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Effects of bulk viscosity at freezeout

Akihiko Monnai” and Tetsufumi Hirano!
Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
(Received 9 April 2009; published 12 November 2009)

We investigate particle spectra and elliptic flow coefficients in relativistic heavy-ion collisions by taking
into account the distortion of phase space distributions by bulk viscosity at freezeout. We first calculate the
distortion of phase space distributions in a multicomponent system with Grad’s 14-moment method. We find
some subtle issues when macroscopic variables are matched with microscopic momentum distributions in a
multicomponent system, and we develop a consistent procedure to uniquely determine the corrections to the
phase space distributions. Next, we calculate particle spectra by using the Cooper-Frye formula to see the effect
of the bulk viscosity. Despite the relative smallness of the bulk viscosity, we find that it is likely to have a visible
effect on particle spectra and elliptic flow coefficients. This indicates the importance of taking into account
bulk viscosity together with shear viscosity to constrain the transport coefficients with better accuracy from

comparison with experimental data.
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I. INTRODUCTION

One of the major discoveries at the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Laboratory [1] is
that the quark-gluon plasma (QGP) behaves like a “perfect
liquid” [2-4]; this finding has attracted much theoretical
interest in various fields. Hydrodynamic modeling of heavy-
ion collisions plays an important role in deducing this fact
[5,6]. Anisotropy of radial flow, namely elliptic flow [7],
is found to be large in Au+4 Au and Cu+ Cu collisions
at RHIC energies [8-10]. Elliptic flow is quantified by the
second harmonics of the azimuthal angle distribution, v, =
(cos 2(¢p)) [11]. The centrality, pseudorapidity, and transverse
momentum dependences (up to ~1 GeV/c) of v, data are
reproduced reasonably well by using Glauber-type initial
conditions and implementing hadronic dissipative effects
in ideal hydrodynamic models [12]. However, when initial
conditions from the Glauber model are replaced with those
from a model based on the color glass condensate, elliptic
flow coefficients overshoot the experimental data because of
eccentricity larger than that from the conventional Glauber-
model calculations [12]. Given that the initial conditions in
relativistic heavy ion collisions are not known precisely, this
discrepancy strongly suggests that the effects of viscosities
in the QGP phase are required to reproduce the v, data in
this particular case. Even though ideal hydrodynamic models
have been successful in reproducing the v, data, the next
important tasks are to constrain the transport coefficients by
comparing theoretical predictions with the experimental data
and to comprehensively understand the transport properties of
the QGP.

Shear viscosity has already been taken into account in
several hydrodynamic simulations to investigate its effect
on elliptic flow in relativistic heavy ion collisions [13-18].
However, few studies have been done so far to investigate the
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effect of bulk viscosity in dynamical simulations of relativistic
viscous fluids [19-23]. Many years ago, it was found that the
bulk viscous coefficient ¢ has a prominent peak in the vicinity
of the QCD phase transition, caused by the reduction of the
sound velocity [24]. Recently, the importance of bulk viscosity
has been realized again, in the context of the violation of scale
invariance in QCD [25]. The smallness of the sound velocity
is intimately related to the violation of scale invariance,
so it would be a universal feature that the bulk viscous
coefficient becomes large around the critical region. From a
phenomenological point of view, large bulk viscosity could
trigger a violation of the applicability of the hydrodynamic
framework around the (pseudo)critical temperature [26] and
support the success of hybrid approaches [3,12,27] in which
the hydrodynamic description of the QGP is followed by the
kinetic description of the hadron gas.

In this paper, we focus on the effects of bulk viscosity in the
late stage of relativistic heavy-ion collisions. To demonstrate
these effects, we calculate transverse momentum spectra and
differential elliptic flow coefficients. In ideal hydrodynamic
calculations, the Cooper-Frye formula [28] is conventionally
used to calculate the particle spectra at freezeout. In the
hybrid calculations, this formula plays a role in describing the
transition from macroscopic hydrodynamics to microscopic
hadron cascade models. In both cases, the Cooper-Frye
formula is indispensable in comparing hydrodynamic results
with experimental data. In dissipative hydrodynamics, viscous
effects are taken into account in the Cooper-Frye formula in
two ways: One is a variation of the flow profile as a result
of the viscous correction to the dynamical evolution, and the
other is the distortion of the phase space distribution from its
equilibrium form. So far, no full three-dimensional viscous
hydrodynamic simulations are available. Given this situation,
we take the flow profile from a full (3 4 1)-dimensional ideal
hydrodynamic simulation [4,12], assuming that its variation
due to viscosity is not significant. We estimate the correction
to the distribution function from bulk viscosity as well as
from shear viscosity by matching macroscopic quantities
with those calculated from kinetic theory, and see how this
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affects transverse momentum (pr) spectra and the transverse
momentum dependence of the elliptic flow coefficient v,(pr).
This paper is organized as follows. In Sec. I, we give a brief
overview of relativistic kinetic theory by putting emphasis on
subtle issues in its application to relativistic multicomponent
gases and to gases with a zero (net baryon) number density
limit. In Sec. III, we focus on a hadron resonance gas
model, which is widely exploited in hydrodynamic analyses of
relativistic heavy ion collisions, and introduce simple models
for shear and bulk viscous coefficients. We demonstrate that
the effects of bulk viscosity at freezeout are possibly large by
calculating the prefactors in the correction to the distribution
function. In Sec. IV, we calculate p; spectra and v,(p7) by
taking flow profiles from three cases: (i) Bjorken flow, (ii) a
blast-wave model, and (iii) a full (3 4+ 1)-dimensional ideal
hydrodynamic simulation. Section V is the conclusion.

