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Fluctuation effects in initial conditions for hydrodynamics
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We have studied the fluctuation effects in proton-proton collisions through the analysis of their observables.
To investigate the role of fluctuations in the initial conditions, we have used theinteracting gluon model,
modified by the inclusion of the impact parameter, and have applied the one-dimensional Landau’s Hydrody-
namical Model to the fireballs thus generated. The rapidity and pseudorapidity distributions were calculated
using two distinct procedures, one taking the fluctuations into account and the other the usual method consid-
ering only one fireball with the average initial conditions. The results show indeed the importance of fluctua-
tions. @S0556-2813~97!02902-6#
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I. INTRODUCTION

It is well known that the hydrodynamical models usua
describe well the various aspects of the multiple particle p
duction phenomena in high-energy nuclear and hadronic
lisions. Nevertheless, a simple application of these mod
may fail when we try to analyze in detail the experimen
data that carry information about fluctuations in the syste
In a given experimental setup, even under the same in
condition of colliding objects, events with different fina
state configurations take place giving rise to different mu
plicities, inelasticities, particle spectra, and so on. This v
ety — or fluctuation, has either a quantum mechanical
statistical origin or even associated with the impact para
eter. Usually, the so-called inclusive data for the final p
ticle distribution is the average over such event-to-ev
fluctuations for a given experimental initial condition. Let
denote such an averaging process by

•••5
1

N(
j51

N

~••• ! j , ~1!

whereN is the total number of events and (•••) j is the
experimental value of some relevant quantity in thej th
event. On the other hand, the hydrodynamic models also
mainly with collective quantities such as density, mean
ergy, and entropy, which are average values in the mom
tum space over a statistical ensemble. Let us denote
averaging process bŷ•••&. In the usual application of hy
drodynamic models to describing the inclusive data, we p
sumably expect, by means of a sort of ergodic assump
@1#, that the statistical ensemble average^•••& substitutes the
average over event-to-event fluctuations•••, that is,

•••.^•••&. ~2!
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However, not all the averages of physical fluctuations can
expressed in terms of the above average over statistica
semble of the constituent configurations. For example,
quantum-mechanical and impact-parameter fluctuations
occur in the initial condition of each event can never
averaged out with the use of the ergodic hypothesis. T
main aim of this report is to discuss the effects of such fl
tuations on the observed quantities in a hydrodynamical
scription.

When we want to introduce fluctuations in the initial co
ditions of a hydrodynamic system, we must go beyond
hydrodynamic degrees of freedom. They should be ca
lated from some microscopic model. For this goal, we u
here the interacting gluon model@2# ~IGM!. This is a simple
model, which takes into account in the usual way both
gluon distribution in the incident particles and their collisio
cross section@3#, allowing to compute the energy and mo
mentum distribution of the central fireballs on a probabilis
ground. So, it is a made-to-order model for our purpose
addition to the dynamical fluctuation of the microscopic d
grees of freedom, we would also like to include the impa
parameter fluctuation. Quantum mechanically, it is in pr
ciple impossible to fix the impact parameter. Even if w
could theoretically define the trajectories of the incident p
ticles like in heavy-ion collisions where the incident objec
are nearly classical, it would equally not be possible in pr
tice to fix the impact parameter due to the actual experim
tal conditions. We may recall that there exist some exp
mental techniques to discriminate the central from
peripheral collisions in such reactions. But they do not elim
nate fluctuations. So, in any realistic description of nucl
and hadronic collisions, the impact-parameter fluctuation
to be taken into account. Thus, we modify the original IG
to take account of this effect. The fluctuations we are m
tioning become especially important in hadronic collisio
rather than in heavy-ion collisions. So, in this paper we sh
mainly be concerned withpp and p̄p collisions.

In high-energypp and p̄p collisions, it is probable that
the inelasticity, that is, the fraction of the incident ener
used to produce the final particles be determined before
1455 © 1997 The American Physical Society
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hydrodynamic scenario sets in. In other words, the inelas
ity is the input for the hydrodynamics. We thus calculate
inelasticity distribution using the impact-parameter dep
dent IGM. To have a first look on the effect of impact p
rameter, we compare the inelasticity distribution calcula
by the IGM with and without the impact-parameter fluctu
tion. A sizable change in inelasticity distribution, as well
in the leading-particle spectrum leads us to verify the se
tivity of these observables with impact parameter fluctuati
A better agreement of our results with data suggests tha
are in the right way.

