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1 Relativistic Fluid Dynamics

The physical description of a system consisting of many degrees of freedom is in general
quite complicated. However, if one is interested in the large-distance, long-timescale
behavior of the system, it becomes possible to devise an effective theory, taking into
account only the degrees of freedom that are relevant on these scales. This happens
because, on macroscopic time and length scales, we are not able to observe the microscopic
degrees of freedom of the underlying theory, but only average quantities resulting from
interactions on the microscopic level. Most of the microscopic quantities vary rapidly in
space and time, leading to very small changes of the average values, and are not expected
to contribute to the macroscopic dynamics. On the other hand, the few variables that do
vary slowly, such as conserved quantities, are expected to be relevant for the effective
description of the system on macroscopic length and time scales.

Fluid dynamics is a typical example of such an effective theory. It is a classical
field theory that describes the macroscopic dynamics of systems called fluids. A
fluid is a continuous system in which every infinitesimal volume element is (usually)
assumed to be close to thermodynamic equilibrium and to maintain the proximity
to equilibrium throughout its evolution. In other words, in the vicinity of each point in
space, we define an infinitesimal volume, called fluid element, in which the matter is taken
to be homogeneous, i.e., any spatial gradients can be neglected, and is described by a finite
set of thermodynamic variables and currents. This means that each fluid element must be
large enough relative to the microscopic length scales, to guarantee the proximity
to thermodynamic equilibrium, and, at the same time, it must be small enough relative
to the macroscopic length scales, to ensure the continuum limit.

At first glance, the simultaneous applicability of the continuous (zero fluid-element
volume) and thermodynamic (infinite fluid-element volume) limits might seem contradic-
tory. However, if the microscopic and macroscopic scales of the system are sufficiently
far separated, it is always possible to ensure the existence of a volume that is small
when compared with the macroscopic scales, and large when compared with the micro-
scopic ones. For example, considering the case of water, a fluid element with a volume
of about 1 mm? is small enough to assure the continuous-limit approximation and large
enough to enclose many molecules and to apply the thermodynamic limit. Note that,
for small or rapidly changing systems, such a separation of scales may not be so clear,
making it difficult to ensure the proximity to local thermal equilibrium. This is of par-
ticular importance when we apply fluid dynamics to describe the hot and dense matter
formed in relativistic heavy-ion collisions, where a clear separation between microscopic
and macroscopic scales does not exist. The progress in developing dissipative theories of
relativistic fluid dynamics achieved in recent years has been largely driven by applying
them to describe the dynamical evolution of heavy-ion collisions.



1 Relativistic Fluid Dynamics

In this chapter, we discuss the basic aspects of relativistic fluid dynamics from a phe-
nomenological perspective. It is organized as follows: In Sec. 1.1, we introduce the basic
laws of thermodynamics and derive the thermodynamic relations that are useful for this
book. Section 1.2 contains a brief review of relativistic ideal fluid dynamics. We derive
the general form of the conserved currents of an ideal fluid and their equations of motion.
Then, Sec. 1.3 shows how to introduce dissipation in fluid dynamics. Here, we explain the
basic aspects of dissipative fluid dynamics and derive a covariant version of Navier-Stokes
theory using the second law of thermodynamics and, also, via the gradient expansion. In
Sec. 1.4 we review the problems of Navier-Stokes theory in the relativistic regime, i.e.,
the acausality and instability of this theory. We also explain how to render Navier-Stokes
theory causal and stable, and to derive a consistent theory of fluid dynamics. Finally, in
Sec. 1.5, we discuss Israel-Stewart theory and show how to derive causal fluid-dynamical
equations from the second law of thermodynamics.

1.1 Thermodynamics

Thermodynamics is a theory empirically constructed to describe the thermodynamical-
equilibrium state in macroscopic systems. It attempts to describe such a state in terms
of a small set of extensive quantities, such as the total energy, FE, volume, V', and
(net) number of particles, N, of the system. Thermodynamics is based on four phe-
nomenological laws, obtained over the years by experimental observation [1]:

Zeroth Law: Two systems that are in equilibrium with a third system are in equilib-
rium with each other.

First Law: Energy is conserved.

Second Law: The change in entropy of a closed thermodynamic system is always
positive semi-definite.

Third Law: The difference in entropy between systems connected by a reversible
process is zero in the limit of vanishing temperature.

In this lecture series, we shall make use of the first and second laws of thermody-
namics and, therefore, it is convenient to discuss them in more detail. The first law
of thermodynamics implies that small variations of the state variables, £, V, and N,
must be related,

SE = 6Q — PSV + udN | (1.1)

where P and p are the pressure and chemical potential, respectively. As a conservation
law, the first law of thermodynamics postulates that changes in the total energy of the
system (0 F) must result from mechanical work done by an external force (—PdoV'), from
particle exchange with an external medium (udN), or/and from heat exchange (6@Q)). The
heat exchange takes into account the energy variations due to changes of internal degrees
of freedom that are not described by the state variables. The heat itself is not a state
variable since it can depend on the past evolution of the system and may take several
values for the same thermodynamic state.



1.1 Thermodynamics

However, when dealing with time-reversible processes, it becomes possible to assign a
state variable related to heat. This variable is the entropy, S, and is defined in terms
of the heat exchange as 6Q) = TS, with the temperature T' being the proportionality
constant. Then, when considering variations between equilibrium states that are infinites-
imally close to each other, it is possible to write the first law of thermodynamics in terms
of complete differentials of the state variables,

dE = TdS — PdV + pdN | (1.2)

Using Eq. (1.2), it is possible to identify the intensive quantities, T', i, and P as the
following partial derivatives of the energy,
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The first law of thermodynamics can also be written in terms of entropy variations, i.e.,
1 P 14
dS = —=dFE + —=dV — =dN 1.4
7B+ AN (1.4)
in which case the intensive variables can be obtained from partial derivatives of the en-
tropy,
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In the thermodynamical limit, the entropy is an extensive and additive function
of the state variables,

AS = S(AE,AV,AN) . (1.6)
Using this property, it is straightforward to prove that
0 08 oS 08
S=—(\S) = —= E+ ——x V+ N, (1.7)
I O(AE) AN AV O(AV) AEAN O(AN) AEAV

which holds for any value of A\. Taking A = 1 and using Eq. (1.5), we derive the so-called
Euler relation,
TS =FE+ PV —uN (1.8)

and using Euler’s relation, combined with the first law of thermodynamics, we obtain the
Gibbs-Duhem relation,
VdP = SdT' + Ndu . (1.9)

Together, Egs. (1.2), (1.8), and (1.9) allow us to derive the thermodynamic relations
satisfied by the energy, entropy, and (net) particle number densities, e = E/V, s = S/V,
and n = N/V | respectively. They are

e+P = Ts+pun, (1.10)
ds = fde— adn, (1.11)
dP = sdI'+ndy, (1.12)



1 Relativistic Fluid Dynamics

where we defined the inverse temperature 5 = 1/7" and the thermal potential o =
w/T. Then, Egs. (1.11) and (1.12) can be used to derive the relations between the intensive
variables and the densities,
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The second law of thermodynamics dictates that the entropy of an isolated system
must either increase or remain constant. This implies that, if a given system is in ther-
modynamic equilibrium, i.e., if it is in a quasi-stationary state where its extensive and
intensive variables no longer change, the entropy of this system must remain constant
(as long as the boundary conditions imposed on the system remain fixed). On the other
hand, the entropy of a system that is out of equilibrium must always increase. This
is a very useful and powerful concept that will be extensively used in this chapter. As
we will show later, the second law of thermodynamics can even be used to constrain and,
sometimes, derive the equations of motion of a viscous fluid.

These are the basic aspects of thermodynamics that we wanted to address (for a more
detailed review, see Ref. [1]). It is worth to point out that, although the thermodynamic
relations specify how the macroscopic variables are related and how they change with
time, they are not enough to extract the explicit form of the equation of state, i.e.,
of the function s(g,n). In order to determine the entropy density as a function of the
state variables £, n, a microscopic description of the matter is required, which can only

be obtained from a more fundamental approach, such as statistical mechanics.

Exercise 1.1: Prove Egs. (1.10) - (1.12).

1.2 Relativistic ideal fluid dynamics

We start our discussion of relativistic fluid dynamics by considering the most simple ex-
ample: the case of an ideal fluid [2, 3]. An ideal fluid is defined by the assumption of
local thermodynamical equilibrium, i.e., that all fluid elements must be in thermo-
dynamic equilibrium, but not necessarily in the same thermodynamic-equilibrium state
(if they are, one speaks of global thermodynamical equilibrium). This means that all
thermodynamic state variables are functions of the space-time 4-vector 2 = X = (¢,x)7,
e.g. temperature 7'(X), chemical potential p(X). In addition, the fluid is described by
a collective velocity field, which is also function of space-time, u(X). From now on, the
fields T', i1, and u shall be referred to as primary fluid-dynamical variables.

1.2.1 Conserved currents in an ideal fluid

The state of a fluid is specified by the densities and currents associated to conserved
quantities, i.e., energy, momentum, and (net) particle number. For a relativistic
fluid, the state variables are the energy-momentum tensor, 7" (X), and the (net)
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particle 4-current, N*(X). For an ideal fluid, the general form of these currents can
be obtained by performing a Lorentz transformation to the local rest frame of the
fluid, in which u(X) = 0. In this frame, the energy-momentum tensor, Ty (the subscript
RF indicates the local rest-frame form of this tensor), should have the characteristic form
of a system in static equilibrium,

ThY = (1.14)

oo Mg o

0 0
0 0
P 0 ’
0 P

SO O M

i.e., in this frame there is no flow of energy (T} = 0), and the force per surface element
is isotropic and equal to the thermodynamic pressure (TgF = §% P). In the local rest
frame, there should also be no flow of particles and entropy and, consequently, the
(net) particle and entropy 4-currents in this frame, Nip and Sky, respectively, take the
following simple form

NlétF = (n70707O)T ) (115)
Ske = (5,0,0,0)" . (1.16)
The form of these tensors in a general frame, i.e., a frame where the fluid moves with

velocity +u, can be derived by applying a Lorentz boost with velocity —u to Nk, Skr,
and Thp,

N = A% (—u) N, (1.17)
S* = AL (—u) 5§, (1.18)
T = Al (—u) A (—w) TRE (1.19)

where we remember that the general form of a Lorentz boost is

,y _uIZ _uy —U,Z
AL (u) = —u® 1+ (y+ 1) utu® (7 +1)7! uxuy (v + 1) wru?
« —u (y+ 1D vt +(y+ D) (y+ 1) we ’
—uwr (y+ D et (7—1—1) "wwy o 14+ (v + 1D et

(1.20)
with 7 = +/1 + u - u being the Lorentz gamma factor. The boost velocity is —u, because
an observer who sees the fluid move with velocity +u moves itself with velocity —u with
respect to the fluid rest frame.

Then, using a covariant notation, the conserved currents of an ideal fluid can be
expressed as

Nigear = Ny =nu", (1.21)
Sl}jieal S(O) = su” ) (122)
Thea = T(p) = cu'u” — AP, (1.23)

where u* is the velocity 4-vector,

u' = (y,u)", (1.24)
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Note that the velocity 4-vector is constructed to satisfy the normalization condition
utu,, = 1, and, therefore, has only three independent components. Also, in Eq. (1.23),
we introduced the projection operator onto the 3-space orthogonal to u*,

AP = g —ulu” (1.25)

where g,,, is the space-time metric (in flat space). A" satisfies all the properties expected
of a projector,

U A" =, AP =0, AYAY = AW (1.26)
and has the following trace,

AF =3 (1.27)

Exercise 1.2: Prove Eqs. (1.21) — (1.23) by explicit computation of the right-hand sides
of Egs. (1.17) — (1.19).

1.2.2 Equations of motion

The dynamical description of an ideal fluid is obtained using the conservation laws
of energy, momentum, and (net) particle number. These conservation laws can be
mathematically expressed in terms of the following five continuity equations,

0Ny, = 0, (1.28)
0Tl = 0. (1.29)

The partial derivative 0, = 0/0z* transforms as a covariant vector under Lorentz trans-
formations and, therefore, Eq. (1.29) transforms as a contravariant 4-vector. As a 4-vector,
it is convenient to decompose this equation into a part parallel and a part orthogonal
to u*. The component parallel to the velocity is obtained by contracting the equation

of motion with u*, uoﬁﬁT(aﬁ while the component orthogonal to the velocity is obtained

0)°

by contracting it with A*”, AZ@BT(%? . This, together with the conservation law for (net)

particle number, leads to the equations of motion of ideal fluid dynamics,

uadsT) =+ (e+P)0 =0, (1.30)
NLOSTR) = (e + P)i — V*P =0, (1.31)
0Ny =i +nf =0, (1.32)

where we introduced the comoving derivative u#0,A = A of any quantity A and the
space-like gradient Al’\ﬁ,\ = V,. We further defined the expansion scalar, 0 as the

4-divergence of the 4-velocity,
0=V,u". (1.33)
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Exercise 1.3: Prove Egs. (1.30) — (1.32) by inserting Eqgs. (1.21), (1.23) into the conser-
vation laws (1.28), (1.29) and, in the case of energy-momentum conservation, performing
the projections onto u, and AkX.

Note that an ideal fluid is described by four fields, €, P, n, and u*, that contain, in
total, six independent degrees of freedom. The conservation laws, on the other hand,
provide only five equations of motion. To close this system of equations, we must
specify the equation of state of the fluid, which gives the pressure as a function of the
other thermodynamic variables,

P=P(en) . (1.34)

The assumption of local thermal equilibrium guarantees the existence of this function
and, hence, assures that the equations of ideal fluid dynamics are always closed. In ideal
fluid dynamics, the equation of state essentially defines the type of fluid that is being
described — it is the only place where (some of) the microscopic properties of the system
must be taken into account.

