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Abstract

Ž .The structure of events in relativistic heavy ion collisions RHIC , associated with chiral QCD phase transition, is
Ž .investigated. In particular the density fluctuations of pions, emitted from the excited vacuum at TfT , are studied andc

classified in terms of intermittency patterns in rapidity space. For this purpose a Monte Carlo simulation of critical events in
Ž .the central region is presented, on the basis of the O 4 theory of chiral phase transition. The universal character of these

events is revealed and the predictions of the theory are discussed in connection with event by event measurements in current
and future experiments with relativistic heavy ions. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

A prime, general indicator of a quark-hadron phase
transition in central AqA collisions is the appear-
ance of critical dynamical fluctuations in individual

w xevents 1 . In particular, one expects a universal
pattern of multiplicity density fluctuations at midra-
pidity, whose origin can be ascribed to the critical
behaviour of the underlying theory of strong interac-

Ž .tions chiral QCD at TsT . The interrelation be-c
Žtween the fundamental parameters of the theory crit-

.ical exponents and the measurable indices of these
Ž .events intermittency exponents becomes of primary

importance in our effort to understand the formation
Ž .of a new phase of matter QGP in relativistic heavy

Ž .ion collisions RHIC .

1 E-mail address: nantonio@atlas.uoa.gr.

In this work a class of such critical events is
derived, directly from the universality class of chiral
QCD phase transition in the limit of infinite strange

Ž .quark mass m fm f0,m s` . In this case theu d s

system undergoes a second-order phase transition,
Ž . w xbelonging to the O 4 universality class 2 and the

corresponding order parameter is specified by the
Ž . Ž . Ž .sigma s and pion p condensates, f s p ,s .a

Our approach is applicable even if the mass of the
strange quark is finite, provided that it remains larger
than a critical value m) corresponding to a tricritical

w x )point of the system 2 . If m -m , the systems

undergoes a first order transition and a different
pattern of fluctuations is expected to appear near the

w xcritical temperature T 3 . A comprehensive study ofc

the critical fluctuations, taking into account the role
of the strange quark mass, will be presented else-
where.
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Our aim, in this Letter, is to show that the experi-
mental measurement of a class of events in AqA
collisions, displaying, in the distribution of pions, the

Ž .characteristic fluctuations of the O 4 critical theory,
could provide us with a strong evidence for the
formation of QGP in the collision and the occurence
of a second-order chiral phase transition in the pro-
cess of hadronization. For this purpose we adopt the
standard description of a longitudinal expansion after

Ž .the collision inside-outside dynamics and focus our
attention on the 1d projection onto rapidity space
Ž .j-space . We assume that local thermal equilibrium
is reached rather soon, so at TsT the onset of ac

Ž .static phase transition of second order chiral drives
Žthe system smoothly from the quark phase massless

. Žu,d quarks to a phase of primordial hadrons mass-
.less p , s with a macroscopic density given by the

2 2 2 w xclassical order parameter f sp qs 4 . Our
approach is complementary to the proposal for DCC
production occuring in a chiral phase transition far

w xfrom equilibrium 5 .

2. Intermittency at TsTc

Ž . Ž .The O 4 effective action at TsT for a 3dc

hadronization source localized at jsj and a properi

time t , is written, in terms of the classical fields f ,a

as follows:

2ˆ1 Ef 212ˆ ˆG f sC dzd x q = fŽ .Hc A H H2ž /2 E z

23C kA 2ˆq f ,Ž .
4

x tH
zssinh jyj , x s , C s ,Ž .i H A

t bc

f̂ sb f ,a c a

4 4
2 22 2ˆ ˆ ˆ ˆf s f , Ef s Ef . 1Ž .Ž . Ž .Ý Ýa a

as1 as1

ˆ 2 kŽ . Ž .The effective potential U ; f in Eq. 1 is thec
Ž . w xscaling solution at TsT of the O 4 theory 6c

given in terms of the anomalous dimension hf0.034
3Ž .ks . Projecting out onto rapidity space we1q h

may neglect the details in transverse directions as-
suming = f f0, whereas for sufficiently smallH a

size D of the source in j-space, we may write
Ž .dzfdj in Eq. 1 . Hence, the effective action of the

1d system in rapidity space is written as follows:

22 2ˆp R Ef 3C kH A1 2ˆ ˆG f s dj q f .Ž .Hc 2 ž /tb Ej 4Dc

2Ž .

