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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 numbds): 25.75—-q, 13.75.Gx

I. INTRODUCTION with large multiplicity in the nucleon-nucleon interaction.
This can be carried out using the model of Gyulassy, Kauff-
The observation of a new physical phenomenon could b&nann, and Wilso7] for the pion radiation by classical cur-
done in experiments at RHIC, which is a coherent multipionrent in the nucleus-nucleus scattering. We see a strong co-
radiation in heavy-ion collisions analogous to the laser radiaherent narrowing in the pion transverse and longitudinal
tion [1,2] of the e|ectromagnetic field. Besides, this phenommomentum distribution for such a process. This confirms the
enon is important in connection with disoriented chiral con-analogous result obtained [6]. The longitudinal momenta
densat¢DCC) [3] and classical pion fielf4] problems. Itis ~ are strongly softened by the coherence, unlike in the model
known that quantum statistical correlations change the mul®f the scalar pion bremsstrahlung where the monochroma-

tiplicity distribution and momentum spectra of identical had-tism of_pions takes place. In spite of this difference, t.h(.a
rons. The effect becomes crucial in the high energy hea conclusion[6] about the enhancement of large pseudorapidi-

ion collisions where the mean number of pions in the unittIeS by coherence s encouragingly confirmed now. Apart

volume of phase spaceAkAk cell) reaches the value of from the coherence effects manifested by the kinematical

bout it th v In thi th h i variables, we have prominent coherent effects in the pion
about a uni y(qr more than a unity In this case the coheren multiplicity with a large number of radiating nucleons. That
radiation of pions can lead to the formation of a so-called

, ) ~-is in accordance with the threshold character of the coher-
pion laser{1]. Usually these effects are discussed assuming e as a function of the number of pion souris
thermal emission of pions by a static source with radus

[5].

On the other hand, the most popular basic model for the !l PION RADIATION BY CLASSICAL CURRENT
description of the underlying events in heavy-ion collisions The average pion multiplicity in the central heavy-ion col-
(assuming no any new physics in the nucleus-nucleus scalisions at RHIC energies is of the order of*LG\ convenient
tering is that of independent nucleon-nucleon interactionsway to perform calculations with such a number of radiated
Each pair of incoming nucleons produces secondary pionpions consists in considering the pion radiation by classical
independently. In other words, each pair of colliding nucle-current[7]. The S matrix for the emission o pions by the
ons plays the role of a separate source placed at some poicdrrentJ(k) can be written as
Xj within the space-time domain where the be&m and
target A, ions overlap. Each source is more or less weak, e : 3 +
though the number of sources is large A), so that the [9)=e ex;{| f d*kJ(k)a (k))|0>, @
density of pions becomes greater than unity the cell of

phase spageln the present paper we study how the quantum — 3 2

statistics(i.e., the permutationsof identical pions modifies ”‘f d*k| k)1, @
the spectra and multiplicity distribution of secondaries in

such a simplébasig model of independent nucleon-nucleon Sii=(a(ky)- - -a(km)|J). (3)
interactions:

Certain possible effects of the pion coherence were confhe coherent statgl) is the state with an indefinite number
sidered qualitatively within the simple model of bremsstrah-of quanta, the quantum-mechanical average of the pion an-
lung of scalar pions with a small pion multiplicifg]. Now nihilation operatora(k) being equal tal(k). The exclusive
we step further towards a quantitative understanding of thigross section, semi-inclusive cross section for the case of
phenomenon considering more realistic central nucleusradiated pions, inclusive cross section, and pion multiplicity
nucleus collisions and accounting for true pion amplitudesdistribution can be easily obtained from E@$)—(3) using

the permutation property of the operatar;) anda'(k;):
m)

This model can be considered as a realistic one, if there are no ——————=]J(k)|?-- '|J(km)|zefﬁ, (4)
other new dynamical effects in the nucleus-nucleus collision. dky- - -dkp,
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m) Am-1 The resulting spectra of pion kinematical variables are

=|J(ky)|>———e"", (50  shown in Fig. 1. It is seen that coherence strongly affects

e both transverse and longitudinal momentum distributions.

