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Synopsis

The major goal of colliding heavy-ions at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory and the Large Hadron Collider (LHC) at CERN is to study matter at ex-
treme conditions of temperature and energy densities, where quarks and gluons, rather than
mesons and baryons, define the relevant degrees of freedom. This new phase of matter, the
Quark-Gluon Plasma (QGP), is governed by the principles of Quantum Chromodynamics (QCD)
and is the result of a deconfined phase transition from the normal nuclear matter. Experiments
at RHIC and LHC are on the quest to unearth the nature of the QCD phase transition and
to get a glimpse of how matter behaves at extreme conditions. How the entropy is produced?
what is the nature of phase transitions? How the hadronizations occur? What are the proper-
ties of the medium? Answer to all of the above questions are lies in the theory of fluctuations
and correlation. Also study of fluctuations of various quantities provides a powerful means of
observing QCD phase transition (which is associated with a discontinuity of free energies of the
system), as in QCD phase transition associated with a QGP and hadronic phase change. So, any
fluctuation observables have a high value near the phase boundary. The most conclusive piece
of evidence for the Big Bang is the existence of an isotropic radiation bath that permeates the
entire Universe known as the ” cosmic microwave background” (CMB). The COBE DMR (Differ-
ential microwave radiator) results showed tiny variations (< 10-5K) in the Cosmic Background
Radiation temperature (fluctuations at the part in 100,000 level). This reflects small density
fluctuations in the early Universe before matter and light parted company. After decoupling, the

density fluctuations grow under gravity to form the seeds for galaxies and clusters. The nature



of these fluctuations agrees with current theories of the formation of structure in the Universe.
Heavy-ion collisions at ultra-relativistic energies create matter at extreme conditions of energy
density and temperature, similar to the ones that existed within a few microseconds after the
Big Bang. The fireball produced in the collision goes through a rapid evolution from an early
partonic phase of deconfined quark-gluon plasma (QGP) to a hadronic phase and ultimately
freezing out after a few tens of fm. Temperature fluctuations have been discussed in the litera-
ture as a means of characterizing the evolving system. The fluctuations may have two distinct
origins, first, quantum fluctuations that are initial state fluctuations, and second, thermody-
namical fluctuations. We discuss a method of extracting the thermodynamic temperature from
the mean transverse momentum of pions, by using controllable parameters such as centrality of
the system, and range of the transverse momenta. Event-by-event fluctuations in global tem-
perature over a large phase space provide the specific heat of the system. We present Beam
FEnergy Scan of sp. heat from data, AMPT and HRG model prediction. For Pb-Pb collisions
at the Large Hadron Collider (LHC) energies, because of the production of a large number of
particles in every event, it is possible to divide the phase space into small bins and obtain local
temperature for each bin. Event-by-event fluctuations in local temperature can be obtained by
following a novel procedure of making fluctuation map of each event.

The origin of the local fluctuations has been studied with the help of event-by-event hydro-
dynamic calculations, which shows that the system exhibits fiercely large fluctuations at early
times after the collision, which diminishes with the elapse of time. Any observation of non-zero
local fluctuations may imply that a part of the early fluctuations might have survived till freeze-
out. We discuss the hydrodynamic calculations and a feasibility study at LHC using AMPT
simulated data.

These temperature fluctuations are the imprints of very small irregularities, which through time
have grown to become the galaxies and clusters of galaxies, which we see today. Similarly, same
temperature fluctuation can also be studied in heavy-ion physics at TeV energy scale in ALICE

experiment as for both a very large number of events and very large multiplicity at each event.
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From the slope of the pr spectrum of identified particles for every event fit with different func-
tions such as exponential, Levy, Tsallis, Boltzmann Gibbs Blast Wave etc. The slope parameter
is obtained for each event and can be studied by plotting it for a large number of events and get
a distribution. Also this study can be done for a specified phase space (1-¢) or (y-¢).

These phase transitions are governed by a set of thermodynamic parameters, like, tempera-
ture (T'), pressure, entropy, and energy density (E), and can be further characterized by their
response functions, such as, specific heat, compressibility, and susceptibility. In thermodynam-
ics, the heat capacity (C) is defined in terms of the ratio of the event-by-event fluctuations of the
energy of a part of a finite system in thermal equilibrium to the energy (AE?) = T?C(T). This
can be applied for a locally thermalized system produced during the evolution of heavy-ion col-
lisions. But for a system at freeze-out, specific heat can expressed in terms of the event-by-event
fluctuations in temperature of the system where volume is fixed: % = % We define
the specific heat as the heat capacity per pion multiplicity within the available phase space or
the experimentally available window in rapidity and azimuth. For a system in equilibrium, the
mean values of temperature and energy density are related by an equation of state. However,
the fluctuations in energy and temperature have quite different behavior. Energy being an ex-
tensive quantity, its fluctuations have a component arising from the volume fluctuations, and
not directly suited for obtaining the heat capacity. From there the specific heat for heavy-ion
collisions at SPS, RHIC beam energy scan energies and for LHC energy. Experimental results
from NA49, STAR, PHENIX, PHOBOS and ALICE are combined to obtain the specific heat
as a function of beam energy. The results are compared to results from AMPT event generator,
HRG model and lattice calculations. We also present local hot spot search at LHC energy for
better understanding the collision dynamics.

I have been involved in the detailed analysis work for more than two years, analyzing data
sets of Pb+Pb collisions at /s, y= 2760 GeV for the data taken in a period of two years (Run
10 and 11). In addition, I have a plan to analyse the analyzed data for Pb+Pb collisions with

different centrality in order to understand the system size dependence. In the analysis process,
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detail QA for the event-by-event fluctuation studies has been performed to remove fluctuations
originating from the experimental background. For this I used TPC and TOF detectors. The
ALICE detector consists of a central part, which measures event-by-event hadrons, electrons and
photons, and of a forward spectrometer to measure muons. The central part, which covers polar
angles from 45 to 135 (n < 0.9) over the full azimuth, is embedded in the large L3 solenoidal
magnet. The central barrel consists of: an Inner Tracking System (ITS) of high-resolution sili-
con detectors; a cylindrical Time-Projection Chamber (TPC), a Transition Radiation Detector
(TRD) and a Time-Of-Flight (TOF) detector. The particle identification with TPC only and
TPC+TOF combined gives reasonably well control over the mis-identification and purity ef-
fect. In order to have pr and slope parameter for different particle to perform Temperature
Fluctuation and subsequently the specific heat of the matter produced in the collision of LHC
energy, a detailed study of spectral shape analysis and event-by-event correlation measurement
is performed. The systematic study and result finding are on board and still going on. The
photon multiplicity detector (PMD) and the forward multiplicity detector (FMD) measure pho-
ton multiplicity and charged particle multiplicities, in the forward region. Comparison to the
amount of fluctuation in the central to forward region may shed more light on the properties
of matter created in high energy heavy-ion collisions. For identified spectra we use TPC—TOF
detector combined and measure the event—by—event basis fluctuations with the mean pr and
slope of the spectra. Similar method has been employed to find out the fluctuations within the
event by making a grid in y-¢ within the limited phase space.

In addition of the main research work, the following detailed studies have been performed
as a part thesis work:

1. Transverse Momentum spectra for identified particles with pr correlations: Several ex-
periments involves with the basic observables like transverse momentum. Although it has very
rich physics goal. During the detailed research work, we try to relate the pp correlation with
it. It has been observed that different experiments uses different observables for this study.

A inter-relation and comparative study has been made on this basis. A system size and en-

v



ergy dependence helps a lot for characterizing and understanding the evolving fire ball. Also a
centrality scan may address the effect of mini jets and degree of hadronizations.

2. Spectra—fitting functions and associated physics.
Different spectra fitting functions are available for addressing the different physics aspects.
Mainly these are used for calculated the particle yield, temperature and flow. Combined blast
wave are used for decoupling the radial boost from the kinematic freeze-out temperature in
heavy ion collisions where as Tsallis are used for non—extinsive type spectra or non thermalized
spectra. An extensive study has been made for both the data and different event generators.

3. Theoretical baseline studies using Hydro, HRG and AMPT.
To understand various sources of fluctuation related to heavy ion collision, various model simula-
tions have been performed for the Temperature fluctuations. Those models are HIJING, AMPT
and Event by event Hydro. These models are based upon certain known physics processes like,
jet-interaction, transport phenomena, coalescence mechanism, thermal equilibrium etc., which
are blind to the CP phenomena. These models may sever as baseline studies for the Temperature
fluctuation analysis and other baseline studies.

4. Higher harmonic anisotropic flow.
A beam energy scan from RHIC to LHC energies of anisotropic flow had been performed. The
detailed study of elliptic, triangular and other higher harmonic flow are done in models and
compared with different published results. These study are very important to understand for
NCQ scaling, quark coalescence and other phenomena to fixing the initial conditions and also
the shear viscosity of the system.