1.2.3 Covariant thermodynamics and entropy production

Using the conserved currents, N(’f]), S(’B), and T(‘(‘]l)', we can re-write the equilibrium ther-
modynamic relations derived in Sec. 1.1, Egs. (1.10), (1.11), and (1.12), in a covariant
form [5, 6, 7]. For this purpose, it is convenient to introduce the following 4-vector,
ut
b= — 1.35
gr= (1.35)
Then, following Israel and Stewart [5, 6, 7], we postulate a covariant version of the
Gibbs-Duhem relation,

d(PB*) = Nigyda = T(jdp, , (1.36)

and of Euler’s relation,

Sty = PB"+Tl'8, — aNly . (1.37)

Equations (1.36) and (1.37) can then be used to derive a covariant form of the first law
of thermodynamics (1.11),
dSéf)) = ﬁ,,dT(’ZS - adN(’g) :
The above covariant thermodynamic relations were constructed in a such a way that,
when contracted with the fluid 4-velocity, the usual thermodynamic relations, Egs. (1.36),
(1.37), and (1.38), are recovered,

(1.38)

” (d (PB") — Ny dav + nggdﬁy) = d(PB) —nda+edB =0, (1.39)
uy, <S(’g) — Pp* =T By + aN(’é)> = s+an—pF(e+P)=0, (1.40)
u, (dsgg) — BT + adN(fg)> = ds— fBde +adn =0, (1.41)
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where we used that u,du” = 0. Note also that the covariant thermodynamic relations do
not contain more information than the usual thermodynamic relations. The projection
of Egs. (1.36), (1.37) and (1.38) onto the 3-space orthogonal to u* just leads to trivial
relations,

AC (d (PB") — Ny devg + T‘“’dﬁy> —0 = 0=0, (1.42)
A (S( — P~ T, + ozN“)> —0 =— 0=0, (1.43)
AC (dsgg) — B dT + adN(*g)> —0 — 0=0. (1.44)

The first law of thermodynamics, Eq. (1.38), leads to the following equation of motion
for the entropy 4-current,

0,Slhy = B0, Tl — 00, N/:

) ©0) 7 (1.45)

which, using the conservation of (net) particle number, energy, and momentum, 9, V. (‘6) =
oy T = 0, implies the conservation of entropy,

Sl = 0. (1.46)

Note that the entropy conservation appeared naturally, as a consequence of (net) particle
number and energy-momentum conservation and the first law of thermodynamics. The
equation of motion for the entropy density comes directly from Eq. (1.46),

9uS(p) = u'Ous + sOut =5 +s0 =0. (1.47)

In this section, we introduced and derived the equations of motion of ideal fluid dy-
namics. This was done using the conservation laws expected to be valid in a fluid and the
assumption of local thermal equilibrium. In the next sections, we show how to introduce
dissipation into this scheme.

Exercise 1.4: Convince yourself of the validity of Eqs. (1.39) — (1.44) by explicit calcu-
lation.

1.3 Relativistic dissipative fluid dynamics

Relativistic ideal fluid dynamics was derived using the conservation laws, the properties
of the Lorentz transformation, and, most importantly, by imposing local thermodynamic
equilibrium. While the conservation laws and the properties of the Lorentz transformation
are always valid, the assumption of local thermodynamic equilibrium is very restrictive
and is never realized in practice. Strictly speaking, a fluid can never maintain exact local
thermodynamic equilibrium during the whole course of its dynamical evolution. In this
section, we consider a more general theory of fluid dynamics, which attempts to take into
account the dissipative processes that must happen in a fluid.
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Dissipative effects originate from irreversible thermodynamic processes that occur dur-
ing the motion of the fluid. In general, each fluid element is not in equilibrium with the
rest of the fluid and, in order to approach global equilibrium, it will exchange heat with
its surroundings. Furthermore, the fluid elements are in relative motion and can also
dissipate energy by friction. All these processes must be included in order to obtain a
reasonable description of a relativistic fluid.

The first to propose a covariant formulation of dissipative fluid dynamics were Eckart
[4], in 1940, and, later, Landau and Lifshitz [2], in 1959. Both theories, often called first-
order theories, are based on a covariant formulation of Navier-Stokes theory. At
that time, Navier-Stokes theory had already become a successful theory of fluid dynamics,
being able to describe a wide variety of non-relativistic fluids, from weakly coupled gases,
such as air, to strongly coupled fluids, such as water. Therefore, a relativistic extension of
Navier-Stokes theory was considered to be the most promising way to describe relativistic
viscous fluids.

However, the situation was shown to be more subtle since the relativistic version of
Navier-Stokes theory is actually intrinsically unstable [8, 9, 10, 11, 12]. The source of
such instability is well understood and will be discussed in detail in the next chapter. It
comes from the inherent acausal behavior of Navier-Stokes theory [13, 14|, which allows
signals to propagate with infinite speed. In non-relativistic theories this non-intuitive
feature does not give rise to an intrinsic problem and can be ignored. On the other hand,
in relativistic systems, where causality is a physical property that is naturally preserved,
this feature leads to equations of motion that are intrinsically unstable. Nevertheless, first-
order theories are an important initial step to illustrate the basic features of relativistic
dissipative fluid dynamics and thus shall be reviewed in this section.

Just like for an ideal fluid, the basic equations of motion for dissipative fluids are given
by the conservation laws of (net) particle number and energy-momentum,

9,N* = 0, (1.48)
9,T" = 0. (1.49)

However, in the presence of dissipation, the energy-momentum tensor is no longer diagonal
and isotropic in the local rest frame. Also, due to diffusion, we expect (net) particle-
number flow to appear in the local rest frame of the fluid element. These effects must be
taken into account and are introduced in fluid dynamics by adding dissipative currents,
n* and 77, to the previously derived ideal currents, N (’6) and T{é’;,

Nt = N +n" =nou +n", (1.50)

T = T(’f)')j + 7T = gqufu’ — A" Py + | (1.51)
where we indicated equilibrium quantities with a subscript “0”. Here, n* is the particle
diffusion 4-current. In order to satisfy angular-momentum conservation, 7#" is defined
to be a symmetric tensor, 7" = 7¥#. The main problem then becomes to find the dy-
namical or constitutive equations satisfied by such dissipative currents.
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Exercise 1.5: Ignoring spin degrees of freedom, the total angular momentum tensor is
defined as
R R s (1.52)

Prove that total angular momentum conservation,

OHJM =0, (1.53)

requires 7" (and thus also 7*) to be symmetric.

(Hint: use the energy-momentum conservation law (1.49).)

1.3.1 Matching conditions

The introduction of the dissipative currents renders the equilibrium variables ill-defined,
since the fluid can no longer be considered to be in local thermodynamic equilibrium. In
a viscous fluid, the thermodynamic variables, ag, 5o, so, Fo, --., can only be defined in
terms of a fictitious equilibrium state (labeled by the subscript “0”), constructed such
that the thermodynamic relations are valid as if the fluid were in local thermodynamic
equilibrium. The first step to construct such an equilibrium state is to define ny and ¢( as
the actual (net) particle density n and the actual energy density ¢ in the local rest
frame of the fluid. This is guaranteed by the so-called Landau matching conditions,

g = e=uu,I", (1.54)
ng = n=u,N". (1.55)

The matching conditions (1.54) and (1.55) are enforced by applying the following set of
constraints to the dissipative currents,

wu, ™ = 0,
unt = 0 <= Ant=n". (1.56)

Then, using € and n we can construct our equilibrium state. The thermodynamic en-
tropy density is determined by the equation of state of the fluid as if in thermodynamic
equilibrium,

So = So (g,n) , (1.57)

while the remaining thermodynamic variables, e.g., the thermodynamic pressure, temper-
ature, and chemical potential, are defined from the thermodynamic relations derived in
Sec. 1.1. The inverse temperature and the ratio of chemical potential over temperature
are computed using Eq. (1.13),

0s ds
_ - 2 1.58
50 85 . ) &%) 0n . ) ( )
and the thermodynamic pressure is extracted via Eq. (1.10),
PO = —€+T080+[,L07’L . (159)

10
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Note that, in principle, the thermodynamic pressure can also be expressed as a function
of other thermodynamic variables, e.g. Py = Py (5o, ap)-

It is important to emphasize that, while the energy and (net) particle densities are
physically well-defined, all other quantities (sg, Py, T, po, --.) are defined only in terms
of a fictitious equilibrium state and do not necessarily retain their usual physical mean-
ing. For example, the second law of thermodynamics does not constrain the production
of entropy of the fictitious state: it constrains only the production of the actual non-
equilibrium entropy of the fluid — a quantity that can be rather nontrivial to construct,
as will be discussed later in this chapter.

1.3.2 Tensor decomposition of 7+

It is convenient to decompose 7 in terms of its irreducible components, i.e., a scalar,
a 4-vector, and a traceless, symmetric second-rank tensor. This tensor decompo-
sition must respect the matching (or orthogonality) condition satisfied by 7%, Eq. (1.56).
For this purpose, we introduce yet another projection operator: the double-symmetric,
traceless rank-4 projection operator orthogonal to u*,

v 14 12 1 174
AP = S (ARAY + AEAY) — A AL (1.60)

A

DO | —

which satisfies the following properties,

Aw)@B) A (aB)(u)

Y

VAA v
A’A‘pAa’/; = AL,
UHA‘LWQ'B — gleAm/aB =0 ,
At = 5. (1.61)

Then, using A" and AZ;, the tensor decomposition of 7#¥ in its irreducible form is
implemented as

T = —HA“V—FZU(“ZZV)—FW“U, (162)

where the parentheses () denote the symmetrization of all Lorentz indices, a**) = (a*+
a’*) /2, and where we defined

1
= —gAaﬁT“ﬁ , ht = Agu57a6 , T = 527‘16 ) (1.63)
The scalar term, II, is the bulk-viscous pressure, the vector term, h*, is the energy-
diffusion 4-current, and the second-rank tensor, 7#*, is the shear-stress tensor. The
properties of the projection operators A and ALj given in Egs. (1.26) and (1.61) imply
that h* and 7" satisfy

ht = AR <= u,h =0, (1.64)
R e (1.65)
o= 0, (1.66)

11



1 Relativistic Fluid Dynamics

where the brackets () denote the following projection of a second-rank tensor, Alw) =
AZ;AQB. In summary, the fields IT, h*, n#*, and 7 are expressed in terms of N* and T+
as

II = —Po—%AWTW, (1.67)
W= ugART (1.68)
n* = AFN® (1.69)
™ = T (1.70)

Note that T is a symmetric second-rank tensor and, thus, N* and T* have 14
independent components (four from N* and ten from 7). In order to satisfy their or-
thogonality to u*, n* and A* can only have three independent components each. The
shear-stress tensor is symmetric, traceless, and orthogonal to u* and, therefore, can have
only five independent components. Together with u*, €, n, and II, which have in total six
independent components, we find a total of 17 independent components, three more than
expected. This happened because, so far, the velocity field itself has not been specified,
being introduced just as a general normalized 4-vector. The definition of the velocity field
will provide the three missing constraints that will reduce the number of independent
components to the correct value.

Exercise 1.6: Prove Eqgs. (1.61), as well as Egs. (1.63) by explicitly inserting Eq. (1.62)
on the right-hand sides.

1.3.3 Definition of the local rest frame and equations of motion

The definition of the velocity field is an important step in deriving fluid dynamics. For
ideal fluids, the local rest frame was implicitly defined as the frame in which there is
no flow of energy and (net) particle number. Due to the presence of energy and particle
diffusion in viscous fluids, this definition is no longer possible. From a mathematical point
of view, the velocity can be defined in numerous ways. From the physical perspective,
there are, however, two natural choices. The Landau frame [2], in which the velocity is
defined by the flow of the total energy,

u, T" = eu”, (1.71)

and the Eckart frame [3, 4], in which the velocity is specified by the flow of (net) particle
number,
N = nu . (1.72)

If the system has more than one type of particle (or charge), the Eckart frame must be
defined by selecting one of these particle (or charge) types.

Both choices of frame impose different constraints on the dissipative currents introduced
in this section. In the Landau frame, the energy diffusion vanishes,

W=0, (1.73)

12



1.3 Relativistic dissipative fluid dynamics

while in the Eckart frame the particle diffusion is zero,
nt=0. (1.74)

In other words, in the Landau frame the velocity field is fixed to eliminate any diffusion
of energy while in the Eckart frame it is defined to eliminate any diffusion of particles. In
this lecture series, we shall always use the Landau frame, Eq. (1.71), and, therefore, the
conserved currents take the following simpler form

Nt = nut +nt | (1.75)
T = eufu” — A" (Py +1II) + 7' . (1.76)

Note that both the Landau and the Eckart choice of frame reduce the number of inde-
pendent variables to 14, as advertised at the end of the last section.

As for an ideal fluid, we decompose Eq. (1.49) into a part parallel and another one
orthogonal to u*. As shown in the last section, this is done by projecting and contracting
Eq. (1.49) with u, and A", i.e., by taking u,957*" and A95T, respectively. Together
with Egs. (1.48), (1.75), and (1.76), this procedure leads to the equations of motion of
the fluid,

UaOT™ =+ (e + P+ 1) 0 — 10,5 =0, (1.77)
APOTYP = (e + Py + ) i — V* (Py + TI) + AL0sn™® = 0, (1.78)
ON'=n+nl+0,n" =0, (1.79)

where we defined the shear tensor
v ( v) 1 v v 1 v A
ot = W yY = 5 (VA + VVut) — gA“ Vau™ . (1.80)

Note that the quantities n, e, Py, u”, I, n*, and 7" introduced in this section were
defined from a strict mathematical perspective via the most general tensor decomposition
allowed by symmetry. The conservation laws, Eqs. (1.48) and (1.49), the definition of
the fictitious equilibrium state, and the definition of the velocity field are also general
and valid regardless of the whether the system is in the fluid-dynamical regime (i.e., not
far from local thermodynamical equilibrium). Thus, by writing down any of the above
equations, we have not, by any means, derived fluid dynamics. In order to derive the
complete equations of dissipative fluid dynamics, one still has to provide an additional
nine relations that will close Eqs. (1.77), (1.78), and (1.79). In the end, this corresponds
to finding dynamical or constitutive relations satisfied by the dissipative currents II,
n*, and 7. Ideal fluid dynamics, discussed in the previous section, corresponds to a
trivial example of this procedure, in which the dissipative currents are simply set to zero.

