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Derivation of transient relativistic fluid dynamics from the Boltzmann equation
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In this work we present a general derivation of relativistic fluid dynamics from the Boltzmann equation
using the method of moments. The main difference between our approach and the traditional 14-moment
approximation is that we will not close the fluid-dynamical equations of motion by truncating the
expansion of the distribution function. Instead, we keep all terms in the moment expansion. The reduction
of the degrees of freedom is done by identifying the microscopic time scales of the Boltzmann equation
and considering only the slowest ones. In addition, the equations of motion for the dissipative quantities
are truncated according to a systematic power-counting scheme in Knudsen and inverse Reynolds number.
We conclude that the equations of motion can be closed in terms of only 14 dynamical variables, as long as
we only keep terms of second order in Knudsen and/or inverse Reynolds number. We show that, even
though the equations of motion are closed in terms of these 14 fields, the transport coefficients carry
information about all the moments of the distribution function. In this way, we can show that the particle-
diffusion and shear-viscosity coefficients agree with the values given by the Chapman-Enskog expansion.
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I. INTRODUCTION

Relativistic fluid dynamics is an effective theory to
describe the long-distance, longtime dynamics of macro-
scopic systems, with important applications in relativistic
heavy-ion collisions and astrophysics [1]. Relativistic fluid
dynamics describes the conservation of (net) particle num-
ber and energy momentum,

d,N* =0, a,Tr” = 0. (D
In general, these five equations contain 14 unknown fields,
the four components of the particle 4-current N#, and the
ten components of the (symmetric) energy-momentum
tensor 7#”. Thus, these equations are not closed and one
needs to specify nine additional equations of motion to
solve them. The coefficients in the equations of motion
(equation of state, transport coefficients, etc.) must be
determined by matching fluid dynamics to the underlying
microscopic theory. In the case of dilute gases, this is the
Boltzmann equation.

There are two widespread methods to provide additional
equations of motion from the Boltzmann equation: the
Chapman-Enskog expansion and the method of moments.
In the Chapman-Enskog expansion [2], the corrections to
the single-particle distribution function in local equilib-
rium are assumed to be functions of the five traditional
fluid-dynamical variables, temperature, chemical potential,
and the three components of the fluid-velocity field, as well
as gradients thereof. The corrections are systematically
arranged in terms of an expansion in powers of the
Knudsen number, given by the ratio of the mean-free
path of the particles and a characteristic macroscopic
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length scale. As is well known, the first-order truncation
of the expansion leads to Navier-Stokes theory. Keeping
second- and higher-order terms one obtains the Burnett and
super-Burnett equations, respectively [3]. However, it has
been shown that the Burnett equations suffer from the so-
called Bobylev instability [4]. In the relativistic case, even
the first-order equations, i.e., the relativistic generalization
of the Navier-Stokes equations, are unstable [5].
Therefore, the relativistic extension of Chapman-
Enskog theory should not be applied to derive the
equations of relativistic fluid dynamics from kinetic theory.
On the other hand, the method of moments [6] avoids the
above mentioned problems. The method of moments was
first developed by Grad [7] for nonrelativistic systems. In
Grad’s original work, the single-particle distribution func-
tion is expanded around its local equilibrium value in terms
of a complete set of Hermite polynomials [8]. This expan-
sion is truncated and the distribution function is finally
expressed in terms of 13 fluid-dynamical variables: the
velocity field, the temperature, the chemical potential, the
heat-conduction current, and the shear-stress tensor. In this
case the heat-conduction current and shear-stress tensor
become independent dynamical variables that satisfy par-
tial differential equations that describe their relaxation
towards their respective Navier-Stokes values. Grad’s
method is usually considered to be independent of the
Chapman-Enskog expansion. However, we emphasize
that Burnett-type equations can be obtained as the solution
of Grad’s equations in the longtime limit [9,10].
Nevertheless, Grad’s method has one major drawback:
unlike the Chapman-Enskog expansion it lacks a small
parameter, such as the Knudsen number, in which one
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can do power counting and thus systematically improve the
approximation [11]. This deficiency, together with the bad
performance of Grad’s method in comparison to micro-
scopic calculations [12], have led researchers to abandon
this approach for some time. However, recently a lot of
effort has been made to reformulate the method of mo-
ments into a more reliable tool to describe nonequilibrium
phenomena for large Knudsen numbers [12]. For instance,
in Ref. [13] Grad’s equations were regularized to have a
wider domain of validity in Knudsen number and then
shown to be in good agreement with microscopic calcu-
lations. Such approaches, however, were only formulated
for nonrelativistic systems.

The generalization of Grad’s method of moments to
relativistic systems has been pursued by several authors
[14]. The most widely employed approach is due to Israel
and Stewart [15,16]. Here, the distribution function is
expanded around its local equilibrium value in terms of a
series of (reducible) Lorentz tensors formed of particle
4-momentum k*, i.e., 1,k* k*kY,.... In Israel and
Stewart’s 14-moment approximation one truncates the ex-
pansion at second order in momentum, i.e., one only keeps
the tensors 1, k#, and k*k¥, with 14 unknown coefficients
(the trace of k*k” is equal to m?, the rest mass of the
particles) to describe the distribution function. The coef-
ficients of the truncated expansion can then be uniquely
related to the 14 components of the particle 4-current,
N*, and the energy-momentum tensor, 7", the so-called
matching procedure. While particle and energy-
momentum conservation (1) are obtained from the zeroth
and the first moment of the Boltzmann equation, the addi-
tional nine equations of motion follow from the second
moment of the Boltzmann equation. However, Israel and
Stewart’s theory shares the same problems of Grad’s
original approach: it lacks a parameter in which one can
do systematic power counting of corrections to the local
equilibrium distribution function.

It was recently confirmed that, at least for some
special problems, the Israel-Stewart equations [15,16] are
not in good agreement with the numerical solution of
the Boltzmann equation [17,18]. Initial attempts to im-
prove Israel and Stewart’s theory were already made in
Refs. [19-22], but Israel and Stewart’s 14-moment ap-
proximation was still used. In this paper we demonstrate
that Israel-Stewart theory, as well as all previous attempts
to improve it, are actually incomplete. The reason is that
the 14-moment approximation neglects infinitely many
terms of first order in the Knudsen number. In our approach
all terms of the moment expansion are included and the
exact equations of motion for these moments are derived.
These exact equations still contain the degrees of freedom
and microscopic time scales of the Boltzmann equation.
We prove that, in order to derive a causal dynamical
equation for a given dissipative current, it is necessary to
resolve at least the slowest corresponding microscopic
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time scale arising from the Boltzmann equation, in agree-
ment with the results of Ref. [10]. Unlike in Israel-Stewart
theory, the truncation of the resulting equations of
motion in terms of only 14 dynamical variables is then
implemented by a systematic power-counting scheme in
Knudsen number, Kn, and in the ratios, Ry! = [II|/P,
R, = |n*|/ny, R, = |7#"|/P,, where II is the bulk
viscous pressure, n* is the particle-diffusion current, 7*”
is the shear-stress tensor, and P, and n, are the pressure
and the particle density in local equilibrium, respectively.
The ratio R;! is related to the inverse Reynolds number
in nonrelativistic situations. We shall in somewhat loose
terminology refer to all of them as ‘“‘inverse Reynolds
numbers” in the following. The resulting fluid-dynamical
equations and coefficients are different from the ones
obtained via the 14-moment approximation. We calculate
the numerical values of the coefficients for a massless
classical gas. We show that our values for the heat-
conductivity and shear-viscosity coefficient agree with
the ones calculated via Chapman-Enskog theory [6].

This paper is organized as follows. In Sec. II we review
how fluid-dynamical variables are extracted from the
Boltzmann equation. In Sec. III we demonstrate how to
expand the single-particle distribution function in terms
of a complete, orthogonal basis in momentum space. In
contrast to Israel and Stewart’s nonorthogonal basis
1, k*, k*k”, ..., our approach uses irreducible tensors in
4-momentum k*, and is thus orthogonal. The coefficients
of the irreducible tensors in the expansion of the single-
particle distribution function are orthogonal polynomials
in the rest-frame energy and moments of the correction
to the equilibrium distribution function. Section IV derives
an infinite set of equations for these moments, which is
still completely equivalent to the Boltzmann equation. In
Sec. V we introduce our power-counting scheme in terms
of Knudsen and inverse Reynolds numbers. Then, by di-
agonalizing the linear part of the set of moment equations,
we demonstrate how to identify the slowest microscopic
time scale of the Boltzmann equation for each dissipative
current. We shall derive dynamical equations for the slow-
est modes, but approximate faster modes by their asymp-
totic solution for long times. This will then lead, in Sec. VI,
to the complete set of fluid-dynamical equations that
contains all terms up to second order in Knudsen and
inverse Reynolds numbers, i.e., O(Kn?, Ri_le_l, KnR;1).
In Sec. VII we first demonstrate the validity of our ap-
proach by restricting the calculation to the 14-moment
approximation and recovering the results of Ref. [21] for
the transport coefficients for the case of an ultrarelativistic,
classical gas with constant cross section. We then show
how to successively improve the expression for the trans-
port coefficients by extending the number of moments to
14 + 9 X n. We explicitly study the cases n = 1, 2, and 3.
We end this work with a discussion and conclusions in
Sec. VIII. Various appendices contain intermediate steps of
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our calculations. We use natural units 2 = ¢ = kg = 1.
The metric tensor is g, = diag(+, —, —, —).

II. FLUID-DYNAMICAL VARIABLES
FROM THE BOLTZMANN EQUATION

We start with the relativistic Boltzmann equation,
kta, fi = CLf] 2)

where k* = (k% k), with k* = vk? + m? and m being the
mass of the particles. For the collision term, we consider
only elastic two-to-two collisions with incoming momenta
k, k', and outgoing momenta p, p’,

1 ~ ~ ~ ~
C[f] = ; fdK/deP,Wkk/—»ppl(fpfp’fkfk’ _fkfk’fpfp’)’
3)

where v is a symmetry factor ( = 2 for identical particles),
Wik /—pps 18 the Lorentz-invariant transition rate, and dK =
gd’k /[(27)3k°] is the Lorentz-invariant momentum-space
volume, with g being the number of internal degrees of
freedom. We introduced the notation f, = 1 — af}, where
a=1 (a = —1) for fermions (bosons) and a = 0 for a
classical gas.