Ž .Although the form 2 is strictly valid for D<1, its
analytic continuation may accommodate sources at
jsj of any size D available in rapidity space. Iti

defines the free energy at TsT , associated with thec
Ž .formation in j-space of chiral condensates p ,s

from a hadronization source located at jsj . Thei

Statistical Mechanics of this process is described by
ˆyG wf xcˆw xthe partition function ZsH DDf e and fora

p R 2
HŽ .heavy nuclei 41 one should look for saddle-

tbc

Žpoint configurations R is the transverse radius ofH
.the 3d cylindrical source, at TsT . For a givenc

ˆŽ . Ž .orientation of the vacuum in the O 4 space, f ja

Ž . 4 2sl f j , Ý l s1, the solutions of the Euler-a as1 a
3k C 2 2 ky1A¨Lagrange equation, fy f s0, give the2

saddle-point configurations which are classified ac-
cording to the energy E of the corresponding classi-
cal trajectories. In what follows the trajectories with
E/0 are neglected since they contribute to the
partition function with a suppression factor of the

V 2sŽ . Ž < <.form Z E ;exp y E , where V sp R D iss Hb tc

the volume of the 3d source in the cylindrical space
Ž . Ž .j , x . The dominant configurations Es0 andH

w xtheir contribution to the free energy G f are writ-c

ten as follows:

1
11

ky1 y2 < < ky1f j s jyj ,(Ž . o3C ky1Ž .A

3p C R2
A H 2 k

G Dj ;j s f j dj . 3Ž . Ž . Ž .Hc o 22b Djc

Ž .The location of the singularity jsj is arbitraryo
Ž .but, for a given j , the solution 3 gives the saddle-o

Ž .point configurations with different supports only
Dj < <for systems localized in domains - j yj ando i2

emitted from the source at jsj . The restriction oni

the size Dj follows from the fact that the singularity
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must lie outside the domain of the system since
otherwise it would give an infinite contribution to
the effective action. Considering now the whole

Ž .family of solutions 3 one might be able to reveal
the critical fluctuations of the system in a wide range

Ž .of scales Dj . For this purpose we introduce, in
what follows, subdivisions of the size of the system

D Ž .Djs mG1 in order to specify the support ofm

the saddle-point configurations contributing to the
partition function. A further restriction on the config-
urations follows from the observation that only dis-

DjŽ .tant singularities j 4j q give a significanto i 2

contribution to the partition function. In fact the free
Ž . Ž .energy corresponding to the solution 3 , G Dj ;jc o

kq1
Dj y

ky1Ž .; j yj y , increases rapidly when j ap-o i o2
Djproaches the end point j q . Hence, one mayi 2

safely use constant configurations f f
2r3' D1rŽky1.w x in domains Djs , in order tom
Ž .j C k y1o A

compute the partition function: ZsÝ eyG cŽm;j o..m ,j o

Introducing the total multiplicity n of hadrons as as

suitable random variable in describing the critical
fluctuations of the system, we recall that f 2 is

Ž .proportional to the rapidity density r j ,j ofi

hadrons emitted from the source at j as a mixturei
� 4of pions and sigmas according to the orientation la

of the vacuum in the internal 4-dimensional space:
1 b2 2cŽ . Ž . w xf s r j ,j 4 . With this interpretation theip R H

saddle-point, constant field f, can be expressed in
Ž .terms of the random variables n ,m , which belongs

w xto the grand canonical ensemble of the system 4 .
� 4After integrating over the orientations l , thea

canonical partition function at TsT takes the form:c

ky1
do2 k ky1Z n ,D,T sp n exp y n m ,Ž . Ýs c s sž /DmG1

12b 3Cc A ky1
d s . 4Ž .o 2 ž /4p RH

Ž .The partition function 4 gets contribution from the
dominant saddle point configurations associated with

