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Event-by-event fluctuations in collective quantities
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We discuss an event-by-event fluctuation analysis of particle production in heavy ion collisions. We com-
pare different approaches to the evaluation of the event-by-event dynamical fluctuations in quantities defined
on groups of particles, such quantities as mean transverse momentum, transverse momentum spectra slope,
strength of anisotropic flow, etc. The direct computation of the dynamical fluctuations and the subevent method
are discussed in more detail. We also show how the fluctuations in different variables can be related to each
other.@S0556-2813~99!03508-6#

PACS number~s!: 25.75.Gz, 24.60.Ky, 25.75.Ld
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I. INTRODUCTION: STATISTICAL, DYNAMICAL,
AND EVENT-BY-EVENT FLUCTUATIONS

Any physical quantity measured in an experiment is s
ject to fluctuations. In general, these fluctuations depend
the properties of the system and may contain important
formation about that system. In the context of heavy
collisions, the system under consideration is a dense and
fireball consisting of hadronic and/or possibly partonic m
ter. The obvious challenge is to positively identify the ex
tence of a state of partonic matter early on in the life of
fireball. The study of fluctuations may help in this task co
siderably. First of all, fluctuations of a thermal system a
directly related to its various susceptibilities@1#, which in
turn are good indicators of possible phase changes. For
ample, the extraction of the system heat capacity from te
perature fluctuations has recently been proposed in@2–4#.
Also, large event-by-event fluctuations may indicate the
istence of distinct event classes, e.g., one with and one w
out a quark gluon plasma.

Fluctuations have contributions of a different nature. F
there are ‘‘trivial’’ fluctuations due to a finite number o
particles used to define a particular observable in a gi
event. Examples of such observables are the mean trans
momentum̂ pt&, where the average is taken over all partic
in a given event, the strength of anisotropic flow, the rat
of multiplicities of different particle species, etc. Fluctu
tions due to finite multiplicity we shall callstatistical fluc-
tuations. Statistical fluctuations can be evaluated by con
ering the production of all particles as totally independe
All other fluctuations are of dynamical origin and shall
calleddynamicalfluctuations. Dynamical fluctuations can b
subdivided into two classes:~a! fluctuations which do not
change event by event~such as two-particle correlations du
to Bose-Einstein statistics or due to resonance decays! and
~b! fluctuations which occur on an event-by-event basis. T
last ones we call event-by-event~EbE! fluctuations. Ex-
amples of those are fluctuations in the ratio of charged
neutral particle multiplicities due to creation of regions
DCC or the fluctuations in anisotropic flow due to creatio
of regions with ‘‘unusually’’ soft/hard equation of state
Also, the occurrence of jets may give rise to event-by-ev
fluctuations, e.g., in the highpt tail of the transverse momen
tum distribution.
0556-2813/99/60~2!/024901~7!/$15.00 60 0249
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The purpose of this paper is to present and discuss dif
ent approaches to the evaluation of dynamical fluctuations
particularEbE fluctuations. Often in the discussion we refe
to the fluctuations in the thermalized system. Note, howev
that the techniques we propose to use for the evaluatio
dynamical fluctuations do not require the system to be
thermal equilibrium. We also address the limitations in e
tracting observables of physical relevance. Here we conc
trate on fluctuations of the mean transverse momentum, s
experimental data for these fluctuations are already avail
@5#. Also, fluctuations of the transverse momentum may
related to fluctuations of the temperature, which in turn m
provide important information about the properties of t
system under study@1–5#.

In Sec. II we present several methods of fluctuation ana
ses and illustrate them in terms of a simple toy model. W
also discuss how these methods are related to each othe
to approaches already presented in the literature. In the
sections we turn to the specific case of fluctuations of
mean transverse momentum. We shall discuss the rela
between fluctuations in̂pt& and the temperature. We finall
address the question as to what extent the heat capaci
the system and the collision energy or centrality depende
thereof can be extracted from these fluctuations.