After introducing the initial conditions given by our IGM
the next step is to choose some hydrodynamic model
study the fluctuation effects on the final particle spectra.
this, we have chosen the one-dimensional Landau’s hy
dynamical model@4,5#. In this model, an analytical solutio
can be obtained over the whole kinematical region just
terms of the invariant fireball mass. This enormously simp
fies our task of averaging over all the fluctuations cons
ered.

In order to quantitatively analyze the consequences
these fluctuations, we calculate the rapidity distributions
two distinct ways. The first procedure consists in taking fi
the average of fireballs over all the fluctuations given by
IGM and then calculate the rapidity distribution applying t
hydrodynamics to this unique averaged fireball. This proc
would correspond to the usual application of a hydrodyna
cal model. In the second scheme, we apply the hydrodyn
ics for each event with fluctuating initial conditions to obta
the event-by-event rapidity distributions and then, by su
ming up these distributions over all the events, calculate
averaged rapidity distribution. The comparison of the abo
two results reveals us that the rapidity distribution is ve
sensitive to these fluctuations, pointing out the importance
taking care of them.

In what follows, we present in Sec. II the basic ideas
the IGM, modified by the inclusion of the impact paramet
and the calculation of the initial conditions. The results of t
inelasticity distribution and the leading-particle spectrum
also shown. In Sec. III, we show the implementation of t
initial conditions in Landau’s hydrodynamical model an
calculate the rapidity and pseudorapidity distributions. O
conclusions are given in Sec. IV.

II. FLUCTUATIONS IN THE INITIAL CONDITIONS

One of the present problems which high-energy nucl
and hadronic collisions are faced with is the determination
the energy deposited in the reaction or, equivalently,
fraction k of the total incident energyAs consumed to pro-
duce particles. As mentioned in the Introduction, this fra
tion, or inelasticity, is an essential ingredient for statisti
models of high-energy hadronic collisions. We apply t
IGM to calculate this quantity. The main reason for this
that, in terms of few parameters, it allows us to obtain a
lytically the inelasticity distribution as a function of the in
cident energy; this, in its turn, is immediately related to t
leading-particle spectrum. Another reason would be a v
good agreement with the existing data on both these qua
ties, as will be seen in this section with our formulation
IGM.
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The IGM is based on an idea@6# that, in high-energy
hadronic collisions, valence quarks weakly interact so t
they almost pass thorough, whereas gluons interact stron
To be more specific@2#, the valence quarks are supposed
be responsible for the fragmentation regions, while the in
acting gluons produce an indefinite number of mini fireba
through gluon fusion, which eventually form a unique lar
fireball in the central region. A further simplification in thi
model can be made by assuming that there is no fragme
tion of valence quarks, that is, all the remaining energy
deposited in the central fireball is to be found in the lead
particles. We shall adopt this version in this paper. In@2#, no
reference is made on the impact parameter. Here, we re
mulate the model to introduce this new kind of fluctuati
for the description of proton-proton and nucleus-nucleus c
lisions.

A. Impact-parameter fluctuation

The role of the impact parameter in providing the initi
condition for a hydrodynamical model is twofold. First,
given impact parameterbW defines the probability density o
occurrence of a reaction. Then, if a reaction takes place
determines how do the mass and momentum fluctuate in
initial conditions of the hydrodynamics. To account for th
first point, the best way to introduce the impact paramete
quantum-mechanical reaction process is the use of the E
nal formalism @7#. In the impact-parameter representatio
the total inelastic proton-proton cross section can be writ
as

E dbWF~bW !5spp
inel~As!, ~3!

where the incident-energy dependence of the inelastic c
section is well expressed as@8#

spp
inel556 ~As!21.12118.16~As!0.16.

The functionF(bW ) is nothing but the partial cross sectio
with respect to the impact parameterbW , which may be written

F~bW !512uS~bW !u2. ~4!