In kinetic theory, the conserved particle current N*
and the energy-momentum tensor 7#” are expressed as
moments of the single-particle distribution function,

Nt = (k) T = (k*k”), 4)

where we adopted the following notation:

¢o= [are s )

The particle current and the energy-momentum tensor can
be tensor-decomposed with respect to the fluid 4-velocity
u*. To this end, we have to specify the rest frame of the
fluid. From a mathematical point of view, the velocity can
be defined in numerous ways. From the physical perspec-
tive, there are, however, two natural choices. The Landau
frame[23] in which the velocity is defined by the flow of
the total energy

uMT’“’ = gu’, (6)

and the Eckart frame [24] in which the velocity is specified
by the flow of particles,

N* = nu*. (7

In other words, in the Landau picture the velocity field is
fixed to always eliminate any diffusion of energy while in
the Eckart picture it is defined to eliminate any diffusion of
particles. Note that if the system has more than one type of
particle (or conserved charge), the Eckart frame must be
defined by choosing one of these particle types (or charge
types). We remark that other definitions of the velocity
field were investigated by Stewart in Ref. [16].
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In this paper, we work in the Landau frame [23]. Next,
we divide the momentum of the particles k* into two parts:
one parallel and one orthogonal to u*,

k* = Eput + km), 8)

where we defined the scalar Ey, = u,k* = u - k and used

the notation A% = AL A” with A = gt¥ — y#y” being

the projection operator onto the 3-space orthogonal to u*.
Then, the tensor decomposition of N# and T#” reads

N* = nu* + n#,

TH? = gutu” — A*7(Py + 1) + o+, 9)
where the particle density n, the particle-diffusion current
n*, the energy density &, the shear-stress tensor 7#”, and
the sum of thermodynamic pressure, P, and bulk viscous
pressure, II, are defined by

n = (Ey),
T = <k<"k”>>,

nt = <k<,u>>’ e = <Ei>’
Py + 11 = —KA*k,k,), (10)

where A = ARZA“P and Ahp = [AGAYL + ALA%L —
(2/3)A*”A,5]/2 denotes a projector onto that part of a
rank-2 tensor, which is symmetric, orthogonal to u*, and
traceless.

Next, we introduce the local-equilibrium distribution
function as fo = [exp(BoEx — ay) + a]™!, where S,
and « are the inverse temperature and the ratio of the
chemical potential to temperature, respectively. The fluid
4-velocity has already been defined. The values of « and
By are defined in terms of a fictitious equilibrium state,
constructed from n and e. First, we introduce the thermo-
dynamic entropy density in thermodynamic equilibrium,

5o = so(n, &). (11)

Then, ay and S, are defined by the following thermo-
dynamic relations:
(950 8s0
=01 =201 12
Bo e @ = (12)

n €

while the thermodynamic pressure P, is extracted using
Euler’s relation,

BOPO = S0 + aogn — B()S. (13)

In practice, this prescription leads to the following match-
ing conditions:
n = ny = (Ex), e =gy = (Ep)o, (14)

where

(Y = [ dK (- )fox. (15)

Note that this definition of the thermodynamic variables is
not unique and other possibilities in constructing such an
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equilibrium state were discussed in Ref. [16] and, recently,
in Refs. [25].

The separation between thermodynamic pressure
and bulk viscous pressure is achieved as Py =
—(A*Vk, k,)o/3 and Il = —(A#"k  k,)5/3, where

o = o) = (16)

The fluid-dynamical conservation laws (1) are equations
of motion for n, &, and u*; hence, one needs nine addi-
tional equations to determine the dissipative corrections IT,
n*, and 7*". In the following, we shall use the method of
moments to derive these equations.

III. EXPANSION OF THE SINGLE-PARTICLE
DISTRIBUTION FUNCTION IN TERMS OF
IRREDUCIBLE TENSORS

In this section, we expand the single-particle distribution
fix in terms of irreducible tensors. It is convenient to
factorize the local-equilibrium distribution function fq
from f,

fr = fo(1 + foxd). )

where ¢ represents the deviation from local equilibrium
and is a function of x* and k*, which is ultimately deter-
mined by the solution of the Boltzmann equation (2).

The next step is to expand ¢y in terms of a complete
basis of tensors formed of k* and E).. As mentioned in the
introduction, Israel and Stewart chose the following basis
to expand ¢y : 1, k#, k*k”, k*k"k*, ..., and then truncated
the expansion after the second-rank tensor k*k”, that is
ok = ex t €k, + €k, k,, where €, €, € are the
expansion coefficients [15]. Note that these tensors are not
irreducible with respect to Lorentz transformations AL
that leave the fluid 4-velocity u* invariant, Abu” = u*.
As a consequence, they are also not orthogonal, see
Chapter VI, Sec. 2a of Ref. [6]. Therefore, the expansion
coefficients cannot be straightforwardly obtained: in a
nonorthogonal basis, this requires in general the inversion
of an infinite-dimensional matrix. Also, this implies that
the exact form of the expansion coefficients cannot be
obtained once the expansion is truncated. Therefore, the
approach of Israel and Stewart does not provide the com-
plete expressions for the expansion coefficients.

In order to avoid such problems, we expand ¢, using the
irreducible tensors,

L kw keg R, (18)

as a basis. It should be emphasized that these tensors form a
complete and orthogonal set, analogous to the spherical
harmonics [26]. These irreducible tensors are defined by
using the symmetrized and, for m > 1 traceless, projection
orthogonal to u* as

AlHr ) = AGL AV (19)
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where the projectors A4S are defined in Ref. [6], see
Appendix F for details. In order to obtain the irreducible
tensors (18), we apply the projection (19) to A"1""¥m =
k¥ ---k"=. The tensors (18) satisfy an orthogonality
condition,

f dKFy Kk - kbky, -k,

m!oé
= (2m—_'_m1n)”A'gll...lffnm [dKFk(Aa’Bkakﬁ)m, (20)
where n, m =0, 1, 2, ..., Fy is an arbitrary function of Ey

and J,,, denotes the Kronecker delta. Using the basis (18),
¢y can be expanded as

by = Z /\i(ﬂl"'udk(#l .. 'km- (21)
£=0

The index ¢ indicates the rank of the tensor A1 and
€ =0 corresponds to the scalar A. The coefficients

A#1 k) are complicated functions of Ey and are further

expanded in terms of an orthogonal basis of functions Pﬁ,

N¢
/\i(ﬂl"'/w) — Z Cglltl“‘ﬂﬁpg}z’ (22)
n=0

where N, is the number of functions Pff,)l considered to

describe the €th rank tensor )ti(" 1) In principle, Ny
should be infinite; however, in practice, the expansion
(22) must be truncated and N, characterizes the truncation
order. The function P{f,)l are chosen to be polynomials of
order n in energy, Ey,

n
PO = aEg, (23)
r=0

which are constructed to satisfy the orthonormality
condition

f dKoOPO PO = 5 (24)

where »© is defined as

©
0=_W"
Q0+ D

The coefficients a,(f;) and the normalization constants W)

can be found via Gram-Schmidt orthogonalization using
the orthonormality condition (24), see Appendix E for
details. We note that, in the limit of massless, classical

(AP k)" fox Fox- (25)

w

particles, the polynomials Pig correspond to the associated
Laguerre polynomials.

Since the expansion (21) employs an orthogonal basis,
the expansion coefficients in Eq. (22) can be immediately
determined using Eqgs. (20) and (24). For n = N, they are
given by
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wO o

- (y ..
71 (P k

For the sake of later convenience, these expansion coef-

ficients are reexpressed as linear combinations of irreduc-

ible moments of 6fy, = fx — fok»

(o) —

o - kRO s, (26)

p#l"',u« = <Eﬁk<l‘1 ce e k"”>>5’ @7
such that
N¢
)Li('““r“lm = Z H{fﬁﬂ#lmm’ 8
n=0

where we defined the energy-dependent coefficients

w© e
H ;f;)zz—gy > P, (29)

m=n

Consequently, the distribution function itself can be ex-
pressed as a series in the irreducible moments (27) of é fy,

fk_f0k+f0kf0kzzj-[(€y)lp#] Flhiy, k. (30)
{=0n=0

We remark that our choice of matching conditions and the
definition of the velocity field imply that

p1=p2=p; =0 (31

Note that, if we were working in the Eckart frame a differ-
ent set of moments would vanish,
p1=p>=py =0. (32)

1
CW = " 1* + plol + g[(” — Dm?pt , —

(r+3)p
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IV. GENERAL EQUATIONS OF MOTION

The time-evolution equations for the moments p}*
can be obtained directly from the Boltzmann equation by
applying the comoving derivative to the definition (27),
together with the symmetrized traceless projection,

17 e

(i pe) _
p e Al Ixed

where A = u*9,A = dA/dr and PR = = AL
pr' "¢, Using the Boltzmann equation (2) in the form

/ dKE K1 - - k08 f,, (33)

8fx = —fox — Ex 'k, V" fox — Ey 'k, V"8 £
+ Ey ' Clf] (34)
where V,, = A} d,, and substituting this expression into

Eq. (33), one can obtain the exact equations for the comov-
ing derivatives of pi'""*!,

Using the power-counting scheme developed in Sec. V,
we will show that, in order to derive the equations of
motion for relativistic fluid dynamics, it is sufficient to
know the time-evolution equations for the moments (27)
up to rank 2, i.e., for p,, pt, and p/”. Similar equations
could also be derived for higher-rank irreducible moments,
if needed. Thus, using Eqs. (33) and (34), we obtain

3r

G G
D _D2r 7T“”0'W + D aﬂn"
20 20 20

+(r = D250 oyt = Voupi

(r=Dm’p,-,10,  (35)

p,—Cr_ =« (0)9

1
- 5[(7‘ + 2)pr -

1
210 — AKXV, p2 + rpt i, + g[(2r —2)m*p”_,

1
— Q2r+3)p’lot + g[m2r,o,_1 —(r+3)p,u Ju* + @(Huﬂ — VAL + A9, 7V)

1
- gv'u'(mzpr—l

pi” = € = 2aP ot = 3(2r + 5)p)" = m?2(r -

+ (r = Dm*p,y]o# + VW (p?, | — m?p) |
510 + (r — 1)pf“"§pa')\p - Aaﬁv,\pr,ﬁl + rpt iy, (37)

=3l + Hpr" —m?(r — )pk”

where we introduced the generalized irreducible collision
terms

C<rm"',uc> — deEﬂk“‘l ---k””C[f]. (38)
We further defined the shear tensor o** = V"), the

expansion scalar 6 = V ,u*, the vorticity tensor w#” =
(V#u” — V?u#)/2 and introduced I* = V*a,. All co-

- pr+l) + (}" - l)pf—vgo-/\w

Dpyhla) + 2p1% w0} + H(r + 4)pyia —

gyt Py

(36)

Qr + 3)m?p,
—(r +5)p | — rm?pl* 10"

moving derivatives of «, and B, that appeared during
the derivation of the above equations were replaced using
the exact equations obtained from the conservation laws of
particle number, energy, and momentum,

1
C'YO = —{_J30(I’l06 + alun“)
D20

+ J20[(80 + PO + H)G - W’LVU#V]}, (39)
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. 1
Bo = ~—{—Jn(ne0 + 9,n*)
Dy

+ Jiol(eg + Py + IO — 773, 1} (40)

at = (VAPy — TLut + VAIT — AR 9 gmeP).