II. EVALUATION OF FLUCTUATIONS: ‘‘DIRECT’’
AND ‘‘SUBEVENT’’ METHODS

A. Definitions

In this paper we consider fluctuations in collective qua
tities, the quantities defined on groups of particles. Suc
group could be, for example, particles in some rapidity
gion. It is useful to start with collectiveaverage~or inten-
sive! quantities, which in rather general form can be defin
as

X[^x&5

(
i

xi

M
, ~1!

whereM is the particle multiplicity. The sum is taken ove
all particles in an event, andxi is a variable that is defined fo
each particle. For example, takingx5pt

2/(2m), wherept is
©1999 The American Physical Society01-1



,

n

o
v

an
u

o-
e
e-

e
to

dy
he
d

o
s

w
th
n
ti-
o
h
th

to
en
.g
t o

a
ra

tr

ith

the

st

o

f

-

e

r

ld

ee
-

S. A. VOLOSHIN, V. KOCH, AND H. G. RITTER PHYSICAL REVIEW C60 024901
the particle transverse momentum andm is the particle mass
would yield for X an estimator for the~nonrelativistic! tem-
perature; takingx5cos@2(f2CRP)#, where (f2CRP) is the
particle azimuthal angle with respect to the reaction pla
would give the strength of elliptic flow,v2. We use the same
notation^•••& for an average over all particles in an event
a quantity defined on a particle, and also for an average o
all events of a quantity defined on an event. Then,^^pt&&
would mean the average over all events of^pt&, the mean
values ofpt derived in each event. For an inclusive me
value ~an average over the inclusive single particle distrib
tion! we reserve the notationx̄. For example, the inclusive
mean transverse momentum we denote asp̄t , which in gen-
eral does not necessarily coincide with^^pt&&.

The fluctuations in quantityX are defined by

sX
25^X2&2^X&25^^x&2&2^^x&&2[sX,stat

2 1sX,dynam
2 .

~2!

Note thatsX,dynam
2 defined in this way can be negative pr

vided thatsX,stat
2 refers to the statistical fluctuations in th

totally ‘‘uncorrelated’’ particle production scenario, as d
fined above. Dynamics~and/or kinematics! can suppress the
fluctuations in comparison to the case of the independ
particle production. Note, however, that the contribution
sX,dynam

2 due to event-by-event fluctuationsis always posi-
tive.

Within a given event sample all three contributions tosX
2 ,

statistical fluctuations, event-by-event fluctuations, and
namical, not EbE, fluctuations, scale differently with t
event multiplicity~see also@6,7#!. This property can be use
as an additional criteria in the experimental separation
different contributions@8#. Statistical fluctuations scale a
sX,stat

2 }1/M , where M is the event multiplicity. Event-by-
event fluctuationssX,EbE

2 do not depend on multiplicity. The
non-EbE dynamical fluctuations could have in general t
terms, one which does not depend on multiplicity and
second one, which is similar to the statistical fluctuatio
scales as}1/M . The part which does not depend on mul
plicity is mainly due to Bose-Einstein correlations and tw
particle final state interactions. We will argue below that t
subevent method permits us to eliminate this part from
total fluctuations. The second part is due to resonance~jet!
decays, momentum conservation, etc. Taking all facts
gether, it means that, provided the multiplicity independ
part of dynamical non-EbE fluctuations is eliminated, e
by the subevent method, the multiplicity independent par
sX

2 is only of event-by-event origin.

B. ‘‘Direct’’ method

Let us start with a simple example of a two-dimension
nonrelativistic ideal gas in thermal equilibrium at tempe

ture T̃. In this case the particle transverse momentum dis
bution is

dn

dpt
2
}expS 2

pt
2

2mT̃
D , ~3!
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and the normalized probability density to find a particle w
a givenx[pt

2/(2m) is

dw

dx
5

1

T̃
expS 2x

T̃
D . ~4!

Each event in this example is a random selection ofM par-
ticles from a thermal bath. For simplicity we assume thatM
is constant.1

In order to get an estimate for the temperature of
system one needs to fit the slope of thept distribution. Ap-
plication of a maximum likelihood method yields the be
estimator forT:

T5

(
i

xi

M
[^x&5K pt

2

2mL , ~5!

which is just the result of the equipartition theorem in tw
dimensions@^E&/M52(T/2)#.

The statistical fluctuations in the quantityT ~the fluctua-
tions due to finite multiplicityM, under the assumption o
independent particle production! can be directly calculated:

sT,stat
2 5^T2&2^T&25K S (

i
xi

M
D 2L 2K (

i
xi

M
L 2

5
sx, incl

2

M
, ~6!

wheresx, incl
2 [(x2 x̄) 2̄ is the variance of the inclusive distri

bution in x. For a thermal distribution~4! one hasx̄5T̃, x̄2

52T̃2, andsT,stat
2 5T̃2. It follows that

~DT!stat
2

T2
[

sT,stat
2

T̃2
5

sx, incl
2

MT̃2
5

1

M
. ~7!

