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Abstract of the Dissertation

A Hydrodynamic Analysis of Collective Flow
in Heavy-Ion Collisions

by

Li Yan

Doctor of Philosophy
in
Physics
Stony Brook University
2013

Recent progress in the hydrodynamic simulation of heavy-ion colli-
sions have characterized the fluctuating initial state and the viscous
corrections to the corresponding collective flow. These fluctuations
naturally explain the “ridge” and “shoulder” structure of the mea-
sured two-particle correlation functions at RHIC and the LHC.

We introduce a cumulant expansion for analyzing the azimuthal
fluctuations in the initial state. The cumulant definitions sys-
tematically describe the azimuthal anisotropy order by order. In
particular, the dipole asymmetry ¢; appears at third order in the
expansion, and the response to this initial fluctuation produces
a radipity even dipole flow vy, which has been subsequently con-
firmed by experiment.

In addition, the cumulant expansion organizes the study of the
nonlinear response to the initial conditions. The linear and non-
linear response coefficients to a given initial state were calculated
with ideal and viscous hydrodynamic simulations. The collective
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flow is generated either linearly or nonlinearly, and the relative con-
tribution of these two mechanisms to the observed flow pattern is
calculated as a function of harmonic order, collision centrality, and
the shear viscosity. For non-central collisions and high harmonic
orders n > 4, the nonlinear response is the dominant mechanism.
This result is also seen in event-by-event hydrodynamic simula-
tions. Using the cumulant expansion and the corresponding linear
and nonlinear response coefficients, we determine the event plane
correlations and compare to first measurements of this type. The
observed event plane correlations are rooted in the initial state
participant plane correlations, but a large fraction of the observed
correlations are determined by harmonic mixing during the bulk
expansion.

Viscous corrections to the hydrodynamic formulation of collec-
tive flow are reflected in hydrodynamic equations of motion, as
well as the correction to the distribution function at freeze-out,
df(z,p). Taking into consideration of the connection between ki-
netic theory and hydrodynamics, the consistent form of Jf(z, p)
is determined through second order in the gradient expansion,
6f(x,p) = dfy(x, ) + d foy(x,p) + ... . The effect of § f(2)(x, p)
is found to be small for lower order harmonic flows n < 3, but is
significant for the higher harmonics, n > 4. In addition, the effect
of 6 f(2)(z, p) is small for nucleus-nucleus collisions at the LHC, but
is more pronounced at RHIC and in small collision systems such as
proton-nucleus collisions. ¢ f(2)(z, p) delineates the domain of ap-
plicability of viscous hydrodynamics, and systematically improves
the hydrodynamic description of heavy ion collisions.
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Chapter 1

Introduction

1.1 QCD under extreme conditions

Quantum Chromodynamics(QCD), which is responsible for the description of
strong interaction in standard model, has particular properties regarding the
associated energy scale A. In contrast to the electroweak theory, the coupling
constant of the strong interaction a, monotonically decreases as the momen-
tum scale of the measurement, A increase. Especially, when the momentum
scale of the measurement is large, A > Aqcp, QCD exhibits asymptotic free-
dom [10, 11], and the dynamics of QCD is conveniently described with weakly
coupled color degrees of freedom, quark and gluons. Asymptotic freedom has
been extensively tested and analyzed in collisions of elementary particles [12].
For instance, asymptotic freedom can be confirmed with the Bjorken scal-
ing observed in the deep inelastic scattering [13]. In the opposite low energy
limit, QCD exhibits infrared slavery which states that color degrees of freedom
must be confined in low energy processes. Despite the apparent consistency
of QCD with high energy experiments, isolated colored particles have never
been found experimentally, and the theoretical treatment of color confinement
is difficult. The problem is that the running coupling constant becomes of
order one, deteriorating the applicability of perturbative calculations. Con-
sequently, many effective theoretical models and non-perturbative techniques
have been developed, such as chiral perturbation theory [14] and Lattice QCD
(LQCD) [15]. Nevertheless, the existence of these two distinct limits in QCD
dynamics implies a complex transition region at some intermediate energy
scale A., in which color degrees of freedom are excited and begin to dominate
the constituents of a system. This transition, commonly known as the color
deconfinement phase transition, is one of the central interests in the present
studies of nuclear physics.
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Figure 1.1: A schematic QCD phase diagram taken from [1].

In Fig. 1.1, the appropriate energy scale is set by the temperature 7" or
baryon chemical potential y,. An overall review of the recent theoretical work
on the QCD phase diagram can be found, for example in [16]. Starting from the
ordinary hadronic matter, increasing either temperature or baryon chemical
potential will eventually lead the system to phases with pure color degrees of
freedom, e. g. color superconductor [17] and Quark-Gluon Plasma(QGP) [18].
The former phase is expected when baryon chemical potential u, exceeds a
critical value pf. The latter phase prevails in systems with extremely high
temperature. In particular, with negligible baryon chemical potential p;, ~ 0,
LQCD simulations have confirmed the existence of a rapid crossover instead
of a first phase transition, between QGP and the hadron gas at T, ~ 170MeV
[19]. This high temperature existed in nature in the first second of the early
universe [20], during which the temperature of QGP cooled down to T, and
colorless matter was originated through hadronization.

1.2 QGP in heavy-ion collisions

High energy nucleus-nucleus(AA) collisions carried out at Relativistic Heavy-
Ion Collider (RHIC) at Brookhaven National Laboratory [21-24], and Large
Hadron Collider (LHC) at CERN [25], provide an opportunity to create QGP
in the laboratory. In heavy-ion collisions, highly accelerated heavy nucleus
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Figure 1.2: Space-time evolution of a heavy-ion collision with QGP phase

deposit a large fraction of their energy in a small volume, generating a system
with pronounced energy density. Although there is no direct measurement
associated to the initial stage of such a system, evidences from experimental
observations strongly indicate that an approximately thermal QGP is formed
in heavy ion events with an estimated initial temperature 7T, ~ 320 MeV.
Since T, > T, the first several fm/c of the created fireball is in the QGP
phase. During subsequent expansion of the fireball the plasma cools and passes
through the color confinement transition. Since this expansion resembles in
many ways the evolution of the early universe (see for example Chapter 19 in
[26]), the nucleus-nucleus collision is commonly referred to as the ‘little bang’.

Fig. 1.2 illustrates the collision process for one typical event in space and
time. Note that in this figure, Bjorken boost invariance [27] of the high energy
collision is assumed. As a convenient and reliable approximation for heavy-ion
collisions, Bjorken boost invariance simplifies the relativistic transformation
along the longitudinal direction, leading to a trivial dependence on the spatial

rapidity,
1 t+ 2z
.= =1 ) 1.1
0= (1) (1)




Correspondingly the proper time is defined as
T =Vt — 22, (1.2)

which separates the stages of the space-time evolution in Fig. 1.2. In this
figure 7, indicates when the pre-equilibrium state ends (i. e. when the thermo-
dynamic variables are well defined). The temperature of the system decreases
as a result of the medium expansion. When T reaches the critical tempera-
ture around 7., the hot medium experiences color confinement phase transition
and hadronizes, changing from the QGP phase to a hadron gas (HG). In the
HG, the collectivity of the medium can be sustained due to the interactions
between the stable and unstable hadrons, and hadron resonances. However,
as the expansion overwhelms the hadron-hadron correlations around 7¢, the
dilute HG system starts to decouple. This so-called kinetic freeze-out is gen-
erally recognized as the end of the collective expansion. In general, the whole
evolution of the collision event in heavy-ion collisions is expected to take from
several fm/c to about 10 fm/c.

Many observables of have been proposed to understand the evolution of the
QGP and the HG discussed in the previous paragraph. The most successful
observables can roughly be divided into hard probes and soft probes, both of
which have particular connections to the dynamics of the QGP medium.

Hard probes

Hard probes, including jets [28] and heavy flavor production [29], are modified
by their strong interactions with the QGP medium.

For instance, since jets are generated in the initial hard processes of heavy-
ion collisions, energetic jets undergo energy loss in QGP before they are mea-
sured. As a result, the interactions between jets and the QGP can be studied
by comparing jet yields in AA collisions and the corresponding PP collisions.
The nuclear modification factor R,, is formally defined as

Spectrum of AA
Spectrum of PP’

Raa (pT) ~

with proper normalizations. R,, < 1 indicates that the jets lost energy to the
QGP medium. Shown in Fig. 1.3 is a summary of the nuclear modification
factor R, of inclusive charged hadrons observed from LHC Pb-Pb collisions.
In central collisions, from which QGP is formed with high probability, the
spectra of the observed hadrons are found to be strongly suppressed. Especially
the energy loss of particles with high transverse momentum (2 6 GeV) implies
the dynamics of jets penetrating the QGP.
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Figure 1.3: A summary of the measured nuclear modification factor R4 of
charged hadrons from LHC Pb-Pb. [2]

Soft probes

Soft probes such as the collective flow [30, 31] which is the major subject of
this dissertation, characterizes the bulk collective expansion, with respect to
a specified initial geometry.

Fig. 1.4 illustrates the initial state geometric configuration generally seen
in heavy-ion collisions. The beam axis, along which the two nuclei move and
collide, is conventionally set as the z-direction. The plane perpendicular to the
beam axis is known as the transverse plane. Viewed along the beam axis, the
collision of two nuclei in the transverse plane is referred as the overlap region.

The size of the overlap region is crucial for the analysis of heavy-ion col-
lision. First, since more initial energy is deposited in the collision event with
a larger overlap region, a higher initial temperature 7T, and a larger measured
multiplicity are expected. In addition, the size of the overlap region is related
to the AA collision probability. To describe the collision geometry the impact
parameter b is commonly introduced. Set as the x-direction as in Fig. 1.4, b
is a vector that measures the displacement of the centers of the two colliding
nuclei in the transverse plane, pointing from one to the other. Then the dif-
ferential collision cross-section can be roughly estimated as do = 2x|b|d|b|. In
experiment, accounting for a distribution of the observed multiplicity produc-
tion of different collision events, a quantity called centrality can be introduced
instead. There is an one-to-one, and monotonic correspondence between b and



Figure 1.4: Initial geometric configuration of heavy-ion collisions.
The smooth initial geometry (a) and the initial geometry with fluctuations (b). In
(b), the nucleons from the target and projectile are distinguished in different colors.

the centrality, that b = 0 is related to centrality = 0% and |b| — oo is related
to centrality= 100%.

The beam axis and b span the reaction plane ¥, ! The reflection symmetry
of a smooth initial geometry as in Fig. 1.4 (a), with respect to x-axis and y-
axis as a result of the almond shape, is broken due to fluctuations in a random
event as in Fig. 1.4 (b). The azimuthally asymmetric distribution leads to
initial spatial gradients. During bulk expansion, information of initial spatial
distribution is translated into momentum space due to these gradients, and
collective correlations are developed. In particular, the azimuthal anisotropies
of initial state generate anisotropic flow, v,,. Formally the definition of v, is
from the harmonic decomposition of the observed particle spectrum,

BN AN
prdprdoy,dy  2mprdprdy

1+ Z Un(y,pT)em(‘z’P_‘I’”(y’pT)) +ce |, (1.3)
n=1

where here and below c.c. denotes complex conjugate. pr = /p: +pj is
the transverse momentum. For the convenience of considering Bjorken boost

invariance, the rapidity
1 E+p,
| 1.4

"'Without considering initial state fluctuations, i. e. for the event averaged smooth initial
density, only even order harmonics in the particle spectrum can be expected. In particular,
the observed elliptic flow vy defines the reaction plane Vg, which reflects the almond shape
of initial geometry.
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Figure 1.5: A comparison of the observed harmonic flow of mid-central heavy-
ion collisions from different collaborations [3].

is often used instead of p,. In Eq. (1.3), v,, can be experimentally measured as
the expectation v, = (cos(n¢, — n¥,)), with respect to the associated event
plane angle ¥,, of n-th order harmonics. The angle brackets around a scalar
indicates the averaged value with respect to the particle spectrum. v,, charac-
terizes the azimuthal anisotropy of particle spectrum in the momentum space.
For instance, elliptic flow, vs(y, pr) estimates the differences of particle yields
between in-plane direction (¢, — Wa(y,pr) = 0) and out-of-plane direction
(¢p — Va(y,pr) = m/2). When reflection symmetry of the system is strict, the
odd order harmonics in Eq. (1.3) are zero by symmetry, and the event plane
angles are aligned trivially with ¥, (y, pr) = 0. However, on an event-by-event
basis the initial geometry is perturbed by fluctuations, resulting in an actual
entropy initial distribution as shown in Fig. 1.4 (b). As a result, in Eq. (1.3)
all of the harmonic orders should be expected. Fig. 1.5 exhibits the measured
elliptic flow vo, triangular flow v3 and quadrapole flow v4 from several collabo-
rations from a set of selected collision events at RHIC and LHC [3]. Note that
the observed flow in the low pr region (pr < 3GeV) in Fig. 1.5 is expected to
be dominated by the collective behavior of the bulk expansion.

There are several aspects related to harmonic flow v, that supports the
existence of QGP phase in heavy-ion collisions. First, the QGP phase plays an
essential role in the establishment of harmonic flow. Based on the analyses of
theoretical models, such as relativistic hydrodynamics and transport theory, to



obtain harmonic flow predictions comparable to the experimental observations,
especially for higher order harmonic flow vs, vy, etc., a strong QGP expansion
is indispensable [32, 33]. In addition, the observed long range correlations
in AA from RHIC Au-Au [34-36] and LHC Pb-Pb [37, 38|, and even some
pA collisions with high multiplicity yields [39, 40], can be naturally explained
in terms of harmonic flow. As sketched in Fig. 1.2, the harmonic flow is
the medium response to the initial geometry and is generated during the bulk
expansion. Since the initial correlation is long range in rapidity, this correlation
is maintained from the earliest stages of the event to the final observation.

1.3 Hydrodynamics and QGP

The relative success of relativistic hydrodynamics with vanishing shear viscos-
ity in predicting the elliptic flow [41-45] indicates that the mean free path of
the QGP is small compared to the expansion time scales of the nuclear colli-
sion. An estimate of the expansion rate and the temperature [46] shows that
unless the mean free path is comparable to a thermal wavelength ~ fic/T then
expansion will be to rapid to support a strong hydrodynamic response.

The qualitative success of ideal hydrodynamics motivates further experi-
mental and theoretical study of the transport properties of QCD. In particular,
the determination of shear viscosity to entropy density ratio /s of the color
deconfined medium in heavy-ion collisions, supplies a direct measurement of
the fundamental property of QCD at high temperature. In hydrodynamics,
dissipation is characterized via a number of transport coefficients. Most im-
portantly, shear viscosity 7 is associated with the shear tensor of the first
viscous correction. As input parameters of hydrodynamics, these transport
coefficients are constrained by the underlying fundamental theory [46]. For a
strongly coupled colorful system, like QGP, there is no analytical solution in
QCD, but it is possible to estimate the corresponding transport coefficients
using lattice QCD [47], and other model theories. For instance, the shear vis-
cosity of N' = 4 SYM at strong coupling was calculated using gauge gravity
duality [48],

n 1 R

——— 1.5

S 41 k’B ( )
Kovtun, Son and Starinets suggest that Eq. (1.5) is a lower bound of n/s for
a variety of theories, including QCD, and thus Eq. (1.5) is often referred as
the KSS bound [49]. A summary of the possible values of 1/s as a function
of temperature for a variety of different models is shown in Fig. 1.6. To get
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Figure 1.6: A summary of the theoretical estimates of n/s. Figures taken
from [4].

a further understanding of QCD dynamics, and a quantitative estimate 7/s
of QGP, one needs serious viscous hydrodynamic simulations of heavy-ion
collisions.

Examining the stages of a heavy ion collision shown in Fig. 1.2, we see that
a complete hydrodynamic simulation for a collision event consists the following
three ingredients: initial condition, hydrodynamic equations of motion, and
freeze-out. The conventions and notations used in this following section are
summarized in Appendix A.

1.3.1 Initial condition

To initialize the hydrodynamic equations of motion, the energy density and
flow velocities must be specified at an initial time 7,. However, due to the
lack of knowledge of the bulk thermalization, detailed information, such as
the initial energy density €(7,,z,y) and entropy density s(7,,z,y), has to be
deduced from effective models. Two models which are commonly used to
estimate the initial energy density are the Glauber model [8] and the KLN
model [50-52]. We will briefly review the Glauber model in this section.

The Glauber model takes into account the nuclear geometry and the straight
line propagation of nucleons in high energy collisions. Since the nucleons are



distributed in the nucleus according to the Woods-Saxon profile,

_ Po
) = el — B)ja] (16)

the collision probability and total cross section can be inferred by geometry.
In Eq. (1.6) the parameters p,, R, and a characterize the normalization, the
size of the nucleus, and the stiffness of the edge of nucleon distribution profile
respectively. The probability density of finding a nucleon in a nucleus in the
transverse plane at s = (x,y) is known as the thickness function

Tu(s) = /_+00 dzp(s,z). (1.7)

o0

Given the thickness function we obtain

oNNTy g (x,y|b) = ohNT 4 (s)Ts(s — b), (1.8)
which is the probability per area of finding a nucleon-nucleon collision at
the transverse position s of the overlap region for a nucleus-nucleus colli-
sion with impact parameter b. For hard collision process, the number of
collisions, N (z,y), which counts the number of nucleon-nucleon collisions
in each AA collision event, is introduced. By contrast, the number of par-
ticipants N,,.(z,y), records the number of nucleons that are involved in the
collisions, characterizes the soft processes. It is also known as the number
of wounded nucleons. Both N, and N,,. can be used to characterize the
collision centrality. Then in the Glauber model, with the inclusive nucleon-
nucleon cross-section o, we obtain for a collision between two nuclei with
mass number A and B,

Ncoll(a:?y’b) = O—ENABTAB(‘CE?y|b) (19)

and
N, (z, ylb) —AT(s) {1 1o Ts(s —b)] B}
+ BTy(s — b) {1— [1—a§NTA<s)]A}. (1.10)

NN is taken to be

in

In our calculations, for the RHIC and LHC collision energy, o
40mb and 64mb respectively.
For the thermalized system at 7,, entropy density in the transverse plane
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Table 1.1: Parameter C used in our work for LHC Pb-Pb collisions.

By (fm) ‘ 1.65 4.00 525 6.25 745 880 10.00 11.10
Cs/N,.e | 3497 33.84 32.88 32.15 31.75 31.72 31.59 31.30

can be emperically assumed as

() = 2 [aNon(.9) + (1 )Ny (.9)] (111)
o

in which the free parameter « is taken to constrain the faction of contribu-
tions from hard and soft processes, and C is a normalization constant. To
fit the observed data from experiment, both a and Cy can be adjusted. In
our work, we take a = 0 to consider only soft process initial contribution,
and vary Cj for different centralities. With C; taken according to the values
in Table 1.1, the charged multiplicity dN,/dn/(Nya./2) of LHC Pb-Pb col-
lision with \/sxy = 2.76TeV [5] is reproduced by our viscous hydrodynamic
simulations, in combination with with a resonance decay description.

As one recent progress in heavy-ion collisions, and also one subject in our
work, fluctuations in initial state are found to play a significant role in explain-
ing many of the observed phenomena in experiment [53-55]. In each collision
event, the position of nucleons in a nucleus fluctuates, leading to event-by-
event initial state fluctuations. To capture these fluctuations, randomness in
models needs to be considered. For example, optical Glauber model and KLN
model can be extended to their Monte Carlo versions, by introducing the fluc-
tuations of nucleon positions with respect to the distribution profile, Eq. (1.6).
On an event-by-event basis, fluctuating initial geometry breaks the rotational
and reflection symmetry of the averaged distributions. A detailed discussion
on this will be given in Chapter 2.

1.3.2 Hydrodynamic description of the hot medium
For recent reviews of the viscous hydrodynamics and its applications to heavy-
ion collisions, see [56, 57].

Hydrodynamic equations of motion

The essential concept of hydrodynamics consists of the conservation of energy-
momentum and conserved charges, which leads to the following equations of

11
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Figure 1.7: A fit of charged particle multiplicity from viscous hydrodynamic
simulations with the initial parameter C taken in Table 1.1, with respect the
ALICE measurement [5].

motion (EOM),

d, " =0, (1.12a)
d,J* =0, a=12...,N (1.12b)

where the index a runs from 1 to N, labelling the types of conserved charge.
Here d,, denotes covariant derivative, which is introduced to treat the Bjorken
coordinate system, 7 and 7n,. Given the forms of stress tensor 7" and con-
served current J** of type a, Eq. (1.12) give rise to 4 + N coupled equations
of motion.

For a full characterization of the fluid system, with respect to the physics of
conservation laws, a set of hydrodynamic variables containing flow 4-velocity
u*, charge density of type a n® (or its canonical conjugate chemical potential
la), energy density e (or its canonical conjugate temperature 7') and pres-
sure P must be determined according to the space-time evolution. Following
the basic properties in relativity, the components of the flow velocity can be
parameterized as

1

u =y(1v,y)), 7= ﬁ (1.13)

12



The normalization of flow velocity
ufu, = —1, (1.14)

reduces the number of independent hydrodynamic variables from 6 + N to
5+ N. In the relativistic version of hydrodynamics, just as its classical coun-
terpart, there is a freedom in the definition of the flow 4-velocity u*. For
example, in the Eckart frame u* is associated to the flow of conserved charge
current. On the other hand, when u* denotes the energy flow, we obtained
the hydrodynamics in the Landau-Lifshitz frame. In the previous case, it is
expected that

u“J;‘ =n?, (1.15)
while in the latter case we have
w, ", =¢€. (1.16)

The choice of frames to define the flow 4-velocity in hydrodynamics leads to
no physical difference in the applications, but it simplifies the analysis for
particular problems. Throughout this work, we stick to the Landau-Lifshitz
definition in which the general forms of the stress tensor and the conserved
current are constructed in terms of these hydrodynamic variables as [58],

T = (e + P)utu” + Pgh” + 11", (1.17a)
JHG = payht 4 JHe (1.17b)

1" and I** in Eq. (1.17) stand for dissipative corrections, satisfying

uIl, =0, and u*I;=0. (1.18)

Equation of State

The apparent excessive one degree of freedom of the hydrodynamic system is
fixed by the equation of state (EoS), relating the thermodynamic variables, e. g.
¢ and P. Corresponding to the bulk system created in heavy-ion collisions, the
equation of state which mirrors the dynamical properties of the QCD medium,
needs to be taken from the underlying theory. For instance, considering the
system in a simplified picture, that the expanding medium is a pure conformal
quark-gluon gas without phase transition, we have the typical conformal EoS,
e = 3P. And it is not difficult to generalize this result for all the rest of
thermodynamic variables.