awW E dwm Comparing the transverse momentum spectrum without in-
g 2 =13(kp)?, 6) terferencethe dashed line in Fig.(lh)] with spectra where

dk; m=1 dky coherence takes pdrolid and dotted lines in Fig.(y) ], we
can observe the diminishing of pion transverse momenta due
nmoo— to coherence. The average transverse momentum in the
PmZHe_n- (7)  nucleon-nucleon interaction iék;o)~0.36 GeV; just this

value corresponds to the dashed line in Figo)1Typical
So we obtain the Poisson multiplicity distribution within this transverse momentum for the spectra shown in Fig). with

; : - : coherencesolid and dotted lingsis (k;)~0.055 GeV. This
:;ngre lf’rsrngtg%)p gﬁﬁ? g/g?:éggp?;;hring:ﬁg: @] value turned out to be about the inverse nucleus radigs 1/

One can write the nuclear current as a sum of currents o~0'931 GeV, butit is slightly highe_r dl‘!e to the faqt that the

; . ourier transform of the space distribution of the pion source
constituent nucleongr]: X . )
is determined not only by the radiu® but by a smaller

N N diffusion parametera as well. The obtained result corre-

J(X)zz J(X—X)), J(k):JO(k)E gletimikx (g) sponds to the picture of pion production in the nucleus-
=1 =1 nucleus collision, when in the main the whole nucleus radi-
ates pions coherently but not separate nucleons

Here the space-time poinks are the coordinates of certain independently.

“inelastic scattering centers” where the strength of the cur- The longitudinal momentum, as shown in Figall also

rent is Ifocall_zed;wz ka+'.“ 'lsl’ (tjhe gbne.rgy an% |fs thel decreases because of the coherence. The solid and dotted
mass of a pion. We obtain all distributions with formulas jines show much narrower distributions than the dashed line
(4)-(7), substituting the following expression far which  calculated without pion interference. To estimate the charac-
depends now on the instant space-time coordinatedl of teristic energy of coherent pions with transverse momentum

nucleonsxy, ... Xy: (ky), let us take the value~0.75 GeV corresponding to the
_ maximum of the pseudorapidity distribution in Fig(cl
n=n(Xg, ... Xn) (solid and dotted lines However, to estimate correctly the
longitudinal range of the pion source, we must remember

=f d3k|Jo(K) |2 N+2> cosk(X;i—X;) |. (99  thatthe connection between the pion curréik) and space-
i<j

time source range,

The final cross section can be obtained by averaging the
distributions of Egs(4)—(7) over the whole space-time re- ‘J(k):J 4
gion of the nucleus-nucleus collision.

The amplitude of the vacuum-vacuum transition

exg—n(x., . . . Xn)/2] gives the correct cross section nor- includes the normalization factor \Zw of a pion plane
malization, i.e., prOVideS the Unitarity to be fUlﬂ”ed, thus Wave[?]_ So, to estimate this range, we must use the |Ongi-
taking into account the pion radiation in one point and itsyydinal momentum distribution multiplied by the pion energy
absorption in another one. (or pion longitudinal momentum, if its value is large
As an example we study the central Au-Au collisions with enough. It is the invariant cross section shown in Figall
energypo =100 GeV per nucleon in the center-of-mass sys+that possesses the necessary information. We use the width
tem. The number of radiating nucleoé=150, is fixed. We  of the distribution on the level of one-half of the cross sec-
neglect now the spin and isospin variables, considering piongon maximum as a scale for the inverse size of the pion
of the same sign of charge only. The curré(k) is obtained  source. We obtain the valu@, ~4.2 GeV from the solidor
by fitting the single inclusive pion longitudinf] and trans-  qotted line; it can be compared witN~11 GeV for the
verse momentum distributions, with real average pion multi-corresponding value in nucleon-nucleon interactitsresshed
plicity in the nucleon-nucleon scatteriAiglo average the line). The obtainedQ, turns out to be about the inverse
cross section over the radiation space-time region, we a5 clear range shortened by the Lorenz boQt=p,/m/R
proximate this domain by the; Woods-Saxon distribution With%3_3 GeV (m is the nucleon magsThis corresponds to the
radiusR=6.3 fm and diffusion parameter=0.6 fm. The = ,cjusion which has been done before in the analysis of the
longitudinal coordinate and radiation time were averaged iNgansyerse momentum distribution about the coherent radia-
dependently, the Lorentz contraction of the nucleus beingi,. of the nucleus as a whole.
taken into account. The physical nature of the coherent narrowing of the
transverse momentum distribution was studied in the frame-
work of a simple model of the bremsstrahlung of a single
2We are grateful to Yu.M. Shabelsky for providing us with tabu- scalar pion created in every nucleon-nucleon interadtfjn
lated pion distributions. Such an effect appeared[ié] as a consequence of pion Bose