II. RELATIVISTIC KINETIC THEORY

We would like to express the viscous corrections to the
phase space distribution for a relativistic multicomponent
gas in terms of macroscopic variables by matching the
macroscopic variables with those obtained from kinetic theory.
For this purpose, we use Grad’s 14-moment method, which
is a common method in nonequilibrium statistical mechanics
[29]. This is a generalization of the treatment developed
by Israel and Stewart [30] from a single-component to a
multicomponent system.

We will see that some nontrivial facts arise when a
multicomponent gas is considered. First, one usually considers
a scalar term, a vector term, and a traceless tensor term for
a momentum expansion of the nonequilibrium part of the
distribution and assumes that the trace part of the tensor
term can be absorbed into the scalar term. However, this is
no longer the case for a multicomponent system because the
equivalence of the scalar term and the trace part holds only
for a single-component gas. Second, the number of equations
that determine the modification of the distribution does not
change when a zero net baryon density limit is taken. This
means we do not have to suffer the loss of conditions to obtain
the unique expression of the distortion within the framework
of Grad’s 14-moment method. Therefore, we should not use
the ansatz appearing in Ref. [18], which leads to a violation of
thermodynamic stability, as we will show later. As in Ref. [18],
we also call this ansatz simply “the quadratic ansatz” in the
sense that it has only quadratic terms and has neither linear
nor constant terms with respect to momentum. Consideration
of the zero net baryon density limit is of practical importance
because the limit is often used in hydrodynamic models of the
hot QCD matter created in relativistic heavy-ion collisions.

It should be emphasized here that our aim is to develop
a consistent and convenient method for calculating the vis-
cous modification of particle spectra at freezeout within the
framework of Grad’s 14-moment method for hydrodynamic
calculations. Therefore, it is beyond the scope of this study
to consider the microscopic nature of each particle reaction
or any dynamics that cannot be determined uniquely from the
hydrodynamic picture.

PHYSICAL REVIEW C 80, 054906 (2009)

A. Distortion of the distribution function

Tensor decompositions of the energy-momentum tensor
T*" and the net baryon number current N}y give the definitions
of the macroscopic variables. The decomposed terms are
divided into an equilibrium part and a nonequilibrium part:

T =Ty +8T", (1)

where
TOW = equ'u” — PAM, ()
STHY = —TIAMY 4 2WHy”) 4 v, 3)

and

Ny = Ng,+ 8Ny, 4)

where
Npyo =npout, 8Ny = V", 5)

The timelike and spacelike projection operators are, re-
spectively, defined as u* and A"’ = gt — utu’ with the
Minkowski metric gM” = diag(+, —, —, —). We define the
dot product as a-b =a,b,g"". The parentheses repre-
sent symmetrization: ABY) = %(A"BV + AVB"). Also,eq =
u T uy, P=—1A,,Ty", and npo=u, Ny, denote the
energy density, the hydrostatic pressure, and the charge
density, respectively. W* = A" 8T“Pug is the energy current,
VI = A“SNy the charge current, TT=—1A,,8T"" the
bulk pressure, and 71’ = §T*V) = [I(A” A” + A” AY) —
IA’”A apld T°f the shear stress tensor. Generally, 2 and 1o
Would have dissipative counterparts e and dng, but such
terms are not considered here because we use the Landau
matching conditions, which demand that §e = u,,6T""u, =0
and énp = u,8Ny = 0. These conditions are necessary to
make the system thermodynamically stable in first-order
theory. We will see the details later. For reviews on relativistic
viscous hydrodynamics, see Ref. [6].

For a system with multispecies particles, kinetic theory

demands that
Rl £, 6
bigid’p
Z / i Y
Q2r) E
The label i denotes a particle species; g; and b; are the
degeneracy and the baryon number, respectively. We define
S8fi = fi — fi‘) to be the deviation of the distribution function
from its equilibrium form, f° = [exp(w) —e] ' =
(expyo — €)~!. Here, € = +1 for bosons and € = —1 for
fermions. T and pp denote the temperature and the baryon
chemical potential, respectively.
Now we expand y, defined by f; = (expy — €)~!, up to the

second order in momentum and estimate viscous corrections
to the distribution function by Grad’s 14-moment method:

5 =i+ ) (Pt Pl pEw). B

where ¢, and ¢,, are coefficients of the expansion. The
numbers of unknown variables are 4 and 10, respectively; €,
should be symmetric because any antisymmetric term cancels
out when a contraction is taken with pf‘ p;.
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€,,v 18 often considered to be traceless, and the scalar term
¢ is introduced instead [30]. The apparent lack of a scalar term
in Eq. (8) is due to the fact that we do not set any condition on
the tensor term g, ; that is, it generally has a nonzero trace.
The numbers of unknown variables are the same in both cases.
If we consider a single-component system, such as a pion gas,
the trace part of the tensor term is equivalent to a scalar term
& because the trace part can be separated as (E’“) —;*=g,v and the
metric produces a scalar p*pVg,, = m>.