13
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Figure 1.8: A summary of lattice EoS. Figures taken from [6].

More realistically, since color confinement phase transition as well as the
hadron gas need to be characterized at low temperature, . e. the later time
of medium evolution, EoS from lattice QCD simulations are considered [6]. In
Fig. 1.8, a number of parameterizations are shown from different lattice QCD
results. In our work, the 'Laine’ curve [59] which was first used by Luzum and
Romatschke [45] is applied and found very limited difference comparing to the
latest s95p-v1 parametrization [6], which is the solid black line in Fig. 1.8.
Parameterizations of lattice EoS cover a sufficiently wide range for the appli-
cation of hydrodynamics, with T, ~ 200MeV commonly taken into account
despite the detailed difference in these lattice simulations, as seen in Fig. 1.8.

There are two prominent properties of the lattice EoS, as well as the QCD
medium that hydrodynamics is to be applied to in heavy-ion collisions. First
is the negligible conserved charges. In the bulk medium in heavy-ion collision
of QGP phase, the baryon number which is the potential conserved charge
is expected to be small. On the other hand, fluidity of the bulk medium,
even in hadron gas phase, demands a strong interaction between constituents,
which prevents the whole system from chemical equilibrium. It is only at very
low temperature, i.e. T < 120 MeV, fluid system kinetically decouples and
conservations of, e. g. strangeness, become significant. This property of the
medium introduces a strong constraint and also simplification to the hydro-
dynamic equations of motion, rendering the equation of motion in Eq. (1.12b)
trivial. Thereby, in our work we neglect the constraint from the conservation
of conserved charges in hydrodynamics, which is also one general consideration
taken in present hydrodynamic simulations.

Second, the conformality of a medium is one of the fundamental symme-
tries, which constrains the dynamics dramatically. Especially, conformality

14



strongly bounds the value of bulk viscosity (. Seen in Fig. 1.8, the trace
anomaly € — 3P which measures the magnitude of deviations from conformal-
ity is scaled by T, rises only around 7,. This expectation is to some extent
consistent with the analyses on bulk viscosity in predicting harmonic flow in
heavy-ion collisions [60]. Nonetheless, as the study on bulk viscous correction
is beyond the scope of this work, we will focus on the shear tensor by taking
¢ =0, thus [1" = 7+,

Solving hydrodynamic equations of motion

It is very convenient to decompose 4-vector in hydrodynamics with respect
to the flow 4-velocity in Eq. (1.13), which in the local rest frame (LRF) is
time-like, (1,0). For instance, by defining the following projection operator,

AP = utu” + (1.19)
any vector V# can be decomposed as
Vit =AMV, (1.20)
and

V=Vt (1.21)

Since A" reduces to (0,1,1,1) in the LRF, it is not difficult to see that V”“
is time-like, V" is space-like and V| - u = 0. In particular, for the covariant
derivatives we define

LRF

VH = A"d, S d' (1.22a)
D = utd, LRE, d° (1.22b)

With these decompositions, and I1*” = 0, the ideal hydrodynamic equations
of motion can be re-expressed as

De = —(e+P)V - u, (1.23a)
\A
Dy’ = — = —V’InT 1.2
u P VYInT , (1.23Db)

which are the relativistic version of the constituent relation and Euler equation
in the classical hydrodynamics. In obtaining the second equality in Eq. (1.23b),
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we have used the thermodynamic relation,
a

25173%%):%“1(%):0- (1.24)

The form of Eq. (1.23) has particular implications, that the time derivative of
a quantity can always be expressed in terms of spatial gradients. Writing all
time derivatives into spatial gradients is sometimes referred as the solubility
condition in kinetic theory [61], which has significant application in the theory
of hydrodynamics, and will be discussed in details in Chapter 5.

Generally there is no analytical solution to the coupled hydrodynamic equa-
tions of motion, Eq. (1.12) and EoS, especially when dissipative effects are
involved. The more approachable way is the computation on a computer. In
doing so, some further simplifications can be practically introduced, based on
the approximations and symmetries. For example, with Bjorken boost in-
variance, with respect to the space-time configuration in heavy-ion collisions,
the 1y dependence is trivial which reduces the hydrodynamics to 2+1 dimen-
sions. This simplification, leads to the basic form of hydrodynamic equations
of motion in the (7, z,y,n;) coordinate system,

1
0T + 9,1 + 0, TV = —=T™" — 7T |

-
1

O-T™ + 0, T + 0,T"" = —=T"",
T
1

0. T™ + 0,T™ + 0,T" = —=T"" . (1.25)
T

In the extreme case of 141 dimension, with the translational invariance along
7s we have the ideal hydrodynamic equation of motion

Oe _6+7?

or T

(1.26)

which has an analytical solution for a conformal fluid, ¢ ~ 77%/3.

The construction of shear tensor 7, which contains all of the dissipative
effects in hydrodynamics in our work, has no particular constraints except
the second thermodynamic law, i.e. As > 0 [58]. To the first order in the
gradient expansion, we have the well-known Navier-Stokes hydrodynamics, in
which the shear tensor is uniquely formed as

T = —not (1.27)
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where
ot = 2(VFu") . (1.28)

Throughout this work, the tensor indices inside the angle brackets (...), as
in Eq. (1.28), stand for being symmetric, traceless and orthogonal to the flow
4-velocity. More details of the definition and decomposition of tensor indices
can be found in Appendix A.

However, this first order viscous hydrodynamics in Eq. (1.27) has defects for
realistic hydrodynamic simulations, for two reasons. First, only including first
order in gradient in hydrodynamics breaks causality, which is reflected from the
existence of the superluminal mode [56]. Second, the algorithm of solving first
order viscous hydrodynamics on a computer in not stable. Although either of
these two issues devastates the application of hydrodynamics, it is necessary
to have rigorous treatment in physical study. The remedy to both of these
problems is to go beyond first viscous corrections in hydrodynamics, to include
as well second order terms. Following the rule of second thermodynamic law,
a great number of second order viscous corrections to hydrodynamics can
be deduced. In particular, adapting specifically some of these second order
terms results in a variety of types of second order viscous hydrodynamics, such
as the widely used Israel-Stewart hydrodynamics [62]. Taking into account
of conformal symmetry, Baier, Romatschke, Son, Starinets, and Stephanov
developed the BRSSS hydrodynamics [63], in which only those second order
terms obeying conformal symmetry are selected in the formulation,

1
™ = —not 4+ . | (Da?) + 1 10’“’V -u
+ A (0", 0 + X (0", Q) + A3 (M, QN + O(VP) . (1.29)

In Eq. (1.29), the tensor structure called vorticity Q" is defined as anti-
symmetric, and orthogonal to flow 4-velocity,

1
QW = §A“O‘A”B (Vaus — Vuy,) . (1.30)
In analogus to the shear viscosity 7, second order transport coefficients 7,

A1, Ay and A3 need to be determined from the underlying theory, as the input
parameters for hydrodynamic simulations. Considering the relation

™ = —nat” + O(V?), (1.31)

it is legal to iteratively substitute the ¢’s with m on the right hand side of

17



Eq. (1.29), with the cost of errors of third order in the gradient expansion. We
obtain the following equations of motion with 7 as a dynamical variable,
v 17 17 4 17
o = —not — 7. [(D7* >+§7T‘u V-u

A

772

(miay — %(W/\“Q’\”) + A3(QM QN+ O(V?). (1.32)

+
Solving BRSSS equations of motion Eq. (1.32), in combination with Eq. (1.25),
give rise to a causual description of the hydrodynamic evolution of bulk medium
in heavy-ion collisions. This 241 dimensional, viscous hydrodynamics is the
baseline of our work.

1.3.3 Freeze-out and resonance decay

The fluid system created in heavy-ion collisions will eventually decouple and
all sorts of observables in experiment are supposed to be the consequence after
decoupling. The potential mechanism of sustaining the collectivity of medium
is microscopic dynamical interactions, such as elastic and inelastic collisions of
partons in QGP phase and hadrons in HG phase. As the temperature of the
system decreases along with system expansion, which weakens the scattering
processes accordingly, a series of (phase) transitions take place. As is roughly
stated in the following line,

TO TC 7 Tchem \ ? , CZ—‘fo \ ? ,
v . c . R
elastic+inelastic+radiative elastict+radiative radiative

there are two major decoupling processes need to be considered: chemical
freeze-out at T.,..,[64] and kinetic freeze-out at T},. Chemical freeze-out means
that the species composition of the hadronic matter is fixed in equilibrium,
though this equilibrium is approximated by neglecting inelastic collisions be-
tween hadrons. After kinetic freeze-out the system size becomes much larger
than the mean free path A, thereby kinetic behavior of particles is stabi-
lized.Kinetic freeze-out is generally regarded as the end of the hydrodynamic
description, and incorporated by Cooper-Frye formula [65],

d3Ni g;
= ~do fi(x, p, My, 1), 1.
0P = @) /E p - dofi(z, p, M;, p;) (1.33)

in which ¢ is particularly used to indicate the particle species, e. g. ¢; stands
for the degeneracy factor of particle i. Eq. (1.33) is a Lorentz invariant form,
with the integral element pdo defined on a specified hyper-surface 3. 3 is
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determined by the kinetic freeze-out creterian. Generally, this creterian can be
selected as a specified freeze-out entropy density s;, or a freeze-out temperature
T;. In our simulations, we take a constant freeze-out temperature, so that the
following equation

T(t,z) =T, (1.34)

defines a hyper-surface in the 3+1 dimensional space-time.

The basic function of Cooper-Frye formula Eq. (1.33) is to transform the
space-time dependence of the hydrodynamic fields into the momentum depen-
dence of particle spectrum, as long as the phase space distribution function
fiz,p, M;, ;) is entirely known. As the major subject to be discussed in de-
tails in Chapter 5, the form of f;(z, p, M;, 11;) needs to be consistently consid-
ered with respect to the corresponding hydrodynamics, in parallel with kinetic
theory. For ideal hydrodynamics, local equilibrium requires the equilibrated
distribution function n;(a:,p), which can be Fermi-Dirac, Bose-Einstein, or
classical Boltzmann distributions, with respect to the specified case under con-
sideration. Similarly, dissipative effects in hydrodynamics leads to corrections
to the distribution function 6 f. The form [66]

np(1 £ ny)

= ST

PP T, (1.35)
which was originally proposed based on a kinetic theory approach, is presently
used a lot for viscous hydrodynamic simulations.

Before the ‘ultimate’ stabilized particle spectrum in experiment is reached,
unstable particles like resonances will decay and change the particles produc-
tion. Therefore, in a strict manner, Cooper-Frye formula should be applied
by including all possible particle species listed in the PDG table [26], fol-
lowed by resonance decay processes. However in practice it is sufficient to cut
the particle list to some massive particle (e. g., let Mr < 2GeV) to simplify
the calculation. Taking the scheme based on the analyses in [67, 68], predic-
tions comparable to experiment, such as charged particle multiplicity, can be
achieved, as shown in Fig. 1.7.

1.4 Outline of this work

Based on our work published in [69-72], this thesis is organized as follows. For
initial state fluctuations in heavy-ion collisions, in Chapter 2 we discuss the
cumulant expansion formalism. In our work, cumulants are used to classify and
characterize the azimuthal anisotropies induced by these fluctuations, so that
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eccentricities and the participant plane angles are defined systematically. With
Monte-Carlo simulations of PHOBOS Glauber model, effects of fluctuations
in the initial state are reflected in the centrality dependent eccentricities, as
well as participant plane correlations.

With the initial state fluctuations characterized with cumulants, in Chap-
ter 3 the medium response to initial anisotropies is investigated in terms of
the linear flow response and the nonlinear flow response. Flow response coeffi-
cients are analyzed as a function of the transverse momentum, centrality and
especially shear viscosity to entropy ratio. pr and centrality dependence of the
flow response coefficients determines the behavior of the observed harmonic
flow signatures, such as v,{2}. 7/s dependence reveals the medium trans-
port property. When the flow response formalism is applied to the realistic
heavy-ion collisions, the predictions can be analytically understandable.

In Chapter 4, we analyze event plane correlations based on the flow re-
sponse formalism, with respect to the recent measurements by ATLAS col-
laboration [7]. Although the rigorous formulation of these plane correlations
relies on the resolution of the measurement, it is possible in our work to cal-
culate either in the high resolution limit or in the low resolution limit. We
also examine the contributions to the obtained event plane correlations from
linear flow response and nonlinear flow response separately, which we refer as
the ‘linear limit’ and ‘nonlinear limit’ respectively.

The inconsistency of the viscous hydrodynamics framework is studied in
Chapter 5. Viscous hydrodynamic simulations provide an indispensable tool
for the analysis of the medium property in heavy-ion collisions. However, as
we will detail in Chapter 5, regarding the widely used second order viscous
hydrodynamics, the viscous corrections to the phase space distribution is just
consistent at first order. By kinetic theory, second order correction 0 f(o) is
obtained in this work, with respect to the BRSSS hydrodynamics. The effect
of 0 f2) is investigated for the linear flow response coefficients.

As mentioned earlier, notations and conventions we take throughout this
work are summarized in Appendix A.

20



Chapter 2

Fluctuations in the initial state

In the past several years, the significance of initial state fluctuations was grad-
ually realized [53-55]. In particular, Alver and Roland [54] proposed initial
state fluctuations as the generic origin of the “ridge” and “shoulder” struc-
tures in the two-particle correlation functions in nucleus-nucleus collisions. In
their analysis, odd order harmonics of the collective flow, such as triangular
flow v3 [73], arise due to the medium response to a fluctuating initial state. In
the Fourier decomposition of the observed two-particle correlation spectrum, a
large fraction of the contribution was found from vz, which naturally explains
the general features of long-range two-particle correlations.

The realization of initial state fluctuations generalizes the investigation of
harmonic flow. First, accounting for the medium response to a initial geometry
with no particular symmetry, harmonics of all possible orders are expected.
In addition to the triangular flow, in recent years, extensive endeavors on har-
monic flows have been devoted experimentally and theoretically. From RHIC
Au-Au [74, 75] and LHC Pb-Pb [76-78] collisions, dipole flow v1, quadrapole
flow v4, and pentagonal flow vs, etc. were measured. Correspondingly, theo-
retical analyses based on hydrodynamics [69, 73, 79, 80] and transport theory
[73, 81] calculations were applied. Second, the fluctuating initial state has a
complex geometry, which leads to non-trivial event plane correlations of the
final state [7, 82-84]. The combined investigation of harmonic flows and event
plane correlations provide new constraints on properties of the medium pro-
duced in heavy-ion collisions.

The fluctuations in the initial stage of heavy-ion collisions, alters the the-
oretical modeling of the initial state. A bumpy profile, instead of a smooth
and symmetric initial density distribution, controls the initial geometry on an
event-by-event basis. As discussed in Section 1.3, to initialize the dynamical
description of the medium expansion with respect to a fluctuating initial state,
we should generalize the effective models of initial state with randomness. The
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Figure 2.1: The fluctuating initial state of one typical collision event, for
the event-by-event hydrodynamic simulations. The blue arrows indicate the
direction and magnitude of gradients.

Monte Carlo version of Glauber model, for instance, is constructed by sampling
the nucleon distribution inside a nucleus. With respect to a fluctuating initial
condition, there are two types of hydrodynamic simulations can be applied for
realistic calculations — event-by-event hydrodynamics[79, 85] and single-shot
hydrodynamics.

In the event-by-event hydrodynamics, the initial conditions are sampled on
an event-by-event basis. For each particular event a bumpy distribution like
the one shown in Fig. 2.1 is generated and is evolved. Solving hydrodynamic
equations of motion for this particular initial profile, leads to a particle spec-
trum containing all harmonics. In analogy to the data analysis carried out
in experiment, final state observables from the event-by-event hydrodynam-
ics are subsequently extracted from event averages of the accumulated particle
spectra. To a large extent, event-by-event hydrodynamic calculations resemble
realistic heavy-ion events. With parameters of the hydrodynamic simulations
appropriately selected (i.e. with n/s < 2/4m), a number of predictions have
been made. For example, the harmonic flow v,, [86] and event-plane correla-
tions [87] have been calculated in the event-by-event hydrodynamic framework
and are comparable to the experimental observations

In linearized single-shot hydrodynamics (or the linear response), the fluctu-
ations in the initial state are treated as perturbations of the average geometry,
and the response to a given perturbation is studied. Thus, In the single-
shot hydrodynamic simulations, the harmonic flow of final state is assumed
to be proportional to its corresponding initial state anisotropy. Therefore, the
treatment of the initial state fluctuations is simplified. The initial stage of
heavy-ion collisions can be studied by these initial state Monte Carlo simula-
tions, which is independent of the hydrodynamic description of the medium
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expansion. Single-shot hydrodynamics separates initial stage and the medium
evolution afterwards, and thus has the advantage of theoretically analyzing
initial state fluctuations, the flow generation during the medium expansion,
and their mutual relations. As will be stated in details in Chapter 3 and
Chapter 4, these direct investigations on initial state, and flow generations are
crucial for theoretical analyses, especially the extraction of n/s.

The first step in developing the response formalism is to characterize the
initial perturbations of the average geometry. Subsequently the response the
these perturbations can be determined. The n-th order azimuthal anisotropy,
€n, 1s defined as

in®, {rmener}

€ne"tn = o (2.1)

where

_ Jds...p(s)
b T sp(s)

indicates the average over the transverse plane with the fluctuation. The mi-
nus sign in Eq. (2.1) is conventionally taken so that the associated participant
angle ®,, points to the shorter axis, along the direction with the largest spatial
gradient and therefore the direction of the associated event plane angle W,
of n-th order harmonic flow in a linear response approximation. e, basically
describes a n-th regular polygon, which can be abstracted from a bumpy dis-
tribution and originates a n-th order anisotropic flow in analogous to wv,, as
illustrated in Fig. 2.1. Note that Eq. (2.1) is a empirical formula, in which the
power of r in both the denominator and numerator is left arbitrary. A widely
accepted definition of €, is to take m = n in Eq. (2.1), which we refer as the
moment definition.

In this chapter, on the other hand, we introduce the cumulant expansion
formalism for the classification and definition of these anisotropies. The cu-
mulant expansion for a fluctuating initial state and its implementation to the
hydrodynamic calculations is formulated in Section 2.1 and Section 2.2. The
systematic characterization of the initial anisotropies with cumulants, leads to
distinct results. Especially, in Section 2.3 the difference between the moment
and the cumulant definitions are discussed based on the averaged eccentricities
and participant plane correlations from the Monte Carlo simulations.

(2.2)
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+ fluctuations

Figure 2.2: Decomposition of the fluctuating initial state into Gaussian back-
ground plus perturbations.

2.1 Cumulant expansion

In this section, we present the basic concepts of the cumulant expansion for-
malism. The idea of applying cumulant expansion to a fluctuating initial state
stems from an approximated decomposition. As illustrated in Fig. 2.2, fluctua-
tions in a bumpy initial density profile of heavy-ion collisions can be separately
recognized as perturbations on top of a smooth Gaussian background. This
decomposition into background and fluctuations corresponds to the order-by-
order cumulant expansion.

Formulation of the cumulant expansion formalism

Let us start with a normalized initial entropy density p(2, ) in the 2-dimensional
transverse plane, i. e., p(x,) = 7,8(70, 1)/ [ T,d*x s(1,,21) *. The Fourier
transformation of the spatial distribution is,

plzy) = [dkie*resp(k,) . (2.3)

From the Fourier transformation, we define W(kz 1) as the generating functional
of cumulants,

pllr) =eVki) — [ Pr e ko). (2.4)

The spatial fluctuations in p(x ) are related to the k; dependence of W(k,).
We will expand W (k) at small k. This is because we wish to determine the
long distance perturbations to the Gaussian background. For the sake of of

'We have used the entropy density distribution to define p(z, ). Alternative formulation
with energy density is straightforward.
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convenience, we introduce the following complex notations

k= ke'™,

=

= reifr (2.5)
so that,
_ 1 _
ki -z, = Re(kr*) = §(k‘f* + k*7) = krcos(or — &) . (2.6)

In the long wavelength limit, we expand the exponential factor with respect
to |k? L|’

nl2n
n=1
SR —1 anlz T.=k\1 [ T.% =\n—
=Y (i n')Q" (k) (K )", (2.7)
n=0 [=0 )

from which and the original Fourier transformations we obtain the expansion

of p(k)
k) =303 T gyt (28)

Note that {...} appears in the above equation as a result of the weighted
integral by p(«,) in the transverse plane. The geometric information of the
original spatial distribution is contained in these averages. Correspondingly
the cumulant expansion is formulated in the expansion of W(k: 1),

W(kL) = Z(_i)an,m(ki) = lnﬁ(kL)

n,m

=Z (zz eyt W”}) o 29)

n=0 [=0

In Eq. (2.9) the pair of indices (n,m) in W, ,,(k.) denote the order of long
wavelength expansion k™ (the order of perturbavie corrections) and the order
of azimuthal angle m¢; respectively. Correspondingly, in the configuration
space they denote the deformations along radial () and azimuthal (meo,)
directions. Considering the combination in Eq. (2.9)

]%l(];*)nfl _ knefi(nfﬂ)qﬁk PR (F*)lrnfl _ 7,,nei(anl)zﬁr 7 (210)
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we recognize the relation m = |n — 2l|, which implies that for a m-th order az-
imuthal deformation, there exist in principle a series of higher order cumulant
terms weighted by r" with n = m,m + 2, etc.. By imposing (7) = (7*) = 0,
so that the system center is redefined to be the center of mass, we rewrite the
terms in the cumulant expansion,

1 )
B CrT(Lnfm)/2 [knefzm@cwn’m —|—C.C.] ) (211)
ni2"

Wn,m(’cl) =

In Eq. (2.11) the factors with spatial averages are absorbed in the so-called
cumulant W, ,,,. Our goal of cumulant expansion is to systematize the detailed
structure of W, ,,,, from which the anisotropy of a fluctuating initial state can
be defined. A simple rule of writing the forms of Eq. (2.11) and the cumulants
Wi is as follows.

1. There is an overall constant coefficient, —= clnmf2,

2. Wy is formed in terms of the averages of powers of © and 7*:

— = —k —% N—-1 = —*
{F...nr ... }—i—Z(—l) Cof{r...}...{ .7} +cc, (212)
(nm)/2 [n—mlj2 @

N sets of brackets
e In each term the total number of 7 is (n + m)/2, and the number
of 7 is |[n — m|/2.

e For each term with N sets of average brackets, there is an extra
factor (—1)N~1

e The coefficient C,, is determined by the combinatorial counting of
the average brackets in the term.