In the IGM, where the inelastic processes are assume
occur due to the gluon-gluon fusion, we write the Eikon
function as the convolution of the projectile and target glu
thickness functions. Thus, we write

uS~bW !u25expH 2CE dbW 8E dbW 9D~bW 8!D~bW 9!

3 f ~bW 1bW 82bW 9!J , ~5!

whereD(bW ) is the proton thickness function andC is a pa-
rameter which should be determined by the normalizat
condition~3!. ForD(bW ) we take here a Gaussian distributio
with the range equal to the proton radius. The functi
f (bW ) in Eq. ~5! accounts for the finite interaction range of th
gluons and is subject to the constraint
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E f ~bW !dbW 51 . ~6!

The simplest choice off (bW ) would bed(bW ), which repre-
sents a point interaction, but it is not consistent~especially in
the case ofpp collision! with the finite range of the strong
interaction. We preferred to parametrize it as a Gaussian
a range' 0.8 fm, which gives also a better agreement w
the data. So we have eventually

D~bW !5 f ~bW !5
a

p
e2ab2, ~7!

with a53/2Rp
2 , whereRP' 0.8 fm is the proton radius. We

get, then

F~bW !512expH 2FaC
3p

GexpS 2
abW 2

3
D J . ~8!

B. IGM with impact parameter fluctuation

Now, having occurred a reaction by gluon exchange a
impact parameterbW , we assume, as in the original IGM@2#,
that the colliding protons form a central fireball, depositi
in it fractions respectivelyx(bW ) andy(bW ) of their momenta.
Let ni be the number of gluon pairs that carry fractionsxi
andyi . The fractionsx(bW ) andy(bW ) are thus sums over a
such gluon pairs

(
i
nixi5x~bW !

and

(
i
niyi5y~bW !. ~9!

From now on, we omit the explicitbW dependence ofx and
y in order not to overload the notation, if otherwise nec
sary. The energy and momentum of the central fireball in
center-of-mass frame of protons are given by

E~x,y!5
As
2

~x1y!,

P~x,y!5
As
2

~x2y! ~10!

and its invariant massM and rapidityY are

M5Asxy[kAs and Y5
1

2
ln
x

y
. ~11!

As in @2#, we can then express the probability of formin
a fireball with the specific energy and momentum as a s
over all the sets of gluon pairs$ni% which satisfy the rela-
tions ~9!,
th

n

-
e

m

G~x,y;bW !5(
$ni %

dFx~bW !2(
i
nixi G

3dFy~bW !2(
i
niyi G)

i
P~ni !, ~12!

whereP(ni) is the probability of occurring fusions ofni
gluon pairs$xi ,yi%. If these fusions are independent, we m
takeP(ni) as a Poisson distribution

P~ni !5
n̄i
nie2 n̄ i

ni !
. ~13!

Note that Eq.~12! is normalized,

E dxE dyG~x,y;bW !51 .

Now, expressing the delta functions by Fourier integrals, o
can perform all summations in Eq.~12! and arrive at

G~x,y;bW !5
1

~2p!2
E

2`

1`

duE
2`

1`

dsei ~ux1sy!

3expH(
j
n̄ j@e

2 i ~uxj1syj !21#J . ~14!

At this stage, we shift to the continuous limit from the di
crete version considered above, by replacing the sum in
~14! by an integral,

(
j
n̄ j→E

0

1

dx8E
0

1

dy8w~x8,y8;bW !, ~15!

wherew(x,y;bW ) is the density of gluon pairs that fuse co
tributing to the final fireball, with the fractionx of the pro-
jectile andy of the target proton momenta, respectively. Th
quantity is the central ingredient in the present version of
model. In the impact-parameter representation, we may
press it as

w~x,y;bW ![E G~x,bW 8!G~y,bW 9!
sgg~x,y!

spp
inel

3 f ~bW 1bW 82bW 9!dbW 8dbW 9, ~16!

whereG(x,bW ) andG(y,bW ) are the momentum distribution
of gluons in the projectile and target protons at a transve
positionbW relative to their symmetry axes, andsgg(x,y,s) is
the gluon-gluon interaction cross section. The functionf is
the same one as in Eq.~5!. In this work, we assume that th
x andbW dependences ofG factorize, that is, we take