This is not the case for a multicomponent system because all
the viscous correction tensors ¢, ¢,,, and €, are macroscopic
quantities in the sense that they do not depend on any particular
particle species. However, the trace part has mass dependence,
which means that it is particle-species dependent:

(Sftiensor = _f(;(l + Ef;;)p;LPFSMV

. Tr(e,,
—fi(U+efi)pt p,{ )

4 8
Tr(euw)
+ |:8/4v - 4M guv]}

Tr(s,w)m

— A1+ en)| T

+ plﬂp;}guv:| 9)

Here &,, is a traceless tensor. The equivalence of the scalar
term and the trace term holds for a single- component system
because we can set a variable Tr(g,,) to be 3£, Because the
same prescription does not work for a multlcomponent gas
where we have the additional index i, it is problematic whether
to consider a nonzero trace tensor term or the combination
of a scalar term and a traceless tensor term in a system
of multispecies particles. We will see in Sec. III that only
the former is relevant in the case of a 16-component hadron
resonance gas.

Our aim here is to uniquely determine the explicit forms
of ¢, and g,,. As we mentioned earlier, we introduce the
Landau matching conditions u, 87" u, = 0 and u, 6Ny = 0,
which ensure thermodynamic stability in first-order theory (see
Appendix A for further details). These conditions demand
that the energy density and the number density match the
equilibrium densities. Together with the kinetic definitions of
the macroscopic variables, we now have 14 equations in total
to determine 14 unknowns in §f.

We first define J#1#2#n and JHi#2-Hn to express the
conditions explicitly in terms of thermodynamic quantities:

gid’p

JHLH2 Z/ 1
(2r )3E

— Z[(Amuz ..

+ (permutations)]J,,.,, (10)

. bgzdp
Jranasn 2/(2 )3E

— Z[(Amuz .

+ (permutations)] Jon- (11

+ efcl.)plﬂlplﬂ . lem

A/‘«Zn—]ﬂ2nu/‘«2n+] . Mﬂm)

L+efg)plpl - pi

AMZH—]MZ/tulLZIH»] .. u#m)
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Jmn 1s a coefficient of the expansion of J#1#> " by (m — 2n)
ut’s and n AMV’s. J,,, is defined in the same way but has the
baryon number b; as a weight factor. These quantities should
be distinguished in a mixed system of baryons, antibaryons,
and mesons because they contribute differently to the energy-
momentum tensor and the baryon number current, as seen in
Egs. (6) and (7).

The Landau matching condition for the energy-momentum
tensor is simplified by using the expressions defined
previously:

O—MMMVZ/(Z )3E plplsf;

= —uyu, I ey — uyu, J" P ey
= —J30&x — (Jao — Ja1)€ss — Ja1 Tr(e). (12)
From now on we use the notations &, = g, u", g, = ,,uu’,
Tr(e) = &), and A*e,, = A*"u%e,q. The other conditions
can be expressed 51m11arly:
0 = —Jooes — (J30 — J31)ew — Ja1 Tr(e), (13)
M= Jec+ (Ja — §J42) Eg T §J42Tr(e), (14)

WM = _J31AMV8|) - 2J41Alw8v*v (15)
VE = — i AMe, — 25 A, (16)
T = =2 eV, (17)

The conditions [Eqgs. (12)—(17)] are classified into three
independent sets of equations: (i) the definition of the bulk
pressure and the Landau matching conditions for the scalars
Exs €4, and Tr(e); (ii) the definitions of the energy current
and the charge current for the vectors A*V¢, and A*V¢,,; and
(iii) the definition of the shear stress tensor for the tensor ).
The equations are immediately solved for each group:

&y = guu” = Doll, (18)
Es = Eoutu’ = = BoIl, (19)
Tr(e) = 8ﬁ = B3I1, (20)
AMe, = DyWH + D VH, 1)
AMVe,, = BiW* + B VH, (22)
) = By, (23)

where the prefactors D; and B; in Egs. (18)—(23) are functions
of Jy,, and J,,. Thus, ¢, and ¢,,, are determined to be

&y = &ty + Apye”
= D()HMM + DIWM + DIV 5 (24)

