arXiv:1301.2826v1 [nucl-th] 13 Jan 2013

Flow and Viscosity in Relativistic Heavy Ion Collisions 1

Collective Flow and Viscosity in Relativistic Heavy-Ion Collisions

Ulrich Heinz^1 and Raimond Snellings^2 1Physics Department, The Ohio State University, Columbus, OH 43210-1117, USA; email: heinz@mps.ohio-state.edu 2Physics Department, Utrecht University, NL-3584 CC Utrecht, The Netherlands; email: R.J.M.Snellings@uu.nl

Key Words quark-gluon plasma, shear and bulk viscosity, relativistic fluid dynamics, shape fluctuations, flow fluctuations, anisotropic flow, event-plane correlations

Abstract Collective flow, its anisotropies and its event-to-event fluctuations in relativistic heavy-ion collisions, and the extraction of the specific shear viscosity of quark-gluon plasma (QGP) from collective flow data collected in heavy-ion collision experiments at RHIC and LHC are reviewed. Specific emphasis is placed on the similarities between the Big Bang of our universe and the Little Bangs created in heavy-ion collisions.

CONTENTS HISTORICAL OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 RELATIVISTIC HEAVY-ION COLLISION DYNAMICS . . . . . . . . . . . . . . 4 Second order viscous relativistic fluid dynamics . . . . . . . . . . . . . . . . . . . . . . 4 Equation of state (EOS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Quark-gluon plasma transport coefficients . . . . . . . . . . . . . . . . . . . . . . . . . 5 Hadron cascade stage, and chemical and kinetic freeze-out . . . . . . . . . . . . . . . . 6 Pre-equilibrium dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 INITIAL-STATE DENSITY AND SHAPE FLUCTUATIONS . . . . . . . . . . . . 9 Harmonic eccentricity and flow coefficients . . . . . . . . . . . . . . . . . . . . . . . . 9 Centrality classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 Models for the primordial fluctuation power spectrum . . . . . . . . . . . . . . . . . . . 11

HYDRODYNAMIC RESPONSE TO INITIAL-STATE FLUCTUATIONS . . . . . 13 Viscous effects on radial and anisotropic flow . . . . . . . . . . . . . . . . . . . . . . . 13 Extracting the QGP shear viscosity from experimental data . . . . . . . . . . . . . . . 15

Annu. Rev. Nucl. Part. Sci 2013 63 1056-8700/97/0610-00

TRANSVERSE MOMENTUM SPECTRA AND RADIAL FLOW . . . . . . . . . 16 Radial flow systematics at RHIC and LHC energies . . . . . . . . . . . . . . . . . . . . 16 Radial flow fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 ELLIPTIC AND OTHER ANISOTROPIC FLOW COEFFICIENTS . . . . . . . . 18 Elliptic flow systematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 Triangular flow and higher flow harmonics . . . . . . . . . . . . . . . . . . . . . . . . . 19 Flow angle correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 Eccentricity and flow fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

SYNOPSIS AND FUTURE PERSPECTIVE . . . . . . . . . . . . . . . . . . . . . 23

1 HISTORICAL OVERVIEW

The idea that high energy collisions between hadrons and atomic nuclei can be described macroscopically using relativistic fluid dynamics has been around for over half a century (1). It gained strength in the late 1970’s to mid 1990’s as fixed-target heavy-ion collision experiments at beam energies from a few hundred MeV to 200 GeV per nucleon revealed unmistakable evidence for the formation of dense matter that underwent collective expansion in the directions perpendicular to the beam (“transverse flow”) (2). The discovery of transverse, in particular elliptic flow (anisotropic emission around the beam direction) (3,4) led to the theoretical development of numerical codes that solved the equations of relativistic ideal fluid dynamics in one and two transverse directions, using coordinates and initial conditions appropriate for relativistic heavy-ion collisions (5). The predictions from such models for the momentum distributions of the finally emitted hadrons reproduced qualitatively all experimentally observed features of soft (i.e. low transverse momentum) particle production in heavy-ion collisions (6), but failed in important aspects quantitatively (for example, hydrodynamics overpredicted the observed elliptic flow by about 50% (7) at CERN SPS energies while microscopic approaches based on a kinetic description of systems of scattering hadrons got it about right (8) but seriously underpredicted it later at higher energies (9)).

In 2000 the Relativistic Heavy Ion Collider (RHIC) began operation at ten times larger center of mass energy than previously available. It was built to mass-produce quark-gluon plasma (QGP), a new type of dense matter in which hadrons dissolve into deconfined colored degrees of freedom, quarks and gluons, that was predicted by the modern theory of the strong interaction, Quantum Chromodynamics (QCD). RHIC data appeared to agree, for the first time, quantitatively with predictions from ideal fluid dynamics (6). This caused a paradigm change in the field: Having expected gas-like behavior, based on the ideas of asymptotic freedom and color Debye screening in the QGP, the community was forced to accept instead the notion that the QGP is a strongly-coupled plasma

2 that flows like a liquid (10, 11).

Later it became clear that some of the initial success of ideal fluid dynamics was artificial and due to the use of an inadequate equation of state for the fireball matter (12) as well as an incorrect treatment of the chemical composition of the fireball during its late hadronic stage (13). A key insight was (14,15,16) that the hydrodynamic description should be restricted to the dense quark-gluon plasma (QGP) stage of the collision whereas the late hadronic stage (after the recombination of colored quarks and gluons into color-neutral hadrons) is too dissipative for a fluid dynamical approach (17) and must be described microscopically. Hybrid codes that couple (ideal) fluid dynamics of the QGP to a microscopic hadron cascade worked better than a purely hydrodynamic approach (14, 15, 16) and explained why pure fluid dynamics was quantitatively successful only in central collisions between large (A ∼ 200) nuclei at midrapidity at top RHIC energy, but gradually broke down in smaller collision systems, in more peripheral collisions, away from midrapidity, and at lower collision energies (18).

This observation focused the attention of the community on the importance of dissipative effects which had thus far been ignored. With improving experimental precision it became increasingly obvious that even in the most central collisions among the heaviest available nuclei the data required some degree of QGP viscosity (16, 19, 20). The basic success of the ideal fluid approach suggested, however, that this viscosity had to be small. This begged the question “How small exactly?” which marked the transition of the heavy-ion program from its initial QGP discovery phase to a second stage of quantitative characterization of the QGP.

Theoretical work on strongly coupled quantum field theories, borrowing tools from superstring theory, established a lower limit around 1/4π for the specific shear viscosity η/s of the QGP (21) (see Chpt. 2). How to extract this quantity from experimental data will be described in this review. In this extraction a key role is played by the fact that the initial conditions in heavy-ion collisions fluctuate from event to event (22, 23, 24, 25). Just as in the Big Bang gravity evolves the initial density fluctuations imprinted on the cosmic microwave background (26) into today’s star and galaxy distributions (27), viscous hydrodynamics converts the initial energy density fluctuations of the “Little Bangs” created in heavy-ion collisions into a distribution of anisotropic harmonic flow components (28,24,29, 30,31). The low shear viscosity of the QGP allows traces of the initial fluctuations to survive to the final freeze-out stage, i.e. the flow anisotropies generated by them are not completely erased by dissipation and can be used to determine the QGP viscosity. While we have observational access only to a single instance of the Big Bang (the one that created the universe in which we live), RHIC and the Large Hadron Collider (LHC) have created billions of Little Bangs, each with a different distribution of initial fluctuations and its own hydrodynamic response to it. From this extraordinarily rich data set both the QGP transport coefficients and the initial fluctuation spectrum can be reconstructed with precision. While this task is not yet complete, we review the dramatic progress and significant success achieved over the last few years.

2 RELATIVISTIC HEAVY-ION COLLISION DYNAMICS

2.1 Second order viscous relativistic fluid dynamics Hydrodynamics is an effective macroscopic description of a system that is in approximate local thermal equilibrium. It can be derived from the underlying microscopic (kinetic) description through an expansion in gradients of the local thermodynamic variables. In zeroth order of gradients one obtains ideal fluid dynamics. Navier-Stokes theory accounts for terms that are linear in gradients. These describe momentum and baryon number transport across fluid cells due to bulk and shear viscosity as well as heat conduction. Relativistic Navier-Stokes theory is, unfortunately, acausal (32): superluminal signal propagation causes short wavelength perturbations (which are outside the validity range of the gradient expansion) to grow exponentially, leading to physical and numerical instabilities. Any numerical implementation of relativistic dissipative fluid dynamics thus requires the inclusion of terms that are second order in gradients. Some of the associated transport coefficients have the physical meaning of microscopic relaxation times for the dissipative flows. Like the viscosities and the heat conductivity, they depend on the microscopic scattering dynamics; they encode the time delay between the appearance of thermodynamic gradients that drive the system out of local equilibrium and the associated build-up of dissipative flows in response to these gradients, thereby restoring causality.

The most widely used theoretical frameworks for second-order dissipative relativistic fluid dynamics are the 35-year-old Israel-Stewart theory (33) and its recent generalizations (34, 35, 36, 37, 38, 39, 40). In its full glory, this theory contains a large number of second-order terms (41), but none of the present numerical implementations includes all of them. [Some exploratory studies including third-order gradient terms have also been published (42), and they appear to improve the convergence of the gradient expansion.] While a full investigation is still outstanding, spot checks indicate that in practice not all second-order terms are equally important. Accounting for non-zero relaxation times at all stages of the evolution is, however, crucial: they limit excursions from local equilibrium, thereby both stabilizing the theory and improving its quantitative precision (37, 38).

For a system with small or zero net baryon number, heat conduction effects can be neglected. This simplification is generally being employed at LHC and top RHIC energies but will have to be abandoned at lower energies. This leaves the bulk and shear viscosities, ζ and η, and the relaxation times τ_ζ and τ_η for the bulk and shear viscous pressures as the main transport coefficients controlling the collective dynamics. They can be usefully characterized by their unitless combinations with the entropy density s and the temperature T , resulting in the specific viscosities η/s and ζ/s and the scaled relaxation times T τ_{ζ,η}. For consistency of the theory the microscopic relaxation rates must be much larger than the scalar expansion rate θ = ∂_μu^μ of the fluid, τ_{η,ζ} θ ≪ 1. (u^μ(x) is the flow 4-velocity profile of the fluid.)

2.2 Equation of state (EOS) Following recent progress in lattice gauge theory, the model equations of state of the past have been increasingly replaced by parametrizations of the lattice QCD EOS for which now nicely converged results are available (at least for baryon-free systems) (43). Below T_c ≃ 155−160 MeV (43) (the pseudo-critical temperature at which quarks and gluons combine into hadrons in a smooth but rapid crossover transition (44)) the lattice QCD EOS is matched to that of a hadron resonance gas (45). What matters for the development of collective flow is the relationship between the pressure p (whose gradients provide the accelerating forces) and the enthalpy e+p which embodies the inertia of the fluid (e is the comoving energy density). For ideal fluids (ignoring the viscous terms) the relativistic Euler equation can be written in the form u̇^ν =^{c2}_{1+c2s}^{∇ν p}_p , where we expressed the EOS p(e) approximately in terms of the squared speed of sound c^2_s = ∂p/∂e as p = c^2_se. This shows that the evolution of flow in response to pressure gradients is controlled by the stiffness ∂p/∂e of the EOS, i.e. the key hydrodynamic ingredient is the speed of sound as a function of local energy density, c^2_s(e). The connection between energy density e and temperature T (which depends on the number of active degrees of freedom in the medium and thus on its microscopic composition) is not needed for the hydrodynamic evolution; it is required, however, for the calculation of thermal electromagnetic radiation from the expanding fireball and final particle emission whose emission rates and energy distributions depends on the local temperature T .

