq.~10!.

We have calculated the pion multiplicity distribution, E
~7!, and the results are shown in Fig. 2. We see that
average multiplicity is approximately 7 times larger than th
in the noncoherent case. So the second term dominates
~10! and we have a coherent source with thousands of p
at the same state. It is really a pion classical field. The pr
ability e'0.04 can be obtained using Eq.~10!.

The prominent distinction of the obtained multiplicity di
tribution from the Poisson distribution, its large width, a

FIG. 2. The pion multiplicity distribution~the solid line! and
Poisson distribution with the same average multiplicity~the dotted
line!.
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oscillating shape is the second effect of the pion coheren
To study the nature of these oscillations it is necessary
consider the complicated equations~7! and~9!. Nevertheless,
we try to understand the main features of this effect with
a detailed investigation of Eqs.~7! and~9!. First, let us recall
the origin of the second term in Eq.~10!. It comes from
averaging cos@k(xi2xj)# in Eq. ~9!. In the limit kR!1, when,

for any i and j, cos@k(xi2xj)#51, we getn̄5N2, i.e.,e51 in
Eq. ~10!. Vice versa, forkR@1, as a result of the oscillation
and strong cancellation, the term̂cos@k(xi2xj)#& is equal to

zero, which leads ton̄5N (e50). In reality we obtain not
so smalle50.04 which is larger than the naive estimatee
5(^kt&/^kt0&)

2QL /QL
NN (e is the part of phase space whe

kR&1; see the end of Sec. II!. This means that the majo
part of the multiplicity comes from the region wher
cos@k(xi2xj)# has one or few oscillations.

In some sense, the phase of cos@k(xi2xj)# separates all
pion sources~currents! into groups. For example, there ma
be a group ofN1 nucleons, for which all the values o
cos@k(xi2xj)# are positive~at fixedk). Note that they are no
only the neighboring nucleons (kDx,@0,p/2#) but currents
separated by distanceDx5xi2xj with kDx,@3p/2,2p#
and so on. Thus, we do not deal with a homogeneous so
but with some groups of currents which produce the pio
coherently. Now it is natural to expect large fluctuations
the multiplicity distribution. Such groups produce oscill
tions, i.e., maxima at different values ofn.

To estimate approximately the number of nucleons in
group we suppose that the oscillations in multiplicity dist
butions result from the radiation by groups, in which t
number of coherently radiating nucleons differs by unity
various events. Such groups produce maxima at differ
places of the multiplicity distribution. Fitting positions of th

two maxima in the spectrum by the expressionsn̄0e(N1

21)(N122)B and n̄0eN1(N121)B, which correspond to
the two classes of events, we obtain the effective num
N1'33 of nucleons in the group. The next step for und
standing the radiation process is to suppose the radiatio
different groups to be coherent. In this case the factorB is
given by Ng(Ng21), whereNg is the number of groups
From the fit of the places of maxima we obtainNg'5, in
approximate accordance with the fact that the total num
of nucleons isN5150.

The only known example of the oscillating multiplicit
distribution is a spectrum in the multi-Reggeon cutti
mechanism@9#, where the peaks in the distribution corr
spond to the integer multiple of the single Reggeon mu
plicity. The principal difference of this effect from the dis
cussed result consists in the fact that the laser-type radia
has the characteristicN2 dependence of the average mul
plicity on the number of nucleons in the group. Togeth
with the fact that the number of pions,n̄0, emitted by each
pair of colliding nucleons@each currentJ(k)] increases with
energy (n̄0@1), it provides us a reason for which contribu
tions of different configurations are clearly separated in
spectrum.
3-4
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IV. SPIN EFFECTS

We have not considered the influence of the nucleon s
on the discussed coherent effects. The multiple pion prod
tion at high energies does not seem to have the signifi
spin dependence of the single inclusive pion spectra, at l
in the central rapidity region or at multiperipheral pion cr
ation. However, the property of a pion as a Goldstone p
ticle to couple with spin~for example, with the quark spin o
the nucleon!, with a suppression of small transverse m
menta, requires a clarification of the problem of the s
dependence of coherent effects.3

The first point is that being a Goldstone particle the p
with zero momentumk50 ~i.e., the homogeneous pion field!
decouples from quarks or baryons. The next is the pi
nucleon vertex; in a sense, the pion is emitted by the spi
the fermion. It is not important for us whether the fermion
a quark or nucleon, but for the sake of simplicity we consid
the pion-nucleon coupling. In the nucleon rest frame the v
tex takes the formV5g(sk).