5. Multiplicity fluctuations.
Detailed study of total charge multiplicity, n distributions and its fluctuations had been studied
for having the nature of the evolution of these observable with the centrality and collision
beam energy. It could also help to predict the same for the intermediate or higher energy.
The event—by—event basis study of net charge, particle ratio, net baryon is related to some

susceptibility as these are the conserved quantities. from there one can achieve the corresponding



observable which are directly comparable with the Lattice QCD results.

6. Photon Multiplicity Detector (PMD).
Hardware and software associated with PMD is one part of my dissertation. High voltage
testing, detector building is performed for part of the full detectors. The modules which had
been prepare and tested now taking data in ALICE experiments at CERN. The detailed QA test

for these detector data set has been performed for gain calculations and other characteristics.

vi
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Chapter 1

INTRODUCTION

The title of my thesis is ” Event-by-Event Temperature Fluctuation In Heavy Ion Collisions at
Large Hadron Collider energies in ALICE Experiment”. So, I will try to give a brief introduction
first about heavy ion collisions, its outcome and the signatures which confirms the various prop-
erties of the system produced while two nuclei colliding each other at ultra-relativistic energies.
Second what is the connection and importance of studying the fluctuations in temperature in
this context. The rest chapters will follow up the detail discussion how this can be done from
various theoretical models, what would be expected at particular ALICE experiment energy, the
detector setup, how the data have been analyzed and the outcome. Before entering to the main

topic I would like to be philosophical while discussing the history that how the journey begins.

1.1 Prelude for Heavy Ion Collisions:

In experimental high energy physics of heavy ions, we use particle accelerators to collide heavy
ions such as Lead or Gold nuclei, instead of colliding single protons or electrons, to study the
properties of Quark-Gloun Plasma (QGP). By doing so, we produce a much more violent collision
where a large number of particles are created and a considerable amount of energy is deposited

in a volume bigger than the size of a single proton.
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Figure 1.1: schematic diagram of producing Quark-Gluon Plasma(QGP) by heat and compres-
sion.

As a result, a highly excited state of matter is created and this state can have different
characteristics from regular hadronic matter. It is postulated that if the energy density is
high enough, the formed system will be in a de-confined state where quarks and gluons are no
longer confined into hadrons and thus exhibits partonic degrees of freedom (I} [2). Here, the
main theory that explains the interaction of matter in these extreme conditions is the theory
of Quantum CromoDynamics (QCD), by studying the system formed in these relativistic heavy
ion collisions, we can explore the QCD phase diagram and understand the characteristics of the
different phases of matter.

In particular, QCD predicts that at extreme conditions, in high temperature or high baryon-
inc density, a new phase of matter known as the Quark-Gluon Plasma (QGP) would be formed,
where partonic degrees of freedom could be observed in a volume larger that the size of a single
hadron (3 4). To set the scale on phase diagriam we conside to extreme cases: On one extreme
of the QCD phase diagram, where density is high and temperature is low, the reduction of the
coupling constant at small distances would make the quarks and gluons behave as free par-
tons, thus forming a deconfined state of partons. This kind of matter could exist at the center

of very dense astrophysical objects such as neutron stars (5). On the other extreme, of very
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high temperature when the energy density exceeds some typical hadronic value, ( 1GeV/fm?),
matter would also go through a phase transition and form a deconfined state of quarks and
gluons. Lattice QCD calculations (6)) predicts a phase transition to a quark-gluon plasma at a
temperature of approximately T~ 150-160 MeV, which is equivalent to ~ 102 K. This extreme
condition is believed to be similar to the early stages of the evolution of our universe just after
the Big-Bang, thus, studying the characteristics of the QGP and how it evolves allows us probe
the different stages of our universe expansion.

In QCD a new quantum number, carried by quarks and gluons, is introduced. It is called color
charge and particles carrying it interact strongly. This means that gluons mediate the strong
force between quarks and they interact strongly themselves. This is not the case for e.g., pho-
tons that mediate the electromagnetic force without self-interactions. QCD is a non-Abelian
gauge theory, which means that the strong interaction shows almost no resemblance to e.g., the
electromagnetic interactions.

Of course, since the colliding system consists hundreds of nucleons in heavy ion collisions at
the same time and in each reaction thousands of different particles are produced, the observation
and analysis of these events require some work. Moreover, most of the particles that we measure
are from the final stages of the system evolution, after it has gone though the phase transition
back into ordinary matter and suffered multiple scatterings, so these particles do not carry direct
information from the partonic phase. But exactly because of this challenging task imposed by
the complexity of a heavy ion collision and the subsequent dynamical evolution of the system
formed, opens further possibilities for new physics topics to be studied in these collisions and also
the study of heavy ion collisions is a rich environment where many different models and theories
can be tested, like hydrodynamical models (8 9 [16), statistical thermodynamic models (L7))
are also used to study the global characteristics of the system formed, while phenomenological
models such as coalescence models (105 115 12} 13} [14), microscopic transport models (21I)) are
also used to study specific experimental observables.

Experiments in Heavy Ion Physics are carried out using accelerator and collider facilities
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available at laboratories throughout the world notably the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL), USA and the Super Proton Synchrotron
(SPS) and the Large Hadron Collider (LHC), CERN, Switzerland.

1.2 Sandard Model Particle Physics & QCD

Up Quark Cham Quark Top Quark
~0.002 GeV 1.25 GeV 175 GeV

- o

) . .
Down Quark Strange Quark Bottom Quark
~0.005 GeV ~0.095 GeV 4.2 GeV

These are relative masses not size — they have no measurable size |

For reference:

Electron Muon Tau
0.0005 GeV 0.105 GeV 1.78 GeV . NNNNNNNN : i
* ‘ . Proton
0.938 GeV Proton(p) & Quark
Elgctron Neutrino Muon Neutrino Tau Neutrino Originally thought to be Structures
~0 ~0 ~0 “" nassless but now not

Figure 1.2: Structures of fundamenal particles and relative mass-size.

The fundamenal particles and their inerplay could be summarizes with help of the Standard
Model of particle physics which introduces the basic particles, forces, and the rules of their
combinations and interactions.

According to the Standard Model all matter consists of either leptons or quarks 1 . Table 1.1
summarizes the particles of the Standard Model. For a graphical overview of the interactions
of these particles see Figure 1.1. All particles in the Standard Model have antiparticles with
the same mass but with opposite electrical charge and color charge (see section 1.1.1 below).
Antiparticles are denoted with a bar, so that an anti up quark is labelled @, anti down quark
is labelled as d. Leptons have only been observed as free particles whereas quarks have not.

In the present Universe the only quarks observed are the u and d quarks which are found in
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Table 1.1: The fundamental particles, forces and their basic properties.
Quarks Mass | Charge | Leptons Mass Charge | Carriers Force
(GeV) (GeV)

up 0.003 2/3 electron | 0.00051111 -1 gluon strong
(u) (e) (8)

down 0.006 -1/3 | e- neutrino <1078 0 photon | electromagnetic
(d) (ve) ()

charm 1.3 2/3 muon 0.106 -1 A weak
() (1)

strange(s) | 0.1 -1/3 | w neutrino | >0.0002 0 W+ weak

(s) (¥u)

top(t) 175 2/3 tau 1.7771 -1 H weak
(t) (7)

bottom 4.3 -1/3 T neutrino <0.02 0 graviton 7 gravity
(b) (vr)

the neutrons (udd) and protons (uud). In general, composite particles built from quarks are
called hadrons; hadrons containing two quarks are called mesons and hadrons composed of three
quarks are called baryons. Thus, the neutron and the proton are baryons. The conservation of
certain quantum numbers (electrical charge, spin, isospin etc.)