For practical applications it is very important to know th
accuracy in the calculation ofsT . The direct calculation of
the variance ofsT ,ss

T
2

2
, is straightforward, but rathe

lengthy. For a large number of events (Nev@1) the answer is
simple @11#:

ss
T
2

2
'

2sT
4

Nev
⇒ssT

2 '
sT

2

2Nev
⇒ssT

'
sT

A2Nev

. ~8!

1It is sufficient here to assume that the distribution inx does not
depend on the event multiplicity. If this is not the case, it wou
mean a known source of event-by-event fluctuations~fluctuations in
multiplicity!, which in principle should be analyzed separately. S
also@9,10# for a more detailed treatment of the multiplicity fluctua
tions.
1-2
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EVENT-BY-EVENT FLUCTUATIONS IN COLLECTIVE . . . PHYSICAL REVIEW C60 024901
In this paper we consider mostly the case when statist
fluctuations are much larger than the dynamical ones. In
casesT'sT,stat and

ssT
'

sT,stat

A2Nev

5
1

A2NevM
. ~9!

C. ‘‘Subevent’’ method

It is simpler to use the subevent method for the calcu
tion of the EbE fluctuations. Just recollect that we are int
ested in the fluctuations which affect the entire event. If o
subdivides such an event into two subsystems, which we
below subeventsa andb, the quantities defined on these tw
subevents should be correlated:

^~Ta2^Ta&!~Tb2^Tb&!&5^@~DTa!stat1~DT!dynam#

3@~DTb!stat1~DT!dynam#&

5sT,dynam
2 . ~10!

Note that in the case of an ideal gas, where the fluctuat
are entirely of statistical nature, the above correlator wo
yield zero.

The subevent method permits one to avoid some probl
of the ‘‘direct’’ computation of EbE fluctuations. In particu
lar the problems related to the separation of the EbE fluc
tions from other dynamical effects, such as Bose-Eins
correlations~the HBT effect!. It is not possible to avoid the
HBT correlations in the direct approach and one can o
perform a rather complicated estimate of its contribut
~see, for example,@5#!. In the subevent method one can d
fine the subevents on different regions, so that particles f
two regions are not correlated~in the HBT sense!, and the
problem simply disappears. For example, one can define
events on rapidity regions separated by 0.1 unit of rapid
The same trick can be used to get rid of the ‘‘two-tra
resolution’’ problem which is quite serious in many expe
ments. In addition, using the subevent method it is also p
sible to study how the ‘‘proton temperature’’ is correlat
with the ‘‘pion temperature’’ and many other interestin
questions. Unfortunately, we do not know any simple way
avoiding the correlations due to energy-momentum con
vation ~see also the discussion of this question in@12,13#!.

Another way to look at the correlations using the subev
method is to compare widths of the distributions in (Ta
2Tb) and in (Ta1Tb). While the first distribution is gov-
erned mostly by statistical fluctuations, the second one c
tains dynamical fluctuations as well. The difference in t
width of the distributions would yield the dynamical fluctu
tions ~see the calculations within the toy model below in th
section!.

D. Relations to other methods

The functionFx is frequently used in the literature@14–
17,5# for the event-by-event fluctuations study. It is defin
as
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Fx5A^Z2&/^M &2Az̄2, ~11!

where

Z5(
i

zi , zi5x2 x̄, ~12!

andx is the quantity under study, for example, the transve
momentum. In order to compareFx and s^x&,dynam

2 results,
we first derive a useful formula. We start with the definitio
of Fx , given by Eq. ~11!. Multiplying both sides of the

equation by (A^Z2&/^M &1Az̄2), and taking into account tha
Fx is the difference between two almost equal quantit

(A^Z2&/^M &'Az̄2[sx, incl), one gets

2Fxsx, incl'Fx~A^Z2&/^M &1sx, incl!

5~A^Z2&/^M &2sx, incl!~A^Z2&/^M &1sx, incl!

5^Z2&/^M &2sx, incl
2 . ~13!

To proceed further we need the assumption that multiplic
is not correlated with the distributions inx. Under this as-
sumption,

^Z2&

^M &
2sx, incl

2 5
^M &~x2 x̄! 2̄1^M ~M21!&^~xi2 x̄!~xj2 x̄!&

^M &

2sx, incl
2

5
^M ~M21!&

^M &
^~xi2 x̄!~xj2 x̄!&

'^M &s^x&,dynam
2 . ~14!

We end up with the formula~see also@18#!

Fx'
s^x&,dynam

2 ^M &
2sx, incl

. ~15!