iot—ik-x

Tz
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statistics. At the same time, there was also a narrowing of thenentum of the emitted pion i&;o)~ . The coherent de-
longitudinal pion momentum spectrum around its charactererease of the average longitudinal momentum inithestep
istic value (u{/m)py, Whereu; is the pion transverse mass of a “ladder” is
Vel + klz. It is clear that the diminishing of pion longitudinal
momenta due to the coherence observed [eme Fig. 19)] Qf ol /u po 1
may be explained with the help of the same mechanism, W~E§/ Epﬁ—_m.
where many pions are radiating analogously. The narrowing 10 Pi t0
of the spectrum around the average valyg/(m)p; takes
p|ace at everyth Step of the radiation. Herpi is the mo- This value is found to be hlgher than the decrease of trans-
mentum of the nucleon before thth emission. So the sum- Vverse momenta (R)/(ky), asp;<po for most of the steps
mary effect of the softening of the spectrum can be producef the “ladder.” Within a more realistic multiperipheral
by decreasing the spread around the average values and model of pion production one obtains exactly the same result
minishing pion transverse momenta due to the coherence. With the pion momentunk; instead of i/m)p; in the de-

We see that the coherent decrease is stronger for trangominator. As in the multiperipheral approach the typical

verse momenta than for longitudinal ones: value of ki<(u/m)po; we have to expect here the effect
discussed above as well.

So, as a consequence, large pseudorapidities must be en-
QL/{Xpo)po~0.4, (ki) {kyo)~0.15. hanced by coherence. This effect is really seen in Fig), 1
the cross section being twice as much as the noncoherent one
in the shoulder region having a bump there. This is mainly
Here(xgo)~0.1 is the average Feynmarxsn the nucleon-  conditioned by the multiperipheral character of the pion pro-
nucleon invariant cross section. We conclude from the analyduction. One could suppose this effect to be enhanced with
sis of the spectra in Figs.(@d and 1b) that the source of the growth ofp, by virtue of a decrease dfgq) and in-
coherent pions could be roughly approximated by a diskcrease of k).
radiating pions with the transverse momenta/R and lon- The rapidity distributior{Fig. 1(d)] shows a coherent ef-
gitudinal momenta~ Q. One could illustrate the observed fect as well. However, such a kinematical variable is not
difference by the same picture of the pion radiation, for ex-convenient for this case to clear up the physics, when the
ample, within the model, where the average transverse ma@ion transverse momentum is lower than the pion mass. All
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«10 2 oscillating shape is the second effect of the pion coherence.
To study the nature of these oscillations it is necessary to

03 ; A consider the complicated equatidis and(9). Nevertheless,
045 £ we try to understand the main features of this effect without
. a detailed investigation of Eqé7) and(9). First, let us recall
Z 04F the origin of the second term in Eq10). It comes from
g C P averaging cd&(x—x)]in Eq.(9). In the_limith<1, when,
g 05r for anyi andj, cogk(x—x;)]=1, we getm=N?, i.e.,e=1 in
% 0.3 2 Eq.(10). Vice versa, fokR>1, as a result of the oscillations
i Cod and strong cancellation, the terfoogk(x—x)]) is equal to
% 025 | zero, which leads tm=N (e=0). In reality we obtain not
- : so smalle=0.04 which is larger than the naive estimate
5 o2f = ((ke)/ (ko)) ?QL /QNN (e is the part of phase space where
= ; kR=<1; see the end of Sec.)lIThis means that the major
015 part of the multiplicity comes from the region where
o1 b cogk(x—x;)] has one or few oscillations.
_ In some sense, the phase of [¢¢g—X;)] separates all
0.05 £ pion sourcegcurrents into groups. For example, there may
3 be a group ofN; nucleons, for which all the values of
il BRI EEET RN P AU BRI B BT BT