G~x,bW !5
1

x
D~bW !

and

G~y,bW !5
1

y
D~bW !, ~17!



e

ti-

th

-
ra

r

th
u

t

-
the

is

im-
ll
in
rip-

en-
-
act
the
on
for

ri-
er

ap-

1458 55SAMYA PAIVA, YOGIRO HAMA, AND TAKESHI KODAMA
whereD(bW ) is the proton thickness function appeared b
fore, and the gluon-gluon cross section is parametrized@2# as

sgg~x,y!5
c

xys
~18!

wherec is a parameter of the model.
Because of the form ofG(x,bW ) and sgg , the spectral

function w(x,y;bW ) is sharply peaked at small (x,y) which
justifies the approximation

exp@2 i ~ux81sy8!#21.2 i ~ux81sy8!2
1

2
~ux81sy8!2

~19!

in Eq. ~14!. With this approximation, one obtains an analy
cal form forG(x,y;bW ) given by

G~x,y;bW !.
1

pAdet~G…
exp$2X¢ TG21X¢ %, ~20!

where

X5S x2^x&

y2^y&
D ,G52S ^x2& ^xy&

^xy& ^y2&
D , ~21!

with the notation,

^xmyn&5E
0

1

dx8E
0

1

dy8x8my8nw~x8,y8;bW !. ~22!

In terms of the energy and the momentum of the fireball,
probability density reads

G~E,P;bW !.
2

Ap2/a1a2
exp$2a1~E2^E&!22a2P

2%,

~23!

where

a15@s~^x2&1^xy&!#21, a25@s~^x2&2^xy&!#21

~24!

and

^E&5
As
2

~^x&1^y&!. ~25!

Note that~apparently! Eq. ~23! is still normalized,

E dEE dPG~E,P;bW !51 . ~26!

The expression~20! or ~23! describes the relative prob
ability of formation, at a given impact parameter, of a cent
fireball with energyE and momentumP. In these expres-
sions, however, no constraint has been imposed neithe
the fireball massM nor on its momentumP. Actually, there
are the natural upper limits on these variables implied by
energy-momentum conservation. There is also a minim
allowed fireball massMmin , which we shall fix to be 2mp .
So, in order to recover the correct normalization, we have
-

e

l

on

e
m

o

put some additional factor in Eq.~23!. Combining this with
the probability of occurrence of a reaction with a given im
pact parameter as discussed in Sec. II A, we finally write
probabilityx(E,P;bW ) of having a fireball with energyE and
momentumP at an impact parameterbW as

x~E,P;bW !5x0~bW !G~E,P;bW !, ~27!

wherex0(bW ) should be determined by the condition

E dEE dPx~E,P;bW !u~A~E22P2!/s2kmin!5
1

spp
inelF~bW !,

~28!

where kmin is related to the minimum fireball massMmin
through

kmin5
Mmin

As
.

The expression~27! shows that, when the matter overlap
small ~corresponding to a large impact parameter!, not only
the average fireball mass or the inelasticity is small as
plied by Eq. ~23!, but also the probability of such fireba
formation is small. This is a reflection of quantum effects
impact parameter and has shown to be crucial in our desc
tion.

C. Inelasticity distribution

Now we have all the necessary ingredients for the obt
tion of x(E,P;bW ), our generator function of the initial con
ditions, which includes the energy, momentum, and imp
parameter fluctuations. Note that, in comparison with
original model, we have introduced a new kind of fluctuati
without including any additional free parameter, except
the geometrical radius of the protonRp which appears in Eq.
~8!.

Oncex(E,P;bW ) has been obtained, the inelasticity dist
bution x(k) can easily be calculated by integrating it ov
E, P, and bW with the inelasticityk5A(E22P2)/s fixed,
namely

x~k!5E dbW E dEE dPx~E,P;bW !

3d~A~E22P2!/s2k!u~A~E22P2!/s2kmin!.

~29!

As for the leading-particle spectrum, assuming an
proximate factorization ofxL(52pL /As) and pT depen-
dences, we have

EL

d3s

dp3
' f ~xL!h~pT!, ~30!

where
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f ~pL!5E dbW E dPE dEx~E,P;bW !

