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1. Introduction

One of the most striking observations from the Relativistic Heavy Ion Collider
(RHIC) is the very large elliptic flow?®4°. The primary goal of this report is
to explain as succinctly as possible what precisely is observed and how the
shear viscosity can be estimated from these observations. The resulting estimates
67,71,72,21,20,57,79,73,70.2 indicate that the shear viscosity to entropy ratio 7/s is close

to the limits suggested by the uncertainty principle, and the result of N' = 4 Super

Yang Mills theory at strong coupling®®-66
n 1
s 41’

These estimates imply that the heavy ion experiments are probing quantum kinetic
processes in this theoretically interesting, but poorly understood regime. Clearly
a complete understanding of nucleus-nucleus collisions at high energies is extraor-
dinarily difficult. We will attempt to explain the theoretical basis for these recent
claims and the uncertainties in the estimated values of n/s. Further, since the result
has raised considerable interest outside of the heavy ion community”® 77, this review
will try to make the analysis accessible to a fairly broad theoretical audience.

1.1. Ezxperimental Overview

In high energy nucleus-nucleus collisions at RHIC approximately ~ 7000 par-
ticles are produced in a single gold-gold event with collision energy, /s =
200 GeV /nucleon. Each nucleus has 197 nucleons and the two nuclei are initially
length contracted a factor of a hundred. The transverse size of the nucleus is
Ray ~ 5fm and the duration of the event is also of order ~ Ra,/c. Fig. 1 shows
the pre-collision geometry. Also shown is a schematic of the collision vertex and a
schematic particle detector



May 4, 2009 10:3 WSPC/INSTRUCTION FILE hydro

2 Derek A. Teaney

RAu

Beam

RAu

Z

Fig. 1. Overview of a heavy ion event. In the right figure the two nuclei collide along the beam
axis usually labeled as Z. At RHIC the nuclei are length contracted by a factor of v ~ 100. The
left figure shows the collision vertex of a typical event as viewed in a schematic particle detector
and shows a few of the ~ 5000 charged particle tracts recorded per event. The angle 6 is usually
reported in pseudo-rapidity variables as discussed in the text.

Generically the two nuclei collide off center at impact parameter b and oriented
at an angle Ui with respect to the lab as shown Fig. 2. During the collision the
spectator nucleons (see Fig. 2) continue down the beam pipe leaving behind an
excited almond shaped region. The impact parameter b is a transverse vector b =
(bs, by) vector pointing from the center of one nucleus to the center of the other. As
discussed in Section 2 both the magnitude and direction of b can be determined on
an event by event basis. We will generally work with the reaction plane coordinates
X and Y rather than the lab coordinates.

The elliptic flow is defined as the anisotropy of particle production with respect

vy = <pX‘pY> 1)

Pk + 1}

to the reaction plane

or the second Fourier coefficient of the azimuthal distribution (cos(2(¢ — ¥Rr))).
Elliptic flow can also be measured as a function of transverse momentum pr =
\/p% + p} by expanding the differential yield of particles in Fourier series
1 dN- 1 dN
pr dydprd¢  2mpr dydpr

Here ellipses denote still higher harmonics v4 and vg and so on. In addition the flow

(14 2v3(pr) cos2(¢p — Urp) +...) . (2)

can be measured as a function of impact parameter, particle type, and rapidity. For
a mid-peripheral collision, b ~ 7fm the average elliptic flow (vs) is approximately
7%. This is surprising large. For instance the ratio of particles in the X direction
to the Y is 1 4 2vg : 1 — 2v9 ~ 1.3 : 1. At higher transverse momentum the elliptic
flow grows and at pr ~ 1.5 GeV elliptic flow can be as large as 15%.
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Fig. 2. A schematic of the transverse plane in a heavy ion event. Both the magnitude and direction
of the impact parameter b can be determined on an event by event basis. X and Y label the
reaction plane axes and the dotted lines indicate the lab axis. ¥ grp is known as the reaction plane
angle.

Y

Fig. 3. The conventional explanation for the observed elliptic flow. The spectators continue down
the beam pipe leaving behind an excited oval shape which expands preferentially along the short
axis of the ellipse. The finally momentum asymmetry in the particle distribution va reflects the

response of the excited medium to this geometry. The dot with transverse coordinate x = (z,y)
is illustrated to explain a technical point in Section 2.

)
o

1.2. An interpretation of elliptic flow

The explanation for the observed flow which is generally accepted is illustrated
in Fig. 3. Since the pressure gradient in the X direction is larger than in the Y
direction, the nuclear medium expands preferentially along the short axis of the
ellipse. Elliptic flow is such a useful observable because it is a rather direct probe of
the response of the QCD medium to high energy density created during the event.
If the mean free path is large compared to the size interaction region, then the
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produced particles will not respond to the initial geometry. On the other hand, if
the transverse size of the nucleus is large compared to the interaction length scales
involved, hydrodynamics is the appropriate theoretical framework to calculate the
response of the medium to the geometry. In a pioneering paper by Ollitrualt the
elliptic flow observable was proposed and analyzed based in part on conviction that
ideal hydrodynamic models would vastly over-predict the flow 107,108,

However calculations based on ideal hydrodynamics do a fair to reasonable job

51,52,53,54,55  Thig has been reviewed

job in reproducing the observed elliptic flow
elsewhere '3, Nevertheless the hydrodynamic interpretation requires that the rel-
evant mean free paths and relaxation times be small compared to the nuclear sizes
and expansion rates. This review will asses the consistency of the hydrodynamic
interpretation by categorizing viscous corrections. The principle tool is viscous hy-
drodynamics which needs to be extended into the relativistic domain in order to
address the problems associated with nuclear collisions. This problem has received
considerable attention recently and progress has been achieved both at a concep-
tual 72897669 and practical level 727978737470 Generally macroscopic approaches,
such viscous hydrodynamics, and microscopic approaches, such kinetic theory, are
converging on the implications of the measured elliptic flow 69:1:2:19:21:68 ' There has
never been an even remotely successful model of the flow with n/s > 0.4. Since as
reviewed in Section 3 1/s is a measure of the relaxation time relative to i/kpT .
This estimate of 7/s places the kinetics processes measured at RHIC in an inter-

esting and fully quantum regime.

2. Elliptic Flow — Measurements and Definitions

The goal of this section is to review the progress that has been achieved in mea-
suring the elliptic flow. This progress has produced an increasingly self-consistent
hydroynamic interpretation of the observed elliptic flow results. This section will
also collect the various definitions which are needed to categorize the response the
excited medium to the initial geometry.

2.1. Measurements and Definitions

As discussed in the introduction (see Fig. 2) both the magnitude and direction of
the impact parameter can be determined on an event by event basis. The magni-
tude of the impact parameter can be determined by selecting events with definite
multiplicity for example. For instance, on average the top 10% of events with the
highest multiplicity correspond to the 10% events with the smallest impact param-
eter. Since the cross section is almost purely geometrical in this energy range this
top 10% events may be found by a purely geometrical arguement. This line of rea-
soning gives that the top 10% events with the highest multiplicity are produced by
events with impact parameter in the range
7rb*2

0<b<b, where 10% = , (3)

Otot
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where oot >~ m(2R4)? is the total inelastic cross section of the nucleus-nucleus
event. After categorizing the top 10% of events we can categorize the top 10-20%
of events and so on. The general relation is

2
(2;4) ~ % Centrality . (4)
Here we have neglected fluctuations and many other effects. For instance there is
a small probability that an event with impact parameter b = 4 fm will produce the
same multiplicity as an event with b = 0fm. A full discussion of these and many
other issues is given in 2. The end result is that the impact parameter of a given
event can be determined to within say a femptometer.

Given that the impact parameter can be quantified, a useful definition is the
number of participating nucleons (also called “wounded” nucleons). The number
of nucleons per unit volume in the rest frame of the nucleus is pa(x — x,, z), were
X — X, is the transverse displacement from a a nucleus centered at x, and z is
the longitudinal direction. These distributions are known experimentally and are
reasonably modelled by a Woods-Saxon form32. The number of nucleons per unit
transverse area is

TA(X—XO):/ dz pa(x — x,,2), (5)
Then, after reexamining Fig. 3, we find that the probability that a nucleon at

x = (wz,y) will suffer an inelastic interaction passing through the right nucleus
centered b/2 = (+b/2,0) is

1 —exp (_UNNTA(X - b/2)) )

where oy n =~ 40 mb is the inelatic nucleon-nucleon cross section at RHIC energies.
The number of nucleons which suffer an inelastic collision per unit area is
dN,
dxdy

=Ta(xL +b/2)[1 —exp(—oxwTa(xL —b/2))]
+Ta(x1 —b/2)[1 —exp(—oxn Ta(x1L +b/2))], (6)

Finally the total number of participants (i.e. the the number of nucleons which

collide) is
dN
N, = [ dxd
o= [asdy o @

For a central collision of two gold nuclei the number of participlants N, ~ 340
is nearly equals the total number nucleons in the two nuclei N = 394, leaving

about fifty spectators. By comparing the top axis in Fig. 4 to the bottom axis
the relationship between participants, impact parameter b, and centrality can be
determined.

The reaction plane angle is Wrp is also determined experimentally. Here we
will describe the Event Plane method which is conceptually the simplest. Assume
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Fig. 4. The eccentricity g1, as a function of the number of participants relative to the number in
a central event N,"**. (The number N,"** ~ 340 for a central event.)

frist that the reaction plane angle is known. Then the particle distribution can be
expanded in harmonics about the reation plane

% x 1+ 2vpco8(2(¢p — Ugrp)) + ... (8)

If the number of particles is very large one could simply make a histogram of the
angular distribution of particles in an event with respect to the lab axis. Then the
reaction plane angle angle would be determined by finding where the histogram is
maximum. This is the basis of the event plane method. For all the particles in the
event we form the vector

Q =(Qz,Qy) = <Z cos 2¢; , Zsin 2¢>i> , 9)

Using the continuum appoximation Q. ~ [ d¢ dN/d¢ cos(2¢) we can estimate the
reaction plane angle Ug, from the Q-vector

‘@1

= (cos(2W3),sin(2¥s)) ~ (cos(2¥rp) , sin(2Vgp)) (10)

pll

Then we can estimate elliptic flow as vSP® ~ (cos(2(¢; — ¥5))). The estimated
angle W, differs from Wpp due to statistical fluctuations. Consequently v will
be systematically smaller than vy since W5 is not Wip. This leads to a correction

to the estimate given above which is known as the reaction plane resolution. The
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final result after considering the dispersion of W, relative to the true reaction plane
angle Upp is

obs
Vg

Xx
In practice the resolution parameter & is estimated by dividing a given event into
sub-events and looking at the dispersion in U5 between different sub-events.

There is a lot more to the determination of the event plane in practice. Fortu-
nately the various methods has been reviewed recently 38. An important criterion
for the validity of these methods is that the magnitude of elliptic flow be large
compared to statistical fluctuations

X = (cos2(Vq — UpR)) (11)

Vg =

1
v3 > ¥ (12)

For vy ~ 7% and N ~ 500 we have Nv3 ~ 2.5. Since this number is not particularly
large the simple method described above is not completely adequate in practice. The
resolution parameter is Z ~ 0.7 in the STAR experiment. At the LHC, estimates
suggest that the resolution parameter % could be as large as #Z ~ 0.95. Current
methods use 2 particle, 4 particle, and higher cummulants to remove the effects
of correlations and fluctuations. These advances are discussed more completely in
Section 2.3 and have played an important role in the current estimates of the shear
viscosity. The current measurements provide a unique theoretical opportunity to
systematically study how hydrodynamics begins to develop in mesoscopic systems.