- Tr(e) — &**
Euv = € upuy + Ay — 5

+ 20 Avyg™ + Equ)
= (BOA/,LU + Bouuuv)n
+231M(M W\,) + Zélu(y_ Vu) + BZﬂuv’ (25)

where By = (Bs — By) /3 is used. The prefactors are explicitly
expressed as

Do = 3(JaoJs1 — JnJx0)T5 ', (26)
By = (J30J30 — JaoJo0) T3 ' 27)
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By = 3(JunJoo — o3 T5 (28)
Dy =205, ", (29)
Dy =2J07 ", (30)
B =JnJ, ", (31
B, = —J31\72_1, (32)
By =7, (33)

where

Js = 5J30Ja2d30 + 331 Ja0 31 + 3Ja1Ja1 T
—3J31Ja1J30 — 3304131 — 5JaodanJao,  (34)

Jo = 2J31J31 — 241 )1, (35)

T = —2Jgp. (36)

The prefactor for the shear stress tensor [Eq. (33)] has the same
form as shown in Ref. [30], whereas the prefactors for the bulk
pressure [Egs. (26)—(28)] are different from those in Ref. [30]
because the finite trace tensor term is considered instead of the
scalar term. Of course, those reduce to the same formulas for
a single-component gas.

It is worth mentioning that if we define the heat current g*
as

J31 e+ P
qu = WM — N—VM = WN — Vl’-’ (37)
I ng

then Eqgs. (21) and (22) can be expressed as Dq,, — V,,/ngT
and B;q,, respectively.

B. Discussion

Some comments are in order here. First, we consider the
special case where the Landau frame—that is, W#* = 0—and
the zero net baryon density limit N — O are used. These
conditions are often imposed for hydrodynamic analyses of the
QGP in relativistic heavy-ion collisions because the numbers
of baryons and antibaryons are roughly the same for such
events. In our framework, they correspond to estimating only
the contributions of the shear viscosity and the bulk viscosity.

The Landau condition for the charge current [Eq. (13)]
vanishes when the limit is taken, because J,,,, does. This could
induce an ambiguity because the number of conditions for the
determination of the prefactors decreases. But if we expand

Jmn around the baryon chemical potential g = 0, we have

3 T
“B

Then Eq. (13) is reduced to

aJ: d(J30 — J- dJ:
|: 20£*+ (J30 31)8**_’_ 31Tr(8)] —0. (39
g oup oup 115=0

+O(u3). (38)

np=0

jmn=0+l‘53

which provides a meaningful relation even in the zero baryon
density limit. This enables us to determine the prefactors for
the bulk pressure uniquely even after the limit is taken.
Second, we discuss the validity of the quadratic ansatz
[18]—that is, ¢, = Cymy,, + C2A,, [I—in the distortion of
the distribution. We see that this particular form of viscous
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correction does not satisfy the Landau matching conditions:

U 8T 1y = — Iy Tr(e) # 0, (40)
U SN = — J5 Te(e) # 0. 41)

Therefore, we should not use this ansatz, because the matching
conditions are necessary conditions for thermodynamical
stability and should not be violated. Also, if the Landau
matching conditions are used in hydrodynamic equations, the
consistency will be lost. Note that, in the quadratic ansatz, the
€4 s 1n Eqgs. (12) and (13) vanish because ¢, is perpendicular
to u* in this ansatz. Also, the correction from bulk viscosity is
naively expected to be smaller than that from shear viscosity,
because C, = —%Cl holds.

Third, it is important to explicitly consider a multicom-
ponent system for estimations of the viscous corrections
[Egs. (26)—(33)] because the deviation of the distribution for
the ith particle species &f; generally depends on whether
it is the only component or one of the components in a
multicomponent gas. This results from the fact that the J,,,’s,
and therefore the prefactors, like thermodynamic variables,
include information on all particle species. Note that the
difference becomes negligible if we use first-order theory and
assume that the shear viscosity 7 is proportional to the entropy
density s, because in the Boltzmann approximation we have

6fsihear = B2 X 2nv(/1u") X pIIIPIV

o b x 25 X Viuy,ptp!
2J 1 l

42
1 2Jp
——— X —= x Vi unptp’
2, s X VPP
= Ci(T). (42)

Here we used the relation Ji &~ sT3 in the Boltzmann
approximation [30]. We see that C’(T') is a function dependent
on the index i and the temperature but independent of what
other components are in the gas.

Finally, we formulate the distortion of the phase space
distribution in a model-independent way in the sense that
one can adopt any model for the transport coefficients, not
necessarily from the Boltzmann equation but from more
general results of, for example, linear response theory. For
an example of the model of shear and bulk viscosity to
demonstrate the viscous effects at freezeout, see Sec. I11I. One
may want to obtain species-dependent distortion that reflects
the cross section or the mean free path. However, doing so
is almost equivalent to solving the Boltzmann equation itself:
One prepares collision terms among all constituents, calculates
transport coefficients from the Boltzmann equation with the
collision terms given previously, uses them in hydrodynamic
calculations, and solves the linearized Boltzmann equation for
all species. Obviously the results are very specific to the model
of collision terms and, therefore, that discussion is not the
purpose of the present paper. It should be noted that, as shown
in Sec. IT A, there is no room for microscopic information such
as cross section and mean free path to appear in the current
formulation. Given that hadron cascade models, which are
rather suited for microscopic (species-dependent) description,
are already available, the method described in this paper would
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play arole in providing initial conditions for these microscopic
models.