- cogk(x—x;)] are positive(at fixedk). Note that they are not
5600 5800 6000 6200 6400 6600 6800 7000 7200 7400 0n|y the neighboring nucleonskAxC[Om-IZ]) but currents
T separated by distancAx=x;—x; with kAXC[3m/2,27]

FIG. 2. The pion multiplicity distribution(the solid line and  and so on. Thus, we do not deal with a homogeneous source
Poisson distribution with the same average multipli¢ttye dotted  but with some groups of currents which produce the pions
line). coherently. Now it is natural to expect large fluctuations in

the multiplicity distribution. Such groups produce oscilla-
considered inclusive distributions do not differ noticeablytions, i.e., maxima at different values of
from the spectra where the number of pions is fixed near its To estimate approximate|y the number of nucleons in a
mean value. group we suppose that the oscillations in multiplicity distri-
butions result from the radiation by groups, in which the
Ill. MULTIPLICITY DISTRIBUTION number of coherently radiating nucleons differs by unity in
varlous events. Such groups produce maxima at different

The existence of strong coherent effects in the pion munplaces of the multiplicity distribution. Fitting positions of the

tiplicity is suggested by the fact that laser-type pion radiatio
has the characteristiN? dependence of the average multi- WO maxima in the spectrum by the expression(N;

plicity on the number of nucleon sourcfgl. The valuen ~ —1)(N1—2)B and NoeNy(N;—1)B, which correspond to
averaged over the space-time regj@u. (9)] is given by the two classes of events, we obtain the effective number
N;~33 of nucleons in the group. The next step for under-
<F>=FO[N+EN(N—1)]. (10) standing the radiation process is to suppose the radiation of

different groups to be coherent. In this case the faBtdas
given by Ng(Ng—1), whereNy is the number of groups.
From the fit of the places of maxima we obtdify~5, in
approximate accordance with the fact that the total number
of nucleons isN=150.
f The only known example of the oscillating multiplicity
distribution is a spectrum in the multi-Reggeon cutting
1mechanlsm[9] where the peaks in the distribution corre-
spond to the integer multiple of the single Reggeon multi-
pI|C|ty The principal difference of this effect from the dis-
(7), and the results are shown in Fig. 2. We see that th ussed result consists in the fact that the laser-type radiation

average multiplicity is approximately 7 times larger than that'2S the characteristi® dependence of the average mult-

in the noncoherent case. So the second term dominates ERJICIty on the number of nucleons in the group. Together

(10) and we have a coherent source with thousands of pion#ith the fact that the number of pions,, emitted by each

at the same state. It is really a pion classical field. The probpair of colliding nucleongeach currenf(k)] increases with

ability e~0.04 can be obtained using Ed.0). energy fp>1), it provides us a reason for which contribu-
The prominent distinction of the obtained multiplicity dis- tions of different configurations are clearly separated in the

tribution from the Poisson distribution, its large width, and spectrum.

Hereng~6 is the average multiplicity of pions of the same
sign of charge in the nucleon-nucleon interaction atslthe
probability for two pions to be at the same stéte., the
sameAxAk cell). The strong threshold growth of coherent
effects in the pion induced radiation versus the number o
radiating nucleon$6] corresponds to the small overlapping
of the pion distributions after averaging according to the firs
and second terms in E¢L0).

We have calculated the pion multiplicity distribution, Eq.

024903-4



MULTIPION COHERENT EFFECTS IN HIGH ENERGY . .. PHYSICAL REVIEW 62 024903

IV. SPIN EFFECTS value (k.k,). Thus, unlike the spinless case witlw~{1

We have not considered the influence of the nucleon spirl €XHi(ki—k)(x1—X;)]}, we obtain an extra cosine square

on the discussed coherent effects. The multiple pion produé«klk?l)z/kikgzcosze_- Taking the spin into account, we get
tion at high energies does not seem to have the significatW~{1+ cosdexgi(ki—k,)(x.—x;)];. Note that fork; =k,