We now turn several essential trends in the data of elliptic flow. Clearly we
would like to measure the response of nuclei to the geomoetry and to this end we
categorize the geometry with an assymetry parameter e

(y* —2?)

€s,part — (y2+x2> . (13)

Traditionally the average (...) is taken with respect to the number of participants
in the transverse plane, for example

1

(y* —a?) = ﬁ/dwdy (y* — %)

dN,
dxdy
We will discuss the uncertainty in this number shortly, for the moment we return

Fig. 4 which plots the assymmetry parameter versus centrality and also shows the
the root mean square radius

(14)

ers =V <.132 + y2> )

which is important for categorizing the size of viscous corrections.

2.2. Interpretation

We have collected the essential definitions of €, centrality v, and are now in a
position to return to the physics. The scaled elliptic flow v9 /e measures the response
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Fig. 5. Elliptic flow as measured by the STAR collaboration*:5. The points are shown for different
centralities. The measured elliptic flow has been divided by the eccentricity enydro. The curves

are ideal hydrodynamic calculations based upon Refs.?:54 rather than viscous hydrodynmaics as

discussed in much of this work.

of the medium to the initial geometry. Fig. 5 shows va(pr)/€ a function of centrality,
0-5% being the most central and 60-70% being the most peripheral. Examining this
figure we see a gradual transition from a weak to a strong dynamic response to
the geometry as a funcion of centrality. The interpretation adopted in this review
is that this change is a consequence of a system transitioning from a kinetic to
hydrodynamic regime.

There are several theoretical curves based upon calculations of ideal hydrody-
namics %453 which for pr < 1GeV approximately reproduce the observed elliptic
flow in the most central collisions. Since ideal hydrodynamics is scale invariant (for
a scale invariant equation of state) the prediction of ideal hydrodynamics is that the
response vy /e should be independent of centrality. This is reasoning is born out by
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the more elaborate hydrodynamic calculations shown in the figure. The data on the
other hand show a gradual transition as a function of increasing centrality, rising
towards the ideal hydrodynamic calcuations in a systematic way. These trends are
captured by models a finite mean free path*2.

The data show other trends as a function of centrality. In more central collisions
the linearly rising trend, which resembles the ideal hdyrodynamic calculations, ex-
tends to larger and larger transverse momentum. We will see in Section 5 that
viscous corrections to ideal hydrodynamics grow as

)% e

and this correction restricts the applicable momentum range’’. Thus in more cen-
tral collisions, where £, /R is smaller, the transverse momentum range described
by hydrodynamics extends to increasingly large pr. These qualitative trends are
reproduced by the more involved viscous calculations discussed in Section 6.

2.3. The eccentricity and fluctuations

Clearly much of the interpretation relies on a solid interpretation of the eccentric-
ity. There are several issues here. First there is the theoretical uncertainty in this
average quantity. For example, so far we have defined the ”standard glauber partic-
ipant eccentricity” in Eq. (13). An equally good definition is provided by collision
scaling. For instance one measure often used in heavy ion collisions is the number
of collisions per transverse area

d*Neon

dedy =0Ta(x+b/2)Ta(x —b/2) (16)

Then the eccentricity is defined with this weight in the transverse plane. Fig. 6
shows the “standard galuber N, e ccentricity”. Another more sophisticated model
is provided by the KLN model which is based on the ideas of gluon saturation 8040
as implemented in Refs. 11341, This model is a safe upper bound on what can be
expected for the eccentricity from saturation physics and is also shown in Fig. 6. We
can not describe the details of this model and its implementation here. However the
physical reason why this model has a sharper eccentricity is the readily understood:
the center of one nucleus (nucleus A) passes through the edge of the other nucleus
(nucleus B). Since the density of gluons per unit area in the initial wave function
is larger in the center of a nucleus relative to the edge, the typical momentum scale
of nucleus A (~ Qs,4) is larger nucleus B (~ Qs,p). It is then difficult for the long
wavelength (low momentum) gluons in B to liberate the short wavelength gluons in
A. The result is that the production of gluons falls off more quickly near the x edge
relative to the y edge making the eccentricity larger. Clearly this physics is largely
correct although the magnitude of the effect is uncertain. Another estimate based
on classical yang mills theory which includes similar physics, but which models
the production and non-perturbative sector differently is also shown in Fig. 6 and
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Fig. 6. Figure from Ref.*3 showing various estimates for the initial eccentricity in heavy ion
collisons. The physics of the KLN eccentricity is described in the text. The eccentricity is expected
to increase with collison energy 42.

finds results similar to Neon scaling 3. Thus the predictions of the KLN model
seem to be a safe upper bound for the eccentricity in heavy ion collisons. Note
that an important phenomenological consequence of the the KLN model is that the
eccentricity grows with beam energy and is expected to increase about 20% from
the RHIC to the LHC 42

Another important aspect in heavy ion collisions when interpreting the elliptic
flow data is fluctuations in the initial eccentricity. These fluctuations are not ac-
counted for in Fig. 6. The history is complicated and is reviewed in Refs.?3:3%. There
are fluctuations in the initial eccentricity of the participants especially in periphal
AuAu and CuCu collisions. Thus rather than using the continuum approximation
given in Eq. (13) it is better to implement a monte carlo glauber calculation and
estimate the eccentricity using the “participant plane eccentricity”. Fig. 7 illus-
trates the issue: In a given event the ellipse is tilted and the eccentricity depends
on the distibution of participants. This event by event quantity is denoted epp in
the litterature. Clearly the experimental goal is to extract the response coefficient
C relating the elliptic flow to the eccentricity on an event by event basis

Vg = Cépp. (17)

If we assume that the flow methods measure (vs), then we would should sim-
ply divide to determine the response, C' = (v3) / (epp). Making this assumption,
the PHOBOS collaboration significantly improved significantly improved the un-
derstanding of CuCu data3’. However, it was generally realized (see in particular.
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Fig. 7. A figure from Ref.36 illustrating the participant plane eccentricity epp in a single event.

Ref.?%) that the elliptic low methods measure different things. Some methods meth-
ods (such as two particle correlations vy {2}) are sensitive to /(v3), while other
methods (such as the event plane method vy { EP}) measure something closer to
(vy). What precisely the event plane method measures depends on the reaction
plane resolution in a known way>3. So just dividing by the average participant ec-
centricity is not entirely correct. The appropriate quantity to divide by depends on
the method 343635 In a gaussian approximation for the eccentricity fluctuations
this can be worked out analtyically. For instance, the two paricle correlation elliptic
flow vo {2} (which measures \/(v3)), should be divided by /(€% p) . An important
corrolary of this analysis is that vy {4} (vo measured from four particle correla-
tions) can be divided by €5 of Eq. (13) to yield a good estimate of the coefficient
C. This policy is the one taken in Fig. 5. In the most peripheral AuAu bins and in
CuCu the gaussian approximation is poor due to strong correlations amongst the
participants3”. The correlations arise because every participant is assoicated with
another participant in the other nucleus. Presumably the last centrality bin in Fig. 5
could be moved up or down down somewhat due to non-gaussian corrections of this
sort. With the complete understanding of what each method measures, Ref.?? was
able to make a simple model for the fluctuations and non-flow and show that (vs)
measured by the different methods are compatible to an extremely good precision.
This work should be extended to the CuCu system where non-gaussian flucutations
are stronger and ultimately corroborate the PHOBOS analysisRef.3%37. This is a

worthwile goal because it will clarify the transition into the hydrodynamic regime
57

2.4. Summary

In this section we have gone into considerable experimental detail — perhaps more
than necessary to explain the basic ideas. The reason for this lengthy summary is
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Fig. 8. Figure from Ref.2” illustrating the energy density and pressure of QCD computed with
N, = 8 lattice data.

because the trends seen in Fig. 5 were not always so transparent. The relatively co-
herent hydrodynamic and kinetic interpretation of the observed elliptic flow (which
was previewed in Section 2.2 and discussed more completely below) is the result of
thoughtful experimental analysis.

3. The Transport coefficients of QCD

In this section we will discuss thermal QCD in equilibrium with the primary goal
of collecting various theoretical estimates for the shear viscosity in QCD.

The prominent feature of QCD at finite temperature is the presence of an ap-
proximate phase transition from hadrons to quarks and gluons. The equation of
state e(T) from lattice QCD calculation is shown in Fig. 8 and shows rapid change
for the temperature range 7' ~ 170 — 220 MeV. As estimated in Section 4, the
transition region is directly probed during high energy heavy ion collisions.

Well below the phase transition, the gas of hadrons is very dilute and thermody-
namics is dominated by the measured particle spectrum. For instance the number
of pions in this low temperatures regime is

d?p 1
r=dr | S35 F > 18
" / (27)3 eBe/T — 1 (18)
where E, = /p? +m2 and d, = 3 accounts for the three fold isospin degener-
acy, 717,77, w0, in the spectrum. If all known particles are included up to a mass

Myes < 2.5GeV the resulting Hadron Resonance Gas (HRG) equation of state does
a reasonable job of reproducing the thermodynamics up to about 7" ~ 180 MeV.
However the validity of this quasi-particle description is unclear above a tempera-
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ture of T ~ 140, MeV ™. As the temperature increases, the hadron wave functions
overlap until the medium reorganizes into quark and gluon degrees of freedom. Well
above the transition the QCD medium evolves to a phase of massless quarks and
gluons and the energy density is approximately described by the Stefan-Boltzmann
equation of state

3 3

€glue = dgluc / (;TF))?’% ) €quark = dquark / ((2:173561?;/57?—1—1 ) (19)
where dgiue = 2x8 counts spin and color, and dqyark = 2x2x3x3 counts spin, anti-
quarks, flavor, and color. Performing these integrals we find esp = €gluc + €quark =
15.6 T* as illustrated by the line in the top-right corner of the figure.

We have described the particle content well above and well below the transition.
Near the approximate phase transition the validity of such a simple quasi-particle
description is not clear. The transition is a rapid cross-over where hadron degrees
of freedom evolve into quark and gluon degrees of freedom rather than a true phase
transition. All correlators change smoothly, but rapidly, in a temperature range
of T~ 170 — 210. From a phenomenological perspective the smoothness of the
transition suggests that the change from quarks to hadrons should be thought of a
soft process rather than an abrupt change.

To address whether the heavy ion reactions produce enough material, over a
large enough space-time volume to be described in thermodynamic terms, the rel-
evant medium property is not the equation of state but the transport coefficients.
The shear and bulk viscosities govern the transport of energy and momentum and
are clearly the most important.

In Section 4 and Section 5 we will describe the role of shear viscosity in the
reaction dynamics. The purpose here is to summarize the results of various compu-
tations of shear viscosity. A good way to implement this summary is to form shear
viscosity to entropy ratio, /s %6. To motivate this ratio we remark that it seems
difficult to transport energy faster than a quantum time scale set by the inverse
temperature,

h
Tquant ™~ k/’BiT .

A sound wave propagating with speed ¢; will diffuse (spread out) due to the shear
viscosity. Linearized hydrodynamics shows that this process is controlled by the
momentum diffusion coefficient D,, = n/(e 4 p) (see for example '5.) Noting the
diffusion coefficient has units of (distance)?/time, a kinetic theory estimate for the
diffusion process yields

2
~ Vi, TR 20
e+p th’R ( )

where T, is the particle relaxation time and v ~ ¢? is the particle velocity. Dividing
by the v3 and using the thermodynamic estimates

sT ~ evi ~p~nkgT, (21)
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we see that

(22)

Thus 7/s is the ratio between the medium relaxation time and the quantum time
scale Tquant in units of i/kp, i.e. a measure of the transport time in “natural untis”.