Exercise 1.7: Prove Eqgs. (1.77) — (1.79), extending Exercise 1.3 to dissipative fluids.

13



1 Relativistic Fluid Dynamics

1.3.4 Relativistic Navier-Stokes theory

In the presence of dissipative currents the entropy is longer conserved. Deriving the
equation for the entropy 4-current is not trivial for a viscous fluid, since a priori we do
not know the form of this current. For now, let us take the same steps as in the ideal
fluid case and see where we arrive. We start by taking Eq. (1.45),

0,8l = Bow, 0, Tl — 0B, Nl (1.81)

which remains valid in a viscous fluid since, as explained in Sec. 1.3.1, the equilibrium
variables and, consequently, the equilibrium currents, were constructed to satisfy thermo-
dynamic relations as if in equilibrium. Now, however, the equilibrium part of the currents
are not conserved, (%N(’g) = —0,n" # 0 and uVGMT(’é? = —I§+7"0,, # 0, cf. Egs. (1.77)
and (1.79), and in a viscous fluid Eq. (1.81) leads to

9uSlyy = wdun” + Bo (=110 + 7 a,,) . (1.82)

By decomposing the first term on the right-hand side as ag9,n* = 9, (agn*) —n"V ,ay,
Eq. (1.82) can be written in a more convenient form,

oy (Sé‘o) — agn”> = —n'"V, a0 — Bolld + fomt o, = Q . (1.83)

It is very tempting to identify the term on the left-hand side of Eq. (1.83) as the 4-
divergence of the (off-equilibrium) entropy 4-current

SH = Ség) — agnt = squt — agnt | (1.84)

and the terms on the right-hand side, (), as the source terms for entropy production. Note,
however, that this is not necessarily the case. Nevertheless, this was the identification
proposed by Eckart and by Landau and Lifshitz and we shall consider it here in order to
derive relativistic Navier-Stokes theory.

Relativistic Navier-Stokes theory is then obtained by applying the second law of thermo-
dynamics to each fluid element, i.e., by requiring that the entropy production obtained in
Eq. (1.83) must always be positive semi-definite, @) > 0. The simplest way to satisfy this
condition for all possible fluid configurations is to assume that the bulk-viscous pressure,
the particle-diffusion 4-current, and the shear-stress tensor are linearly proportional
to 0, V*ag, and o, respectively,

m = —¢6, (1.85)
nt = »V'a, (1.86)
™ = 2ot . (1.87)

The proportionality coefficients (, s, and 7 are the coefficients of bulk viscosity,
particle diffusion, and shear viscosity, respectively. Then, substituting Eqgs. (1.85),
(1.86), and (1.87) into Eq. (1.83), we see that the entropy production becomes a quadratic
function of the dissipative currents

1
= @H2 — —nkfn, + f—oﬂww’“’ : (1.88)
U

¢ >
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1.3 Relativistic dissipative fluid dynamics

Note that n*n, is negative (n* is a space-like vector) while 7,7 is positive and, there-
fore, as long as (, s, n > 0, @ is, in fact, always positive semi-definite.

The equations of fluid dynamics are obtained by substituting Eqs. (1.85), (1.86), and
(1.87) into the conservation laws, Eqs. (1.77), (1.78), and (1.79),

é=—(e4+ Py —(0) 0+ 2noap0°” (1.89)
(e + Py — CO) w* = V"' Py — V" (CO) — 2495 (no®”) (1.90)
n=—nb — 0, (xV'a) . (1.91)

The above equations are known as the relativistic Navier-Stokes equations, as ob-
tained by Landau and Lifshitz [2]. A similar theory was obtained independently by Eckart
[4], using a different definition of the local rest frame. In this formulation, the state of a
dissipative fluid remains being described by the same variables as in the case of an ideal
fluid, i.e., the primary fluid-dynamical variables oy, By, and u*. The only difference is the
existence of dissipative processes, corresponding to new forms of particle and energy-
momentum transfer, which occur due to gradients of the primary fluid-dynamical
variables.

As already mentioned, Navier-Stokes theory is acausal and, consequently, unstable.
Thus, it is unable to describe any relativistic fluid existing in Nature. The source of
the acausality can be understood from the constitutive relations satisfied by the dissi-
pative currents, Eqs. (1.85), (1.86), and (1.87). Such linear relations imply that any
inhomogeneity of «q, By, and u*, will instantaneously give rise to a dissipative current.
This instantaneous creation of currents from (space-like) gradients of the primary fluid-
dynamical variables renders the equations of motion parabolic. In a relativistic theory
this leads to instabilities, as will be discussed in the next chapter.

1.3.5 Gradient expansion and Navier-Stokes theory

Navier-Stokes theory can also be derived (and extended) via the so-called gradient ex-
pansion [15, 16]. In this framework, the bulk-viscous pressure, the particle-diffusion
4-current, and the shear-stress tensor are assumed to be expressable solely in terms of
powers of gradients of the primary fluid-dynamical variables «ag, 5y, and u*. The
dissipative currents can then be schematically written as the series

I = )\8)01—1-)\%2)024‘“' 5 (1.92)
- )\Sll)olf + )\512)@2/* SR (1.93)
T — )\7(T1)Oi“’ 4 )\53)(’)/2“/ +o (1.94)

where the quantities (O;, O, O) and (O, Of, O4”) correspond to terms of first and
second order in gradients of g, [y, and u*, respectively, and the dots denote possible
higher-order gradient terms.

It is important to remark that when the system exhibits a clear separation between the
typical microscopic and macroscopic scales, A and L, respectively, it may possible
to truncate the expansion on the right-hand sides of Egs. (1.92), (1.93), and (1.94). The
microscopic scale can, for example, be the mean free path for dilute gases or the inverse
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1 Relativistic Fluid Dynamics

temperature for conformal fluids, while a macroscopic scale is given by typical time
or length scales over which a certain primary fluid-dynamical variable varies, e.g.,
L ~ [(@a)/a]™, with a = g, By, or u”. The terms Oy, Of, and O} are linearly
proportional to a gradient of a macroscopic variable, and thus are of order ~ L=1. Every
additional derivative brings in another inverse power of L and, thus, O,,, O%, O ~ L™".

The microscopic scale A is contained in the coefficients, /\1(1” ) AM and A, Up to some

overall power of A\ (which restores the correct scaling dimension), )‘(r? ), /\7({1)7 /\7(Tn) ~ A",
Therefore, the terms (Oq, OF, O") and (O,, Of, O4), multiplied by their corresponding
coefficients in Eqs. (1.92), (1.93), and (1.94) are of order A\/L and (\/L)?, respectively.
Subsequent terms would be of higher order in this ratio. This is nothing but a series in
powers of the so-called Knudsen number

Kn

A
T (1.95)
If Kn < 1 and this series converges, the gradient expansion of the dissipative currents
can be truncated at a given order and one obtains a closed macroscopic theory for them.
Ideal fluid dynamics corresponds to the zeroth-order truncation of this series, i.e.,
when no gradient terms are considered. The first-order truncation of the gradient
expansion is Navier-Stokes theory, as will be shown below. Higher-order truncations
would lead to the relativistic Burnett and super-Burnett equations and so on. We
note that the convergence of the gradient expansion is not well established and is a topic
that is still being intensely investigated [17].

The first order of the gradient expansion can be obtained by constructing all possible
tensors that can be formed from the first-order derivatives of aq, [y, and u*. These can
be easily obtained and are

du , 0,00 , and J,u, (1.96)

Next, using these gradients one has to construct tensors that have the same properties
as the dissipative currents. There must be a scalar, such as the bulk-viscous pressure,
a 4-vector orthogonal to u*, such as the particle-diffusion 4-current, and a symmetric,
traceless second-rank tensor orthogonal to u*, such as the shear-stress tensor. The only
possibilities are

Scalar : 0=V, u", (1.97)

Vector : I* =V*a,, J'=VHS,, (1.98)
1 1

Tensor : o =9ru") = 5 (VFu" + VVut') — gA’“’G . (1.99)

Then, the most general first-order terms allowed by symmetry are

O, = 0, (1.100)
O = JF4AyJr (1.101)
o = g (1.102)

where the constant v is introduced in order to restore the correct dimension.
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1.3 Relativistic dissipative fluid dynamics

In order to respect the second law of thermodynamics, discussed in the previous section,
the transport coefficient v must always be zero, v = 0. This can be seen as follows. One
can rewrite the Gibbs-Duhem relation (1.12) with the help of the Euler equation (1.10)
in the form

dBy = hg'deg — - fop dP, (1.103)
0

where hy = (¢ + Py)/n is the specific enthalpy. Then, using the hydrodynamic equation
(1.78),

Jt = hg' " — Byt + Oy (1.104)

where the second-order terms involve gradients of dissipative currents or products of dis-
sipative currents with gradients of primary fluid-dynamical variables. Employing Egs.
(1.93), (1.101) the first term in the entropy-production equation (1.83) would be ~
AP [(1 + vhy 1) " — 76011“} I,,, which is in general no longer positive definite, unless
v =0.

Therefore, the most general relations satisfied by II, n*, and 7#*, up to first order in
Kn, are

= Ad,
nt = AU
e — /\(1)0;”/7

™

which corresponds to the relativistic Navier-Stokes theory [2], with the bulk-viscosity
coefficient, the diffusion coefficient, and the shear-viscosity coefficient being identified as

— @ — @ — @ :

(=X, »= A/, and n = A\;’ /2, respectively.

In the framework of the gradient expansion, the relativistic Navier-Stokes theory can
be extended by including terms of second order in gradients of ayg, £y, and u*. In order
to do so, one has to obtain all possible terms that can contribute to Oz, O, and O4”.
These are

Scalar 1 w,,w", o,0", 62 ., J,Je, 1,J", v, 1", v, Je,
Vector :  o"I,, o"J,, I"0, J*O, w1, , W J,, ALD,0" V"0,
Tensor : w/\mw”M, ol JM‘LJ:), ai“w””\, repvr g gy
FAL ACIN A EZBRR VAT L2 (1.105)

where we introduced the fluid vorticity tensor,

1
W = o (Vi = V) (1.106)

Then, the most general second-order terms allowed by symmetry are

A0, = Quupw + Qoo™ + GO + GLI" + G5 J" + L, J"

+G VI + GV, I (1.107)
)\7(12)(9’5 = 00", + 950" J, + 23170 + 204 JHO + 250"V I, + 2eg0P T,
+0:AL0,0Y + 2gVHO | (1.108)
Ao = Mmw,y W™ 4 N0t + ngot ¥ a/l\’> + ?740§\“w”>)‘ + s I IV
16 BTV 4 IH TV 4 gV ETY 4 gV TV (1.109)
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where we introduced additional transport coefficients, (;, s;, and n;. By including
the above terms in the expressions for the dissipative currents, Eqgs. (1.92), (1.93), and
(1.94), we obtain the relativistic Burnett equations [16],

II = —C0+4 Guuw™ + (oo™ + GO + QLI + (5, J" + oI, J"
G Vo IF + V" (1.110)
nt = I 4 00" 1, + 290" T, + 2310 + 364 PO + 250" 1, + 2g00HY T,
+07A80,0Y + 2gVHO | (1.111)
T = 2o + mw, WA 4 oot 4 pyo e a:> + ?74a§\“w”>’\ + s I IV
06 J BTV 4 I8 TV 4 g VH TV gV T (1.112)

In this section, we showed how to extend and derive Navier-Stokes theory via the gra-
dient expansion. Note, however, that these extensions remain acausal and unstable and
have no practical purpose. As a matter of fact, the Burnett equations are unstable even
in the non-relativistic regime [18].

Exercise 1.8: Check the validity of the thermodynamic relation (1.103).

1.4 Causal fluid dynamics

Many theories have been developed to incorporate dissipative effects in fluid dynamics
preserving causality: Grad-Israel-Stewart theory [5, 6, 7, 19], divergence-type theo-
ries [20, 21, 22|, extended irreversible thermodynamics [23, 24, 25, 26, 27|, Carter’s
theory [28], Ottinger-Grmela theory [29], among others [30, 31]. In Sec. 1.5 we shall
briefly review Israel and Stewart’s approach.

However, before explaining Israel-Stewart theory, it is useful to discuss a more ad hoc
approach to render Navier-Stokes theory causal and stable [32]. For the sake of simplicity,
we first illustrate this method using the simple example of a transport equation that shares
the same problems as Navier-Stokes theory: the heat-conduction equation.

1.4.1 Diffusion equation and acausality in heat conduction

The fundamental problem of the diffusion equation comes from the fact that it is a
parabolic equation, allowing for signals that can propagate with infinite speed [25,
26, 27, 33, 34, 35]. In the non-relativistic case, this problem was first addressed by Catta-
neo [36, 37] and applied to heat conduction. Cattaneo argued that the problem of acausal
propagation in the diffusion equation

0 A = DV?A (1.113)
can be corrected by introducing a term with a second-order time derivative, i.e.,

TRO?A + 0,A = DV*A | (1.114)
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1.4 Causal fluid dynamics

thereby converting a parabolic equation to a hyperbolic one. Above, we introduced
the diffusion and the relaxation-time coefficients, D and 75, respectively. Equation
(1.114) is often referred to as telegraph equation and, for suitable choices of D and 7,
can lead to causal signal propagation. As a matter of fact, the maximum propagation
speed of signals in this theory can be proven to be [38],

=+/D/Tr . (1.115)

Umax

Therefore, as long as D/7r < 1, the telegraph equation is causal. On the other hand,
in the limit 7z — 0, in which the diffusion equation is recovered, the propagation speed
diverges and the theory becomes acausal.

Next, we consider the heat-conduction problem as an example to understand the phys-
ical origin of the telegraph equation. The diffusion equation used to describe heat con-
duction is constructed from two basic features. One is the energy-balance equation,

pcO T +V-J=0, (1.116)

where 7' is the temperature, J is the heat flux, p is the mass density, and c is the
specific heat capacity of the material in question. The other ingredient is Fourier’s
law,

J=—wVT, (1.117)

where w is the heat conductivity. Then, Eqgs. (1.116) and (1.117) can be combined to
eliminate J from the differential equation (1.116) and describe heat conduction via the
following diffusion equation,

oT = V2T, (1.118)
pPC

where, for the sake of simplicity, we assumed that p and w are spatially constant in the
material.