2.3 Quark-gluon plasma transport coefficients The calculation of QGP transport coefficients from QCD is difficult. Very little is known from first principles about heat conductivity in QCD matter. Leading order results in a weak-coupling expansion (g≪1) for the shear and bulk viscosities of a quark-gluon plasma were obtained in (46, 47). For the coupling strengths relevant in a QGP at temperatures of a few T_c, g ∼ 1 − 2, these calculations provide not much more than an order of magnitude estimate. Taken literally, the leading-order perturbative value of the QGP shear viscosity (46) is too large by a factor 3-10 to explain the experimentally measured large anisotropic flow coefficients and the correspondingly required short QGP thermalization times (48,49). The extraction of η and ζ directly from lattice QCD requires an analytic continuation from imaginary to real times. This is numerically costly and so far has only yielded results with large error bands (50).

An alternate approach exploits the AdS/CFT correspondence relating strongly coupled conformal field theories (CFT) to classical gravity in weakly curved Anti-de-Sitter (AdS) space-time geometries (51). This approach has established approximate strong-coupling limits for the specific shear and bulk viscosities η/s ≃ 1/(4π) (21) and ζ/η ≃ 2 (_1 3 −c^2_s ) (52). For η/s this is significantly below the perturbative QCD estimate while ζ/s (which is proportional to the interactioninduced deviation from the conformal limit,^1_3 −c^2_s) is much larger than in perturbative QCD where ζ/η ≈ 15

(_1 3 −c^2_s

)_2 ∼ g^8 (47).

Below T_c, a number of calculations of η/s and ζ/s based on effective hadronic interaction models (see Kapusta (49) for a review) and on transport models (53) have been performed. Combining all calculations one finds that, generically, η/s has a minimum near T_c, rising steeply below and slowly above T_c. The specific bulk viscosity ζ/s, on the other hand, peaks near T_c (54), due to the breaking of conformal symmetry by long-range critical correlations; above and below T_c, the ratio ζ/η generically decreases, allowing shear viscous effects to dominate over bulk viscous ones. The strongest effects from bulk viscosity (if any) are expected near T_c.

In view of limited theoretical knowledge of the QGP transport coefficients, recent attention has focussed on extracting them phenomenologically from experimental data, by comparison with viscous fluid dynamical simulations.

2.4 Hadron cascade stage, and chemical and kinetic freeze-out Below T_c chemical reactions between different hadronic species become too slow to maintain chemical equilibrium in the exploding fireball (55, 56). This leads to “chemical freeze-out”: While maintaining some degree of local kinetic equilibrium through quasi-elastic resonance scattering, the final stable hadron yields hardly change any more. An important exception are the baryon and antibaryon abundances which are somewhat depleted by annihilation in the hadronic rescattering stage (57,58). After correcting for baryon-antbaryon annihilation, the finally observed stable hadron yields reflect approximate chemical equilibrium abundances with a temperature T_{chem} close to T_c (58).

If one continues with viscous hydrodynamics to describe the hadronic phase below T_c, down to a final kinetic decoupling temperature T_{kin} < T_{chem}, one must account for chemical freeze-out at T_{chem} by assigning temperature-dependent nonequilibrium chemical potentials to each hadron species (13,59). It was found that an incorrect chemical composition at T_{kin} can seriously distort the distribution of the hydrodynamically generated momentum anisotropy over the different hadron species and over their transverse momenta (13). Without accounting for the non-equilibrium hadronic chemical composition below T_{chem}, phenomenologically extracted values for the QGP shear viscosity can be wrong by 100% (60, 61).

In spite of large resonant hadronic scattering cross sections, however, the collective expansion is so fast that even kinetic equilibrium is difficult to maintain below T_c. Once in the hadronic phase, the fluid becomes so dissipative (16) that the macroscopic hydrodynamic description becomes unreliable (17) and should be replaced by a microscopic solution of the coupled Boltzmann equations for the various hadronic phase-space distributions (“hadron cascade”, see e.g. (62, 63)). Still, many studies today continue to use the fluid dynamical short-cut all the way down to T_{kin}. In such an approach, final hadron distributions are computed by converting the hydrodynamic output on a hypersurface of constant decoupling temperature T_{kin} into hadron momentum distributions using the Cooper-Frye prescription, with non-equilibrium chemical potentials for the various hadron species and non-equilibrium corrections δf(x, p) to the local phase-space distribution (33,64) that account for the viscous corrections to the energy momentum tensor on this decoupling surface.

The more reliable, but much more expensive hybrid approach couples a viscous fluid dynamic description of the QGP phase with a microscopic Boltzmann simulation of the hadronic phase (17,65). VISHNU (17) matches the (2+1)-dimensional, longitudinally boost-invariant viscous hydrodynamic algorithm VISH2+1 (37, 38) to the well-known UrQMD cascade (62), in MUSIC+UrQMD (65) the evolution is fully (3+1)-dimensional. In these hybrid approaches the Cooper-Frye algorithm is used to convert hydrodynamic output into particle phase-space distributions on a switching surface of constant temperature T_{chem}, assuming chemical equilibrium yields (17). UrQMD then propagates these particles until all interactions cease and all unstable resonances have decayed. For good statistics, the final hadronic cascade stage is simulated many times for each hydrodynamic event.

The influence of the dissipative hadronic stage on final observables increases relative to that of the early QGP stage as the collision energy decreases and the fireball spends less time as a QGP and a larger fraction of its history in the hadronic stage. Hybrid approaches such as VISHNU thus become more and more important as one moves down in energy. Some features measured at lower energies during the recent RHIC beam energy scan, such as different differential elliptic flow coefficients v_2(p_T ) for baryons and antibaryons (66), are difficult to understand in pure hydrodynamics, and a hybrid approach may prove essential for their interpretation.

At the highest available collision energies at the LHC, most of the anisotropic flow is created before hadronization, and the relative impact of the late hadronic stage is weaker (67). Good descriptions of the charged hadron p_T -distributions and anisotropic flows v_n and v_n(p_T ) have been obtained both with pure viscous hydrodynamics (68, 69, 70, 71) and with the hybrid code VISHNU (72) (see also recent work with MUSIC+UrQMD (65) and with hybrid codes coupling ideal fluid dynamics with UrQMD (73, 74)). The hybrid approach yields a better overall description of the centrality-dependent balance between the evolution of radial and anisotropic flow, which particularly affects the p_T -spectra and differential elliptic flow of heavy particles such as protons (72).

2.5 Pre-equilibrium dynamics The hydrodynamic stage of ultra-relativistic heavy-ion collisions is preceded by a short (0.2−1.5 fm/c) but very dense pre-equilibrium stage. During this stage the bulk of the energy density is contributed by gluon fields from the low-momentum components of the wave functions of the colliding nuclei. These fields are so intense that, in spite of weak QCD coupling α_s = g^2/(4π) ∼ 0.3 < 1, interaction mean free paths are too short for a quasiparticle-based kinetic approach to make much sense. A pre-equilibrium dynamical approach based on the non-Abelian evolution of classical gluon fields (the “Glasma” (75, 76, 77, 78)) is probably a better starting point.

Due to the finite size and anisotropic shape of the initial energy density distribution in the nuclear reaction zone, which fluctuates from collision to collision, any sort of interaction among the primordial QCD degrees of freedom in the fireball will cause non-vanishing radial and anisotropic flows even before the system has thermalized and viscous hydrodynamics becomes applicable. In fact, even if the system free-streams, correlations are generated between the average momenta and positions of the constituents that, when matched by the Landau prescription to a hydrodynamic form of the energy-momentum tensor, translate into non-vanishing anisotropic flow velocities on the matching surface. The hydrodynamic stage thus starts with non-zero radial flow and non-vanishing flow anisotropies, but at the same time the pre-equilibrium evolution tends to dampen the initial spatial anisotropies and hence the anisotropic pressure gradients that drive anisotropic flow during the subsequent hydrodynamic stage. One therefore expects a certain degree of complementarity between pre- and post-equilibrium flow, resulting in reduced sensitivity of the final spectra to the starting time of the hydrodynamic stage (71, 79).

Model studies based on ideal fluid dynamics suggest that non-zero initial radial flow at the beginning of the hydrodynamic evolution is phenomenologically preferred by some final state observables (80). However, faced with the conceptual difficulties of dealing with the early pre-equilibrium dynamics properly, most studies simply assumed an early hydrodynamic starting time with zero initial transverse flow velocities. With the recent discovery of the importance of initial-state density fluctuations (“hot” and “cold” spots) in the early fireball this head-in-the-sand attitude became increasingly untenable. During the last year, the dynamical IP-Glasma model (81) was developed which builds on the IP-Sat (Impact Parameter dependent Saturation) model (82) to generate finite deformed fluctuating initial gluon field configurations in the transverse plane, and then evolves them with classical Yang-Mills dynamics (75, 76, 77, 78). While the lack of thermalization and of longitudinal fluctuations are still weaknesses of this model, it is the first semi-realistic approach to describing the pre-equilibrium stage dynamically, matching it consistently to the hydrodynamic stage.^1 Figure 1 shows three snapshots of the transverse energy density profile from this model.

3 INITIAL-STATE DENSITY AND SHAPE FLUCTUATIONS

3.1 Harmonic eccentricity and flow coefficients The development of anisotropic flow is controlled by the anisotropies in the pressure gradients which in turn depend on the shape and structure of the initial density profile. The latter can be characterized by a set of harmonic eccentricity coefficients ε_n and associated angles Φ_n:

ε_1e^{iΦ1} ≡ − ∫ r dr dϕ r^3e^{iϕ} e(r, ϕ) ∫ r dr dϕ r^3e(r, ϕ) , ε_ne^{inΦn} ≡ − ∫ r dr dϕ r^ne^{inϕ} e(r, ϕ) ∫ r dr dϕ r^ne(r, ϕ) (n > 1), (1) where e(r, ϕ) is the initial energy density distribution in the plane transverse to the beam direction. When, for collisions between nuclei of the same species, e is averaged over many events and the angle ϕ is measured relative to the impact parameter vector, there is a symmetry between ϕ and −ϕ as well as between ϕ and ϕ + π, and all odd ε_n coefficients vanish.

An important insight (23, 24, 25) has been that, due to event-by-event fluctuations of the transverse positions of the nucleons inside the colliding nuclei (22), and of the gluon density profiles inside those nucleons (75, 76, 77, 78, 81, 84, 85) (see Figure 1), these symmetries do not hold in an individual collision event. Therefore, in every collision all eccentricity coefficients are usually non-zero, driving anisotropic flow components of any harmonic order whose magnitudes and directions fluctuate from event to event. The statistical distributions of ε_n and Φ_n which, in a hydrodynamic picture, control the statistical distributions of the final anisotropic flows v_n and their directions Ψ_n, are of quantum mechanical origin and depend on the internal structure of the colliding nuclei (see Sec. 3.3).