In the dilute regime the ratio between the medium relaxation time and the
quantum time scale is long and kinetic theory can be used to calculate the shear
viscosity to entropy ratio. First we consider a simple classical massless gas with
particle density n and a constant hard sphere cross section o,. The equation of
state of this gas is e = 3p = 3nT and the shear viscosity is computed using kinetic
theory

T
n~12— (23)
The entropy is s = (e + p)/T and the shear to entropy ratio is
T
LN 0.3

s no,

(24)

In what follows, this calculation will provide a qualitative understanding of more
sophisticated kinetic calculations.

In the dilute hadronic regime, /s was calculated in Ref.!%® using measured
elastic cross sections for gas of pions and kaons. In the w7 phase shifts there is a
prominent p resonance, while in the 7K channel there is a prominent K* resonance.
Thus the equation of state of this gas is well modeled by an ideal gas of 7, K, p and

K* 30,31 f 100

. The viscosity of this mixture was computed in Re and the current

author digitized this viscosity, computed the entropy, and determined the 7/s ratio.
This is shown in Fig. 9. Similar though slightly larger values were obtained in Ref.!4
which also estimated the range of validity for hadronic kinetic theory, T' < 140 MeV.
Finally a more involved Kubo analysis of the UrQMD hadronic transport model 26
(which includes many resonances) is also displayed in Fig. 9.

At asymptotically high temperatures the coupling constant «; is weak and the
shear viscosity can be computed using perturbation theory. Initially, only 2 —
2 elastic scattering was considered, and the shear viscosity was computed in a
leading log plasma with self consistent screening 4. Later it was recognized 2829
that that collinear Bremsstrahlung processes are important for the calculation of
shear viscosity and this realization ultimately resulted in a complete leading order
calculation %3. We can estimate 7)/s in the perturbative plasma using Eq. (23) with
soc T2 and o oc /T2,

n 1

™ 073 . (25)
The final result from a complete calculation is reproduced in Fig. 9. There are many
scales in the problem and it is difficult to know what precisely to take for the Debye
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Fig. 9. (Color Online) A compilation of values of n/s. The results from Prakash et al are from
Ref.190 and describe a meson gas of pions and kaons (and indirectly K* and p) computed with
measured cross sections. The black points are based on a Kubo analysis of the UrQMD code
which includes many higher resonances 26. The red lines are different implementations of the
AMY (Arnold, Moore, Yaffe) calculation of shear viscosity 3. In each curve the Debye scale is
fixed mp = 2T. In the dashed red curves the (one loop three flavor) running coupling is taken
at the scale p. In the solid red curves a; is kept fixed. The two loop running coupling is shown
with p = 27T for comparison. In the AMY curves, changing the Debye mass by £0.57 changes
n/s by ~ £30%. Finally the thin dashed line indicates a simple model discussed in the text with
lep = 1/T.

mass and the coupling constant. At lowest order in the coupling the Debye mass

1825

why = (% + ) 1, (26)
which is too large to be considered reliable. For definiteness we have evaluated the
leading coupling constant at a scale of 77" and set the Debye mass to mp = 27". The
resulting value of 1/s is shown in Fig. 9. Various other alternatives are explored in
the figure and underscore the ambiguity in these numbers.

Clearly all of the calculations presented have a great deal of uncertainty around
the phase transition region. On the hadronic side there are a large number of inelas-
tic reactions which become important On the quark gluon plasma side, the strong
dependence on the Debye scale and the coupling constant is disconcerting. It is
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very useful to have a strongly coupled theory where the shear viscosity to entropy
ratio can be computed exactly. In strongly coupled N' = 4 Super Yang Mills theory
with a large number of colors n/s can be computed using gauge gravity duality and

yields the result 65-66

n 1

Pl (27)
From the perspective of heavy ion physics this result was important because it
showed that there exist field theories where 1/s can be this low. Although N =
4 has no particle interpretation, we note that extrapolating Eq. (23) by setting
lnitp = 1/no, = 1/7T yields a value for n/s which is approximately equal to the
SYM result. In Fig. 9 we have displayed this numerology with £y = 1/T for
clarity.

There are many aspects of transport coefficients which have not been reviewed
here. For instance, there is an ongoing effort to determine the transport coefficients
of QCD from the lattice 1?'*. While the precise determination of the transport coef-
ficients is very difficult 61-116:115 the lattice may be able to determine enough about
the spectral densities to distinguish the orthogonal pictures represented by NV = 4
SYM theory and kinetic theory. This is clearly an important goal and we refer to
Ref.10 for theoretical background. Also throughout this review we have emphasized
the shear viscosity and neglected bulk viscosity. This is because on the hadronic
side of the phase transition the bulk viscosity is a thousand times smaller than the
shear viscosity in the regime where it can be reliably calculated '°°. Similarly on
the QGP side of the phase transition the bulk viscosity is a thousand times smaller
than the shear viscosity 1°'. However near a second order phase transition the bulk
viscosity can become very large 193:16:102 Nevertheless the rapid cross-over seen in
Fig. 8 is not particularly close to a second order phase transition and universality
arguments can be questioned (see Ref.?” for a discussion in the context of chiral
susceptibility.) Given the ambiguity at this moment it seems prudent to leave bulk
viscosity to future review.

4. Hydrodynamic Description of Heavy Ion Collisions

In the previous sections we analayzed the phase diagram of QCD and esimated the
transport coefficients in different phases. In this section we will study the hydrody-
namic modelling of heavy ion collisons.

In Section 4.2 we will consider ideal hydrodynamics and assume that the mean
free paths are small enough to support this interpretation. Subsequently we will
study viscous hydrodynamics in Section 4.3. Section 4.4 will analyze the ratio of the
viscous terms to the ideal terms and use the estimates of the transport coefficients
given above to asses the validity of the hydrodynamic interpretation. Section 4.6
will discuss the recent advances in intepreting the hydrodynamic equations beyond
the Navier Stokes limit. This work will lay the foundation for the more detailed
hydrodynamic models presented in Section 6.
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4.1. Ideal Hydrodynamics in Heavy Ion Collisions

The stress tensor of an ideal fluid and its equation of motion are simply
" = eutu” + PA* | 0,T" =0. (28)

where e is the energy density and P(e) is the pressure. Here we will use the metric
(=, +,+,+) and define the projection tensor, A = gh¥ 4+ yHu”. This decomposi-
tion of the stress tensor is simply a reflection of the fact that in the local rest of
a thermalized medium the stress tensor must have the form, diag(e,P,P,P) . In
developing viscous hydrodynamics we will define two derivatives which are the time
D, and spatial derivatives V# in the local rest frame

D=utd,, VF=AMY,. (29)

The ideal equations of motion can be written

De = —(e+P)V, u", (30)
VHP
Dut = — . 31
“ e+P (31

The first equation says that the change in energy density is due to the PdV work
or equivalently that entropy is conserved. To see this we assosciate V,u* with
the fractional change in volume per unit time, dV/V = dt x V,u*, and use the
thermodynamic identity, d(eV) = T'd(sV) — PdV. The second equation says that
the acceleration is due to the gradients of pressure. The enthalpy plays the role
of the mass density in a relativistic theory. Notice that hydrodynamics does not
depend on possible (divergent) vacuum contributions to the pressure; it involves
only pressure gradients and the enthalpy.

4.2. Ideal Bjorken Fvolutions and Three Dimensional Estimates

In this section we will follow an analysis due to Bjorken 3! and apply ideal hy-
drodynamics to heavy ion collisions. Bjorken’s analysis was subsequently extended
in important ways 32:56:83 In high energy heavy ion collision the two nuclei pass
through each other and the partons are scarcely stopped. This statement under-
lies much of the interpretation of high energy events and an enormous amount of
data is consistent with this assumption. For a time which is short compared to the
transverse size of the nucleus, the transverse expansion can be ignored.

Given that the nuclear constituents pass through each other, the longitudinal
momentum is much much larger than the transverse momentum. Because of this
scale separation there is a strong identification between the space-time coordinates
and the typical z momentum. For example a particle with typical momentum p,
and energy E will be found in a definite region of space time

zip

z
V==

" (32)

| W
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This kinematics is best analyzed with proper time and space-time rapidity variables,
7 and ng?

1 t
T=V12 - 22, nszlog< +Z).

2 t—=z
At a proper time 7 particles with rapidity y are predominantly located at space
time rapidity 7

+FE 1 t+z
P22 ~ =, (33)

E—p, 2 08

Fig. 10 illustrates these coordinates and shows schematically the indentification

Yy log

1
2

between 7, and y. At an initial proper time 7,, in each space time rapidity slice
there is a collection of particles predominantly moving with four velocity u*.

1 u® + u?

B log (uo—uz> =Ts (34)

The beam rapidity at RHIC is ypeam =~ 5.3 and therefore roughly speaking the

particles are produced in the space-time rapidity range —5.3 < ns < 5.3. It is
important to realize that (up to about a unit or so) each space-time rapidity slice
is associated with a definite angle in the detector. For ultra-relativistic particles
E ~ p we have

1 D+ ps 1 1+ cosé
sy~ —log| —— | =Zlog | ————— | = Npsendo 35
e =Y =508 (ppz> 2 Og(lcosﬂ) Tpseua (35)

where a particular # is shown in Fig. 1. Bjorken used these kinematic ideas to
estimate initial energy density in the ns = 0 rapidity slice at an initial time, 7, ~

1fm. The estimate is based on fairly well supported assumption that the energy
dE
dnpsczdo

which finally flows into the detector largely reflects the initial energy in a
given space-time rapidity slice

1AEN1AEN 1 dE,

€Bj = ANz T, Ans AT dNpeendo (36)
GeV

~ 55—~ 37

e (37)

In the last line we have estimate the area of a gold nucleus as A ~ 100fm? and
taken 7, ~ 1fm and used the measured dEp/dn ~ 6.4GeV x N, where N, ~ 340
is the number of participants '°. The estimate is generally considered a lower limit
since during the expansion there is PdV work as the particles in one rapidity slice
push agains the particles in another rapidity slice °:32:%3 (See Fig. 10). Using the
equation of state in Fig. 8 we estimate an initial temperature T'(7,) ~ 250 MeV.
As mentioned above this estimate is somewhat low for hydrodynamic calcluations

aHere ns denotes the space time rapidity, 7pscudo denotes the psuedo-rapidity (see below), n denots
the shear viscosity. In raised space time indices in 7,75 coordinates we will omit the “s” when
confusion can not arise, e.g. " = "sNs,
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time

Fig. 10. A figure motivating for the Bjorken model. The space between the dashed lines of constant
ns are referred to as a space-time rapidity slice in the text. Lines of constant proper time 7 are
given by the solid hyperbolas. The collection of particles in the ns = 0 rapidity slice is indicated
by the small arrows for the central (ns = 0) rapidity slice only. The solid arrows indicates the
average four velocity u* in each slice. The spectators are those nucleons which do not participate
in the collision and lie algong the light cone.

and a more typical temperature is T' ~ 310 MeV, which has the roughly twice the
Bjorken energy density, 3.