The source of acausality cannot be the energy-balance equation, which is the direct con-
sequence of a conservation law. Then, it must be Fourier’s law. Heat conduction should
always be induced by an inhomogeneous temperature profile. However, Fourier’s law is
only an approximation of this process. It does not contain any inertial effects and, conse-
quently, certain perturbations in the temperature distribution are felt instantaneously
at every point of the system, i.e., according to Eq. (1.118) every point in the material
heats at the same time, no matter how distant from the heat source.

Therefore, even though very successful in non-relativistic applications, Fourier’s law
cannot be employed in the relativistic limit: in relativistic theories, causality is a physical
principle that is naturally preserved by the Lorentz transformations and dictates that the
propagation of any current must happen in a nonzero interval of time. This feature can
be included in the description of heat conduction via linear response theory, which
prescribes a more general expression for J [39],

J(t) = — /t dsG(t — s)VT (s) , (1.119)

where G(t) is the corresponding retarded Green function. The Green function includes
the microscopic time scales that describe the creation of the heat flux from temperature
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gradients. In non-relativistic systems in which the separation between the microscopic
and macroscopic time scales of the system are sufficiently large, the time dependence of
the Green function can be approximated by a Dirac delta function, G(t) ~ 6(t), and we
recover Fourier’s law. However, when the microscopic and macroscopic time scales are
not separated by orders of magnitude, the transient dynamics of the heat flux must
be explicitly described and the time dependence of G(t) must be taken into account. In
relativistic systems, such microscopic time scales must always be considered in order to
preserve causality. When deriving fluid dynamics in the next chapters, we shall address
this topic within a more formal framework.

The simplest choice for G(t) is the exponential ansatz (this choice can actually be
derived in the framework of kinetic theory) [40],

G(t) = Ze -t (1.120)
TR

where 75 is the heat-flux relaxation time. Then, by taking the time derivative of Eq.
(1.119) and substituting this ansatz, we obtain the following equation of motion for J,

TrOI(H) + I(t) = —wVT(1) . (1.121)

This equation is often referred to as Maxwell-Cattaneo equation. In this theory, the
heat flux is not created instantaneously from temperature inhomogeneities. For example,
when VT = 0,

TROWJ(t) + J(t) =0, (1.122)

the heat flux does not vanish instantaneously, as happened in Fourier’s law, but relaxes
exponentially to zero on times scales given by the heat-flux relaxation time 75.

By using the energy-balance equation (1.116), we can eliminate J from the divergence
of the Maxwell-Cattaneo equation (1.121), and obtain the telegraph equation for the
temperature 7',

TROT + 0,T = %V2T . (1.123)
Note that, in this case, the diffusion equation becomes the asymptotic limit of the
telegraph equation, attained only for times much longer than the heat-flux relaxation
time (as long as VT varies slowly in time). As mentioned before, Eq. (1.123) is causal
as long as
w

PCTR

<1. (1.124)

1.4.2 Transient theory of fluid dynamics

The same idea as explained in the previous section can be applied to render Navier-Stokes
theory causal. In Sec. 1.3.4, Navier-Stokes theory was constructed from the conservation
laws of (net) particle number, energy, and momentum, and the constitutive relations
satisfied by the dissipative currents, Eqs. (1.85), (1.86), and (1.87). The conservation
laws come from general physical principles, valid even outside the fluid-dynamical regime,
and cannot be modified. Therefore, in order to improve on Navier-Stokes theory, we
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must extend the constitutive relations (1.85), (1.86), and (1.87). We have already argued
that such relations are the source of causality violations in Navier-Stokes theory since,
as happens with Fourier’s law, they allow for the instantaneous creation of dissipative
currents from gradients of «ag, [y, and u*. In this section, we show how to correct this
unphysical behavior using the same arguments as previously applied to heat conduction:
the inclusion of a time delay in the creation of the dissipative currents from gradients
of the primary fluid-dynamical variables.

In the heat-conduction case, inertial effects on the creation of heat flux from tem-
perature inhomogeneities were included by introducing a term with a first-order time
derivative of J in Fourier’s law, giving rise to a causal transport equation for heat
conduction, Eq. (1.122). Similarly, relaxation effects can be introduced in Navier-Stokes
theory by adding a term of first order in the comoving derivative of each dis-
sipative current to the constitutive relation satisfied by this current, i.e., I, Aln®
and Agg#aﬁ . Then, instead of Navier-Stokes theory, we obtain the following transport
equations for II, n#, and 7,

mll+1 = —Co+ ..., (1.125)
T AN + 0t = xVlioy+ ..., (1.126)
T AR 4 = ot 4L (1.127)

where we introduced the bulk relaxation time, 77, the diffusion relaxation time, 7,
and the shear relaxation time, 7. The dots denote possible nonlinear terms involving
the fluid-dynamical quantities and their gradients.

In this formulation, the fluid-dynamical dissipative currents appear as independent
dynamical variables, which relax to the values of Navier-Stokes theory on charac-
teristic time scales given by the relaxation times 7, 7,, and 7. Thus, unlike for the
gradient expansion, the dissipative currents in this theory do not have to be zero in the ab-
sence of gradients. Instead, they decay to zero on the time scales given by the relaxation
times. This type of formalism was referred to as transient theory of fluid dynamics
by Israel and Stewart [5], since it describes this relaxation (or transient) process of each
dissipative current towards its respective (asymptotic) Navier-Stokes value.

One of the features of transient fluid dynamics is that it reduces to Navier-Stokes theory
in the limit of vanishing relaxation times. In other words, in Navier-Stokes theory the
dissipative currents relax instantaneously to their Navier-Stokes values (also referred to as
fluid-dynamical forces), which leads to a violation of causality. In many non-relativistic
fluids, the relaxation times are very short, and such transient dynamics can be neglected.
In this case, the dissipative currents can actually be well approximated by their Navier-
Stokes solution. Nevertheless, in the relativistic case, this approximation is not possible
since it will render the equations of motion parabolic and unstable.

For fluid dynamics to be causal it is therefore necessary that the relaxation times
assume a non-zero value, but this is not sufficient. As will be shown in the next chapter
(see also Refs. [13, 14]) causality imposes a stronger constraint for transient theories: the
ratio of the relaxation times to their respective viscosity coefficients must exceed certain
values. It will be also shown that, for relativistic fluids, causality implies stability of
the fluid-dynamical equations.
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Equations (1.125) — (1.127) correspond to the type of relativistic fluid-dynamical theory
that we expect to derive from microscopic theory, including all the nonlinear and higher-
order terms that might appear on the right-hand side. This will be shown explicitly in
the later chapters of this lecture series.

1.5 Transient thermodynamics and Israel-Stewart theory

It is also possible to derive causal fluid-dynamical equations, with the same structure as
Egs. (1.125) — (1.127), from the second law of thermodynamics. In this section, we
review this derivation as first proposed by Israel and Stewart [5, 7]. The main idea of their
approach is to apply the second law of thermodynamics to a more general expression of the
non-equilibrium entropy 4-current. In equilibrium, the entropy 4-current was expressed
exactly in terms of the primary fluid-dynamical variables, oy, £y, and u*. When the fluid
deviates from equilibrium, the situation becomes more complicated. Strictly speaking,
the entropy 4-current should depend on a very large number of independent dynamical
variables (for a dilute gas, these correspond to all the moments of the Boltzmann equation)
that are needed in order to characterize the complicated state of a non-equilibrium system.
However, it is reasonable to assume that, as the system approaches equilibrium, the
number of dynamical variables needed to describe the state of the fluid gradually decreases,
until it reaches the variables required by the equilibrium state, ag, By, and u*.

In the previous section, we showed that, in order to render the fluid-dynamical equa-
tions causal, the dissipative currents must be promoted to independent dynamical
variables. Therefore, we expect that a more realistic description of the entropy 4-current
can be obtained by considering it to be a function not only of the primary fluid-dynamical
variables, but also of the dissipative currents,

St = S*(ayp, By, ut, TI, nH, 7). (1.128)

Mathematically, it is further assumed that the entropy 4-current has the following prop-
erties: (i) it is additive; (ii) it is a convex function of the equilibrium variables and
the dissipative currents; and (iii) the corresponding entropy production is locally
positive. We remark that, while here these properties enter as hypothesis, they can be
rigorously derived in the framework of kinetic theory [5, 6, 7].

Then, the entropy 4-current can be expanded in terms of powers of the dissipative
currents around a (fictitious) equilibrium state [5, 7],

St o= Sl — g + Q" + O, (1.129)

where O3 denotes terms of third order or higher in the dissipative currents and

1
Q' = —§u“ (0oIT* = 1man™ + S2mapm®’) — yollnt — yymhn” (1.130)

is of second order, Q* ~ (3. The expansion coefficients, dy, 01, d2, 79, and ~;, are
complicated functions of the temperature and chemical potential of the (fictitious) equi-
librium state and can only be obtained by matching this expansion with the underlying
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1.5 Transient thermodynamics and Israel-Stewart theory

microscopic theory. Note that the entropy 4-current used to derive relativistic Navier-
Stokes theory is recovered by taking Q" = 0. It is important to remember that Q" is not
orthogonal to the fluid 4-velocity and, consequently,

s = u,S" = 50 +u,Q" # s . (1.131)

That is, the non-equilibrium entropy density in the local rest frame, s, does not correspond
to the entropy density computed using the (fictitious) equilibrium state, sq (&, n).

The existence of second-order contributions to the entropy 4-current will affect all
previous conclusions drawn from the second law of thermodynamics, which can then
be understood to be valid only up to first order in the dissipative currents (hence the
name first-order theory). Next, we re-calculate the entropy production using the more
general entropy 4-current introduced in Eq. (1.129),

9uS" = Bou, 0, T — 0N gy — O, (on™) + 0, Q" (1.132)

where we employed Eq. (1.45). The conservation laws (1.77) and (1.79) lead to the
following result,

GMS“ == _BOHQ _l' BOWMVO-MV - nuvuaﬂ _l_ 8MQM . (1133)

Using Eq. (1.130), we can derive all terms originating from 9, Q",

. 1 . . .
OuQ" = —SoIlL+ Gimyit — Sy i — (1128 — mn#dy + 775 )
1
—3 (5OH2 — dn,nt + 527TW7T‘“’) 0 — vollo,n" — yon"V I — IIn"V v
—71WMVV<“n”) - 7TMV7”L<MVV>’)/1 — 1, 0, (1.134)

Then, substituting Eq. (1.134) into Eq. (1.133), we obtain the more general entropy-
production equation

(50 . 1 : 1 Yo 1—7r
0,5" = Bpll | -0 — —II — —1I16g — —pll0 — =—0,,n" —
: fo ( Bo 200 2B ° Bo " Bo

" 5
+n, <—V“a0 + 01 ARR* + %51 + Eln“Q — Y VHII — rlIVF~g — 70,7t — yw“”le)

n“V,ﬁo)

9y . 1 : 1 901 11—y
By [ 0 — ZAM S gy oy — gl Iyl )
fort ( By o 28, 27 23, Bo By n
(1.135)

where r,y are arbitrary constants.

As argued before, the only way to explicitly satisfy the second law of thermodynamics is
to assure that the entropy production is a positive semi-definite quadratic function
of the dissipative currents, i.e.,

0,S" = Bywnll? — w,n,n* + Bowwa ™ (1.136)
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1 Relativistic Fluid Dynamics

where wry, @,, @, > 0. This further implies that the dissipative currents must satisfy
the following dynamical equations

%H topll = —6 - 2%01150 - 2%0601'[0 - % ot — 15_07’7#‘%% ,
"AENY + w,n” = VFay— %n“él — %n“@ + Y VHII + rIIVH#yg + 10,71
+ym™'Vom
éAWﬁaﬁ + o = gh — LWW(;Z _ L(gﬂwg _ ﬂv(unw _ 1__yn<uVV>% ’
Bo 7 ! 260 260 Bo Bo

(1.137)

which are relaxation-type equations, similar to those conjectured in the last section, i.e.,
Egs. (1.125) - (1.127). By comparison with those equations, we find wy, w,, and @, to
be related to the viscosity and diffusion coefficients,

Wp=—, Wgr=——, (1.138)

and identify the relaxation times as

@ , T =x01, Tp= 277é ) (1.139)
Bo 0

Since the relaxation times must be positive, the expansion coefficients g, 01, and d, must
all be larger than zero. Furthermore, we found some of the nonlinear terms that may
appear as source terms in the transient equations of motion for the dissipative currents.
We shall see in the next chapters, when we derive the equations of fluid dynamics from
microscopic theory, that there are still other nonlinear terms that are missing in this type
of derivation. A derivation from microscopic theory also allows to uniquely fix the, as of
yet, arbitrary constants r, y.

1 —
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2 Linear Stability and Causality

It was emphasized in the previous chapter that relativistic generalizations of Navier-
Stokes theory, derived by Landau and Lifshitz [1] and, independently, by Eckart [2], are
ill-defined, containing unphysical instabilities when perturbed around an arbitrary global-
equilibrium state [3, 4, 5]. Such instabilities are intrinsically related to the acausal nature
of Navier-Stokes theory, which allows for perturbations that propagate with an infinite
speed. These fundamental problems prohibit the application of relativistic Navier-Stokes
theory to describe any practical fluid-dynamical problem, may it be in the description of
neutron-star mergers or in the description of the quark-gluon plasma produced in heavy-
ion collisions.

In order to address these fundamental issues, Israel and Stewart constructed stable and
causal theories of relativistic fluid dynamics, following the procedure initially developed
by H. Grad [6] for non-relativistic systems. Israel and Stewart performed this task in two
distinet ways [7]. The first is a phenomenological derivation, based on the second law of
thermodynamics, which was discussed in detail in Chapter 1. The second is a microscopic
derivation starting from the relativistic Boltzmann equation, which will be discussed thor-
oughly in one of the following chapters. Similar theories have been widely developed in
the past decades [8, 9, 10, 11, 12, 13, 14, 15, 16], but all carry the same fundamental
aspect: in contrast to Navier-Stokes theory, such causal theories of fluid dynamics include
in their description the transient dynamics of the non-conserved dissipative currents. For
this reason, they were initially named by Israel and Stewart as transient fluid dynamics
(nowadays, they are often referred to as second-order theories).