QCD calculations predict the existence of a high density medium composed of deconfined
quarks and gluons at high temperature (22;23). As early as 1951 a conjecture was put forward
that the finite size of hadrons implied some critical compression above which matter could not
exist in hadronic form (24]). To describe the QGP and the phase transition a statistical approach
is often used. The QGP is assumed to be a thermally equilibrated fluid or gas of quarks and
gluons. If the baryonic chemical potential is set to zero (ie. no net-baryons: B = B where B

is the number of baryons) the partition functions for fermions and bosons in relativistic gases

are (25):
g9sV 17 22 Loy
TinZ)r ==—(—=—T T°+ — 1.1
(TinZ2); = (T 4 2T 4 ) (11)
2
(TInZ), = gbg@” T (1.2)
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Here g; and g, are the degrees of freedom of fermions and bosons, respectively. Assuming that
the equation of state is that of an ideal gas, p = €/3, and that the hadronic phase is composed
only of pions, the following equations are obtained for the energy densities of the hadronic and

QGP phases, respectively:

€n 72

—h 1.3
T4 10 (13)
2
EQGP T

Evidently the QGP phase is characterised by a huge increase in the number of degrees of freedom
caused by the asymptotically free quarks and gluons. No matter the value of the number of
flavors, Ny , it is clear from Equation (1.3) that the energy density of the QGP phase is much
higher compared to the hadronic phase. The case Ny = 3 (u,d,s) is known as the Stefan-
Boltzmann limit. It is possible to solve the QCD equations in IQCD to obtain the behaviour of
the matter near the critical temperature of the phase transition, T, . The value of T, is believed
to be T, ~ 150 — 160 MeV. The associated critical energy density is estimated to be around
€ ~ 1GeV/fm? . Figure 1.6 shows the result of a 1QCD calcution for ¢/T* around T, . The
increase in energy density discussed above for the ideal gas case. The most realistic case shown
in Figure 1.6 is the 2+1?7 case which has been calculated for 2 light quark flavors (u,d) and
one heavy quark (s). The shape of the curve in Figure 1.6 is related to the nature of the phase
transition.Results of a recent calculation of /T are shown in Fig. for 2- and 3-flavours QCD
with light quarks and for 2 light plus 1 heavier (strange) quark (indicated by the stars) (26). The
latter case is likely to be the closest to the physically realized quark mass spectrum. The number
of flavours and the masses of the quarks constitute the main uncertainties in the determination
of the critical temperature and critical energy density. The critical temperature is estimated to
be T. = (155 4+ 10)MeV and the critical energy density e. ~ (6 & 2) T4 ~ (0.3-1.3)GeV/ fm?.
Most of the uncertainty on e, arises from the 10% uncertainty on T.. Although the transition

is not a first order one (which would be characterized by a discontinuity of € at T' = T), a large



1.2. SANDARD MODEL PARTICLE PHYSICS & QCD

16 | i RHIC egp/ T4
i
14| i l _
I T r i o
12 i J- 1——-"1 ) :_, e % 5 L .
T 10 + Xx B e - J
- T S e LHC
w 8¢ | 3 3\\ ]
I 3 flavours
6 I SPS 2 flavours ------- 1
F 2+1-flavours =
4t I i
o | é‘ﬁ T, = (173 £15) MeV [g; ~ 0.7 GeV/fm® ] .
0 J:&»’ |ﬁg , , , ,

100 200 300 400 500 600
T (MeV)

Figure 1.3: The energy density in lattice QCD with 2 and 3 light quarks and with 2 light plus
1 heavier (strange) quarks (26]). The calculation uses ug = 0.

‘jump’ of Ae/T ~ 8 in the energy density is observed in a temperature interval of only about
40 Mev (for the 2-flavours calculation). Considering that the energy density of an equilibrated

ideal gas of particles with ngor degrees of freedom is

2

T
€ :ndof%TLl, (1.5)

the dramatic increase of €/ T4 can be interpreted as due to the change of nge from 3 in the pion
gas phase to 37 (with 2 flavours) in the deconfined phase, where the additional colour and quark
flavour degrees of freedom are available. In a pion gas the degrees of freedom are only the 3
values of the isospin for 7+, 70, 77. In a QGP with 2 quark flavours the degrees of freedom are
ng + 7/8 (ng + ng) = Ng(8) Npo1(2) + 7/8 X 2 X Naay(2) Neol(3) Nepin(2) = 37. The factor 7/8

accounts for the difference between Bose-Einstein (gluons) and Fermi-Dirac (quarks) statistics.
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1.3 QCD Phase diagram

Physical systems can be made to undergo phase transitions by varying parameters such as the
temperature (") or a chemical potential () of the system. Systems whose underlying interac-
tions are strong interactions, are not different. In the theory of strong interactions, Quantum
Chromodynamics (QCD), there are distinct conserved quantities. For a grand canonical en-
semble of strongly interacting particles, the conserved baryon, electric charge and strangeness
numbers are associated with the corresponding chemical potentials ug, g, and pg, respectively.
So for a system with strong interactions one can lay out the phase diagram with axes being T,
KB pQ, and fig.
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Figure 1.4: schematic diagram of QCD phase transitions in T-up plane

Experimentally such a system of strong interactions can be created by colliding two nuclei
at high energy. However, in such a system one can only vary to an appreciable extent T" and
pup (values of pg, and pg are small (28))). This can be done by varying the center of mass

energies (y/snn) of the collision of the two heavy nuclei (29; [30). Hence through relativistic
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heavy-ion collisions we can explore a two dimensional phase diagram, T' versus up, of strong
interactions (31)).

Such a phase diagram has several distinct phase structures. Some of which are: (a) high
temperature and/or density phase of deconfined quarks and gluons (QGP), (b) low temperature
and/or density phase of hadrons, (c¢) nature of quark-hadron transition is crossover for the small
up part of the phase diagram and first order for the rest (large pp) of the phase diagram, and
(d) end point of the first order phase transition line (called the critical point (CP)).

The possible existence of a phase of highly compressed, asymptotically free partonic matter
in the theoretical framework of the quark and gluon fields was proposed as early as 1975 (32))
Here it is speculated that such a state might have an density as high as p = 6.10'6 g/ecm3 .
In 1974 it was proposed at the conference at Bear Mountain (33) that collisions of heavy ions
could be used to probe this medium as well as the properties of the vacuum. This meeting is
often mentioned 3 as the starting point of experimental heavy ion physics. Figure 1.3 shows
a conceptual sketch of the creation of QGP by compression. As the compression increases the
hadrons cease to exist individually which leads to the formation of a QGP. In heavy ion collisions
this compression is of course extremely violent and the lifetime of the created state very short

(of the order of 1fm/c = 10723 s or even shorter).

1.4 Evolution of QGP & Freeze-out Hypersurfaces

The expansion of the system happens at (almost) the speed of light in beam direction, and at
about half the speed of light in the transverse direction. This phase can successfully be described
by relativistic hydrodynamics assuming local thermodynamic equi- librium. The acceleration in
radial direction is called radial flow. During this expansion also the initial spatial asymmetry
transforms into a momentum anisotropy leading to a azimuthal modulation of particle produc-
tion. This modulation can be decomposed into a Fourier series with respect to the reaction
plane. The 2nd order asymmetry depends on the impact parameter of the collision, higher order

asymmetries are caused by fluctuations.
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During the expansion of the fireball the energy density (an thus also the temperature) de-
creases and when it falls below T, the free partons hadronize forming a hadron gas. At this
time the energy density has dropped to about 1GeV/fm3. Even below T, this hadron gas is
still very dense with a mean free path of the hadrons much smaller than the system size and
can be described by hydrodynamics as well. The hadron gas continues to expand and cool and
eventually the rate of inelastic collisions becomes small. At this stage, the chemical freeze-
out, the hadron abundances become fixed. The hadronic stage with inelastic collisions could
also be very short with hadron abundances fixed already at the phase transition. From the
measured yields of particles with different mass the temperature of the chemical freeze-out can
be deduced. The kinetic freeze-out occurs when also the elastic collisions stop, at this time
the particle mo- menta are fixed. This marks the transition from a fluid description to free
streaming particles. The bulk particle spectra follow a thermal (exponential) distribution in the
local rest frame re- flecting the freeze-out temperature. Measured identified particle spectra can
be well described if a blue-shift from a common radial velocity is folded into the exponential
spectra leading to the so-called blast wave parameterization. The hydrodynamical description
of the central rapidity region in heavy ion collisions. The description relies on four important
assumptions on collisions between nuclei with nucleon number. There are two important famous
descriptions from The Bjorken and Landau. In this section, particle ratios are used in the context
of a thermal equilibrium model (34} 35} [36}; [37) to extract chemical freeze-out properties. The
extracted blast-wave model fit parameters are investigated to learn about the kinetic freeze-out
properties. The systematics of the chemical and kinetic freeze-out properties extracted from
data within the model frameworks are studied, and implications of these results in terms of the

system created in heavy-ion collisions are discussed.
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1.4.1 Chemical Freeze-out Properties

In the chemical equilibrium model, particle abundance in a thermal system of volume V is

governed by only a few parameters,

9i s 1
N; |V = ——~g°
i/ (271')375 /exp (Ei*uBBﬁMsSi> +1
ch

d3p (1.6)

where N; is the abundance of particle species i, g; is the spin degeneracy, B; and .S; are
the baryon number and strangeness number, respectively, F; is the particle energy, and the
integral is over the whole momentum space. The model parameters are the chemical freeze-
out temperature (the temperature of the system), Tip, the baryon and strangeness chemical

potentials, up and pg, respectively, and the ad-hoc strangeness suppression factor, ~g.
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Figure 1.5: The tharmal model fit for particle ratios to Pb-Pb, pp and Au+Au collisions; fit
results are taken from Ref. (46]).