The distribution of the energy density e(7,,7) at 7, in space-time rapidity slice is
not necessarily uniform. In the color glass picture for instance, the final distribution
of multiplicity is related to the x distribution of partons inside the nucleus 2°.
Bjorken made the additional simplifying assumption that the energy density is
uniform in space-time rapidity, i.e. e(7,,n) =~ e(7,). With this simplification, the
identification between the fluid and space time rapidities remains fixed as the fluid
flows into the forward light cone.

We have discussed the motivation for the Bjorken model. Formally the model
consists of the following ansatz for the hydrodynamic variables

e(t,x)=e(r)  ut(t,x) = (u’,u”,u?,u*) = (cosh(n),0,0,sinh(n,)).  (38)
We will use curvlinear coordinates where
= (TvxLans) uv :diag(flalalﬂj) (uTvuI;uyaun) = (1,0,0,0)~

Substituting this ansatz into the conservation laws yields the following equation for
the energy density
de e+P
=— . (39)

P

The energy per unit space-time rapidity (re) decreases due to the PdV work.
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This equation can be solved for a massless ideal gas equation of state and the
time dependence of the temperature is

() =1,(2)" (10)
where T, is the initial temperature. The temperature decreases rather slowly as a
function of proper time during the initial one dimensional expansion. This will turn
out to be important when discussing equilibration. For a massless ideal gas, the
entropy is s oc T® and decreases as
TO
s(r) = So - (41)
Now we discuss what happens when the initial energy density the distribution is
not uniform rapidity. Due to pressure gradients in the longitudinal direction, there
is some longtidunal acceleration This changes the strict identification between the
space time rapidity and the fluid rapidity given in Eq. (34). It also changes the
temperature dependence given above. One way to quantify this effect is to look at
the results of 3D ideal hydrodynamic calculations and study the differences between
the initial energy distribution [ d*x ) e(7o,%.1,n) and the final energy distribution
J d’x e(1f,%x1,n). Generally, the final distribution in space-time rapidity is sim-
ilar to the initial distribution in space-time rapidity °1:°°. Therefore, the effect of
longitudinal acceleration is unimportant until late times.
The nuclei have a finite transverse size Ra, ~ 6 fm. After a time of order

RAu
T~ s
&

the expansion becomes three dimensional. To estimate how the temperature evolves
during the course of the resulting three dimensional expansion, consider a sphere
of radius R which expands in all three directions. The radius and volume increase
as

RoxrT Vo 73,

Since for an ideal expansion the total entropy in the sphere is constant, the entropy
density decreases as 1/72 and the temperature decreases as

1 1

s —, Tox—. (42)
T T

Here we have estimated how the entropy decreases during a one and three
dimensional expansion of an ideal massless gas. Now if during the course of the
collision there are non-equilibrium processes which generate entropy that ultimately
equilibrates, the temperature of this final equilibrated gas will be larger than if the
expansion was isentropic. Effectively the temperature will decrease more slowly. To
estimate this effect in a one dimensional expansion, we imagine a free streaming
gas where the longitudinal pressure is zero. Then from Eq. (39) we have

de e
=2 43
dr 7 (43)
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Fig. 11. Figure from Ref.”® showing the entropy density s in CuCu simulations as a function
of proper time 7 using ideal and viscous hydrodynanics. During an initial one dimensional the
entropy density decreases as s o< 1/7. Subsequently the entropy decreases as s o 1/73 when the
expansion becomes three dimensional at a time, 7 ~ 5 fm. The lines indicated by (0+ 1) ideal and
(0 + 1) viscous are representative of the ideal and viscous Bjorken results Eq. (39) and Eq. (50)
respectively.

In the sense discussed above, this equation may be integrated to estimate that the
temperature and entropy decrease as

1

5 o (44)

m ’
Similarly in a three dimensional expansion we can estimate how entropy production
will change the powers given in Eq. (42). Again consider a sphere of radius R which
expands in all three directions, such that R oc 7 and V o 73. For a free expansion
without pressure the total energy in the sphere is constant, and the energy density
decreases as 1/73. Similarly, we estimate that the temperature and entropy density
decrease as

1 1

Tx — SX —— .
73747 79/4

(45)

In summary we have estimated how the temperature and entropy density de-
pend on the proper time 7 during the course of an ideal and non-ideal 1D and 3D
expansion. This information is recorded in Table 1. These estimates are also nicely
realized in actual hydrodynamic simulations. Fig. 11 shows the dependece of en-
tropy density as a function of proper time 7. The figure indicates that the entropy
decreases as 1/7 during an initial one dimensional expansion and subsequently de-
creases as 1/73 when the expansion becomes three dimensional at a time of order
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Quantity ‘ 1D Expansion ‘ 3D Expansion
T ‘ (l)l 3+1/4 ‘ (l)1%34

T T

SO(T3 ‘ (l)1+34 ‘ (%)3+94

T

Table 1. Dependence of temperature and entropy as a function of time in a 1D and 3D expansion.
The indicated range, for instance 1/3+1/4, is an estimate of how extreme non-equilibrium effects
could modify the ideal power from 1/3 to 1/4.

~ 5fm. These basic estimates will be useful when estimating the relative size of
viscous terms in what follows.

4.3. Viscous Bjorken FEwvolution and Three Dimensional Estimates

This section will analyze viscosity in the context of the Bjorken model with the
primary goal of assesing the validity of hydrodynamics in heavy ion collisons. In
viscous hydrodynamics the stress tensor is expanded in all possible gradients of the
conserved changes. Using lower order equations of motion any time derivatives of
conserved quantities can be rewritten as spatial derivatives. The stress tensor can
be decomposed into ideal and viscous pieces

T = Tl + T+ TIAM, (46)

where T}” is the ideal stress tensor (Eq. (28)) and II is the bulk stress. 7 is
symmetric traceless shear stress tensor and satisfies the orthogonality constraint,
m*u,, = 0. The equations of motion are the conservation laws d,7"" = 0 together
with a constituent relation. The constituent relation expands 7#* and II in terms
gradients of conserved charges T°° and T% or their thermodynamic conjugates,
temperature T and four velocity u* . To first order in this expansion, the equations
of motion and the constituent relation are

0,T" =0, o + IIAM = —not” — ¢V ,u, (47)
where 77 and ¢ are the shear and bulk viscosities respectively, and we have defined
2
ot = VY + Vi ut — gAvaA. (48)
For later use we also define the bracket (...) operation
1 1
(APy = §A“"A”5 (Aap + Apa) — gA“”A‘wAag , (49)

which takes a tensor and renders it symmetric, traceless and orthogonal to u*. Note
that o = 2 (0*u”).

We now extend the Bjorken model to the viscous case following Ref.%6. The
bulk viscosity is neglected in the following analysis and we refer to Section 3 for
a more complete discussion. Substituting the Bjorken ansatz (Eq. (38)) into the
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conservation laws and the associated constituent relation (Eq. (47)), yields the
time evolution of the energy density
de  e+P—3n/T

dr T (50)

The system is expanding in the z direction and the pressure in the z direction is
reduced from its ideal value. Formally this arises due to the gradient d,u* = 1/7
and the constituent relation Eq. (47)

7 —p_ 20 (51)
3T

4.4. The applicability of hydrodynamics and n/s

We have written down the viscous Bjorken model. Comparing the viscous equa-
tion of motion Eq. (50) to the ideal equation of motion Eq. (39), we see that the

hydrodynamic expansion is controlled by
n 1

- < 1. (52)
e+pT

This is a very general result and is a function of time and temperature. Using the
thermodynamic relation e 4+ p = sT', we divide this condition into a constraint on a
medium parameter 7/s and a constraint on an experimental parameter 1/7T

n 1

= X — 1.

s Wl < (53)
~— ~—

medium parameter experimental parameter

If the experimental conditions are favorable enough, it is appropriate to apply
hydrodynamics regardless of the value of 7/s. This is the case for sound waves
in air where although 7/s is significantly larger than the quantum bound, but
hydrodynamics remains a good effective theory. However, for the application to
heavy ion collisions, the experimental conditions are so unfavorable that only if 7/s
is close to the quantum bound will hydrodynamics be an appropriate description.

For instance, in heavy ion collision we estimated the experimental condition in

Section 4.1
1 1fm 300 MeV
= 0.66 . 54
ToTo ( To > < T, ) ( )

Here we have evaluated this experimental parameter at a specific initial time 7,
and will discussion of the time evolution in the next section. In Section 3 estimated
the medium parameter 1/s and can now place these results in context

0. (15 (L) (300MeV 55
(55) (=) (%) S

Thus hydrodynamics will begin to be a good approximation for n/s < 0.3 or so.
This estimate is born out by the more detailed calculations presented in Section 6.
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Reexamining Fig. 9, we see that the value of /s ~ 0.3 is at the low end of the
perutrbative QGP estimates given in the figure and it is difficult to reconcile the
observation of strong collective flow with a quasi-particle picutre of quarks and
gluons. Thus the estimates of 1/s coming from the RHIC experiments, which are
based on the hydrodynamic interpretation of the observed flow, should be accepted
only with considerable care.

4.5. Time FEvolution

In the previous section we have estimated the relevance of hydrodynamics at a time
To ~ 1fm. In this section we will estimate (again using hydrodynamics) how the
size of the viscous terms depends on time. For this purpose we will keep in mind a
kinetic theory estimate for the shear viscosity
T
nn~ 070 ’ (56>

and estimate how the gradient expansion parameter in Eq. (50) depends on time.

First consider a theory where the temperature T is the only scale and also
consider a 1D Bjorken expansion. The shear viscosity is proportional to 72 and the
entropy scales as T3 so the hydrodynamic expansion parameter scales as

n 1 1 1
(etp) 7t T 723"
In the last step we have used the fact that for a scale invariant gas undergoing an
ideal Bjorken expansion the temperature decreases as 1/ 71/3 In general if we have
some non equilibrium processes which produce entropy during the course of the
expansion, the temperature will decrease more slowly than estimated in the ideal
gas case. This was estimated above and is recorded in Table 1. The result is that
we do not expect the temperature (or more properly some typical momentum scale
as a function of time) to decrease more slowly than 1/7/4
that the hydrodynamic expansion parameter evolves as
n 1 1 1
c+p) > 7T < P

Compare this scale invariant conformal gas, to a gas with a very definite cross
section o,. There are clearly important scales in the quark gluon plasma as the
medium approaches the transition point. For instance spectral densities of current-
current correlators near the point show a very discernible correlation near where
the p meson will form in the hadron phase ®%°%!!. Thus the intent of studying
this extreme limit with constant cross section is show some of the possible effects
of these scales. Further the constant cross section kinetic theory is often used in
arguments regarding the impact parameter dependence of elliptic flow °7.

(57)

, and we can estimate

(58)

For a constant cross section gas the hydrodynamic expansion parameter evolves
as
n 1 1 0+1/4

— X — X T
(e +p) soT

(59)

3
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Thus, a gas with a constant cross section undergoing a one dimensional isentropic
expansion will move neither away nor toward equilibrium as a function of time.
Non-equilibrium effects will make the matter evolve slowly toward equilibrium.

Now we will compute the analogous effects for a three dimensional expansion.
In the conformal case n oc T3 and T o %, so that the final result is

+1/4
no 11 1\
ctp)7 o~ s I <T> . (60)

Thus a conformal gas expanding in three dimensions moves neither away nor to-
wards equilibrium. Similarly for gas with a constant cross section the hydrodynamic
parameter evolves as

il 1ocio<7'2+5/4. (61)
(e+p)T  sor
In estimating this last line we have use Table 1. Thus we see that a gas with fixed
cross-sections which expands in three dimensions very rapidly breaks up.