However, it is important to remark that the theory formulated by Israel and Stewart is
not guaranteed to be causal and stable. As was first shown by Hiscock, Lindblom, and
later by Olson, such transient theories of fluid dynamics are only causal and stable if
their transport coefficients satisfy certain conditions [17, 18, 19]. Such conclusions
were obtained by analysing the properties of the theory in the linear regime and by im-
posing that the perturbations around a global-equilibrium state are stable and propagate
subluminally. Such stability analyses were more recently revisited in Ref. [4], including
only the effects of bulk viscosity, and in Ref. [5], which included the effects of both shear
and bulk viscosity. In both these papers, constraints for the shear and bulk relaxation
times were explicitly derived. Nowadays, the causality of relativistic fluid-dynamical the-
ories has been investigated even in the nonlinear regime [20, 21] (including the effects of
shear and bulk viscosity), where more general inequalities required to ensure causality
were derived. In the latter case, the inequalities constrain not only the transport coeffi-
cients, but also the values of the dissipative currents (in the linear regime, the inequalities
derived in Ref. [21] reduce to those derived in Refs. [4, 5]). Such constraints are relevant
for, e.g., fluid-dynamical applications to heavy-ion collisions, since the transport coeffi-
cients of QCD matter are not precisely known (often, they are completely unknown) and
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2 Linear Stability and Causality

such fundamental constraints on transport coefficients (and the values of the dissipative
currents) can be extremely useful.

In this chapter we perform a linear stability analysis of relativistic Navier-Stokes
theory and of Israel-Stewart theory around a general global-equilibrium state. We
then demonstrate explicitly the results described above. First, we prove that the general
global-equilibrium state in relativistic Navier-Stokes theory is unstable, due to the ap-
pearance of so-called non-hydrodynamic modes that grow exponentially on microscopic
time scales. We then demonstrate that the Israel-Stewart theory remains stable, as long
as the transport coefficients of the linearized theory satisfy certain constraints.

This chapter is organized as follows. In Sec. 2.1, we first write the fluid-dynamical equa-
tions by approximating them to linear order in perturbations around a global-equilibrium
background. In Sec. 2.2 we transform these equations into Fourier space, with the pur-
pose of determining the dispersion relations satisfied by the perturbations. Section 2.3
discusses these dispersion relations for ideal fluid dynamics, where one just has stable
sound modes. In Sec. 2.4 we investigate the causality and stability of the linearized fluid-
dynamical equations in the Navier-Stokes limit. Although these equations appear to be
stable in a static background, they will become unstable when the perturbations are
performed on a moving background. Section 2.5 then discusses stability and causal-
ity of transient theories of relativistic fluid dynamics. Both in a static as well as in
a moving background these theories are causal and stable, provided that certain
asymptotic causality conditions are fulfilled. A summary of our results concludes
this chapter in Sec. 2.6.

2.1 Fluid-dynamical equations linearized around global
equilibrium

In this section, we linearize the fluid-dynamical equations described in the previous chapter
around a global-equilibrium state. In their linearized form, the equations simplify consid-
erably and some of their properties can be studied systematically. In particular, our goal
is to discuss the stability of relativistic fluids and to verify under which circumstances
acausal modes appear in the linearized theory. Here, we consider small fluid-dynamical
perturbations around a global-equilibrium state, with inverse temperature 5y = 1/7j,
thermal potential g = Bopg, where pig is the chemical potential, and a velocity uf, satis-
fying the normalization condition, ug,ufy = 1. The pressure is obtained using an arbitrary
equation of state, Py = P (f3y, ap). Naturally, in this state the dissipative currents appear-
ing in the net-charge 4-current, N*, and the energy-momentum tensor, 7", all vanish:
Iy = 7f” =nfy = hly = 0.

In Chapter 1, we derived the equations of motion of a relativistic fluid and discussed
two possible definitions of the fluid 4-velocity: one proposed by Landau [1] and another
by Eckart [2]. We note that the prescription chosen for the velocity field can affect some
aspects of the linear stability analyses [19]. Here, we perform our analysis using Landau’s
prescription for the velocity field, i.e., T""u, = cu*. In this case, the continuity equations
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2.1 Fluid-dynamical equations linearized around global equilibrium

related to energy, momentum, and net-charge conservation are given by

De+ (e+ P+ 0 —7%0,5 =0, (2.1)
(e + P +1I) Du* — V* (P +1I) — 7" Dug + A¥Vr*® = 0, (2.2)
Dn+nb —n'Du, +V,n" =0. (2.3)

Here, ¢ is the energy density, n is the net-charge density, D = u*d, is the comoving
derivative, § = 0,u" is the expansion scalar, " = O%u¥) is the shear tensor, A* =
B — ytu, is the projection operator onto the 3-space orthogonal to u#, and V# = 9%,
AW = ABAY A) = AZ;A"‘B, with A#es = % (A“O‘A”B + A“BA”O‘) — %A””Aaﬂ.

As discussed in Sec. 1.4.2, in transient theories of fluid dynamics the dissipative currents
are determined from dynamical evolution equations, and not by static constitutive
relations. These equations of motion were already derived in the previous chapter and
are given by

mDIl+11=—-C(0+--- |
WAL DR +nt = Vi 4 -+ |
TﬁAggDﬂo‘ﬁ + 7 =2not 4 - - .

Above, the dots indicate possible second-order terms [16, 22, 23] which will be neglected
in the following linear stability analysis. Note that most (but not all) second-order terms
are nonlinear and do not contribute in the linearized regime (at least when considering
perturbations around an equilibrium state). For an analysis of the influence of some of
the second-order terms that do contribute in the linear stability analysis, see Ref. [24].

We consider perturbations of all fluid-dynamical fields around the global-equilibrium
state described above,

e = go+d¢, (2.7)
n = ng+dn, (2.8)
ut = upy + out (2.9)
M = I, (2.10)
n' = on', (2.11)
™ = o, (2.12)

where ng = n(fo, ap) and €9 = &(fo, ) are constants. The linearization procedure
consists of substituting Eqs. (2.7) — (2.12) into the exact fluid-dynamical equations (2.1)
— (2.6) and only retaining the terms that are linear, i.e., of first order, in the deviations
from the equilibrium state.

Since the fluid 4-velocity is normalized, i.e., u,u* = 1, it is straightforward to demon-
strate that the perturbations of the fluid velocity satisfy

duyuy = 0y =0, (2.13)

where O, denotes terms that are of second order or higher in perturbations of the fluid-
dynamical fields. That is, up to first order in perturbations, the fluctuations of the fluid
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2 Linear Stability and Causality

4-velocity are orthogonal to the background 4-velocity. Similarly, it is possible to obtain
orthogonality relations satisfied by the dissipative currents, on* and é7*”. As shown in
the previous chapter, the dissipative currents are constructed to be orthogonal to the
4-velocity field, u,n* = u,m™ = 0. Since n* and © are at least of first order (in this
power-counting scheme), these relations lead to

u o = 0§ ~0, (2.14)
uont = Oy~0. (2.15)

Thus, the perturbations of the dissipative currents are, to first order, also orthogonal to
the background velocity field. Due to these orthogonality relations, it is convenient to
introduce a projection operator onto the 3-space orthogonal to the background velocity,

A = g" — ubug (2.16)

and, similarly, a rank-4 symmetric, traceless projection operator

1 1
Al =2 (Ag%gﬁ n A55A5“> - SApA. (2.17)
Finally, we define a comoving derivative relative to the background velocity field, Dy =

o
uO IJ/-

Using this notation, the equations of motion for the energy density, local velocity field,
and net-charge density, linearized around the global-equilibrium state, become

D()(SE + (80 + Po) 8M5U'u = 02 ~ 0 s (218)
(g0 + Py) Doout — ALY0, (6P + OT1) + 9,07 = O = 0, (2.19)
Dyon + ngdout + 9,0n" = Oy = 0, (2.20)

while the linearized equations for the dissipative currents are

THD05H —+ 011 + (auéu“ = 02 ~ 0 s (221)
TnDoon* + on* — xALY 0,000 = O = 0, (2.22)
Te Do + 87 — 2pAL P bus = OF =~ 0, (2.23)

where (, s, 1, T, T,, and 7, are the transport coefficients as functions of the back-
ground temperature and thermal potential. We note that, in the linear regime, pressure
perturbations can be expressed as

0B 0F,

_@ _hgﬂo
= daol,, " 3R, T TR A

where we have used Eq. (1.103). Similar relations apply to energy-density and net-charge
density fluctuations.

oP

58+ O (2.24)

Exercise 2.1: Prove Egs. (2.18) — (2.23).
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2.2 Linearized fluid-dynamical equations in Fourier space

2.2 Linearized fluid-dynamical equations in Fourier space

In order to investigate the (propagating and exponentially in- or decreasing) modes of the
fluid-dynamical equations, it is convenient to Fourier transform the space-time dependence
of the linearized equations. We define our Fourier transformation using the following
convention,

A(K) = / d'z exp (—iz k) A(X) (2.25)
AX) = / %exp(ixuk“)ﬁ([ﬂ. (2.26)

Here, k* = K = (w, k)T is the wavenumber 4-vector, with w being the frequency and k
the wavenumber 3-vector of the fluctuation, and z# = X = (¢, X)T is the usual space-time
coordinate 4-vector.

Let us define the covariant variables

Q=ulk,, r"=AVEk,, (2.27)

where (2 is the frequency of the perturbations in the local rest frame of the
background fluid while s* is the corresponding wavenumber 4-vector. The linearized
conservation laws (2.18) — (2.20) can then be written in Fourier space in the simple form

Q02 + (20 + Po) k0@ = 0 , (2.28)
(c0 + Py) Q" — * (515 + 5ﬂ) YR, 0T =0 (2.29)
Qén + nok, 0 + K,00" =0, (2.30)

and the linearized equations of motion (2.21) — (2.23) for the dissipative currents become

(14 imQ) ol = —iCk, 00", (2.31)
(1+1im,Q)on" = ixrtéa, (2.32)
2
(1+1i7,:Q) o7 = in (ka”éﬁ” + kVout — gAg”m&])‘) : (2.33)
We further define the scalar x as the modulus of k*, k,r" = —k?. Note that the usual

dispersion relation of perturbations in a fluid, w (k) (with w = "), is not a Lorentz scalar
and will change depending on the magnitude of the background velocity uf.

2.2.1 Tensor decomposition in Fourier space

It is also convenient to decompose the perturbations into components parallel and or-
thogonal to x*. For this purpose we introduce another projection operator, now onto
the 3-space orthogonal to <*,

AR = g 4 GPRY (2.34)
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2 Linear Stability and Causality

where A* = K*/k is a space-like 4-vector normalized to #,~* = —1. Within this scheme,
an arbitrary 4-vector A* is decomposed as

Al = Ajit 4 AR (2.35)

with components A = —&, A" and A" = A#*A,. We shall refer to A as the longitu-
dinal component of the corresponding 4-vector and A/ as its transverse component.
Similarly, an arbitrary traceless, symmetric second-rank tensor, A", is decomposed as

A
AW = ARt R+ ?”A;‘” AR+ AV A (2.36)

with Ay = ##RY A, A} = —RYAM A, and A1 = AP A5 where we defined the rank-
4 symmetric, traceless projection operator A% = L(ALCAYS 4 AP ATY) — L AAYP I
this case, A is the longitudinal component of the tensor, A" corresponds to its partially
transverse component, and A" is its fully transverse (traceless) component.

2.2.2 Longitudinal and transverse components

We now project Egs. (2.28) — (2.33) onto their components longitudinal and transverse
to &*. This is useful because the longitudinal and transverse projections of the equations
decouple from each other, and can be solved independently to obtain the dispersion re-
lations satisfied by the perturbations. We first consider the equations for the longitudinal
components of the fluctuations.

First, we note that Eqs. (2.28), (2.30), and (2.31) are already written in terms of lon-
gitudinal perturbations since they describe perturbations of scalar quantities, i.e., energy
density, net-charge density, and bulk-viscous pressure. The longitudinal component of
Eqgs. (2.29) and (2.32) are obtained by projecting each equation onto &, while the longi-
tudinal component of Eq. (2.33) is obtained by projecting it onto %,&,. The result is a
set of coupled equations for the perturbations 6¢, 6P, 67, @, oty O1I, ony, and 07,

Q¢ — K (80 + PO) 51]“ =0, (2.37
(€0+P0)Q(5?1||—H((Sp-i-dﬂ-i-(sﬁ'”) =0, (
Qoén — K (TLO(;QH + (WL”) =0, (

(1 + im0 €2) 6T1 — i¢wdiy = 0, (2.40
(1 +47,92) dny| — i =0, (
(

4
(1+i7:Q2) o) — ginH(SfLH =0.

Exercise 2.2: Prove Egs. (2.37) — (2.42).

The fluctuations of energy density, net-charge density, and pressure can be converted
into fluctuations of inverse temperature and thermal potential, 63 and da, respectively.
Solving these equations leads to six different modes of the theory, two of them related
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2.2 Linearized fluid-dynamical equations in Fourier space

to the propagation of sound waves, one related to the diffusion of net-charge
density fluctuations, and the remaining three being new non-propagating modes due
to fluctuations of the dissipative currents that are not allowed in Navier-Stokes
theory. The latter modes are non-hydrodynamic, i.e., they are modes that do not vanish
when the wavenumber is taken to zero, and describe the relaxation of the dissipative
currents back to global equilibrium. Such modes were thought to never exist in
fluid-dynamical theories, but we shall see that they are required in the relativistic
regime in order to restore causality — and that they even appear in Navier-Stokes
theory in the relativistic regime.