As a simple summary, we list some of these lowest order cumulants which we
will encounter in this work frequently,

Waa = {F?} + c.c., (2.13a)

Wsy = {FF*} + cc., (2.13b)

Wss ={r'} + cc., (2.13c)

Wiy = -{f4}—3{f2}2} +c.c., (2.13d)

Wes = '{f5}—c§{f3}{f2}} Yee., (2.13¢)
r 3 272

Wee = [{T°}—C3{r*}{r*} — %{f?’}Q + %{ﬁ}f’ +c.c.. (2.13f)
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Note that these underlined nonlinear terms in Eq. (2.13) appear when n > 4.

Classification of anisotropies and the dipole asymmetry

From the complex form of cumulant, we define eccentricities and the associated
participant plane angles for a fluctuating initial state,

i ¢ an
Crme™Pnm = — 1 (2.14)

oy

or equivalently

an
Cc,m = ’ T; ‘ s (215&)
{rn}
@;m:MJFE. (2.15b)
’ m m

In additional to the index m which characterizes the azimuthal deformation,
in the cumulant definition with W, ,,, the index n is also included for the
description of fluctuations along the radial direction. In the cumulant ex-
pansion, higher order perturbation terms (which characterize short distance
fluctuations) are assumed to be damped. This expansion is supported by the
observed suppression of higher order harmonic modes. In particular, as we will
show in the discussion on the viscous effect in hydrodynamics, the medium re-
sponse to higher order cumulant is significantly damped. As a consequence,
it is natural to stick to the lowest order terms in the cumulant expansion,
and consider only the n = m case, for the m-th order azimuthal asymme-
try. The cumulant definition differs from the moment definition, except when
n =m = 2 and 3. Therefore, in our work the notations C,, and ®;, are taken to
specify the cumulant defined eccentricities and participant angles in Eq. (2.14)
and Eq. (2.15). However, in general ¢, and ®,, are still used for discussions,
even in the n > 4 case when no confusion can arise.

In Eq. (2.13), W3, is obtained from the third order in the cumulant expan-
sion, which defines a novel description of the azimuthal anisotropy, the dipole
asymmetry,

Cs et = —?f;); : (2.16)
Dipole asymmetry describes a higher order deformation breaking the reflec-
tion symmetry of the average background, which appears in a distribution
with fluctuations even though the system center is redefined. The distortion
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Figure 2.3: A schematic picture of the dipole asymmetry.
The schematic view from z-direction and y-direction of a distribution with only
dipole asymmetry. The blue arrows indicate the direction and magnitude of
gradients as usual. Note the circled part at large radius where the distribution
becomes negative.

of the distribution, leaving the geometric center unaltered, results in a gradient
asymmetry along the direction ®3;. Fig. 2.3 shows an initial condition with
a net dipole asymmetry. In this case the maximum of the entropy distribu-
tion sits to the right of the center of entropy (see Fig. 2.3). This maximum
is balanced by the left-of-center entropy so that {rcos¢} = 0. Due to the
asymmetry in the initial distribution, the matter to the right of the maximum
flows to the east with larger velocity, while the matter to the left of the max-
imum flows to the west with smaller velocity. Since there is more entropy to
the left than to the right (relative to the maximum) the total momentum in
the x direction is zero. This flow pattern leads to a v;(pr) that satisfies a
momentum conservation sum rule,

> dN
i =0. 2.17
/0 devl (pr)pr ( )

At high pr vi(pr) is positive reflecting the fast matter to the right of the
maximum, while at low pr v1(pr) is negative reflecting the slow (but abundant)
matter to the left of the maximum. These qualitative features of the dipole
flow are corroborated by numerical works [69, 88] and what has been observed
in experiments [78, 89, 90], e.g., seen in Fig. 3.3. Since the primary order
of m = 1 asymmetry is eliminated, in our work the notation €; = Cs; and
®; = P3; are used commonly for the dipole asymmetry.
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2.2 Application of cumulant expansion

In the previous section we introduced a cumulant expansion to characterize the
response of the system to a set of perturbations. In this section we will show
the implementation of the cumulant formalism to initialize hydrodynamics,
and study as well the convergence of the cumulant expansion.

Characterizing the initial energy density with cumulants

Rewriting Eq. (2.3) with cumulant expansion gives rises to the re-expression
of a distribution with fluctuations, in terms of cumulants order by order.

- [ [ 5 i)
n>2,m

= (@) + ) pam(@) + ... (2.18)

n,m

In addition to the two lowest order terms py o and ps 2, forming a background
Gaussian distribution as expected,

o Y

p2(1) = W exp { {xz} - {y_z}] ,

the terms with n > 2 introduce perturbations. The second equation in
Eq. (2.18) is obtained by a further expansion of the exponential factor, followed
by the Fourier transformation of each term. The background is determined by
the quantities {z?} and {y?} or equivalently the rms radius {r?} and eccen-
tricity, eo = ({z?} — {v*})/({z*} + {v*}) . Each additional term in Eq. (2.18)
perturbs the background and the magnitude and type of perturbation is de-
termined by the cumulants, i.e. €, and {r"}. For instance, for a distribution
with only dipole asymmetry with ®; = 0, we have

p(@1) o {1 + % [(%)3 T (3%)2 (%)] }e_{:z’}7 (2.20)

and a distribution with only triangularity with ®3 = 0,

e [0 (Y (D)) e

(2.19)

29



with an overall constant adjusted to reproduce the total initial entropy (for
approximating initial entropy density) or energy (for approximating initial
energy density). The trick of obtaining the differential operators in Eq. (2.20)
and Eq. (2.21) is to write the spatial partial derivatives in accordance with
the corresponding cumulant expansion form. Notice that each ik, or ik, in
the cumulant expansion in Eq. (2.18) is related to a partial derivative of z or
y on e®1®L 5o that after integration by parts fluctuations of a distribution in
coordinate space are expressed in terms of derivative operators on the Gaussian
with a specified form.

To analyze the hydrodynamic response to a distribution with single or
multiple perturbations, as we will detail in Chapter 3 for linear and nonlinear
flow response, one problem encountered is that the distribution in Eq. (2.20)
and (2.21) are negative for large radius. Take Eq. (2.20) as an example, the
partial derivatives of a Gaussian for dipole asymmetry overwhelm the leading
term when radius r grows large, resulting in a region with negative distribution,
as shown schematically in Fig. 2.3. This is an unavoidable consequence of
truncating a cumulant expansion at any finite order. As a result, a regulation
scheme is necessary in our calculations for these fluctuation terms. Denoting
the ratio of fluctuation terms in the distribution function to the background
Gaussian as X, then the regulated form

X — Ctanh(X/C) (2.22)

is actually used in applications, with the constant C' = 0.95. We have checked
that the results are independent of the precise value of the constant C. The
regulator here is not perfect as it (weakly) mixes different terms in the Fourier
expansion, and modifies to a slight extent the input value of eccentricity and
the “true” value the initial distribution actually has. However we have found
this mixing to be unimportant from a practical perspective, that is, as long as
the input value of eccentricity is sufficiently small. For instance if €5 = 0.05
the generated flow for different orders is negligible. Meanwhile, the relative
difference of the input and the “true” value of eccentricity can be constrained
as small as a few percents.

Convergence of cumulant expansion for smooth Glauber

The convergence of the cumulant expansion, in particular from the point of
view of applications to the fluctuating initial state and hydrodynamics, is
in principle a problem beyond the scope of this work. However, in a sim-
plified manner, a test can be carried out for one specified initial condition.
For a smooth (optical) Glauber profile we replace the initial entropy distribu-
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Figure 2.4: (a) Spectra in the smooth (optical) Glauber model compared to
the cumulant expansion. The coefficients of the Gaussian and fourth-order
cumulant expansions have been adjusted to reproduce {r?} , {r*cos2¢,} and
{rtcos2¢,}, {r*cosdp,} , respectively. The total entropy of the cumulant
expansion is also matched to the total entropy of the Glauber distribution.
(b) Elliptic flow in the Glauber model compared to the cumulant expansion.

tion with an approximately Gaussian profile and cumulant corrections through
fourth order, n = 4. The distribution of entropy in the optical Glauber model
is first used to calculate {2} and €y, which consequently determine the two
coefficients in the Gaussian, {#?} and {y?}. Also the normalization (i.e., the
total entropy) is the same between the Gaussian and the Glauber distribution.
Taking the impact parameter to be b = 7.6 fm, with ideal hydrodynamics
Fig. 2.4 compares the spectra and the elliptic flow for these two distributions.
In the next approximation, the fourth cumulants to the Gaussian are adjusted
as described in the previous section, so that the quantities {r*}, {r*cos2¢,}
and {r!cos4¢,} are identified to the results of the optical Glauber.

An obvious trend of convergence is presented in Fig. 2.4 as the distribu-
tion with fourth order cumulants already reproduces the flow response to the
corresponding Glauber. Since ideal hydrodynamics generates the most sensi-
tive flow response to the initial state geometry, the test here demonstrates the
applicability of cumulant expansion formalism. Future test can be carried out
with respect to more realistic initial density profile with random fluctuations.
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2.3 Monte Carlo simulations of the initial state

Since the essence of the single-shot hydrodynamics is the assumed one to one
mapping, from the initial state profile to the observed spectrum, in this section
we estimate the initial state eccentricities and their correlations based on our
cumulant definitions, using the PHOBOS Monte Carlo Glauber codel[8].

Eccentricity

With respect to the way in which harmonic flow is measured in experiment,
there are a handful of definitions of averaged initial eccentricities. For instance,
corresponding to the measured harmonic flow v,,{2} by two-particle correlation
method, €,{2} is defined as

en{2} = V() (2.23)

where ((...)) denotes the events average. In Fig. 2.5, with Monte Carlo simula-
tions, €,{2} of harmonic order n < 5 are calculated, as a function of number of
participants for LHC Pb-Pb collisions. To obtain a satisfactory convergence,
2 million events are accumulated in these PHOBOS MC-Glauber simulations.

The first observation of these simulations is the monotonic increase of all
these eccentricities with respect to collision centrality. For ellipticity this is
intuitively understandable since the overlap region becomes narrower when
centrality grows, and therefore a larger ellipticity generated from the almond-
shape background. However, for these very central collisions, where the back-
ground is roughly spherically symmetric, a non-zero e2{2} is dominantly gen-
erated from fluctuations. This non-zero e;{2} of central collisions results in
the observed non-zero elliptic flow v9{2} [91, 92]. For the other eccentricities,
background shape contributions to the formation of azimuthal deformations
are relatively small, the rise of €, towards peripheral collisions reflects the in-
creasing influence of fluctuations. In particular, we see that the dipole asym-
metry is about a factor of 2 smaller than the triangularity but is not negligibly
small. For the harmonic order n > 4, the extra underlined terms in Eq. (2.13)
in the cumulant definition bring in corrections of quadratic nonlinear mixing of
lower order eccentricities, leading to modifications to the simulated results. As
shown in Fig. 2.5, the difference between the moment defined 4-th order and
5-th order eccentricities, and the corresponding cumulant defined ones, grows
with centrality as expected. Though it is noticeable in peripheral collisions,
the effect of taking cumulant definitions for the eccentricities is not significant.
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Figure 2.5: Eccentricities from Monte Carlo Glauber simulations for LHC Pb-
Pb collisions. The momentum based (the left figure) and the cumulant based
(the right figure) definitions result in differences that grows with centrality, for
the higher order eccentricities.

Initial state participant plane correlation

In addition to the magnitude of these anisotropies, the corresponding partici-
pant angles ®,, and their correlations, reveal another aspect of the initial state
geometry with fluctuations.

As defined in Eq. (2.14), except that the associated participant angle ®5 of
€5 are dominated by the almond shape, ®,, are entirely determined by fluctu-
ations. Therefore, on an event-by-event basis, the orientations of ®,, depend
on specifically the details of the initial distribution in each heavy-ion collision
event. However on an event-by-event basis, as has been discussed in [93], in
which initial state fluctuations are modelized as hot spots, fluctuations in the
initial geometry lead to non-trivial correlations among different types of par-
ticipant plane angles. Generally, to characterize the correlations among &,
of initial state (and W, of final state as will be stated in later sections), we
analyze the event averaged cosine function ((cos(c;®; + ca®y + ... + ¢ P)))).
Due to the n-fold rotational symmetry of n-th order of anisotropy, and the
reflection symmetry, the integer coefficients ¢; modes [, satisfying

c1+2c+...+1lg=0. (2.24)

Obviously, non-zero value of the event averaged ((cos(c;P1+ca®a+. ..+ P))))
indicates non-trivial correlations, and the closer the value to 1 (or -1 for anti-
correlation), the stronger the correlation is. Note taking different convention
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Figure 2.6: Distribution of the angles ®; and ®3 with respect to the reaction
plane for three different impact parameters

for the angle ®,, definition, i. e., taking the shorter or longer axis as the defined
angle direction, leads to a minus sign for odd number plane correlations.
Without specifying an effective model as [93], in this section we try to
detail the origin of these initial plane correlations by the two particular ex-
amples, two-plane correlation ((cos2(®; — Wg))) and three-plane correlation
{(cos(Py — 3P3+2¥R)). As mentioned in Section 1.3, Uk defines the so-called
reaction plane of collision, which precisely coincides with the participant plane
of ellipticity ®, for a smooth initial state. On an event-by-event basis, how-
ever, ®, fluctuates around Vi with finite deviations. Since the deviations are
actually negligible for most of the centralities, in this work we take ¢y = Ug.
In Fig. 2.6 the correlations between ®; and Vg, and &3 and VU are exhib-
ited in terms of the probability distribution function, at various impact param-
eters. The angle range is selected by taking into account the corresponding
periodicity. There is a pronounced trend of increasing correlation between ®;
and Vg, from central to non-central collisions, peaking at 5 — ¥ = 7/2 and
3m/2. As a consequence of the (®1, W) correlation, on an event-by-event basis
relative to the orientation of ®,, the dipole asymmetry is preferred to be out-
of reaction plane. If expressing the correlation in terms of a cosine function
form, i. e. studying ((cos2(®; — ®3))), we should expect a negative result, as
shown in Fig. 2.7. Naively, we can think of the non-trivial (®,, W) correlation
as a pure geometric effect, since there is a larger chance for the imbalance to
be induced by fluctuations on top of a smaller and narrower almond shape,
along the long axis than the shorter one. For (®3,¥g), although the direct
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Figure 2.7: Initial participant plane correlation functions, from MC-Glaber
simulations for RHIC Au-Au collisions.

two-plane correlation is mostly negligible?, as can be seen in Fig. 2.6, through
®; a strong three-plane correlation ((cos(®; —3®P3+2P,))) is formed, as shown
in Fig. 2.7. The strong correlation may be explained physically as follows.
When the dipole asymmetry is in plane then the triangular axis is at 7/3, i.e.
the point of the triangle is aligned with the dipole asymmetry as exhibited in
Fig. 2.8(a). However, when the dipole axis is out of plane then the triangular
axis is also out of plane as exhibited in Fig. 2.8(b). Note that in these special
configurations, cos(®; — 3®3 + 2Py) = —1.

Fit and simple interpretations

These correlations are a reflection of the almond shape geometry and the
general form can be established by symmetry arguments. First since the prob-
ability of finding a dipole asymmetry in a given quadrant of the ellipse is the
same for every quadrant, the probability distributions dP/d(®; — Vg) must
only involve even cosine terms

darP 1

@, " 2 [1—2Acos2(P; — Ug)+..] (2.25)

2In fact, for very peripheral collisions a slight peak of the probability distribution at
®3 — Up = 7/6 and 7/2 can be observed. However, ignoring this weak correlation will not
alter the analysis in this section.
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Figure 2.8: Geometric alignment of triangularity, dipole and ellipticity
When the dipole asymmetry is in plane (Position A), then the tip of triangularity
is aligned with dipole asymmetry. When the dipole asymmetry is out of plane
(Position B), the tip of the triangle is anti-aligned with the dipole asymmetry.

The sign has been chosen so that a positive A coefficient describes the out of
plane preference seen in Fig. 2.6. The coefficient A must vanish in a cylindri-
cally symmetric collision, and for small anisotropy we expect

A o (&) - (2.26)

Similarly dP/d(®3 — V) must involve even cossine terms and must be 27/3
periodic
4P o cos6(Py — Wg) 4. ] (2.27)
d((I>3—\I/R)_27r[ + 2A6 cos 6(D5 R+ ... )
The relatively high Fourier number n = 6 explains the smallness of the observed
asymmetry, and to the lowest order Ag can be ignored.
For the analysis of the three-plane correlation between ®;, ®3 and Vg, we

need to introduce the conditional probability distribution,
P(®3|®1, Ur) = The probability of ®3 given ®; and Vg (2.28)
For any fixed value of ®;, the periodicity of Eq. (2.28) must follow ®3 to be

27 /3. Thus measuring all angles with respect to the reaction plane Wg, and
keeping only the first nontrivial term in the Fourier series we have

P(®3|®1, Ug) = % {14 2B cos[3(3 — Ug) — (¢ — Up)]} (2.29)

The amplitude B and the phase ¢* are functions of ®; — Wy, so we can have
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further expansion of B and the phase derivatives ,

B = BO + 282 COS(Z(T)l) s (230&)
do* -

(—b = Co + 202 COS(Z(I)l) s (230b)
dd,

where ®; = ®; — Ui, As the ®; increases by 27 , the phase ¢* must change
by a multiple of 27 to leave the conditional probability distribution invariant.
The simplest possibility which qualitatively describes the trends illustrated in
Fig. 2.8 and Fig. 2.9 is to take Cy = 1. In a general Fourier series of two
variables other possibilities would be allowed, for example, Cy = 3. However,
such correlations turn out to be small in the Glauber model. Integrating
Eq. (2.30b) we find

¢* = ®; + Cysin(2®;) + constant (2.31)

The constant required to reproduce Fig. 2.8 is . The combination of Eq. (2.29),
(2.30a), and (2.31) leads to the following parametrization,

1
P((bg‘q)l, \IJR) = % {1 — Q[BO — 282 COS 2(@2 — \DR) COS(?)(I)g — ¢* — quR)} >
(2.32)

in which the angle combination ®; + 2®, — 3®3 indeed appears. In Eq. (2.32)
we absorbed the constant phase 7 in ¢* into the leading minus sign of By and
B and changed the sign of C5 so that all coefficients are positive in the final
fit. Fig. 2.9 shows a fit to the Monte Carlo Glauber at b = 7.6 fm using this
parametrization. The fit does capture most of the essential features, but fails
to reproduce the sharpness of the correlation band.

Finally, we can estimate the scaling of these coefficients with the average
elliptic eccentricity {(€2)). In a central collision P(®1, V) must vanish. This
can be understood by examining Fig. 2.8 and recognizing that in a central
collision there is no distinguishable difference between position A and position
B. The coefficient of cos(3®3 —¢*—2WUg) (i. e., B) describes how phase between
the triangular and the dipole planes changes from position A to position B.
This coefficient must vanish in central collisions where position A and position
B are identical. Finally the coefficients By and (5 reflect the almond shape
and must involve an additional power of ((e)) relative to Cy and B,. With
these remarks we arrive at the scalings,

B[) X <<62>>, B2 X <<62>>2, 02 [0 ¢ <<€2>>,. (233)
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Figure 2.9: The conditional probability distribution P(®3|®, V) for impact
parameter b = 10.5 fm. The dashed curves are fit with parameter C', = —0.53.

Some results of initial two-plane and three-plane correlations

More systematically, as a generalization of the discussion above, we investigate
the initial two-plane and three-plane correlations, with respect to the recent
results of event plane correlations measured by ATLAS collaboration for Pb-Pb
collisions [7]. The simulations in this section are done using PHOBOS Glauber
model. Other effective models, such as MC-KLN [94] and MC-Glissando [9],
can also be taken into account, but does not change our conclusions.

Shown in Fig. 2.10 and Fig. 2.11, strong correlations, such as the cor-
relations between (®g4, 1), are obtained from PHOBOS Glauber simulations.
Except the correlation ((cos 6(®3—®5))), in which higher order anisotropies are
not involved, the cumulant defined and moment defined participant plane cor-
relations are different. For example, the negative ((cos(4®4 — 4P,))) reflects a
strong anti-correlation, while the corresponding correlations {(cos(4P§ —4®,)))
is positive. Similarly, a sign difference can also be found in the two-plane cor-
relation (P, Pg) and three-plane correlation (®y, O3, 5) etc..

To understand the difference between the cumulant and moment definitions
in terms of the angle correlations, we take (®4, ®3) as an example. In the mo-
ment definition, this negative result can be expected because the fourth order
eccentricity ¢, is trivially anti-correlated with the second order eccentricity e,.
These trivial geometric correlations are removed with the cumulant definition
by the subtraction of the nonlinear terms. Recall the cumulant definition of
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Figure 2.10: Initial state two-plane correlations of LHC Pb-Pb collisions
Initial state two-plane participant plane correlations from PHOBOS MC-
Glauber model. The corresponding event plane correlations measured by AT-
LAS collaboration [7] are shown for comparisons.
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Figure 2.11: Initial state three-plane correlations of LHC Pb-Pb.
Initial state three-plane participant plane correlations from PHOBOS MC-
Glauber model. The corresponding event plane correlations measured by AT-
LAS collaboration [7] are shown for comparisons.
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4-th order anisotropy,

) -212

Che™®i = — i }{_7043}“ Y] = e, + 3 [626i2¢’2}2 (1+49), (2.34)
where 0 characterizes the deviation from a pure Gaussian background. In the
limit of a pure Gaussian without any perturbations, Eq. (2.34) leads to C4, = 0
and €4 = 3€3, and a perfect anti-correlation ®4 — @, = 7. When non-Gaussian
effects are taken into account from the realistic Glauber background, we should
expect the correction leads to a positive §. As a result, non-trivial positive
correlations between (®§,®,) are deduced, i. e.,

cos 4(®§ — @y) ~ €4 co84(Py — Py) + 3e5(1 + 6)
~ 3¢5 [cos 4(Py — ®y) + 1+ 0] . (2.35)

This crude geometric analysis explains the correlation of ((cos4(®y — 9)))
and the anti-correlation of ((cos4(®y — ®@4))). Furthermore, the sign flipping
from ((cos 4(Py — Py4))) to (cos8(Py — P4))) and ((cos 12(Py — Py))) can also be
understandable in the similar way.