Ž .the O 4 effective potential and, therefore, provides
us with a satisfactory representation of the 1d projec-

Ž .tion of the critical system. Using Eq. 4 one may
² :extract the average multiplicity n and the corre-s

Ž .sponding density-density correlation r j ,j 'i
² Ž . Ž .:r j r j associated with the source at jsj :i i

3
ky1ky2 GŽ . ž / Dk k² :n s ,s 2 ž /do2ky3 GŽ . ž /k

3
ky1 ky2 GŽ . Ž . ž /k

r j ,j sŽ .i 2
2k 2ky3 GŽ . ž /k

ky1
12 k y< < k= jyj . 5Ž .iž /do

Ž .The power-laws 5 , corresponding to a fractal
ky 1Ž1.dimension d s in rapidity space, are valid forF k

< <d < jyj FD and have a universal character. Aso i

a result we claim that a characteristic process in
relativistic nuclear collisions, associated with chiral
QCD phase transition, is the emission of a universal
intermittent spectrum of particles, from any local
hadronization source along the space-time hyperbola
t s const. The intermittency exponents, fq

Ž .Ž .q y1 1qh Ž .s qs2,3,.. , are given in terms of the
3

Ž .anomalous dimension h of the O 4 theory and a
Ž .nonuniversal scale d , below which djFd inter-o o

mittency breaks down, is fixed by the finite size of
b 2

cŽ .the system d ; .2o RH

3. Critical events

The self-similar profile of the hadronization
sources may lead to a particular class of events in
AqA collisions by considering a collection of such
sources distributed at random positions, j , . . . ,j ,1 N

w² 2: xaccording to their free energy G f , given bysc
Ž .2 r j ,j iŽ . ² :Eq. 3 with f s . The partition func-s

y2 2b p Rc H

tion for N nonoverlapping sources is written:
k2N p RHky1Z s exp ydÝ ŁN o 2ž /bis1 cj , . . . ,j1 N

k2² := dj f , 6Ž .Ž .H s
Dj i
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where the domain Dj is fixed by the location of thei
Ž .sources or the end points in the neighbourhood of

j y jiq 1 iy1j . For 2 F i F N y 1 we have Dj si i 2
D j q j D j q j1 2 N Ny1whereas Dj s q , Dj s y . Due1 N2 2 2 2

Ž .to the smallness of the O 4 anomalous dimension
Ž .hf0.034 we take in what follows, kf3. Using

Ž . Ž .Eqs. 5 and 6 we finally obtain:

N1
Z s dj . . . dj exp y Õ j yjŽ .ÝHN 1 N i iy1GD is2

1 D D
y w qj qw yj ,1 Nž / ž /ž /2G 2 2

D D
y Fj F . . . Fj F ,1 N2 2

39 2Gs G , 7Ž .Ž .2 3

j 2 jŽ . < < Ž . < <where Õ j s ln , w j s ln .
d do o

Ž .The partition function 7 describes a 1-d Feyn-
man-Wilson gas of hadronization sources with near-

Ž .est neighbour ‘‘interaction’’ of the form Õ j yji iy1
DŽ .and a similar ‘‘potential’’ w "j giving the inter-2

Ž .action of the chain with the walls end points js
D" . The system behaves almost as an ideal gas2

dNŽ . ŽG41 with a uniform density f1 one sourcedj

.per unit of rapidity and a Poisson multiplicity distri-
Ž .NDbution Z s . In fact, the exact expression of theN

N !
Ž .multiplicity distribution, as obtained from Eq. 7 is

written:

ZN
P s ,`N

ZÝ N
Ns1

N
do GN y1r GZ sD 2N ž /D

Ny1 2 iy1 1
= B iy ,1yŁ ž /2G Gis1

2 Ny1 1
=B Ny ,1y , 8Ž .ž /2G 2G

and in the limit G41 the beta functions appearing
Ž . ² :in 8 lead to a Poisson distribution with N fD.