The equation of motion for the transverse component of the velocity field is obtained by
projecting Eq. (2.29) with Aﬁu while the equation of motion for the partially transverse
component of the shear-stress tensor is obtained by projecting Eq. (2.33) with &,A2,.
The resulting equations are coupled,

(g0 + Py) Qou), — ko7, = 0, (2.43)
(1+i7,Q) 077 —inkéd, = 0. (2.44)

Exercise 2.3: Prove Egs. (2.43) and (2.44).

Such transverse modes are usually referred to as shear modes, since they do not dis-
play any contributions from bulk-viscous pressure or diffusion 4-current. They describe
the diffusion of the velocity field and, as long as the relaxation times remain finite,
they also contain a non-hydrodynamic mode. Since d@/] and 07/ carry a total of four
independent degrees of freedom, each mode obtained from the above equations will have
a twofold degeneracy.

Finally, we have the two equations of motion for the transverse fluctuation of the
diffusion 4-current and the fully transverse fluctuation of the shear-stress tensor, also
containing two modes each,

(1+ir,Q)0n) = 0, (2.45)
2
(1 +im,Q) 0777 = ymww(Af—amm@. (2.46)

The first equation is obtained by projecting Eq. (2.32) with Aéu while the second equation
is obtained by projecting Eq. (2.33) with A%?

Ruv*

Exercise 2.4: Prove Egs. (2.45) and (2.46).

Equation (2.45) gives rise to a twofold degenerate mode,

0=—, (2.47)
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2 Linear Stability and Causality
which, in the rest frame of the global-equilibrium background, uwy = (1,0,0, O)T, has
no wavenumber dependence, i.e., it is non-propagating. Such a mode is obviously non-
hydrodynamic, i.e., it has a frequency that does not vanish when the wavenumber is
taken to zero in the local rest frame. It is purely imaginary, with positive imaginary
part, and thus related to the exponential damping of the dissipative currents towards the
equilibrium state. Such modes are rather simple and will not be discussed further.
Equation (2.46) also gives rise to a twofold degenerate mode. With the help of Eq.
(2.42) we can write this equation as

1
070° = = o) (Agﬁ - 3ugu§) , (2.48)

which shows that the fully transverse fluctuations of 7% simply follow the time depen-
dence of the longitudinal one. In the next sections, we discuss the solutions of the longi-
tudinal modes and the remaining transverse modes for ideal fluids, viscous fluids in the
Navier-Stokes limit, and for the complete transient fluid-dynamical equations.

2.3 ldeal fluid dynamics

The ideal-fluid limit is obtained by setting the viscosity and relaxation-time coefficients
to zero. In this case, one obtains the following set of equations for the longitudinal
perturbations

Q0E — (60 + P()) li(S’LNL” =0, (249)
(20 + Po) Qo1 — k6P =0, (2.50)
Qon — nokdiy =0, (2.51)

and one equation for the transverse velocity perturbation
(c0+ Fp) Qou/, =0. (2.52)

The set of equations for the longitudinal perturbations can be cast into the following
matrix form,

Oe Oe

Q5| Qi —(eo+ Fo)k 53
h%guo —E2 (50 + Pp) (?E} =0, (2.53)
on on

Q ‘9_58’% Q o2 N —Nok uj|

where the energy-density, net-charge density, and pressure perturbations were decomposed
in terms of inverse temperature and thermal-potential perturbations. Note that, for the
pressure perturbation, we have used Eq. (2.24).

The solution for the transverse mode is simply 2 = 0. The remaining modes from
the longitudinal fluctuations are obtained by finding the roots of the determinant of the
matrix in Eq. (2.53), leading to the following equation

Q- k%) =0, (2.54)
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2.3 Ideal fluid dynamics

where we identify the square of the sound velocity as

on| no sl -l sl -
@O e Vbl hle, T ly  Dowly o o
T 020l Do d0|  Ona|  _ Oea|  Omo
9Bo a0 Odap B0 Odap 5o 9Bo a0

Exercise 2.5:

(i) Prove Eq. (2.54) by explicitly computing the determinant of the coefficient matrix
in Eq. (2.53).

(ii) Prove Eq. (2.55) by applying the chain rule for Jacobi determinants, i.e.,

= . (2.56)

In the rest frame of the global-equilibrium state, i.e., uf = (1,0,0, O)T, the scalars Q
and x reduce to the usual frequency and wavenumber of the perturbations, respectively,
) = w and k = k. In this case, one recovers the well-known expressions for the modes of
an ideal fluid,

wk)=0, w(k)==+ck, (2.57)

i.e., a static mode and two sound modes, travelling with velocity ¢, forward and
backward with respect to the fluid at rest. The static mode appears because we included
net-charge fluctuations in the analysis. If one considers a system with zero net charge, the
static mode disappears, with the sound modes remaining in the same form as obtained
above.

For a nonzero background velocity (without loss of generality, we can always set the
velocity to point into the x—direction), ufy = (v,~V,0, O)T, we have Q = yw — yVk* and
K2 = 2 —k,k* =42 (wV — k*)*+k3. Naturally, a nonzero background velocity introduces
an anisotropy in the system, with the modes no longer depending on the modulus of
the wavenumber, but displaying a separate dependence on k* and kr = /k; + k2. For
the sake of simplicity, we consider waves traveling only in the x—direction, i.e., with
kr = 0, in which case the frequency will depend solely on k& = k*. Then the dispersion
relation is obtained by solving the equation

(wW=VE)[(1-V)w -2(1-) Vkw+ (VZ =) k*] =0. (2.58)

This equation has three solutions,

w(k) =Vk, (2.59)
V +e¢,
we(k) = Tk (2.60)
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2 Linear Stability and Causality

We see that the frequencies of oscillations are both linear in k. As expected, the mode
that previously vanished now starts to move with the background velocity. Meanwhile,
each sound mode has now a different propagation speed, expressed by the relativistic

velocity-addition rule
. Ve

Us T1x Ves
One mode is moving in the direction of the unperturbed fluid and the other in the oppo-
site direction. Naturally, the waves propagating against the flow of the background will
propagate slower than those moving in the same direction as the background fluid.

Exercise 2.6: Check that Eq. (2.60) is indeed a solution of Eq. (2.58).

05/11/2022

2.4 Relativistic Navier-Stokes theory

The modes related to relativistic Navier-Stokes theory are obtained from the expressions
derived in the previous section by taking the limit of vanishing relaxation times, 7, = 7, =
m = 0. In this limit, Eqgs. (2.40), (2.41), (2.42), and (2.44) dictate that the fluctuations
of the dissipative currents are expressed in terms of fluctuations of velocity and thermal
potential in the following way,

oI = iCkdiy, (2.61)

ony| = ixkda , (2.62)
4

577‘“ = gin/{&]” R (2.63)

67 = inKét) . (2.64)

The equations of motion (2.37) — (2.39) for the longitudinal perturbations then reduce

to
~ 4
(g0 + o) Qéﬂ” — KOP — iK? (C + 577) 51]” =0, (2.66)
Q6n — knoday — ik*»éa =0, (2.67)

while the transverse modes (2.43) satisfy the simple relation

Q—in?—"— ) st =0. 2.
( iK 50—|—P0> ' =0 (2.68)

There are no transverse perturbations of the diffusion current, while on account of Eq. (2.48)
the fully transverse perturbations of the shear-stress tensor follow that of the longitudinal
one, Eq. (2.63).
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2.4 Relativistic Navier-Stokes theory

2.4.1 Transverse modes

Let us first discuss the transverse (i.e., shear) modes since their dispersion relations are
more simple and easier to obtain. From Eq. (2.68), we can immediately infer that Q and
k obey a diffusion-type dispersion relation

Q= ir,K>. (2.69)

where we defined 0
= ) 2.70
7-77 £0 + PO ( )

We note that 7, is a time scale that naturally appears in the shear modes of Navier-
Stokes theory and encompasses all effects of dissipation on the transverse perturbations.
We shall soon demonstrate that this time scale is also related to the exponential growth
of unstable non-hydrodynamic modes that will appear when perturbing the theory in a
moving background. These unstable modes appear only due to the parabolic nature of the
relativistic Navier-Stokes theory, which ends up generating new modes in boosted frames.
When uy = (1,0,0, O)T, one simply obtains a non-propagating, exponentially damped

mode with twofold degeneracy,
w(k) = irk* . (2.71)

This relation is the same as the one obtained by solving the diffusion equation, with 7,
playing the role of the diffusion coefficient. That is, the shear modes simply describes a
diffusion process of the velocity field.

Now we consider propagation of shear perturbations in a moving background. As done
for the case of an ideal fluid, we choose our coordinate system in such a way that the
velocity of the background is in the xz—direction, i.e., ufy = (v,7V,0, O)T. We also only
consider the case of perturbations that travel in the z—direction, i.e., k" = (w,k,0, O)T.
The dispersion relation (2.69) then becomes

Y(w—=Vk) = iny*(wV —k)?
= 0 = WVt (L - 2Vk) W —Vk+k. (2.72)

YTy YTy

A nonzero background velocity has the effect of mixing the contributions of
frequency, w, and wavenumber, k, which are contained in the Lorentz scalars 2 and
k. Therefore, for a moving background the quadratic term in x in the dispersion relation
will not only carry contributions that are quadratic in k, as in the V' = 0 case, but will
also carry contributions that are quadratic in w. This leads to the appearance of the
quadratic term w?V? in the dispersion relation, producing an additional transverse
mode in the theory. The two solutions are

14 2V k£ /T 1 4V k
wik) = 20 T T AVTk/y (2.73)

2iyV2T,

The analytic solution in the limit of small wavenumbers, & — 0, is
i
w(k—0)= YWV2r, ' (2.74)
Vk+irk®/v* .
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2 Linear Stability and Causality

The second mode corresponds to the one of Eq. (2.71), since it tends to ik*7,, when the
background velocity goes to zero. On the other hand, the first mode is intrinsically new
and is non-hydrodynamic, non-propagating, and, because of a negative imaginary part,
unstable. This mode describes perturbations that grow exponentially on time scales of
the order of yV27,. This additional mode does not appear when the velocity of the unper-
turbed fluid is zero and, for this reason, this problematic feature of Navier-Stokes theory
remains largely unperceived in the literature. Nevertheless, the emergence of unstable
non-hydrodynamic modes in relativistic Navier-Stokes theory is a fundamental issue that
must be fixed, in order to obtain a relativistic theory of fluid dynamics. We remark that
this is a problem of the relativistic version of Navier-Stokes theory — the nonrelativistic
version of the theory is stable, even when perturbed around a moving global-equilibrium
state.

Exercise 2.7: Prove Egs. (2.73) and (2.74).

2.4.2 Longitudinal modes

Next, we consider the longitudinal modes. For the sake of simplicity, we restrict our
analysis to the limit of vanishing net-charge fluctuations. (This case is treated in Ref. [24]
for a vanishing net background charge). In this case, Egs. (2.65) and (2.66) simplify to

Q0 p 0c
=0 2.75

where we used the definition of sound velocity at zero chemical potential, ¢ = dP,/deo,
and defined the effective time scale

_ (Hgm
o o + PO ’

(2.76)

Teff

which plays a very similar role as the variable 7,, that appeared in the previous subsection
when discussing the shear modes. As before, the dispersion relations satisfied by the
perturbations are found by setting the determinant of the matrix in Eq. (2.75) to zero.
The equation satisfied by €2 and x then is

O —iregQR* — 2k* =0, (2.77)
In the case where the velocity of the unperturbed system is zero, i.e., uf = (1,0,0, O)T,
one simply has 2 = w and k = k and Eq. (2.77) simplifies to

2 1.2
W —itgwk® — 2K =0 = w(k)= iTe?Hlf +ky\/c2 — TEHT . (2.78)

These are the sound modes of the theory and they reduce to the solution found for ideal
fluids when 7.¢ = 0. Defining the critical wavenumber

kfs = 2¢4/Teft (2.79)
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2.4 Relativistic Navier-Stokes theory

Re /T
Im ®/T

0.8 1.2

Figure 2.1: The real parts (left panel) and the imaginary parts (right panel) of the disper-
sion relations for the longitudinal modes of Navier-Stokes theory for a static
background. We set 7. = 20p.

we see that for k < kY5 the sound modes have a part propagating with the reduced speed of
sound cgef = /2 — 72:k?/4 < ¢5. They also have a non-propagating part which describes
how such modes are damped by viscosity. On the other hand, for wavenumbers larger
than k > kN°, the frequencies become purely imaginary and there are no propagating
modes. In Fig. 2.1 we show the real (left panel) and imaginary (right panel) parts of w(k)
in units of temperature, for 7.4 = 20y.

The solution at small wavenumbers, £ — 0, can be written in the simple form

w(k) = ek + z%ﬁkz + Ok, (2.80)

from which we conclude that, to leading order, the sound modes propagate with the usual
speed of sound ¢y, damped by the effective specific viscosity Tez/2. On the other hand, at
large wavenumbers, k — oo,

w(k) = i%ﬁkﬂ (1£1)+0(1). (2.81)

That is, for large values of wavenumbers, the mode is either zero or appears to be purely
diffusive, w(k) ~ iTegk?.

For the same moving background as considered for the shear modes, uy = 7 (1, V0, O)T
and k* = (w, k, 0, O)T7 the dispersion relation (2.77) assumes the form

(W—kV)? —itegy (w—kV) (WV — k)’ =2 (wV —k)*=0. (2.82)

In this case, we observe that the term k2 in Eq. (2.77) will make the equation cubic
in w and, as happened with the shear modes, a new solution will emerge. It is easy to
see that such a new solution will be an unstable non-hydrodynamic mode. For this
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2 Linear Stability and Causality

purpose, one can just look for the solutions of the equation at k = 0,

1—c2v2
—1

w (]C = O) = Teff'YVQ ’ (283)
+0 .

The last two solutions are simply zero and can be identified with the usual sound modes
that already appeared when the unperturbed global-equilibrium state was at rest. The
additional solution does not vanish at £ = 0, i.e., it is a non-hydrodynamic mode, and has
a negative imaginary part, i.e., it is an unstable exponentially growing mode. Once more,
we see that relativistic Navier-Stokes theory is unstable when perturbed around
global equilibrium: a fundamental problem that simply cannot be ignored. In the next
subsection, we briefly discuss the origins behind this issue.