3u~A~E22P2!/s2kmin!dSAs2~E1P!

2
2pLD

~31!

and we have parametrized@9#

h~pT!5
b2

2p
e2bpT; b' 4.0 GeV21. ~32!

The only experimental information available onx(k) at
the present moment is the one extracted from@10# corre-
sponding toAs516.5 GeV. In this reference, what is pre
sented is the unnormalized cross section measured in
range 0.08<k< 0.72. However, both the result of@2# and
ours are normalized curves in the wholek range
(kmin<k< 1). In order to correctly compare our result wi
the data, we gave the latter the same normalization as
curve in the range where they have been measured. We s
in Fig. 1 the comparison of our result with the experimen
data together with the curve obtained in@2#, i.e., without the
impact-parameter fluctuation. It is clearly seen that the inc
sion of the impact parameter appreciably changes the ine
ticity distribution. Our curve is much flatter compared to t
original one. We interpret this as being due to the increas
the small-fireball-formation probability at large impact p
rameters. The increase ofx(k) close tok51 is due to the
fact that ourc in Eq. ~8! has been chosen larger than in@2#
for the overall fitting. It is manifestly seen that our result
better.

The result of the leading-particle spectrum is compared
Fig. 2 with the experimental data. Again, we see a be
agreement of our result with the data as compared with
one obtained in@2#. The effect of small-fireball enhanceme
is palpable there too.

FIG. 1. x(k) atAs516.5 GeV. The data are extracted from@10#.
The dashed curve corresponds to the original IGM without impa
parameter fluctuation (c54) and the solid one represents our res
(c56.4).
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III. PARTICLE SPECTRA

Having calculated the distribution of fluctuations in th
initial conditions, expressed byx(E,P;bW ), now we proceed
to study their effects on the final particle spectra. For t
purpose, we adopt the one-dimensional Landau’s hydro
namical model for an ideal gas. Despite all the simplific
tions, this model is known to reproduce the main features
the measured momentum~or rapidity! distributions and has
advantage of having an analytical solution over the wh
rapidity range. The only input of the model is the total e
ergy and the geometrical size of the initial fireball. We w
apply this model to the fireballs produced by the gluon
sions as discussed in the previous section. Note that th
fireballs do not contain the leading particles anymore.
other words, the hydrodynamics introduced here will not
fect the inelasticity calculated in the previous section.

The invariant momentum distribution of produced pa
ticles in a hydrodynamical model is usually given b
Cooper-Frye formula@11#

t-
t

FIG. 2. Leading particle spectrum atAs514 GeV. The data are
extracted from@9# with pT50.3 GeV. The dashed curve corre
sponds to the IGM without impact-parameter fluctuation and
solid one represents our result.

FIG. 3. The rapidity distributions calculated in the usual proc
dure and with fluctuations atAs524 GeV. The solid line represent
the distribution with the average initial conditions and the dash
line the one obtained with fluctuations.
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E
dN

dpW
5E

s~Td!
f ~pmum!pmdsm , ~33!

wheres(Td) is a constant-temperature freeze-out hypers
face,pm is the four momentum of the emitted particle a
um is the four velocity of the fluid. Although it is possible t
use more realistic freeze-out criteria@12–16#, here we limit
ourselves to the simplest choice Eq.~33! without sophistica-
tion. This will be enough for our present purpose to stu
how the initial condition fluctuations affect the final partic
spectra.

A. Landau’s model

In computing the isothermals and the velocity~or rapid-
ity! distribution of the fluid in Landau’s model, one has
distinguish two different regions. In the so-called nontriv
region @a<2j/A3, j5 ln(T/T0), T05 initial temperature,
a5fluid rapidity#, the temperatureT(x,t) and the rapidity
a(x,t) are given in terms of the potential@17#

C~a,j!52T0lA3ejE
a/A3

2j

e2j8I 0~Aj822a2/3!dj8,

~34!
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through the relations

t5
]C

]T
cosha2

1

T

]C

]a
sinha, ~35!

x5
]C

]T
sinha2

1

T

]C

]a
cosha. ~36!

Here, we are considering only one hemispherea> 0. The
solution fora< 0 can be obtained by making a reflection.
the simple-wave region,

a52
j

1/A3
~37!

and the fluid velocity is related to (x,t) through

x5
v21/A3
12v/A3

t. ~38!