From this formula one can see both the strong and w
points of the two analyses usingFx and s^x&,dynam

2 . The
quantity which is directly related to the underlying physics
s^x&,dynam

2 . In this sense it is preferable. On the other hand
one wants to compare different systems in order to see if
underlying physics is the same, and events~systems! differ
only by the total multiplicity, then one has to take into a
count that the correlations scale inversely proportional to
event multiplicity. In this sense the multiplication o
s^x&,dynam

2 by ~in this case, observed! multiplicity allows one
to check if the physics is changing. This is the advantage
theFx approach~as well as any other approach dealing w
the quantity proportional tos^x&,dynam

2 ^M &). But one should
be careful when comparingFx measured by different experi
ments, and even by the same experiment but under diffe
conditions and/or analysis cuts.Fx is scaled by theobserved
multiplicity. It means that even for the same event sampl
would depend, for example, on the track selection cuts.
1-3
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FIG. 1. Reconstructed dynamical fluctuations for~a! d50.03 and~b! d50.1.
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It is clear from the definition~1! that correlations betwee
the average collective quantities (^XaXb&) and the corre-
sponding fluctuations~in other words, autocorrelation
^XaXa&) can be rewritten using the usual two-particle cor
lations ~the same as, for example, the second factorial m
ment used in the study of intermittency or the above d
cussed quantityFx). In this sense the correlations i
collective variables provide no additional information com
pared to the two-particle correlations. Details and subtle
of the relation between the two particle correlations and
event-by-event observables have been discussed recen
@9,10#.

It should be noted, on the other hand, that it can be m
more convenient to work with collective variables. Th
‘‘signal-to-background’’ ratio, i.e.,sdynam/sstat, in these
variables generally grows asAM , whereM is the multiplic-
ity. The reason for this is that fluctuations in ‘‘background
distribution scale asAM while the ‘‘signal’’ ~strength of
flow, change inpt , etc.! would depend linearly on multiplic-
ity. A good ‘‘signal-to-background’’ ratio can be very impo
tant in order to select ‘‘unusual’’ events, i.e., the events w
particular strong/weak signal~temperature, strength of flow
etc.!. Another advantage of using the quantities defined o
group of particles is a practical one related to comput
time. The computation of the two particle correlation fun
tion in the traditional way using events with multiplicity of
few hundred or even a few thousand particles does requ
lot of computing time.

E. Toy model

Let us conclude this section by employing a toy Mon
Carlo event generator in order to illustrate how the abo
discussed formulas work. In this toy model we generat
few sets of 4000 events each; all events are of the s
multiplicity M51000. The different sets are generated
different event-by-event fluctuations in temperature, which
distributed in accordance with

T5T̃@11d~r 20.5!#, ~16!

wherer is a random number in@0,1#, andd is a parameter
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responsible for the strength of the fluctuations. The tra
verse momentum of each particle is generated in accorda
to the distribution

dn

dpxdpy
}expS 2

px
21py

2

2mT D . ~17!

Using the data generated forT̃50.05 GeV andd50.03 and
d50.1 ~the first one is close to the limit of our sensitivity t
the dynamical fluctuations for such a data set! we calculate
the dynamical fluctuations@in accordance with Eq.~2!# for
each group of 500 events. The results are presented in F
together with a fit to a constant. The fit values should

compared to the input values ofsdynam
2 /T̃25d2/12

5(0.03)2/1250.7531024 and (0.1)2/1250.83331023, re-
spectively. A good agreement between the input and the
constructed values is observed. It is remarkable that
method is sensitive to fluctuations which one would not e
pect judging only from the single particle spectrum. The d
tribution in pt

2 for the case ofd50.1 is presented in Fig. 2

FIG. 2. Particle distribution inpt
2 together with an exponentia

fit.
1-4
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FIG. 3. Subevent method. Correlations betweenTa andTb . ~a! Scatter and~b! profile plots.
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together with an exponential fit. Not only is no deviatio
from an exponential distribution visible, but the fit quality
very good,x2/ndf557/72.

The next figures, Figs. 3–5, are for illustration of the su
event method. Figure 3 shows the correlation between t
peratures measured in two subevents. Already from the s
ter plot one can see that the two quantities are correla
which is the consequence of the introduced event-by-ev
fluctuations. The profile plot, which shows the average te
perature of the subeventb as a function of the temperatur
observed in the subeventa, looks even more convincing
One can see that the temperature values reconstructed o
different subevents are closely correlated. Such an obse
tion unambiguously indicates a presence of dynamical co
lations in the data.