The preceding results are summarized into Table 2. Essentially the heavy ion
collision proceeds along the following line of reasoning. First, there is a one dimen-
sional expansion where temperature (or “effective” temperature) is the dominant
scale in the problem. The parameter which controls the applicability of hydrody-
namics 1/[(e + p)7] decreases as a function of time; hydrodynamics gets better and
better, evolving according to the upper left corner of Table 2. As the system ex-
pands and cools toward the transition region additional scales enter the problem.
Typically at this point 7 ~ 4fm/c the expansion also becomes three dimensional.
The system then enters the lower right corner of Table 2 and very quickly the nu-
cleus nucleus collision starts to break up. We note that it is necessary to introduce
some scale into the problem in order to see this freezeout process. For a conformal
liquid with 7 oc T the system never freezes out even for a 3D expansion. This
can be seen by looking at the upper-right corner of the table and noting that the
hydrodynamic expansion parameter behaves as

and therefore approaches a constant (or slowly equilibrates) at late times. From this
discussion we see that the temperature dependence of the shear viscosity ultimately
is ultimately responsible for setting the duration of the hydrodynamic expansion.

4.6. Second Order Hydrodynamics

In first-order relativistic viscous hydrodynamics there are reported instabilities
which are related to the treatment of the gradient expansion %6. In the first-order
theory, the stress tensor is instantly specified by the constituent relation and this
leads to acausal propagation 87. Nevertheless, it was generally understood that one
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Model ‘ 1D Expansion ‘ 3D Expansion
3 7 1~\2/3+3/4 ” 1\0-1/4
nocT ‘ e (5) e = (7)
T n 1)0+1/4 n 2+5/4
X X ‘ (e+p)T (‘r) ‘ (e+p)T xT /

Table 2. Dependence of the hydrodynamic expansion parameter n/[(e + p)7] as a function of time
for two different functional forms for n (n o< T and 1 o< T®) and two expansion types (1D and 3D).
A range of powers is given; the first power corresponds to ideal hydrodynamics and the second
power corresponds to an estimate of non-equilibrium evolution.

could write down any model relaxation model which conserved energy and mo-
mentum, which included some notion of entropy, and the results of such a model
would be indistinguishable from the Navier Stokes equations 1149695 Many hydro-
dynamic models were written down 99:91:92:93:94 starting with a model by Israel and
Stewart 8990 and Miiller 3°. For example in the authors own work the strategy was
to write down a fluid model (based on Ref.”®) which relaxed on some time scale
to the Navier Stokes equations, solve these model equations on the computer, and
finally to verify that the results are independent of the details of the model 3.
Thus the goal was to solve the Navier Stokes equations and to estimate the effects
of higher order terms.

Recently an important work by R. Baier, P. Romatschke, D. T. Son,
A. O. Starinets and M. A. Stephanov (hereafter BRSSS) clarified and classified the
nature of these higher order terms ". An important impetus for this work came
from the AdS/CFT correspondence 77677, Many of the fluid models discussed
above were motivated by kinetic theory. However in the strongly coupled NV = 4
Super Yang Mills plasma kinetic theory is not applicable and the precise meaning
of these models was vague. BRSSS determined precisely in what sense these second
order viscous equations are theories and in what sense they are models. The Tatta
group completed the calculation of the second order transport coefficients in N' = 4
SYM theory and clarified the hydrodynamic nature of black branes in the process
76

The spirit of the BRSSS analysis is the following:

(1) Write the stress tensor as an expansion in all possible second order gradients
of conserved charges which are allowed by the symmetries with arbitrary coef-
ficients.

(2) In general one may use lower order equations of motion to rewrite the temporal
derivatives of conserved quantities into spatial derivatives.

(3) The resulting equation of motion 9, 7" = 0 for the conserved charges will
be able to match or reproduce all retarded correlators of the full microscopic
calculation by adjusting the coefficients of the gradient expansion.

In general, for a theory with conserved baryon number there are many terms. By
focusing on a theory without baryon number and also assuming that the fluid is
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conformally invariant, the number of possible second order terms is relatively small.
The classification of gradients in terms of there conformal transformation properties
was very useful, both theoretically and phenomenologically. At a theoretical level
there are a managable number of terms to write down. At a phenomenological
level it is the gradient expansion converges more rapidly when only those second
order terms which are allowed by conformal invariance are included (see Section 6).
Subsequently when additional conformal breaking terms are added the conformal
classification provides a useful estimate for the size of these terms, i.e. quantities
that scale as T)' = e — 3p should be estimated differently than those that scale as
energy density itsself. In retrospect, this classification is an “obvious” generalization
of the first order Navier-Stokes equations.

Proceding more technically, in analogy to the constituent relation of the Navier-
Stokes theory Eq. (47), BRSSS determine that the possible forms of the gradient
expansion in a conformal liquid are

T = —not¥ + n7, |:<DO'“V> + ﬁo’“ya . u]

(00 40 (0 ) 4 g (2,04 (63)
where the vorticity tensor is defined as
1
QM = iAWA”B (Oatup — Optia) - (64)

and d = 4 is the number of space-time dimensions. We note for the reader that V#* in
BRSSS denoted covariant derivative rather than the spatial derivative V¥ = A#*J,
defined here. Conformal invariance forces a particular combination of gradients to
have a single coefficient
o [(Domy 1 Ly (65)
d—1
The time derivative Do*” may be expanded out using lower order equations of mo-
tion if desired. The constituent relation in Eq. (63) together with the conservation
law are the second order equations of motion of a conformal fluid. They are pre-
cisely analogous to the first order theory. As in the first order case, these equations
are also acausal.
To circumvent this issue, BRSSS (following the spirit of earlier work by Israel
and Stewart 3990 and Miiller 8°) promote the constituent relation to a dynamical
equation for the viscous components of the stress tensor 7#”. Using the lower order

relation 74 = —not¥, the (conformal) dependence of 7 on temperature 1 oc T4,
and the ideal equation of motion Eq. (30), the following equation of motion arises
for m#¥

T = —pot’ — 1, |:<D71””W> + T 1

— V- u}

)l
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From a numerical perspective the resulting equation of motion is now frist order
in derivatives, hyperbolic and causal. The modes in this (and similar) models have
been studied in Refs.9%-87:7

Nevertheless it should be empasized that the domain of validity of the resulting
equations is still the same as Eq. (63), i.e. the hydrodynamic regime. Thus for
instance the second order equations should be used in a regime where

| =7 + ot < |nat| .

Outside of this regime there is no guarantee that entropy production predicted by
this model will be positive during the course of the evolution "®. It should also be
emphasized that this is not a unique way to construct a hydrodynamic model which
reduces to Eq. (63) in the long wavelength limit — see Ref.1? for an example discussed
in these terms. What is guaranteed is that any conformal model or dynamics (such
as conformal kinetic theory 82 or the dynamics predicted by AdS/CFT ™) will
in the long wavelength limit be expressible in terms of the gradient expansion given
above.

There is an important distinction between the first and second order theories
14,1096 Tp the first order theory, the ideal motion is damped, and there are cor-
rections to the ideal motion of order

"
(e+p)L?

where L is the characteristic spatial dimension of the system and At is the time of

At,

observation. Thus for sufficiently long times the viscous corrections become large
and must be ressummed by solving the Navier-Stokes equations. Once this is done
however, the remaining higher order terms (which are captured by the second order
theory) are uniformly small and modify the Navier-Stokes solution by an amount
of order

2L L2

mfp

Often this makes these higher order terms difficult to measure in normal laboratory
liquids 1.

For completeness we record the model equations which have been discussed in
the heavy ion litterature 7278:79,69

(1) The first of these is the simplified Israel-Stuart equation,
" = —not — 1 (D7) . (67)

Since the derivatives do not appear as the combination

(DwW>+EgTFWV-u, (68)

but rather involve (D7#"), this model does not respect conformal invariance.
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Quanity N =4 SYM QCD Kinetic Theory Relaxation Time
NTr 4—-21In(2)~261 | 59t05.0 (duetoyg) 6
A 2 52t04.1 (due to g) 6 (=n7r)
A2 —41In(2) ~ —2.77 | -11.8 to -10 (= —2n7,) | -12 (= —2n7,)
A3 0 0 0

Table 3. Compliation of values of (rescaled) second order transport quantitites (n7r, A1, A2, A3).
All numbers in this table should be multiplied by n?/(e + P). The complete strong coupling
results are from an amalgamation Ref.”® and Ref.”®. The weak coupling results are from Ref.®
and the relaxation time approximation was studied in Ref.”® and clarified in Ref.8. Hydrodynamic
simulations of the heavy ion event are not sensitive to these values.

(2) The second model is the full Israel-Stewart equation which has the following

form 99

1 T T v
w = gt (DR 4 e, <77T> +2m, 0, (69)

d v
— —no™’ — 1 (D7) + mﬂ"“’v : u} + 27, Q) )a . (70)

In the last line we have used the conformal relation, n7T /7, oc T%*! and equation
of motion, D(InT) = —1/(d — 1)V - u. The model is equivalent to taking
)\1 = )\3 =0 and /\2 = —2’1’}7’71-.

There has been some effort to compute these coefficients both at strong and
weak coupling. The gradient expansion in Eq. (63) implies that the relative size
of the coefficients (¢mf,/L)? which in a relativistic theory is of order [n/(e + p)]?.
The strong coupling results are listed in Table 4.6 and derivation of results clarified
the hydrodynamic approximation in gauge gravity duality 6. At weak coupling the
results of detailed kinetic calculations are ® (see also Ref.?) are also listed in the
table. In kinetic theory the physics of these terms is the following: (1) The 7, and
Az are a result of streaming of the first viscous correction P#d, fi. The common
origin of these terms ultimately explains their common value. (2) The contribution
to the A; (the visco-elastic 77 term) reflects the streaming P*90f; and the non-
linearities of the collision integral. (3) Finally the vorticity-vorticity term does not
appear on the LHS of the Boltzman equation and therefore this term vanishes in
kinetic theory 798, In the strong coupling limit the absence of a vorticity-vorticity
coupling is not understood.

In the relaxation time approximation discussed in Section 5 (with 7r « Ep) the
coefficient 7, is readily calculated with linearized kinetic theory for a massless gas
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75
w -6, (71)
n
The kinetic thoery relations Ao = —2n7, and A3 = 0 are respected for the same

reasons as the full theory. Also in the relaxation time approximation approximation
one finds A\; = n7; This relation which is not respected by the full kinetic theory
since the non-linear terms in the collision integral are not captured by the linear
relaxtion time approximation. Nevertheless, the relation almost holds indicating the
dominance of the streaming term. Overall relaxation time approximation provides
a good first estimate of these coefficients.

From a practical perspective a majority of simulations have used the full Israel-
Stewart equations” 770 and treated 7, as a free parameter, varying [n/(e + p)7x]
down from the relaxation time value by a factor of two. While it is gratifying
that higher order transport coeffcients can be computed and classified, the final
phenomenological results (see Section 6) are insensitive to the precise value of all
second order terms for n/s < 0.3 ™73 Thus, the full hydrodynamic simulations
corroborate the estimate given in Section 4.4 for the range of validity of hydrody-
namics.