spin dependence of the single inclusive pion spectra, at leait€ interference is still as strong as before. The only conse-
in the central rapidity region or at multiperipheral pion cre-duence of this cogis a tiny decrease of the effective volume
ation. However, the property of a pion as a Goldstone parof the elementary cell{xAk), where interference does take
ticle to couple with spir(for example, with the quark spin of Place. In other words, taking the fermion spin into account
the nucleoh with a suppression of small transverse mo-We diminished the value of a little bit. It should be stressed

menta, requires a clarification of the problem of the spinhere that in the region of interefsy| ~3 the pion momenta

dependence of coherent effetts. kq,k, are not too small. In the nucleon rest frame we deal
The first point is that being a Goldstone particle the pionwith the values ofk,|,|k,|~1 GeV. On the other hand, in

with zero momenturk=0 (i.e., the homogeneous pion figld the region of the interference peak the differemde= |k,

decouples from quarks or baryons. The next is the pion—Ka| is of the order of JR~30 MeV. So the typical values

nucleon vertex; in a sense, the pion is emitted by the spin o®f cos6~1—(Ak)7/k*~0.998 are very close to 1.

the fermion. It is not important for us whether the fermion is  To demonstrate the role of spin we have considered nu-

a quark or nucleon, but for the sake of simplicity we considermmerically the production of two pions emitted by a couple of

the pion-nucleon coupling. In the nucleon rest frame the vernucleons in the deuteron-deuteron collisid®], the 7NN

tex takes the fornv=g(ok). vertex being taken ags. Here the Goldstone nature of the
At first sight, as a result of the Goldstone nature of pionspion reveals itself as much as possible. We do observe a

one might expect the inclusive cross section to tend to zero a&ertain effect(of about 3.5%) but it is too small to change

smallk,, just in the region where we collect the main inter- Our previous result noticeably.

ference effects. However, this is not the caGgwhen the

pion is emitted by a fermion, the vanishing of the veriéx V. PION FINAL STATE INTERACTION

~k is compensated for by the pole of the fermion propagator ) o . )

and atk— 0 the amplitude tends to a constafit) in a cen- The natural question one could inquire about is the inter-

tral rapidity region the majoritymore than half of pions action of pions during the short time, when nuclei overlap,
comes from the resonance, (. f, . ..) decay. Anyway in and pion interaction in the final state. The importance of this

our calculations we have used the experimental cross sectidPnt iS related to the fact that coherence could be dimin-
(measured irpp collisiong which does not tend to zero as Ished because of pion rescatt_enng. Correspondmg. ampli-
k—0 tudes must be added to tBamatrix, Eqs.(1)—(3), producing

The role of spin is a more delicate question. First, Werandom phases in the waves, E8). In such a situation the

have to emphasize that in the central region the pions argroduction of p_io_ns of large multiplicity is rather question-
produced mainly due to the resonance decay and only gble, because it is based on the strong constructive interfer-
small part of ther mesons is promptly created by fermions. ence of pion formation amphtude_s n Eq_(a)—(3). More—.
Nevertheless, let us discuss the interference between twid'€! the strong coherent effects in the pion spectra, Fig. 1,

identical pions(with momentak, and k,) emitted by two could b.e smeared .by pion scatterlng. .
nucleons with coordinates; andx,. The amplitude reads The 'mp_o”a’?‘ circumstance Wh'.Ch Saves the pion coher-
ence consists in the fact that a time is necessary to pass

A=g[ (oK) e %1 ak,)ek2%2 4 (a,k,)e%2X1( ok, )el1%2],  (hadronization timg when the quark-antiquark pair created
(11  from the parton ladder transforms into an interacting pion.
We estimate this time in the pion rest frametgs 0.5 fm,
where we keep only the ternfand factorsimportant for our  which is close to the pion radius. It is natural to suppose that
discussion. To calculate the cross section one has to squatigere are no smak pions formed(i.e., in the central plateau
the amplitude, Eq(11), and average over the nucleon polar- region inside the fast moving nucleon because the intrinsic

izations. This leads to transverse momentum of partons in the nucleon is large
(~2-3 GeV[11]). Its inverse valugwith the correspond-

~ 02TK2K2 + 2( K k)2l (k1K) (1 %2) 4 221 ing Lorentz y facton gives the characteristic time for the

dk,dk, 9 [kikz+2(kke) 2ki] parton fluctuation in the nucleon. This is much lower than