The anisotropic flow coefficients v_n and their associated flow angles Ψ_n are

1It has been suggested that, since classical Yang-Mills dynamics does not lead to local thermalization, a different matching scheme (83) should be used that, unlike Landau matching, does not rely on small deviations from local equilibrium. This interesting suggestion still needs to be fully worked out for fluctuating initial conditions.

defined in analogy to Eq. (1) as v_ne^{inΨn} ≡ ⟨e^{inφ}⟩, v_n(p_T )e^{inΨn(pT )} ≡ ⟨e^{inφ}⟩_{pT} , (2) where φ is the azimuthal angle of the transverse momentum vector p_T of the emitted particle in the laboratory frame. Note that the v_n characterize a single collision. In the left equation, which defines the “p_T -integrated” or “total” anisotropic flow, the average is over all particles of a given kind (identified by species or not) in the event. The right equation defines the “p_T -differential” flow and averages only over particles with a given transverse momentum. v_1, v_2, and v_3 are known as directed, elliptic, and triangular flow, respectively.

Due to the limited number of particles emitted from a single event, statistically precise measurements of v_n and Ψ_n can only be obtained from particle distributions that have been averaged over many events. One defines the mean flow coefficient v̄_n and the mean flow angle Ψ̄_n through a Fourier decomposition of the experimentally determined, event averaged particle distribution: dN̄ dφ = N̄ 2π ( 1 + 2 ∞∑ n=1 v̄_n cos(n(φ−Ψ̄_n)) ) , (3)

where N̄ ≡ ⟨N⟩ is the mean number of particles of interest per event (charged hadrons or identified particles of a specific species). The generalization to p_T - differential v̄_n(p_T ) and Ψ̄_n(p_T ) in terms of dN̄/(p_T dp_T dφ) is obvious. The Fourier coefficients are given by:

v̄_n = ⟨⟨cos[n(φ−Ψ̄_n)]⟩⟩, or equivalently v̄_n = ⟨⟨e^{inφ}⟩⟩e^{−inΨ̄n} , (4) where ⟨⟨. . .⟩⟩ denotes the double average over all particles in an event and over all events. Note that, due to event-by-event fluctuations of the flow angle Ψ_n, the right expression is not identical with the average of Eq. (2) over collision events as is usually assumed. Observable consequences of these event-by-event fluctuations of the flow planes for generally employed experimental v_n measures (to be discussed next) are only now being investigated (86, 87).

Since the flow planes are not experimentally known, the anisotropic flow coefficients are calculated using azimuthal angular correlations between the observed particles. In the case of two particle correlations ⟨⟨e^{in(φ1 −φ2)}⟩⟩ the measurement is proportional to ⟨v^2_n⟩: under the assumption that the only azimuthal correlation between particles is due to the common correlation with the flow plane this correlator can be factorized into ⟨⟨e^{in(φ1−Ψn)}⟩⟨e^{−in(φ2 −Ψn)}⟩⟩ ≡ ⟨v^2_n⟩. From this method, the experimentally reported anisotropic flow coefficients are therefore obtained as the root mean square value √ ⟨v^2_n⟩. Due to event-by-event fluctuations in the anisotropic flow, the event averaged ⟨v^k_n⟩ ≠ ⟨v_n⟩^k for k ≥ 2. We denote by v_n{2} ≡ √ ⟨v^2_n⟩ the anisotropic flow extracted from two-particle correlations.

In practice, not all azimuthal correlations in the data are of collective origin. Additional “non-flow” correlations arise from resonance decays, jet fragmentation, and Bose-Einstein correlations (88). They can be suppressed by appropriate kinematic cuts (88) or by using multi-particle correlations known as higher-order cumulants (89). v_n{4} and v_n{6} denote the anisotropic flow coefficients obtained from the fourth and sixth order cumulants, respectively.

In addition to being less sensitive to non-flow contributions, the higher order cumulants, which involve higher moments of the event-by-event v_n distribution, also depend differently on the variance σ_{vn} of that distribution. If σ_{vn} ≪ ⟨v_n⟩, one finds up to order (σ_{vn} /⟨v_n⟩)^2 v_n{2} ≈ ⟨v_n⟩ + 1 2 σ^2_{vn} ⟨v_n⟩ and v_n{4} ≈ ⟨v_n⟩ − 1 2 σ^2_{vn} ⟨v_n⟩ . (5)

This illustrates that the difference between v_n{2} and v_n{4} is sensitive to the width of the v_n distribution, in addition to non-flow effects. After correcting v_n{2} for non-flow (90), this difference can be used to estimate the variance of the event-by-event flow fluctuations (see Sec. 6.4).

3.2 Centrality classes Heavy ions are extended objects, and the system created in a head-on collision is different from that in a peripheral collision. We therefore categorize nuclear collisions by their centrality, parametrized by the impact parameter b which is, however, not a direct observable. Experimentally, the collision centrality can be inferred from the number of produced hadrons, if one assumes that this multiplicity is a monotonic function of b. Knowing which fraction of the total hadronic cross section is observed in the experiment one can divide the measured distribution of produced particles in centrally classes corresponding to the percentile of total hadronic cross section.

In addition to impact parameter or fraction of total hadronic cross section, one can also use the so-called number of wounded nucleons or the number of binary nucleon-nucleon collisions to characterize the collision centrality. These quantities are defined within the Glauber model (91) and are stochastic functions of the impact parameter. Phenomenologically it is found that soft particle production scales roughly with the number of participating nucleons whereas hard processes scale with the number of binary collisions.

Anisotropic flow is not measured in a single event but in a centrality class. Therefore, event-by-event fluctuations due to impact parameter fluctuations within a centrality class will add to the initial-state fluctuations mentioned in Sec. 3.1 (and further discussed in the following subsection) to determine the spectrum of final-state flow (v_n and Ψ_n) fluctuations.

3.3 Models for the primordial fluctuation power spectrum Various theoretical approaches have been used to model the initial energy and entropy density profiles. The most common approach is the Monte Carlo (MC)

Glauber model (91). In this model the positions of the nucleons inside the two colliding nuclei are sampled according to the measured nuclear density distribution, accounting for their finite size (92). The sampling procedure introduces event-by-event fluctuations of the nucleon positions, representing the quantum mechanical fluctuations of the outcome of a position measurement on the nucleons whose probability distribution is given by the (smooth) nuclear ground state wave function. The nucleons travel on straight-line trajectories and collide if their distance in the transverse plane is smaller than the radius corresponding to the total inelastic nucleon-nucleon cross-section. It is assumed that this radius is independent of the number of interactions the nucleons already had. Nucleons in the target and projectile that have had at least one interaction are called participants or wounded nucleons. Soft particle production is assumed to be proportional to the number density of wounded nucleons whereas hard (high-p_T ) processes are taken to scale with the number density of binary nucleon-nucleon collisions. The initial entropy or energy density profile is typically taken proportional to a linear combination of the wounded nucleon and binary collision densities which are strongly fluctuating in the transverse plane and from event to event.

In the Monte Carlo Kharzeev-Levin-Nardi (MC-KLN) model (93) the entropy production is determined by the initial gluon production, calculated by perturbative merging of two gluons from the projectile and target nuclei where (in the spirit of Color Glass Condensate ideas (94)) the (p_T -unintegrated) gluon structure functions are parametrized by a position dependent gluon saturation momentum Q_s (95). Q_s(r_⊥) is computed from the longitudinally projected density of wounded nucleons whose positions are sampled as in the MC-Glauber model.

The MC-Glauber and MC-KLN models do not account for fluctuations of the gluon fields inside the colliding nucleons which are characterized by a correlation length ∼ 1/Q_s in the transverse plane (84). For this reason, they cannot reproduce the measured multiplicity fluctuations in pp collisions (85). Gluon field fluctuations can be imprinted on the MC-Glauber or MC-KLN profiles a posteriori using an algorithm developed in (96). In the IP-Glasma model, described at the end of Sec. 2.5, gluon field fluctuations are imprinted on the IP-Sat model (82) using ideas from the Color Glass Condensate/Glasma theory (75,76,94) and then evolved using classical Yang-Mills dynamics (77, 78) to a matching surface after which hydrodynamics takes over.

DIPSY is a Monte Carlo event generator based on gluon radiation from colored dipoles (via dipole splitting) using BFKL evolution (97). The nucleons in the colliding nuclei are described by a triangle of color dipoles whose position is sampled from a Woods-Saxon distribution just as in the MC-Glauber and MC- KLN models. Gluon density fluctuations arise from the Monte Carlo sampling of the radiative gluon shower.

The Monte Carlo approach used in these models allows for an event-by-event calculation of the eccentricities ε_n and thus for the determination of the higher order moments of the ε_n distributions. Because of the non-zero widths of these distributions, the measured final flow power spectrum obtained from a given moment of the v_n distribution, say v_n{k}, should be compared with the initial fluctuation power spectrum ε_n{k} obtained from the analogous moment of the ε_n distribution (88).

Figure 2 shows the ⟨ε_n⟩ power spectrum of the initial energy density for the MC-Glauber, MC-KLN and IP-Glasma models, for four centrality classes. In the most central collisions, 0 − 0.2%, the ε_n are entirely due to fluctuations, and therefore all ⟨ε_n⟩ have roughly equal magnitudes. Proceeding to less central collisions, the nuclear overlap region develops a pronounced elliptic geometric deformation which increases ⟨ε_2⟩ (and, to some extent, also ⟨ε_4⟩ and ⟨ε_6⟩) much more strongly than the odd eccentricity coefficients which remain fluctuation dominated. Importantly, Figure 2 reveals a significant model dependence of the ⟨ε_n⟩ spectrum. This implies on the one hand that the extraction of QGP transport coefficients (see Sec. 4.2) is complicated by uncertainties related to initial model ambiguities, but on the other hand that, by constraining the theory with a sufficiently large set of anisotropic flow and correlation measurements (see Chap. 6), one can discriminate phenomenologically between different initial state models and identify the one that produces the correct initial fluctuation power spectrum.

The different initial state models also produce different correlations between the “participant plane angles” Φ_n associated with ε_n. For the MC-Glauber and MC-KLN models these were studied in (98, 99, 100). The evolution of these initial-state participant plane correlations through non-linear viscous hydrodynamics into final-state flow-plane correlations (100, 101) and the experimental measurement of the latter (102, 103) will be discussed in Sec. 6.3.

4 HYDRODYNAMIC RESPONSE TO INITIAL-STATE FLUC- TUATIONS

4.1 Viscous effects on radial and anisotropic flow The viscosity of a fluid is related to its ability to return to local thermal equilibrium after being driven away from equilibrium by gradients in its macroscopic flow pattern. When the corresponding relaxation times approach zero, viscous effects disappear. Small viscosities are therefore related to short relaxation times, i.e. strong interactions among the microscopic constituents.