Remember that we are supposing that the fluid is an ideal
of zero mass particles.

The invariant momentum distribution Eq.~33!, with this
solution becomes
E
dN

dpW
5

g

~2p!3
E

A3jd

2A3jdmT@cosh~y2a!f~a!1sinh~y2a!c~a!#

exp$mTcosh~y2a!/Tc%21
da1

gV0e
22jdmT

~2p!2

3H cosh~y2ad!1A3sinh~y2ad!

exp$mTcosh~y2ad!/Td%21
1
cosh~y1ad!2A3sinh~y1ad!

exp$mTcosh~y1ad!/Td%21 J , ~39!
nor
m-
are
of

w,
the
the
the
of
igh
me.
tion

d-

n

le
whereV05 lA is the initial volume and

f~a!5A
e2jd

T0
S ]C

]j
2

]2C

]a2 D , ~40!

c~a!5A
e2jd

T0
S ]C

]a
2

]2C

]a]j D ~41!

and the suffix ‘‘d’’ stands for dissociation~or freeze-out!. In
Eq. ~39!, the first term represents the contribution from t
nontrivial region and the second one that from the sim
wave.

The formula~39! gives us the invariant momentum distr
butions of the decay products~pions in the majority! of a
fireball in terms ofV0 andT0, once the dissociation tempera
ture Tc is fixed. In the original work of Landau, it was as
sumed that the total energyAs is liberated as thermal energ
in a small Lorentz contracted interaction volume

V05
V

g
, ~42!

whereV is the proper volume of proton andg52mp /As.
The initial temperatureT0 is then computed assuming th
fluid is an ideal gas, i.e.,p5«/3. Nowadays we know tha
e

neither the hypothesis of instantaneous thermalization
the appearance of extremely high values of the initial te
perature are physically reasonable so that many people
reluctant to accept the model itself. However, in spite
these rathernonconventionalinitial conditions, many of the
qualitative and the quantitative results~average multiplicity,
particle ratios, momentum distributions, . . . ) are surpris-
ingly good when compared with data. In our point of vie
perhaps the equilibrium is attained at a later time when
system has already suffered some expansion, but then
temperature and the rapidity distributions at the onset of
hydrodynamical regime would be approximately those
Landau’s model whose initial conditions correspond to h
temperature and energy density if extrapolated back in ti
So, for any practical purpose, we can use Landau’s solu
to describe the system.

Now, as mentioned before, we are going to apply Lan
au’s model to each fireball characterized by its massM and

momentumPW . Then, the total energy is replaced byM and
everything is computed in the fireball’s rest frame~which is
boosted with respect to the center of mass of the collisio!.
But, then which is the initial volumeV0 in this case? It has
been shown@18# that, in the case of the incident-partic
fragmentation,
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g
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2mp

M
V. ~43!

In the case of the central fireball, we do not have suc
simple expression. However, phenomenological anal
@19# of theM dependence of average multiplicity data@20#
has shown that in terms of Landau’s model those data m
well be reproduced if one assumes Eq.~43!. Also theM
dependence of the momentum distributions, obtained in
way, seem to be consistent with the data@21#. So, in the lack
of a better justification founded on a physical basis, we
sume Eq.~43! in the present work and computeT0 by putting
M into this volume. We emphasize, however, that the fl
tuation effects which are the central object of the pres
study do not depend sensibly on such a choice.

B. Rapidity and pseudorapidity distributions

We now compute the rapidity distributions in two distin
ways. In the first case, with the help of our generator fu
tion x(E,P;bW ), we calculate the average initial condition
i.e., the average mass with^P&50 because of the symmetry
Then the rapidity distribution is computed as done usually
using the formula~39!. In the other case, fluctuations a
taken into account and the rapidity distribution given by E
~39! is computed for each event and summed overM , P ~or
E, P) andbW according to

dN

dy
5E dbW E dPE dE

dN

dy
~E,P;bW !x~E,P;bW !

3u~A~E22P2!/s2kmin!. ~44!