At first sight, as a result of the Goldstone nature of pio
one might expect the inclusive cross section to tend to zer
small kt , just in the region where we collect the main inte
ference effects. However, this is not the case:~i! when the
pion is emitted by a fermion, the vanishing of the vertexV
;k is compensated for by the pole of the fermion propaga
and atk→0 the amplitude tends to a constant;~ii ! in a cen-
tral rapidity region the majority~more than half! of pions
comes from the resonance (r,v, f , . . . ) decay. Anyway in
our calculations we have used the experimental cross se
~measured inpp collisions! which does not tend to zero a
kt→0.

The role of spin is a more delicate question. First,
have to emphasize that in the central region the pions
produced mainly due to the resonance decay and on
small part of thep mesons is promptly created by fermion
Nevertheless, let us discuss the interference between
identical pions~with momentak1 and k2) emitted by two
nucleons with coordinatesx1 andx2. The amplitude reads

A5g@~s1k1!eiklx1~s2k2!eik2x21~s1k2!eik2x1~s2k1!eik1x2#,
~11!

where we keep only the terms~and factors! important for our
discussion. To calculate the cross section one has to sq
the amplitude, Eq.~11!, and average over the nucleon pola
izations. This leads to

dW

dk1dk2
;g2@k1

2k2
212~k1k2!2ei (k12k2)(x12x2)1k2

2k1
2#.

~12!

Here the second term corresponds to the interference o
amplitudes, where the pionsk1 andk2 are emitted by nucle-
ons 1 and 2, correspondingly, and vice versa. After aver
ing over polarizations, the product (s1k1)(s1k2) gives the

3We wish to thank B.L. Ioffe for drawing our attention to th
important point and for an interesting discussion.
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value (k1k2). Thus, unlike the spinless case withdW;$1
1exp@i(k12k2)(x12x2)#%, we obtain an extra cosine squa
(k1k2)2/k1

2k2
25cos2u. Taking the spin into account, we ge

dW;$11cos2u exp@i(k12k2)(x12x2)#%. Note that fork15k2
the interference is still as strong as before. The only con
quence of this cosu is a tiny decrease of the effective volum
of the elementary cell (DxDk), where interference does tak
place. In other words, taking the fermion spin into accou
we diminished the value ofe a little bit. It should be stressed
here that in the region of interestuhu;3 the pion momenta
k1 ,k2 are not too small. In the nucleon rest frame we d
with the values ofuk1u,uk2u;1 GeV. On the other hand, in
the region of the interference peak the differenceDk5uk1
2k2u is of the order of 1/R'30 MeV. So the typical values
of cos2u'12(Dk)2/k2'0.998 are very close to 1.

To demonstrate the role of spin we have considered
merically the production of two pions emitted by a couple
nucleons in the deuteron-deuteron collision@10#, the pNN
vertex being taken asg5. Here the Goldstone nature of th
pion reveals itself as much as possible. We do observ
certain effect~of about 3.5%) but it is too small to chang
our previous result noticeably.

V. PION FINAL STATE INTERACTION

The natural question one could inquire about is the int
action of pions during the short time, when nuclei overla
and pion interaction in the final state. The importance of t
point is related to the fact that coherence could be dim
ished because of pion rescattering. Corresponding am
tudes must be added to theSmatrix, Eqs.~1!–~3!, producing
random phases in the waves, Eq.~8!. In such a situation the
production of pions of large multiplicity is rather questio
able, because it is based on the strong constructive inte
ence of pion formation amplitudes in Eqs.~1!–~3!. More-
over, the strong coherent effects in the pion spectra, Fig
could be smeared by pion scattering.