Nevertheless, these initial participant plane correlations are not compatible
to the ATLAS measurements.

Discussion

We hope that the cumulant expansion presented in this chapter organizes and
formalizes the study of initial state fluctuations in heavy-ion collisions. The
convergence of the cumulant expansion is sufficiently good as illustrated in
Fig. 2.4 for a smooth Glauber, test with respect to a fluctuating initial profile
is left for future studies. In the cumulant expansion formalism, the anisotropies
are systematically defined. In particular, we found in the third cumulant, W3 ;
describes the rapidity-even dipole asymmetry. The formulation of the cumu-
lant expansion in Section 2.1 is constrained in the 2-dimensional transverse
plane. A generalized discussion in the 3-dimensional space, containing also
the n, dependence, can be found in Appendix B.

Initial state participant plane correlations were analyzed using Monte Carlo
Glauber simulations. In particular, We find that in non-central collisions the
dipole asymmetry is preferentially out of plane leading to a v; out of plane. We
also noted the strong correlation between the dipole asymmetry, ellipticity and
the triangularity. A pure geometric explanation for the {({cos(®; + o — 3P3))
was proposed. Although the simulated magnitude of these eccentricities from
the cumulant definitions are found not quite different from the moment defi-
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nitions, effects of cumulant definition on initial participant plane correlations
are significant. In Fig. 2.10 and Fig. 2.11, with cumulant and moment defini-
tions, even a sign difference can be found, e. g. the correlation (®4, ®3). On
a geometric ground, the obtained results of these initial plane correlation can
be understood. In our work, other effective models, such MC-KLN [94] and
MC-Glissando [9] can also be applied for initial participant plane correlations,
but still fail to explain the experiment results in Fig. 2.10 and Fig. 2.11.
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Chapter 3

Flow response

In the previous chapter we discussed the initial state fluctuations. In particular
we analyzed the initial state participant plane correlations using the cumulant
expansion. comparing the final state correlations [7] to the initial state corre-
lations in Fig. 2.10 and Fig. 2.11 have shown significant differences, suggesting
that the medium response to the initial perturbations is nontrivial. To im-
prove these theoretical predications, and to approach a better understanding
of flow generation in heavy-ion collisions, in this chapter we will analyze the
medium response in details.

The medium response to the initial state anisotropy can be characterized
by flow response coefficients. As will be clarified later, the flow response coef-
ficient,

observed flow (3.1)

flow response coefficient = —— - -
initial state information
quantifies the mapping from the initial state to the final state observations.
Thus in the flow response formalism, the predicted observables, such as har-
monic flow v,,{2}, can be factorized in terms of flow response coefficients (which
are studied in this chapter) and initial state anisotropies (which were studied
in the previous chapter). There is strong experimental and theoretical evi-
dence that the harmonic flow, vy and v3, are to a good approximation linearly
proportional to the corresponding deformations in the initial entropy density
in the transverse plane. In general, flow response coefficients, and thus the
mapping from the initial state and the final state, can be analyzed as a func-
tion of the medium properties. In Section 3.1 we review and investigate the
linear flow response formalism. The dependence of the linear flow response
coefficient on collision centrality, transverse momentum and 7/s are analyzed
based on ideal and viscous hydrodynamic simulations of heavy-ion collisions.
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In an insightful paper Gardim et al [95] studied the correlation between
higher harmonics, v, and vs5, and the initial spatial deformations within ideal
hydrodynamics. This work explained and quantified the extent to which the
higher harmonics such as v4 and v5 arise predominantly from the nonlinearities
of the medium response. For example, for mid-central collisions the observed vy
is predominantly a result of the interactions between vy and vs. In [85], Heinz
and Qiu investigated the linear relation between harmonic flow v, and initial
eccentricity €,, using event-by-event ideal hydrodynamics. They find that the
elliptic flow vy and triangular flow v3 are linearly proportional to €5 and €3 from
very central (b = 0 fm) to very peripheral collisions !. However, for vy and ¢,
, and vs and €5, a simple linear relation is not found. In addition, it is also
confirmed from the comparison of the linear flow response coefficients between
their event-by-event hydrodynamic and single-shot hydrodynamic calculations.
These analyses suggest the necessity of considering the nonlinearities in the
medium expansion.

Thereby, as an extension to the linear flow response, by considering non-
linear mode mixing of the harmonics, we construct the nonlinear flow response
formalism. The nonlinear generation of harmonics can thus be described in
the nonlinear flow response formalism, with the formulation shown in Sec-
tion 3.2. With the nonlinear response coefficients systematized, as a function
of transverse momentum, centrality and 7/s, the medium response formalism
is applied for realistic predictions. A simple discussion is made in Section 3.3.

3.1 Linear flow response

In this section, we briefly review the concept of linear flow response in heavy-
ion collisions, and test its applicability. In linear response, a linear relation
between the observed harmonic flow and the initial azimuthal anisotropy is
assumed

Ve = % X (enei”q)”) . (3.2)
In Eq. (3.2), the associated observables of order n, i.e. harmonic flow v,
and event plane angle VU, are written compactly in a complex form, which
parallels the description of initial state fluctuation in the bracket on the right
hand side (r.h.s.) of the equation. The linear relation in Eq. (3.2) defines a
linear response coefficient, w,, /€,. Note we have specified the notation w,, for

'For the very peripheral bins, there is a slight deviation from the linearity between v
and e3.
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the linearly generated n-th order harmonic flow, instead of v,. Accordingly
Wy, /€, is used to symbolize the linear flow response coefficient.

Following the strategy in Section 2.2, the initial geometric deformation is
characterized by the cumulant expansion form Eq. (2.18). For calculating the
linear response of harmonic order n, we introduce the corresponding deforma-
tion by the input eccentricities €, = 0.05 and ¢, = 0 if m # n, on a spherically
symmetric Gaussian background. Hydrodynamics describes the medium ex-
pansion with respect to the specified initial condition, and the linearly gener-
ated flow v, is calculated. To quantify the linear flow response coefficient pre-
cisely, the output initial eccentricity e2*** is taken so that w, /e, = v, /e ™.
In our calculations, the participant plane angle ®,, of the initial profile is taken
to be aligned with the reaction plane Wg for simplicity.

3.1.1 Flow development during the medium expansion

The medium expansion in heavy-ion collisions is a process that transform the
initial state spatial anisotropy to the observed anisotropic flow in final state
momentum space. The generation of the momentum anisotropy can be seen by
investigating the evolution of the medium profile, especially the flow velocity
profile.

Evolution of eccentricities

Driven by the gradient anisotropy, the bulk evolves with respect to a speci-
fied initial state geometry. Accordingly, the spatial anisotropy is transformed
into momentum space and the harmonic flow develops. As a result, in the
linear flow response formalism, for each harmonic order n, we should expect
the decreasing of spatial eccentricities €,, and the increasing of momentum
anisotropy €,,, as a function of evolution time during the bulk expansion. In
this section, we will explicitly label x in the subscript of the spatial eccentricity
to distinguish it from the momentum anisotropy. Corresponding to ellipticity,
the second order momentum anisotropy is traditionally defined as

[P (T —-TW) [ d*x(e + P)ul cos 2¢,
@ g (T Tw) [ d2x[(c + Py + 2P]

(3.3)

where u, = /u?+u2 and ¢, = tan~'(u¥/u”) define the geometric profile
in the flow velocity space. However, the numerators and denominators in
Eq. (3.3) do not have manifest covariance under transverse boosts. To remedy
this flaw, we first write the measure in these integrals as the fluid three volume
in the local rest frame d¥,u” = d*zdnTu’. Then projecting to the transverse
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plane, we introduce the new definition

[ Pxrul(c + P)u?cos2p, [ d*xr [T — traces]
€op = —
T [ @erud (e + Pu2 + €] [ d?xT [T0u0]

(3.4)

which is slightly different from Eq. (3.3). Note in the second equation of
Eq. (3.4), the numerator has been re-expressed in terms of an irreducible rank
two tensor out of momentum density 7% and flow velocity u/,

T0w) — traces = 5 (T + T — §9T %) . (3.5)
Eq. (3.4) and the relation Eq. (3.5) for second order anisotropy can be ex-
tended, to define any order of anisotropy in the momentum space. For exam-

ple, corresponding to dipole asymmetry €1, and triangularity es,, we have the
third order tensor,

TOtydy) = §(T0’ujul — perms) , (3.6)

The irreducible form of this tensor is used to define triangular anisotropy in
momentum space,

[ Par [T°Cu"u®) — traces] [ d*xTu’ [(¢ + p)ud cos 3¢,

= [ d?xT [T0u0u0] [ axrT0u0u0 o (37)
The trace is used to define the dipole asymmetry in momentum space,
[ x5 T°Cuiw?) [ dParul (e + p)ud cos ¢,]
€1p = = (38)

[ PaTT0u0u0 [ ParTO0u0u0

Armed with these definitions, Fig. 3.1 illustrates the development of the trian-

gular flow and the dipole asymmetry as a function of time. As is familiar from
studies of the elliptic flow [30, 33], the spatial anisotropy decreases leading to
a growth of the momentum space anisotropy. When the spatial anisotropy
crosses zero, the growth of the momentum space anisotropy stalls. The figures
also indicate that the elliptic flow, the dipole asymmetry, and the triangular-
ity all develop on approximately the same time scale 7 ~ /(r2)/cs, where
¢s is the speed of sound. It is interesting to note the major contribution to
the harmonic flow is from the QGP phase of the expanding medium (the first
several fm/c in Fig. 3.1).
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Figure 3.1: (a) The spatial anisotropy of the entropy distribution €, , €, ,

and €3, (see text) as a function of time for b = 7.6 fm. (b) The momentum
anisotropy €1, €g, , and €3, (see text) as a function of time. The time scale in
these figures should be compared to \/{r?}/c, ~ 5.4 fm.

Evolution of flow velocity profile

Another important aspect of the flow is the radial flow profiles. To illustrate
this we decompose the transverse flow velocity into harmonics 2

(7, ) = ul(r) + ul) (1) cos(¢y) + ul? (1) cos(2¢,) + ul®) (1) cos(3¢,) + . ..
(3.9)

For a radially symmetric Gaussian distribution only the transverse flow u? is
present and shows a characteristic linearly rising flow profile. When an elliptic
deformation is added, the second harmonic also shows a linearly rising profile.
Close to the origin, this behaviour can be understood with a linearized analysis
of acoustic waves in a flowing background. The flow velocity in an acoustic
analysis is the gradient of a scalar function ® which can also be expanded in
harmonics

O(r, p,) = DO (r) + @ (r) cos 2, + ... . (3.10)

2For a initial state with random fluctuations, the corresponding flow velocity profile has
non-trivial dependence on the participant plane angles ®,,, which should be included in the
decomposition as in Eq. (3.22) in a more serious manner. In this section, regarding the
analysis of the development of flow velocity, neglecting the ®,, dependence does not affect
the conclusions.
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Figure 3.2: Flow profile evolution
(a) The zeroth harmonic of the flow profile (see Eq. 3.9) for the radially symmetric
Gaussian adopted in this work. The root mean square radius of the Gaussian is
adjusted to reproduce an impact parameter of 7.6 fm. (b) The first harmonic of the
flow profile for a distribution with a net dipole asymmetry. (c¢) The second harmonic
of the flow profile for an elliptic perturbation. (d) The third harmonic of the flow
profile for a triangular perturbation
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If ®(r,¢) is an analytic function of  and %, then ®® must be quadratic for
small 7. Consequently, the gradient of this function u(® (r) will rise linearly at
small r. Similarly, the triangular deformation ®®(r) should be cubic at small
r and the flow profile u® (r) should be quadratic. These features are borne out
by our numerical work as exhibited in Fig. 3.2. The first harmonic is negative
at small r followed by a quadratically rising profile at larger r. This structure
can be qualitatively understood using momentum conservation as discussed in
the previous section for the dipole asymmetry.

As seen from Fig. 3.2, the dipole and triangular flows are biased toward
the edge of the nucleus, which can be attributed to the harmonic response to
the anisotropy proportional to {r"}. Due to this bias, the more sensitivity of
higher order harmonic flow is expected to the freeze-out prescription.

3.1.2 Linear flow response coefficients

To have a fully determined prediction for the final state observables,in addi-
tion to the knowledge of the initial state from Monte Carlo simulations, we
require linear flow response coefficients w, /€,. The linear response coefficients
are a function of collision centrality, the properties of the medium, and the
transverse momentum of the observed particles. These dependencies must
reproduce the analogous dependencies observed in the data. In this work,
ideal and viscous hydrodynamic calculations are used with a lattice EoS. The
freeze-out is taken with respect to a constant freeze-out temperature 7%, = 150
MeV.

pr dependence

In Fig. 3.3, the transverse momentum dependence of linear flow response co-
efficients of harmonic order n < 5 are obtained from ideal hydrodynamic
calculations for a RHIC Au-Au collision event with b = 7.45 fm.

As was explained in [96] based on a saddle point approximation for the
freeze-out integral for ideal hydrodynamics, and implied from flow profile in
the previous section, in the regime of large enough pr, the pr dependence of
the generated flow is, v, (pr) o< pr 3. For the small pr range, in a very similar
manner the analysis leads to the result v, (pr) o< (pr)™. These two extreme pr
regions are apparent in Fig. 3.3, and especially we should note the transition
region from (pr)™ to the linear py dependence of these flows.

Since dipole flow vy is constrained by the conservation of transverse mo-
mentum, as discussed in Section 2.1, correspondingly the pr dependence of

3The original analysis was proposed for elliptic flow vy, but the conclusion can be nat-
urally extended to any harmonic order.
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ideal hydro.

Figure 3.3: pr dependence of linear response coefficients.
wp/€én(pr) from ideal hydrodynamic simulations for RHIC Au-Au collisions, with
the impact parameter b = 7.45 fm.

linear flow response coefficient wy /€7 is not monotonic, and w; /e; crosses zero
at pr = p%. Based on the conservation of transverse momentum, and an
approximated particle spectrum, it can be argued that the crossing point is
related to the radial flow of the expanding medium, 4. e. p) ~ (p2)/{pr).

When viscous effect of hydrodynamics is considered, the high pr regime
linear dependence is broken as a result of the viscous corrections to the freeze-
out integral. We leave the detailed discussion on this issue in Chapter 5.

Centrality dependence
In Fig. 3.4, the integrated results of w, /€,,

n N

220) = [ dpr > unor. )

are plotted as a function of impact parameter b, from ideal and viscous hy-
drodynamic calculations. Note since the integral is dominated by the low pp
region, linear dipole flow response coefficient is negative. From very central to
very peripheral collisions, the primary change of the expanding system is the
decrease of the fireball life-time, which is the direct result of the decreasing
entropy density as well as the system size. Therefore, towards a larger colli-
sion centrality a smaller radial flow is excepted to be developed, as well as the
linear flow response. As is confirmed in Fig. 3.4 from both ideal and viscous
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Figure 3.4: Centrality dependence of linear response coefficients
wp /€y, as a function of impact parameter, from the ideal and viscous hydrodynamic
simulations for RHIC Au-Au collisions. To make the response coefficients visible, a
factor of 3 and 5 are multiplied for wy/Cy4 and ws/Cs respectively.

hydrodynamics, the magnitude of the flow response coefficients has a slight
monotonic decrease when b increases.

Another salient feature we note in Fig. 3.4 is the systematic decrease of
these linear response coefficients with the growth of harmonic order, which
can also be seen in the differential spectrum in Fig. 3.3. In fact, to make
wy/Cy and ws/Cs visible, a factor of 3 and 5 have been multiplied respectively.
Viscous effect which damps these linear flow response coefficients tends to
substantiate the decrease, in particular w,/Cs and ws/Cs become negative at
larger centrality in the viscous hydrodynamics results. The viscous w4/Cy and
ws/Cs curves in Fig. 3.4 stop abruptly as a function of centrality, since we
have truncated the curves when response falls below zero to avoid physical
inconsistency.

Dependence on shear viscosity

The linear flow response is damped by the viscous effects of medium, as indi-
cated in viscous hydrodynamic calculations. Intuitively, the viscous damping
of the flow response can be understandable as follows. The sensitivity of a
medium response to the geometric deformation depends on the mean free path
Amips Which can be roughly estimated as A, & n/s. Therefore for a medium
system with larger shear viscosity, the expected sensitivity of the medium re-
sponse is reduced. In addition, a characteristic length A7, of harmonic order
n can be assigned to the anisotropy e€,, quantifying the length scale of the
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Figure 3.5: Linear flow response dependence on 7/s
Linear response coefficients w,, as a function of viscosity relative to the ideal re-
sponse.

spatial azimuthal deformation. Geometrically A\, decreases with respect to
the growth of n for a system with finite size. As a result, qualitatively describ-
ing the ability of medium response to the initial state azimuthal deformation
as the ratio A% /A.q, it is not difficult to expect higher order harmonic flow
suffering more from viscous damping, as seen in Fig. 3.5.

For a pure conformal theory, hydrodynamics with analytical solution has
been developed by Gubser and Yarom [97]. It was realized in their analysis
that a coordinate transformation with respect to conformal symmetry can be
applied to the Bjoken boost invariant 241 dimensional hydrodynamics, so
that the manifold of the hydrodynamics is simplified with a SO(1,1) x Z5 x
SO(3) symmetry. Each linearized perturbation labeled by (n,m)-th cumulant
is damped by a factor ~ exp(—1I'y,,, t;) relative to ideal hydrodynamics, where
t; is an estimate for the duration of the event. Gubser and Yarom’s solution
shows that the damping coefficients I, ,, scale as

ln — 2
Tyt ~ Tfp (" 2m —|—m) , (3.11)

for a conformal equation of state and a particular background flow [97]. Our
numerical work (Fig. 3.5) is not limited to the conformal equation of state
or the particular background flow of Ref. [97], and shows that this scaling is
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reasonably generic [73, 88]. Specifically, the formal estimate given in Eq. (3.11)
implies a definite pattern among the viscous corrections to v,,:

Aw, Awy n Aws n
——r @ —— g x4-, —— 9-,
wy wy s wy s
Aw Aw
26, = o5 (3.12)
id s id S
4 5

where Aw = w'iseows — yideal and wid is the ideal hydro response coefficient.
Note, in particular that the viscous corrections v; and vy are similar since
v; and vy respond to the dipole asymmetry, Ws;, and the ellipticity, W2,
respectively [88]. Since the slopes of the vy : vg : v3 : vy : v5 curves in Fig. 3.5
have approximately the expected ratios 4 : 4 :9: 16 : 25, our numerical work
qualitatively confirms this pattern of viscous corrections.

When viscous effects become remarkable in hydrodynamic simulations, e. g.
the calculation of w,/Cy and ws/Cs in Fig. 3.4 at very peripheral collision
bins from viscous hydrodynamics, and in Fig. 3.5 with large enough n/s, a
negative linear flow response is achieved. However, except the negative result
of dipole flow which is natural, the flow response of medium should always be
non-negative. The obtained inconsistency reflects the incompleteness of our
viscous hydrodynamic simulations, which we will detail in Chapter 5.

3.1.3 Application of linear flow response

Based on the simple assumption of linear flow response, Eq. (3.2) gives rise to a
direct one-to-one mapping between initial state and final state. For example,
it is straightforward to estimate the magnitude of the predicted harmonic
flow as linearly proportional to €,, and the angles are identified, ¥, = &,,.
In this spirit, considering only linear flow generation in hydrodynamics, the
predicted event plane correlations are identical to their corresponding initial
state participant plane correlations, see in Fig. 2.10 and Fig. 2.11, which case
we refer as the ‘linear limit’ in our work.

As a result of linear flow response assumption, we obtain the particle spec-
trum from one heavy-ion collision,

dN N > w .
- = ingp [ M —in®,
d¢p_27r [1—1—5 e (e €6 >—|—c.c.

n=1 n

, (3.13)

from which, regarding the realistic experiment measurements with specified
event average process, the multi-particle correlation functions can be formu-
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Figure 3.6: Via/Vaa and Via/Vaa as a function of Npg,..
Fourier components of the two particle correlation function as a function of Npart
relative to the quadrupole component. (a) The triangularity component compared
to the Alver Roland fit [54] of STAR inclusive two particle correlation functions [98].
(b) The dipole compoent relative to the quadrupole component.

lated. For example, the two-particle correlation function is

dNadNb NaNb a b |
<< doedgb >> ~ n)? [1 + Z (%) <<Ei>>em(¢a_¢b)

a a,, b

i E«Q»BZ(?%—?%) i w2;‘)2 ((€2)) ! 20at20n—122)
b

1 <<€%ei2(‘1)1—‘1>2)>>6i(¢a+¢b—2‘192)

wiw
2
€
w

b

wiws <<€1636i(‘191*3<1>3+2<1>2)» e (Pa—3dp+202)

€1€3

+...+ab| +ce, (3.14)

where a and b label the particle type, and the symmetrization of a and b
is applied to all terms that is not symmetric with respect to the exchange of
indices (a, b). The first line in Eq. (3.14) represents the contribution from diag-
onal correlations, which defines the generally observed harmonic flow v, {2} =
(wn/€,) X €,{2}, as well as the Fourier component in a two-particle spectrum
Via = (v,{2})?. In Fig. 3.6 the linear flow response from ideal hydrodynamics
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Figure 3.7: {(cos(¢, + ¢» — 2W¥R))) from hydrodynamic simulation.
{(cos(¢pq + ¢p — 2WR))) is calculated based on linear flow response formalism. The
measured results are charged particle correlation from RHIC STAR collaboration[99,
100].

makes a definite prediction for the different V,,o. The elliptic flow is too large
in the ideal massless gas model considered here. We will therefore simply plot
the ratios of the different Fourier components as was done in the Alver and
Roland paper. Using just the linear response coefficients, and the Glauber
estimates for (€3))/((e3), Fig. 3.6(a) compares the strength of the triangular
component to the quadrapole component.

The ideal hydrodynamic prediction (with a massless ideal gas EoS) is gen-
erally too large and fairly sensitive to the freeze-out temperature. This sensi-
tivity reflects the fact that the triangular flow develops further toward the edge
of the nucleus. Fig. 3.6(b) compares the dipole component to the quadrapole
component. The dipole component is a factor of 8 smaller than the quadrapole
component. This is a reflection of the fact that ¢; is small, and the fact that
wy(pr)/e€1 is positive and negative. The dipolar flow is also sensitive to the
details of the freeze-out.