(12) necessary for pions with the corresponding energy to be

. formed.
Here the second term corresponds to the interference of the The time delay for the beginning of pion interactions al-

amplitudes, where the piorig andk; are emitted by nucle- ;¢ gne to produce a coherent pion state, &.In order to
ons 1 and 2, correspondingly, and vice versa. After averagnqerstand the minimal distance from the source along the
ing over polarizations, the productr(k,)(o1kz) gives the  hree-axis, where the coherent pion wave has already been
created(the formation length of the wayglet us consider
the space picture of pion radiation by the classical current
3We wish to thank B.L. loffe for drawing our attention to this J(X). Using EQq.(8) for the current, one can obtain the fol-
important point and for an interesting discussion. lowing solution of the Klein-Gordon equation for the Fourier
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transform of the pion field with frequenay: equationkx3+Ab?=kx;+ 7. So the average separation

ro=R/\/N between elementary sources on the plane must be
I (X —x) r0<Ak.)..With Ab=nry we obtain the following value for
Ix—x'] " " the minimal x5, where the plane wave has already been
(13  formed:

ik|x—x"|

1 N
d)(w,X): E 2:1 eiwti

Herek= \w?— u?, andJ_(w,x) is the Fourier transform of _k , T

the currentd (x). As our source is a thin disk, with a thick- X3_ﬁ(nr°) 2k’ (19

nessd much smaller than its transverse size, we can imagine

all radiating centers placed on the transverse planga0D  Taking n=3, we obtain a formation length equal xg~1

(we consider the waves witkd<1 only). The sum in Eq. fm for the wave with the characteristic energy-0.75 GeV.

(13) is approximated by an integral over the plane with thelt is smaller than the distande=2.6 fm where pions with

density of the centers(b) (b is a current coordinate on the hadronization time, start to interact. So pion scattering does

plang, and we obtain the usual plane wave moving along thenot prevent significantly the production of the coherent state,

three-axis vector; near the disk: Eq. (1), because the former has switched on only after this
state has been created.

glklx=by] To understand in more detail this problem as well as pos-
P(w.x)= dyJa(w,y) db|x bi—y] p(b) sible distortions of pion spectra by scattering, we performed
a Monte Carlo simulation of the multipion creation. Initial
_ ﬂWJ Kig)eits (14) pion spectra have been simulated according to the transverse

momenta and rapidity distributions of Fig. 1. The initial

space coordinates of pions were obtained with the Woods-
[hereJy(k) is given by Eq.(8)]. For applicability of such an Saxon distribution for the transverse coordinates and normal
approximation, the density of sourcése., colliding NN distribution witho=1/0.75 GeV'* for the longitudinal and
pair9 must be large enough in the main part of the integratime coordinates(the central pion After that five other
tion path. The phase of the exponent changes from @& to pions from one nucleon-nucleon interaction were smeared
within the interval Ab, which can be estimated from the normally around this point according to the nucleon size.

024903-6



MULTIPION COHERENT EFFECTS IN HIGH ENERGY . .. PHYSICAL REVIEW 62 024903

x 102
3500 [ F
800 |
3000 - n
% - 700 |
E as00 [ X
S X 600 |
0 K N
& F F
w2000 = 500 FIG. 4. The two-pion mass
2 B E spectrum for(a) all pairs in the
= 1s00 b 400 - initial pion sample andb) pions
zZ i C of the first scattering only.
2 - 300 |
CI) 1000 - E
B B 200 |-
) [ -
500 N
- 100 |
0 B 0 C E Boay Bulun o
0 02 04 06 0.8 1 0 02 04 06 08 1
W (GeV) W (GeV)