For non-zero relaxation times, viscous effects cause the microscopic momentum distribution in the local fluid rest frame to deviate from its exponential local equilibrium form. Bulk viscosity causes locally isotropic deviations from equilibrium, adding a diagonal contribution, the bulk viscous pressure Π δ^{ij} , to the stress tensor T^{ij} in the local rest frame. In Navier-Stokes approximation (which ignores retardation) it is proportional to the scalar fluid expansion rate θ at the location of the fluid cell, Π(x) = −ζθ(x). For an expanding fluid this is negative, i.e. the bulk viscous pressure counteracts the expansion. In an isotropically expanding fireball, bulk viscosity reduces the radial acceleration and thus inhibits the buildup of radial flow.

Shear viscosity causes locally anisotropic deviations from equilibrium, resulting in an anisotropic contribution to the local rest frame stress tensor. This shear viscous pressure is driven by shear flow and acts against flow anisotropies. In relativistic heavy-ion collisions, due to approximate boost-invariance along the beam direction of the physical processes that generate the quark-gluon plasma, the initial expansion rate is highly anisotropic and much larger along the beam direction than transverse to it. Transverse flow builds only later, in response to transverse pressure gradients in the initial state. The main effect of shear viscosity is that it tries to equalize the expansion rates along different directions, by building up a shear viscous pressure tensor π^{ij} in the local rest frame that reduces the longitudinal and increases the transverse pressure. Less work is done by longitudinal pressure, causing the QGP to cool less rapidly (at least initially when cooling is dominated by longitudinal expansion) but simultaneously increasing the build-up of transverse flow. Transverse anisotropies of the initial fireball geometry, reflected in anisotropic transverse pressure gradients, generate anisotropies in the developing transverse flow; shear viscosity reduces these flow anisotropies, i.e. it degrades the medium’s ability to convert initial transverse pressure anisotropies into final transverse flow anisotropies.

Anisotropic transverse flow influences the shape of the transverse momentum spectra of the finally emitted particles through a direction-dependent blue-shift factor. By reducing the azimuthally symmetric component of transverse flow, a.k.a. radial flow, bulk viscosity leads to steeper p_T -spectra; by boosting radial flow, shear viscosity renders them flatter. Numerically, it was found (104) that in heavy-ion collisions shear viscous effects dominate over bulk viscous ones by about a factor 5–10. Experimentally, they are not easy to separate since both types of effects modify the slopes of the p_T -spectra as well as the anisotropic flow coefficients discussed below. A clear strategy for systematically isolating shear from bulk viscous effects still needs to be formulated. Lacking such a strategy, most researchers presently allow themselves to be guided by available theoretical studies and interpret anisotropic flow measurements entirely in terms of shear viscosity, i.e. they ignore bulk viscosity in their theoretical models.

4.2 Extracting the QGP shear viscosity from experimental data Shear viscosity affects the p_T -spectra of the finally emitted particles in two distinct ways: (i) it increases the magnitude and decreases the anisotropies of the hydrodynamically generated transverse flow, and (ii) it causes a deviation δf of the final phase-space distribution f(x, p) from its isotropic local equilibrium form f_0(x, p): f(x, p) = f_0(x, p) + δf(x, p). The first of these two effects reflects the amount of shear viscosity over the entire expansion history of the fireball; the second effect, δf, is only sensitive to the shear viscosity at the final conversion to hadrons (assuming, as required for the applicability of viscous hydrodynamics, that microscopic relaxation rates are much larger than the macroscopic expansion rate). δf increases with transverse momentum roughly as p^α_T where α ranges between 1 and 2 (64). δf is thus small at low p_T^<_∼ 5 T (where T ∼ 100−160 MeV is the decoupling temperature), but at larger p_T^>_∼ 2 − 3 GeV it becomes so big (37) that the near-equilibrium expansion (and thus the hydrodynamic prediction for the p_T -distribution) can no longer be trusted. Being predominantly interested in the shear viscosity (η/s)_{QGP} of the early QGP phase, one would like to minimize in the analysis the effects from δf which reflect only the late hadronic shear viscosity. This can be achieved by studying p_T -integrated observables which are dominated by transverse momenta p_T^<_∼ 5 T where δf is small.

A second consideration is that the hydrodynamically generated transverse momentum anisotropy is distributed in the measured final state over a large number of different hadronic species. Since heavier particles are affected by radial flow more strongly than lighter particles (105), resulting in flatter p_T -spectra at lowp_T where most final hadrons find themselves, the chemical composition of the final state, in particular the light-to-heavy particle ratios, control where in p_T the hydrodynamic momentum anisotropy ends up: For heavy hadrons, radial flow pushes the flow anisotropies to larger p_T ; at low p_T the anisotropic flow is dominated by light hadron species. Extracting the shear viscosity η/s from the p_T -dependent anisotropic flow coefficients thus introduces an undesirable fragility related to the precision with which the theoretical model describes the chemical composition of the fireball at freeze-out and the shapes of the different hadronic p_T -spectra that control the distribution in p_T of the hydrodynamically generated momentum anisotropy. A more robust extraction of η/s uses the azimuthal anisotropy coefficients of the p_T -integrated angular distributions, summed over all hadronic species (106, 107, 108, 109) (the so-called “charged hadron v_n”), and later checks the p_T -differential flow coefficients v_n(p_T ), for all charged hadrons together and for individual hadron species separately, as additional tests whether the model also correctly describes the relative hadron abundances and their p_T - distributions in the final freeze-out stage.

Figure 3 shows an attempt of such an extraction of the specific QGP shear viscosity from charged hadron elliptic flow (v_2) data collected at RHIC. The plot shows v_2 scaled by the initial fireball ellipticity ε ≡ ε_2 (ε characterizes the elliptical spatial deformation of the initial pressure gradients that drive the hydrodynamic expansion of the fireball) as a function of collision centrality, represented by the charged hadron multiplicity density per unit overlap area (1/S)(dN_{ch}/dy) (the most central collisions have the largest multiplicity density). The theoretical curves were obtained with the VISHNU hybrid model (17) with a temperatureindependent specific QGP shear viscosity (η/s)_{QGP}. The model results show a monotonic dependence on (η/s)_{QGP} and nicely reproduce the shape of the measured centrality dependence. By normalizing v_2 by ε_2, the theoretical curves become insensitive to the experimental method used for measuring v_2 as long as the same procedure used in determining v_2 is also used to compute the initial ellipticity ε_2 (108, 109). However, the magnitude of ε_2 differs by about 20% between the two initial-state models studied in the left and right panels of Figure 3, shifting the normalized experimental data up or down relative to the theoretical curves by similar amounts. As a result, the (η/s)_{QGP} value extracted from the comparison is uncertain by a factor 2−2.5 and depends on the specific choice of the initialization model. In Sec. 6 we review how this model ambiguity can be resolved by using experimental information from all flow harmonics v_n and their systematic dependences on collision energy and centrality and on system size.

5 TRANSVERSE MOMENTUM SPECTRA AND RADIAL FLOW

5.1 Radial flow systematics at RHIC and LHC energies Radial flow causes a blueshift of the transverse momenta of the finally emitted hadrons, leading to flatter p_T and m_T distributions, especially at low p_T where non-relativistic kinematics allows to express p_T ≈ p^{th}_T + m⟨v_T ⟩ as the sum of a thermal contribution p^{th}_T (which depends only on the decoupling temperature T_{kin} and is independent of the hadron mass m) and a collective flow component with average flow velocity ⟨v_T ⟩ which is proportional to the hadron mass (105). This is shown in Figure 4: Due to collective flow, the heavy-ion collision spectra in the right panel are flatter than the pp spectra in the left panel, and due to ∼ 10% stronger flow at the higher collision energy, they are flatter at the LHC than at RHIC. For heavy hadrons such as protons, the radial flow generates a “shoulder” in the spectrum at low p_T which is more pronounced at LHC than at RHIC energies. In contrast, the soft parts (p_T < 2.5 GeV/c) of the pp spectra do not feature the flow-induced splitting between kaon and proton slope parameters that characterizes the heavy-ion collision spectra.^2

2The different slopes of pion and kaon spectra in pp collisions have a different origin, unrelated to flow: a large fraction of the pions in the final state arises from the decay of unstable heavier resonances, and these decay pions accumulate preferentially at low pT , due to kinematic constraints (116). The larger inverse slope of the pp collision spectra at the higher LHC energy is an initial state effect, arising (among other factors) from a higher gluon density probed at

Blast-wave model fits (105) of the hadron spectra in terms of two parameters, the decoupling temperature T_{kin} and the average transverse flow ⟨v_T ⟩ at kinetic decoupling, show that ⟨v_T ⟩ increases while T_{kin} decreases with growing collision energy and as the collisions become more central ((118,119) and personal communication by L. Kumar). This is consistent with expectations from a kinetic theory description of the decoupling process (55). Hydrodynamic simulations show that the stronger radial flow at higher energies and in more central collisions is mostly a consequence of higher initial fireball densities, leading to a longer fireball lifetime. Stronger flow increases the mean p_T of the emitted hadrons while a lower decoupling temperature decreases it. Figure 5 shows that, at fixed collision energy, ⟨p_T ⟩ grows as the collisions become more central; a similar analysis for central collisions as a function of collision energy shows that ⟨p_T ⟩ also grows with collision energy. The positive effect on ⟨p_T ⟩ from increasing radial flow thus dominates over the negative effect from the accompanying decrease of T_{kin}.

The mean p_T of charged hadrons increases with increasing shear viscosity but decreases with increasing bulk viscosity. For Glauber model initial conditions it is also affected by the width w of the Gaussian smearing profile (120,121): increasing w produces smoother initial density profiles and reduces the radial flow and thus ⟨p_T ⟩. Lowering the decoupling temperature T_{kin} increases the fireball lifetime and thus the radial flow and ⟨p_T ⟩ (120).

Figures 4 and 6 show p_T spectra for pions, kaons and protons from Au+Au and Pb+Pb collisions at RHIC and LHC. As seen in the right panel in Figure 4, hydrodynamic models with (HKM (74) and MUSIC+UrQMD (65)) and without a hadronic cascade afterburner (VISH2+1 (68) and Krakow (70)) describe the data quite well; hydrodynamic models without hadronic afterburner that implement chemical freeze-out at T_{chem} ≈ T_c overpredict the proton yields, by ignoring baryon-antibaryon annihilation in the hadronic phase, but still reproduce the shape of the spectra. As seen in the left panels of Figure 6, the azimuthally averaged p_T spectra cannot distinguish by themselves between different initial conditions and different values of the QGP shear viscosity: While larger η/s values cause stronger radial flow, this can be compensated for by assuming longer thermalization times and a corresponding later start of the hydrodynamic evolution stage (108) which shortens the time available for building radial flow. A determination of the QGP transport coefficients thus requires the simultaneous investigation of the azimuthally averaged p_T -spectra together with their azimuthal anisotropies (see Sec. 6).

5.2 Radial flow fluctuations Initial-state fluctuations affect not only the shape but also the size of the initial fireball (120). Figure 7 shows initial wounded nucleon distributions for two

LHC energies compared to RHIC (117).