III. THE MODEL

A. Equation of state and transport coefficients

Following the discussion in the previous section, we
estimate the thermodynamic quantities and the prefactors
appearing in §f. As the model of the equation of state, we
consider the 16-component hadron resonance gas, which has
mesons and baryons with mass up to A(1232). Hereafter, we
take the Landau frame and set the system to be baryon-free;
therefore, By, B, Dy, and D; do not appear. We thus consider
the contributions of shear and bulk viscosity. Transport
coefficients are needed to estimate the macroscopic variables
IT and 7* in Egs. (24) and (25). The models for the shear
viscosity 7 and the bulk viscosity ¢ are taken from Refs. [31]
and [32]:

1

n= Es, 43)
1 2
c=a<§—c)n, (44)

where ¢; = a P js the sound velocity. The factor « in the bulk
viscosity is set to 15 unless otherwise stated [32]. Figure 1
shows the temperature dependence of n/s and ¢/s for a
hadron resonance gas model. In the temperature range relevant
to relativistic heavy-ion collisions 0.1 < 7 < 0.2 GeV, ¢/s
is several factors smaller than 7/s. So one might expect
that the effect of the bulk viscosity would be small. This
is not necessarily true because the corrections in §f appear
as a combination of transport coefficients and the prefactors
discussed later.

Figure 2 shows the numerical results for the prefactors Dy,
By, By, and B, appearing in f as functions of temperature T
in a hadron resonance gas model. Returning to the discussion
of whether we should consider a nonzero trace tensor term
or a trace part of a scalar term, we find that only the former
is relevant for the 16-component hadron resonance gas case.
This is because if we choose the combination of the scalar
term and the traceless tensor term, Dy, By, and By diverge

0.14f
0.12f
0.1F

2 0.08f
2 o.o6f
0.04f

—n/s
----- C/s (a=15)

[T

002} -----------------------------------

L I | | | | | | | |
00 0.02 0.04 0.06 0.08 0.1 0.120.14 0.16 0.18 0.2
T (GeV)

FIG. 1. (Color online) n/s (solid) and ¢ /s with o = 15 (dotted)
as functions of temperature in a resonance gas model.
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| | | |
0.12 0.14 0.16 0.18 0.2
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[ I I
0.06 0.08 0.1

FIG. 2. (Color online) (a) The prefactor in ¢, for the bulk
pressure, Dy, as a function of temperature. (b) The prefactors in
&, for the bulk pressure, By (dashed line) and By (dash-dotted line),
and that for the shear stress tensor, B, (solid line), as functions of
temperature.

because of a change in the sign of the denominator [Eq. (34)]
at temperatures below 0.2 GeV.

The numerical code to generate the prefactors in ¢, and
&,y Will be made available [33]. We can set the components
of a resonance gas and calculate the prefactors as well as any
moment of fo(1 + €£5), Jun-

B. Particle spectra and flow

In hydrodynamic analyses of the QGP created in rel-
ativistic heavy-ion collisions, the Cooper-Frye formula is
used at freezeout. This converts the macroscopic variables
into microscopic distributions, which enables us to compare
the hydrodynamic results with experimental data. From a
phenomenological point of view, the formula works as an
interface from a hydrodynamic model to a cascade model. The
pr spectrum of the ith particle is given, with the Cooper-Frye
formula [28], as

*Ni g

Fovdy = Ty Jy OB

where pr and y denote the transverse momentum and the
rapidity. The equilibrium distribution f; is given as

. 1
13 = < (46)

e u—bipg)/ T _
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The elliptic flow parameter is the coefficient of the second
harmonics cos(2¢),) in a Fourier expansion of the azimuthal
momentum distribution, where ¢, is the azimuthal angle in
momentum space. It is defined as

2 dN;
Jdy [y ddpcosQ2p) g5

27 dN;
[y Jo" ¢ g iy

Viscous corrections are taken into account via (i) variation
of the flow and (ii) modification of the distribution function.
Because we do not have a full (3 + 1)-dimensional viscous
hydrodynamic flow, we focus on the latter in this study. Profiles
of the flow u* and the freezeout hypersurface do,, which
are necessary for calculations of the Cooper-Frye formula
[Eq. (45)], are taken from (i) the Bjorken model [34], (ii) a
blast-wave model [35], and (iii) a (3 + 1)-dimensional ideal
hydrodynamic simulation [4].

v(pr) = (47)

IV. RESULTS

We estimate the particle spectra and the elliptic flow
coefficients of the negative pion with mass m = 0.139 GeV.
The freezeout temperature 7, is set to 0.160 GeV. This
temperature is sufficiently near the QCD (pseudo)critical
temperature, at which the bulk viscous coefficient is expected
to be large [24,25]. At Ty = 0.160 GeV, Egs. (43) and (44)
yield, respectively, n = 1.31 x 107> GeV> and ¢ = 4.37 x
10~* GeV? when o = 15. In this study the Navier-Stokes
limit is taken for the shear stress tensor and the bulk pressure,
which means that 7" = 2nV%u" and T1 = —¢d,u*, where
VH = A*9,,.