The important circumstance which saves the pion coh
ence consists in the fact that a time is necessary to p
~hadronization time!, when the quark-antiquark pair create
from the parton ladder transforms into an interacting pio
We estimate this time in the pion rest frame ast050.5 fm,
which is close to the pion radius. It is natural to suppose t
there are no smallx pions formed~i.e., in the central plateau
region! inside the fast moving nucleon because the intrin
transverse momentum of partons in the nucleon is lar
(;223 GeV @11#!. Its inverse value~with the correspond-
ing Lorentz g factor! gives the characteristic time for th
parton fluctuation in the nucleon. This is much lower th
necessary for pions with the corresponding energy to
formed.

The time delay for the beginning of pion interactions a
lows one to produce a coherent pion state, Eq.~1!. In order to
understand the minimal distance from the source along
three-axis, where the coherent pion wave has already b
created~the formation length of the wave!, let us consider
the space picture of pion radiation by the classical curr
J(x). Using Eq.~8! for the current, one can obtain the fo
lowing solution of the Klein-Gordon equation for the Fouri
3-5
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FIG. 3. Distributions of longi-
tudinal ~left! and time~right! co-
ordinates of pion scattering fo
five iterations of Monte Carlo
simulations~from upper to lower,
light histograms!. The formation
length of the pion wave is shown
by the dark histogram.
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transform of the pion field with frequencyv:

f~v,x!5
1

4p (
i 51

N

eivt iE dx8
eikux2x8u

ux2x8u
Jp~v,x82xi !.

~13!

Herek5Av22m2, andJp(v,x) is the Fourier transform o
the currentJp(x). As our source is a thin disk, with a thick
nessd much smaller than its transverse size, we can imag
all radiating centers placed on the transverse plane atx350
~we consider the waves withkd!1 only!. The sum in Eq.
~13! is approximated by an integral over the plane with t
density of the centersr(b) (b is a current coordinate on th
plane!, and we obtain the usual plane wave moving along
three-axis vectori3 near the disk:

f~v,x!5
1

4pE dyJp~v,y!E db
eikux2b2yu

ux2bi2yu
r~b!

5
ir

2k
A2v~2p!3J0~ki3!eikx3 ~14!

@hereJ0(k) is given by Eq.~8!#. For applicability of such an
approximation, the density of sources~i.e., colliding NN
pairs! must be large enough in the main part of the integ
tion path. The phase of the exponent changes from 0 tp
within the interval Db, which can be estimated from th
02490
e

e

-

equationkAx3
21Db25kx31p. So the average separatio

r 05R/AN between elementary sources on the plane mus
r 0!Db. With Db5nr0 we obtain the following value for
the minimal x3, where the plane wave has already be
formed:

x35
k

2p
~nr0!22

p

2k
. ~15!

Taking n53, we obtain a formation length equal tox3'1
fm for the wave with the characteristic energyv50.75 GeV.
It is smaller than the distancel'2.6 fm where pions with
hadronization timet0 start to interact. So pion scattering do
not prevent significantly the production of the coherent sta
Eq. ~1!, because the former has switched on only after t
state has been created.

To understand in more detail this problem as well as p
sible distortions of pion spectra by scattering, we perform
a Monte Carlo simulation of the multipion creation. Initia
pion spectra have been simulated according to the transv
momenta and rapidity distributions of Fig. 1. The initi
space coordinates of pions were obtained with the Woo
Saxon distribution for the transverse coordinates and nor
distribution withs51/0.75 GeV21 for the longitudinal and
time coordinates~the central pion!. After that five other
pions from one nucleon-nucleon interaction were smea
normally around this point according to the nucleon si
3-6
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FIG. 4. The two-pion mass
spectrum for~a! all pairs in the
initial pion sample and~b! pions
of the first scattering only.
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The total number of simulated pions equalsNp'6500. This
number corresponds to the mean multiplicity of pions of
same sign of charge. Now we consider the scattering ofp0

mesons by charged mesons, as this interaction is the s
gest one. To simulatep0 scattering, we represent the diffe
ential pp cross section by ther resonance. When the dis
tance between two pion trajectories becomes smaller
As/p, we obtain the space-time point of the interaction a
simulate final particles in accordance with the different
cross section. To take into account the time of the hadro
zation of pions, the cross section is taken in the fo
s(t/t0)2, when t,t0. Here t is the minimal value of the
times of flight of two interacting pions, calculated in the
rest frames.4 After finishing the first iteration, when all pair
of Np pions have been considered, we use the new coo
nates and momenta of the pions instead of the initial o
and go onto the next iteration. Such a classical considera
allows us to trace the further behavior of the pion cloud a
the short-time production period.