All of the survived contributions of the non-diagonal correlations from the
event average are rooted in the initial state almond shape geometry, e. g. ((€2)),
or correlations e.g. {((cos2(®; — @5))). In Eq. (3.14), only a few terms of
importance and relevant to the present discussions are displayed. However it
should be emphasized that there are in principle infinite number of non-trivial
observables implied in the ellipsis.
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Figure 3.8: Differential (cos(¢, — 3¢, + 2¥g)) of mid-central collisions.
A hydrodynamic prediction for the expectation value (cos(¢, — 3¢y +2¥r)) and the
corresponding measurement from ALICE collaboration[82].

Based on Eq. (3.14), the predictions can be made for many of the observed
two-particle correlations, given the information from Monte Carlo simulation
of fluctuating initial state and the linear flow response efficients from hydro-
dynamics. For example, the measured (cos(¢, + ¢, —2¥R)) * is determined by
the initial state plane correlation and the linear dipole flow response w; /e,

b

) (w—) (G cos2(@ — D). (3.15)

€1

(cos(a + Gy — 2Up)) = 2 (w—

€1

As discussed in the previous chapter, the preference of dipole angle pointing
out-of reaction leads to a centrality dependent correlation between ®; and
®,. Reflected in the expectation value of (cos(¢, + ¢» — 2¥g)), as a function
of centrality the prediction from ideal hydrodynamics is shown in the left
panel in Fig. 3.7. Lower freeze-out temperature means a longer period of
medium response, so that a larger magnitude of response value w;/e;. In
order to investigate the possibility of local parity violation in the initial stage
of heavy-ion collisions, as proposed in [101] as the chiral magnetic effect, the
expectation value (cos(¢,+¢,—2¥r)), and in particular the imbalance between
the detailed charge components (same and opposite) was measured by STAR
collaboration[99, 100]. Although was carried out for a conformal equation
of state, our calculation predict the same order of magnitude, providing a
background neutral correlation.

1The single angle brackets (...) in this work is often used to notate an average with
respect to the particle spectrum.
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Comparing to the STAR measurement, (cos(¢, + ¢ — 2V g)) was an in-
sightful beginning of analyzing initial state geometric information from final
state particle spectrum. Focusing on the 6-th term in the bracket in Eq. (3.14),
in a very similar manner, the expectation value of (cos(¢, — 3¢, + 2WR)) is
connected to the initial state correlation between ®;, 5 and &3,

(cos(da — 3 + 20 p)) = — s (eres cos(Dy + 20y — 3D3)) . (3.16)

€1€3

Since the combined contribution in the r.h.s. of Eq. (3.8) is of the similar order
of magnitude, the expected final state correlation should also be measurable
in experiment. Taking the integrated flow response for the b labeled particles,
and taking a to label particles of pr, we have the prediction of a differential
correlation in the left of Fig. 3.8. As the application of Eq. (3.16), it is not
difficult to realize that the differential structure of the predicted correlation is
controlled by the pr dependence of dipole flow vy, and the magnitude partly
relies on initial plane correlation ((cos(®; + 2Py — 3®3))). Indeed, for the
prediction of the mid-central collision, the correlation curve crosses zero from
low pr region to high pr region at the same py value of dipole flow v;.

Nonetheless, in spite of the comparable pattern of the correlation at low pp
from ALICE experiment, in the right panel in Fig. 3.8 a significantly different
pr dependence is observed. This inconsistency, together with the general mis-
prediction of the ‘linear limit’ for the event-plane correlations, implies the
unavoidable contribution beyond linear order of flow response.

3.2 Nonlinear flow response

As has been noticed in the application of linear flow response in Section 3.2,
the simple factorization of the generated harmonic flow as the product of initial
state eccentricity and linear flow response is problematic, in reproducing some
of the observables in experiment, in particular when higher order (n > 4)
harmonics is involved.

In order to go beyond the leading order flow generation from the linear
response assumption, we extend the formulation Eq. (3.2) with higher order
nonlinearities. For the generation of harmonic flow v,,, due to the rotational
symmetry and reflection symmetry, the effective nonlinear contributions are
constrained. Let us take the pentagonal flow v5 as an example. In additional
to linear response to Cs, there exists the allowed nonlinear contribution from
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the response to the coupling of ellipticity e and triangularity es, 7. e.

. , w ;
vge %5 = 22 (Cse™™") + e (eegeBP2H329)) (3.17)
Cs €2€3

It is easy to check the rotational symmetry of the above expression, since the
combination 2®, 4 3®3 is also periodic in 27/5. As a result, to form this type
of nonlinear mode mixing we expect an ellipticity and a triangularity simulta-
neously in the initial state. With respect to the initial deformation from the
combined effect of e;€3, we defined the flow response coefficient as ws(23)/(€2€3).
Besides w which notates the flow response in analogous to the linear flow re-
sponse, the sub-indices demonstrate the formation of a 5-th order flow from the
nonlinear coupling of the second and third order anisotropies. Also, it should
be noticed that the nonlinear flow response coefficient ws23)/(€2€3) roughly
scales as ~ (wy/€2) X (w3/€3).

A generalization of this analysis leads to the description of flow generation
from nonlinear mode mixing of any harmonic order. For example, considering
nonlinear flow response to €xe3 and €3, we have of quadratic coupling order for
dipole flow,

fUle_Z\Ill — —1 <€1€_Z¢)1) + & (62636_1(3¢'3_2®2)) ) (318)
€1 €2€3
and quadrapole flow vy
vgeT = T (e ) T (e (319
4 2

In principle to completely capture the flow generations, in the formulations
Eq. (3.17), (3.18) and (3.19) we should have infinite number of nonlinear terms
that satisfying symmetry constraints. For instance, there exists a cubic order
mode mixing for the quadrapole flow wy(112) that responses to 6%62. However,
since higher order nonlinear couplings decrease dramatically, we expect the
flow generation to be dominated by the lowest order anisotropies and their
mixing. In Table 3.1, the nonlinear terms contributing to the flow generation
included in this work are listed.

In this section, we focus on the medium response to €2 and ee3, from
which the nonlinear flow generation of wy(22), ws(23) and wy(23) are analyzed.
In our single-shot hydrodynamic simulations, to obtain wyg) it is sufficient
to deform the initial Gaussian background with only ellipticity e; = 0.05.
However for ws(23)y and w23y we have a more complicated initial profile with
> €5 = €3 = 0.05. In analogous to the calculation of linear response coeffi-

5From time to time, for the specific problem we are considering, e, of larger value is
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Table 3.1: Nonlinear terms considered in this work

U1 w1(23)/(€2€3)

U3 ws(zs)/(€2c5) .

Ve | Waen/(€3)  wanz)/(e1€s)

Us w5(23)/(€2€3> . c.

Vg ’LU6(24)/(€2C4) w6(33)/(6§) w6(222)/(€%>

cients, rescaled by the output value of eccentricities €**", vy, v5 and v, from
the corresponding hydrodynamic calculations give rise to the nonlinear re-
sponse coefficients wy(zz)/€3, Ws(23)/(€2€3) and wy(23)/(e2€3). In particular, for
the calculation of ws23)/(€2€3) (and wy(23)/(€2€3)), because two different types
of deformations are simultaneously introduced in the initial state with the cor-
responding participant angles ®, and ®3, there is an extra factor expected in
the denominator,

Ws(23) vg
€9€3 €51 P e cos(2Py + 3P3) ’

(3.20)

where vf is the x-component of the obtained flow vs. For this case, the relative
angle ®3 — &, breaks the rotational symmetry, resulting in a potential &3 — @,
dependence of the nonlinear flow response coefficients.

For these particular examples, in parallel to the discussions in Section 3.1.2,
we investigate the dependence of transverse momentum pp, centrality and
viscous effect 77/s of nonlinear flow response coefficients. Given the properties
of these coefficients, predictions on an event-by-event basis can be made.

3.2.1 Nonlinear flow response coefficients

When multiple eccentricities are considered in the initial state simultaneously,
e. g. €5 and €3 for nonlinear vy generation, the dependence on the relative angles
needs to be examined. In Fig. 3.9, the nonlinear flow response coefficients
Ws(23)/(eae5) AN W1(23)/ (€2€3) from one very peripheral collision event are plotted
as a function of the initial relative angle ®3 — ®,. The ellipticity e; and
®, in these calculations are taken naturally from the asymmetric Gaussian
background. For this extreme example, although the geometry of rotational

taken from an asymmetric Gaussian background. For realistic hydrodynamic simulations,
taking €5 to be a small value or generically from the Gaussian does not alter the conclusion
of the obtained nonlinear flow response coefficients.
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Figure 3.9: Angle dependence of nonlinear flow response coefficients.
Nonlinear flow response coefficients ws23) /(c,e;) and wy(23)/(€2€3) are calculated for
a very peripheral collision event with impact paramter b = 11.1 fm for RHIC Au-Au,
with ideal and viscous (/s = 1/47) hydrodynamics, as a function of the relative
angle &3 — O,.

symmetry is broken apparently, negligible dependence of the relative angles
of the obtained nonlinear flow response coefficients are found. As a result, in
the following calculations for simplicity we can keep the relative angle &5 — &,
zZero.

pr dependence

The transverse momentum dependence of the nonlinear flow response is illus-
trated in Fig. 3.10, for n = 4 and n = 5 for one mid-central collision event
of RHIC Au-Au from ideal hydrodynamic calculation. At low pr region, non-
linear flow response coefficients present very similar pr dependence, to the
corresponding linear flow response w,/C, and ws/Cs. However, dramatically
distinguished from the behavior of o pr of linear flow response coefficient
in large pr region, the obtained nonlinear flow response coefficients of the
quadratic order rise as oc p%. This p2 dependence of nonlinear flow response
coefficients can be generally found in all of the quadratic couplings of flow
generations, which, together with the linear pr dependence of linear flow re-
sponse coefficient, can be interpreted quantitatively by analyzing the high pp
fraction of the freeze-out integral. Viscous effects are not considered in these
calculations, which we leave to the discussion in Chapter 5.
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Figure 3.10: pr dependence of nonlinear flow response coefficients.
Nonlinear flow response coefficients ws(a3) /(cyeq) (PT) and wy(22y/(e2€2) (pr) from ideal
hydrodynamic simulations for RHIC Au-Au collisions with b = 7.45 fm. pr depen-
dent linear flow response coefficients wy /€2, wy/C4 and ws/Cs are plotted as well for
comparisons.

Centrality dependence

In analogous to the analysis for the centrality dependence of linear flow re-
sponse, when the system size decreases with the increases of centrality, insuf-
ficient flow development during medium expansion also leads to a reduction of
nonlinear flow response. As been confirmed in Fig. 3.11, a monotonic drop of
the nonlinear flow response coefficients with respect to the growth of centrality
is seen, in both of the results from ideal and viscous hydrodynamics.

Comparing to the linear flow response of dipole flow, nonlinear response
to initial eze3 gives rise to a slightly smaller value of response coefficient
wi(23)/ (€2€3). However, the magnitudes of nonlinear flow response coefficients
wy22)/€5 and ws(23)/(€2€3) are significantly larger than the coefficients ws/Cy
and ws/Cs in Fig. 3.4. Especially from viscous hydrodynamic calculations
this effect is even stronger. Note since the obtained coefficients wy(oy) /e2 and
ws(23)/ (€2€3) for peripheral collisions from viscous hydrodynamics are over-
suppressed, a similar cut is applied as what has been done for the linear re-
sponse coefficients.

Dependence on shear viscosity

When the quantitative analysis Eq. (3.11) of viscous damping is applied to non-
linear flow response, considering the nonlinear flow generation as the product
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Figure 3.11: Centrality dependence of nonlinear flow response coefficients
Nonlinear flow response coefficients, wy20)/€3, ws(a3)/(€2€3) and w3/ (e2€e3) are
plotted as a function of centrality. The results are obtained from ideal and viscous
hydrodynamic simulations for RHIC Au-Au collisions.

of linear flow response, the damping rate of nonlinear flow response coefficients
can be estimated. For example, ws23) is effectively the product of wy and ws.
As a result, we expect the viscous damping of ws(23)/(€2€3) to be described as
~ e F2277e713377 g0 that the damping rate

AZ05(23)

Ds23)7p = (oo + Tg3)7p ~ — x (4+9)—. (3.21)

ideal
W (23)

n |3

Eq. (3.21), and the generalized formulas of this type for the nonlinear flow
response coefficients, quantifies the viscous damping effect. In particular, the
inequality (a+b)? > a*+b? and the decomposition of the nonlinear flow viscous
damping rate have an significant deduction: The effect of viscous damping on
the n-th order harmonic is weaker for the nonlinear flow response than its
corresponding linear flow response.

In Fig. 3.12 the damping rates of wy(a2)/€3, Ws(23)/(€2€3) and wi(23)/(€2€3)
are plotted as a function of n/s, for a mid-central event of RHIC Au-Au colli-
sions. Comparing to their corresponding linear flow response coefficients, the
above analysis is found to be semi-quantitatively consistent, with the excep-
tion of wy(23). In addition to the correct prediction of the slopes of the curves
by the equations like Eq. (3.21) , a relatively stronger viscous damping of
linear flow response is obtained as expected. However, as a special case, the
obtained viscous effect of w3y contradicts our reasoning, e.g. I'ye3) > I'y.
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Figure 3.12: Nonlinear flow response dependence on 7/s
Viscous damping rate of wy(3), wy(22) and ws(23) as a function of n/s. The corre-
sponding linear flow response coeflicients are plotted as well for comparisons.

The interpretation is possibly due to the extra constraint from the momentum
conservation, which will have to be investigated in future studies.

In Fig. 3.12, for sufficiently large n/s the negative value of w4, ws; and
ws(23) are spurious as a result of the inconsistency of viscous hydrodynamic
calculations. A more systematic treatment of this issue will be discussed in
Chapter 5.

3.2.2 Origins of the nonlinear flow generation

The nonlinear flow generation is confirmed from the simulations of ideal and
viscous hydrodynamics, with a specified formulation the corresponding non-
linear flow response coefficients are extracted in the previous section. In this
section, for the purpose of a better understanding of the flow generation mech-
anism, we give a tentative discussion on the origins of these nonlinear mode
mixing. Taking into account the whole evolution of medium in the framework
of hydrodynamic calculation, the mode mixing can exist in the fluctuating
initial state, the medium expansion and the freeze-out.
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Figure 3.13: Participant plane angle time evolution
The evolution of the cumulant defined participant plane angle ®,(7), from ideal
hydrodynamics for one selected event with initial state fluctuations. The angle ®,,’s
change by the value 7/n is associated with a natural flipping of the geometric shape.

Initial state

As detailed in Chapter 2, the initial state with fluctuations in our work is
characterized by the cumulant expansion formalism. Comparing to the tra-
ditionally used momentum definition, in cumulant definition there are extra
nonlinear terms coming from lower order anisotropies. For instance, in the
definition of quadrapole anisotropy, the nonlinear part which is proportional
to €2 is subtracted. This sort of subtraction ensures a essential feature of
cumulant definition, that the interference between different cumulant orders
is prevented, i. e. the omission of one term in the cumulant expansion series
cannot be supplemented by the others. As a consequence, as long as cumulant
expansion formalism is applied for the fluctuating initial state, and consider-
ing the medium response with respect to the cumulant defined eccentricities,
initial nonlinear mode mixing can be ignored.

In medium expansion

The medium expansion is characterized by hydrodynamics, thereby the mode
mixing during medium evolution can be in principle investigated based on the
analysis of hydrodynamic theory, e. g. the Gubser-Yarom solution of confor-
mal hydrodynamics. However, with respect to the realistic medium system
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and flow generation in heavy-ion collisions, analytical description of nonlinear
mode mixing in medium at present is not approachable. Alternatively, with
numerical simulations of the system evolution, the mode mixing in medium
can be examined.

In Fig. 3.13, selecting one particular event with initial state spatial fluctu-
ations, we track the time evolution of the cumulant defined participant plane
angle ®,,. As a typical example on an event-by-event basis, the initial profile
in the left figure in Fig. 3.13 is azimuthally deformed of all harmonic orders.
Driven by this bumpy structure, the system expansion leads to a time evolving
medium spatial distribution p(x, 7), based on which the time evolving partici-
pant plane angle ®,,(7) is calculated. As shown in the right panel of Fig. 3.13,
despite the natural switch of the geometric shape of each harmonic order at a
certain time, resulting in a dramatic change of A®,, = 7/n, these angles de-
velop independently on time. Note the non-analytical drop or rise in the change
of 3, &, and P5 is due to an artificial effect in the numerical calculation. It
is not difficult to deduce the corresponding time evolution in the momentum
space, that the development of the generated momentum anisotropies does
not depend on time either, indicating the absence of harmonic mode mixing
during medium expansion. Since the spatial correlation, as well as the possible
mode mixing, is diminished by dissipative effect of medium, the result in this
example from ideal hydrodynamics strongly constraints in medium nonlinear
flow coupling.

Mode mixing from freeze-out

The freeze-out process of hydrodynamic calculation transforms the space-time
dependent medium distribution f(z,p) into momentum anisotropy — the har-
monic flow. Generally it is realized by the Cooper-Frye formula Eq. (1.33).
Although the integral in Eq. (1.33) needs to be solved numerically for realistic
calculations, for ideal hydrodynamics and in the large pr region the saddle-
point approximation can be applied for an analytical analysis, as proposed by
Borghini and Ollitrault [96].

First let us recall the harmonic decomposition of the radial flow velocity in
the transverse plane. The transverse flow vector is a function of the velocity
azimuthal angle relative to the reaction plane, ur = (u, cos ¢, u, sin ¢,), in
which the angle dependence of the radial flow u, can be expressed as

(1, ) ~ ul(r) + 2ul) (1) cos(¢y — ®1) + 2ulP (r) cos 3(dy — Pa) + ... (3.22)

Note the participant plane angles are introduced in the decomposition, since
®,, are conserved during the medium expansion for the spatial geometry. Then
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in the large pr region, approximated by the classical Boltzmann distribution,
the commonly considered constant temperature freeze-out process relies on the
integrand ©,

eP~u/T — e—Ep“TepT/TUT(Ta¢u)C05(¢p—¢u) , (323)

where E), is the energy. Adopting the non-relativistic approximation U7 ~ 1,
and assuming the flow is approximately radial, so that ¢, ~ ¢,,

P /T rop=Ep/T opr/Tul” cos(¢p—¢r)

1+ (2]'% nz:; u™ cosn(g, — ®,,) cos(¢, — ¢r)>

1

2
.1 (%;u@ cosn(d, — B,) coswp—@)) o (3:24)

In the Cooper-Frye formula, and for sufficiently large pr/T, the ¢, integral
under saddle point approximation is dominated around ¢, ~ ¢,. As aresult, in
the harmonic decomposition of the particle spectrum, we arrive at the following
form

2
dN 2pT n 1 2pT n
a5, ~1+ (T Zu£ ) cosn(¢, — CD,J) + 3 (T;u£ ) cosn(¢, — @n)>
+... (3.25)

Read from Eq. (3.25), the terms in the first bracket are easily recognized
as the result of linear flow response wy,(pr) ~ uﬁ")pT /T, which explains the
linear dependence of pr of linear flow response coefficients. When calculating
v, from the angle average of the spectrum, the integral [ d¢,cosng,dN/dp,
obtain extra contributions from the terms in the second bracket of Eq. (3.25),

all of which grow quadratically with py. For example, for the quadrapole flow

1 dN  pr L rpr 2
S Ay~ Pl 4 = (M@)o 2
Vg QW/dqbp Ccos ¢pd¢p i + 5 U +..., (3.26)

despite the linearly generated wy ~ pr /Tu£4), the (pr)? dependent term can
be identified as the nonlinear flow response wy(22). The relation wy(gg) = %w%
leads to the characteristic relation vy = %U% in Borghini-Ollitrault argument.
Similar reasoning gives rise to the nonlinear flow generation ws3) = wows,

which leads to vs = vyv3. Identifying these higher order terms as the nonlinear

5The rapidity dependence is neglected, since it does not affect the analysis here.
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couplings in the formation of harmonic flow, Eq. (3.25) suggests the freeze-out
process as the origin of the nonlinear mode mixing, and quantitative relations
between these linear and nonlinear response are effectively described.

3.2.3 Application of the nonlinear flow generation

Nonlinear flow response formalism extends the applicability of single-shot hy-
drodynamics. With respect to the realistic heavy-ion collisions, quantify-
ing the initial state fluctuations on an event-by-event basis with azimuthal
anisotropies, the single-shot hydrodynamics framework with both linear and
nonlinear flow response can make reliable predictions, for the observed har-
monic flow and event plane correlations etc.. Furthermore, as discussed in the
previous sections, there exist particular parameter domains in which nonlinear
flow response actually dominates the flow generation of higher order harmon-
ics: large transverse momentum, large centrality and large n/s, based on which
the physical behavior of the observables can be explained. To complete the
single-shot hydrodynamics framework with also nonlinear flow response, in
this section we present the basic formulations.

Integrated harmonic flow

In realistic heavy-ion collision experiments, the measurements of harmonic flow
needs to be designed in specified means so that the effects of event-by-event
fluctuations are naturally contained in a events average process. For instance,
as has been emphasized in the previous chapters, for the measured harmonic
flow v,{2} from two-particle azimuthal correlations, the events average is im-
plied in the definition, v,{2} = (v2)/2. In our work, since the generated
flow is formed in terms of linear and nonlinear flow response, as shown in the
formulae Eq. (3.17), Eq. (3.18) and Eq. (3.19), the straightforward application
leads to,

U1{2} _ <<|w16—i‘1>1 + w1(23)€—i(3¢’3—2<1>2)|2>>1/27 (3.27a)
v {2} = (Jwae™*™ + 1114(22)6_i4<bz|2>>1/2 , (3.27Db)
v5{2} = <<|w5€—i5¢’5 + w5(23)€—i(3<1>3+2<1>2)|2>>1/2‘ (3‘27(3)

In writing these equations, although only one type of nonlinear flow response is
included for each of the harmonics, higher order corrections with more nonlin-
ear contributions can be taken into account for better predictions. The flow re-
sponse w’s in Eq. (3.27) are proportional to their associated initial anisotropies,
with the response coefficients extracted from hydrodynamics separately. With
these analytical expressions, the detailed dependence of the predicted flow on

67



the transverse momentum, centrality and 7/s through flow response coeffi-
cients, can be analyzed. Taking vs{2} for an example, squaring Eq. (3.27b) it
is clear there are three terms in the average,

Uy 2o (D1 2 2 La22) 2 € W Waz2) 4€9 COS 4 — P2))) .
27 = () et (M52) () + e e cosie 2)2»8)

Note besides the contributions from pure linear and nonlinear flow response,
there is a positive cross-term depending on the initial plane correlation. In gen-
eral, the above form of the generated flow is expected for all of the harmonic
orders, with pure linear and nonlinear contributions, together with cross-terms.
Accordingly, the predicted behavior of the harmonic flow relies on a competi-
tion of these terms.