€p + P, 0

41

The coefficients oz(,o), a(rl), and a(rz) are functions of tem-
perature and chemical potential and have the general form,

1
a(ro) =(1- r)lrl — 10— D—[Gzr(So + Po) - G3rn():|r
20

(42)
no
all) = Jor11 — mﬁﬂ,l» (43)
a? = Loy + (r—= DIy, (44)
where we defined the thermodynamic functions
— 1 n=2q:_ A af q
(@, Bo) = mufk (—A*Pkykg)?)o,
ol
an = aa’(’q ’ (45)
0 1B
Gnm = JnO‘]mO - J11—1,0Jn1+1,0’
an = Jn+1,qJn71,q - J%q (46)

The dissipative quantities appearing in the conservation
laws can be (exactly) identified with the moments

po=——IL  pf=n*  pg"=at". (47)
We note that the derivation of these general equations of
motion is independent of the form of the expansion of the

single-particle distribution we introduced in the previous
section.

V. POWER COUNTING AND THE REDUCTION
OF DYNAMICAL VARIABLES

So far, we have derived a general expansion of the
distribution function in terms of the irreducible moments
of &fy, as well as exact equations of motion for these
moments. There is an infinite number of equations (labeled
by the index r), and the equations for the moments up to
rank 2, Egs. (35)—(37), contain moments of rank higher
than two. In general, one would have to solve this infinite
set of coupled equations in order to determine the time
evolution of the system. However, in the fluid-dynamical
limit, it is expected that the macroscopic dynamics of a
given system simplifies, and therefore it can be described
by the conserved currents N# and T#" alone.

PHYSICAL REVIEW D 85, 114047 (2012)

From the kinetic point of view, it is usually assumed that
the validity of the fluid-dynamical limit can be quantified
by the Knudsen number,

Kn = fmier, (48)

where €., and L., are typical microscopic and macro-
scopic length or time scales of the system, respectively.
The relevant macroscopic scales are usually estimated
from the gradients of fluid-dynamical quantities, while
the microscopic scales are of the order of the mean-free
path or time between collisions. It is generally assumed
that when there is a clear separation of the microscopic and
macroscopic scales, i.e., when Kn < 1, the microscopic
details can be safely integrated out and the dynamics of the
system can be described using only a few macroscopic
fields.

Furthermore, we also expect fluid dynamics to be valid
near local thermal equilibrium, i.e., when 8 f} << foi. We
can quantify the deviation from equilibrium in terms of the
macroscopic variables by defining a set of ratios of dis-
sipative quantities to the equilibrium pressure or density.
These can be understood as generalizations of the inverse
Reynolds number and will be denoted as

|7+ |
Py ny Py

(49)

Since the nonequilibrium moments are integrals of 0 fj
while the equilibrium pressure and particle density are
integrals over the equilibrium distribution function f,
these ratios quantify the deviations from equilibrium.
With this in mind, it is clear that these two measures, the
Knudsen number and the inverse Reynolds number, can be
used to quantify the proximity of the system to the fluid-
dynamical limit. In general, these two measures are inde-
pendent of each other, e.g. a system can be initialized in
such way that the Knudsen number is large, but the inverse
Reynolds number is small or vice versa. When deriving
transient fluid dynamics, one should not a priori assume
that Kn ~ Ri_l; while the Reynolds and Knudsen numbers
are certainly related, their relation is in principle dynamical
and is precisely what we aim to find. Only for asymptoti-
cally long times, the solutions of the dynamical equations
yield Kn ~ R; !, as will be discussed in more detail below.
In the traditional 14-moment approximation introduced
by Israel and Stewart [15], the fluid-dynamical limit is
implemented by a truncation of the expansion of the dis-
tribution function, which corresponds neither to a trunca-
tion in Knudsen nor in inverse Reynolds number. In this
sense, the domain of validity of the equations of motion
obtained via the traditional 14-moment approximation is
not clear, because it is not possible to determine the order
of the terms that were neglected. In order to obtain a closed
set of macroscopic equations with a clear domain of va-
lidity in both Kn and R; !, another truncation procedure is
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necessary. The derivation of this is the main purpose of this Ne
section. Clrte) = — D AW plr ke + (terms nonlinear in 8f),

First, we rewrite the collision terms C'*""** by linear- n=0
izing the collision operator C[ f] in the deviations from the (50)
equilibrium distribution functions. We then use the mo-
ment expansion (30) to obtain where

¢
Apl = m [deK/deP/Wkk/—»pp/fOkak/fOpfOp/Elr( O kO (H ke, Ky
(€) (€ (6)
+ Hk’nkévl V() g-[pnp(yl U Pee) — -,]-[ p<V1 Ve>)' (5D
f

The details of the derivation are relegated to Appendix A. where X§,€) are the eigenvalues of A ). Above, (Q~H)® is

The coefficient A 'Y is the (rn) element of an (N, + 1) X
(N, + 1) matrix A© and contains all the information
of the underlying microscopic theory. We remark that, for
€ = 0, the second and third rows and columns (r, n = 1, 2)
and, for € = 1, the second row and column (r, n = 1) are
zero, because the moments py, p,, and p/° vanish due to the
definition of the velocity field and the matching conditions,
Egs. ((6) and (14). Therefore, in order to invert A©, for
£=0, we have to exclude the second and
third rows and columns and, for € = 1, the second row
and column.

As already mentioned, fluid dynamics is expected to
emerge when the microscopic degrees of freedom are
integrated out, and the system can be described solely
by the conserved currents. The exact equations of motion
(35)—-(37) contain infinitely many degrees of freedom,
given by the irreducible moments of the distribution func-
tion, and also infinitely many microscopic time scales,
related to the coefficients ﬂl(rf,). The slowest microscopic
time scale should dominate the dynamics at long times,
i.e., in the transient fluid-dynamical limit. In order to
extract the relevant relaxation scales, we have to determine
the normal modes of Egs. (35)—(37), i.e., we diagonalize
the part that is linear in the irreducible moments p’'"*¢.
These are the linear terms on the left-hand sides arising
from Eq. (50) and the first terms on the right-hand sides.
The nonlinear terms from Eq. (50) as well as the remaining
terms on the right-hand sides, which are nonlinear in the
moments or are gradients of moments, are not considered
in the diagonalization procedure. Identifying and separat-
ing the microscopic time scales of the Boltzmann equation
is also the basic step for obtaining general relations be-
tween the irreducible moments and the dissipative currents
and, as we shall see, closing the equations of motion in
terms of N* and TH”.

For this purpose, we shall introduce the matrix Q¥ that
diagonalizes A,

O HOAOQO = diag(xy,....x\"...). (52

defined as the matrix inverse of Q©. We further define the
tensors X1 ag

Z(Q 1)((’ I (53)

These are the eigenmodes of the linearized Boltzmann
equation. Multiplying Eq. (50) with (Q~1)® from the
left and using Egs. (52) and (53) we obtain

N¢
1\ [4
Z Q 1)§j)cj_fill me) )(( )X"‘ e

+ (terms nonlinear in 6f),  (54)

where we do not sum over the index i on the right-hand side
of the equation. Then we multiply Egs. (35)-(37) with
(Q’l)gf) and sum over r. Using Eq. (54), we obtain the

equations of motion for the variables X',

X; + x\Vx; = BV + (higher-order terms),
X+ Wxt = gk + (higher-order terms),
XE” ) 4 X?)Xl” V= ,852) o*? + (higher-order terms),  (55)

where we introduced the coefficients

Ny N,
0 —1,(0) (0 1 —1)(1 1
A= 3 @)%, V=3 @D,

j=0,#12 j=0,#1
Ny

BY =23 HaP. (56)
j=0

With “higher-order terms” in Egs. (55) we refer to the
terms nonlinear in 6f from Eq. (54) as well as to the
nonlinear and gradient terms on the right-hand sides of
Egs. (35)—(37). As expected, the equations of motion for
the tensors X/'""#* decouple in the linear regime. Without
loss of generality, we order the tensors X' ¢ according

XLV e

to increasing X(, ,€.g., in such a way that X(é’) Xrils
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By diagonalizing Eqgs. (35)-(37) we were able to iden-
tify the microscopic time scales of the Boltzmann equation
given by the inverse of the coefficients X(rf). It is clear that,
if the nonlinear terms in Eqgs. (55) are small enough, each
tensor X}''"*¢ relaxes independently to its respective
asymptotic value, given by the first term on the right-
hand sides of Egs. (55) [divided by the corresponding

)] on a time scale ~1/ )((€) We will refer to these

asymptotlc solutions as Navier-Stokes values. By neglect-

ing all these relaxation scales, i.e., taking the limit )(( )

oo with ,8(5) / X(& fixed, all irreducible moments p’"'"#¢
become proportional to gradients of «, By, and u*, and
we obtain a Chapman-Enskog-type solution, which at first
order in the Knudsen number results in the relativistic
Navier-Stokes equations of fluid dynamics. As already
mentioned in the introduction, this type of solution is
unstable and acausal, hence it cannot serve as a proper
description of relativistic fluids.

The solution for this problem was also mentioned in the
Introduction. To obtain causal and stable equations one
must take into account the characteristic times within
which the bulk viscous pressure, the particle-diffusion
current, and the shear-stress tensor relax towards their
asymptotic Navier-Stokes values. As shown in Ref. [10],
in the fluid-dynamical limit these are given by the slowest
microscopic time scales of the underlying microscopic
theory, i.e., the fast relaxation scales are not expected to
contribute.