The measured particle abundance ratios are fit by the chemical equilibrium model. The
ratios included in the fit are: 7~ /7*, K~ /K™, p/p, K~ /7, p/7m~. The fit is performed for
each collision system and each multiplicity or centrality class. Figure [I.5] shows the extracted

Tep, for Pb-Pb, pp and Au+Au results from Ref. (46) .
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The strangeness chemical potential is small and close to zero. It is mainly reflected in the
K/m and K~ /K™ ratios, the K~ /K ratio is correlated with the p/p ratio by a universal curve.
In the chemical equilibrium picture without considering resonance decays, these ratios are simply
equal to K~ /K™ = exp[(—2up/3 + 2us)/T.;] and p/p = exp(—2up/Ter), respectively. Weak
decays and resonance decays complicate the situation, but the effects of decays are small for the
K~ /K™ and p/p ratios. A power-law fit to all data points in Fig. yields K= /K* o (p/p)>2L.
This gives pug/pup =~ 0.12 in the chemical equilibrium picture. Analyses of chemical freeze-out
parameters in heavy-ion collisions at other energies indicate a similar relationship (45)). The
strong correlation between pg and pp should not come as a surprise, as the (anti)hyperons
couple these two parameters naturally. However, the same relationship holding for different

energies is not expected a priori.
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Figure 1.6: K~ /K™ to p/p plot for 200GeV Au+Au collision.
The extracted chemical freeze-out temperature is shown in Fig. A striking feature is
that the chemical freeze-out temperature is independent of collision system or centrality. In

each system investigated the extracted chemical freeze-out temperature is T, ~ 156 MeV which

is close to the Lattice QCD calculation of the cross-over temperature between the deconfined
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phase and the hadronic phase for three flavors (154 + 8 MeV) (26). On the other hand, the
initial conditions in Au+Au collisions of different centralities (and at different energies) are very
different. In other words, systems starting off with different initial conditions always evolve
toward a ‘universal’ condition at chemical freeze-out, independent of the initial conditions (46)).
The proximity of the fit 7., and the predicted phase-transition temperature strongly suggests
that chemical freeze-out happens at the phase-transition boundary, or hadronization. Indeed,

hadronization should be universal.

1.4.2 Kinetic Freeze-out Properties

The measured prspectral shape flattens significantly with increasing particle mass in central
Au+Au collisions. This suggests the presence of a collective transverse radial flow field, al-
though other physics mechanisms such as (semi-)hard scatterings also contribute. As shown in
Figs. the spectra are well described by the hydrodynamics-motivated blast-wave model (38}
39; [40; [41% 425 143} [44]). The blast-wave model makes the simple assumption that particles are
locally thermalized at a kinetic freeze-out temperature and are moving with a common collective
transverse radial flow velocity field. The common flow velocity field results in a larger trans-
verse momentum of heavier particles, leading to the change in the observed spectral shape with
increasing particle mass.

Assuming a hard-sphere uniform density particle source with a kinetic freeze-out temperature
Tiin and a transverse radial flow velocity 3, the particle transverse momentum spectral shape

is given by (38)

dN R (pT sinh p) (mT coshp)
x rdrmrly | —— | K1 | ———— 1.7
prdpr /o o Tkin ! Tkin (1.7)

where p = tanh™! 3, and Iy and K are the modified Bessel functions. We use a flow velocity

profile of the form

B=Bs(r/R)", (1.8)
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where (g is the surface velocity and r/R is the relative radial position in the thermal source.
The choice of the value of R bears no effect in the model.

Six particle spectra (7%, K*, p and p) of a given centrality bin are fit simultaneously with
the blast-wave model. The free parameters are: the kinetic freeze-out temperature, T;,, the
average transverse flow velocity, (8) = 5 +n Bs, and the exponent of the assumed flow velocity
profile, n. The low momentum part of the pion spectra (pr < 0.5 GeV/c) are excluded from
the fit, due to significant contributions from resonance decays.

The blast-wave fit results for Au+Au collisions are listed in Figs. The x2/NDF is smaller
than unity because the point-to-point systematic errors, which are included in the fit and dom-
inate over statistical ones, are estimated on the conservative side and might not be completely

random. If the x2/NDF is scaled such that the minimum is unity, then somewhat smaller statis-

tical errors on the fit parameters are obtained.
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Figure 1.7: T}, and (5) extracted from simultaneous Blast Wave fitting of A+A, p+A and p+p
collisions.

Figure shows the extracted average transverse radial flow velocity (3) as a function of the
event multiplicity. The (3) increases dramatically with increasing centrality in A+A collisions.
The effect of the (f) increase on the transverse spectra is significantly stronger than the counter
effect of the Ty, drop. The combination of the 7, K, p and p spectra favor an increase of (/3)

with centrality rather than a similar increase in Tj;,. The spectra are found to be less sensitive
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to the kinetic freeze-out temperature than the flow velocity.

The model is found to give a fairly good description of the measured 7, K+, p and p spectra.
Surprisingly, the fit average flow velocities from pp and d+Au collisions are not small, and
certainly not zero as one would naively expect. This should not be taken as a proof that there is
collective flow in pp and d+Au collisions, because hard scatterings and jet production, generating
relatively more high-py hadrons, can mimic collective flow and give rise to the extracted finite
(B) (7). In d+Au collisions, there is an additional effect of initial state scattering, which
broadens the transverse momentum of the colliding constituents and hence the produced hadrons
in the final state. Meanwhile, statistical global energy and momentum conservation can deplete
large momentum particles shown in recent studies (48]), and the effect can be large in low
multiplicity collisions. In the same framework, large initial energy fluctuation available for mid-
rapidity particle production tends to harden the transverse spectrum (50; 53). The interplay,
as well as the relevance of statistical global energy and momentum conservation in high energy
collisions, needs further quantitative studies.

In A+A collisions the contribution from hard (and semi-hard) scatterings is larger than in
pp collisions because hard scatterings scale with the number of binary nucleon-nucleon collisions
while soft processes scale with the number of participant nucleons. From the two-component
model study, the hard-scattering contribution in pp collisions at 200 GeV is 13%, while in the
top 5% central Au+Au collisions it is 46%, a factor of 3.5 times that in pp. From the blast-wave
model with a linear flow velocity profile, the increase in average (pt) or (mr) due to radial flow
velocity () is approximately proportional to (3)3. Assuming the apparent finite flow velocity
extracted from pp data, (8),, = 0.24 £ 0.08, is solely due to the energy excess of produced
particles from hard processes over soft processes, and assuming the particle production from
hard processes is identical in pp and central A+A collisions, then the hard processes in central
Au+Au collisions would generate an apparent flow velocity of 3.5/ 3<ﬁ>pp = 0.36. However,
the extracted flow velocity from the blast-wave model for central A+A collisions is significantly

larger, (8)aa = 0.59 £ 0.05. One may take the additional excess in central Au+Au collisions as
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the effect of collective transverse radial flow, and estimate the collective flow velocity in central

Au+Au collisions by (8)fow ~ i/(ﬁ)iA —3.5(8)3, = 0.54 £0.08. According to Kharzeev-Nardi
two-component model likely overestimates the fraction of the hard component in pp collisions.
However, using the hard-component fraction obtained from Ref. (47), with the same assumptions
as stated above, the estimate of the collective flow velocity in central Au+Au collisions is not
significantly altered. We note, however, that the preceding estimate is simplistic. The full
understanding of the effects on transverse spectra from radial flow, (semi-)hard scatterings,
interactions between (semi-)hard scatterings and the medium (49; 51t 52)), and the interplay
between these effects will need rigorous study. It should be understood that the extracted

values of the radial flow velocity in this thesis is under the framework of the Blast-wave model.

1.5 Some jargons

The field of the relativistic heavy ion physics is saturated with jargon, a minefield for the
uninitiated. Before we embark on the rest of this dissertation, here is a brief description of some

of the commonly used terms:

e Center of mass energy: a.k.a. /s, this is the Lorentz invariant quantity:

s = (p1 +p2)u(p1 + p2)* (1.9)

For nuclei with energy E; and 3-momentum pj, it reduces to:

Vs = \/m§+2E1E2—2p1-p2+m§ (1.10)

For instance at RHIC (Run 2 and 3), the center-of-mass energy per nucleon is /syny = 200
GeV.