2.4.3 Causality and stability of Navier-Stokes theory

In the preceding subsections it was shown that relativistic Navier-Stokes theory is un-
stable, since perturbations on a moving fluid in global equilibrium grow exponentially,
within microscopic time scales of the order of 7, ~ 7oz ~ 1n/(¢g + ). This analysis was
performed fixing the direction of the background velocity to be in the z-direction and
only considering perturbations traveling in the same direction, i.e.,

uf = y(1,V,0,07 , (2.84)
k= (w,k,0,00" .

In this scenario, the covariant frequency, €2, and wavenumber, k, of the oscillations satisfy

Q = y(w-VEk), (2.85)
K2 = A (wV —k), (2.86)

which is equivalent to a 1+1-dimensional Lorentz boost with velocity V of a 4-vector
made of w and k. Therefore, for all practical purposes, the dispersion relation for modes
obtained for perturbations of a moving fluid can be obtained by applying a Lorentz
transformation to the same dispersion relation obtained for perturbations on a fluid at
rest. This can help us understand the connection between the acausal nature of the
theory and its perturbative instability when considering moving background fluids. We
shall make this argument also noting a connection between the modes of Navier-Stokes
theory, at asymptotically large values of wavenumber, and the dispersion relation of the
diffusion equation.

We already demonstrated in the previous subsections that, for perturbations of a static
fluid, both the transverse and longitudinal modes of Navier-Stokes theory behave in the
same way when k — 00, w (k) ~ iTegk?®/2 ~ i7,k?, being purely non-propagating modes
that are quadratic in k. This behavior is identical to the one found in the diffusion
equation (1.113), in which case there is a single non-propagating mode with dispersion
relation w(k) = iDk?, with D being the diffusion coefficient. It is well known that the
diffusion equation is acausal and, consequently, we conjecture that a k*-dependence of
any non-propagating mode can also be considered a sign of acausality.
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2.5 Transient theory of fluid dynamics

Now we show that the parabolic nature of diffusion-like dispersion relations (given by
their quadratic dependence on k) will lead to additional modes once a Lorentz transforma-
tion is performed. Let us consider the Lorentz boost of a 4-vector with time-component
w and spatial component k in boost direction,

w\ v =V W\ [ W —=AVE
(k)_(—vV gl )(k’)_(—va’ﬂk’ ’ (257
Then, we substitute the boosted variables into the diffusion dispersion relation, which
changes in the following way

w=1iDk® — W —VK =inD(K - V') . (2.88)

It is straightforward to see that, in the limit of vanishing k', there is always a non-
hydrodynamic mode given by
i
" =0)=———+ 2.89
S =0) =~z (289)

which has a negative imaginary part, i.e., it is exponentially growing and thus
unstable. Note that all unstable modes obtained so far in Navier-Stokes theory have the
structure above, i.e., at k = 0 they always look like boosted modes of the diffusion equa-
tion. In this sense, it is not too surprising that a theory with parabolic, diffusion-type
modes in a non-moving background will end up featuring unstable modes in a mov-
ing background. Naturally, non-relativistic theories will never display this property
since the modes transform following Galileo’s transformation, which never mixes
frequency and wavenumber.

It is important to note how the structure of Lorentz boosts ends up connecting the
infinite-wavenumber behavior of a mode in a static background (usually considered
to be irrelevant for macroscopic dynamics) with the vanishing-wavenumber behavior
of the same mode in a moving background. This is partially why the acausality of
a mode, which is an asymptotic feature, can affect its stability, which is a feature
influencing the small-wavenumber behavior of the fluctuation. This is certainly an
interesting aspect of relativistic theories.

Finally, we shall see in the next section that a transient theory of fluid dynamics does
not display any non-propagating modes that match those of the diffusion equation. Also,
we shall see that intrinsically unstable modes do not exist — the modes can be rendered
stable as long as the transport coefficients satisfy a set of conditions that will be derived
below.

2.5 Transient theory of fluid dynamics
We now analyze the modes of the complete theory, which includes the effect of the relax-

ation times. For the sake of simplicity, we shall perform this analysis neglecting contri-
butions from net-charge fluctuations and in the conformal limit (vanishing bulk-viscous
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2 Linear Stability and Causality

pressure, 611 = 0, and vanishing bulk viscosity, ¢ = 0). In this case, Egs. (2.37), (2.38),
and (2.42) for the longitudinal fluctuations simplify to

Q0 — K (50 + Po) 5’L~L|| =0, (290)
(g0 + Po) Qo0 — K (c206 + 7)) =0, (2.91)
(14 i7:Q2) (57~TH — %inﬁéﬂ” =0. (2.92)

The remaining equations for the shear modes do not change under these assumptions and
are still given by Eqgs. (2.43), (2.44), and (2.46). As already discussed above, the solution
of Eq. (2.46) is already determined by Eq. (2.92) and does not need to be addressed
further.

2.5.1 Transverse modes in the rest frame

The equations of motion (2.43), (2.44) for the transverse (i.e., shear) modes can be cast
into the following matrix form

~ g
. " gﬂf =0 (2.93)
—iTyk 14 17,Q 1 - '
€o -+ Pg

leading to the following the dispersion relation,
Q1 +i7,Q) —it,x* =0. (2.94)

Naturally, this equation will have two solutions in both the moving background and the
one at rest, since its highest power in  is the same as its highest power in x, i.e., k2.
When the background fluid is at rest, i.e., when we set ufy = (1,0,0,0)7, the dispersion
relation becomes
w(1+itw) — it k* =0, (2.95)

with two distinct solutions

bhear
W :§;im/”¢ e , (2.96)

where similarly to Navier-Stokes theory we defined a critical wavenumber
thear = 1 ]
VAT
We see that, due to the nonzero relaxation time 7,, the transverse shear modes become
propagating for k > x5 with propagation speed \/7,/T. \/ 1 — (k3hear /k)?. They also
have a nonvanishing imaginary part, describing damping on a time scale ~ 27,.
At small wavenumbers, k — 0, the shear modes become
it k* + O(k*)
i
—+O(k?) .
o)

™

(2.97)

w(k = 0) = (2.98)
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2.5 Transient theory of fluid dynamics

We see that, for transient theories of fluid dynamics, we already have a non-hydrodyna-
mic mode, even for perturbations on a background that is at rest. But such a mode is
stable and decays exponentially to zero within a time scale 7, — the new transport
coefficient introduced when constructing transient theories of fluid dynamics. The other
mode is hydrodynamical and, at small wavenumbers, is identical to the one obtained from
relativistic Navier-Stokes theory. Therefore, at small wavenumbers, the transient theory
is very similar to Navier-Stokes theory, the only difference being the appearance of a
damped - and therefore stable — non-hydrodynamic mode ~ i/7;.

At large values of the wavenumber, k& — oo, the solution becomes

w(k — c0) = j:\/gk +0O(1) . (2.99)

We see that this mode is linear in the wavenumber and, contrary to Navier-Stokes theory,
the order of the dispersion relation in powers of frequency will not be modified by a
Lorentz boost. As discussed, this asymptotic behavior of the mode may provide a
causal and stable mode.

Rew/T
o

Ao S k|

k/T k/T

Figure 2.2: The real parts (left panel) and the imaginary parts (right panel) of the disper-
sion relations for the transverse modes in a static background. We fixed the
relaxation time as 7, = 67, and n/sy = 1/(4m). Figure taken from Ref. [5].

In Fig. 2.2 we show the real (left panel) and imaginary (right panel) parts of the
transverse modes in units of temperature. In this plot, we parametrize the relaxation
time as 7, = 67, [7] and fix the shear viscosity to be n/sp = 1/(4w), a value usually
associated to strongly coupled conformal fluids [25].

The dispersion relations for the shear modes resulting from Eq. (2.96) change their
behavior from non-propagating to propagating at the critical wavenumber (2.97), as shown
in Fig. 2.2. In this sense, it may be instructive to address the issue of causality by looking
at the group velocity of such propagating modes. For wavenumbers larger than xhear,
the (modulus of the) group velocity of the propagating shear mode is

ORew(k) k / kshear
vy (k) = LS e c , 2.100
g( ) ok g,shear \/(k/ﬁihear)2 1 ( )
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Figure 2.3: The group velocity for the transverse mode for 7, = 67,, ¢ = 1/3, and
n/so = 1/ (4m) (full line), 1/4 (dashed line), and 1 (dotted line). Figure taken
from Ref. [5].
where we defined the asymptotic group velocity of this mode,
Tn
as =,/ 2.101
Ug,shear T ( )

as the asymptotic value of v, in the large-wavenumber limit. The group velocity as a
function of the wavenumber is shown in Fig. 2.3.

We can see from Eq. (2.100) (and also from Fig. 2.3) that the group velocity diverges
near the critical wavenumber k. and approaches its asymptotic value (k — oo) from
above. For certain choices of shear relaxation time and viscosity, it may thus happen that
the group velocity becomes superluminal. In Sec. 2.5.4 we shall show that this apparent
violation of causality of the group velocity does not cause the theory as a whole to
become acausal. The necessary condition required in order to insure that the theory is
causal is actually that the asymptotic group velocity (2.101) does not exceed the

speed of light,
e w(k

klg]go aRa—k() = Uy chear < 1 - (2.102)
This condition, which we shall refer to as asymptotic causality condition, is not auto-
matically satisfied by the linearized Israel-Stewart theory. It actually must be imposed
additionally, leading to the following constraint that must be satisfied by the shear relax-
ation time (if the effects of bulk-viscous pressure and net-charge diffusion were included,
also additional constraints for the relaxation times related to these quantities would have

been obtained [4, 19]),

7'77 n
A<l = 1> . 2.103
Te 7 T g+ Fy ( )

That is, the relaxation time must be larger than the time scale 7,,.

When analyzing the longitudinal (sound) modes, we shall find that the causality condi-
tion (2.103) is actually not sufficient to guarantee the stability and causality of the sound
modes. Since all modes must be causal and stable, the validity of Eq. (2.103) does not
guarantee the causality of the linearized theory as a whole.
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2.5 Transient theory of fluid dynamics

2.5.2 Longitudinal modes in the rest frame

The equations of motion (2.90) — (2.92) for the longitudinal modes can be cast into the
following matrix form

Q —K 0 0¢
o + P()
—k 0 —K ouy| =0, (2.104)
0 —iTegk 1+ 1782 m

with the dispersion relations being given by
(9% — k%) (1 +i7,82) — iTen k% = 0. (2.105)

Naturally, this equation will have three solutions in both the moving background and the
static one, since its highest power in frequency, 03, is the same as its highest power in

both & and €, which is Q2.

Exercise 2.8: Prove Eq. (2.105) by computing the determinant of the coefficient matrix
in Eq. (2.104).

When the unperturbed fluid is at rest, the dispersion relation becomes
(w? = ZK?) (1 + iTpw) — iTegwk® = 0. (2.106)

The longitudinal modes are the solutions of a cubic equation, which cannot be expressed
in a simple analytical form. In the following, we initially restrict our discussion to the
limiting form of these modes for k& — 0 and k — oo, respectively. The analytic solution
in the limit of small wavenumber k is

wk)=1{ Tr (2.107)
+e, k+1 %ﬁ k.

The first solution is obtained by setting k£ = 0 in Eq. (2.106), while the second is obtained
by assuming that w ~ k < 7!, thus mapping Eq. (2.106) onto Eq. (2.78).
On the other hand, for large wavenumber one obtains from Eq. (2.106)

. —1
i [1 + 7_eﬂ;:| ’
wk)y=4 G . — (2.108)
tek 1+t 4 b4 IS
TeC2 27, Teff

This corresponds to one non-propagating mode and two propagating (sound) modes. As
observed for the transverse modes, at small wavenumber the longitudinal propagating
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Figure 2.4: The real parts (left panel) and the imaginary parts (right panel) of the disper-
sion relations for the sound modes (full lines) and the non-propagating mode
(dashed line). The parameters are n/sy = 1/(47), 7, = 67,, ¢2 = 1/3. Figure
taken from Ref. [5].

modes are exactly the same as the ones obtained from Navier-Stokes theory. Also, we
note that all imaginary parts are positive and therefore all longitudinal modes are stable
(as it was the case for the transverse modes).

Exercise 2.9: Prove Eq. (2.108).

(Hint: For the first solution, assume w? < c?k? in the first term of Eq. (2.106). The
second solution can be obtained via perturbation theory. To this end, first consider Eq.
(2.106) to leading order in w and k. Show that the solution of the leading-order equation
gives the first term in Eq. (2.108). Then consider corrections to this solution. Linearize
Eq. (2.106) in these corrections and determine them in the limit of large wavenumber.
This gives the second term in Eq. (2.108).)

The non-propagating mode does not have a real part, Rew = 0, and, hence, we can-
not discuss the causality of this mode using the group velocity. This is similar to what
happened in Navier-Stokes theory, where all modes became purely imaginary above a
critical wavenumber. For this reason, we analyze this mode by comparing it to the mode
of the diffusion equation (1.113) — the same procedure adopted with Navier-Stokes the-
ory. As already stated, the diffusion equation is known to be acausal and has a single
non-propagating mode with dispersion relation w = iDk?. We have already demonstrated
that such a k?-dependence in any non-propagating mode (even if in the limit of infinite
wavenumber) will lead to unstable non-hydrodynamic modes once boosted to a moving
frame. However, the non-propagating mode (2.108) is independent of & in the asymp-
totic limit (cf. Fig. 2.4) and should not lead to acausal signal propagation. Furthermore,
this lack of dependence on the wavenumber leads to a dispersion relation that is well
behaved under Lorentz transformations, i.e., no additional mode will appear when k* is
boosted.