A. Bjorken flow

We first consider the Bjorken model. We use the expanding
coordinates (t,r, ¢, n;), where proper time t, radius r,
azimuthal angle ¢, and spacetime rapidity n, are defined
in the relations t = t coshn,, x =rcos¢, y =rsing, and
z = t sinh 7. In this frame, the Bjorken flow is written as
W =u® =u" =0. (48)

ut =1,
The radius of the nuclei and the freezeout time are set to
Rp = 10.0 fm and t = 7.5 fm, respectively. Elements of the
freezeout hypersurface have only the radial component:

do; = tdn,rdrd¢, do, =doy =do, =0. 49)

It is noteworthy that the Cooper-Frye formula for this model
can be analytically expressed in the case of the Boltzmann
approximation. See Appendix B for the details.

Figure 3 shows the particle spectra with corrections from
the bulk viscosity or the shear viscosity. The mean transverse
momentum (p7) is lowered by the bulk viscosity in the case
of the Bjorken flow. This interpretation can be made from
the sign of the shear stress tensor and the bulk pressure as
follows. The bulk pressure works as a negative pressure; the
pressure in the energy-momentum tensor is effectively reduced
to P — |I1] because the system is expanding in the longitudinal
direction and the expansion scalar d,u* = 1/t is positive. As
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FIG. 3. (Color online) Viscous corrections to pr spectra with
Bjorken flow. Solid, thick dashed, and thick dotted lines are,
respectively, the results without any viscous corrections, with the
effect of bulk viscosity (¢ = 15), and with the effect of the shear
viscosity. Thin dashed and dotted lines show that the absolute value
of the ratio of the correction to the ideal spectrum becomes greater
than 0.5.

aresult, the number of particles with lower momenta increases.
Similarly, the shear viscosity is naively expected to enhance
(pr) in the midrapidity region because the pressure in the
radial direction is increased by the decrease of the pressure in
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7\\
— - bulk (0=15)

'y
o
N

[y
o
T T

(1/2x)dN/p_dp. dy (GeV?)
[

107
10—2? | | | | | | | | |

0 02040608 1 1.21.41.6 1.8 2
P, (GeV)

0.4
0.35
0.3
0.25

“(b) — blast wave /]
—— bulk (¢=15) /

0.15
0.1
0.05

\'}

o

[V
L L

| | | | | | | |
02040608 1 12141618 2
P, (GeV)

of-

FIG. 4. (Color online) Viscous corrections to (a) pr spectra
and (b) vy(pr) in the blast-wave model. Solid, thick dashed, and
thick dotted lines are, respectively, the results without any viscous
corrections, with the effect of bulk viscosity (¢ = 15), and with the
effect of shear viscosity. Thin dashed line shows that the absolute
value of the ratio of the correction to the ideal spectrum becomes
larger than 0.5.
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FIG. 5. (Color online) Viscous corrections to (a) pr spectra and
(b) vo(pr) with ideal hydrodynamic flow. Solid, thick dash-dotted,
thick dashed, and thick dotted lines are, respectively, the results
without any viscous corrections, with the effect of bulk viscosity with
o = 15/2 and with o = 15, and with the effect of shear viscosity. Thin
dash-dotted and dashed lines show that the absolute value of the ratio
of the correction to the ideal spectrum becomes larger than 0.5.

the longitudinal direction as a result of the fact that the shear
stress tensor is traceless.

B. Flow from blast-wave model

As a blast-wave model, we follow Ref. [35]:

W= uOR;u + 12 cos 2)]O(Ry — r), (50)
0

u® =1+ ®w)?, (51)

u® =u™ =0, (52)

where ug = 0.55 and u, = 0.2. The radius of the nuclei and
the freezeout time are set to Ry = 7.5 fm and v = 5.25 fm,
respectively. The profile of the freezeout hypersurface is the
same as Eq. (49) in the Bjorken model.

Again the bulk viscosity lowers the spectrum, as shown
in Fig. 4. The elliptic flow parameter v,(pr), conversely, is
enhanced by the bulk viscosity. This counterintuitive result
can be interpreted as follows. The slope of the differential
elliptic flow coefficient v,(pr) can be subject to the relation
dvy(pr)/dpr =~ vo/{pr) [36], where v, on the right is the
pr-integrated elliptic flow coefficient. v; is not much affected
by the viscous correction in the case of the blast-wave model,

PHYSICAL REVIEW C 80, 054906 (2009)

< zf(a) —— ideal hydro
% 10 = ---- quadratic (0=15)
% 10; — — bulk (0=15)
=)
(]
o
:} 1
2
B L
gl-: 10°°E
A . A\
10-2? | | | | | | | | \\\
0 02040608 1 1.214161.8 2
P, (GeV)
0.4f ]
£ (b) — ideal hydro |
0.35 dratic (0o15 /
03:* ---- quadratic (0¢=15) /
E —— bulk (0:=15) /
0.25F /
= 0.2F
0.15}
0.1
0.05;
OEL it
0 02040608 1 12141618 2