17



1.5. SOME JARGONS
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Figure 1.8: Beam axis, transverse momentum pr and rapidity y.

e Tranverse momentum pp: this is simply the projection of a particle’s momentum per-

pendicular to the collision axis: z (see Figure .
pr =psinf (1.11)

where 6 is the polar angle along the z-axis. A common variable derived from this is the

transverse energy (or mass) myp = \/p% + mg.

e Rapidity y: this defines the longitudinal motion scale for a particle of mass mg moving

along z-axis (see Figure [1.8):
1 E+p,
=—1 1.12
y= 1 log (E ! p) (1.12)

Since there is cylindrical symmetry around the collision axis, this allows us to describe

the 4-momentum of particle in terms of its transverse momentum pr, rapidity y and the

transverse energy mrp as:

p* = (myp coshy, pr cos ¢g, mp sinh y) (1.13)
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e Pseudorapidity 7: derived from rapidity (Eq. [1.12)), this variable is used when the

particle in question is unidentified i.e., mg is not known:

n = —log <tan Z) (1.14)

Where 6 is the angle w.r.t. the beam axis. 7 is often used to describe geometrical accep-

tances of detectors.

e Invariant yield: the invariant differential cross section of a particle is the probability
of obtaining d® N particles in the phase space volume dp3/E in a given number of events

Nevent:

1 Ed3N _ d*N
Nevent dp3 NeventPT de dy

(1.15)

In cylindrical coordinates dp® = dpzdpydp. reduces to prdprd¢m; coshydy. Due to az-

imuthal symmetry we get a factor of 1/27, resulting in the form:

1 d’N d’N
= (1.16)
Nevent dp2 27 Neyentprdpr dy
Using dN/prdpr = dN/mpdmy, we get our final form:
2 2
L pdhN &N (1.17)

Nevent dp2 B QWNeUentdedey

e Centrality: when the two nuclei collide, there can be range of impact parameters. Events
with a small impact parameter are known as central events whereas events with a large
impact parameter are called peripheral (see Figure [1.9)), and the variation in impact pa-

rameters is called centrality.

e Minimum Bias: this is the collection of events containing all possible ranges of impact
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Participants

before collision after collision

Figure 1.9: Centrality is related to impact parameter: large impact parameter events are called
peripheral and small impact parameter events are called central.

parameters. This is important so that our data does not have any bias due to events that

might be triggered by specific signals e.g. presence of a high pr particle.

1.6 Signatures of Quark Gluon Plasma (QGP)

RHIC and LHC aims to provide facilities for studying physics of dense and hot hadronic matter
in ultra relativistic heavy ion collisions. The main goal is to study the quark gluon plasma.
Furthermore, the detailed characteristics of the phase transitions and QCD bulk matter involv-
ing elementary quantum fields will be extracted. It is extremely interesting to establish the
equation of state and understand the phase diagram of strongly interacting matter. Moreover
ALICE will allow to explore and test QCD in its natural scale (A QCD ) including problems
of confinement and chiral symmetry breaking. There is no direct way to check the existence of
quark-gluon plasma. Due to the multi-particle interactions, the dynamics of nuclear collision
is so complicated, that any conclusions related to the properties of QGP from indirect signals.
Moreover, a unique signal that would confirm QGP formation wheather exist or not, and we
have to rely on accumulated observations of the collision. I will discuss some of the general
signatures of the search for the QGP from the early days before the start of the RHIC accel-
erator (STAR,PHENIX and PHOBOS) what was learned at RHIC and what is expected to be
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measured at the LHC in ALICE experiment.

Particle production and Multiplicity densities

Strangeness enhancement

e Flow

Perfect liquid (n/s)

High pp hadron suppression

Quarkonia suppression

Direct photons and Lepton pairs

Hanbury Brown-Twiss (HBT)

pr and Temperature fluctuations

1.6.1 Particle production and Multiplicity densities:

The interactions between heavy ions are complex and for their interpretation the knowledge of
the initial conditions of the fireball at the instant after the collision is essential. The multiplicity,
that is, the total number of particles produced in a collision, tells us a lot about how the quarks
and gluons of the incoming nuclei transform into particles (pions, kaons etc) observed in the
detectors; also about the energy density reached within the collision and the temperature of the
fireball.

The most trivial, but very important day-one observable is particle multiplicity and its ra-
pidity density. Since it is associated with the energy density, it is also connected with most of
the other observables. The number of generated particles is correlated with the distance between

centres of the colliding nuclei (impact parameter).
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Figure 1.10: Charged particle multiplicity per colliding nucleon pair as a function of the collision
energy.

Head-on (central) collisions (small impact parameter), when the largest number of incoming
protons and neutrons participate in the collision, generate most particles. The charged particle
multiplicity per colliding nucleon pair measured by ALICE for the most central collisions is
double that measured at RHIC, where the collision energy is factor 14 lower, fig.1. This shows
that the system created at LHC has much higher energy density and is at least 30% hotter
that at RHIC. Fig. 2 shows the charged particle multiplicity as a function of the number of
participants. The charecteristics property of the A — A data, measured at different \/Syy upto
5.02 TeV (79; 80) which is calculated from the observed as o s%1%° dependence of the results
in the most central collisions and signaficantly differ from The proton—proton result at the same

energies (v/S) (78) with the oc %193 dependence.
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1.6.2 Strangeness enhancement

Production of strangeness in pp collisions is very regular over wide range of collision energies
with an almost constant ratio between newly produced s and u quarks. Similarly, in the scenario
in which QGP is not created strangeness production is suppressed comparing to production of
up and down quarks, because s quarks are heavier. The suppression increases for particles which
have more (anti)strange quarks.

One cannot assume that under all conditions the yield of strange quarks is in thermal equilibrium.
In general, the quark-flavor composition of the plasma varies during its ultra short lifetime as
new flavors of quarks such as strangeness are cooked up inside. The up and down quarks from
which normal matter is made are easily produced as quark-antiquark pairs in the hot fireball
because they have small masses. On the other hand the next lightest quark flavor, strange
quarks, will reach its high quark-gluon plasma thermal abundance only on the most violent
collisions generating high temperatures and that at the end of the cooking process. If QGP
is formed the strange quark content is rapidly saturated with ss pair creation due to gg or qq
interactions. Thus, strange, antistrange and multistrange hadrons appear in the final state,
which are not observed in a purely hadronic scenario and cannot be explained in any other
way than by the existence of QGP. Furthermore enhanced strangeness cannot be destroyed by
interactions during freeze-out and expansion [63, 64].

The main measurement in strangeness enhancement determination is the K /7 ratio, which
can be obtained with small uncertainty due to the high multiplicities of these particles. It
also provides informa- tion about time-scale of strangeness equilibration. Thus k/7 and p/w
fluctuations nature contrasting each other is a one of the most important signature in QGP
formation and finding its various properties, Ordinary matter around us is made of protons and
neutrons, which in turn are composed of up (u) and down (d) quarks. The next quark that
can be liberated from the sea of quark-anti-quark pairs that populate the vacuum is the strange
quark (s-quark). It is heavier than u and d, yet close enough in mass to undergo production

and modification processes in similar manner. That, and the relative abundance of the strange
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Figure 1.11: Particle ratios as a function of pr measured in p-p collision and the most central,
0-5%, Pb-Pb (A-A) collisions.

quark in high-energy interactions, make the s-quark a very useful study tool for proton-proton
and heavy nucleus collisions. Strange particles, K-mesons (Kaons, made up of a strange and a
non-strange quark pair), A (uds), Z (dss) and €2 (sss) baryons have an appreciable lifetime before
they decay into ordinary matter. These decays have a characteristic geometrical configuration,
which allows an effective reconstruction of strange particles. An enhancement in the production
of particles with strange quarks has long been thought to be a signature of extra degrees of
freedom available in the QGP. Indeed, this enhancement has been seen at lower energies as well:
the larger the volume of the collision, the more the number of A (uds), = (dss) and Q (sss)
baryons increases with respect to the baseline (a pp or a Be-Be collision). This is also observed

at 2.76 TeV Pb-Pb collisions.

1.6.3 Flow

Collective flow is an important consequence of the Quark Gluon Plasma formation, hence an
interesting observable used for the study of the quark gluon plasma: it provides information on

the equation of state and the transport properties of matter created in heavy-ion collisions. Since
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QGP is by definition a thermalised system of quark and gluons, it has an associated thermal
pressure. The fireball is surrounded by the vacuum, this creates a pressure gradient which leads
to a collective expansion of the system. The collective motion is interpreted by hydrodynamics.

Collective flow is an important tool to test the assumption of the equilibrium of the system.
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Figure 1.12: Pion, kaon and antiproton spectra from 200 A GeV minimum bias p-p collisions
(left) and central Au-Au collisions (right) , measured by the STAR experiment. Note the similar
slopes for kaons and antiprotons in p-p collisions and their dramatically different slopes at low
transverse kinetic energy in central Au-Au collisions (81

Radial Flow:

The collective expansion of the nuclear fireball results in a flattening of the pp spectra with
respect to hadron-hadron collisions. Particle spectra in central Au-Au and minimum bias p-p

collisions at /Syny = 200 GeV are reported in
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Figure In p-p collisions 7, K and p have a common slope, indicating a no medium
formation, whereas in A-A collsion although the kinetic temperature (T};,) is same but due
to radial boost multiplied with different mass make the slope different for different particles.
The inverse slope of these spectra reflects a blueshifted freeze-out temperature, given by the

collective expansion of the system.
Higher Harmonic flow:

The anisotropic flow in heavy ion collisions at ultra-relativistic energies is expected to provide
information about the early stages of the evolution of the system. It may also provide information
about the reaction dynamics and fluctuations at the initial stage of the collision. The anisotropic
flow arises when the spatial anisotropy at the early times after the collision gets converted in to
momentum anisotropy.