The total number of simulated pions equllls~6500. This iteration processgsee the number of interacting pairsn an
number corresponds to the mean multiplicity of pions of theaverage, every pion has no more than five final state interac-
same sign of charge. Now we consider the scattering®f tions.
mesons by charged mesons, as this interaction is the stron- The distribution of the formation length, E¢L5), of the
gest one. To simulate® scattering, we represent the differ- pion wave is shown in the first picture of Fig. 3 by the dark
ential mar cross section by thg resonance. When the dis- histogram; the spectrum is normalized on the total number of
tance between two pion trajectories becomes smaller thajteracting pairs. The large number of events occupies the
Jo!, we obtain the space-time point of the interaction andirst bin of the histogram; these are low energy pions which
simulate final partiCIeS in accordance with the differentialha\/e formed the wave at once after the emission. Comparing
cross section. To take into account the time of the hadronithe gark and light histograms we find that the first distribu-
zation 2°f pions, the cross section is taken in the forMion shows smaller distances than the second one. That is in
o(t/to)®, whent<to. Heret is the minimal value of the 5ccordance with the estimate which has been done before in
times of flight of two interacting pions, calculated in their e analysis of Eq(15). So one can conclude that the pion
rest frame$. After finishing the first iteration, when all pairs wave as a rule has been formed before the final state inter-
of N, pions have been considered, we use the new coordisstion.
nates and momenta of the pions instead of the initial ones Tnhe time delay of the first pion scattering due to the pion
and go onto the next iteration. Such a classical consideratioRagronization results in an important feature of the pion final
allows us to trace the further behavior of the pion cloud aftetsiate interaction. Two-pion effective mass spectra are shown
the short-time production period. _ in Fig. 4 both for all initial pairs of mesons and for mesons
_ In Fig. 3 we show distributions of the; coordinate and  of the first scattering only. We see a strong narrowing of the
time of pion scattering for the first five iterations; the number355 spectrum of interacting pions near the two-pion thresh-
of interacting pairs is shown for every iteration as well. Theq|q, This effect is connected with the fact that the time delay
space-time development of the process of pion scattering igjiows for the fast moving pion to interact only with a part-
the final state can be traced now. These distributions diffefer outside the region, where the heavy ions overlap. This
considerably from one iteration to another mostly in the scalggd pe only a pion moving fast in the same direction. Thus,
of the horizontal axis, being approximately similar in the ihe rejative energy of the colliding pair should be rather
spectrum shapes. One may conclude that significant scattgg,,
ing takes place in the wide space-time region up to the dis- Tpjs feature results in two important consequences for the
tance~100 fm. At the same time, the average number Ofprocess of coherent multipion creation. At first, the final state
interactions is not so high. We observe convergence of thgteraction does not produce any visible changes in the mo-
menta of pions because of the small relative energy of inter-
acting particles. So all coherent effects in the pion spectra of
“This o~t2 dependence is motivated by the color transparencyFig. 1 continue to take place after such interactions. The
effecto~Ar?, as the distance between the quaiksiq pairg,Ar,  second consequence is the fact that the produced pion cloud
increases proportional tio(at smallt). has features of an almost ideal Bose 3. As the scatter-
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ing lengtha=a,/\2~—0.06 fm is small enough in com- dom phases to the radiated pion waves. They produce a pion
parison with the average distance between the pior€.4  optical potential which changes the wavelength of a pion not
fm (in the rest frame of the pion clolidthe condition of a  €liminating the coherence.

gas approximationa/r <1, is satisfied. In our Monte Carlo
simulation we can trace the trajectories of all pions. We do
not present here the corresponding figures, but it is interest-
ing to note that the cloud moving, say, in the direction of In spite of the fact that the model of a pion radiation by
positivexs has longitudinal siz& ~1 fm after the flight time  classical current is rather crude and our results have mostly
t=1 fm andL~4 fm att=40 fm, the transverse size coin- qualitative character, we compare them with the existing ex-
ciding with the nucleus one. perimental data in Fig. 5. We use the results of two CERN

Thousands of pions occupy here the same elementary cékperiments WA98 and NA49 on a Pb-Pb interaction at the
of the phase space. At the same time, the speed of sound §ergy 158 GeV[14]. The high centrality of the event was
this gas is very high. A nonrelativistic naive estimate giveschieved there using the forward veto calorimeter, though
u=(4m|al/ u2r®)Y2~4.7, which is larger than the speed of this is somewhat I_ower than the value correspondlng\IFo

=150. As the region of low transverse momenta of pions

s not accessed in both experiments, some approximation
or the cross section dependence lgnwas done there for

VI. COMPARISON WITH DATA

light. Of course the true value af is <1. However, this
naive estimate indicates that the speed of sound in the gas