P, (GeV)

FIG. 6. (Color online) Viscous corrections to (a) pr spectra and
(b) v2(pr) with (thick dotted) or without (thick dashed) the quadratic
ansatz. Solid line is the result from an ideal hydrodynamic model.
Thin dashed line shows that the absolute value of the ratio of the
correction to the ideal spectrum becomes larger than 0.5.

so the slope of v,(pr) changes solely because (pr) changes.
The bulk viscous correction softens the spectrum, as shown
in Fig. 4(a), and thus (pr) is reduced. The reduction in the
denominator (pr) leads to apparent enhancement of the slope
of vy(pr). Effects of the shear viscosity can be explained
similarly.

C. (3 4+ 1)-dimensional ideal hydrodynamic flow

In the last example, we demonstrate the effect of the bulk
viscosity by using flow profiles from a full (3 + 1)-dimensional
ideal hydrodynamic simulation in Au+ Au collisions at
/Svy =200 GeV. The impact parameter is taken to be
7.2 fm. For details of this particular hydrodynamic model, see
Refs. [4,12]. The hadron equation of state in this hydrodynamic
model is exactly the same as the one considered here: a hadron
resonance gas model up to the mass of A(1232). These flow
profiles together with temperature distributions are publicly
available [37]. Note that we have checked that IT/P and
/T4 at each freezeout position have moderate values,
at most of the order of unity.

We see in Fig. 5 that both shear and bulk effects lower the
spectrum in the high- pr region. The enhancement of v,(pr) by
the bulk viscosity is due to the decrease in the mean py of the
spectrum, as discussed in Sec. IV B. The nontriviality lies in the
correction from the shear viscosity: It lowers the pr spectrum
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FIG. 7. (Color online) Viscous corrections from both shear
viscosity and bulk viscosity to (a) pr spectra and (b) v,(pr). Solid,
thick dash-dotted, and thick dashed lines are, respectively, the results
without any viscous corrections, with the effect of both shear and bulk
viscosities with « = 15/2, and with both viscosities with o = 15.
Thin dash-dotted and dashed lines show that the absolute value of the
ratio of the correction to the ideal spectrum becomes larger than 0.5.

and still suppresses vo(pr). This behavior was also observed
for a (2 + 1)-dimensional viscous hydrodynamic flow [14].

The viscous corrections in these calculations may have
been overestimated for two reasons. First, we neglected
Su* = ut — ug by considering the ideal hydrodynamic flow.
Viscosity tends to reduce the difference in flow u” of the
neighboring fluid elements; consequently, thermodynamic
forces—in particular, derivatives of the flow—are expected
to become smaller in the case of viscous hydrodynamic flow.
This would reduce the amount of the corrections considered
here. Second, the bulk pressure and the shear stress tensor are
estimated in first-order theory, which naively means that they
correspond to asymptotic values at times much greater than
relaxation times in second-order theory. Note that because we
expanded §f in momentum, the expansion is valid only where
pr is not too large. The eventual breakdown occurs when
8f/fo exceeds unity. Thin lines in the figures indicate where
the viscous correction exceeds 50% of the equilibrium particle
spectra and where one should be careful about the validity of
the expansion.

In Fig. 6, pr spectra and vy(pr) with the quadratic ansatz
are compared with those without the ansatz. The results are not
similar to each other in either the size of the correction or the pr
dependence. The quadratic ansatz greatly underestimates the
effects of the bulk viscosity. Therefore, the proper procedure to
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obtain the prefactors in §f should be carried out, as discussed
in Sec. II, to correctly calculate the distortion of particle spectra
due to the bulk viscosity.

Finally, when both shear viscosity and bulk viscosity are
considered, the slope of the particle spectra becomes steeper
but that of v,(pr) becomes moderate compared with that of
the ideal distribution, as seen in Fig. 7. The reason for the latter
would be that the effect of the bulk viscosity and that of the
shear viscosity accidentally cancel each other in the low-pr
region.

V. CONCLUSIONS

We estimated the viscous corrections to the phase space
distribution of a relativistic gas in a multicomponent system.
We found that generalization to a multicomponent gas involves
some subtleties. First, the trace part of the tensor term and
the scalar term in the distortion of the distribution function
are equivalent for a single-component gas but not for a
multicomponent one. Numerical calculations suggest that one
should have the trace part in the case of the 16-component
hadron resonance gas. Second, if one takes a zero net baryon
density limit, one also has to take the limit for the Landau
matching condition for the baryon number current because
it does yield a meaningful relation. Because the number of
equations does not change, we can uniquely determine the
prefactors for the bulk pressure appearing in the distortion of
the distribution. It is not desirable to introduce an additional
ansatz that violates the matching conditions, because such
an ansatz makes the system thermodynamically unstable in
first-order theory. Third, the deviation of the distribution for
the ith gas component §f; is generally different depending on
whether it is the only component or one of the components.
This results from the fact that the prefactors in ¢, and ¢,
like thermodynamic variables, include information of all the
components in the gas.