5. Kinetic Theory Description

In Section 4 we discussed various aspects of viscous hydrodynamics as applied to
heavy ion collisions. Since ultimately the experiments measure particles, there is a
need to convert the hydrodynamic information into particle spectra. This section
will provide an introduction to the matching between the kinetic and hydrodynamic
descriptions. This will be important when comparing the hydrodynamic models to
data in Section 6. In addition, Section 3 discussed various calculations of the shear
viscosity in QCD. Also in this section we will sketch briefly how these kinetic
calculations are performed. Good summaries of these set of steps are provided by
Refs, 118,101,119

In kinetic theory the spectrum of particles in a volume 3. is given by the Cooper-

Frye formula!!?

43
By = oy Jy S (P 0. (72

Note that when ¥ is a three volume at fixed time, d¥, = (dV,0,0,0), and this
formula reduces to the traditional result. Four vectors are denoted with capitol
letters P* = (Ep,p), and the equilibrium distribution funciton is denoted with

1
exp(—P-u/T)+1"

n(—P-u) = (73)

We will also use a suffix notation, np, = n(—P - U) and f, = f(—P - u). The
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distribution function obeys the Boltzman equation

Orfp + Egpazfp =— /234 Tiosa (fifo — f3fa) , (74)

where we have assumed 2 — 2 scattering and used classical statistics for simplicity,
fp = exp(—FEp/T). The momenta are labelled as fo = fp, and fi = fp, with
pP1 = p- The integral over the phase space is abbreviated

&3 d3 d?
/ / Pz Ps Pé 7 (75)
234 )3 (2m)

and the transition rate I'1o_,34 for 2 — 2 scattering is related to the usual Lorentz

. . . 2
invariant matrix element |M|” as

M|
(2E1)(2E2)(2E3)(2Ey)

Tio34 = (27T)4(54(P1 + Py — P3 — P4) . (76)

The generalization of what follows to a multi-component gas and quantum statistics
is left to the references!'!®.
During a viscous evolution the spectrum will be modified from its ideal form

and this has important phenomenological consequences’"

f=np+5f. (77)

The modification of the distribution function depends on the details of the micro-
scopic interactions. In a linear approximation the deviation is proportional to the
strains and can be calculated in kinetic theory. When the most important strain is
shear, the deviation ¢ f is propotional o;; . Traditionally we parametrize the viscous

correction to the distribution in the rest frame of the medium P
3fp = —np x(Ip|) B'D?oi; - (78)
Then the stress tensor in the local rest frame at point x,
y - iy 43 J

T1‘7=p5”—770”=/(2r)) pp [fe+5f] (79)
Substituting this form into the distribution function and using rotational symmetry
we have

2 d*p p?
== = . 80

Thus we see that the form of the viscous correction to the distribution function
determines the shear viscosity.

bWhen quantum statistics are taken into account this should be written
§f = —np(L£np) x(Ip)p'Poij ,

where the overall minus is introduced because in the Navier-Stokes theory mH" = —noH¥
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To calculate the transport coeflicients the Boltzman equaiton is analyzed in
the rest frame of a particular location x,. In a neighborhood of this point the
temperature and flow fields are

ut(x,t) ~ (1,u'(x,t)) T(x,t) ~T, + 0T(x,t) (81)
where u'(x,,t) = 6T(X,,t) = 0. The equlibrium distribution function in this neigh-
borhood is

o o EP piui (Xa t)
n(—P - u) ~np +np <T02 0T (x,t) + ) (82)

where we have used the short hand notation nj, = exp(—Ey/T,). We can now sub-
stitute the distribution function into the Boltzmann equation and find an equation
the 0 f. The left hand side of the Boltzmann equation involes gradients, and there-
fore only the equilibrium distribution needs to be considered. Substituting Eq. (82)

into the lLh.s. side of the Boltzmann equation using the ideal equations of motion,

; o'P
ot = — 83
T T er ) (83)
ate = —(6 + P)@lu’ (84)
and several thermodyanic relationships
de
Cy = ﬁ, (85)
" g)T) = ——ap+a( L) =0 (86)
et PO T Tle ) 7)™

we find that®

Oufo + vp - Onfe = %" . (87)
P

3T T Te, o1 71

2 E2? ) (W]
(p_p<e+7?>>aiuz+ppf

The result is proportional to two strains d;u’ and o;; which are ultimately respon-
sible for the bulk and shear viscosity respectively. For a massless conformal gas we
have |p|* = EZ, T'c, = 4e and e + p = (4/3)e. The result is that the term propor-
tional to J;u’ vanishes and consequently the bulk viscosity is zero in this limit. We
will subsequently only consider only the modifications due to the shear viscosity
and refer to Section 3 for a more complete discussion.

In Eq. (87), the Lh.s. of the Boltzmann equation is evaluated at the point x,.
We also evalaute the r.h.s. of the Boltzman equation at the point x, to linear order

indf

o PP / o o[5f(P) dfa Ofs Ofs
Ny ———0;j = — lo—zanin +— = 88
POTE, “ VR Al T (88)

“We have tacitly assumed that the dispersion curve does not depend on the temperature. This is
fine as long as we are not considering the bulk viscosity 1°1.
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In writing this equation we have made use of the detailed balance relation
ninglia34 = ngnalio_34. (89)

Eq. (88) should be regarded as a matrix equation for the distribution function
df(p). Although ¢ f(p) or x(p) can be determined numerically by straight forward
discretization and matrix inversion, in practice a variational method is preferred
64,118 " After determining 6 f(p) or x(|p|) the shear viscosity can be determined from
Eq. (80).

This numerical work requires a detailed knowledge of the microscopic interac-
tions. Lacking such detailed knowledge one can resort to a relaxation time approx-
imation, writing the Boltzman equation as

1 (-P-U)

Of +vp - Oxf = _TR(—P -U) Ep

of (90)

where 7r(—P-U) is a momentum dependent relaxation time. In the local rest frame
this reduces to

1
Of +vp-Oxf=———=<90f. 91
tf P f TR(EP) f ( )
By fiat the correction to the distribution function is simple
Tr(Ep) i ;
of =—np 2TEI;, p'ploij. (92)
First we consider the case where the relaxation time grows with energy
E i p?
Tr(Ep) = Const x ?p df = —Const x np%aij (93)

The form of this correction is known as the quadratic ansatz and was used by all
hydrodynamic simulations so far™ 737478 Substituting this form into Eq. (80) one
determines that for a classical gas of arbitrary mass the constant is

Const =

e:ZP . with  TR(Ep) x Ep. (94)
For a Bose or Fermi gas we have the replacement n, — n,(1 £ n,), and Eq. (94)
is approximate holding at the few percent level. For a mixture of different clas-
sical particles with one common relaxation time Eq. (94) also holds. In practical
simulations this correction is written covariantly and the phenomenological field
T = —noy, is used, leading to the final result

— 14 14
8 = sy P T (95)

The quadratic ansatz may seem arbitrary, but it is often a good model of colli-
sional energy loss and weak scattering. For instance an analysis of the leading-log
Boltzmann equation (along the lines of Eq. (88)) shows that the quadratic ansatz
describes the full results to 10-15% accuracy 8. However, this agreement is in part
an artifact of the leading-log, or soft scattering, approxmiation. For example, in the
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leading-log plamsa the energy loss of a “high” pr quark from the bath is given by
6

dp N¢\ Cpg*T?

From this formula we see that the energy loss is constant at high momentum and
therefore the relaxation time scales as Tp o p in agreement with Eq. (93). In re-
ality Eq. (96) is decidely wrong at large momentum where radiative energy loss
becomes increasingly significant and can shorten the relaxation time. Indeed when
collinear radiation is included in the Boltzman equation the quadratic ansatz be-
comes increasingly poor 2. In Section 6 we will consider a relaxation time which
is independent of energy as an extreme alternative

TR  Const , (97)

and explore the phenomenological consequences of this ansatz.

As discussed in Section 6, the differential elliptic flow va(pr) is sensitive to the
form of these corrections, while the integrated vy is constained by the underly-
ing hydrodynamic variables, and is largely independent of these details. This last
remark should be regarded with caution as it has not been fully quantified.

6. Viscous Hydrodynamic Models of Heavy Ion Collisions

At this point we are in a position to discuss several viscous hydro models which
have been used to confront the elliptic flow data. To initiate discussion, we show
simulation results for vy(pr) from Luzum and Romatschke in Fig. 12. Comparing
the simulation to the “non-flow corrected” data for pr < 1.5 GeV, we can estimate
an allowed range for the shear viscosity, /s = 0.08 «< 0.16. Below we will place
this conclusion in context by culling figures from related works.

A generic implementation of viscous hydrodynamics consists of several parts:

(1) At an intial time 7, the energy density and flow velocities are specified. For
Glauber initial conditions, one takes for example

choll

dedy’

where the overall constant is adjusted to reproduce the multiplicity. The sim-

e(To, X1 ) X (98)
ulations assume Bjorken boost invariance and zero initial transverse velocity

u(1,x1) = (u",u”,u¥,u") = (1,0,0,0). (99)
The strains are taken from the Navier stokes theory for example

. 2n 2n 4y
jo% S =d TT oxr o yy 2. mm) o =22 21 _=1 100
T (T0,%1) 1ag(ﬂ' I L s ) (, 3737 37 ) (100)

and reflect the traceless character of shear stress.
(2) The equations of motion are solved. Viscosity modifies the energy and momen-
tum and the associated thermodynamic conjugates T' and u*. The viscosity
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Fig. 12. Figure from Ref.”* which shows how elliptic flow depends on shear viscosity. The theory
curves are most dependable for py < 1.5 GeV and should be compared to the “non-flow corrected”

data.

also modifies off diagional components of the stress tensor through the viscous

corrections Y.

(3) A freezeout condition is specified either by specifying a freezeout temperature or
a kinetic condition. During the time evolution a freezeout surface is constructed.
For instance the freezeout surface in Fig. 12 is the space-time three volume X

where T ~ 150 MeV.

(4) Finally, in order to compare to the data, particle spectra are computed by
matching the hydrodynamic theory onto kinetic theory. Specifically final parti-
cle spectra are computed using Eq. (111). This procedure is similar to running
hydro up to a particular propper time 7y and demanding that the spectrum of
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particles at that moment is the measured particle spectrum.

There are many issues associated with each of these items. The next subsections
will discuss them one by one.

6.1. Initial Conditions

First we note that the hydrodynamic fields are initialized at a time 79 ~ 1fm/c,
which is arbitrary to a certain extent. Fortunately, both in kinetic theory and
hydrodynamics the final results are not particularly sensitive this value 447, Also,
all of the current simulations have assumed Bjoken boost inariance. While this
assumption should be relaxed, past experience with ideal hydrodynamics shows
that the mid-rapidity elliptic flow is not substantially modified °'. Above we have
discussed one possible initialization of the hydro which makes the energy density
proportional to the number of binary collisions, e.g. the Glauber curves of Fig. 12.
Another reasonable option is to make the entropy proportional to the number of
participants 73

dN,
dzdy

As a limit one can take the CGC model discussed in Section 2. Finally it is generally

s(70,%x1) X (101)

assumed that the intial transverse flow is zero
Uz (T0,X1) = uy(70,%x1) =0. (102)

This assumption should probably lifted in future calculations and a more reasonable
(but still small) estimate is given in Ref.4.