Au+Au collisions with equal numbers of wounded nucleons (N_w = 100), but rms radii that differ by more than 40% (3.14 and 2.38 fm, respectively (120)). The larger pressure gradients associated with the more compact configuration lead, through hydrodynamic evolution, to a 10% larger mean p_T of the finally observed charged hadrons (622 vs. 563 MeV/c, respectively). The normalized variance σ_r/⟨r⟩ of the fluctuations in the initial fireball radius increases from about 2−3% in central Au+Au collisions to more than 15% in peripheral collisions (120). Event-by-event viscous hydrodynamic evolution of these fluctuating initial states allows to compute the covariance of the resulting final state p_T fluctuations. For Glauber initial conditions evolved with η/s = 0.08 and a hadronic bulk viscosity of ζ/s = 0.04, the theoretical predictions (120) compare well with available experimental data from the PHENIX and STAR Collaborations (122). While radial flow fluctuations are perhaps not the best observable for a precision measurement of the QGP viscosity, they provide a valuable consistency check for the hydrodynamic approach and can help to constrain the spectrum of initialstate fluctuations.

6 ELLIPTIC AND OTHER ANISOTROPIC FLOW COEFFI- CIENTS

6.1 Elliptic flow systematics Experimentally, the most direct evidence of hydrodynamic behavior comes from the observation of anisotropic flow (123). The largest of the anisotropic flow coefficients is v_2, the elliptic flow. Like all v_n, it depends on η/s: Larger shear viscosity quickly reduces them. Therefore, the large elliptic flow observed at RHIC energies provides compelling evidence for strongly interacting matter that behaves like an almost perfect liquid (118, 124).

The viscous effects reducing the magnitude of the elliptic flow depend on the size of the system (38) which again depends on the collision centrality. The centrality dependence of the elliptic flow thus is an observable sensitive to the magnitude of η/s. In Figure 2 (Sec. 4.2) we showed that the centrality dependence of v_2/ε_2 is nicely described by viscous hydrodynamic calculations. However the magnitude of η/s used in these calculations should be considered as an average over the temperature history of the expanding fireball since we know from other fluids that η/s depends on temperature. In addition, we also know that part of the elliptic flow originates from the hadronic phase. Therefore, knowledge of both the temperature dependence and the relative contributions from the partonic and hadronic phases is required to quantify (η/s)_{QGP} of the partonic fluid.

At RHIC energies, the dissipative hadronic phase significantly affects the finally observed elliptic flow, complicating the accurate determination of (η/s)_{QGP}. In

Pb+Pb collisions at the LHC the higher collision energies produce a system that is hotter and has a longer-lived partonic phase. Consequently the hadronic contribution to the elliptic flow decreases, and this reduces the uncertainty on the determination of (η/s)_{QGP}. Measurements of the energy dependence of elliptic flow at both RHIC and at the LHC allow to vary in a systematic manner the contribution from both phases and probe the temperature dependence of η/s (125).

Figure 8a shows the measured integrated elliptic flow at the LHC in one centrality bin, compared to results from lower energies. It shows that there is a continuous increase in the elliptic flow from RHIC to LHC energies. In comparison to the elliptic flow measurements in Au+Au collisions at √s_{NN} = 200 GeV, v_2 increases by about 30% at √s_{NN} = 2.76 TeV. Hydrodynamic models (127,128,129) and hybrid models (16, 130) that successfully describe flow at RHIC indeed predicted an increase of ∼10–30% in v_2 at the LHC.

At low p_T , not only the v_2 of charged particles but also that of identified particles at RHIC and LHC is well described by viscous hydrodynamics. The blue shift of the transverse momenta which depends on the particle mass also generates the characteristic mass splitting observed in a plot of v_2 versus p_T for particles of different mass (118, 131). Figure 8b shows the pion and proton elliptic flow measured by STAR compared to VISHNU model calculations (109). In the initial viscous hydrodynamic stage η/s is taken to be temperature independent. The η/s values required to describe the pion and proton p_T -differential elliptic flow data are found to be one or two times the KSS bound (21) for Glauber or KLN eccentricities, respectively, in agreement with the values required to describe the p_T -integrated total charged particle v_2.

6.2 Triangular flow and higher flow harmonics The produced system responds as a fluid to the pressure gradients and converts the coordinate space distributions, characterized by ε_n, to long range momentum space correlations between the produced particles. In the last years it was realized that novel long range correlations first observed at RHIC, known as the “ridge” and “Mach cone”, are, in fact, manifestations of anisotropic flow (24, 132, 102).

Because the created matter distribution in a collision is inhomogeneous, n covers a large range (Figure 2). However, the shear viscosity reduces differences between the expansion velocities and therefore dampens the anisotropic flow coefficients v_n, and more strongly so for larger n. As a consequence, the magnitude and transverse momentum dependence of the v_n coefficients provide a large set of observables (102,133,134,135,136) to check the hydrodynamical paradigm and are, within this description, very sensitive to the magnitude of η/s (137, 69).

In Figure 9a the measured v_2, v_3 and v_4 are shown as functions of centrality (71). These form the flow power spectrum created by hydrodynamics in response to the initial fluctuation power spectrum shown in Figure 2. p_T - integrated charged hadron flow coefficients for n = 1 and n > 4 are not yet available experimentally but have been predicted theoretically (71) and are expected to complement the Little Bang power spectrum in the near future. Clearly v_3 and v_4 have a rather weak centrality dependence while v_2 changes rapidly. This mirrors the spectrum of ε_n in Figure 2 which also shows the strongest centrality dependence for n = 2. Within hydrodynamics, the initial ε_n power spectrum together with the shear viscosity (η/s)(T ) completely determine the centrality and p_T dependences of the anisotropic flow coefficients v_n, as well as their eventby-event fluctuations. The IP-Glasma initial conditions (81), together with an average value for η/s of 0.2 for Pb+Pb collisions at the LHC and a somewhat smaller value of 0.12 for Au+Au collisions at top RHIC energies, provide a good description of all presently available data for charged hadron v_n and v_n(p_T ) (71). Examples are shown in Figure 9. As discussed in (71), the measurements at both collision energies are also compatible with a temperature dependent specific shear viscosity (η/s)(T ) (125) that has a minimum value of^1_{4π} = 0.08 at T_c and rises moderately above and more steeply below T_c (c.f. the two curves shown in comparison with v_2(p_T ) data in Figure 9b). On the other hand, initial fluctuation power spectra obtained from the MC-Glauber and MC-KLN models (also shown in Figure 2) can not reproduce the measured flow power spectrum (C. Shen and Z. Qiu, private communication, and related discussion in (138)). Although a good simultaneous description of charged hadron v_2 and v_3 can be obtained with η/s = 0.08 and MC-Glauber initial conditions (139) (but not with MC-KLN initial conditions), both models fail when tested on higher flow harmonics and the widths of their event-by-event fluctuation distributions.

Fluctuations also induce a non-zero directed flow v_1 at midrapidity (141, 140). It is strongly constrained by global momentum conservation (140) (which forces the p_T -weighted directed flow to vanish at midrapidity) and has been measured both at RHIC (142) and LHC (143). Its effect is clearly visible in Figure 1 as a dipole shift of the matter density. Once still existing differences between the measurements have been clarified, this observable will form the bottom end of the flow power spectrum of the Little Bang.

6.3 Flow angle correlations The anisotropic flow coefficients v_2 and v_3 are to a good approximation linearly proportional to the ε_2 and ε_3, respectively (31). However, due to the nonlinearity of the hydrodynamic evolution equations, the hydrodynamic response to the initial-state fluctuations spectrum is characterized by mode-mixing between different order flow harmonics which becomes large in mid-central and peripheral collisions where the large geometric ellipticity ε_2 drives a large elliptic flow v_2 which mixes with the other flow harmonics (31,144,101). Anisotropic flow coefficients such as v_4 and v_5 thus depend on the magnitude of v_2 and v_3, respectively, and for mid-central collisions the flow angles Ψ_4 and Ψ_5 are uncorrelated with the participant plane angles Φ_4 and Φ_5 associated with ε_4 and ε_5 (31). This characteristic change between the initial coordinate space ε_n and final momentum space v_n power spectra and their associated angles is a strong test of the hydrodynamic paradigm and provides additional constraints on the specific shear viscosity and initial density fluctuation spectrum (100).

Correlations between the flow planes Ψ_n can be measured either by using combinations of two particle correlations to estimate each Ψ_n, or by using multiparticle cumulants. Figure 10a shows the ALICE measurements (102) of 5- particle cumulants that are sensitive to the correlation among different order flow planes. The correlator ⟨⟨cos[3(φ_1+φ_2) − 2(φ_3+φ_4+φ_5)]⟩⟩ (where ⟨⟨. . .⟩⟩ denotes the double average over the particles 1–5 within an event and over all events) is sensitive to ⟨v^2_3 v^3_2 cos[6(Ψ_3−Ψ_2)]⟩ (where ⟨. . .⟩ denotes an average over events); the data show that Ψ_3 and Ψ_2 are uncorrelated for central to mid-central collisions. However, the three-plane correlation between the angles Ψ_1, Ψ_2 and Ψ_3, obtained by measuring the five-particle cumulant shown by the blue markers, is already significant for mid-central collisions, in qualitative agreement with expectations from (linearized) hydrodynamic response (141).

In general, however, linearized hydrodynamic response is not sufficient. In Figure 10b we show several correlation functions between flow angles corresponding to different harmonics as measured by ATLAS (103), plotted versus centrality, with central collisions (large N_{part}) on the the right and peripheral collisions (small N_{part}) on the left. The comparison to viscous hydrodynamic calculations (100) with initial energy density profiles from the MC-Glauber and MC-KLN models (solid and dashed lines) shows good qualitative overall agreement; the corresponding correlations between the eccentricity planes Φ_n in the initial state, on the other hand, behave quite differently – in magnitude, in their qualitative centrality dependence, and even in sign (100). The final-state flow angle correlations thus cannot be understood, even qualitatively, without taking into account the nonlinear hydrodynamic response of the QGP fluid to the fluctuating initial states (100,101). The strength of these nonlinear effects and, in some cases, even the shape of the centrality dependence of these flow angle correlations were shown to be sensitive both to the details of the initial-state fluctuation spectrum and to the specific shear viscosity η/s (100).