Another way to study if the temperature values are co
lated is to look at the distributions in (Ta2Tb) and (Ta
1Tb), as discussed above. These distributions are prese
in Fig. 4. One can see that the distribution in (Ta2Tb),
containing only statistical fluctuations, is significantly na
rower than the distribution in (Ta1Tb), which has both sta-
tistical and dynamical fluctuations. Using just the rms valu
from the plots, one can estimate the dynamical fluctuati
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as sT,dynam
2 5@(4.33)22(3.21)2#31026/450.21131025

GeV2.
Quantitative analysis of the dynamical fluctuations us

Eq. ~10! is presented in Fig. 5. The observed strength of
correlation sT,dynam

2 5(0.20560.011)31025 GeV2 should

be compared with the input value ofsT,dynam
2 5(T̃d)2/12

5(0.0530.1)2/1250.20831025 GeV2.

III. CORRELATIONS BETWEEN DIFFERENT
COLLECTIVE VARIABLES: RELATIONS BETWEEN

FLUCTUATIONS

Often the fluctuations in different variables are tight
connected with each other. For example, let us consider fl
tuations in the mean transverse momentum^pt& and fluctua-
tions in the effective temperature~more precisely, in the
slope parameter of the transverse momentum distribution! T.
We assume that̂pt& is uniquely defined by this paramete
Then one can writê^pt&&5F(^T&). Assuming that the fluc-
tuations are of Gaussian nature, arguments from the the
of error propagation give
FIG. 4. Subevent method.~a! Distribution in Ta2Tb and ~b! Ta1Tb .
1-5
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s^pt&,dynam5uF8~^T&!usT,dynam⇒
s^pt&,dynam

^^pt&&

5UF8~^T&!

F~^T&!
UsT,dynam. ~18!

In reality, thept spectra of most particles lie in betwee
two limiting cases^^pt&&}A^T& ~nonrelativistic ideal gas!
and ^^pt&&}^T& ~ultrarelativistic ideal gas!. It follows then
that

s^pt&,dynam

^^pt&&
5~0.5–1!

sT

^T&
. ~19!

One can apply this relation to recent measurements@5#. In
this paper the limits on EbE fluctuations of^pt& was estab-
lished ass^pt&

/^^pt&&,0.01. According to our conclusion i

means thatsT /^T&,0.02 ~conservative estimate!. Note that
the mean multiplicity used in this experiment is of the ord
of ^M &'250 and the statistical fluctuations in the tempe
ture are of the order ofsT,stat/^T&'1/A^M &'0.07.

The relation between effective temperature and m
transverse momentum becomes less transparent if at the
of thermal freeze-out sizable energy/momentum depen
mean field potentials are present. This could be due to m
changes as proposed in the context of chiral symmetry
toration or simply due to long range interactions among
particles. In this case the relation between transverse
mentum and temperature,F(T), depends on the detaile
structure of the mean field forces at play.

IV. CAN WE REALLY MEASURE CV USING pt

SPECTRA?

It has been proposed in@2–4# to measure temperatur
fluctuations in order to access the heat capacity of the
tem:

FIG. 5. Subevent method.̂(Ta2^Ta&)(Tb2^Tb&)&[sT,dynam
2

calculated on the 500 event subsamples ford50.1.
02490
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T D 2

[
sT

^T&
5

1

CV
. ~20!

Such measurements, if possible, can provide very impor
information about the equation of state, and can be use
detect the phase transitions where the heat capacity c
undergo very rapid change. The possibility to get such inf
mation becomes one of the major attractions of event-
event physics. It was assumed in@2,3# that the temperature
fluctuations can be evaluated using an event-by-event an
sis of the transverse momentum spectra. In this section
question this particular possibility. Our conclusion is that~1!
the required temperature fluctuationscannotbe measured us
ing the information on only particle transverse momentu
and ~2! even if the transverse spectra slope fluctuations
sensitive to phase transition, such a relation is more com
cated than suggested by Eq.~20!.

Our arguments are based on the following observatio
Let us consider a two-dimensional ideal gas at tempera

T̃. We would like to useM particles to define the temperatu
by measuringpt spectra. For simplicity,M is fixed. An esti-
mate of the temperature would be

T5
( ~px

21py
2!/~2m!

M
, ^T&5T̃. ~21!