In practice, this is implemented by assuming that only
the slowest modes with rank 2 and smaller, X,, X}, and
X{", remain in the transient regime and satisfy the partial
differential equations (55),

Xo+ xo O x, = ,Bg))ﬁ + (higher-order terms),
X<M> + X(I)XM = B(l)l“ + (higher-order terms),

X<” " 4 X(z)X“ v ,8(2)0"” + (higher-order terms),  (57)

while the modes described by faster relaxation scales,
ie., X,, X/, and X", for any r larger than 0, will be
approx1mated by their asymptotic solution, constructed
by iterating their respective O(Kn) solutions, B(O) 0/ X(O)
BYI1#/ Y and B o7 / P . Up to first order in Knudsen
number, this leads to

B(O)
X, == 0 + (higher-order terms),
Xr
B(l)
X} =~ ——I* + (higher-order terms),
N0
Xr
B(Z)
XH (rz) + (higher-order terms), (58)
r
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where the terms denoted as (higher-order terms) can be
organized in powers of the Knudsen number and the slow
modes, X, X}y, and X}"”, which cannot be approximated by
their asymptotic solution. Note that, while this approxima-
tion is similar to the Chapman-Enskog expansion,
Egs. (57) go beyond the Chapman-Enskog expansion by
including the transient dynamics.

Note that, for r = 1, X,, X}, and X}*” are of first order in
Knudsen number, O(Kn). The reason is that the gradient

terms 6, I*, and o*” are proportional to Lmacr, while 1/ X(e)

is proportional to €. The coefficients ,8, are simply
functions of the thermodynamic variables «, 3, and thus
of order O(1).

Furthermore, in order to obtain the traditional equations
of fluid dynamics given in terms of the conserved currents,
there should not appear any tensor X} “A- with rank higher
than 2. Neglecting such tensors can be justified by proving
that they have asymptotic solutions that are at least
O(Kn? KnR; '), i.e., beyond the order we consider here.

Equations (58) enable us to approximate the irreducible
moments that do not appear in the conserved currents in
terms of those that do occur, namely, the particle-
diffusion current, the bulk viscous pressure, and the
shear-stress tensor. We now show how to do this. We first
invert Eq. (53),

Z Q(@X}Ll B (59)

then, using Egs. (58) we obtain

[)7(0)
9 =00, + OKn),

©) ©)
= QX + ZQ ~5

j=3 Xj
(1) (1) By (1)
~0xt + Z Q) 5 1 = Qxg + O(Kn),
=2 Xj
B(Z)
= QX1 + Z 07 5o = Qx5 + O(Kn).
X;j

(60)

Here, we indicated that the contribution from the modes
X,, X!, and X}!'” for r = 1 is of order O(Kn).

Taking i = 0 in the above equations and, without loss of

generality, setting Q( ) = 1, we obtain from Egs. (47) the
relations

(0) ﬁ(O)
——H Z Q4 (0)
(1)
n Bj
Xy =n*— Z Q(()]) —u!
Xj
N, o B('Z)
12 v _ =] v
Xy =t Z Qp; —G5 o™ (61)
j=1 Xj
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Substituting Egs. (61) into Egs. (60),

2
m
S o= —OPT = (4~ Qg Q)0 = —QTT + OKn)

pt = Q%)n“ + (k; — Q%)KO)I“ = Qgé)n“ + O(Kn),

Pl = QP+ 2(n; — Qo)
= QP71 + O(Kn),
P = O(Kn?, KnR; ). (62)

To obtain Egs. (62), we further used that XF'"#¢ ~

O(Kn? KnR;!) for € =3, and defined the transport
coefficients
m’ f" ©) ) % m,,m
{i=— T, o, K; = T,
3 r=0,#1,2 r=0,#1
Z rDa?, (63)

where we introduced the inverse of A, 7O = (A1)
and used the relation,

0 — Z ol 1 Mo D (64)

In the next subsection, we shall identify the coefficients
£y, Ko, and 7 as the bulk-viscosity, particle-diffusion, and
shear-viscosity coefficients, respectively.

So far we have proved that, by taking into account only

the slowest relaxation time scales, all irreducible moments

p" """ of the deviation of the single-particle distribution

function from the equilibrium one can be related, up to first
order in Knudsen number, O(Kn), to the dissipative cur-
rents, 11, n*, and 7#7. This demonstrates that in this limit,
it is possible to reduce the number of dynamical variables
in Egs. (35)-(37) to quantities appearing in the conserved
currents. This will be explicitly shown in the next section.

We remark that similar relations between the irreducible
moments and the dissipative currents can also be obtained
with the 14-moment approximation, but with a different set
of proportionality coefficients. However, in the traditional
14-moment approximation such relations are obtained by
explicitly truncating the moment expansion (30) and, as a
result, they are not of a definite order in powers of Knudsen
number. This is the reason why the 14-moment approxi-
mation does not give rise to equations of motion with a
definite domain of validity in Knudsen and inverse
Reynolds numbers.

Note, however, that the relations (62) are only valid for
the moments p} YA with positive r. This is not a problem
since similar relations can also be obtained for the irreduc-
ible moments with negative r. We expect the expansion
(30) to be complete and, therefore, any moment that does
not appear in this expansion must be linearly related to

PHYSICAL REVIEW D 85, 114047 (2012)

those that do appear. This means that, using the moment
expansion, Eq. (30), it is possible to express the moments
with negative r in terms of the ones with positive r.
Substituting Eq. (30) into Eq. (27) and using Eq. (20),
we obtain

N,
N [ (65)
n=0

where we defined the following thermodynamic integral:

0 _ r O AaB €
F = i [ K oo B HG APy
(66)
Therefore, Egs. (62) lead to
3
por=—yT+OKn), p* =y n*+ OKn)

=y? 7t + O(Kn),  pk" = O(Kn®), (67)

where we introduced the coefficients

No
0 0 0 1 1 1
W= Y Faou A=Y Fuoy
n=0,#1,2 n=0,#1

VI. COMPLETE FLUID-DYNAMICAL
EQUATIONS TO SECOND ORDER

Now we are ready to close Eqgs. (35)—(37) in terms of the
dissipative currents appearing in N* and T#” and derive
the fluid-dynamical equations of motion. For this purpose,
it is convenient to use the inverse of A©), 70 = (A1),
which naturally satisfies 71020 =1, Hence, it is
straightforward to rewrite Eq. (50) as

Z T(e)C<'u] e — = —pt""* + (terms nonlinear in §f).

(69)

Then we multiply Eqgs. (35)~(37) by 7\, sum over r, and
substitute Eq. (69). Next, we use Egs. (62) and (67) to
replace all irreducible moments p®'"#¢ appearing in the
equations by the fluid-dynamical variables. Additionally,
all covariant time derivatives of «, B¢, and u* are re-
placed by spatial gradients of fluid-dynamical variables
using the conservation laws in the form shown in
Egs. (39)—(41). The resulting equations of motion are
formally given as

mll+1=—-0+7+X+R,
T 4 ot = [+ TR+ KE + RH,

TR Y =2t + TR+ K+ REV.(70)
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We remark that in order to derive these equations of
motion, it is necessary to use Eq. (52) in the following
form:

1
(o) — (1)

() (f)
Z Tij Q zm ©
Xm

j: _gnnV‘l’l_ Tnnn-F—SHHHB—

Aigpt o I+ Apg,m™ o

PHYSICAL REVIEW D 85, 114047 (2012)

In the above equations of motion all nonlinear terms and
couplings to other currents were collected in the tensors 7,
X, R, TH, K+, R*, JrY KH? and R*¥. The tensors
J, J*, and JH” contain all terms of first order in Knudsen
and inverse Reynolds numbers,

v
JT* = —n,0"™ — §,,n*0 — £, V*II + €, AV 7t + 7,qnIIF* — 7, 7*"F,
- Annnva-l“j + )‘nHHI'M - /\117777'“1)11»
TJHY = 277'&“(0")" — 8,0 — 7'7,,777’““0';) + A pnllo*” — 7'7,,,,n<“F”> + €7TnV<“nV> + /\,T,,n<“1”>, (72)

where we defined F* = VHP,.
Eq. (41). The tensors K, K*

KZZ]wW,w

In principle, one could replace this quantity by the acceleration #* using
, and JK*” contain all terms of second order in Knudsen number,

P+ 50, 0" + 507+ LT+ SF-F+ Gl F+ LV -1+ 5V-F,

Kr = gio""], + Roo"F, + R31*0 + R4FF0 + Rsot’l, + RgAK 0,07 + &, VH6,

Krr = fof 0™ + 5,004 + G300 + ol e + FsI T + feFEFY

+ G RFY) + 75V + gV FY),

It is important to remark that among the terms of O(Kn?) is
a term w<)\ ", Such a term was believed not to exist in a
derivation of fluid dynamics from the Boltzmann equation
and was therefore speculated to be of quantum nature [27].
From our derivation of fluid dynamics, one can see that this
is not the case: it simply emerges from a proper truncation
of the single-particle distribution function. The tensors R,
R#, and R*” contain all terms of second order in inverse
Reynolds number,

R =@ I+ ¢yn-n+ @37, T,
R¥ = pun, 7" + @slln#,

R = eIl i + gp77r)‘<"7TK> + pgntn”. (74)

In Eq. (70), terms of order O(Kn®), O(R;'R;'R;"),
O(Kn’R;"), and O(KnR; 'R;") were omitted.

Note that we have obtamed equations of motion that are
closed in terms of 14 dynamical variables. We remark that
this was accomplished without making use of the
14-moment approximation. This means that the reduction
of degrees of freedom was not obtained by a direct trunca-
tion of the moment expansion, but by a separation of the
microscopic time scales and the power-counting scheme
itself. The information about all other moments are ac-
tually included in the transport coefficients; as will be
shown later. If we also neglect the terms of second order
in inverse Reynolds number we recover the equations of
motion that are of the same form as those derived via the
14-moment approximation [21]. However, even in this
case, the coefficients in Egs. (72) and relaxation times

(73)

are not the same as those calculated from the 14-moment
approximation of Israel and Stewart.