6.4 Eccentricity and flow fluctuations As explained in Sec. 3.1, experimentally the anisotropic flow coefficients are estimated from measured angular correlations between emitted particles. Different correlation functions probe different moments of the v_n distributions, but none of them measures directly the mean v̄_n. As seen in Eq. (5), the mean and variance of v_n can be approximately obtained from the two- and four-particle cumulants (after correcting the former for non-flow effects (90)) as v̄_n ≈ √ (v^2_n{2}+v^2_n{4})/2 and σ_{vn} ≈ √ (v^2_n{2}−v^2_n{4})/2.^3 The blue markers in Figure 11a show the resulting experimental estimate for the normalized elliptic flow variance σ_{v2} /v̄_2. It is found to be large (≈ 40%), hence the shown v̄_2 and σ_{v2} are only rough estimates. Since, for not too large impact parameters (31), the magnitude of the elliptic flow is proportional to the eccentricity ε_2 of the initial nuclear overlap region, we expect (and the top panel in Figure11b confirms) that the normalized variance of v_2 should be close to that of ε_2, shown by the lines in Figure 11 for MC-Glauber (91) and MC-KLN (95) initial conditions. The difference between the dash-dotted and solid lines, showing the exact ratio σ_{ε2} /ε̄_2 from the respective model and its small-variance approximation, indicates the quality of the approximation used in the experimental extraction of σ_{v2} /v̄_2. The rise of the experimental estimate for σ_{v2} /v̄_2 in central collisions is seen to be mostly due to this approximation. Although the centrality dependences of σ_{ε2} /ε̄_2 from the models and of σ_{v2} /v̄_2 from experiment show clear similarities, neither model is able to match the data over the full centrality range.

For a more detailed comparison the full event-by-event distribution of v_n can be reconstructed experimentally, by removing as much as possible non-flow correlations and then unfolding the measured correlations with a response function that accounts for the statistical smearing due to the finite number of measured particles per event (138). Figure 11b compares the measured event-by-event distributions of v_2, v_3 and v_4 measured by ATLAS (138), the distribution of the ε_n from the IP-Glasma model (71), and the final v_n distributions after the viscous hydrodynamical evolution. The theoretical v_n distributions after hydrodynamic evolution are seen to be slightly wider than the initial ε_n distributions, indicating non-linear hydrodynamic effects on the fluctuation spectrum. These appear to be somewhat stronger in peripheral than in central collisions (71), which may explain the stronger increase of σ_{v2} /v̄_2 compared to σ_{ε2} /ε̄_2 seen in Figure 11a for large impact parameters. In Figure 11b non-linear mode-mixing effects on the shape of the event-by-event distribution are particularly prominent for v_4; only after accounting for the non-linear hydrodynamic evolution, the measured v_n distributions can be fully reproduced.

The ability of the IP-Glasma initial-state fluctuation model, which is deeply rooted in QCD, combined with viscous hydrodynamic evolution to simultaneously correctly describe the mean v_{2,3,4} coefficients at both top RHIC and LHC energies, their centrality and p_T dependence, as well as the detailed shape of their event-by-event distributions, is impressive. The recent measurements of these observables and their successful theoretical explanation has established the hydrodynamic paradigm for ultra-relativistic heavy-ion collisions beyond reason-

3Here we ignored flow angle fluctuations by setting v̄n = ⟨vn⟩.

able doubt. Future measurements of the centrality and beam energy dependence of the complete v_n power spectrum and of the correlations between the flow angles Ψ_n, together with more complete theoretical modeling of the early-pre-equilibrium and late freeze-out stages, will allow for a precision determination of the transport properties of the QGP and the final completion of the Little Bang Standard Model.

7 SYNOPSIS AND FUTURE PERSPECTIVE

Construction work on the Little Bang Standard Model is nearing completion. Heavy-ion collisions generate many different classes of Little Bangs – the initial conditions depend on collision system, collision energy and collision centrality. Each class is characterized by its own spectrum of initial-state density fluctuations which (at LHC and top RHIC energy) appear to be calculable directly from QCD, using gluon saturation ideas. This so-called Glasma model also provides a description of the early pre-equilibrium evolution of the Little Bang, although the absence of color field quantum fluctuations in the present implementations, and the resulting lack of thermalization, are weaknesses that need to be fixed – corresponding work is going on while this is being written. After a very short time of around 0.2−0.4 fm/c (for top RHIC and LHC energies), the Glasma pre-equilibrium dynamics can be matched to viscous fluid dynamics of an approximately thermalized QGP, which then describes the main part of the fireball evolution (the next 5−10 fm/c, depending on collision energy and geometry) until hadronization. After hadronization, the macroscopic hydrodynamic evolution should be matched to a microscopic kinetic description based on hadronic degrees of freedom which then describes the rest of the Little Bang’s life until final decoupling. At LHC energies, replacing this microscopic kinetic approach by a continued application of fluid dynamics, with appropriately adjusted hadronic chemical potentials in the equation of state that describe the breaking of hadronic chemical equilibrium below T_c, and with appropriately chosen values for the specific shear and bulk viscosities η/s and ζ/s in the hadronic phase, is for many observables a reasonably good approximation, but will in the end not suffice for precision work.

The fact that the initial Little Bang density profiles fluctuate from event to event is of crucial importance. Fluctuations in the magnitude and orientation of the initial-state eccentricity coefficients lead to fluctuations in the final harmonic flow coefficients and in the directions of those flows whose variances affect measured quantities in specific ways that require, for a faithful theoretical description, event-by-event simulation of the hydrodynamic evolution. The correlations between the final flow planes differ from those between the initial eccentricity planes, sometimes dramatically, reflecting the non-linear hydrodynamic evolution and mode-mixing, in particular with the large geometrically driven elliptic flow in peripheral collisions. The recent measurement of these correlations and their successful explanation with full non-linear hydrodynamics, but not with linear response theory, constitutes an experimentum crucis in support of the hydrodynamic paradigm. The community is looking forward to fully exploiting the spectrum of final anisotropic flow fluctuations and their angular correlations for pinning down the initial fluctuation spectrum and QGP transport properties.

The present, still imperfect version of the Little Bang Standard Model is able to describe qualitatively, and in most cases even quantitatively, almost all observed features of soft hadron production in heavy-ion collisions at RHIC and LHC. The fact that collective flow anisotropies are uniquely sensitive the shear viscosity of the fireball matter has permitted the experimental determination of (η/s)_{QGP} ≈ 0.2 = 2.5 ×^1_{4π} at LHC temperatures (perhaps a bit smaller at RHIC temperatures), with less than 20% statistical and of order 50% systematic uncertainty related to the initial-state fluctuation and pre-equilibrium evolution models. Rapid recent progress and ongoing work promise to reduce, within a year or two, the theoretical systematic error to a level competitive with the experimental statistical and systematic errors. Together with additional high-precision experiments, further exploration of the systematic variation of flow observables with collision energy, impact parameter and system size should permit the determination of (η/s)_{QGP} with 5% relative precision, accurate enough to open the window for an experimental investigation of the (by an order of magnitude) smaller effects from bulk viscosity and the related shear and bulk viscous relaxation times.

Acknowledgements: We thank Bjoern Schenke, Zhi Qiu and Chun Shen for help in preparing Figure 2 and You Zhou for the preparation of Figure 4. Constructive comments by P. Huovinen and J. Jia are gratefully acknowledged. The work of UH was supported by the US Department of Energy under Grants No. de-sc0004286 and (within the framework of the JET Collaboration) de-sc0004104. The work of RS was supported by the Stichting voor Fundamenteel Onderzoek der Materie (FOM) and the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).

Literature Cited

1. Fermi E. Prog. Theor. Phys. 5:570 (1950); Landau LD. Izv. Akad. Nauk Ser. Fiz. 17:51 (1953); Belenkij SZ, Landau LD. Nuovo Cim. Suppl. 3S10:15 (1956) [Usp. Fiz. Nauk 56:309 (1955)] 2. Nagamiya S, et al. Phys. Rev. C 24:971 (1981) 3. Gustafsson HA, et al., Phys. Rev. Lett. 52:1590 (1984) 4. Appelshauser H, et al. (NA49 Collab.) Phys. Rev. Lett. 80:4136 (1998) 5. Schlei BR, et al. Phys. Lett. B 376:212 (1996); Sollfrank J, Huovinen P, Kataja M, Ruuskanen PV, Prakash M, Venugopalan R. Phys. Rev. C 55:392

(1997) Teaney D, Shuryak EV. Phys. Rev. Lett. 83:4951 (1999); Kolb PF, Sollfrank J, Heinz U. Phys. Lett. B 459:667 (1999) 6. Kolb PF, Heinz U. In Quark-Gluon Plasma 3, eds. RC Hwa, X-N Wang, p.

634. Singapore: World Sci. (2004) 7. Kolb PF, Huovinen P, Heinz U, Heiselberg H. Phys. Lett. B 500:232 (2001) 8. Soff S, Bass SA, Bleicher M, Stöcker H, Greiner W. arXiv:nucl-th/9903061 (1999) 9. Bleicher M, Stöcker H. Phys. Lett. B 526:309 (2002) 10. Heinz U, Kolb PF. Nucl. Phys. A 702:269 (2002) 11. Gyulassy M. In Structure and Dynamics of Elementary Matter, ed. W Greiner et al., NATO Science Series II: Mathematics, Physics and Chemistry, Vol. 166, p. 159. Dordrecht: Kluwer Academic (2004) 12. Huovinen P. Nucl. Phys. A 761:296 (2005) 13. Hirano T, Tsuda K. Phys. Rev. C 66:054905 (2002); Kolb PF, Rapp R.

Phys. Rev. C 67:044903 (2003); Huovinen P. Eur. Phys. J. A 37:121 (2008) 14. Bass SA, Dumitru A. Phys. Rev. C 61:064909 (2000); Nonaka C, Bass SA.

ibid. 75:014902 (2007) 15. Teaney D, Lauret J, Shuryak EV. arXiv:nucl-th/0110037 (2001) 16. Hirano T, Heinz U, Kharzeev D, Lacey R, Nara Y. Phys. Lett. B 636:299 (2006) 17. Song H, Bass SA, Heinz U. Phys. Rev. C 83:024912 (2011) 18. Heinz U. J. Phys. G 31:S717 (2005) 19. Lacey RA, Taranenko A. PoS CFRNC2006:021 (2006) 20. Romatschke P, Romatschke U. Phys. Rev. Lett. 99:172301 (2007); Luzum M, Romatschke P. Phys. Rev. C 78:034915 (2008) [Erratum ibid. C 79:039903 (2009)] 21. Policastro G, Son DT, Starinets AO. Phys. Rev. Lett. 87:081601 (2001);

Kovtun P, Son DT, Starinets AO. Phys. Rev. Lett. 94:111601 (2005) 22. Miller M, Snellings R. arXiv:nucl-ex/0312008 (2003) 23. Socolowski O, Grassi F, Hama Y, Kodama T. Phys. Rev. Lett. 93:182301 (2004); Andrade R, Grassi F, Hama Y, Kodama T, Socolowski O., ibid. 97:202302 (2006) 24. Sorensen P. J. Phys. G 37:094011 (2010) 25. Alver B, Roland G. Phys. Rev. C 81:054905 (2010) [Erratum ibid. C 82:039903 (2010)] 26. Komatsu E, et al. (WMAP Collab.). Astrophys. J. Suppl. 192:18 (2011) 27. Springel V, Frenk CS, White SDM. Nature 440:1137 (2006) 28. Mishra AP, Mohapatra RK, Saumia PS, Srivastava AM. Phys. Rev. C 77:064902 (2008); ibid. 81:034903 (2010) 29. Mocsy A, Sorensen P. Nucl. Phys. A 855:241 (2011) 30. Qin G-Y, Petersen H, Bass SA, Müller B. Phys. Rev. C 82:064903 (2010)