For hydrodynamic models of the QGP created in relativistic
heavy ion collisions, the Cooper-Frye formula is necessary to
convert macroscopic variables into microscopic distributions
at freezeout. This enables us to compare the hydrodynamic
results with experimental data, or to see further development of
the hadronic matter in a cascade model. Nonequilibrium effects
are taken into account in the formula via the variation of the
flow and the modification of the distribution. We focused only
on the latter and estimated the viscous corrections to the pr
spectra and the elliptic flow v,(p7) by following the previous
discussion. Profiles of the flow and the freezeout hypersurface
are taken from the Bjorken model with cylindrical geometry,
the blast-wave model with azimuthally anisotropic flow, and
a (3 + 1)-dimensional ideal hydrodynamic model for the
numerical calculations. We found that corrections of the
bulk viscosity from the distortion of the distribution have a
visible effect on particle spectra and elliptic flow coefficient
v2(pr). This implies the importance of the bulk viscosity to
constrain the transport coefficients with better accuracy from
comparison with experimental data.

Quantitatively speaking, the viscous effects might have
been overestimated because we approximated the shear stress
tensor and the bulk pressure as those in first-order theory
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and, unlike in second-order theory, no relaxation effects are
considered. As for the case of the estimation with an ideal
hydrodynamic flow, the viscous corrections might be further
exaggerated because the derivatives of the ideal hydrodynamic
flow are generally larger than those of real viscous hydrody-
namic flow. Considering the fact that the shear viscosity also
has nontrivial effects on particle spectra, depending on the flow
profile, a full (3 4 1)-dimensional viscous hydrodynamic flow
is necessary to see more realistic behavior of py spectra and

va(pr).
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APPENDIX A: THE LANDAU MATCHING CONDITIONS

The Landau matching conditions ensure thermodynamic
stability in first-order theory. If the entropy current s* had
a term proportional to ITu* in the nonequilibrium case, the
derivative d(u,s*)/9I1|n=9 would be finite. This means that
the system is not in a maximum-entropy state; that is, it is not
thermodynamically stable. The matching conditions remove
such unwanted terms. We can explicitly show this by inserting
the phase space distribution into the definition of the entropy
current in relativistic kinetic theory:

= —Z/(2 g P D log (1ef) + flog £

b;
—W“+Z/(2 E “fz””ﬁ B L O16Y]

u ua—i-A“
~osult + ———= ﬁZ/(z )3EP,P, 3fi

utu, + A* bigid’p
— d 451
Wb Zf / @y E "

(AD)

Here we neglect higher-order terms in the third line for
simplicity. By using the Landau matching conditions, we can
eliminate correction terms proportional to u*:

u 1
st = sul + FMO,(STaﬁuﬂ + ?A"aulg(ST“ﬂ

utt o 1 w a
—/LB?MQ(SNB — /,LB?A a(SNB
WH — o VHE
— syt 4 — KB (A2)

T
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This expression includes only nonequilibrium corrections
of the first order with respect to dissipative currents, which are
perpendicular to u*. This is exactly the generalization from the
entropy current in ideal hydrodynamics to the one in viscous
hydrodynamics, as discussed in Ref. [30]:

"
st = i —|— q
nB
Put + T’“’uv — ugNh
= - B (A3)

APPENDIX B: ANALYTIC EXPRESSIONS OF SPECTRA

We can analytically express the corrections from both shear
viscosity and bulk viscosity to the Cooper-Frye formula for the
Bjorken model in the Boltzmann approximation, following
Ref. [35]. The flow and the freezeout hypersurface of the
Bjorken scaling solution with cylindrical geometry are

T

=1, u =u®=u"=0, (B1)

and

do; = tdn,rdrd¢, do, =doy =do, =0. (B2)

Because the momentum p® is given by my cosh(y — 7y),
where mr is the transverse mass, the particle spectrum is
written as

dZN g Ry 2 o)
_— rdr d td
d*prdy — (m) /0 fo ¢ f_oo s

x my cosh (y — ny) f. (B3)

Here we dropped the index i of particle species for simplicity.
The viscous corrections are now analytically expressed as

d?8 Nouik 8 2
= R; - 2K
Pprdy — @y 0 T2k
D, K 1
X£ Bom2+—0mr—2(X)+
T 2 Ki(x)
By — By ,[Ks(x)
3 B4
T3 ’”T[Kl(x>+ “ B
and
szNihear 8 2
‘ = R: - 2K
Fprdy ~ @mp 0 TR0
2 K3(x) )
—B |- , B5
3 2{ [Klm ] O
where x = % and the modified Bessel function is defined as
K,(x) = / e h cosh (nt) dt. (B6)
0

The bulk pressure and the shear stress tensor are estimated in
first-order theory.
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