The resulting equations of motion (70) contain a large
number of transport coefficients. In particular, the viscosity
coefficients and relaxation times of the dissipative currents
were found to be

1 1 1
™m = —=, T, = —, Te = —,

(0) " (1) . (2)
Xo Xo

No Ny
— (1) (1)
K TOr [0
r=0,#1

_ m* <0> (0)
== % ,

n= Z a?. (75)

Note that in general these transport coefficients depend not
only on one moment of the distribution function but on all
moments of corresponding rank €. As in Chapman-Enskog
theory, the viscosity coefficients can only be obtained by
inverting A (). However, to obtain the transient dynamics
of the fluid, characterized by the relaxation times, it is also
necessary to find the eigenvalues and eigenvectors of A,

In practice, the expansion (22) is always truncated at
some point and the matrices A®, QO and 7 will
actually be finite. The truncation of this expansion was
already introduced as an upper limit, N, in the correspond-
ing summations. In principle, one should only truncate the
expansion (22) when the values of all relevant transport
coefficients have converged. Note that different transport
coefficients may require a different number of moments to
converge.
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VIL. APPLICATIONS

In this section, we compute the transport coefficients for
several cases. First, we considered the lowest possible
truncation scheme for Eq. (22) with Ny = 2, N; = 1, and
N, = 0. In this case, the distribution function is expanded
in terms of 14 moments and is actually equivalent to the
one obtained via Israel-Stewart’s 14-moment ansatz.
Second, we consider the next simplest case and take
Ny =3, N, =2, and N, = 1. Then, the distribution func-
tion is characterized by 23 moments, and consequently we
shall refer to this case as 23-moment approximation.
Finally, we include 32 and 41 moments and verify that
the numerical values for the transport coefficients converge.

We also compute the transport coefficients of the terms
appearing in J, J*, and J*” that are displayed in
Appendix C. These transport coefficients were also calcu-
lated in previous derivations of fluid dynamics from the
Boltzmann equation. We shall explicitly point out the
corrections to the previous results introduced by our novel
approach. Note, however, that we are using a linear ap-
proximation to the collision term. Nonlinear contributions
could in principle also enter the transport coefficients in the
equations of motion (70), but will not be calculated here.
Such an investigation will be left for future work. For this
reason we also do not compute any coefficient of the terms
of @(R;IRJ-_I), i.e., entering R, R*, and R*”, since all of
them originate exclusively from nonlinear contributions to
the collision term.

A. 14-moment approximation

The 14-moment approximation is recovered by truncat-
ing Eq. (22) at Ny =2, N; =1, and N, = 0. For this
specific truncation A is nothing but a number [because
for A© we have to exclude the second and third rows
and columns and for A" the second row and column],
and thus

1
A0 = 1

20"
Then, the equations of motion and transport coefficients
reduce to those derived in Ref. [21].

For a classical gas of hard spheres with total cross

QO = 1, X((f) = A0, (76)

section o, in the massless limit, the integrals AL =

AW and A@ = A2 can be computed and have the
simple form

4
AW = , (77)
mfp
3
A = 78
Aoy (78)

where we defined the mean free path A5, = 1/(ny0). The
details of this calculation are shown in Appendix B. The

PHYSICAL REVIEW D 85, 114047 (2012)

coefficients in the ultrarelativistic limit, mBy — 0, can
then be calculated analytically. The coefficients of order
O(KnR;!) are collected for the shear stress and particle
diffusion in Tables I and II. Note that, in this limit, the bulk
viscous pressure vanishes, and thus we do not need to

compute A Y.

B. Next correction: 23-moment
approximation and beyond

In order to better understand our formulas, Egs. (75),
we would like to compute the first correction to the
expressions in Tables I and II. For this purpose, we con-
sider Ny = 3, Ny = 2, and N, = 1. Then, A, O and
70 are, after removing trivial rows and columns, 2 X 2
matrices that can be computed from the collision integral
Eq. (51). We obtain the elements of ﬂl(l’z), its inverse
712 and Q12 ag

an_ L (2 B30
3/\mfp _4,8(;2 1 '
1 { 9/10 —B,/20
A® = — ) 79
Ao (4/<3ﬁ0> 1/3 ) )
_n2
A — é/\mfp< 15/i‘2 Bi/8 >’
8 15852 15/2
| 10 38,/2
2) = ) .
T A““"( —408;" 27 ) (50)

1 1
1) =
o (—(15 +/105)8,2 (=15 + +/105) 8,2 )

oo =( ! : ; (81)
88, 10/38,' )

see Appendix B for details. The eigenvectors of A1) and
A® are

TABLE I. The coefficients for the particle diffusion for a
classical gas with constant cross section in the ultrarelativistic
limit, in the 14-moment approximation.

K Tn[/\mfp] Snn[Tn] /\nn[Tn] A}’l’7T|:7-}’l:| €HW[TH] TVL’]T[T}’I]
3/(160)  9/4 1 3/5  Bo/20 Bo/20 0O

TABLE II. The coefficients for the shear stress for a classical
gas with constant cross section in the ultrarelativistic limit, in the
14-moment approximation.

77 Tw[)\mfp] T’IT’TT[T’JT] /\Wﬂl:T’iT] 67T7T[T’JT:| €7TH[T’TT] T’iTll[T’)T]
4/BoBy) 5/3  10/7 0 4/3 0 0
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TABLE III. The coefficients for the particle diffusion for a classical gas with constant cross
section in the ultrarelativistic limit, in the 23-moment approximation.

Tn[)‘mfp] 51”1[7-"] Ann[Tn] /\ﬂ’]T[Tn] €n'n’[7—n]
2.59 1.00 0.96 0.0548,  0.1188,

Tll’)Tl:Tn]

0.02958,/P,

K

21/(1280)

TABLE IV. The coefficients for the shear stress for a classical gas with constant cross section
in the ultrarelativistic limit, in the 23-moment approximation.

7-71'|:/\mfp:| )‘wn[Tﬂ'] 677'77[7-77]
2 0.344 8,1 4/3

€7Tll[T7T:|
—0.6893;!

T’)Tﬂl:TW]

—0.689/n,

134/77

n
14/(110 By)

TABLE V. The coefficients for the particle diffusion for a classical gas with constant cross

section in the ultrarelativistic limit, in the 14, 23, 32, and 41-moment approximation.

Number of moments K TulAmtp) SunlTn] Apnl7n] Auzl7n] €onl74] TualTnl
14 3/(160)  9/4 1 3/5  Bo/20  Bo/20 0
23 21/(1280)  2.59 1.0 096 0.0548, 0.1188, 0.02958,/P,
32 0.1605/0  2.57 1.0 093 0.0528, 0.1198, 0.02978,/P,
41 0.1596/0  2.57 1.0 092 0.0528, 0.1198, 0.02978,/P,
1 7 1 7 To obtain these expressions we used the results from
X(()l)= (1— —), X(ll)= (1 + —), (82) Appendix D and that, in the massless/classical limits,
2Amtp 135 2 Amep 135 Dy, = 3P3. Note that most of the transport coefficients
were corrected by the inclusion of more moments in the
X(()Z) _ 1 ’ )((12) _ 11 ) (83) computation. The coefficients related to the shear-stress
2 A mip 15 A g tensor were less affected by the additional moments, when

Using the formulas derived in this paper, Egs. (75), we
calculate the corrected values for the particle-number dif-
fusion coefficient and diffusion-relaxation time and for the
shear-viscosity and shear-relaxation time,

21

compared to the particle-diffusion coefficients. This might
explain the poor agreement between the Israel-Stewart
theory and numerical solutions of the Boltzmann equation
in Refs. [18] regarding heat flow and fugacity.

We further checked the convergence of this approach by
taking 32 and 41 moments. In this case, the matrices

K= @no/\mfp = 0.16470 Ay, (84) AW 72 and Q12 were computed numerically.
There is a clear tendency of convergence as we increase
90 . i i
= Aty = 2.5897 A, (85) the r.1umber. of moments. For the p.artlcular case of classical
45 — /105 particles with constant cross sections, 32 moments seems
sufficient. See Tables V and VI for the results.
14
= — PoAmi, = 1.2727 Py A sy, (86)
KR TR 0fmip VIIL DISCUSSION AND CONCLUSIONS
T = 2Amip (87) A. Knudsen number and the

where we used that, in the massless and classical limits,

reduction of dynamical variables

It is important to mention that the terms JC, JK*, and

a1 (1) 1 K, which are of second order in Knudsen number, lead

% = Mo @ =T ,B_OP 0 to several problems. The terms that contain second-order

4 4 spatial derivatives of u*, «, and Py, e.g., Vﬂlf‘, VMF“,

ay) = §P0’ P = B—P(» (88) V&, VHFY, ARY,0*”, and V#0, are especially prob-
0

As before, the coefficients in the ultrarelativistic limit,
mfBo— 0, can then be calculated analytically. The coef-
ficients of order O(KnR;!) are collected for the shear-
stress and particle diffusion in Tables III and IV.

lematic since they change the boundary conditions of the
equations. In relativistic systems these derivatives, even
though they are spacelike, also contain time derivatives and
thus require initial values. This means that, by including
them, one would have to specify not only the initial spatial
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TABLE VL
23, 32, and 41-moment approximation.

PHYSICAL REVIEW D 85, 114047 (2012)

The coefficients for the shear stress for a classical gas with constant cross section in the ultrarelativistic limit, in the 14,

Number Of moments 77 Tw[)‘mfp] 7-’]T7T[)T’7Tj| /\Wn[T’TT] 67T7T[T7T] e’)TrL[Tﬂ'] T7Tn|:T7T:|
14 4/BoBo) 5/3 10/7 0 4/3 0 0

23 14/(1108,) 2 134/77 0.3448;" 4/3 —0.689/B, —0.689/n,
32 1.268/ (o By) 2 1.69 0.2548;" 4/3 —0.687/B, —0.687/n,
41 1.267/(a By) 2 1.69 0.244 8, 4/3 —0.685/B, —0.685/n,

distribution of the fluid-dynamical variables but also the
spatial distribution of their time derivatives. In practice,
this implies that we would be increasing the number of
fluid-dynamical degrees of freedom.

There is an even more serious problem. By including
terms of order higher than one in Knudsen number, the
transport equations become parabolic. In a relativistic
theory, this comes with disastrous consequences since the
solutions are acausal and consequently unstable [5]. For
this reason, if one wants to include terms of higher order in
Knudsen number, it is mandatory to include also second-
order comoving time derivatives of the dissipative quanti-
ties. Or, equivalently, one could promote the moments ps,
ph, pi” or further ones to dynamical variables. For this
reason we do not compute the transport coefficients for
these higher-order terms in this paper.