In Fig. 3.14, the predicted v,{2} for the LHC Pb-Pb collisions of harmonic
order n = 3,4,5 and 6 are plotted as a function of centrality. Based on vis-
cous hydrodynamic calculations, with respect to the lattice EOS, these curves
roughly describe the behavior of harmonic flow of the observed pions. The
separate contributions from linear and nonlinear terms are shown as well for
comparisons.

First of all, we should notice the increasing relative contribution of nonlin-
ear to linear flow response in the flow generation with the growth of centrality.
This trend is more obvious for the higher harmonic flow. For ultra-central
collisions, linear flow response is the dominant effect for vs, vy and vs, but
not for vg. As a result, for sufficiently large centrality, nonlinear flow response
becomes the dominant mechanism for flow generation, as expected. When the
associated initial plane correlation is negative, such as {(cos(®; + 2Py — 3P3)))
for v3{2}, the cross-term has a negative contribution, as exhibited in Fig. 3.14.
In calculating v4{2} and vg{2}, we also include some higher order nonlinear
terms. For n = 4, we take into account the contribution from wy(;3). Shown in
Fig. 3.14, the negligibly small wy(13) comparing to wy(22) makes the truncation
of nonlinear flow flow generation to wa(s2) reasonable. For n = 6, however,
as illustrated in Fig. 3.14, in addition to the comparable nonlinear response
of wg(24y and wg(3s), in very peripheral collisions the cubic order contribution
We(222) is of considerably significance. More nonlinear terms in the calcula-
tion lead to a more complicated vg prediction, which will be seen later in the
discussion on event plane correlations.
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Differential harmonic flow

Let us discuss how this formalism can be used to study the pr dependence of
the flow. The particle spectra is expanded in harmonics

dN dN - .
= 1+ Up, e ¥n(pr)) 4 ¢ e | | 3.29
dprdd, — dpr ( 2 tnlor) (329)

n=1

where the phase, ¥, (pr), is in general a function of pr. Then v,(pr){2} in
the W,, plane is normally defined as

(vn(pr)vn cos(n(Vn(pr)=V¥n)))

1

- v {2) "

Un(pT){2} - {_(Ul(pT)Ul cos(Vy(pr)—¥1)) n—1 ) (330)
v1{2} o

where we have inserted an extra minus sign for vy (pr), since the integrated vy
is negative. The phase angle W, (pr) is often assumed to equal ¥,,. Using the
formalism outlined above we write v1(pr) as a sum of the linear and nonlinear
response

U1 (pT)e_i‘lll(pT) = W1 (pT)e_i(DI + w1(23) (pT)e_i3¢3+i2¢2 . (331)

Then the numerator of vy (pr){2} is given by

{v1(pr)vs cos(Wi(pr) — ¥y))) =

((wy (pT)w1+w1(23) (pT)w1(23)+ [wl(pT)wl(QS) + Wi(23) (pT>w1] cos(P1—3P342D,))) ,
(3.32)

and the denominator is given by the integrated expression for v1{2}, Eq. (3.27a).
The corresponding result of v;{2}(p;) is shown in Fig. 3.15. Similar expressions
follow for v4{2}(pr) and vs{2}(pr).

Armed with the formulation of differential spectrum of harmonic flow, the
asymptotic behavior of v,, and in particular the Borghini-Ollitrault argument
that v4s = %U% and vs = vyv3 can be testified. Based on the analytical approxi-
mation of freeze-out Eq. (3.25), in ideal hydrodynamic calculations we expect
the asymptotic relations between the linear and nonlinear flow response coef-
ficients

2
1

w4(22)/e§ - w5(23)/(€2€3) g1 (3.33)

(wa/€2)? pr—oo 2 (wa/€2)(ws/€3) pr—oo

When initial state fluctuations are considered for realistic heavy-ion collisions,
corresponding to the measured harmonic flow v,{2}, these asymptotic rela-
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tions are modified [102],

v4{2} 1 {(e3)) 1/2 vs{2} \ ((e2e3)2) 1/2
va{2}? provec 2(<<e%>>2> - e{2}us{2} pmo’(«eg»«eg») - (3:34)

The value of these geometrical ratios are recorded as a function of centrality in
Table 3.2. We have found that rather large pr is needed to see the nonlinear
limit given by Eq. (3.34). In the current framework, the linear and nonlinear
response terms, and their interference, determine the full result. Fig. 3.16
shows the complete result for v4{2}/v2{2}? (scaled by {(e3))/{e2)?) for ideal
and viscous hydrodynamics. Focusing on the ideal results, we see that full
results (the solid lines) approach the nonlinear expectation of Borghini and
Ollitrault (the dashed line) only very slowly. This is in large part because
wy(pr) is only qualitatively linear at sub-asymptotic pr and increases almost
quadratically at intermediate pr ~ 1.5GeV, momentarily keeping up with
the nonlinear response. When viscous corrections are included, the nonlinear
results become dominant in peripheral collisions. Similar results for vs in ideal
and viscous hydrodynamics are also shown in Fig. 3.16. In the viscous case,
the nonlinear result gives almost the full v5{2} for all centrality classes shown.

It is worth noting that the magnitude of the viscous corrections as a func-
tion of pr for vy and vy are sensitive to ansatz used for the viscous distri-
bution function, df [60]. In particular, the quadratic ansatz used in this
work assumes that the quasi-particle energy loss is independent of momen-
tum, dp/dt o const. A linear ansatz for ¢ f is better motivated for QCD like
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Table 3.2: Geometrical ratios in Eq. (3.34) as a function of centrality.

Centrality % 25 | 7.5 | 125 ] 175 ] 25.0 [ 35.0 | 45.0 | 55.5
NI 1.40 | 1.33]1.26 | 1.22 [ 1.20 | 1.18 | 1.17 | 1.16
V{(e263)2) /({20 (€2)) 1 0.99 [ 0.97 [ 0.96 | 0.95 | 0.94 | 0.93 | 0.930 | 0.92
VAEN () 2.12 | 2.78 | 3.22 [ 3.46 | 3.56 | 3.40 | 3.04 | 2.64

theories and results in smaller viscous corrections for v, and vs as a function
of pr [103]. A complete discussion on this point is reserved in Chapter 5.

3.3 Discussion

We have presented a framework of medium response to understand the higher
harmonics generated in heavy ion collisions. Then we extracted the linear
and nonlinear response coefficients using ideal and viscous hydrodynamics and
studied the dependence on the transverse momentum, centrality and shear
viscosity. The pattern of viscous corrections is further analyzed in Fig. 3.5
and Fig. 3.12 and explained. Generally, when the harmonic order is large,
the nonlinear response is less damped than the corresponding linear response.
Thus, when viscosity is included in hydrodynamic simulations, the nonlinear
response becomes increasingly important for higher harmonics. This qualita-
tive reasoning is confirmed in Fig. 3.14. In these calculations with respect to
the LHC energy, We see that the nonlinear response is essential for vy, v5 and
vg, and constitutes an important correction for vs.

As long as higher order harmonics are not involved in the analyses, lin-
ear flow response formalism can be applied for realistic calculations. For in-
stance, in Fig. 3.6 with ideal hydrodynamics and conformal EoS, the predicted
Vsa/Vana is consistent with experiment. Since a simple one-to-one mapping is
expected in the linear flow response formalism, the nont-trivial initial corre-
lation between the dipole asymmetry and the ellipticity is found responsible
for the measured correlator (cos(¢, + ¢ — 2¥g)) by STAR collaboration, as
shown in Fig. 3.7. In addition, We noted that the strong correlation between
the dipole asymmetry, ellipticity and the triangularity can be measured experi-
mentally by measuring two-particle correlations with respect to reaction plane.
The final result is a linear hydrodynamic prediction for a curious correlator
(cos(pq — 3¢ + 2Wg)), which is shown in Fig. 3.8.

The nonlinear response can be studied by analyzing the pr dependence
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of the flow harmonics. Fig. 3.16 exhibits scaling of v4{2}(pr) and vs{2}(pr).
Fig. 3.15 shows the differential dipole flow v1{2}(pr). In ideal hydrodynamics
at large pr we expect to find vy = %v% on an event by event basis. Our
nonlinear response coefficients corroborate this nonlinear expectation for vy
and an analogous relation for vs, vs = v9v3. However, since what is normally
measured is v4{2}/(v2{2})? and not {(v4/v3)), this ideal nonlinear expectation
must be multiplied by ({(e3))/{(2)?)'/? when comparing to the experimental
data [102]. In addition, this expectation of ideal hydrodynamics is broken by
viscous corrections, and by the linear response to the fourth order cumulant
Cy (i.e. €4). When all of these corrections are taken into account, we find that
relations such as v4s = %vg and vs = vyv3 provide only a rough guide to the full
result.

Throughout we have assumed perfect correlation between ¥, and ®5 from
linear flow response. This strict correlation is only approximately true. For

instance the combination of a v; and a v3 can yield a wvs,
Voe V2 — e 2% 4 wg(lg)e_zgq)”q)l ) (3.35)

This naturally provides a correlation between the ¥y and W3 plane, although
the geometric correlation between ®5 and @3 is negligibly small. Indeed the
(¥q, U3) correlation, which was very recently observed by the ATLAS collabo-
ration [104], is too large to be easily explained with the geometric correlations
of the Glauber model. For the 6-th order harmonic flow, as illustrated in
Fig. 3.14, there are more nonlinear terms that have comparable contributions
to the generated flow. Therefore, in the flow response formalism to describe
the vg flow generation with sufficient precision, we expect

,06677;6\116 — w6€7’i6<1>6 + w6(24)€*i(4¢'4+2¢2) + w6(33)€*i6‘b3 + w6(222)e*’56q>2 . (336)

In particular, we note that the cubic coupling term is dominant for the very
peripheral collisions.
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Chapter 4

Event plane correlations

As one particular example of applying the nonlinear flow response formalism
in realistic calculations, in this chapter we focus on the final state event plane
correlation. Comparing to the harmonic flow v,,, which characterizes the mag-
nitude of the azimuthal asymmetry of the expanding medium in heavy-ion
collisions, final state plane correlations are related to the orientations of these
asymmetries.

There are two reasons that event plane correlations demand a thorough
analysis, especially theoretically. First, the non-trivial correlations of ¥,, are
essential for many of the observed signatures associated with the collective
behavior of the medium. For instance, as we discussed in Section 3.1.3, the
correlation ((cos(¥; — 3W3 + 2W,))) plays a significant role in the expectation
value of the measured two-particle correlation (cos(¢,+¢,—2Ug)). In addition,
event plane correlations affect the measurement of the harmonic flow v, in
the event plane method. Taking the quadrapole flow v, for an example, one
commonly applied measurements is to measure v4 in the reaction plane of the
second harmonic Wo, which actually gives rise to a result o< ((cos4(Vy — Wy))).
Second, as will be clarified later, the formation of these event plane correlations
relies on the combined effect of initial state fluctuations and the flow response
in medium. Therefore, not only the geometric information of the fluctuating
initial state, e. ¢g. the participant plane correlations in initial state, but also
the properties of the medium, can be revealed by studying the event plane
correlations.

With respect to the recent measurements by the ATLAS collaboration of
a series of two-plane and three-plane event plane correlations [7], in this chap-
ter, we present our predictions in the flow response formalism. A formulation
of these event plane correlations in a single-shot hydrodynamics framework,
based on linear and nonlinear flow response formalism is shown in Section 4.1.
Comparing to the experiment data, and the results from event-by-event hydro-
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dynamic simulations [87], the predicted event plane correlations for the LHC
Vs = 2.76 TeV Pb-Pb collisions are shown and analyzed in Section 4.2. In
particular, from our formulation, the formation of these event plane correla-
tions can be interpreted as the competing contributions from the ‘linear limit’
and ‘nonlinear limit’.

4.1 Formulation of event plane correlations

The plane correlations in experiments are measured by event-plane method and
multi-particle correlation method. We will focus on the event plane method
which was used by the ATLAS collaboration. The details of this method were
clarified by Luzum and Ollitrault [105] who showed that if the event plane
method is used, the quantity that is measured depends on the reaction plane
resolution.

For simplicity in the formulations, we make a further abbreviation for the
complex form of the anisotropic flow in the particle spectrum V,, = v,e="¥».
We are interested in describing the correlations involving two and three event
plane angles. For definiteness we will present formulas for a specific correlation,
((cos(4W, — 2(2W5)))), which can be easily generalized to other harmonics (To
aid the reader we have written 40, = 2(2W,) to expose the general pattern.)
The 4-2 plane correlation is related to V; and V5 through

N

(4.1)

Note that both linear and nonlinear response enter this formula for the event
plane correlation.

The ATLAS collaboration quantified the event plane correlations by mea-
suring related correlations between the experimental planes, ‘i!n, as determined
by the Q,-vectors, Q,, = |Q,|le ™Y (See the review: [106]). Further investi-
gation showed that the measured quantity can not be directly interpreted as
an event plane correlation in the form Eq. (4.1). The measured correlations
correspond to Eq. (4.1) only if the event plane resolution approaches unity,

((cos(4T, — 2(20,)) Y {EP} —><< \/(P;;E‘ngéé*)z >> (high resolution limit).
(4.2)

Here and below we have notated the experimental quantity with {EP} [7],
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and the precise definition is carefully examined in [105]. We also note that
the notation is misleading since the actual definition does not correspond to
the average of a cosine, and can be greater than one. In the limit of low event
plane resolution the measured quantities corresponds to

(Re (VaV5)))
VAVAVE ((VaVy)?)
(4.3)

Clearly Eq. (4.3) differs from Eq. (4.2) by the order of event average in these
calculations. More generally the event plane measurements by ATLAS inter-
polate between these two limits.

As the actual resolution depends on the harmonic order and the detector
acceptance, we will compute both the high resolution and low resolution limits
and compare to the experimental data. In the future most of ambiguities in
the measurement definition can be avoided by measuring

((cos(4W, —2(2W,)) ) {EP} —

(low resolution limit)

A

(vav3 cos(4T, — 2(205)))) _ (Re (VaV52)) (4.4)

(ARG VIV ((V2V5)?

as originally suggested in Ref. [107], and more recently in Ref. [105]. Such
angular correlations have already been measured by the ALICE collaboration
[108], but we will not address this preliminary data here. Certainly Eq. (4.4)
is the most natural from the perspective of the response formalism developed
in this work.

Finally, we give one additional example, —8Wy + 3W3 + 5W¥5 of how a three
plane correlation function is calculated in the high and low resolution limits
in order to avoid confusiion

Re (V;*V3V5)
VRV VsV (VaVy)

((cos(—4(202) + 305 + 505)) {EP} %<< >> (high resolution)

(4.5)
{(Re (V5*V3V5))
N AGRINAIAS)

((cos(—4(2W,) + 3W5 + 505 ) {EP} — (low resolution)

(4.6)

In the future the quantity which is most easily compared to theoretical calcu-
lations is

(vgvsvs cos(—4(2W5) + 30 — 5W5))) (Re (V3 'VaV5))) ()
V() (i) (v3) VARV V) (Vs V)
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4.2 Predictions

Fig. 4.1 and Fig. 4.2 show a comparison of the measured two and three plane
correlation functions with the response formalism. From the inspection of
these correlations we make the following observations. First, many of the
most important correlation functions are nicely reproduced at least if the high
resolution limit is used. The agreement with the low resolution limit is not as
good. The ambiguities in the measurement can be avoided by taking definite
moments as in Eq. (4.4) [107]. Examining the definitions of the high and low
resolution limits (Eqgs. 4.2 and 4.3), we see that the difference between the two
measurements can be best quantified by measuring the probability distribution
P(v,) [109] or the moments of this distribution, e.g. for vy

(v2{2})" = (v3)) and  (vo{4})" = — [(va)) — 2(w3))] - (4.8)

It is then a separate and important question wether the response formalism
outlined here can reproduce these probability distributions. This will be ad-
dressed in future work.

There are a few correlations which are seemingly not well reproduced even
for in the high resolution limit. First, one could hope for better agreement
between correlations involving We, such as ((cos(6W5 — 6Ws))) and ((cos(6Wy —
6Us)). In Fig. 4.4 and (4.5), we have replaced the PHOBOS calculation with
Glissando [9] and the agreement with the Wq correlations is somewhat better,
though not markedly so. The most troubling correlation function which is
not qualitatively reproduced by the response formulation is ((cos(2Wy — 6W3 +
4W,))). This correlation is not independent from the other correlations that
are not reproduced.

Origin of these correlations

It is important and instructive to understand the hydrodynamic origin of the
correlations presented in these figures. This is best understood by examining
the linear and nonlinear contributions separately. Fig. 4.3(a) and (b) illustrate
this decomposition of the correlations ((cos(4Ws—4W,))) and (cos(2Ws+3W5—
5WU5))) respectively. The naive (moment based) expectation of the Glauber
model is shown in Fig. 4.3 by the dotted line and has the wrong sign. As was
explained in Section 2.3, in this approach the correlation is assumed to arise
from the initial state participant fluctuations and the angles associated with
these moments.

In a more strict manner, the cumulant defined initial anisotropies should
be taken. Then with only linear flow response formalism in hydrodynamic
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Figure 4.1: Two-plane event plane correlations.
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predictions based on a high resolution assumption. The dashed curves are
obtained in the low resolution limit. Data points are taken from the ATLAS
measurements [7].
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Figure 4.3: Decomposition of the event-plane correlations into the ‘linear limit’
and ‘nonlinear limit’, corresponding to the formation of event-plane correla-
tions from initial geometry and medium expansion.

simulations, these initial participant correlations are identically transformed
into event plane correlations, giving rise to these dash-dotted curves in Fig. 4.3.
In the flow response formalism, this linear one-to-one mapping between the
initial and final state plane correlations, which we refer as the ‘linear limit’,
can be recognized as a result of neglecting the nonlinear response in these
formulations. For example, the following results

wq

(cos4(Ty — Uy)Y) e (cos4(D, — D)), (4.9a)
w5(23)

((cos(2Wy + 3W3 — 5W5)) ((cos(2®y + 3D5 — 5P5))) , (4.9b)

can be achieved in both high resolution limit Eq. (4.2) and low resolution
limit Eq. (4.3). The ‘linear limit’ of these correlations reflects the original
initial state plane correlations. On the other hand, if in these formulations the
linear flow response are neglected, the ‘nonlinear limit’ results which entirely
rely on nonlinear flow response contributions are obtained. The ‘nonlinear
limit’ reflects the formation of event plane correlation from medium evolution.
For the 4-2 and 2-3-5 event plane correlations in Fig. 4.3, it is not difficult
to see that the pure nonlinear flow response generates perfect correlations,
1. €. 1. Since the two distinguished effects contribute simultaneously, the ob-
served correlations should lie somewhere between these two limits. As known
from the systematic analyses on the flow response in Chapter 3, the relative
contributions to the flow generation from nonlinear flow response grows with
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centrality. Consequently, starting from a correlation close to the ‘linear limit’
prediction, the event plane correlation is expected to approach the ‘nonlinear
limit” with respect to the increase of collision centrality, which explains the
curves in Fig. 4.3.

Error estimate in our simulations

In reproducing these event plane correlation functions, there exists a practical
issue related to the linear and nonlinear flow response coefficients from our
viscous hydrodynamics. For some of the peripheral collisions we have the spu-
rious negative flow response coefficients, as discussed in Section 3.1.2. One way
of avoiding this physical inconsistency is to truncate abruptly these coefficients
as a function of centrality when they cross zero. Although introducing the cut
in these flow response is not a perfect solution to the problem, it is instructive
to check the extent to which our hydrodynamics (also hydrodynamic simula-
tions of most other groups) overestimates the viscous effect in these peripheral
collisions.

In Fig. 4.4 and Fig. 4.5, besides our prediction with a non-cut flow response
coefficients shown in the solid lines, the results with a cut on the flow response
coefficients are plotted as these dashed lines. For these correlations in the
LHC Pb-Pb collisions, when (N,,..) is less 200 or so, corresponds to a central-
ity of = 20%, the effects are noticeable. And this is the region in which our
predictions miss the experimental observations. Comparing the non-cut and
cut predictions, we have a rough estimate of the errors in the our viscous hy-
drodynamic framework. Since viscous damping effects are more significant for

higher order harmonic flow, it is not surprise to expect the large uncertainties
in correlations, such as {(cos(6®y — 6Pg))) and ((cos(6P3 — 6Pg))).

4.3 Discussion

With PHOBOS MC-Glauber model, and n/s = 1/4 in viscous hydrodynamics
with the freeze-out temperature T, = 150MeV, our predictions for the event-
plane correlations qualitatively match the experiment, except ((cos(2W,—6W3+
4¥,))) at non-central bins. Considering we only have nonlinear flow genera-
tions from some of the primary nonlinear terms, and for the calculations which
aim mainly at interpretations, the results are acceptable. The comparison of
our predictions to the event-by-event hydrodynamics as well [87] show some
consistency, in particular the dependence on the medium shear viscosity. All
of these verify the applicability of the nonlinear flow response formalism in
heavy-ion collisions on an event-by-event basis.
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Figure 4.4: Two-plane event plane correlations based on PHOBOS Glauber [§]
and Glissando Glauber [9] models. The solid curves correspond to the ‘non-
cut’ calculations, while the dashed curves correspond to the ‘cut’ calculations.
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Figure 4.5: Three-plane event plane correlations based on PHOBOS Glauber
[8] and Glissando Glauber [9] models. The solid curves correspond to the ‘non-
cut’ calculations, while the dashed curves correspond to the ‘cut’ calculations.
(See text)
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The advantage of the flow response formalism is demonstrated in the anal-
ysis in Section 4.2. As the dependence on the medium property of the flow
response is systematically studied in Chapter 3, the influence of the medium
expansion on the observed event plane correlations can be understandable.
For instance, the enhancement of the correlation {(cos(4¥y — 4W¥s,))) is well
interpreted as the increase of nonlinear flow response effect. With the sim-
ilar ‘linear limit’” and ‘nonlinear limit’ arguments, the patterns of the plane
correlations can be related to the medium properties. Especially, since the
n/s dependence of flow response is well established theoretically, extraction of
shear viscosity from these plane correlations can be expected.