31. Qiu Z, Heinz U. Phys. Rev. C 84:024911 (2011) 32. Hiscock WA, Lindblom L. Annals Phys. 151:466 (1983); Phys. Rev. D 31:725 (1985) 33. Israel W. Annals Phys. 100:310 (1976); Israel W, Stewart JM. ibid. 118:341 (1979) 34. Baier R, Romatschke P, Son DT, Starinets AO, Stephanov MA. JHEP 0804:100 (2008) 35. Muronga A. Phys. Rev. C 69:034903 (2004) 36. Heinz U, Song H, Chaudhuri AK. Phys. Rev. C 73:034904 (2006) 37. Song H, Heinz U. Phys. Lett. B 658:279 (2008); Phys. Rev. C 77:064901 (2008) 38. Song H, Heinz U. Phys. Rev. C 78:024902 (2008) 39. Molnar E, Niemi H, Rischke DH. Eur. Phys. J. C 65, 615 (2010) 40. Denicol GS, Koide T, Rischke DH. Phys. Rev. Lett. 105:162501 (2010) 41. Denicol GS, Niemi H, Molnar E, Rischke DH. Phys. Rev. D 85, 114047 (2012); Denicol GS, Molnar E, Niemi H, Rischke DH. arXiv:1206.1554 [nuclth] (2012); Denicol GS, Niemi H, Bouras I, Molnar E, Xu Z, Rischke DH, Greiner C. arXiv:1207.6811 [nucl-th] (2012) 42. El A, Xu Z, Greiner C. Phys. Rev. C 81:041901(R) (2010) 43. Borsanyi S, et al. JHEP 1011:077 (2010); Borsanyi S. arXiv:1210.6901 [heplat] (2012); Bazavov A, et al. Phys. Rev. D 85:054503 (2012) 44. Aoki Y, Endrodi G, Fodor Z, Katz SD, Szabo KK. Nature 443:675 (2006) 45. Huovinen P, Petreczky P. Nucl. Phys. A 837:26 (2010); Shen C, Heinz U, Huovinen P, Song H. Phys. Rev. C 82:054904 (2010) 46. Arnold PB, Moore GD, Yaffe LG. JHEP 0011:001 (2000); ibid. 0305:051 (2003) 47. Arnold PB, Dogan C, Moore GD. Phys. Rev. D 74:085021 (2006); Moore GD, Saremi O. JHEP 0809:015 (2008) 48. Csernai LP, Kapusta JI, McLerran LD. Phys. Rev. Lett. 97:152303 (2006) 49. Kapusta JI. In Relativistic Heavy Ion Physics, ed. R Stock, Landolt- Boernstein Vol. 1/23, p. 7-1. Berlin: Springer-Verlag. 16 pp. (2010) [arXiv:0809.3746 [nucl-th] (2008)] 50. Meyer HB. Phys. Rev. D 76:101701 (2007); Phys. Rev. Lett. 100:162001 (2008); Eur. Phys. J. A 47:86 (2011) 51. Maldacena JM. Adv. Theor. Math. Phys. 2:231 (1998) 52. Buchel A. Phys. Lett. B 663:286 (2008) 53. Demir N, Bass SA. Phys. Rev. Lett. 102:172302 (2009); El A, Muronga A, Xu Z, Greiner C. Phys. Rev. C 79:044914 (2009) 54. Karsch F, Kharzeev D, Tuchin K. Phys. Lett. B 663:217 (2008); Moore GD, Saremi O. JHEP 0809:015 (2008) 55. Heinz U. Nucl. Phys. A 661:140 (1999); Heinz U, Kestin G. PoS

CPOD2006:038 (2006) 56. Braun-Munzinger P, Stachel J, Wetterich C. Phys. Lett. B 596:61 (2004) 57. Bass SA, et al. Phys. Rev. C 60:021902 (1999) 58. Becattini F, Bleicher M, Kollegger T, Mitrovski M, Schuster T, Stock R.

Phys. Rev. C 85:044921 (2012); Steinheimer J, Aichelin J, Bleicher M. arXiv:1203.5302 [nucl-th] (2012) 59. Bebie H, Gerber P, Goity JL, Leutwyler H. Nucl. Phys. B 378:95 (1992);

Teaney D. arXiv:nucl-th/0204023 (2002) 60. Song H, Heinz U. J. Phys. G 36:064033 (2009) 61. Heinz U. In Relativistic Heavy Ion Physics, ed. R Stock, Landolt-Boernstein Vol. 1/23, p. 5-1. Berlin: Springer-Verlag. 53 pp. (2010) [arXiv:0901.4355 [nucl-th] (2009)] 62. Bass SA, et al. Prog. Part. Nucl. Phys. 41:255 (1998) 63. Nara Y, Otuka N, Ohnishi A, Niita K, Chiba S. Phys. Rev. C 61:024901 (2000) 64. Teaney D. Phys. Rev. C 68:034913 (2003); Dusling K, Moore GD, Teaney D. ibid. 81:034907 (2010) 65. Ryu S, Jeon S, Gale C, Schenke B, Young C. arXiv:1210.4588 [hep-ph] (2012) 66. Dong X (STAR Collab.). arXiv:1210.6677 [nucl-ex] (2012); Shi S (STAR Collab.). arXiv:1210.4607 [nucl-ex] (2012) 67. Hirano T, Heinz U, Kharzeev D, Lacey R, Nara Y. J. Phys. G 34:S879 (2007) 68. Shen C, Heinz U, Huovinen P, Song H. Phys. Rev. C 84:044903 (2011) 69. Schenke B, Jeon S, Gale C. J. Phys. G 38:124169 (2011); Phys. Rev. C 85:024901 (2012) 70. Bozek P. Phys. Rev. C 85:034901 (2012); Acta Phys. Polon. B 43:689 (2012);

Bozek P, Wyskiel-Piekarska I. Phys. Rev. C 85:064915 (2012) 71. Gale C, Jeon S, Schenke B, Tribedy P, Venugopalan R. Phys. Rev. Lett.

110:012302 (2013); arXiv:1210.5144 [hep-ph] (2012) 72. Heinz U, Shen C, Song H. AIP Conf. Proc. 1441:766 (2012) 73. Hirano T, Huovinen P, Nara Y. Phys. Rev. C 84:011901 (2011) 74. Akkelin SV, Hama Y, Karpenko IA, Sinyukov YM. Phys. Rev. C 78:034906 (2008); Karpenko IA, Sinyukov YM. ibid. 81:054903 (2010); J. Phys. G 38:124059 (2011); Karpenko IA, Sinyukov YM, Werner K. arXiv:1204.5351 [nucl-th] (2012) 75. Kovner A, McLerran LD, Weigert H. Phys. Rev. D 52:6231 (1995) 76. Kovchegov YV, Rischke DH. Phys. Rev. C 56:1084 (1997) 77. Krasnitz A, Venugopalan R. Nucl. Phys. B 557:237 (1999); Phys. Rev. Lett.

84:4309 (2000); ibid. 86:1717 (2001) 78. Lappi T. Phys. Rev. C 67:054903 (2003); Lappi T, McLerran LD. Nucl.

Phys. A 772:200 (2006)

79. Vredevoogd J, Pratt S. Phys. Rev. C 79:044915 (2009) 80. Broniowski W, Chojnacki M, Florkowski W, Kisiel A. Phys. Rev. Lett.

101:022301 (2008); Pratt S. ibid. 102:232301 (2009) 81. Schenke B, Tribedy P, Venugopalan R. Phys. Rev. Lett. 108:252301 (2012);

Phys. Rev. C 86:034908 (2012) 82. Bartels J, Golec-Biernat KJ, Kowalski H. Phys. Rev. D 66:014001 (2002);

Kowalski H, Teaney D. Phys. Rev. D 68:114005 (2003) 83. Martinez M, Strickland M. Nucl. Phys. A 848:183 (2010); ibid. 856:68 (2011); Martinez M, Ryblewski R, Strickland M. Phys. Rev. C 85:064913 (2012); Florkowski W, Martinez M, Ryblewski R, Strickland M. arXiv:1210.1677 [nucl-th] (2012) 84. Müller B, Schäfer A. Phys. Rev. D 85:114030 (2012) 85. Dumitru A, Nara Y. Phys. Rev. C 85:034907 (2012) 86. Gardim FG, Grassi F, Luzum M, Ollitrault J-Y. arXiv:1211.0989 [nucl-th] (2012) 87. Qiu Z, Shen C, Heinz U. arXiv:1301.xxxx [nucl-th] (2013). 88. Voloshin SA, Poskanzer AM, Snellings R. In Relativistic Heavy Ion Physics, ed. R Stock, Landolt-Boernstein Vol. 1/23, p. 5-54. Berlin: Springer-Verlag. 41 pp. (2010) [arXiv:0809.2949 [nucl-ex] 2008)] 89. Borghini N, Dinh PM, Ollitrault J-Y. Phys. Rev. C 64:054901 (2001) 90. Ollitrault J-Y, Poskanzer AM, Voloshin SA. Phys. Rev. C 80:014904 (2009) 91. Miller ML, Reygers K, Sanders SJ, Steinberg P. Ann. Rev. Nucl. Part. Sci.

57:205 (2007) 92. Hirano T, Nara Y. Phys. Rev. C 79:064904 (2009) 93. Drescher HJ, Nara Y. Phys. Rev. C 75:034905 (2007); ibid. 76:041903(R) (2007) 94. Kovchegov YV, Levin E. Quantum Chromodynamics at High Energy. Cambridge University Press (2012) 95. Kharzeev D, Levin E, Nardi M. Phys. Rev. C 71:054903 (2005); Drescher H-J, Dumitru A, Hayashigaki A, Nara Y. ibid. 74:044905 (2006) 96. Moreland JS, Qiu Z, Heinz U. arXiv:1210.5508 [nucl-th] (2012) 97. Flensburg C, Gustafson G, Lonnblad L. JHEP 1108:103 (2011); Flensburg C. arXiv:1108.4862 [nucl-th] (2011); Prog. Theor. Phys. Suppl. 193:172 (2012) 98. Bhalerao RS, Luzum M, Ollitrault J-Y. Phys. Rev. C 84:034910 (2011) 99. Jia J, Mohapatra S. arXiv:1203.5095 [nucl-th] (2012); Jia J, Teaney D.

arXiv:1205.3585 [nucl-ex] (2012) 100. Qiu Z, Heinz U. Phys. Lett. B 717:261 (2012) 101. Teaney D, Yan L. Phys. Rev. C 86:044908 (2012); arXiv:1210.5026 [nucl-th] (2012) 102. Aamodt K, et al. (ALICE Collab.). Phys. Rev. Lett. 107:032301 (2011);

Bilandzic A, et al. (ALICE Collab.). arXiv:1210.6222 [nucl-ex] (2012) 103. Jia J, et al. (ATLAS Collab.). arXiv:1208.1427 [nucl-ex] (2012) 104. Song H, Heinz U. Phys. Rev. C 81:024905 (2010) 105. Schnedermann E, Sollfrank J, Heinz U. Phys. Rev. C 48:2462 (1993); and in Particle Production in Highly Excited Matter, eds. HH Gutbrod, J Rafelski. NATO ASI Series B 303:175. New York: Plenum (1993) 106. Heinz U. In Extreme QCD, eds. G Aarts, S Hands, p. 3-12. Swansea: University of Wales (2006) [arXiv:nucl-th/0512051 (2005)] 107. Teaney DA. In Quark-Gluon Plasma 4, eds. RC Hwa, X-N Wang, p. 207.