Correspondingly, the rapidity distribution for a given
multiplicity N is written:

1 1
y y

2G 2GDq2j Dy2j1 N
P j , . . . ,j sŽ .1 N ž / ž /d do o

1
yN Gj yji iy1

= ,Ł ž /dis2 o

D D
y Fj F . . . Fj F , 9Ž .1 N2 2

Ž .and, when combined with the self-similar profile 5
of each source, it may lead to a global structure in
the central region with particular properties and char-
acteristic patterns of critical fluctuations.

Ž .Although the effective action 1 has been taken
at TsT , the resulting universal behaviour of criti-c

cal fluctuations remains practically unchanged at the
freeze-out temperature T since in the process of af

second-order transition we expect that T remainsf
T y Tc fŽ .close to T <1 . In fact one may verify thisc Tc

2 ˆ 2conjecture by considering a mass term m f in the
Ž .free energy 2 with the standard temperature depen-

Ty T2 2 cŽ .dence m sm . With this additional term, theo Tc

Ž .partition function 4 for a subsystem of size dFD,
Ž .is appropriately modified and at TsT T -T onef f c

obtains:

2m nf s2Z n ,d ,T sp n exp yŽ . Ýs f s Ž f .CAmG1

ky1
do k ky1y n m , 10Ž .sž /d

T y T t2 2 Ž f .f c fŽ . Ž .where m sm , C s b fb and t isf o A f c fT bc c

the freeze-out time-scale.
The average multiplicity of condensates radiated

from the local source at TsT , is given now by af

modified scaling form, valid for d4d :o

ky1 ky1
2< <d m dk kf² :n s F , 11Ž .s Ž f .ž / ž /d dCž /o oA

qy kŽ . `I x3 kŽ . Ž .where F x s , I x ' Ý H dz zq m G 1 0
Ž .I x2

1
ky1

k Ž .exp y zm qz x Eqs. 11 show that the de-Ž .
Ž .viations at TsT from the exact power laws 5 ,f
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valid at TsT , are considerably suppressed, espe-c

cially for events with sufficiently long freeze-out
m2 T y TŽ f . o c fŽ .time-scale C 41 . In fact for <1,Ž f . Ž .A C TA c

Ž .the modified scaling form 11 reduces to the exact
Ž .power laws 5 and therefore, in these events, the

fractality of the system survives, to a very good
approximation, even at TsT . In practice, for con-f

ventional values of the nonuniversal parameters of

T y T Ž f .c fthe thermal system: f0.1, C f10, one findsATc

a suppression of the self-similarity breaking effect by
a factor of the order of 10y2 . Hence by ignoring
intermittency breaking effects at the level of 10% at

Ž .most, one may safely trust the power-laws 5 when
describing the fluctuations of the system at TsT .f

In order to keep contact with experimental mea-
surements, we have also to take into account fluctua-

Ž . Ž .Fig. 1. a The rapidity spectrum of the scalar particles p ,s in a typical, Monte Carlo generated, critical event. The total scalar particle
Ž .multiplicity is ns687 and the number of self-similar sources contributing to this event is Ns6. b The first three factorial moments for

Ž . Ž .the event presented in a . A linear fit dashed line for each moment, as well as the slope of the corresponding straight line, are also shown.
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tions in the transverse size of the sources RŽ s.
H

² Ž s.:expecting that on the average R fb . This esti-H c
Ž .mate can be derived by generalizing 6 in the 3-d

cylindrical space and realizing that the corresponding
3-d sources follow also, to a very good approxima-

w xtion, a Poisson distribution 7 . The corresponding
² :average multiplicity N of the sources, for a fixedH