The event-by-event fluctuations inT can be easily estimated
They are

S sT

^T& D
2

5S sT,stat

^T& D 2

5
1

M
5

1

CV
, ~22!

taking into account that the heat capacity of a system oM
particles of a two-dimensional ideal gas isCV52(M /2)
5M . This formula coincides with Eq.~20!. Now let us take
a three-dimensional ideal gas, but use only two compone
of the particle momentum (px andpy) for an estimate of the
temperature. It is obvious that the fluctuations inT quantita-
tively do not change compared to the two-dimensional ca
but now they clearly do not provide us with knowledge
the heat capacity. The heat capacity has changed toCV
53/2M . One can continue with such arguments, adding
the consideration internal degrees of freedom: the obse
fluctuations remain the same while the heat capacity con
ues to change. Thus, our conclusion on the possibility
access the system heat capacity by measuring the fluc
tions in transverse momentum slopes is rather pessimi
However, if the fraction of the heat capacity that actually
being measured remains constant, one could still hope to
rapid changes in that quantity as the system goes throu
phase transition. So it is definitely interesting to measure
excitation function of the mean transverse moment
fluctuations.2

2Unfortunately, it is not known at present how narrow the tran
tion region might be. Another way to look for the phase transition
to investigate the centrality dependence of the fluctuations.
1-6
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V. SUMMARY

We have studied event-by-event fluctuations with the
rect method and have introduced a new way to determ
fluctuations with the subevent method. A suitable choice
subevents and the possible combination of particles with
subevent or between subevents trivially allows to exclu
some dynamical correlations like the HBT correlations
experimental effects like two-particle resolution effects.

The relationship to theFx variable has been discusse
The fact that correlations between different collective qu
tities and their fluctuations can be formulated in terms
two-particle correlations has also been discussed in othe
pers @9#. The importance of the signal-to-background ra
has been pointed out and the fact that large multiplicity
tectors help to increase this ratio.

We have applied the methods developed to a toy mo
and find that fluctuations can be determined with very h
sensitivity.
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It has been proposed to measure the heat capacity
system by studying the dynamical temperature fluctuatio
We have shown that the heat capacity cannot be meas
from the temperature fluctuations. However, it cannot be
cluded that by carefully measuring an excitation function a
the related fluctuations a possible phase transition wo
manifest itself in increased fluctuations in a~narrow! energy
region.

ACKNOWLEDGMENTS

We are grateful to A. Poskanzer, G. Rai, and other me
bers of the RNC group for many useful discussions. T
work was supported by the Director, Office of Energy R
search, Office of High Energy and Nuclear Physics, Divis
of Nuclear Physics of the U.S. Department of Energy un
Contract No. DE-AC03-76SF00098.
on
@1# L.L. Landau and E.M. Lifshitz,Statistical Physics~Pergamon,
New York, 1958!.

@2# L. Stodolsky, Phys. Rev. Lett.75, 1044~1995!.
@3# E.V. Shuryak, Phys. Lett. B423, 9 ~1998!.
@4# E.V. Shuryak, Nucl. Phys.A638, 207c~1998!.
@5# G. Roland for the NA49 Collaboration, Nucl. Phys.A638, 91c

~1998!; NA49 Collaboration, H. Appelshauseret al. ~unpub-
lished!.

@6# S. Barshay, H. Braun, J.P. Gerber, and G. Maurer, Phys. R
D 21, 1849~1980!; S. Barshay,ibid. 29, 1010~1984!.

@7# K. Kadija and M. Martinis, Z. Phys. C56, 437 ~1992!.
@8# S. Brauneet al. Phys. Lett.123B, 467 ~1983!.
@9# A. Bialas and V. Koch, nucl-th/9902063, 1999.
v.

@10# M. Belkacemet al., nucl-th/9903017, 1999.
@11# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!.
@12# A.M. Poskanzer and S.A. Voloshin, Phys. Rev. C53, 896

~1998!.
@13# G. Odyniec, Acta Phys. Pol. B30, 385 ~1999!.
@14# M. Gazdzicki and S. Mrowczynski, Z. Phys. C54, 127~1992!.
@15# M. Bleicheret al., Phys. Lett. B435, 9 ~1998!.
@16# S. Mrowczynski, Phys. Lett. B430, 9 ~1998!.
@17# F. Liu, A. Tai, M. Gazdzicki, and R. Stock, Eur. Phys. J. C8,

385 ~1999!.
@18# T.A. Trainor, in Proceedings of the 15th Winter Workshop

Nuclear Dynamics, Park City, Utah, 1999~Kluwer Academic,
Dordrecht, in press!.
1-7