Heavy-ions are extended object and the system created in central nucleus-nucleus collisions is
different from the one created in peripheral collisions. For non central collisions, the overlapping
region is almond shaped, the pressure gradient is different along the minor axes of the system is
larger than the minor axes in the transverse plane. These anisotropic pressure gradients give rise
to azimuthal anisotropic patterns in the momentum distribution of particles in the final state.
As a consequence of the interaction among the medium constituents, hydrodynamic evolution of
the fireball will translate the initial geometric eccentricity into final state momentum anisotropy.

To quantify such effect, one may perform the Fourier decomposition for the transverse mo-

mentum distribution of final state particles,

dN

dydprap ™ 22 prv) cos o~ alpr. )] (1.18)

where v, and V¥, are the magnitude and orientation angle (event plane) of the n-th order

anisotropic flow vector v,, = v,e™¥Y». Note that v, and ¥, are defined for a single collision,
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Figure 1.13: Beam Energy Scan of integrated elliptic flow (v2{4}) for the 20-30% central A-A
collisions (7 ).

and can be pr (and y) dependent or integrated. The anisotropic flow may be obtained from the

final state momentum distribution as follows:
Vi = v = (V) (1.19)

1.6.4 A perfect liquid at the LHC

An interesting observable used for the study of the quark gluon plasma is flow: it provides
information on the equation of state and the transport properties of matter created in heavy-
ion collisions. Multiple interactions between the constituents of the created matter and initial
asymmetries in the spatial geometry of non-central collisions result in an azimuthal anisotropy
in particle production. The measured azimuthal distribution of particles in momentum space
can be decomposed into Fourier coefficients. The second Fourier coefficient of this azimuthal
asymmetry is known as elliptic flow. Its magnitude depends strongly on the friction in the created
matter, characterized be the ratio n/s, where 7 is the shear viscosity and s the entropy. For a

less denser fluid such as water the value of /s is small. For a thick fluid n/s has large values.
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Figure 1.14: QGP is near Perfect liquid??? (85; [86)

Measurements of the elliptic flow at RHIC had revealed that the hot matter created in heavy
ion collisions flows like a fluid with little friction, with 7/s close to the lower limit for a perfect
fluid. At LHC this observation was confirmed, with values of the elliptic flow higher by 30%
with respect to those at RHIC. Fig. shows the anisotropic flow coefficients v,, as a function
of centrality in Au-Au collisions at 200 AGeV at RHIC (left panel) and in Pb-Pb collisions at
2.76 AGeV at the LHC (right panel). The theoretical results are from (3+1)-dimensional viscous
hydrodynamics model calculations.(85). The data at RHIC from STAR (87) and LHC are from
ALICE (86). The best descriptions to the experimental data give the average value of n/s to
be 0.16 at RHIC and 0.20 at the LHC. This means that on average the QGP medium produced
at the LHC is less strongly coupled than that at RHIC. Since the temperature of the medium
is higher at the LHC, this suggests that there is a strong temperature dependence for n/s. The
precise determination of the temperature-dependent specific shear viscosity 7/s(T") is one of the

essential tasks in the current study of heavy-ion collisions.
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1.6.5 High pr hadron suppression

When the fast partons (quarks and gluons) produced from heavy ion collisions propagate through
the dense medium of the fireball, they lose energy via gluon radiation or elastic scattering. The
amount of radiated energy depends on the density of the medium and distance travelled by the
parton in the medium, as well as the flavour of the parton. These partons become observable
as jets of hadrons when they hadronize and the energy loss becomes evident in a phenomenon
known as jet quenching. Instead of two jets going back-to-back and having similar energies, a
striking imbalance is observed, one jet being almost absorbed by the medium as shown in the

figure.
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Figure 1.15: The suppression of the strongly interacting particles in A-A collisions compared
to p-p or p-A collisions is evident. left: STAR measurement of the hadron yield at = 0 when
triggering on a jet at 7 = 0. right: ALICE measurement of Rop with At high pr, the effect of
the medium is evident (91

If the medium created in a heavy ion collision is truly strongly interacting it should affect jets
propagating through it if these jets are able to interact strongly. Due to various low pp collective
effects such as color screening or Cronin enhancement this effect should be most pronounced at
high pr . To quantify this effect the heavy ion yields are compared to the scaled yields of p+p

collisions at the same energy. This is expressed through the nuclear modification factor. The
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R4 is defined as

_ d?*Naa/dprdn
<Tpp > d20pp/ded77’

Raa (1.20)

where d2Naa/dprdn represents the differential particle yield in nucleus-nucleus collisions and
d20pp /dprdn is the cross-section in proton-proton collisions. In the above expression, nuclear
overlap function < T44 > is obtained from Glauber model and is proportional to the number of
binary collisions (< Ngo >). At high pp, and in the absence of medium effects, R44 is expected
to be unity. In the region of low transverse momentum,the soft scatterings are the dominant
processes, and so R4 4 deviates from unity.

The Rcp is thus defined as,

< NP > @2 N ey /dprdn

coll

< Nt > . d? Nperi/dprdn’

coll

Reop = (1.21)

where < N > and < Ng‘};i > are the average number of binary collisions in central and

peripheral Au — Aw collisions, respectively. Nuclear medium effects are expected to be much
stronger in central relative to peripheral collisions, which makes Rcp an important physical

quantity to study these effects.

1.6.6 Quarkonia suppression

Heavy-flavour particles are recognized as effective probes of the highly excited system (medium)
formed in nucleus-nucleus collisions; they are expected to be sensitive to its energy density,
through the mechanism of in-medium energy loss. Because of the QCD nature of parton energy-
loss, quarks are predicted to lose less energy than gluons (which have a higher colour charge);
in addition, the so-called ”dead-cone” effect and other mechanisms are expected to reduce the
energy loss of heavy partons with respect to light ones. Therefore, there a pattern of gradually
decreasing R 44 suppression should emerge when going from the mostly gluon-originated light-

flavour hadrons (e.g. pions) to the heavier D and B mesons:
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Rya (m) < Raa (D) < Raa (B)

The measurement and comparison of these different probes provides a unique test of the
colour-charge and mass dependence of parton energy-loss. The J/VU is composed of a heavy
quark-antiquark pair with the two objects orbiting at a relative distance of about 0.5 fm, held
together by the strong colour interaction. However, if such a state were to be placed inside
a QGP, it turns out that its binding could be screened by the huge number of colour charges
(quarks and gluons) that make up the QGP freely roaming around it. This causes the binding of
the quark and antiquark in the J/¥ to become weaker so that ultimately the pair disintegrates
and the J/¥ melted i.e. it is ”suppressed”. Theory has shown that the probability of dissociation
depends on the temperature of the QGP, so that the observation of a suppression of the J/W¥

can be seen as a way to place a ”thermometer” in the medium itself.
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Figure 1.16: J/W¥ suppression (60)

As predicted by the theory, a suppression of the J/W¥ yield was observed with respect to what
would be expected from a mere superposition of production from elementary nucleon?nucleon
collisions. However, the experiments also made some puzzling observations. In particular, the
size of the suppression (about 60-70% for central, i.e. head-on nucleus-nucleus collisions) was

found to be approximately the same at the SPS and RHIC, despite the jump in the centre-of-mass
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energy of more than one order of magnitude, which would suggest higher QGP temperatures at
RHIC. Ingenious explanations were suggested but a clear-cut explanation of this puzzle proved
impossible.

At the LHC extremely interesting scenario are expected. In particular, a much higher number
of charm-anticharm pairs are produced in the nuclear interaction, thanks to the unprecedented
centre-of-mass energies. As a consequence, even a suppression of the J/W yield in the hot QGP
phase could be more than by a statistical combination of charm-anticharm pairs happening when
the system, after expansion and cooling, finally crosses the temperature boundary between the
QGP and a hot gas of particles. If the density of heavy quark pairs is large enough, this

regeneration process may even lead to an enhancement of the J/¥ yield.

1.6.7 Direct photons and measurement of the QGP temperature:

One of the fancy-classic signals expected for a quark-gluon plasma (QGP) is the radiation of
”thermal photons”, with a spectrum reflecting the temperature of the system. Direct photons
are defined as photons not coming from decays of hadrons, so photons from initial hard parton-
scatterings (prompt photons and photons produced in the fragmentation of jets). With a mean-
free path much larger than nuclear scales, these photons leave the reaction zone created in a
nucleus-nucleus collision unscathed. So, unlike hadrons, they provide a direct means to examine
the early hot phase of the collision. However, thermal photons are produced throughout the
entire evolution of the reaction and also after the transition of the QGP to a hot gas of hadrons.
In the PbPb collisions at the LHC, thermal photons are expected to be a significant source of
photons at low energies (transverse momenta, pT, less than around 5 GeV/c). The experimental
challenge in detecting them comes from the huge background of photons from hadron decays,
predominantly from the two-photon decays of neutral pions and mesons.