R 2
H² :rapidity, is approximately N f , suggest-Ž .H bc

² Ž s.:ing again an average size for each source R fH
b .c

Taking now into account the presence of many
sources, distributed in the transverse plane, the

Ž .power-laws 5 are modified by changing only the
nonuniversal scale-parameter in rapidity d to a newo

2k 11 b 3Ceff c Aky1 ky1effective one d s . It is of inter-Ž .Ž .o p R 4H

est to note that, averaging over the transverse posi-
tions of the sources, the multiplicity fluctuations in
the transverse plane are smeared out leading to an

Žapproximately constant density near the centre far
.from the transverse boundaries . On the contrary the

rapidity position of the sources is fixed on the
Žspace-time hyperbola, at the same point jsj in-i

.dependent of the transverse position , as required by
our basic consideration of local thermal equilibrium.

Ž . <As a consequence the singularity r j ,j ; jyi
1y
k<j is not smoothed out by this averaging andi

therefore the universal characteristics of the fluctua-
Ž .tions, described by the exponents in power-laws 5 ,

are not affected by this modification. A detailed
treatment of the critical fluctuations in the 3-d sys-
tem of chiral condensates in the cylindrical geometry
of relativistic heavy-ion collisions, will be presented

w xelsewhere 7 .
In our attempt to reveal the phenomenological

features of the chiral QCD phase transition, a realiza-
tion of the theory at the level of individual events in
AqA collisions is needed. To this end, a Monte

Ž .Carlo simulation Metropolis algorithm of critical
Ž .events in rapidity space, obeying the power-laws 5

with properly corrected minimum scale d and theo
Ž .distribution 9 , has been performed. As a typical

process we have chosen PbqPb at SPS energies
Ž . eff effDf6 and for the scale d we have taken d fo o

y4 Ž .10 t f20 fm, R f25 fm . In Fig. 1a the rapid-f H
ity spectrum of pions and sigmas in a typical event,
occuring with a large probability in the Monte Carlo
event generation, is presented. The number of self-
similar sources contributing to this event is Ns6

Ž . Ž .fD and the total multiplicity of scalars s ,p is
ns687. In Fig. 1b, the first three factorial moments
Ž . Ž .scaled F dj for this event, evaluated in cells djp

< <within the central region j F2, show a strong
w xintermittency effect 8 . As expected, the intermit-

tency exponents f follow the trend of the corre-p
py 1Ž .sponding indices of each source f f . Averag-p k

ing over many critical events, it turns out that the
rapidity distribution becomes smooth but the inter-
mittency effect remains strong, reflecting the under-

w xlying fluctuations of individual events 7 .

4. Conclusions

In conclusion, we have shown how the character-
Ž .istics of the O 4 universality class of chiral QCD

phase transition can be converted into a universal
pattern of critical fluctuations, in relativistic nuclear
collisions. We have confined our treatment to the 1d
projection onto rapidity space and have integrated
out the details in the transverse space. A strong 1d
intermittency pattern, associated with the anomalous

Ž .dimension of the O 4 theory, has been revealed and
the details of the density fluctuations have been
produced in a Monte Carlo simulation of individual
events. The emerging physical picture is the emis-
sion of pions from a system of self-similar indepen-
dent sources. The predicted intermittency effect, as
measured by the spectrum of indices f , is one orderp

of magnitude stronger than the corresponding effect
Ž .observed in average events mainly conventional , in

w xcurrent experiments 9 . Despite the simplifications
made in our treatment, we claim that the universal
characteristics of the rapidity density fluctuations,
found in our approach, are sharply defined properties
directly related to quark-hadron phase transition. A
search for such critical events may contribute to an
attempt to convert the theory of a second-order chiral
QCD phase transition into a falsifiable hypothesis to
be tested in relativistic nuclear collisions.
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