The viscous effect from hydrodynamics for the peripheral collisions is ques-
tionable. Since the viscous hydrodynamics framework is not consistent, which
we will address in Chapter 5, there exists uncertainty of our predictions for
the peripheral collision bins.
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Chapter 5

Second order viscous
corrections, 0 f()

One of the primary goals of viscous hydrodynamic simulations with respect to
the realistic heavy-ion collisions is the extraction of the transport coefficients
of the QGP medium, in particular the shear viscosity to entropy ratio 7/s.
Progresses towards this direction have been made based on the realization of
initial state fluctuations, since the observed harmonics in experiment have ob-
tained an substantial extension, with not only elliptic flow vy, but also vy, vs,
up to vg measured quantitatively. These new signatures, e. g. v,{2} and event
plane correlations, supply more constraints and thus a better determination
of n/s. However, as noticed in the viscous hydrodynamic calculations, also
discussed in the previous chapters, the predicted flow response of higher har-
monic orders is negative as long as the viscous effects are sufficiently large, e. g.
with large input 7/s or small system size. These unphysical results reflect the
over-estimates of viscous damping effect of present hydrodynamic framework.

In hydrodynamics, dissipative effects are included in two aspects: the vis-
cous hydrodynamic equations of motion and the viscous corrections to the
phase space distribution function at freeze-out 0 f(x, p). Although both of the
two aspects are responsible for viscous damping in hydrodynamics, the effect
of §f(x,p) is generally the dominant one [103]. In Fig. 5.1, a series of vis-
cous hydrodynamic simulations give rise to the 4-th order linear and nonlinear
flow response coefficients, as a function of transverse momentum. The formal
calculations, i. e. considering viscous equations of motion and § f(z, p) simul-
taneously, with respect to a increase of input 7/s, demonstrate a substantial
viscous damping. In particular, when 1/s = 2/4m the flow response coefficients
cross zero at large pr. Comparing to the moderate viscous suppression when
effects of § f(z, p) is neglected, the grey curves in Fig. 5.1, it is reasonable to

86



0.5

ideal
0.4 H1/8n
1/4n
0.3 [2/4n
1/4n
< 0.1
=
[0 —
-0.1 ¢
-0.2
-0.3
0

Figure 5.1: wy(pr) and waeg) (pr) from hydrodynamics with different 7/s.
The pr dependent linear and nonlinear flow response wy and wy(z9) from a series
hydrodynamic simulations with increasing value of 7/s. To distinguish the effect
of freeze-out df, calculations with only ideal distribution fy are shown in the grey
color.

attribute the obtained negative flow response to the inappropriate formulation
of 6 f(z,p).

The treatment of the viscous corrections to the phase space distribution
function at freeze-out in current hydrodynamic simulations is truncated at first
order, 0 f-(x,p), in which viscous corrections of the order of only first spatial
gradient are consistently considered, in the form of Eq. (1.35). On the other
hand, due to the causality problem of hydrodynamic theory, the equations of
motion with viscous corrections of up to second order in gradients are used
practically. For instance, the BRSSS hydrodynamics Eq. (1.32) has been found
in realistic calculations with convergence, and especially to the measured har-
monic flow. The inconsistency between the equations of motion and 0 f, and
the consequent over-estimate of viscous damping in the calculations of higher
order harmonic flow, consist the major motivation of this part of our work.

To compute the viscous corrections to the phase space distribution we will
analyze kinetic theory of a conformal gas close to equilibrium in a relaxation
time approximation. This extreme idealization is still useful for several rea-
sons. First, a similar equilibrium analysis of QCD kinetic theory was used to
determine the second order transport coefficients to leading order in ay [110].
This analysis (which will be discussed further below) makes clear that the
details of the collision integral hardly matter in determining the second order
transport coefficients. Indeed, we will see that the structure of the second
order viscous correction 9 f(2) is largely determined by the kinematics of free
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streaming, rather than the details of the collision integral. Thus, an analysis
based on a relaxation time approximation is an easy way to reliably estimate
the size of such second order corrections in heavy ion collisions. Second, the
overall normalization of § f(9) is constrained by the second order transport co-
efficients 7, and A{, in much the same way that the shear viscosity constrains
the normalization of ¢ f(;). These constraints allow us to make a good estimate
of the form of viscous corrections at second order for a realistic non-conformal
fluid.

With this functional form we study the effect of ¢ f(2) on the harmonic spec-
trum in heavy ion collisions. In Section 5.1 we outline how 0 f) is computed
in kinetic theory. Then, in Section 5.2 we discuss the practical implementation
of this formula in a hydrodynamic code used to simulate heavy ion collisions.
These results are used to simulate the linear response to a given deformation,
€,. The linear response is largely responsible for determining the v, in cen-
tral collisions. In non-central collisions the linear response and the quadratic
response determine the harmonic flow and its correlations [57, 70, 71, 85, 95],
but the quadratic response will not be discussed in this initial study. Finally,
we will summarize the effects of 0 f(2) in Section 5.3.

5.1 2nd order corrections to f(z,p)

5.1.1 Hydrodynamics

In evaluating ¢ f(2) to second order we will need the hydrodynamic equations of
motion. Throughout this analysis we are working with a conformal fluid and
consequently the bulk viscosity is set zero, ¢ = 0. For a conformal fluid the
possible tensor forms of the gradient expansion for 7 through second order

were established by BRSSS

1
wg.
10’ u

T = Wf‘f) + Wé") +...=—no" + 7. | (Do) + y
+ A1 (0", 0") 4+ Ao (0 Q) + A (M) + ..., (5.D)

Rewriting hydrodynamic equations of motion, to express the time derivatives
of energy density and flow velocity in terms of the spatial gradients of these
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fields

DE:—(E—'—P)V-u—'—gO‘#VUAU‘V_i___., (5.2&)
AP A)\a)\ﬂ)‘l)‘g
Duy == —— — ——— 2h
i e+P e+ P (5.2b)
V.P n
-z 4+ P - s+ P [(d - 2) <0M>\V)‘lnT> + <V,\U),‘L>] +.... (520

is crucial for the following derivations. The ellipses in Eq. (5.2) denote terms
third order in the gradients. In passing from Eq. (5.2b) to Eq. (5.2¢c) we have
used the first order expression for 7 = —no*”, the conformal temperature
dependence of 7 oc 7971, and the lowest order equations of motion Eq. (1.23).

In hydrodynamic simulations of heavy ion collisions the static form of the
constituent relation Eq. (5.1) is not used. Rather, this equation is rewritten
as a dynamical equation for m,, which is evolved numerically [111]

T = —not” — 1, (D7) +

d 17r’“’V “u| 4 % {mh 1)

— % (T Q) + A3 (2, Q) (5.3)

Similarly, when constructing ¢ f at first and second order we will systematically
replace 0, with —m,,/n. For fluids with an underlying kinetic description,
the transport coefficients are additionally constrained, with A3 = 0 and Ay =
—2n7, [110], and these relations used in the simulation. The appropriate values
for A\; and 77, will be discussed below.

5.1.2 Kinetics

To determine the viscous corrections to the distribution function we will solve
the kinetic equations in a relaxation time approximation through second order
in the gradient expansion

fp=np+0fp =np+0fa) +0f2) + ... (5:4)

In a relaxation time approximation the Boltzmann equation reads

PO f() = —2—: o) = n(—p - ua(2)/T.(@)] | (5.5)
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where the dimensionless coefficient C, is related to the canonically defined
momentum dependent relaxation time

Tr(E)p)
T

p

C,=1"

(5.6)

Following Ref. [103], we will parametrize the momentum dependence of the
relaxation time as a simple power law

TR X Ezl,_a , (5.7)

with « between zero and one. As we will see below, a = 0 gives a first
order a viscous correction which grows quadratically with momentum (which
is known as the quadratic ansatz), while @ = 1 gives a first order viscous
correction which grows linearly with momentum (and is known as the linear
ansatz).

At leading order, the parameters T, and U} which appear in the kinetic
equation are equal to the Landau matched temperature and flow velocity, T’
and u”. However, starting at second order T, and U# will differ from 7" and
ut by squares of gradients:

T.(x)

uli ()

T(x)+ 0T (x), (5.8a)
ut(z) + out(z) . (5.8b)

0T, and 0U# will be determined at each order by the Landau matching condi-
tion:
Ty, = eut .

Expanding n(—p - u./T,) we have

D OUy o7,
T —Epﬁ +,

ny, =np+0on,  ongy =mng, |— (5.9)
where we have used an obvious notation, ny = n(—p - u./T.) and n, =n(—p-
u/T).

Then to determine 0f we substitute the expansion (Eq. (5.4)) into the
relaxation time equation and equate orders. In doing so we use the hydrody-

namic equations of motion through second order to write time derivatives of
T(X) and U*(X) in terms of spatial gradients of these fields. For instance,
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using the equations of motion Eq. (5.2) and the thermodynamic identities

de 1 1 e+P
v =" v dP +d | ) =0, 2= , 5.10
“=ar Terp) T (T) “TTe, (5.10)

and the relations |p|* = E> and ¢} = 1/(d — 1) of a conformal gas, we have

/p,upl/ n;’ BN o Ape | 12 2 2
pfgﬂy—m —Epp 11 2 ONTC +zFE-c no +....

p“aﬂnp =-n 27'p~s
(5.11)
The term linearly proportional to o, is ultimately responsible for the shear
viscosity, while the nonlinear terms contribute to d f(s).
With this discussion, we find that the  f is determined by the hierarchy of
equations:

o PP o
5f(1) :Cpn;’—QT?ft y (512)
and
o * Cpn;’ H1 A Apz | 12 2 2 CP n o
(5f(2) = (5np+ —(8 n P)T?’ —Epp mwa,\ﬂ' —|—§Epcs no —ﬁp 8u5f(1) .

(5.13)

Straightforward algebra uses the equations of motion to decompose 4 f(2) into
irreducible tensors, and determines the final form of ¢ f(‘l) and ¢ f&) (see Ap-
pendix C).

We have put a superscript ¢ in 5f(”1) and 5f(‘2) to indicate that that we are
using o, rather than m,, in these equations. In realistic hydrodynamic simu-
lations of heavy ion collisions 7, is treated as a dynamic variable, and —no,
is systematically replaced by ,,. This yields the following reparameterization

of 6 f

prp”
6f(1) == %Cpn; TIT3 Ty (514&)
0 f2) =018 + 5Com, vy [T + 100 (5.14b)
(2) =0J2) T 3Ly T3 Ty T N0 ] .

where we have replaced o, with —m,, /1 in the first order result, and appended
the difference between these two tensors to the second order result so that,
0f(y +0f2) = 0f3y + 0% up to third order terms.
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To record the result for 0 fo), we first review the familiar first order case.
At first order, 0 f(1) is described by a dimensionless scalar function xo,(E,/T’)

pph?
(5f1 = XOPWT(/JLUQ > (515)

which has been extensively studied in the literature, and determines the shear
viscosity [103]. In the relaxation time approximation this function is related
to the relaxation time

Xop = —3Cpm, - (5.16)
One moment of this function is constrained by the shear viscosity. Indeed,
from the defining relation
y prpY
= /p Téfp, (517)

we determine the shear viscosity

_ 2 / »” (5.18)
TTa-n@+nre ), 55 '
and a constraint on 9 f(9)
prpr
0= /p 5 5 f2) - (5.19)

This constraint reflects the reparameterization of o#” in the first order d f)
with 7#¥. For later use and comparison, we note that the enthalpy is

(c+P) = (dj—ll)T / e (5.20)

which can be obtained by comparing the stress tensor from kinetic theory for
small fluid velocities (i.e. u* ~ (1,v) with v < 1) to ideal hydrodynamics,
T% ~ (e 4+ P)v* [112].

At second order the function ¢ f(9) is described by two dimensionless scalar
functions x1, and x2p

X1p = — 5Cp Xp (5.21)
X2p :Cp XOp- (522)

Two moments of these scalar functions are constrained by the second order
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transport coefficients 17, and A\,

8 PO
A = Ly 5.23
L (d—l)(d+1)(d+3)T6/pX1p E, (5:23)
2 / 4
Ny = Xop P - (5.24)
(d—1)(d+ 115 J,

Then the functional form of 4 f(2) is

X1p PHpH2pHaphd Xap PHpH2PH
6f(2 ==L L [(d + 2) <7TM1/LQVM31HT> - <Vu17ru2u3>]

<7ru1u27ru3u4> +

772 T6 77 T5
Sip PP,y §op P2 E3p P2 AA
+ ? T4 <7TM27TM1)\> + 7T [ﬂ-,uzm + no-uzul] + Wﬁ [Au2A28A17T ! 2]
+ ;241’2%2 , (5.25)
n

where the four scalar functions &, &2p, &3p, &4p are linearly related to xop, X1ps X2p

4152 X2p D
glp = X1p (d + 3) - nTr (T]Tﬂ' + A1) ; (526&)
X _
€2p = Tj'p Ep — Xop 5 (52613)
2]32 N -
§ap = —X2pm + 2X0ngp + ap,n;,, (5.26¢)
2p* E,p*

=2 2 I i
= — — Xop— L E 5.26d
54]) le (d . 1>(d+ 1) X2p (d . 1) Xops pcs + aE*np Db ( )

with p = |p|/T and E, = E,/T.

The coefficients ag. and a,, come from Eq. (5.9) and are adjusted so that

the Landau matching conditions are satisfied. More specifically, we choose dU,
and 07 in Eq. (5.9) so that

. (SU* “1
—p T =ap, % [AH1A28)\17T)\1>\2:| s (527&)
o7, _ 2

Then integrating over fp(X) to determine the stress tensor and demanding
that Eq. (5.19) (which is a restatement of the Landau matching condition),
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we conclude that

ap, :TZT” —(1+4d) (g)Q , (5.28a)
Tnme d+3TN d+1 (7])2

(5.28b)

OB T Tas Td—1 4s 2d-1)

s

Despite being somewhat complicated, the functional form of 0 f(,) is severely
constrained, and is bounded by the transport coefficients 7, A\; and 57, through
Egs. (5.18), (5.23), and (5.24). For a single component classical gas with the
quadratic ansatz o = 0, Eq. (5.18) shows that C, = %, and the three scalar
functions which determine ¢ f(3) can be simplified to

n LT /m\2 L rmy\?
=g =g () e w62

We will discuss the implementation of 0 f(2) in the next section.

5.2 Implementation in simulations of heavy ion
collisions

In this section we will implement the J f(2) corrections in a 2+1 boost invariant
hydrodynamic code. A full event-by-event simulation of heavy ion collisions
with 0 f), together with a comparison to data, goes beyond the scope of
this initial study. Nevertheless, the effect of 0 f) in larger simulations can
be anticipated by understanding how the linear response is modified by ¢ f(2).
Indeed, the qualitative features of event-by-event hydrodynamic simulations
of heavy ion collisions (including the correlations between the harmonics of
different order) are reproduced by linear and quadratic response [70, 85, 95].
In central collisions the linear response is sufficient, and was recently used to
produce one of the best estimates of the shear viscosity and its uncertainty to
date [113]. We will calculate the linear response to a given deformation €, in
order to estimate the influence of d f(2) on v,.

The linear response of harmonic order n relies on the initial azimuthal
deformation introduced by n-th order cumulant, in the way discussed in Sec-
tion 2.2. We will focus on a typical mid-central event with the impact param-
eter b = 7.45 fm. For LHC /s = 2.76 TeV Pb-Pb collision and RHIC Au-Au
Vs = 200 GeV collision, the total initial entropy is adjusted by taking the
constant Cs = 28.04 and 15.9 respectively.

After initializing the Gaussian, we evolve the system with second order
hydrodynamics, Eq. (1.25) and Eq. (5.3), using a variant of the central scheme
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developed previously [43, 114]. Then for a given n-th order harmonic pertur-
bation €, we compute v, /€, by performing the freeze-out integral at a constant
temperature. This evolution requires an equation of state and specified hydro-
dynamic parameters at first and second order. In what follows we will consider
a conformal equation of state for a single component classical gas, and a lattice
motivated equation of state previously used by Romatschke and Luzum [45].

Since it is only for the conformal equation of state p = %e that the analysis
of Section 5.1 is strictly valid we will discuss this case first, and then discuss
the necessary modifications for a lattice based equation of state. To keep the
final freezeout volume of the conformal equation of state approximately equal
to the much more realistic lattice based equation of state, we choose the final
freezeout temperature (Tg, = 96 MeV) so that the entropy density at freezeout
Sy, = 1.87fm™® equals the entropy density of a hadron resonance gas at a
temperature of 7' = 150 MeV. The relation between the temperature and
energy density for the conformal equation of state is e/T* = 12.2, which is
the value for a two flavor ideal quark-gluon plasma. The motivation for these
choices, the parameters of the conformal equation of state, and further details
about the initial conditions and freezeout we refer to our previous work — see
especially Appendix B of Ref. [69].

The second order transport coefficients n7, and A, are all constrained by the
momentum dependence of the relaxation time and the shear viscosity through
Egs. (5.18), (5.23), (5.24). As discussed in Ref. [103], there are two limits for
this momentum dependence which span the gamut of reasonable possibilities.
In the first limit the relaxation time grows linearly with momentum, and oo = 0
in Eq. (5.7). This is known as the quadratic ansatz, and is most often used to
simulate heavy ion collisions. In a similarly extreme limit the relaxation time is
independent of momentum, and o = 1 in Eq. (5.7). This is known as the linear
ansatz, and this limit provides a useful foil to the more commonly adopted
quadratic ansatz. Once the shear viscosity and the momentum dependence of
the relaxation time are given, the collision kernel is completely specified in the
relaxation time approximation, and all transport coefficients are fixed. For a
linear and quadratic ansatz we record the appropriate second order transport
coefficients in Table 5.1.

So far this section has detailed the initial and freezeout conditions, as well
as the second order parameters which are used in the conformal equation of
state. Fig. 5.2 shows the resulting elliptic flow for the quadratic and linear
ansatze for a conformal equation of state including the first and second order
0f. A conformal equation of state has a strong expansion, and, as a result,
generally over estimates the magnitude of the § f correction. Thus the confor-
mal analysis provides a schematic upper bound on the magnitude of the d f(5)
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Momentum Dependence N A
Linear Ansatz (o = 1) (d+1)=5 (d+1)%/(d+3)=25/7
Quadratic Ansatz (o = 0) (d+2)=6 (d+2)=6

Table 5.1: Second order transport coefficients
A compilation of rescaled second order transport coefficients for a linear and
quadratic ansatz in a relaxation time approximation for classical statistics [110].
All numbers in this table should be multiplied by 1n?/(e 4+ P). In a relaxation time
approximation Ay = —2n7, and A3 = 0 [110].

correction. Further discussions on these results is reserved for Section 5.3

Strictly speaking the analysis of Section 5.1 is useful only for a single com-
ponent conformal gas. Nevertheless, we believe the usefulness of the analysis
extends beyond this limited regime [110]. Indeed, examining the steps in the
derivation one finds that only very-few non conformal terms appear at each
order. For instance, if non-conformal corrections are kept in Eq. (5.12) one
finds

5f('1)fnonfconf(p) = CPnlp W 3T3 + T3 ’

v 2 2 1 2\m2
PP O (_Ep pl* | (3 Cs)Ep) v,

(5.30)
which shows that non-conformal terms (the second term in Eq. (5.30)) are
either suppressed by % — 2, or are suppressed at high momentum relative to
the conformal terms.

To extend our analysis to a multi-component non-conformal equation of
state we have followed the simplified treatment that is used in almost all

simulations of heavy ion collisions. First, we will treat all species independently

a T2 a a
P'Oufp(@) = = o [fp(@) = n*(=p- u.(2)/Tu(@))] (5.31)
p
where a = 7, K, p,... is a species label'. We will also adopt the quadratic

ansatz a = 0, so that C; is independent of momentum. Then for every species

'There have been several efforts to go beyond this extreme species independent approx-
imation [103, 115].
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we define the partial entropy and shear viscosity as in Eqs. 5.18 and 5.20

—Ce g p4
_ p a al . 2
EENCEDITEE [T/” E} | -32)
—1 Ja 2
= = [ nt 32

where g, is the spin-isospin degeneracy factor. The full shear viscosity and
entropy density is a sum of the partial results, n = > 7, and s = ) _ s,.
We require that 7,/s, is equal to /s for each species, and thus the relaxation
time parameter C; is, in principle, different for each species. However, for a
classical gas the two integrals in square brackets are equal upon integrating
by parts, and thus C; = 7./s, = 1/s is independent of the mass and species
label. For fermi-dirac and bose statistics these integrals are very nearly equal
(to 4% accuracy) for all values of the mass, and Cj is approximately equal to
n/s for all species independent of mass and statistics.

Now that the relaxation time parameter CJ is fixed for each species, the
corresponding second order d f for each species is found by appending a species
label, n, — ny and C, — C;, to previous results. For a multi-component gas
with a quadratic ansatz we find

a2 294 an P°
NTe + M1 :;(Cp) [(d— N+ 1)@ 13T /pnp Ep] : (5.33a)

e => (Ch)’ {( d—1)_(§a+ K /,, ng’p‘*} . (5.33b)

a

For classical statistics C; = n/s, and integrating the first integral in square
brackets by parts yields a simple relation noted previously [110]

A1l = 0Ty (for o =0). (5.34)

The remaining thermodynamic integrals are most easily done numerically;
summing over all hadronic species with mass less than 1.5 GeV we find

2

(e+P)

A =T, = 8.9. (5.35)
Thus, T'7:/(n/s) = 8.9 would seem to be the most consistent value for the
2nd order transport coefficients during the hydrodynamic evolution of the
hadronic phase. However, this value for T'7; is somewhat too large to be used
comfortably in the simulation (see for example, [44]). Further, T'7,; decreases as
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temperature increases, and T'7,/(n/s) ~ 5 is good approximation in the QGP
phase [110]. We have therefore taken A\, = n7, = 5n?/(e + P) throughout the
evolution. This means that there is a small inconsistency between the second
order §f at freezeout, and the second order parameters used to simulate the
bulk of the hydrodynamic evolution. Similar inconsistencies are found in all
attempts to consistently couple hydrodynamic codes with hadronic cascades
[116].

To summarize, in this section we have specified precisely the initial con-
ditions, the equation of state, the transport coefficients at first and second
order, and the first and second order corrections to the distribution functions.
We have used this setup to compute the linear response coefficients v, /¢, for
RHIC and LHC initial conditions for the first six harmonics. Our results are
displayed in Fig. 5.3 and Fig. 5.4. We will discuss the physics of these curves
in the next section.