Examining Fig. 12 and Fig. 6 we see see that there is a significant and predictable
linear dependence on the eccentricity. When extracting the shear viscosity from the
data, this uncertainty in the eccentricity leads to a factor of two uncertainty in the
final results for the the shear viscosity. As emphasized in Section 2, the CGC model
should be thought of as an upper limit to the anisotropy that can be produced in the
initial state. Therefore, the uncertainty in 1/s is probably not as large as dispersion
in the curves would indicate. In ideal hydrodynamics, the spread in v (pr) resulting
from the different initializations specified by Eq. (101) and Eq. (98) was studied?S,
and is small compared to the difference between the Glauber and CGC curves in
Fig. 12.

Once the intial conditions for the temperature and flow velocities are specified,
the off diagonal components of the stress tensor 7 are determined by spatial gra-
dients in these quantities. To second order this is given by Eq. (63) and there is no
ambiguity in this result. Time derivatives may be replaced with spatial derivatives
using lower order equations of motion to second order accuracy. In the phenomeno-
logical theory n#" is promoted to a dynamical variable. Clearly the appropriate
initial condition for this variable is something which deviates from —no*” by sec-
ond order terms. However, the extreme choice 7"¥ = 0 was studied to estimate
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Cu+Cu, b=7 fm, SM-EOSQ,

V2
04— viscous hydro _
T fee viscous hydro (flow anisotropy only) e
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Fig. 13. Figure from Ref.” studying the independence of the final results on the initialization of
THY

how initial non-euilbrium effects could alter the final results. This is just an esti-
mate since the relaxation of these fields far from equilibrium is not well captured
by hydrodynamics. Nevertheless, even with this extreme choice, the stress tensor

relaxes to the expected form 7 = —not” relatively quickly. The result is that
va(pr) is insenstive to the different initializations of 7##¥. This can be seen clearly
from Fig. 13.

6.2. Corrections to the Flow

Once the initial conditions are specified, the equations of motion can be solved. First
we adress the size of the viscous corrections to the temperature and flow velocities.
The magnitude of the viscous corrections depends on the size of the system and the
shear viscosity. Fig. 14 shows a typical result for the AuAu system. As seen from
the figure the effect of viscosity on the temperature and flow velocities is relatively
small.

An explanation for this result is the following!'?®: In the first moments of the
collision the system is expanding in the longitudinal direction and the pressure in
the longitudinal directions is reduced

T =p— -1, (103)

At first sight, this means that the system cools more slowly and indeed this is
initially true. However, since the shear tensor is traceles there is an increase in the
transverse pressure which is uniform in all directions

2
TM:Tyy:ergg, (104)
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Fig. 14. A central AuAu simulation with an ideal gas equation of state p = e¢/3 and n/s = 0.2
which compares the viscous and Euler evolution!0%. The left figure shows the energy density (x7)
for different times. The right figure shows the velocity for different times.

and which ultimately increases the radial flow. Since the radial flow is larger in the
viscous case, the system ultimately cools faster.

Having discussed the dependence of T and u*, we turn to a quantity which
largely dictates the of the final elliptic flow — the momentum anisotropy '°6. The
momentum anisotropy is defined asd

, (T Ty [P, (T - T)
P <Ta:m + T'gy> fdQXL (Txm + Tyy) )

e (105)
Fig. 15 illustrates how this momentum anisotropy icreases as a function of time
in the CuCu and AuAu systems. Although the flow fields T'(x,7) and u#(x,7) are
quite similar between the ideal and viscous cases, the ideal anisotropy is significantly
reduced by viscous effects. The reason for this reduction is becuase the viscous stress
tensor anisotropy, involves the difference

]:[ZL’:E _ Hyy ,

in addition to the temperature and flow velocities. This additional term is ultimately
responsible for the deviation of e; between the ideal and viscous hydrodynamic
calculations. At later times there is some modification of e;, due to the flow itself,
but this is dependent on freezeout. The deviation AIl = II** — TI¥Y will have
important phenomenological consequences in determining the viscous correction to
the elliptic flow spectrum.

dNote there is a misprint in the original definition of €, in Ref.106, Eq. (3.2) of that work used a

double bracket notation indicating an energy density weight which should only be a single bracket
as above. This double bracket definition (rather than Eq. (105)) was subsequently used in Ref.”
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Fig. 15. Figure from Ref.”® comparing the development of the flow anistropy ep (Eq. (105)) in
viscous hydrodynamics relative to the ideal hydrodyanmics. The lower band of curves are all repre-
sentative of viscous hydro and differ only in how the second order corrections are implemented. The
anisotropy differs from ideal hydro because the anistropy involves the viscous differece, IT** —IT¥Y.

6.3. Convergence of The Gradient Expansion

Fig. 15 also compares the simplified Israel-Stewart equation Eq. (68) to the full
Israel-Stewart equation Eq. (69) as a function of the relaxation time parameter 7.
The result supports much of the discussion given in Section 4.6. In the roughest
approximation neither the simplified Israel-Stewart equation nor the full Israel-
Stewart equation depend on the relaxation time parameter 7,. When an ideal gas
equation of state is used the dependence on 7, is stronger especially for the sim-
plified Israel-Stewart equation 7. Note also that the dependence on 7, is stronger
in the smaller CuCu system than AuAu. However, in the conformally invariant full
Israel-Stewart equation the dependence on 7, is neglible, indicating that the result
is quite close to the first order Navier Stokes theory. The more rapid convergence
of the gradient expansion of the conformally invariant fluids is a result of the fact
that the derivatives in the conformal case come together as

4
T |{(DTHY) + gwﬂ”v U

We have selected one figure out of many 78737, The result of the analysis is that
the flow fields and vy (pr) are largely independent of the details of the second order
terms at least for /s < 0.3. For this range of parameters hydrodynamics at RHIC
is an internally consistent theory.

which is why the associated curve differs from other recent works 7478,
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6.4. The Edge and Freeezeout

Clearly viscous hydrodynamics is an approximation which is not valid at early
times and near the edge of the nucleus. This failure afflicts the current viscous
calculations at a practical level right at the moment of initialization. For instance,
the longitudinal pressure

T = p — 37, (106)

eventually becomes negative near the edge of the nucleus indicating the need to
transition to a kinetic description”. (Note that p oc T* while n o< T% | so at suf-
ficiently low temperatures the viscous term is always dominant regardless of the
magnitude of 1/s.) The current calculations simply limit the size of this correction
through the phenomenological Israel-Stewart model. For example, one approach
would be to take

2T = p — 72 (107)

with

_4n i
P { 42 while 4/3n/70 < 0.9p (108)
p

0.9 otherwise

This adhoc fix is clearly not nice and points to the larger problem of freezeout
which is difficult to adress with hydrodynamics itsself.

Freezeout is the colloquial term for the transition from a hydrodynamic to a
kinetic regime and is impossible to separate cleanly from the viscosity itsself in a
realistic nucleus-nucleus collision. Clearly as the shear viscosity is made smaller and
smaller, a larger and larger space time volume is described by hydrodynamics. To
estimate the size of the relevant space time region we remark that hydrodynamics is
valid when the relaxation time 7z is much smaller than the inverse expansion rate,
TrOu? < 1. Therefore, in the simulations one can estimate the region of validity
by monitoring the expansion rate relative the relaxation time %9110, Specifically,
freezeout is signaled when

%aﬂu“ ~ % . (109)

This combination of parameters can be motivated from the kinetic theory estimates
1 The pressure is P ~ e <vt2h>, with <vt2h> the typical quasi-particle velocity. The
viscosity is of order n ~ e <vt2h> Tr with 7r the relaxation time. Thus hydrodyanmics
breaks down when
1

%(%u“ ~ TROU" ~ 3 (110)
Fig. 16 estimates the space-time region described by viscous hydrodynamics. Ex-
amining this figure we see that the time duration of the hydrodynamic regime
is a relatively strong function of 7/s at least for a conformal gas. In reality the
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Fig. 16. This figure estimates for a conformal gas with equation of state p = e/3 and con-
stant 1/s the space time region described by viscous hydrodynamics 73. The contours are where
(n/p) Ouut = 0.6 for different values of n/s. For the smallest value /s = 0.05 the system freezes
out at a time of order ~ 40 fm. This unrealistically long time reflects the conformal nature of the
gas as discussed in Section 4.5. For comparison we have shown the (/p) 0 u* = 0.225 contour
for n/s = 0.05.

behaviour of the shear viscosity near the transition region will control when the
hydrodynamics will end.

Clearly the surface to volume ratio in Fig. 16 is not very small. Hydrodynamics is
a terrible approximation near the edge. There is a need for a model which smoothly
transitions from the hydrodynamic regime in the center to a kinetic or free streaming
regime at the edge. Near the phase transition kinetic theory may not be a good
model for QCD, but it has the virtue that it gracefully implements this hydro to
kinetic transition. Although the interactions and the quasi-particle picture of kinetic
theory may be decidedly incorrect, this is unimportant in the hydrodynamic regime.
In the hydrodynamic regime the only properties that determine the evolution of the
system are the equation of state, P(¢), and the shear viscosity and bulk viscosities,
n(e) and ((¢). In the sense that they provide a reasonable guess as to how the
surface to volume ratio influences the forward evolution, kinetic models can be
used to estimate the shear viscosity and the estimate may be more reliable than the
hydrodynamic models. A priori one should demand that the kinetic models have the
same eqation of state and the same shear viscosity as expected from QCD, i oc T3.
For instance in a kinetic model of massless particles with a constant cross section
o, (such as studied in Ref.57:6%:69) the shear viscosity scales as n o T/o,. This
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Fig. 17. Fig from Ref.”0.

difference with QCD should be born in mind when extracting conclusions about
the heavy ion reaction. Further many transport models conserve particle number
which is an additional conservation law not inherent to QCD; this also changes
the dynamics. Keeping these reservations in mind we examine Fig. 17. This figure
shows a promising comparison between kinetic theory with contant cross section
(0, = Const) and a viscous hydrodynamic calculation with n o T//o,. The case
with o oc 72/3 will not be discussed in this review but is an attempt to mimic a
fluid which has 1 oc T3 7°

What is excititing about this figure is the fact that the hydrodynamic conclu-
sions are largely supported by the results of a similar kinetic theory. This gives
considerable confidence that the surface to volume effects are small enough that
the hydrodynamc conclusions presented in Fig. 12 are largely unchanged by parti-
cles escaping from the central region. More formally the opacity is large enough to
support hydrodynamics.

There have been other kinetic calculations which are working towards extracit-
ing 1/s from the heavy ion data 2119 In particular Refs.20:21,23,24
theory implementation of 2 — 2 and 2 — 3 interactions motivated by weak cou-
pling QCD'. It also chooses calculates the Debye scale self consistently, i.e. in
equlibrium one sets m2, oc g?72 and T changes with time. Out of equilbrium this
mass scale mp is determined from the momentum distribution of particles. Con-
sequently this model respects the symmetry properties of high temperature QCD,
i.e. the model has  oc T3 and does not conserve particle number. For the model

uses a kinetic
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parameter oy = 0.3 < 0.5 (which is only schematically related to the running cou-
pling) the shear to entropy ratio is /s = 0.16 < 0.08 2423, The model (known as
BAMPS) is conformal and never freezes out as discussed in Section 4.5. The current
implementation of BAMPS simply stops the kinetic evolution when the energy den-
sity reaches a critical value, e. >~ 0.6 < 1.0 GeV/fm3. This parameter is an abrupt
way to introduce a needed scale into the problem and schematically approximates
the rapid variation of the shear viscosity in this energy density range. Fig. 18 shows
the time development of elliptic flow in this model and which can reproduce the
observed flow only for n/s = 0.16 < 0.08, depending on the model parameter e..
The time development of vs seen in Fig. 18 shows that it is very difficult to separate
precisely the shear viscosity in the initial stage from the freezeout process.