The results obtained with these two prescriptions at the i
dent energyAs524 GeV are given in Fig. 3. Observe tha
because we have included also the simple wave solution
rapidity distribution for one fireball with the average initi
conditions presents a large peak at this energy. When
fluctuations are taken into account, such a peak is comple
smoothed away.

FIG. 4. The pseudorapidity distributions calculated in the us
procedure and with fluctuations atAs553 GeV. The solid line rep-
resents the distribution with the average initial conditions and
dashed line the one obtained with fluctuations. Experimental d
@26# are shown for comparison.
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Although the main purpose of this work is just to sho
the influences of the fluctuations in the initial conditions, w
may proceed to a comparison with some data@22#. These are
given in terms of pseudorapidity. So, we calculate the ps
dorapidity distributions for the energiesAs553 and 546
GeV, by taking the average value ofmT50.41 and 0.49
GeV, respectively. In this approximation the pseudorapid
distribution is given by

dN

dh
5
dN

dy
3

A~^pT&/^mT&!21sinh2y

coshy
. ~45!

The results are shown in Figs. 4 and 5. The comparison
both the results leads us to conclude that the rapidity
equivalently pseudorapidity distributions are very sensit
to the fluctuations in the initial conditions. These fluctuatio
cause a widening, a smoothing, and a lowering of the dis
butions. Moreover, if we compare the distributions with a
without fluctuations with experimental data, we see that
behavior of the first ones is more similar to the data than
other ones and the presence of the simple-wave peaks in
event does not invalidate the overall agreement with dat

IV. CONCLUDING REMARKS

We have studied in detail the effects produced by
fluctuations in the initial conditions on the final observab
of emitted particles. As a mechanism of fluctuations,
have used a modified version of the interacting gluon mod
by including also the impact-parameter fluctuation. The
clusion of the latter has shown to be significant, since
spreading in impact parameter causes a corresponding
ening in the fireball mass distribution or, equivalently, in t
inelasticity distribution. This widening causes, in its tur
flattening of the leading-particle spectrum. A better agr
ment of our results with data on these quantities, as co
pared with the predictions of the original version, may ind
cate that our version is indeed an improvement.

The modified IGM allowed us to introduce fluctuations
the fireball energy momentum, as well as in the impact

l

e
ta

FIG. 5. The pseudorapidity distributions calculated in the us
procedure and with fluctuations atAs5546 GeV. The solid line
represents the one with the average initial conditions and the da
one is the one obtained with fluctuations. Experimental data@22#
are shown for comparison.
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rameter, through the distribution functionx(E,P;bW ). We
have then studied the effects of these fluctuations on
rapidity and pseudorapidity distributions, using Landau’s h
drodynamical model. This has been done by computing
rapidity ~or pseudorapidity! distributions in two distinct
ways. First, by the usual procedure in which only one fireb
is assumed with the average characteristics~mass, momen-
tum, and impact parameter!. Second, by taking the fluctua
tions into account, by generating each event according to
probability distributionx(E,P;bW ) and by summing up ove
all the events. The difference between them is found to
quite appreciable. As expected, the rapidity~or pseudorapid-
ity! distributions become smoother, wider and lower wh
fluctuations are considered. The version of hydrodynam
model we used shows peaks in the rapidity distribut
~originated from the simple waves! of each event. Neverthe
less, in the overall distribution they are entirely smooth
away, showing that even analyses of such a simple qua
as the inclusive one particle distribution may lead to a co
plete wrong conclusions if fluctuations are totally neglect

It is well known that there are several observables wh
-
lli-
s-
n

O

e
-
e

ll

he

e

n
al
n

d
ity
-
.
h

cannot be understood if fluctuations are not properly ta
into account. For instance, KNO distribution@23#, forward-
backward correlation@22#, @24#, semi-inclusive distributions
@22# and so on. However, as is easy to see, the fluctuat
we considered in the present work are not enough to acc
for these quantities. One of the fluctuations we did not
clude here and which seemingly plays an important role
the multiplicity fluctuation in the fireball decay, given it
massM . Investigation in this direction is in progress.

In conclusion, despite all the simplifications made in o
description, our results do show that the fluctuations are
deed a very important feature in the hadronic collisions a
must be considered in any realistic description of these
lisions @25#.
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