In practice, a way around this would be to replace e.g.
the o# 0'K> term in JC#¥ using the asymptotic (Navier-
Stokes) solution by (1/277)77““0'?, and thus effectively
rendering it a term contributing to [J*”. This should be a
reasonable approximation if one is sufficiently close to the
asymptotic solution. This would then change the coeffi-
cient of the respective term in J*”. In principle, this could
be done to all terms in K, K*, and J*¥, except for the
ones containing exclusively powers and/or gradients of F*
and w*”. In the same spirit, using the asymptotic solutions
one could also shuffle some of the terms in 7, J*, and
JH#*¥ (those not containing F*, w*”, and gradients of
dissipative currents) into terms contributing to R, R#,
and R*” (or vice versa). How this changes the actual
transient dynamics remains to be investigated in the future.

B. Navier-Stokes limit

Note that one of the main features of transient theories of
fluid dynamics is the relaxation of the dissipative currents
towards their Navier-Stokes values, on time scales given
by the transport coefficients 7, 7,, and 7,. From the
Boltzmann equation, Navier-Stokes theory is obtained by
means of the Chapman-Enskog expansion that describes an
asymptotic solution of the single-particle distribution func-
tion. It is already clear from the previous section that the
equations of motion derived in this paper approach Navier-
Stokes-type solutions at asymptotically long times, in
which the dissipative currents are solely expressed in terms
of gradients of fluid-dynamical variables.

It is interesting to investigate, however, if our equations
approach the correct Navier-Stokes theory, i.e., if the vis-
cosity coefficients obtained via our method are equivalent
to the ones obtained via Chapman-Enskog theory. It should
be noted that this is not the case for Grad’s and Israel and
Stewart’s theories [6,15,21]. The viscosity coefficients
computed by these theories do not coincide with those
extracted from the Chapman-Enskog theory. We remark
that, after taking into account the first corrections to the
shear-viscosity coefficient, see Eq. (86) and Table VI, our
result approached the solution obtained using Chapman-
Enskog theory, myg = 1.2654/(By0) [6]. In principle
there is no reason for the method of moments to attain a
different Navier-Stokes limit than Chapman-Enskog the-
ory. We can show that, if the same basis of irreducible
tensors k{#1 - - - k#0 and polynomials Pfﬁ() is used in both
calculations, they both yield the same result, even order
by order.

C. “Nonhydrodynamic” modes and the
microscopic origin of the relaxation time

One of the features of the theory derived in this paper
(and also of Grad’s and Israel-Stewart’s theories) is the
appearance of so-called nonhydrodynamics modes, i.e.,
modes that do not vanish in the limit of zero wave number.
Such modes do not exist in Navier-Stokes theory or its
extensions via the Chapman-Enskog expansion. For this
reason, these modes are usually not associated with fluid-
dynamical behavior, hence the label ‘“nonhydrodynamic™.

The nonhydrodynamic modes describe the relaxation
of the dissipative currents towards their respective
Navier-Stokes solutions and can be directly related to the
respective relaxation times. For the case of the shear non-

nonhydro 1y it can be shown that in

shear
the limit of k — 0 the mode is given by w!¥°(0) =

—i/7, [5]. In Chapman-Enskog theory the transient dy-
namics of the system is neglected, e.g., it is assumed that in
the absence of spacelike gradients, timelike gradients van-
ish as well, and it is natural that such modes do not exist.

The appearance of nonhydrodynamic modes in a fluid-
dynamical theory seems to counteract the prevalent belief
that fluid dynamics effectively describes the asymptotic
longtime and long-distance behavior of the microscopic
theory. Recently, a microscopic formula for the relaxation
time of dissipative currents was obtained in the framework

hydrodynamic mode, @
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of linear response theory [10]. In that paper, the relaxation
time was shown to be intrinsically related to the slowest
microscopic time scale of the system, i.e., to the singularity
of the retarded Green’s function closest to the origin in the
complex-plane. Thus, the nonhydrodynamic modes in
Israel and Stewart’s theory and in the equations derived
in this paper belong to a description at long, but not
asymptotically long, times.

This means that the theory derived in this paper (as well
as Israel and Stewart’s theory) attempts to describe the
dynamics of the dissipative currents at time scales of the
order of the (slowest) microscopic times scale (which is of
the order of the mean free path). Such findings challenge
the point of view that a fluid-dynamical description can
only be formulated around zero frequency and wave num-
ber and that the inclusion of relaxation times can only be
understood as a regularization method to control the in-
stabilities of the gradient expansion. In fact, the relaxation
times correspond to microscopic time scales, independent
of any macroscopic scale related to the gradients of fluid-
dynamical variables. Note that the expressions presented in
Ref. [10] and in this paper for 1 and 7, are equivalent.

D. Conclusions

In this work we have presented a general and consis-
tent derivation of relativistic fluid dynamics from the
Boltzmann equation using the method of moments. First,
a general expansion of the single-particle distribution func-
tion in terms of its moments was introduced in Sec. III. We
constructed an orthonormal basis that allowed us to expand
and obtain exact relations between the expansion parame-
ters and irreducible moments of the deviations of the
distribution function from equilibrium. We then proceeded
to derive exact equations for these moments.

The main difference of our approach to previous work is
that we did not close the fluid-dynamical equations of
motion by truncating the expansion of the distribution
function. Instead, we kept all terms in the moment expan-
sion and truncated the exact equations of motion according
to a power-counting scheme in Knudsen and inverse
Reynolds number. Contrary to many calculations, we did
not assume that the inverse Reynolds and Knudsen numbers
are of the same order. As a matter of fact, in order to obtain
relaxation-type equations, we had to explicitly include the
slowest microscopic time scales, which are shown to be the
characteristic times within which dissipative currents relax
towards their asymptotic Navier-Stokes solutions. Thus,
Navier-Stokes theory, or the Chapman-Enskog expansion,
is already included in our formulation as an asymptotic limit
of the dynamical equations derived in this paper.

We concluded that the equations of motion can be closed
in terms of only 14 dynamical variables, as long as we only
keep terms of second order in Knudsen and/or inverse
Reynolds number. Even though the equations of motion
are closed in terms of these 14 fields, the transport

PHYSICAL REVIEW D 85, 114047 (2012)

coefficients carry information about all moments of the
distribution function (all the different relaxation scales of
the irreducible moments). The bulk-viscosity, particle-
diffusion, and shear-viscosity coefficients agree with the
values obtained via Chapman-Enskog theory.
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APPENDIX A: DERIVATION
OF THE COLLISION TERMS

In this appendix, we derive Egs. (50) and (51). The first
step is to linearize the collision operator,

1 ~ ~ ~ o~
U=, [ AKaPAP Wy Sy T — FificTof)
(A

in the deviations from the equilibrium distribution func-
tions. In the main text, the deviations from the local-
equilibrium distribution function were parametrized as

6fp:fp_f0p:f0pf~0p¢p' (A2)

Then, only keeping terms of first order in ¢, we can prove
that

fpfp’ = fOpfOp’(l + fOp’¢p’ + fOpd’p) + @(¢2): (A3)

.fpfp’ :f~()pf~()p’(1 - af()p’d)p’ - af()p¢p) + @(d)z)
Substituting Eqs. (A3) and (A4) into Eq. (A1), we obtain,

(A4)

1 -~
Clfl= > fdK'deP'Wkk/—»pp/fOkak’fOpfOp’

X (d)p + d)p’ - ¢k - d’k’) + @(¢2)’ (AS5)

where we also used the equalities
Fop = fopexp(BoEy — ), (A6)
fopSop FoxFox' = FoxSfox'Fopfop" (A7)

Inserting Eq. (AS) in the expression for the irreducible
collision term (38), we obtain
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g 1 z oz - :
Cy#0 = o [ ARAK'APAP Wiy fofon FopFow B K =100y + by = bic = ) + O(7). - (A9)

The next step is to substitute the moment expansion of the single-particle distribution function, Egs. (21) and (28), into

Eq. (A8), expressing it in the following form:

o Ny,
Cilill..-p,[) - _ Z Z(Arn)gll.'.'.'yﬂnfp”;l‘-.V,,z + O(¢?),

m=0n=0

where we defined the tensor

(A9)

w1 o
(A ) = > fdeK/deP/Wkk/—»pp/fOkak'fOpfOp'Eﬂ Llwr - 'k”&(g‘[ﬁ)k(m ok,

(m) ..
+ Hk,nkgvl

The integral (A,,)5 7" is a tensor of rank m + €, which
is symmetric under permutations of w-type indices and
symmetric under permutations of w»-type indices, and
which depends only on equilibrium distribution functions.
The latter contain only the fluid 4-velocity u*. Therefore,
(A, 0 must be constructed from tensor structures
made of u* and the metric tensor g#”. Also, (A5}
was constructed to be orthogonal to u* and to satisfy the
following property,

Azll."'.'%Azll'-..:?gmm(ﬂrn e = (ﬂrn)fi%i (A11)
Since (A,,),L ¢ is orthogonal to u*, it can only be
constructed from combinations of projection operators,
A#?_ This already constrains m + € to be an even number,
since it is impossible to construct odd-ranked tensors solely
from A#”s. This means that both € and m are either even or
odd. Therefore, the following type of terms could appear in
(ﬂm l;lllfif

(i) Terms where all p-type indices pair up on projectors
A#itj and all v-type indices on projectors A,,p v,> €8
AMIR2 oo c ABiMG oo AT e A

vy . .AV/JVq . .AVm*le.

(A12)

All possible permutations of the u-type indices
among themselves and »-type indices among them-
selves are allowed.

(i) Terms where at least one wu-type index pairs with a
v-type index on a projector, e.g.

A,;LllA,uzp,g e ABiRG oo AMe-1Me

X Ay By, e A (A13)

Vm—1Vm*

Again, all possible permutations of the u-type and
v-type indices are allowed. If there is an odd num-
ber of projectors of the type Af,'“[’,', both € and m must
be odd. If there is an even number, both € and m
must be even, too. Without loss of generality, sup-
pose that € > m. For € + m to be even, £ must be
m+ 2, m+4,.... Then one could pair all v-type
indices with u-type indices on projectors of the

K,y = He b, puy = ), ).

(A10)

[
form Affl ', with some projectors left over that carry
only u-type indices, e.g. Ak,

(iii) If € = m, all u-type indices could be paired up
with v-type indices on projectors of the form A’,fp",
with no leftover projectors like what was explained
at the end of (ii),

AL ADL (Al4)

Again, all permutations of the wu-type indices
among themselves and »-type indices among them-
selves are allowed.