For pp greater than around 4 GeV/c, the measured spectrum agrees with that for photons
from initial hard scattering obtained in a next-to-leading-order perturbative QCD calculation.

For lower pT, however, the spectrum has an exponential shape and lies significantly above the
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Figure 1.17: Prompt photon measurements in RHIC and LHC ([77)

expectation for hard scattering, as the figure shows. The inverse slope parameter measured by
ALICE, T = 304 4 40 MeV, is larger than the value observed in Au-Au collisions at /Syy =
0.2 TeV at Brookhaven’s Relativistic Heavy-Ion Collider (RHIC), T = 239 + 25 MeV. InTypical
hydrodynamic models, this parameter corresponds to an effective temperature averaged over the
time evolution of the reaction. The measured values suggest initial temperatures well above the
critical temperature of 150-160 MeV at which the transition between ordinary hadronic matter
and the QGP occurs. Photons are not sensitive to the colour charge of the QGP, they escape
from the collision zone without interacting in the medium and carry pristine information about

their parent quarks and gluons, this features made prompt photon studies as a unique-one.

1.6.8 Temperature flucutuations:

Due to collisions of heavy ions, fluctuations and their dependence on the parameters of the

collision contains more information than the corresponding moments of one-particle inclusive
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distributions. Some of these questions have been addressed in (55} [56) where it was pointed out

that, temperature fluctuations are related to heat capacity via

AT)? 1
( T2) ) _ o (T)’ (1.22)

and so can tell us about thermodynamic properties of the matter at freeze-out. As common
picture of phase transition is in T-x plane, one can also think this in (56) relate fluctuations
in the occupation of certain momentum bins with du/ON and the average quantum density
in phase space. Additionally, Mréwczynski has discussed the study of the compressibility of
hadronic matter at freeze-out via the event-by-event fluctuations of the particle number (57) and
Gazdzicki(58) and Mréwezyniski(59) have considered event-by-event fluctuations of the kaon to
pion ratio as measured by NA49(54). Thermodynamic relations like suggest the following
strategy. Measure the mean transverse momentum fluctuations on event-by-event basis. Since
the inclusive average of the transverse momentum ofparticles from an ensemble of events reflects
the temperature of the ensemble, one can use pp, the mean transverse momentum in a single
event as a proxy for the temperature of a single event, and so use to obtain Cy/ .

For a system in equilibrium, the mean values of T" and E are directly related by an equation
of state E(T'); their fluctuations, however, have quite different behavior as a function of Cy, and
therefore behave differently when Cy diverges at a critical point. So, is the centrality and energy
dependence of the event-by-event fluctuations of Temperature and pp could use to study phase
diagram and also tells something about the thermodynamic behavior of the matter produced
at heavy ion collision ? or from energy dependence in Cy from AT could sense the critical
point as Cy diverges at critical point. In this thesis, I discuss in detailed how temperature
fluctuation could be a important tool for signature of QGP, signal extraction strategy, relation

to the thermodynamic variables and analysis in next chapters.
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Chapter 2

Correlations & Fluctuations

In this chapter I am discussing the general criteria of phase transition (I} 2)), critical phenom-
ena (3)). The importance of fluctuation and correaliton in context of phase transition has also
been discussed (4} [5)). Lastly, the pr — pp correaliton (5} 65 [7; [8; O [10; 1T} 13 14) and extrac-
tion of dynamical fluctuation in terms of temperature fluctuation (I5; [16; [I7; I8 19) will be

discussed.

2.1 Continuous Phase Transition or Critical Phenomena

Critical phenomena are the characteristic features that accompany the second order phase tran-
sition at a critical point. The critical point is reached by tuning thermodynamic parameters
(for example temperature T or pressure P or both). A critical phenomenon is seen as T(P) ap-
proaches the critical point T (P¢).In order to understand the characteristic features appearing
at the critical point, one must study the macroscopic properties of the system at the critical
point. In principle, all macroscopic properties can be obtained from the free energy or the par-
tition function of a given system. However, since the critical phenomena, a second order phase
transition or a continuous phase transitions, involve discontinuities in the response functions
(which are second derivatives of the free energy function) at the critical point there must be

singularities in the free energy at the critical point. On the other hand, the canonical partition
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2.2. MORPHOLOGY, FLUCTUATION AND CORRELATION

function of a finite number of particles is always analytic. The critical phenomena then can only
be associated with infinitely many particles, i.e. in the ”thermodynamic limit”, and to their
cooperative behaviour. The study of critical phenomena is thus essentially related to finding the
origin of various singularities in the free energy and characterizing them.

Let us consider more carefully the two classic examples of second order phase transition involv-
ing condensation of gas into liquid and transformation of paramagnet to ferromagnet. In the
liquid-gas or fluid system the thermodynamic parameters are (P,V,T) and in magnetic system
the corresponding thermodynamic parameters are (H,M,T).One may note the correspondence
between the thermodynamic parameters of fluid and magnetic systems as:V — —M&P — H.
In the case of fluid, instead of volume V we will be considering the density as a parameter.
The equations of states in these systems are then given by f(P,p,T) = 0 and f(H,M,T)=0 re-
spectively. A second order phase transition is a qualitative change in the system behaviour at
a sharply defined parameter value, the critical point, when the parameter changes continuously.
The critical points are usually denoted by (Pc, pc, T¢) and (He, Mo, T¢). Commonly, phase
transitions are studied varying the temperature T of the system and a phase transition occurs at
T = To.We will be describing the features at the critical point by considering different phase di-
agrams such as P-T ,H-T; P-p,H-M;p-T,M-T of the full three dimensional phase space of (P,p,T)
or (H,M,T).

2.2 Morphology, fluctuation and correlation

The isotherms, P-p or H-M curves in the respective phase diagrams (Fig.4) develop curvature as
the system approaches the critical temperature T from above. The curvature in the isotherms
is the manifestation of the long range correlation of the molecules in the fluid or spins in mag-
nets. At high temperature, the gas molecules move randomly or the magnetic moments flip their
orientation randomly. Due to the presence of interactions small droplets or domains of corre-
lated spins appear as the temperature decreases. These droplets grow in size as T decreases

closer to T. At T=T¢,droplets or domains of correlated spins of all possible sizes appear in
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the system. Lateral dimension of these droplets become of the order of the wavelength of ordi-
nary light. Upon shining light on the fluid at T=T¢ , a strong scattering is observed and the
fluid appears as milky white. The phenomenon is known as critical opalescence . Similarly in
magnetic systems, domains of correlated spins of all possible sizes appear in the system and a
huge neutron scattering cross section is observed at T=T¢.As T — T , there appears droplet
or domain of correlated spins of the order of system size. One may define a length scale called
correlation length which is the lateral dimension of the droplets or domains of correlated spins.
Therefore, the correlation length diverges as T — T.One should note that the system does not

correspond to a ordered state at T and a completely ordered state is achieved only at T=0 .

As the system approaches T ,there are long wave-length fluctuations in density in fluid or in
the orientation of magnetic moments in the magnetic system. These fluctuations occur at every
scale. If £ is the largest scale of fluctuation and a is the lattice spacing, then the system appears
to be self-similar on all length scales x for a < x < £&. At T=Tp, £ is infinite and the system
becomes truly scale invariant. The correlation between the spins (or molecules) is measured in

terms of fluctuations of spins (or density) away from their mean values:
G(si,55) =< (si— < 81 >)(sj— < 85 >) >=r~(d=2m=r/¢ (2.1)

where 1 is the distance between s;&s;, § is the correlation length and 7 is some exponent. At

the criticality, & diverges to infinity and G(7) decays as a power law.

Close to a critical point, the large spatial correlations which develop in the system are
associated with long temporal correlations as well. At the critical point, the relaxation time
and characteristic time scales diverge as determined by the conservation laws. This is known as
the critical slowing down . A relaxation function ¢(t) may decay exponentially at long times as

H(t):e~¥/" where T is the relaxation time.r diverges at the critical point and the dynamic critical
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behavior can be expressed in terms of the power law as 7 o< €%, where z is called the dynamic

critical exponent.

2.3 Fluctuation and response functions:

Apart from macroscopic thermodynamics quantities, statistical mechanics can also provide in-
formation about microscopic quantities such as fluctuations and correlation. Even if the system
is in thermal equilibrium (constant T ) or mechanical equilibrium (constant P) or chemical
equilibrium (constant p), the energy E, magnetization M, number of particles M may vary in-
definitely and only the average values remain constant. It would be interesting to check that
the thermodynamics response functions such as specific heat Cy, isothermal compressibility xr
or or isothermal susceptibility xr are directly proportional to the fluctuation in energy, density
or magnetization respectively.