Singapore: World Sci. (2010) [arXiv:0905.2433 [nucl-th] (2009)] 108. Song H, Bass SA, Heinz U, Hirano T, Shen C. Phys. Rev. Lett. 106:192301 (2011) [Erratum: ibid. 109:139904 (2012)];

109. Song H, Bass SA, Heinz U, Hirano T, Shen C. Phys. Rev. C 83:054910 (2011) [Erratum: ibid. 86:059903 (2012)] 110. Adams J, et al. (STAR Collab.). Phys. Rev. C 72:014904 (2005) 111. Adams J, et al. (STAR Collab.). Phys. Lett. B 616:8 (2005) 112. Chatrchyan S, et al. (CMS Collab.). Eur. Phys. J. C 72:2164 (2012) 113. Adler SS, et al. (PHENIX Collab.). Phys. Rev. C 69:034909 (2004) 114. Abelev BI, et al. (STAR Collab.). Phys. Rev. C 79:034909 (2009) 115. Abelev B, et al. (ALICE Collab.). arXiv:1208.1974 [hep-ex] (2012) 116. Sollfrank J, Koch P, Heinz U. Phys. Lett. B 252:256 (1990); Z. Phys. C 52:593 (1991) 117. Tribedy P, Venugopalan R. Nucl. Phys. A 850:136 (2011) [Erratum: ibid.

859:185 (2011)] 118. Arsene I, et al. (BRAHMS Collab.). Nucl. Phys. A 757:1 (2005); Back BB, et al. (PHOBOS Collab.). ibid. p.28 (2005); Adams J, et al. (STAR Collab.). ibid. p.102 (2005); Adcox K, et al. (PHENIX Collab.). ibid. p.184 (2005) 119. Kumar L. Central Eur. J. Phys. 10:1274 (2012) 120. Bozek P, Broniowski W. Phys. Rev. C 85:044910 (2012) 121. Holopainen H, Niemi H, Eskola KJ. Phys. Rev. C 83:034901 (2011) 122. Adler SS, et al. (PHENIX Collab.) Phys. Rev. Lett. 93:092301 (2004); Adams J, et al. (STAR Collab.). Phys. Rev. C 72:044902 (2005) 123. Ollitrault J-Y. Phys. Rev. D 46:229 (1992) 124. Gyulassy M, McLerran LD. Nucl. Phys. A 750:30 (2005) 125. Niemi H, Denicol GS, Huovinen P, Molnar E, Rischke DH. Phys. Rev. Lett.

106:212302 (2011); Phys. Rev. C 86:014909 (2012) 126. Aamodt K, et al. (ALICE Collab.). Phys. Rev. Lett. 105:252302 (2010); Chatrchyan S, et al. (CMS Collab.). arXiv:1204.1409 [nuclex] (2012); ATLAS Collab. ATLAS note ATLAS-CONF-2012-117. http://cds.cern.ch/record/1472939/files/ATLAS-CONF-2012-117.pdf (2012)

127. Niemi H, Eskola KJ, Ruuskanen PV. Phys. Rev. C 79:024903 (2009) 128. Kestin G, Heinz U. Eur. Phys. J. C 61:545 (2009) 129. Luzum M, Romatschke P. Phys. Rev. Lett. 103:262302 (2009) 130. Hirano T, Huovinen P, Nara Y. Phys. Rev. C 83:021902 (2011) 131. Yin Z (ALICE Collab.). Central Eur. J. Phys. 10:1361 (2012) 132. Luzum M. Phys. Lett. B 696:499 (2011) 133. Aad G, et al. (ATLAS Collab.). Phys. Rev. C 86:014907 (2012) 134. Chatrchyan S, et al. (CMS Collab.). CMS Note CMS-PAS-HIN-11- 005. http://cds.cern.ch/record/1361385/files/HIN-11-005-pas.pdf (2011); arXiv:1208.2470 [nucl-ex] (2012) 135. Adare A, et al. (PHENIX Collab.). Phys. Rev. Lett. 107:252301 (2011) 252301 136. Pandit Y, et al. (STAR Collab.). arXiv:1210.5315 [nucl-ex] (2012) 137. Alver BH, Gombeaud C, Luzum M, Ollitrault J-Y. Phys. Rev. C 82:034913 (2010) 138. Jia J, et al. (ATLAS Collab.). arXiv:1209.4232 [nucl-ex] (2012); ATLAS Collab. ATLAS note ATLAS-CONF-2012-114. http://cds.cern.ch/record/1472935/files/ATLAS-CONF-2012-114.pdf (2012) 139. Qiu Z, Shen C, Heinz U. Phys. Lett. B 707:151 (2012) 140. Gardim FG, Grassi F, Hama Y, Luzum M, Ollitrault J-Y. Phys. Rev. C 83:064901 (2011) 141. Teaney D, Yan L. Phys. Rev. C 83:064904 (2011) 142. Pandit Y, et al. (STAR Collab.). arXiv:1211.7162 [nucl-ex] (2012) 143. Selyuzhenkov I, et al. (ALICE Collab.). J. Phys. G 38:124167 (2011);

Aamodt K, et al. (ALICE Collab.). Phys. Lett. B 708:249 (2012); Jia J, et al. (ATLAS Collab.). J. Phys. Conf. Ser. 389:012013 (2012) 144. Gardim FG, Grassi F, Luzum M, Ollitrault J-Y. Phys. Rev. C 85:024908 (2012); arXiv:1210.8422 [nucl-th] (2012) 145. Snellings R, et al. (ALICE Collab.). J. Phys. G 38:124013 (2011)

Figure 1: Typical transverse energy density profiles e(x, y) from the IP-Glasma model (81) for a semiperipheral (b = 8 fm) Au+Au collision at √ s = 200 A GeV, at times τ = 0.01, 0.2, and 5.2 fm/c. From τ = 0.01 fm/c to 0.2 fm/c the fireball evolves out of equilibrium according to the Glasma model (75,76,77,78); at τ = 0.2 fm/c the energy momentum tensor from the IP-Glasma evolution is Landau-matched to ideal fluid form (for technical reasons (71) the viscous pressure components are set to zero at the matching time) and henceforth evolved with viscous Israel-Stewart fluid dynamics, assuming η/s = 0.12 for the specific shear viscosity. The pre-equilibrium Glasma evolution is seen to somewhat wash out the large initial energy density fluctuations. The subsequent viscous hydrodynamic evolution further smoothes these fluctuations. The asymmetric pressure gradients due to the prominent dipole asymmetry in the initial state of this particular event (visible as a left-right asymmetry of the density profile in the left panel) is seen to generate a dipole (“directed flow”) component in the hydrodynamic flow pattern that pushes matter towards the right during the later evolution stages.

Figure 2: Primordial fluctuation power spectrum of the Little Bangs created in 2.76 A TeV Pb+Pb collisions of different centralities, from three different initialstate models (IP-Glasma, MC-Glauber, MC-KLN).

Figure 3: The eccentricity-scaled integrated elliptic flow of all charged hadrons, v^{ch}_2 (η/s)/ε, as a function of total charged hadron multiplicity density per unit overlap area, (1/S)(dN_{ch}/dy). The experimental data points show two measures for the elliptic flow (⟨v_2⟩ (90) and v_2{2} (110)) from 200 A GeV Au-Au collisions at RHIC, measured by the STAR Collaboration. Both panels use the same sets of data, but use different normalization average initial eccentricities ⟨ε⟩ and overlap areas ⟨S⟩ to normalize the vertical and horizontal axes, obtained from the Monte- Carlo-Glauber (91) and Monte-Carlo Kharzeev-Levin-Nardi (MC-KLN (95, 93)) models. The theoretical curves were computed with the VISHNU model (17, 108), for different (temperature-independent) choices of the specific QGP shear viscosity (η/s)_{QGP}.

Figure 4: Transverse mass (m_T = √ m^2 + p^2_T ) distributions of pions, kaons and protons from pp and Au+Au resp. Pb+Pb collisions at RHIC and LHC, at the collision energies indicated in the plots. The data (symbols) are from Refs. (111, 112) (pp collisions at RHIC and LHC), Refs. (113, 114) (Au+Au collisions at RHIC), and (115) (Pb+Pb collisions at the LHC). The models (lines) are described in the text.

Figure 5: Average transverse momentum vs. number of wounded nucleons N_w, for pions, kaons and protons from 200 A GeV Au+Au collisions. Experimental data from the PHENIX Collaboration are compared with (3+1)-dimensional event-by-event viscous hydrodynamic simulations with constant specific shear and bulk viscosities as indicated, for two different decoupling temperatures T_f ≡ T_{kin}. Figure taken with permission from Ref. (120).

Figure 6: (a) Pion and (b) proton p_T spectra from 200 A GeV Au+Au collisions at different collision centralities, compared with viscous hydrodynamic simulations (108).

Figure 7: Two typical wounded nucleon configurations in the transverse plane for Au+Au collisions with N_w = 100 wounded nucleons. Lines indicate contours of constant entropy density s after smearing the wounded nucleons with Gaussian distributions. Figure taken with permission from Ref. (120).

Figure 8: (a) Integrated elliptic flow at 2.76 TeV (126) in the 20–30% centrality class compared with results from lower energies taken at similar centralities. (b) The v_2(p_T ) for pions and protons measured by STAR compared to hydrodynamic calculations with different eccentricities and η/s (109).

Figure 9: (a) The centrality dependence of v_n{2} from 2.76 A TeV Pb+Pb collisions measured by ALICE (102) compared to viscous hydrodynamic model calculations (71). (b) Comparison of v_n(p_T ) for the same collision system at 20−30% centrality from ATLAS (133) with hydrodynamical calculations, using both a constant average and a temperature dependent η/s (71).

Figure 10: (a) The centrality dependence of the 5-particle cumulants from ALICE (102). The cumulant shown by green markers is sensitive to v^2_3 v^3_2 cos[6(Ψ_3−Ψ_2)], the red markers to −v^3_2v^2_1 cos[2(Ψ_2−Ψ_1)], and the blue markers to −v_3v^3_2 v_1 cos(3Ψ_3−2Ψ_2−Ψ_1). (b) Correlations between different Ψ_n from ATLAS (103) and from viscous hydrodynamics (100). Both data sets are from Pb+Pb collisions at the LHC.

Figure 11: (a) Relative event-by-event elliptic flow fluctuations versus collision centrality measured by ALICE (145). (b) Scaled distributions of v_{2,3,4} (from top to bottom) from viscous hydrodynamics with IP-Glasma initial conditions (71) compared with experimental data from ATLAS (138) and with the scaled distributions of the corresponding initial eccentricities ε_{2,3,4}. Nonlinear hydrodynamic evolution causes slightly larger variances for the v_n distributions compared to those of ε_n. The data in both panels are from Pb+Pb collisions at the LHC.