Note that terms of the type (i) and (ii) by themselves do
not satisfy the property (A11). This happens because any
term that contains at least one projector of the type Ak
or A, , vanishes when contracted with Aj}5f A

rP~q 1 m
Therefore, (A,,) /. cannot be solely constructed
from terms of type (i) and (ii), because otherwise it
would vanish trivially, and property (A11) would not be
satisfied. There must at least be one term of type (iii).
However, this implies that m = €. This does not imply
that terms of type (i) and (ii) do not appear; they do occur,
but in such a way that Eq. (A11) is satisfied. In summary,

(A,,)u5 5 has the form
. |
(A = 8, ALAE - - A;:;))

+ [terms of type (i) and (ii)]}, (A15)

where the parentheses denote the symmetrization
of all Lorentz indices. Contracting Eq. (Al5) with
AL AR T, and using Eq. (A1), we prove that

(A5 s = S AWAR TS (Al6)
Finally, substituting Eq. (A16) into Eq. (A9) we derive
Eq. (50), introduced in the main text of the paper,

Ne¢
Z ﬂ(rfl)p#r"w'

n=0

Ci e = — (A17)

The coefficients le(,ﬁ) can be obtained from the following

projection of (A,,)" 5"
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ﬂ\&ﬁ)—Ml AL (A
Myt lf«f
_— r— €
u(2€+1) f dKdK'dPAP' Wiy fowfow Fop Fop Ei K41 = - k0O (H R, Ky
() . () .. ()
F HG K Ky = Honp,  Puy = H Pl Py (A18)

where we used that AL!70 =26 + 1.

APPEMDIX B: CALCULATION OF THE COLLISION INTEGRALS

In this appendix, we calculate the collision integrals, Eq. (51), for a classical gas, i.e., fOk = 1, of hard spheres in the
ultrarelativistic limit, m 3 << 1. Then, Eq. (51) becomes

r— 14 14 €
Al —m f dKdK'dPAP' Wy for for B K -+ - k7 (H Ok, -+ Ky
() (4 ()
+ Hk,nkéyl cee w) - j{Pnpm Py T fJ"[p,np<V1 .- -p;m). (B1)

The functions FH f,)l were defined in the main text, see Eq. (29). The transition rate Wy, _.,p/ is written in terms of the
differential cross section o (s, ®) as

Wiki—ppr = $0(s, @)2m)° 8D (kH + k't — pr — p/k). (B2)
The variable s and O, are defined as

_k=K)-p=p)

s = (k+K)? cos®; = k= 1) (B3)
We further define the total cross section as the integral
or(s) = — fd@ sin®,o (s, ©,). (B4)
In order to calculate le(,ﬁ) it is convenient to first define the tensors X” Y Y
Xl o) [ AKAK'dPAP' Wiy for for Eikky (ke -k Ko <K — o wep, = pl o=opl ). (BS)
The collision integrals ﬂl(r can always be expressed as linear combinations of contractions/projections of X7, ..., . For

the purpose of this paper, we shall only need X7, for m = 2 and 3. For now we concentrate on calculating these

MBVYL"Ym

integrals. We separate X}, ..., as
Xuvyryn = Ay T Bluvyyoy, (B6)
with
1
Alvy oy, = v [deKldePlWkk’*PP/fOkak’Eﬁkukv(kw rky, TRy k),
1
Blivy, oy, = " [deKIdeP,Wkkl—>pp/f0kf0k’Eﬁk,ukv(pyl “ Py, TPy PY,) (B7)

The dPdP’ integration in the first tensor, A”,
section, o7(s), as

livy, -y, » can be immediately performed and written in terms of the total cross

K
Airn -y ,[deK/fOkak’E kuky(ky, - - ky, + Ky, "'k/ym)EU'T(S) (B8)
The calculation of the second tensor, B” VY1 is cumbersome. First, we write it in the general form
Blvyiy, =~ f dKdK' foxfox Exkuk, Oy, ..y, (B9)

where we introduced the tensor
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2
0y y, = 7 /deP/Wkklﬁpp/p% T Py,

(B10)
The integral ©,, ..., is an mth rank tensor. Strictly
speaking, for isotropic cross sections, this tensor can
only depend on the normalized total momentum of the
collision P4 = s~ 1/2(k* + k'*) = s~'/2P% . Thus, the ten-
sor structure of ©,, ..., must be constructed by combina-
tions of P’L and the pI'O_]eCUOIl operator orthogonal to P4,
ARV = g/“’ PP In general,

[m/2]

i Z (=1)%ay,C, (B11)
where we defined
m!
= ————(2q — D!,
amq (m—2q)'2q'( q )
CZl"'%,, = Agm .. Aqu—lvzqP‘SYzqﬂ . P%ﬁ’”),
Cmq m /deP Wik/'—pp’
X (PYpu)" (=23 papp)’. (B12)

PHYSICAL REVIEW D 85, 114047 (2012)

The parentheses denote the symmetrization of the tensor.
For example,

0 = CZOﬁT%ISTvz = Cailpyy,
= C30]3T7113T72pT73 - C31(AP717213T73

+ AP7173PT72 + AP7273PT71)‘

Y172

C)

Y17273

(B13)

The integrals C,, are scalars and can be computed in
any frame. It is most convenient to calculate them in the
center-of-momentum frame, where 13’7‘ =(1,0,0,0) and
ABY = diag(0, —1, —1, —1). Then, it is straightforward
to prove that

C = or(s)
"4 2"(2g + 1!

_ U'T(S)
m—>02n(2q + 1)”

(n—2q+1)/2(s _ 4m2)(2q+1)/2

s 272, (B14)

and X"

n
In the massless limit, the tensors X VY127

MVY1Y2
become

2 1
X/nwvlvz fdeK/fOkak’Eﬁkﬂkvo'T(s)kAklA(kmkh + k{}’lk{)’2 - gPTVIPTVz + ESg%Yz)’

XZV717273 = fdeK/fOkak/Eﬁk/,LkVO-T(S)kAk/[

1
+ gkﬁk/ﬁ(ngzp”s T 8y, Pry, T ngspT%)]’

where we used that, in the massless limit, s = Zk"k’)‘.

1. Particle-diffusion current

For the collision integrals related to the particle-number
diffusion current, we need the following two contractions:

AR w2 X)), = — (Lol is1 — 411,14
_I3lln+3,l))
o
ARV U UYIX ]y sy = %(31101%6,1 —1111,45,
=531, 141 — 31411, 431).
(B16)

To obtain the above relations, we used Eq. (20) and the
definitions (45). In the massless and classical limits the
integrals 7, = J,,, can be calculated analytically

ngq
(n+ 1)' PO

, e 1 (et
ng (Zq + 1! 272 B(’;” (Zq + N ZBS_Q'
B17)

Then,

ky ky k, + K, K, K

Y273

Y23 EPT71PT72PTY3

(B15)

[

4 P
ARV X 2 = 3 0

HOUT,B—»
0

mY1 Y2 )9 Y
A u’u XMV7172 3

0

= —24nyor

ARy 2y X2 = 12nyor

allY
MVYY1Y273 27

0

P
_2807100'7" B—g
0

MY1 Y2173 =
AET U XMVVH’Z%

(B18)

check, we confirmed that
ARV U U Xy, = ARV WU U Xy oy, = 0.

The components of A change according to the
number of moments included. In the 14-moment approxi-

mation, using Egs. (23) and (29), we obtain

As a consistency

w (0,0 2
= Ta A/‘L'}/]u uyZXMVY]Yz

4
1
‘AE)O) = §n00'T.

(B19)

In the 23-moment approximation, e.g. considering three
polynomials in the expansion (22), for € = 1,
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(1) (U)Ap,ylu w2 Xr-2

)]
(1 _ W (1) ()
‘;er(] - [( A ta mYY1Y2

~|—a(1) (I)Awlu WV X2 !

MVY1Y273
w
1 1 1
e
+ a(212)32 )AM% u u72u73XLV?y17273) (B20)

Then, using the results from Appendix E for the coeffi-
cients a,,,,) together with Eqgs. (B17) and (B18), we obtain

B

ﬂ(()lo) - g”OUT’ J’Z\(()lz) = 9_()”00-]"’
4 1
1) _ 1) _
(20 = _3—331100'7", ‘A(ZZ) = gl’loO'T. (BZI)

2. Shear-stress tensor

For the collision integrals related to the shear-stress
tensor, we need the following two contractions:

10

ARV X0 ?UT(IIOInJrS,Z + 41y 1, 147),

MVY1Y2 =
ARy Y3 X)) = 50r(liolyr62 — D1l

+ 2131]}1+4,2)~

MVY1Y273
(B22)

In order to obtain the above relations, we used Eq. (20) and
the definitions (45). Using Eq. (B17),

I P
AMV&IBX,U,I/C(B = 240’7‘ %,

400 P

va 0
AR BXMVCVB 3 B
0
2

AmvaByn X = 1304, 00

mrvaBy, :30
P2

ARBUNX, oy, = 88007 3. (B23)
0

The components of A? change according to the number
of moments included. In the 14-moment approximation,
using Eqs. (23) and (29), we obtain

KVY1Y2 1
A X/“’)’Wz

W<2> 3
AR = =<mor,  (B24)

where we used Eqs. (B17) and (B23), together with the
results from Appendix E.

In the 23-moment approximation, e.g. considering two
polynomials in the expansion (22), for € = 2,

PHYSICAL REVIEW D 85, 114047 (2012)

A9 =" 1+ s,
Ao,

a9 =" agarnng,,
+V‘1/_(0) 2 (Z)A“”y‘yzuy’xﬂulylym- (B25)

Then, using once more the results from Appendix E and
Eqgs. (B17) and (B23), we obtain

9
Ago = E”OUT’ Ag) = _%BO”OUT’
1
.54(1%) = 3—B0n00'T, .J,Z\.(lzl) = gn()(TT. (B26)

We did not calculate the coefficients related to the bulk
viscous pressure, since this quantity vanishes in the mass-
less limit. Also, if the mass was taken to be finite, some of
the steps taken in this appendix would not be possible.