The fluctuation in energy is defined as

<(AE)?!>=<(E— <E>)?>=<FE*’> - < E>? (2.2)

By calculating < E? >, it can be shown that

< (AE)2 >= —8<ag> = EBT2CV

or

Cy = (< B*> — < E>?). (2.3)

K:BTQ

Thus the specific heat is nothing but fluctuation in energy.

The fluctuation in number of particles N is defined as

O<N> <N>?kgT

<(AN)?!>=< (N- <N >)!>=<N?> — < N >?= 4T o -

RT (24)

where k7 is the isothermal compressibility. The isothermal compressibility is then proportional
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to density fluctuation.If k% =V /(< N > KgT) , one has

kr < (N—< N >)?>

mr_ (2.5)
9 <N >

Similarly, the isothermal susceptibility is proportional to the fluctuation in magnetization

kT

(< M? > — < M >?) (2.6)

X:

These are system-independent general results. Generally these fluctuations are negligibly small
at normal conditions. At room temperature, the rms energy fluctuation for 1 kg of water is
: 4.2x1078 ) [T(KBCV)1/2],Whereas to change the water temperature by degree the energy
needed is 10'' x Cy .Since the heat capacity grows linearly with the system size, the relative
energy fluctuation goes to zero at the thermodynamic limit.

The above relation shows that the responses Cy, kp, x1 are linearly proportional to the fluctu-

ation in respective thermodynamic quantities - this is known as linear response theorem .

2.4 Correlation in terms of fluctuation and response:

So far, the response functions are obtained as the thermal-average of corresponding macroscopic
variables from the knowledge of the probability distribution of the microstates of the system. It
can also be obtained in terms of microscopic variables like spin or particle density at a point. A
quantitative way of doing it is through defining two point correlation functions, how the spins or
particle densities at different points are related. Below we will establish a relationship between
correlation, fluctuation and responses of the system for fluid and magnetic systems.

Fluid: Density at any point 7 is given by the Dirac delta function §(7) as

o(7) = = ]‘\/7 > > o= ). (2.7)
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A density-density correlation function is the correlation of the fluctuation of the densities from

its average values at ¥ and 7 and can be defined as

G(7.7) =< p(F)p(i7) > —p (2.10)

As |7 — 7 | — oo ,the probability of finding a particle at 7 becomes independent of what is
happening at 7 i.e., the densities become uncorrelated. Hence, G(7,77) — 0 as |7 — 17| — oc.

However, at a short distance, the correlation function G(7) depends on r as
G(F) mrTe /8 (2.11)

where 7 is an exponent and £ is called the correlation length.

On the other hand, the particle number fluctuation can be written as

< (N— <N >)?>=< /d3f(p(f‘)— < p(7) >)/d3ﬁ(p(ﬁ)— < p(r) >) >= //G(F,ﬁ)@z.m)

OR,

<(N— <N >)?>= /d?’f’/d?’ﬁG(F— ) = V/d37“_’;G(r7’)where,r_’; =7
and then the isothermal compressibility can be expressed in terms of the density-density

correlation function as

kr < (N—< N >)?> /3~ -
== =V/N | &G 2.14
) N> v/ r"G(r”) (2.14)
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Thus, the density fluctuation, isothermal compressibility and the density-density correlation

function are all interrelated quantities.

2.5 Ciritical exponents

It was demonstrated in the previous section that different thermodynamic quantities become
singular as T' — Tz. They exhibit either branch point singularity or diverging singularity. The
order parameter continuously goes to zero as T' — T and exhibits a branch point singularity
since it becomes a double valued function. The response functions and correlation length diverge
and exhibit diverging singularity. Long range order appears in density-density or spin-spin
correlation and it decays with power law. The singular behaviour of thermodynamic quantities
around the critical temperature can be described by power series. The leading singularity of
the power series in the limit 7" — T¢ are characterized by certain exponents called critical
exponents. The power series for different thermodynamic quantities and the associated critical
exponents will be described below.

The power series describing the thermodynamic quantities in the critical regime are usually
expressed in terms of the reduced temperature t=(T-T¢)/T¢ .In terms of the reduced tempera-
ture, the power series of different thermodynamic quantities and the associated critical exponents
are given below.

The order parameter, density difference Ap in fluid and spontaneous magnetization M in

ferromagnets, below T are given as
Ap=A(-t)°[1 + Al(—t)’f F o &M = A(—t)°[1 + Al(—t)f F o ] (2.15)
respectively with 81 > 0. Note that below T, t is negative. The exponent 3 describes the leading

singularity of these quantities and is called the critical exponent of the order parameter.The
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specific heats at constant volume V or constant magnetic field H below and above are given as,
Cy =B(=t) 1+ b(—-t){ + ....|,Cg = B(—t)"*[1 + b(—t)T + ...] (2.16)
for T < T¢
Cy=B(@t) *[1+bt)f+....],Cy=B@t) 1+ bt)]+....]T > T (2.17)

where o and « are the specific heat exponents below and above T¢.
The isothermal compressibility k7 and isothermal susceptibility &7 below and above T are

given by

k= Ct) 7 L+ ct)] +...]oxr = CE) L+ ct) +..]T > T (2.19)

where 7/ and « are the compressibility or susceptibility exponents below and above T¢ .

2.6 Two gaussian

Given two normal random variables X and Y
X ~ N(ux,0%) & Y = N(uy,0%) (2.20)

that are correlated such that

p= XY (2.21)
OX0y
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Where,

p=corr(X,Y) & oxy = cov(X,Y) (2.22)

we endeavor to show that

ZE2X Y ~N(ux —py,0% +0% —20XY) (2.23)

To solve this problem, we appeal to the bivariate normal probability density function. The proof
that follows will make significant use of variables and lemmas to condense notation. Amazingly,

the distribution of a difference of two normally distributed variates X and Y with means and

variances

0o oo e—z2/(202) 6792/(2‘7@2/)
Px_y(u) = f—oo f—oo oaV2r  og2m ((z —y) — u)dzdy

e~ [u—(ha—py))?/[2(03+07)]

= (2.24)
2 2
2n(0F + 03)
where §(z) is a delta function, which is another normal distribution having mean
25
1% 2T -
r ",' NN 201~
10k / ':' N - ux p'!/ .
= F S Oy 3 2 150 TN
=) - 1 — r . .
s [ Oy 5. Y pE K3 2
‘- ’ ’ Y £ ‘ A
L7 L Swf N obeg
E l’ :’ . “ ‘\ )
B :’ :’ “ . * !
o ' “ \‘ 5_ \‘ ﬁl
10k v * ’
5: ., Mx uy 1‘ \ N K
L L L PR G..l....l....l..‘.s el b
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Figure 2.1: Difference of two gaussian funtions representations
BX_y = fix — fhy (2.25)
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and variance

ok _y =02+ 05 (2.26)

2.7 Correlation & Fluctuation in terms of p; & Temperature
Two particle p; correlation is described by,

Ne’vent
Ck

ApeiApy j >=

(2.27)

N,
event =1

Where, CY, is the two particle p; covariance for kth event, defined as, C), = Zivz’“l évz’“l inot; (pri— <<

pr >>)(pr,j— << pt >>) and Ny is the no. of tracks in kth event and << p; >> is the overall
event average of mean p; = m ZkNj’f”t < pt >k
Now, C} can be written as
Nj Ng Ny
Cr =3 (pri— <<pr >>)(prj— <<pr >>) > (pri— << pr >>)(prj— << py >>)2.28)
=1 j=1 i=j=1

Where, First term = N2

1 Ny, 1 Ny,
N 2P << >3y (g <<pe>>)

i=1 j=1

= NP (<pr> = <<pr >>)(<pe > — << py >>)

= N2 [<pr >3 =2 < py ><< pp >> +<< pp >>7

And, Second term= vaz’“l (pri— << pr >>)°
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= Zf\iﬁ (pt,z’Q —2pp << pp >> +<< py >>2)
= SV pri? = 2N << pp >>< pp > << pyp >>2N
So, Cr = Ni?< py >2 = 30104 pra® + Ne<< pr >>2(Nj, — 1) = 2Ng < py ><< pr >> (N — 1)
So,

N2

C 1 Al

k 2 2
—— <P = g Dti
“k(Nk 1) ' “k(Nk) i—1 "

2
v > 2< << >+
Ni(Np — 1)

2 1 1 Ny,
=(<pt>—<<pt>>)"+ x5<pt >? — Ne(Ne—D) > i i

= (<pr>—<<p>>) + gl (< p >P— <p?>)
2
=(<p>—<<p>>) -5

So,

Nevent 2
Op

N, — 1

<ApiApj >=< <pp > > —<<p >>
Nevent k=1

_ 2 2 2 1 2 2 2 2
= 0O5q +0 dyn — Op " —N= = 0 stat +o dyn — Ostat™ — O dyn(2-29)

which denotes the fluctuation in p;. Thus,

(<p>—<<pr>>) o (A(Tyyn))?
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