5.3 Discussion

This work computed the second order viscous correction to the thermal dis-
tribution function, d f(2), and used this result to estimate the effect of second
order corrections on the harmonic spectrum. Our principle results are shown
in Fig. 5.2 for a conformal equation of state, and Fig. 5.3, and Fig. 5.4 for a
lattice based equation of state. First, examine the vy curves for the confor-
mal EOS shown in Fig. 5.2. The most important remark is that even for a
conformal equation of state, where the expansion is most violent, the deriva-
tive expansion converges acceptably for pr < 1.5 GeV, i.e. the second order
correction is small compared to the first order correction. Not surprisingly,
when a linear ansatz is used for §f (rather than the more popular quadratic
ansatz) the convergence of the derivative expansion is improved at high pr.
Typically in hydrodynamic simulations of heavy ion collisions, the strictly first
order ¢ f(‘l) is replaced by the 0 f(1) which incorporates some, but not all, sec-
ond order terms?. Examining Fig. 5.2, and also Fig. 5.3 and Fig. 5.4, we see
that, while the sign of the second order correction is correctly reproduced by
this incomplete treatment, the magnitude of the correction is generally signif-
icantly underestimated, and the pr dependence of the second order correction
is qualitatively wrong.

Most of these observations remain true for the more realistic lattice equa-
tion of state shown in Fig. 5.3 and Fig. 5.4. Generally, second order corrections
are quite small for the first three harmonics, v; to v3, and become increasingly

2 As discussed above, § f) uses " in place of —no#” when calculating the first order
correction.
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important as the harmonic number increases. Indeed, for vg at RHIC and the
LHC, the second order viscous correction is of order one, and the hydrody-
namic estimate can no longer be trusted. It is also instructive to note that
the sign of the second order viscous correction for pr < 1.5 GeV is positive,
i.e. second order corrections bring the v,(pr) curves closer to the ideal re-
sults. Generally, when the first order correction, becomes so large as to make
vn(pr) negative at first order, the second order correction conspires to keep v,
positive. When constraining 1/s with hydrodynamic simulations, the second
order corrections are most important for vy and vs. Indeed, at RHIC these
corrections are quite important for vs even in central collisions.

For a practical perspective, using 0 f(2) in a hydrodynamic simulation is not
particularly more difficult than using ¢ f(1), and Eq. 5.13 can be readily imple-
mented in most hydro codes. The functional form of ¢ fo) and its magnitude
is about as well constrained as ¢ f(1), and consistency with the second order
hydrodynamic evolution would seem to mandate its use. At very least 0 f()
should be taken into consideration when estimating the uncertainty in the /s
extracted from heavy ion collisions. Finally, when trying to use hydrodynam-
ics in very small systems such as proton-nucleus collisions at RHIC and the
LHC [40, 117-122], second order corrections to d f should be used in order to
monitor the convergence of the gradient expansion.
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Figure 5.2: Differential vy(pr)/€e2 at RHIC and LHC, with CEOS and LEOS
Differential wva(pr)/e2 for RHIC and LHC initial conditions, for a linear and
quadratic ansatz, and a conformal equation equation of state (CEOS). The n,, curves
shows the flow from second order hydrodynamics without the viscous correction to
the distribution function; 6 f(1) and 4 f(1) + 0 f(2) show the flow with the viscous cor-
rection at first and second order; and finally, the § f('l) result uses —no*” instead of
7 in the first order result (see Eq. (5.12)). The freezeout temperature is chosen
so that the freezeout entropy density of the conformal gas equals that of a hadronic
resonance gas at a temperature of 7' = 150 MeV.
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Figure 5.3: Differential v, /€, at RHIC and LHC

Differential vy, /e, from various viscous hydrodynamic simulations at b = 7.45fm
for RHIC and LHC initial conditions, and a lattice equation of state (LEOS) with
Tt, = 150 MeV. Here the n, curve shows the flow from second order hydrodynamics
without the viscous correction to the distribution function; 6 f1y and 0 f(1) + 9 f(2)
show the flow with the viscous correction at first and second order respectively; and
finally, the ¢ f('l) curve uses —not instead of 7 in the first order viscous correction
(see Eq. (5.12)).
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Figure 5.4: Differential v, /€, at RHIC and LHC
Differential vy, /e, from various viscous hydrodynamic simulations at b = 7.45fm
for RHIC and LHC initial conditions, and a lattice equation of state (LEOS) with
Tt, = 150 MeV. Here the n, curve shows the flow from second order hydrodynamics

without the viscous correction to the distribution function; 6 f1y and 0 f(1) + 9 f(2)
show the flow with the viscous correction at first and second order respectively; and

finally, the ¢ f('l) curve uses —not instead of 7 in the first order viscous correction
(see Eq. (5.12)).
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Chapter 6

Conclusions and outlook

In this dissertation work, we have developed a linear and nonlinear response
formalism to describe the correlations observed in heavy ion collisions. This
serves as an alternative to event-by-event calculations for the observed har-
monic flows and plane correlations. Accordingly, with respect to the initial
state fluctuations in heavy-ion collisions, several improvements for the hydro-
dynamic description of the medium expansion have been discussed.

First of all, we introduced the cumulant expansion formalism to analyze
the fluctuating initial state. Regarding initial state fluctuations as perturba-
tions on top of a smooth background, the azimuthal anisotropies are defined in
terms of a series of cumulants. Cumulant defined initial anisotropies are distin-
guished from the traditionally used moments definitions in several ways. First,
for each harmonic order n, we found that there exists an extra index that nat-
urally takes into account of the fluctuations along the radial direction. Second,
in the cumulant definition for the higher order azimuthal deformations a sub-
traction of nonlinearities is implied. Although the cumulant definition is more
complex, the initial state anisotropies are characterized more systematically.
In particular, we described the dipole asymmetry, a rapidity-even asymmetry
in the initial state of heavy-ion collisions on an event-by-event basis. From
Monte Carlo simulations of the initial state, we found that the magnitude of
the dipole asymmetry is relatively small compared to the other eccentricities.
However, the dipole asymmetry induces a noticeable rapidity-even dipole flow
v1, whose unique pr dependence has been confirmed in experiments from both
RHIC Au-Au collisions and LHC Pb-Pb collisions.

In addition, based on the cumulant formalism, we noticed the significance of
initial state participant plane correlations. For example, the {(cos2(®; — @3)))
provides a background for the observed (cos(¢, + ¢ —2¥Rg)) of inclusive two-
particle correlations. Since these initial state participant plane correlations
are dominated by the initial geometry, studying the corresponding event plane
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correlations is expected to be the best way to understand these initial geomet-
ric effects. Therefore, we proposed signatures in the observables, such as the
(cos(pa—3¢p+2VR)) to test the initial anti-correlation {(cos(®y —3P3+2D,))).
We also examined a number of two-plane and three-plane correlations, with
respect to the recent ATLAS measurement. From Monte Carlo simulations,
these initial plane correlations are found different with the cumulant based
definitions or the moment based definitions. Nevertheless, the disagreement
of the initial simulations with experimental data suggest the insufficiency of
the linear flow response of medium expansion, which inspired us the work on
nonlinear flow response formalism.

We investigated the linear flow generation, with the cumulant description
of initial state anisotropy. We found the normal process of flow development,
with respect to the fluctuating initial state, that all of the initial spatial ec-
centricities are transformed into momentum space in a similar manner. And
the linearly generated harmonic flows rise linearly in py in the large transverse
momentum region, from ideal hydrodynamic calculations. The viscous effects
on the linear flow response are found crucial for higher order harmonics, as we
expected. The viscous damping follows a semi-quantitative pattern that the
damping rate is proportional to the square of harmonic order. And as long
as higher order harmonic flow is not involved in the problem, the predicted
results are consistent with experimental observations to a large extent. For
example, even with ideal hydrodynamics and conformal EoS for a massless
gas, the predicted V3a/Voa is consistent with experimental data on this ratio.

However, for higher order harmonic flow we need to go beyond the leading
order of flow response. The nonlinear flow response formalism is formulated in
analogous to the linear flow response, with nonlinear flow response coefficients
proposed to relate nonlinearly coupled initial anisotropies and the nonlinearly
generated flow. We systematically investigated some typical nonlinear flow re-
sponse coefficients, as a function of transverse momentum, centrality and the
shear viscosity to entropy ratio. The nonlinear response gives v, (pr) a char-
acteristic quadatic dependence on py for large pr. Further the nonlinear flow
response is found to significantly affect the harmonic flow for large harmonic
order, large centrality, and large input 1/s. These properties of nonlinear flow
generation play a crucial role in our further predictions, in particular the final
state event plane correlations.

The ATLAS collaboration systematically measured the two-plane and three-
plane event plane correlations, using the so-called event-plane method. With
our linear and nonlinear flow response formalism, the single-shot hydrody-
namic framework reproduced most of the observed correlation patterns. In
particular, by separately calculating the correlation in the ‘linear limit’ and
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the 'nonlinear limit’, we can give analytical interpretation for the formation
of these correlations, and understand the dependence of these correlations
on centrality, and also n/s. Since in non-central collisions viscous effects are
important, the flow generation is dominated by the nonlinear response, and
the observed event plane correlations consequently approaches the ‘nonlinear
limit’. Since the analysis on event plane correlations relies on the medium
property, the knowledge of their dependence on 7/s is useful for future en-
deavors of extracting of the transport coefficients of the QCD medium.

Finally, we developed the consistent description of freeze-out with second
viscous corrections to the phase space distribution function. It is well known
that second order viscous hydrodynamic equations of motion are indispensable
in applications to avoid causality problem, and to take into account dissipa-
tions in the expanding medium. However, the widely used freeze-out phase
space distribution function is only self-consistent to first order in viscous cor-
rections. This inconsistency theoretical framework used to describe heavy-ion
collisions needs to be remedied. Relying on the kinetic theory, in which hydro-
dynamics at freeze-out is constrained with certain forms, we solve the Boltz-
mann equation in a relaxation time approximation, and determine the second
order viscous correction, ¢ f). Although the theory is strict in a conformal
system, we applied the obtained ¢ f(2) for more realistic calculations with lat-
tice EoS. For RHIC and LHC energies, the effects of 4 f(2) is seen as corrections
to the differential harmonic flow, and are important for higher harmonic flow
at high pr.

This research can be extended in several directions. First, the initial
anisotropies have been studied in the transverse plane, with cumulant ex-
pansion. This should be generalized to a full 3+1 dimensional system. The
extended version of the cumulant expansion, and the characterization of fluc-
tuations in such 341 dimensional systems is briefed in Appendix B. In the
longitudinal correlations of harmonic flows can be expected. For example, the
new cumulant term W, o ; implies a rapidity-odd elliptic flow, which should be
studied and measured.

Second, the second order viscous corrections are expected to be more sig-
nificant for systems with stronger dissipative effects. In particular systems
with much smaller system size, such as the recent pA collision at LHC. Con-
sidering the higher sensitivity of viscous hydrodynamic calculations with 4 f(2),
the applicability of hydrodynamics can be examined in these small systems.
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Appendix A

Notations and conventions

We take the natural units throughout this thesis work, so that A = ¢ = 1 is
ignored in these formulas unless necessary. As a result, the unit of energy, mass
and momentum are taken to be GeV, while length and time are characterized
in fm.

The matrix n*¥ = (—1,1,1,1) is used for the general coordinate systme
(t,x,y, z) with the Greek indices running over 0, 1,2,3. When Bjorken boost
invariance is taken into account, it is convenient to work in the coordinate
system (7,x,y,ns), so that the n, dependence of the system is trivial and
hydrodynamics is simplified accordingly to a 241 dimensional problem. Note
the matrix in this coordinate system is not trivial. Four-vectors, such as flow
four-velocity u*, are denoted by the ordinary type of lower case letters, while
the boldface type is used for three-vectors, e. g.  and p.

Brackets around a scalar are used in this work to denote several different
types of averages. The script brackets {...} = [ p(79, 1) ... is defined with
respect to the initial normalized entropy density, reflecting the geometric infor-
mation of the initial state. Single angle brackets (...) is the average regarding
the final state (multi-)particle spectrum. Double angle brackets ((...)) notates
results from the event average.

Brackets around indices of a tensor structure, especially seen in Chapter 5,
are introduced for the convenience of theoretical derivations, with particular
meanings. For example, with the help of the projection operator, A* =
ufu” +

(A7) = %A*;A”U (AP + A7) — AN, AP (A1)

(d—1)
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is constructed as symmetric-traceless and orthogonal to u*, i. e.,
(A7) = (A", (A")A,, =0, (A")u, =0. (A.2)

Such tensors transform irreducibly under rotation in the local rest frame. If
without imposing the traceless condition, we have

1
{AM} o = §A’;A”U (AP7 + A%P) = APAT (AM) (A.3)

denoting a symmetric tensor structure that is orthogonal to u#. In Eq. (A.3)
the bracketed (A*") is just the general symmetric tensor. A more elaborate
example using o, = 2(V,u,) which appears in Appendix C is

4

{Uu1u20u3u4}sym = (Opu1p2Opigpa) + d+3 {Auluz <O-;)4\30-,U4/\>}Sym
2
— A, LA 2 (A4
+(d—1)(d—|—1){ H1p2 usm}syma , (A4)

where the symmetrized spatial tensor is denoted with curly brackets:

{ T2 s ie }sym —3 [z piapa T O s Opspa + OpriaOpizpss) - (A.5)

These structures defined here are helpful for the decomposition of the tensors
in 0 f(2), which is detailed in Appendix C.

The equilibrium distribution function is n, = n(—P - u(x)/T(z)) where
n(z) = 1/(e* £ 1), and fp(z) denotes the full non-equilibrium distribution.
The rest frame integrals are abbreviated [ = [d*'p/(27)*"", with d = 4
denotes the space-time dimension. Primes (such as n}) denote derivatives
with respect to —p - u/T, so that n;, = —n,(1 4 np). The energy and squared
three momentum in the rest frame are, E, = —p - u and |p|* = p"p"A,,
respectively.
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Appendix B

3-dimensional cumulant analysis

Due to the approximated Bjorken boost invariance of the medium system
in heavy-ion collisions, it is convenient to work in the coordinate system
(1,7, 0,ms). Note the space-time rapidity is denoted with n,, however, we
will drop the ‘s’ in the sub-indices when confusion can not arise. For a given
3-dimensional distribution p(x,ns), we extend the aforementioned cumulant
expansion,

p(T0, 1, 1ms) = /dszdk ellkLmithons) 5r k) k) (B.1)
p(ro, ki, ky) = /deLdnSe_i(kl'“Jrk’””s)p(To, T,Ms) (B.2)

The exponential factor now becomes

— @ —Z ”C’l « i
e[S I gy ] o,

n=0 [=0

so to the lowest order in k,, we obtain a trivial extension of the 2-dimensional
transverse plane case Eq. (2.8), while the average is now defined as

7 = [ Posdns ) ) = [ dnf e ) (B.)
To be consistent, we impose

{rti(n=0)={r"}.(n=0)=0, (B.5)
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so that the system center is not changed from the 2-dimensional case to the
3-dimensional system. To the first order in k,, we have

N n+1C n—I l,.n—l
P70kt k) =p(70, K1y ky = 0) + Ky ZZ k) H ) )

nl2n
n=0 [=0

+O(k2) (B.6)

The expansion in k,, reflects the similar argument of long-wavelength expansion
in the longitudinal direction. Generally we have

ks k) = 33 S T eyt ()t} (B

nl2n

If we adhere to the strategy and conventions used before, the 3-dimensional
cumulant W(k_, k,) can be introduced,

Wik k)= (=i)" " Wim(ky, ky) = Inp(ro, ki, ky)

n,m,j
nHCl —1 I .n—l Wi(k) 2
- k) —k ZZ o B ) g e VD) L O(KD).
En,mw’”vmdio‘ n=0 170 J/

-~

Zn,m W’n,m,j:l
(B.8)

The 3-dimensional cumulant W,, ,,, ; is used to characterize the deformations
of the whole 3-dimensional system. We note the non-trivial mode mixing of
deformations between the longitudinal direction and transverse direction, due
to the non-zero value of W, ,, j0. The lowest order cumulants, i.e., those
with n < 3 and 7 = 1 will generate the dominant initial state mixing between
the longitudinal deformation and the azimuthal anisotropies. For instance, we
find the rapidity-odd correlation of €;, €31 €22 and €33, through

Wiig = —%knl;:{r*ns} + c.c. (B.9)
Wii1 = 3,23 Wk (k) [{T 70} — 3{F H{rn,}] + c.c. (B.10)
Wasoi = 2'122 2 (K520} + cc. (B.11)
Waas = — k(R [{Fn} — 3{mna} {(7}] + e (B.12)

109



Appendix C

Tensor decomposition of 0 f o)

The goal of this appendix is to compute 0 f) and to record how this re-
sults transforms under rotations in the local rest frame. Our starting point is
Egs. (5.13) which we rewrite in terms of irreducible tensors under rotations in
the local rest frame.

A systematic strategy decomposes all derivatives into temporal and spatial
components

0= —u,D+V, (C.1)

where the spatial component V, is orthogonal to u,. When differentiating
a quantity that is already first order (i.e. P*0,6 f(‘l)), we can use the lowest
order conformal equations of motion to rewrite time derivatives in terms of
spatial derivatives

DInT = — 2V - u,

Du, = -V, InT,
where ¢? = (e+P)/(Tc,) = 1/(d—1). Finally, the resulting tensors can be de-
composed into symmetric, traceless, and spatial tensors as in Eq. (A.4), which

transform irreducibly under rotations in the local rest frame. To illustrate the
procedure, we record the decomposition of Do,g

Doos = D(0" AaAug) =00 Ay Dot + 0" D(A 10D g) (C4)
=(Doas) — (0/5uaV,InT + ugo’, V,InT) . (C.5)

Similarly, the symmetrized spatial tensor {Vugocﬁ}sym that arises when differ-
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entiating o f(‘l) is decomposed as

2
{Vioastym = (Vuoag) + {d—i— IAWV 0y + ta (0%04p)

+ Uq

A Oup
T 10 + 2uq <0 Qpp) +2uad V- u}sym, (C.6)

where we have used

1 A
500+ Qup + PV - (C.7)

Vuu, =

Finally, we note that
<8)\7r)/;> = Ay, O, 7 = = [(d — 2) (0,0 V Ty + <V/\U>L>} ,  (C.8)

where we have used the first order expression, 7 = —no*¥, the conformal
temperature dependence of 7 oc 797!, and the lowest order equations of mo-
tion.

With this automated set of steps, we start with Eq. (5.13) and place § f&)
into its canonical form

, pH phe phs pha P ph2phs
of 2) =X1p 6 (O 2 Opizpua) + X2p s (V1O paps) — 3Oy Vs InT)]

4152 _ pH2pt
+ (lem - X2pEp> T <O->,\LLQO-M1>\>

M2 1
+ XQPE : TZ [<D‘7u2m> + %V “u— 2 <0’\ Qu1/\>]
2
el [~ (Vo) — (0= 2) (0, VIT)] + 207

(C.9)
where the functions xop, X1p, X2p and &3, and &y, are recorded in the text,
Eq. (5.26).

In this form it is easy to integrate over the phase space to determine the
viscous stress

v ” v prp” o
7T'“ = 7T€1) + 77?2) = / ((Sf + (5f(2)> s (ClO)
P

where 7)) and 7, are given by static form of the constituent relation Eq. (5.1).
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Rotational invariance in the rest frame reduces these tensor integrals, e.g.

PHLpH2 phs pha 2 / p4 p
L R G S L 142 11
o 0 = gy k] 00 €

yielding the equations for the transport coefficients written in the text, Egs. (5.18),
(5.23), and (5.24). In addition, we see that independent of the collision integral
one finds the kinetic theory expectations identified in Ref. [110]

Ao = —20Tx , and A3 =0. (C.12)

Finally, in presenting these results in the text, and in implementing the re-
sults in a realistic hydrodynamic simulation, we have used the dynamic form
of second order hydrodynamics, where 7 is treated as a dynamic variable.
This choice amounts to using —m,, /7 in place of ¢,,. In § fé) this reparame-
terization yields the replacements:

o 1 )\1 1
<D0M1M2> + ﬁv U —2 <0->;\L1QM2>\> - ﬁ[ﬂuwz + naumz] - 777#? 7T>\,u17ru2>\> ’
(C.13)

1
(Vi Opaps) = 3(Opaue Vs InT) — E [(d +2) (o Vs INT) — (Vi Tpipis)]
(C.14)
and Eq. (C.8). In addition, when replacing o, with —m,, /1 in the first order
result, the difference %(ﬂ'/w + no,,) must be appended to the second order

result — see Eq. (5.14). The full result for ¢ f1) and 0 f(2) is given in Eqgs. (5.15)
and (5.25) respectively.
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Appendix D

Convergence check of viscous
hydrodynamic simulations
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Figure D.1: Convergence of harmonic flow vs and vg in our numerical calcula-
tions. The grid sizes are set to be 0.1 fm, 0.075 fm and 0.05 fm for these three
simulations. While v tends to converge (the left figure), the v? approaches
zero (the right figure).

To numerically solve the viscous hydrodynamic equations of motion Eq. (1.25)
and (1.32), the medium system is simulated on grids, with z7; referring the
value of field x at discrete time ¢" and grid point (z,y) = (z;,y;). With a
variant of central scheme discussed in [43, 114], the evolution of the hydrody-
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namic system is reflected as the space-time description of hydrodynamic fields
on these grids. In evaluating 6 f(2), unlike 7* is determined as the dynamic
variable from the direct solutions, 0¥ needs to be calculated as the derivatives
of flow velocity. Consequently, the grid size Az in our simulations largely af-
fects the effect of d f(2) in the obtained harmonic flows, and the errors of our
predictions.

In Fig. D.1, we carried out three different hydrodynamic simulations, with
Ax varying from 0.1 fm, 0.075 fm to 0.05 fm, for the linear response of harmonic
order n =5 and n = 6. v = (cosn(¢, — V,)) and v = (sinn(¢, — V,)) are
the generated flow projections into x-axis and y-axis. For these linear flow
response, our initial state is deformed by cumulant with participant angle
®, = 0. It is thus expect idealistically the generated flow is trivially aligned
with ¥,, =0, i.e. v = 0. However, in Fig. D.1, only when Az is reduced to
0.05 fm, the calculations are reliable in the sense that v and vg approach zero.
Also, this can be seen from the convergence of v§ and v§ as Az decreases.

For a certain system size considered in the analysis, e. g. {r?}/2 ~ 5 fm for
a mid-central Pb-Pb collision at LHC, the smaller grid size means more grid
point involved in the simulation, which demands a much longer calculation
time.
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