Clearly the transition from a hydrodynamic regime to a kinetic regime is
important to clarify in the future. In the meantime most hydrodynamic groups
have invoked an ad-hoc freezeout perscription. In Refs.”> 77879 the hydrodynamic
codes were run until a typical freezeout temperature Ty, ~ 150 MeV. Technically
the freezeout surface is construced the temperature is constant is constructed by
marching forward in time and triangulating the space-time surface with constant
temperature In Ref.”® a surface of constant density particle density was chosen
n ~ 0.365/fm® and in Ref.”™ the surface chosen was motivated by the kinetic ki-
netic condition Eq. (109) given above. Ideally in the future this could be impoved
by dynamically coupling the hydrodynamic evolution to a kinetic description or by
simulating the entire event with a kinetic theory which closely realizes the equation
of state and transport coefficients used in the hydrodynamic simlations.

6.5. Particle Spectra

Finally we turn to the particle spectra in viscous hydrodynamics. Ideally the sys-
tem would evolve through the approximate phase transition down to sufficiently
low temperatures where the dynamics could be described either with viscous hy-
drodynamics or with the kinetic theory of a Hadron Resonance Gas (HRG). In
reality this does not seem particularly likely since the system is already expanding
three dimensionally and the scales are approximately fixed (see Section 4.5). The
estimates of the shear viscosity to entropy ratio in a hadronic gas are reliable for
T < 130MeV and do not support this optimistic picture (see Section 3). In seems
quite unlikely that there is equilibrium evolution in the HRG below a temperature of
T ~ 150 MeV. Clearly the dynamics is extremely complex during the quark-hadron
transition which takes in place for an energy density of e ~ 0.5 « 1.2 GeV /fm?3.
In this range the temperature changes by only AT ~ 20 MeV. However, the hydro-
dynamic simulations evolve this complicated region for a significant time period,
7~ 4fm < 7fm. This transition region can be seen in the AuAu plots in Fig. 15.
The pragmatic approach to this complexity is to compute the quasi-particle
spectrum of hadrons at a temperature of T' ~ 150 MeV. Since the HRG describes
the QCD thermodyanmics well, this pragmatism is fairly well motivated. The ap-
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Fig. 18. (Top) The development of elliptic flow v2 as a function of time in the BAMPS model°.
(Bottom) The final elliptic flow as a function of centrality. The shear viscosity to entropy ratio
n/s corresponding to the model parameter as = 0.3 < 0.6 was estimated in Ref.24:23 and is
n/s = 0.16 <> 0.08. The evolution is stopped with the energy density reaches a critical value of
ec.

proach conserves energy and momentum and when viscous corrections are included
also matches the strains across the transition. In ideal hydrodynamics simulations
the subsequent evolution of the hadrons has been followed with hadronic cascade
models ®5251 The result of these hybrid models is that the hadronic rescattering
is essentially unimportant for the vo(pr) observables presented here.

Technically, the procedure is the following: along the freezeout surface the spec-
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trum of particles is computed with the Cooper-Frye formula

dN® Ja

&p ~ (27)° /gdzup“ f(=P-u/T), (1)

where a labels the particle species,
JU(=P-u) = n* (=P - u/T) + 5f*(~P-u/T), (112)

is the distribution function (see Section 5), and g, the spin-isospin degeneracy
factor for each particle included. In practice, the Boltzman approximation is often
sufficient. In Ref.” all particles where included up to mass of myes < 2.0 GeV and
then subsequently decayed. In other works a simple gas was used to study various
aspects of viscous hydrodynamics divorced from this complex reality™ 7.

All of the viscous models used the quadratic ansatz discussed in Section 5,

writing the change to the distribution function of the a-th particle type as
fE—=nt+46f°, (113)

with 0 f* given by

5f:2

a a\ pp pv
7(@+P)T2n (I1£n*)P*P 7, . (114)

In the simple gas models there was only one particle type™ 0. In Refs.”>™ the
constant was taken to be the same for all particle species.

Before continuing we review the elements that go into a complete hydrody-
namic calculation. First initial conditions are specified (see Section 6.1.) Then the
equations are solved with the viscous term (see Section 6.2.) After this a freezeout
surface is specified (see Section 6.4 for the limitations of this.) Finally we compute
spectra which using Eq. (111) and Eq. (114). This particle spectra can ultimately be
compared to the observed elliptic flow. With this oversight we take a more nuanced
look at Fig. 12.

To isolate the viscous modifications due to the flow and the viscous modifica-
tions due to the distribution function, we turn to Fig. 19. Examining this figure
we see that a significant part of the corrections due to the shear viscosity are from
the distribution function rather than the flow. Although the magnitude of the flow
modifications depends on the details of freezeout, this dependence on § f is the typ-
ical and somewhat distressing result. We emphasize however that it is inconsistent
to drop the modifications due to §f. The result of dropping the §f means that
the energy and momentum of the local fluid cell T#"u,, is matched by the particle
content, but the off diagonal strains 7#¥ are not reproduced. The assumption un-
derlying the comparison of viscous hydrodynamics to data is that the form of these
off diagonal strains is largely unmodified from the Navier Stokes limit during the
freezeout process. As the particles are “freezing out” this is a reasonable assump-
tion. However, since these strains are only partially constrained by conservation
laws, this assumption needs to tested against kinetic codes as already emphasized
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Fig. 19. va(pr) from Ref.”® showing the dependence on the flow f, and the dependence on the
viscous modification of the distribution function §f. The result depends to a certain extent on
freezeout.

above. This freezeout problem is clearly an obstacle to a reliable extraction of 7/s
from the data.

Although the dependence on df in ve(pr) is undesirable, the viscous modifica-
tions of itegrated elliptic flow vy largely reflects the modifications to the stress tensor
itself. The observation is that the stress anistropy e;, (see Eq. (105)) determines the
average flow according to a simple rule of thumb!'%6

e (115)

DN | =

Vg X

Fig. 20 shows e, and vy as a function of centrality. The figure supports this rule
and suggests that sufficiently integrated predictions from hydrodynamics do not
depend on the detailed form of the viscous distrbution.

To corroborate this conclusion we turn to an analysis originally presented
by Ollitrault'®” and subsequently generalized to the viscous case”!®. First we
parametrize the single particle spectrum dN/dpr with an an exponential and vy (pr)
as linearly rising, i.e.

1 aN ~ CePr/T and Vg X P . (116)
pr dpr
With this form one finds quite generally that the p2. weighted elliptic flow is twice
the average vo

(2 —1y)

2’[)2 ~ A2 .
(P2 +7})

(117)
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Fig. 20. Dependence of elliptic flow versus some centrality from Ref.”*. The lines show the results
of viscous hydrodynamics and corresponding points show the anistropy of the stress tensor 0.5 e;
(see Eq. (105)) for different values of n/s. The sensitivity to the quadratic ansatz is estimated in
the text and corresponds to half the difference between the red and blue curves. The huerstic rule
vg ~ 0.5 e, is motivated in the text.

The p% weighted elliptic flow has a much closer relationship to the underlying
hydrodynamic variables. Indeed we will show how this simple rule of thumb arises
and that it is largely independent of the details of J f.
To this end we evaluate the sphericity tensor which will have a simple relation-

ship to As

TP i pr pr (=P ) + 8f(—P-uw)]  (118)
S — n —_— . u — . u
(27)3Ep
Then using the Cooper-Frye formula (with d¥, = (rd?x,,0,0,0) ) the assymetry
at any given moment in time is

SHve — S}WP + S‘I;VP _ /

B f dZXL (S()mz: _ S(]yy)

Ay = . 119
27 Jd2x, (SO 4 SOuy) (119)

The sphericity tensor consists of an ideal piece and a viscous piece
f—=n+df, SHYP — SHYP 4 SUP (120)

First we consider the ideal piece and work in a classical massless gas approximation
for ultimate simplicity. The tensor is a third rank symmetric tensor and can be
decomposed as

S§" = A(Tyuu’u + B(T) (ug"® + perms) . (121)
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Here A(T) and B(T) are thermodyanmic functions and are given n by

A d’p p?
A_p- [ PP T. 122
For Bose and Fermi gasses this relation is approximate. Thus the ideal piece of the
sphericity tensor is largely constrained by thermodynamic functions. The viscous
piece is largely constrained by the shear viscosity. As discussed in Section 5 we
parametrize the 0 f with x(p)

5f = —np %Pﬂpvaﬂu : (123)

While the precise form of the viscous correction x(p) depends on the details of the
microscopic interactions, it is constrained by the shear viscosity

2 d*p
=— | ——= . 124
Substituting the viscous parametrization into the definition of the sphericity we
find
§9%* = —C(T) [u®0™ + 2u"0™] | (125)
~ —C(T)ulo™ (126)
where C(T) is
2 d’p
T)=— ? : 12
or) = 35 [ G, (127)

For simplicity we have assumed that the flow is somewhat non-relativistic so that
u®m®0 is O(v?) compared to u’w*®. To get a feeling for how sensitive the results

are to the quadratic ansatz we will work with a definite functional form
x(p) = Const x p?>~*. (128)

In a relaxation time approximation discussed in Section 5, @ = 0 corresponds to a
relaxation time which increases with pr while o = 1 corresponds to a relaxation
time indepent of py. Substituting this ansatz we find

C(T)~ (6 —a)Tn 0<a<l, (129)
Having assembled the ingredients we can write down an approximate formula
for A,
Ay L T [(e D) (tst — uyy) + (1 §) (27 — )]

Jd?xy TuO [(e + p)(ugty + uyuy) + (e +p)/3 4 (1 — &) (75 + 79Y)]

(130)
with 0 < a < 1. This is the desired formula which expresses the observed elliptic
flow in terms of the hydrodynamic variables. To reiterate the coefficient o changes
the functional form the viscous distribtuion function and 0 < o < 1 is a reasonable
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range; o = 0 is the usual quadratic ansatz. It might be useful to compare this to
the formula to the definition of €],
/ J&x1 [(e+p)(ugus — uyuy) + (777 — 79Y)]

v [ d%x1 [(e+ p)(ugug + uyuy) + 2p + (727 + 799)] (131)

Thus while e; is not exactly equal to the Ay of Eq. (130), it is close enough to
explain the hueristic rule, 2vy ~ e;.

The overall symmetries and dimensions of the sphericity tensor suggests a defi-
nition for an analgous quantity in hydrodynamics

1
Shvaro =T | (e + p)utu"u” + 6(6 + p)(utg”? + perms) + (u*7"? + perms)
(132)
In fact in a classical massless gas approxmation with the quadratic ansatz, the
analysis sketched above shows that

1
Stvieo = 5" (133)

hydro

The important point for this review is that from Eq. (130) we see that the integrated
elliptic flow is relatively insensitive to the quadratic form for the viscous distribution
function. More specifically the uncertainty is ~ 15% of Alleal — Ayiscous ;¢ ahout
half the difference between the blue and red curves in Fig. 20. The quadratic ansatz
(which has been used by all hydrodynamic simulations) can be a poor approxima-
tion when collinear emission processes are included in the Boltzman description'”.

Clearly adressing more completely the uncertainties associated with the particle
content and microscopic interactions in Fig. 20 is a task for the future. Nevertheless,
it does seem that sufficiently integrated quantities will reflect rather directly the
bulk properties of the hydrodynamic motion in a way that can be quantified.

7. Summary and Outlook
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