In Fig. 3 we show distributions of thex3 coordinate and
time of pion scattering for the first five iterations; the numb
of interacting pairs is shown for every iteration as well. T
space-time development of the process of pion scatterin
the final state can be traced now. These distributions di
considerably from one iteration to another mostly in the sc
of the horizontal axis, being approximately similar in th
spectrum shapes. One may conclude that significant sca
ing takes place in the wide space-time region up to the
tance;100 fm. At the same time, the average number
interactions is not so high. We observe convergence of

4This s;t2 dependence is motivated by the color transpare
effects;Dr 2, as the distance between the quarks~in qq pairs!,Dr ,
increases proportional tot ~at smallt).
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iteration process~see the number of interacting pairs!; on an
average, every pion has no more than five final state inte
tions.

The distribution of the formation length, Eq.~15!, of the
pion wave is shown in the first picture of Fig. 3 by the da
histogram; the spectrum is normalized on the total numbe
interacting pairs. The large number of events occupies
first bin of the histogram; these are low energy pions wh
have formed the wave at once after the emission. Compa
the dark and light histograms we find that the first distrib
tion shows smaller distances than the second one. That
accordance with the estimate which has been done befo
the analysis of Eq.~15!. So one can conclude that the pio
wave as a rule has been formed before the final state in
action.

The time delay of the first pion scattering due to the pi
hadronization results in an important feature of the pion fi
state interaction. Two-pion effective mass spectra are sh
in Fig. 4 both for all initial pairs of mesons and for meso
of the first scattering only. We see a strong narrowing of
mass spectrum of interacting pions near the two-pion thre
old. This effect is connected with the fact that the time de
allows for the fast moving pion to interact only with a par
ner outside the region, where the heavy ions overlap. T
could be only a pion moving fast in the same direction. Th
the relative energy of the collidingpp pair should be rather
low.

This feature results in two important consequences for
process of coherent multipion creation. At first, the final st
interaction does not produce any visible changes in the
menta of pions because of the small relative energy of in
acting particles. So all coherent effects in the pion spectra
Fig. 1 continue to take place after such interactions. T
second consequence is the fact that the produced pion c
has features of an almost ideal Bose gas@12#. As the scatter-

y
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FIG. 5. Inclusive pion rapidity
distributions~the average numbe
of particles per event! with ~the
solid line! and without~the dashed
line! the interference contribution
The data are for~a! p0 mesons
and~b! negative hadrons. The the
oretical values are multiplied by a
factor of 2 ~see the text!.
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ing lengtha5a2 /A2'20.06 fm is small enough in com
parison with the average distance between the pions,r'0.4
fm ~in the rest frame of the pion cloud!, the condition of a
gas approximation,a/r !1, is satisfied. In our Monte Carlo
simulation we can trace the trajectories of all pions. We
not present here the corresponding figures, but it is inter
ing to note that the cloud moving, say, in the direction
positivex3 has longitudinal sizeL'1 fm after the flight time
t51 fm andL'4 fm at t540 fm, the transverse size coin
ciding with the nucleus one.

Thousands of pions occupy here the same elementary
of the phase space. At the same time, the speed of soun
this gas is very high. A nonrelativistic naive estimate giv
u5(4puau/m2r 3)1/2'4.7, which is larger than the speed
light. Of course the true value ofu is <1. However, this
naive estimate indicates that the speed of sound in the g
close to unity due to the high density of particles. So
classical pion field seems to have enough time to be form
before the gas expands considerably. This encourages
expect the creation of a classical pion field wave of Anselm
type @4#. Taking into account the restricted size of the wa
packet, we could suppose that this field bears the feature
a pion brither@13#. This is the oscillating quasistable solutio
of the sine-Gordon equation and it decays slowly, emitt
radial waves. Such a field was discussed in@13# as a possible
decay product of the DCC bubble. When radiated, pions
peared to have some characteristic momentum in this ca

It must be stressed here that the delay of the final s
interaction for the pion hadronization time results in the c
herence of some part of the pions, which have been h
ronized before the formation of the plane wave, Eq.~14!. If
one twice decreases the timet0, the effective mass spectrum
in Fig. 4~b! for mesons of the first scattering remains prac
cally unchanged. So the threshold interaction dominate
this case too. By virtue of the small scattering length~the gas
approximation! pion final state interactions do not add ra
02490
o
t-

f

ell
in

s

is
e
d
to

s

of

g

p-
e.
te
-
d-

-
in

dom phases to the radiated pion waves. They produce a
optical potential which changes the wavelength of a pion
eliminating the coherence.