APPENDIX C: TRANSPORT COEFFICIENTS

In this appendix we list all the transport coefficients of
fluid dynamics calculated in this paper. The transport
coefficients for the bulk viscous pressure are

(1) _(0) < (O)G3 & 0 oW

— r

Cnp 3 (71 Too — Z Torp Z To,r+3 r+2v0)’
r=0,#1,2 20 =0

(ChH

(1) No

_om [(0)37
Tlin =

3(gp + Po) To0 anBy 521,

3Q(rl+)20 &’ © 0
+ ) r+3)TOr+SQr+Z,O]’
r=0

+ Z 7'o r+3 Bo—10—
(C2)

,0 G2

_2 0, m 0 _
81‘[1‘[ ——’T +—’y z Or D20

3 3 &

No—3
+ 1S+ 579 00
3 Z r To,r+3%2 43,0

m? " © 0
T3 Z (r+ 475,45 Q430

0
0 QY
0}" aao

" (g9 + Po)J 1o — noJao % ,
D =
(0) aQ(O)

Tor 6,8

(80 + Py)Jyy — noJsg Z

C3
Doy (C3)
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i
Ny =™ (0>37(1) 01 v
n — 3 700 EP ooh_O 9B
No—3 (1) No—3 (1)
+ OZ -0 iaﬂr+2,o+ OZ +0) aQH—Z,O)
“ 0,r+3 h() 3,30 < 0,r+3 Gao >
(C4)
2 Ny
__m 2)_(0) ) Ga,
Az = __[ 7(2 700 + Z Tor y__
3 =0712 D2
Ny—3
0 2
+ Z (r+ 2)7((),2+3Q(r+)10i| (C5)
r=0

where hy = (g + Py)/ny is the enthalpy per particle. The
transport coefficients for the particle-diffusion current are

1
O = 7'81) + —

m2 1) (1)
3 2 Too —

N,—2
S 4 a0
r=0

1 ¢ )
+ 3 Z(r + 3)7y, QrO)

(1) (1)
= 3 (1 s
8,8 6(10
g0+ Pof, 904 90l
- <J10 0+ Ty ro)jl, (Co)
Dy 9Bo dag

1 BoJ
_ (1) (0) (1) (1) 0Yr+4,1
enH - h_OTOO Z 0r+2 g0 -;;PO

LG ) 00 & o0
+ ) Z TO,r+ZQr+3,O - Z TO,r+4Qr+3,O’ (C7)
r=0 r=0

) 3y

T00 Gln,B

. 1 [ Lo
nH 80+P h 00

-2
| Bof a1 17 a ©
+ Z <()3+2 - ﬁ Z (’”+5)70,3+2er3,0
r=0

10 0 Qo)so Ky 0 o0
+— ’+ +4 Q

m2 };) 0,r+2 9ln ﬁ rZO(r )TO,r+4 r+3,0

N,

'z: ) aQr+30] (C8)

< 0r+4 alnﬂo

?) (1) (1) A BoJr+41

-y +— + _—

1 rZO 0r+2 6 T P,

N -2

1 2

=Y a0, (C9)

r=0
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e oy
700 5 1n g,

90"

N i A BoJ a1 12_2 M 1,0
02 T T To,r+2
& O+ Py & YT ang,

TIHT

1 [1 M _
80+P0 ho 00

N =2
- 3+ a0, | €10
r=0

3,2 w2, S M W
5700 + M2 Too 5m Z (r+ D7y ,200
r=0,r#1

/\nn

IS Do
+3 ;(2;» +3)75) 04, (C11)

2 2

1 8’)/() ,y() (1)

Anm = + Too
hy By g

N2 1 GQ(Z)
(1) ( r+1,0
+ E To.r — +
o 0,r+2 h() 680

aQ(Z)
ar+1,0). (C13)
X

The transport coefficients for the shear-stress tensor are

L»JI»—

wT

1 &
TR D YL
r=0

= ) )
- 5’"2 Z (r+ I)T((),Z"-FZQE’O)
r=0

+ % 7_(2)|:(80 + PO)JIO — ngJy (90%)
Or D20 (:)IBO
" (80 + Po)Jao —

I’lo]30 695,%)) ]

Cl4
DZO 80’0 ( )
20 4 2,00
—72(2r+5) Q, +7 Y5 oo
4 NS @ o0
—om > (r+ Dy, 00, (C15)
r=0

114047-19



DENICOL et al.

6 o, 2
Nor =272 4 229020

2 0
3 3 2 Z (r+ 5)7'5) 3+1Q(rJ23,0

29 200
+§Z(2r+3)fg)9§0>

Z (r+l)7‘§)23+2 (O)
r=0,#1,2

(C16)

e oy
0081 B

1 2
Twn_80+P0|:_§m
H M-l
< Z (r+6) 5)22+IQE"1-22,0

2 N1
2 S e 0l
=0, #1
pNa 1 (1)
& o 9005,

*3 Z

N>—3 (1)
2 L, 0 995,
cm Y T0r+3 3108 I
r=0 l’lﬁo

0r+l 8111,30 5
(C17)
2 oo, 2" o o
o= =20y + 1S o2 00,
r=0
2 L, o 4o
g Z 70r+10 (C18)
r=0,#1
A= =2 <z)<1 a7y 87(”)
K 5 00 ]’lo 8[30 aao
- ) 1
+2N2 "o (1 aQr+2,0+aQ(r+)2,0
5 Z To,r+1 ) P)
—0 o 9Bo @y
1 1
2, Lo (1 00, 00,
-m 70,943 + . (C19)
5 =0 h() 8,130 8a0

APPENDIX D: CALCULATIONS

In this appendix we compute the quantity 7(2) in the
14-moment approximation and the 23-moment approxi-
mation. This variable was defined in the main text and is
given by

N,
V=3 Fieg

n=0

(D1)

The first step is to compute the thermodynamic inte-
gral Fi),

Fi = [dKfOkakE rg'[f,),(AaBk kg)t.

(2€ + 1) "
(D2)
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1. 14-moment approximation
In this case, N; = 1 and N, = 0, and

Also, in the 14-moment approximation,
wo wo
2 2) p(2
5'[5((; X ag)o) i«g TR (D4)
In the massless/classical limits
2
- Fo D5
K0 =~ 3p, (D5)
and ﬁnally
@ _ 1(AaB 2 — @
Y1 4P 50 /dKfOkEk (AP kokp) . (Do)
2. 23-moment approximation
In this case, N; = 2 and N, = 1, and
Y = FI + Q@ F2. (D7)
Also, in the 23-moment approximation,
w®
2 2) p(2
3t =70+ e
w®
=0 GRR e
PTe) we a?p2) — W<2> ?,0 4 Oy
Kkl _7 P [ apady + (a ) Ek]' (D)
We know that
2 2
w2 = ﬁ’ (a (2))2 Bo G _ _i‘ (D9)
4P, a'? Bo
Thus,
@ _ (2) 0 _ B 1
HE =m0 = o). HQ =g (~1+ ok )
Py 8Py 6
(D10)
and
B
Fo =2p 50 1 [ KT = BBk
= —,30:
f(lzl) = Fﬁ defOkEk ( I+ ,BoEk)(AaBk kg)?*
B3
= ——. D11
30 (D11)
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Substituting Q@ from Eq. (79) we obtain

2
Y\ = 1580 = 0.1334, (D12)

APPENDIX E: ORTHOGONAL POLYNOMIALS

In this appendix, we construct the set of orthogonal
polynomials used in the main text. These will be polyno-
mials in energy, Ex = u, k", i.e., orthogonal polynomials
generated by the set 1, Ej, Ei We construct this
orthogonal set using the Gram-Schmidt orthogonalization
method. First we introduce

W
w0 =

¢+ D! (ED)

(Aaﬁkakﬂ)efOkakv
where fq is the equilibrium distribution function as de-
fined in the main text. The weight W) will be determined
such that the orthogonal polynomial Pff,)l of order n = 0
and index € is normalized,

f dKoOPOPH = 1. (E2)
Without loss of generality, the polynomials of order O are
set to 1 for all values of ¢,

PO =all =1 (E3)

Then the normalization parameter W is obtained from
Eq. (E2),

b

WO = (=1){ —.
Jage

(E4)
The thermodynamic functions J,,, were defined in the main
text, see Eq. (45).
The polynomials are parametrized as
n
P = alE;. (E5)
r=0
We construct the polynomials in sequence according to the
parametrization (E5) starting from n = 0, Eq. (E3), using
the orthonormality condition (24). The orthogonality/
normalization condition implies that, for a polynomial of
order i, P;fi),

f dKo PP = 5, (E6)

for all j = i. Substituting Eq. (ES), we obtain the following

equation for the coefficients agf-):

i

(€)
ZD(&') aij _ Jae 5,
kj 0 ¢ i
S e @)y

(E7)
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where k =0, ..., i, and we defined the (i + 1) X (i + 1)
matrix Dgf;’) = Ji+j+2¢,¢- The solution of Eq. (E7) is

(6) —1)(£9)
(@) = (D) @ D) )ji<
ii ii , a(e) (Dfl)gfl)

ii

(E8)

where (D~ is the inverse of D). For example, for
any polynomial of order 1, the coefficients are

(J20.0)?
Joevaedaee = (Jagrre)*

(@) = (D )Py, =

€ —1\(¢
ﬁ _D Dot _ e (E9)
a) (D Hey Jae

APPENDIX F: IRREDUCIBLE TENSORS

In this appendix, we give some practical relations con-
cerning the irreducible tensors k#1k#2 - - - k¢ introduced
in the main text. The definition of these tensors is

KB fre ool e = AN IR S (F1)

The projection operator A% is symmetric and traceless
in the indexes w and v

(1 pe)
(Vl"'V() >

A/,fl]......lf;( — gv,-VjA,IL)LII:I-.-IjU;e — 0} Vi l,j < € (Fz)

Mttty
AbH =

g:“i/"’j

The parentheses on the indices denotes symmetrization of
the tensor. These projections are constructed in Ref. [6] and
can be obtained from

[€/2] s V ...V
AR RV — C(& k)q)lek) Moy 6’
k=0
£1)? 2¢ — 2k)!
) = (8 @t=2b F3)

(20! k!I(€ — k)!(€ — 2k)V

where in the last summation the symbol [€/2] denotes the
largest integer not exceeding €/2 and

kI1\2
q)élélk')"ﬂé’/l""/(’ — (( _ 2k)!<2 k') Z AMik2 oL

|
€ Puby
X AMUu-1R2U AVIV2 o o o AV2-1V2%
X AMU+IV2U+T o o o ARV (F4)

This summation is supposed to run over all distinct permu-
tations of w-type and v-type indices (we do not permute
the indices p with »). For € = 2 this recipe gives the usual
double symmetric and traceless projection operator Aﬁ;
commonly employed in relativistic fluid dynamics. As
mentioned in the main text, this set of tensors is useful
because they form an orthogonal basis; see Eq. (20).
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