I ni he high density of particles. h L Sl e
close to uf ty .due to the high density o patces SOt e8bta|n|ng the rapidity distribution. We reproduced the ex-
classical pion field seems to have enough time to be formed . : ) X

erimental procedure in our calculations with an accuracy

Zefoer; :Eg griztegﬁi?gscg)ni‘;?@gg'f.;?S :n;:tz)t;rige;#j I2920% by taking a constant cross section in the redipn
xp eatl ssicalpion ield wav SEIMS_0.2 GeV. It should be noted here that the missing lqw
type [4]. Taking into account the restricted size of the wave

K Id hat this field b h domain is exactly the place of the most prominent manifes-
packet, we could suppose that this field bears the features gl of coherent phenomena due to the fact that these ef-

a pion br|ther[13]. This is the oscﬂlqtmg guasistable soluyo_n fects are mainly situated in the regida~1/R, i.e., atk
of the sine-Gordon equation and it decays slowly, emittingg 1 gev.
radial waves. Such a field was discusseilig] as a possible Another effect we have to account for in comparing with
decay product of the DCC bubble. When radiated, pions apte data is the quark structure of a nucleon. In a proton-
peared to have some characteristic momentum in this caseproton collision mainly one beam quark participates in the
It must be stressed here that the delay of the final statgelastic interaction with the target. Two other valence
interaction for the pion hadronization time results in the co-quarks act as spectators. Contrarily, in the case of a central
herence of some part of the pions, which have been hadollision with a nucleus, two or even all three quarks from a
ronized before the formation of the plane wave, Edf). If beam nucleon interact inelastically. We mean the pion pro-
one twice decreases the timg the effective mass spectrum duction in the additive quark-type model, when one, two, or
in Fig. 4(b) for mesons of the first scattering remains practi-three multiperipheral ladders could be developed indepen-
cally unchanged. So the threshold interaction dominates idently of the valence quarks of the fast moving proton. It is
this case too. By virtue of the small scattering len@tie gas a twofold or threefold increasing of the number of ladders
approximation pion final state interactions do not add ran- that leads to the strong growth of the pion multiplicity. Mod-
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els of such a type explain the existing experimental observasf colliding nuclei. Therefore almost all pions produced with
tion that the pion multiplicity in the proton-nucleus interac- k,<1/R are emitted coherently.
tion is approximately twice as large as that in the proton- We have demonstrated that the final state interaction of
proton interactiorj15]. This effect is not connected with the secondaries does not destroy the coherence effects. Because
coherence. Thus, based on the calculations mafitSlhwe  of a nonzero formatior(hadronizatioh time of secondary
have multiplied our results by a factor of 2. pions, only a pair of pions moving at the same direction with
_As is seen in Fig. 5 the experimental data do not contragimost equal momenta has enough chance to interact. Thus,
dict the discussed coherent effects both for the pion multiin,) state rescattering practically does not alter the pion mo-
plicity and for. the shape of the_ rap'dlt){ distribution. Note . anitum distribution, and all coherent effects continue to take
that the experimental spectrum in Figbbis even narrower lace.

than the theoretical one. This fact encourages us and we The only way to reduce the effect shown in Figs. 1 and 2

consider it as an argument in favor of the important role qfis to say that the pions are formed much after the collision,

coherence effects. Future experiments, measuring small pian examole. if at the first stage the quark aluon plasma
transverse momenta, could answer the question about pig Pie, 9 4 9 P

: . . (QGP would be created and thdiafter the expansion and
coherence in heavy-ion collisions. cooling of QGP the pions would be produced from the do-
main with the rather large longitudinal sizez~10 fm. In
this case the effect of coherence would be strongly sup-

In high energy central nucleus-nucleus collisions a lot ofpressed.
pions are produced coherently, being at the same state. At So the absence of prominent coherent effects at RHIC
RHIC energies the effect of coherence deforms essentiallynay be considered as an argument in favor of QGPan-
the momentum spectra of secondary pions and enlarges tlwther new phageformation; the pions are emitted from a
multiplicity in comparison with naivewithout the coher- large size domain after the “decay” of this new phase. Of
ence conventional estimates based on the model of indepercourse, in reality there will be competition between the direct
dent nucleon-nucleon interactions. production of a classicdtoherenk pion field and the forma-
The crucial point is the longitudinal Lorentz contraction tion of another(like QGP phase.

VII. CONCLUSIONS
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