VI. COMPARISON WITH DATA

In spite of the fact that the model of a pion radiation
classical current is rather crude and our results have mo
qualitative character, we compare them with the existing
perimental data in Fig. 5. We use the results of two CER
experiments WA98 and NA49 on a Pb-Pb interaction at
energy 158A GeV @14#. The high centrality of the event wa
achieved there using the forward veto calorimeter, thou
this is somewhat lower than the value corresponding toN
5150. As the region of low transverse momenta of pio
was not accessed in both experiments, some approxima
for the cross section dependence onkt was done there for
obtaining the rapidity distribution. We reproduced the e
perimental procedure in our calculations with an accura
;20% by taking a constant cross section in the regionkt
,0.2 GeV. It should be noted here that the missing lowkt
domain is exactly the place of the most prominent manif
tation of coherent phenomena due to the fact that these
fects are mainly situated in the regionkt;1/R, i.e., at kt
,0.1 GeV.

Another effect we have to account for in comparing w
the data is the quark structure of a nucleon. In a prot
proton collision mainly one beam quark participates in t
inelastic interaction with the target. Two other valen
quarks act as spectators. Contrarily, in the case of a ce
collision with a nucleus, two or even all three quarks from
beam nucleon interact inelastically. We mean the pion p
duction in the additive quark-type model, when one, two,
three multiperipheral ladders could be developed indep
dently of the valence quarks of the fast moving proton. It
a twofold or threefold increasing of the number of ladde
that leads to the strong growth of the pion multiplicity. Mo
3-8
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els of such a type explain the existing experimental obse
tion that the pion multiplicity in the proton-nucleus intera
tion is approximately twice as large as that in the proto
proton interaction@15#. This effect is not connected with th
coherence. Thus, based on the calculations made in@15#, we
have multiplied our results by a factor of 2.

As is seen in Fig. 5 the experimental data do not con
dict the discussed coherent effects both for the pion mu
plicity and for the shape of the rapidity distribution. No
that the experimental spectrum in Fig. 5~b! is even narrower
than the theoretical one. This fact encourages us and
consider it as an argument in favor of the important role
coherence effects. Future experiments, measuring small
transverse momenta, could answer the question about
coherence in heavy-ion collisions.

VII. CONCLUSIONS

In high energy central nucleus-nucleus collisions a lot
pions are produced coherently, being at the same state
RHIC energies the effect of coherence deforms essent
the momentum spectra of secondary pions and enlarges
multiplicity in comparison with naive~without the coher-
ence! conventional estimates based on the model of indep
dent nucleon-nucleon interactions.

The crucial point is the longitudinal Lorentz contractio
y

.

s
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of colliding nuclei. Therefore almost all pions produced wi
kt&1/R are emitted coherently.

We have demonstrated that the final state interaction
secondaries does not destroy the coherence effects. Bec
of a nonzero formation~hadronization! time of secondary
pions, only a pair of pions moving at the same direction w
almost equal momenta has enough chance to interact. T
final state rescattering practically does not alter the pion m
mentum distribution, and all coherent effects continue to ta
place.

The only way to reduce the effect shown in Figs. 1 and
is to say that the pions are formed much after the collisi
for example, if at the first stage the quark gluon plas
~QGP! would be created and then~after the expansion and
cooling of QGP! the pions would be produced from the d
main with the rather large longitudinal sizeDz;10 fm. In
this case the effect of coherence would be strongly s
pressed.

So the absence of prominent coherent effects at RH
may be considered as an argument in favor of QGP~or an-
other new phase! formation; the pions are emitted from
large size domain after the ‘‘decay’’ of this new phase.
course, in reality there will be competition between the dir
production of a classical~coherent! pion field and the forma-
tion of another~like QGP! phase.
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