The dispersion relations resulting from Eq. (2.106) are shown in Fig. 2.4, and the
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Figure 2.5: The group velocity of longitudinal modes for n/sy = 1/(47), ¢ = 1/3, and
7, = 67, (full line), 7 = 27, (dashed line), as well as 7, = 37,/2 (dotted line).
Figure taken from Ref. [5].

corresponding group velocity in Fig. 2.5. The group velocity has a maximum for a finite
value of k/T and approaches its asymptotic value (k — oo) from above. But it does not
diverge for any finite value of k, as happened with the group velocity for the shear modes.
We see that for small values of the ratio 7, /7, the group velocity can become superluminal
in some wavenumber domains. Nevertheless, as will be discussed in Sec. 2.5.4, this is not
necessarily a problem since only the asymptotic value of the group velocity determines
whether the mode as a whole violates causality or not. However, if 7, /7.4 is sufficiently
small, even the asymptotic group velocity can become larger than the velocity of light. As
a matter of fact, the asymptotic value of the group velocity for the longitudinal

modes is
ORew Toff
=ce4./1+

as li
= lm
g,sound P 9k’

v (2.109)

T2
Consequently, for the asymptotic group velocity of sound waves to be less than the speed
of light, 7, and 7.¢ should satisfy the following asymptotic causality condition [14]:

Tt 2, (2.110)

Tr

This is similar to the causality condition for the group velocity in the case of bulk viscosity,
found originally in Ref. [4]. For conformal fluids, where ¢? = 1/3, the condition (2.110)

simplifies to

a2
Tt < 2 (2.111)
T 3

Since for conformal fluids ¢ = 0, we also have 7.4 = 47, /3, and thus

™~
Tre

1
— 2.112
2 ) ( )

which is more restrictive than the asymptotic causality condition (2.103) for the shear
modes.
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2 Linear Stability and Causality

2.5.3 Stability for a moving background

So far, we have studied the dispersion relations of transient fluid dynamics for pertur-
bations on a fluid at rest. In this scheme, it was demonstrated that such theories are
stable, and also causal, if the relaxation times satisfy a certain asymptotic causality
condition. Now we must check if this situation changes when we consider perturbations
in a moving (or Lorentz-boosted) background — in Navier-Stokes theory, this completely
changed the behavior with the appearance of unstable non-hydrodynamic modes.

We consider the same moving background used when analyzing the longitudinal and
transverse modes of Navier-Stokes theory, which we parametrized as uj, = (1, V0, O)T
and k" = (w, k,0, O)T. This corresponds to fluctuations traveling parallel to the back-
ground velocity. The dispersion relation for the transverse modes, Eq. (2.94), transforms
to

(W= VE)[1+iy7s (w— VE)] —imyy (WV —k)>=0. (2.113)

where we used Eqs. (2.85) and (2.86). This is a quadratic equation and, consequently, it
has two solutions, each with a twofold degeneracy. These are

1 ‘ ‘
we (k) = m [z — 29(1y) — T)kV £ /=1 — diy =17, Vk + 4y 27,7, k2
(2.114)
Exercise 2.10: Prove that Eq. (2.114) is the solution of Eq. (2.113).
At k =0, it is straightforward to see that the two solutions simplify to
0,
w(k=0)= i (2.115)
V(e = V27)

which agree with the solution (2.98) in a non-moving background (V' = 0) and with the
results obtained from Navier-Stokes theory in a moving background, Eq. (2.74), when 7,
is set to zero. The main and fundamental difference is that the non-propagating mode
that appears in Navier-Stokes theory, when perturbed around a moving fluid, always has a
negative imaginary part. As can be seen from the expression above, it is the introduction
of a shear relaxation time that makes it possible to change the sign of the imaginary part of
such a non-propagating mode. As a matter of fact, we observe that, as long as 7, > 7, this
mode is always stable: a condition that coincides with the asymptotic causality condition
(2.103). So we see once more, in a more practical setting, the connection between causality
and stability.

Similarly, the dispersion relation for the longitudinal modes, Eq. (2.105), transforms to

[(w— Vk)? - (wV — k)Q] (14 iy7y (w — VE)] — iy7es (w — V) (WV —k)* =0
(2.116)
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2.5 Transient theory of fluid dynamics

This equation is cubic and has three solutions, which are too long to write down in this
context. Once more, we restrict ourselves to study the solution at & = 0, where the
instability of the non-propagating modes was already obvious in Navier-Stokes theory
(for a moving background). In this case,

40,
w(k=0)= i(1—c2V?) (2.117)
Y re (1= 2V2) — g V2]

Exercise 2.11: Prove that Eq. (2.117) is a solution for Eq. (2.116) for k£ = 0.

This is very similar to what we found for the shear modes. We have one non-vanishing
solution, corresponding to the mode that was unstable in Navier-Stokes theory, see Eq.
(2.83), which agrees with the above when setting 7, =. We see once more that a non-
vanishing shear relaxation time 7, can render this mode stable. For any value
of 0 <V < 1, if g < 7,(1 — ¢?), the imaginary part of this mode will always be
positive and, thus, it will be linearly stable. This condition corresponds to the asymptotic
causality condition (2.110) derived for the longitudinal modes for a background fluid at
rest, confirming that, once causality is assured, the boosted fluctuations will be stable.

In Fig. 2.6, the dependence of the group velocity on the wavenumber is shown for
various values of the boost velocity V. The left panel shows the behavior of one of the
shear modes and the right panel one of the sound modes. The parameter set used here
is n/so =1/ (4r), 7 = 67, ¢ = 1/3, which satisfies the asymptotic causality condition.
We observe that the divergence of the group velocity of the shear mode in the rest frame is
tampered by the movement of the unperturbed fluid, resulting in a peak of finite height.
However, the group velocity may still exceed the speed of light in a certain range of
wavenumbers. Nevertheless, we note that as we increase the velocity of the unperturbed
fluid, the peak height gradually diminishes, until the group velocity remains below the
speed of light for all wavenumbers. However, the same does not occur with the longitudinal
group velocity, which we found to be superluminal in some ranges of wavenumber even
when the velocity of the unperturbed fluid becomes close to the speed of light.

Although the group velocity of the shear or the sound mode may exceed the speed of
light, the theory is still stable as long as the asymptotic causality condition is fulfilled.
This is demonstrated in the left panel of Fig. 2.7, where the imaginary parts of the modes
are shown for the parameter set n/sy = 1/ (47), 7 = 67, ¢2 = 1/3. We observe that all
imaginary parts are positive, indicating the stability of the theory.

In contrast to the case where the background fluid is at rest, where the theory was
found to be stable even for parameters which violate the asymptotic causality condition
(2.110), this is no longer the case for perturbations performed on a moving fluid. In the
right panel of Fig. 2.7, the imaginary parts of the modes are calculated with the parameter
set n/sop =1/ (47), 2 =1/3 and 7, = 7, — the latter violating the causality and stability
conditions derived in this section. Now one observes the appearance of negative imaginary
parts, indicating that the theory becomes unstable.
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Figure 2.6: The group velocity calculated for one of the shear modes (left panel) and one
of the sound modes (right panel). We set n/sy = 1/(4x), 7, = 67,,¢2 = 1/3.
The solid line is for a boost velocity V' = 0.05, the dashed line for V' = 0.4
and the dotted line for V' = 0.99, respectively. Figure taken from Ref. [5].
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Figure 2.7: The imaginary parts of the dispersion relations for a boost in z-direction
with velocity V' = 0.9. The left panel shows the results for the parameter
set /sy = 1/(4m), 7» = 67, ¢ = g, which fulfills the asymptotic causality
condition, while the right panel is for /sy = 1/(4w), 7= = 7, ¢ = 3, which
violates this condition. The dashed lines are for the shear modes, while the
solid lines are for the sound modes. Figure taken from Ref. [5].
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2.5 Transient theory of fluid dynamics

2.5.4 Causality of wave propagation

In the preceding discussion we have seen that transient theories of fluid dynamics can be
designed to be stable as long as the transverse and longitudinal modes fulfill asymptotic
causality conditions. In this section, we shall show that the causality of the theory as a
whole is guaranteed if the asymptotic stability condition is fulfilled. The group velocity
may become superluminal, or even diverge, as long as this apparent violation of causality
is restricted to a finite range of wavenumbers. The argument leading to this conclusion
is analogous to that of Sommerfeld and Brillouin in classical electrodynamics
[26, 27]. For instance, in the case of anomalous dispersion the group velocity may become
superluminal, but the causality of the theory as a whole is not affected.

The change in a fluid-dynamical variable induced by a general perturbation is given by

0X(x,t) = Z/dw g(j(w) elt=iki@e (2.118)
J

where 60X (z,t) stands for de, dut, or é7*”. The index j denotes the different modes,
i.e., the shear modes, the sound modes etc. The function k;(w) is the inverted dispersion
relation w;(k) of the respective mode. The Fourier components are given by

Zcf)’(j(w) _ 1 /OO dt6X(0,t)e ™", (2.119)

2m J_ o

We assume that the incident wave has a well-defined front that reaches z = 0 not before
t =0. Thus 6X(0,¢) = 0 for ¢ < 0. This condition on 6.X(0,¢) ensures that > 6.X ;(w)
is analytic in the lower half of the complex w—plane [26]. On the other hand, in
Secs. 2.5.1, 2.5.3 we have found that the group velocity of the shear modes diverges for
certain values of k. These divergences correspond to singularities in the complex w—
plane. However, if the asymptotic causality condition is fulfilled, the imaginary part of
the dispersion relation is always positive, i.e., the singularities only appear in the upper
half of the complex w—plane. In this case, the system is also stable. On the other
hand, if the asymptotic causality condition is violated, the singularities may appear also
in the lower half-plane, i.e., for negative imaginary part of the dispersion relation,
and the system is unstable.

We shall now demonstrate that the divergences in the group velocity do not violate
causality as long as the asymptotic causality condition is satisfied, i.e., as long as the
asymptotic group velocity remains subluminal. To this end, we compute Eq. (2.118) by
contour integration in the complex w—plane. To close the contour, we have to know the
asymptotic behavior of the dispersion relations. In our calculation, we found that the real
part of the dispersion relation at large k is proportional to k (see Egs. (2.99) and (2.108)),

with a coefficient which is the large-k limit of the group velocity, i.e., v},

lim Re w;(k) = vi5k . (2.120)

k—o00
Then, in the large-k limit, the exponential becomes
expliwt — ik;(w)x] — exp {—i % (z — v t)} : (2.121)
v
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In the case x > v5t, we have to close the integral contour in the lower half-plane. If
the asymptotic causality condition is fulfilled, there are no singularities in the lower
half-plane, and Eq. (2.118) vanishes. On the other hand, the contour should be closed
in the upper half-plane if z < vj;¢. Then, because of the singularities, Eq. (2.118)
may have a nonzero value. However, as long as we choose a parameter set for which
the asymptotic group velocity v;} is smaller than the speed of light, i.e., for which the
asymptotic causality condition is fulfilled, the signal propagation does not violate
causality, since the locations x where the disturbance has travelled lie within the cone
given by vg7, which, in turn, lies within the lightcone, g.e.d.

To conclude this section, we have shown that the asymptotic causality condition
not only implies stability in a general (Lorentz-boosted) frame, but also causality
of the theory as a whole.

2.6 Summary

In this chapter, we discussed the properties of linearized fluid-dynamical equations around
global equilibrium. The main goal was to determine whether hydrodynamic fluctuations
around global equilibrium are stable and causal — two fundamental properties that any
physical description should satisfy. We investigated these issues for ideal fluids and the
two formulations of relativistic dissipative fluid dynamics considered so far in this book:
Navier-Stokes theory and transient fluid dynamics (usually represented in the form of
Israel-Stewart theory).

First, we studied the linear properties of ideal fluids and recovered all its basic and well-
known features. In this case, transverse modes do not appear and the longitudinal modes
are purely propagating, describing the propagation of sound waves. The velocity of sound
of relativistic fluids was then obtained, and given by the (square root of the) derivative
of the pressure with respect to the energy density, at fixed entropy per particle (or per
net-charge). All modes in ideal fluid dynamics are stable and the theory is causal, as long
as the velocity of sound ¢, < 1 — a property that is satisfied by all known microscopic
theories.

Next, we discussed the linear properties of relativistic Navier-Stokes theory. When
investigating perturbations performed on a fluid that is initially at rest, the linear prop-
erties of relativistic Navier-Stokes theory essentially reduce to those of its non-relativistic
version. In this case, transverse modes do appear and describe the diffusion of the velocity
field due to viscosity. The longitudinal modes still display the propagation of sound waves,
which now exhibit diffusion-type damping due to the shear and bulk viscosity of the fluid.
Nevertheless, novel striking features of a relativistic version of Navier-Stokes theory ap-
pear when considering perturbations on a moving fluid. In this case, we demonstrated
that unstable non-hydrodynamic modes, which simply do not exist in the non-relativistic
Navier-Stokes theory, appear in both the transverse and longitudinal degrees of freedom.
The existence of such unstable modes renders the general global-equilibrium solution of
relativistic Navier-Stokes theory linearly unstable, posing a fundamental problem to the
application of this theory to describe any relativistic fluid existing in Nature. It is this
fundamental problem that the transient theories of fluid dynamics, constructed in the
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previous chapter, aim to correct.

We then investigated the transverse and longitudinal modes of (second-order) transient
fluid dynamics and demonstrated that such theories can be constructed to be causal
and stable, at least when perturbed around global equilibrium. We argued (and later
proceeded to demonstrate) that as long as the asymptotic value of the group velocity
remains subluminal, v}® < 1, the theory is causal. We have shown that the condition
vy® < lis equivalent to the requirement that the relaxation time scale 7, must not be
smaller than the ratio 7eg/(1 — ¢2), where 7eg ~ /(g0 + Py) ~ Bon/so Thus, second-order
transient theories of fluid dynamics are not per se stable and causal; they may become
unstable and acausal if this condition is violated. This is an important conclusion
for practitioners of fluid dynamics, who frequently consider 7, and the shear viscosity-to-
entropy density ratio 1/sq to be independent from each other. We have demonstrated that
this is not the case if one wants the theory to remain causal. These findings also illuminate,
from a different perspective, why Navier-Stokes theory violates causality, because there
7. — 0, while  remains nonzero. Therefore, transient theories of fluid dynamics, such
as Israel-Stewart theory, can actually be successfully applied to describe the dynamics of
relativistic fluids.

We finally recounted a time-honored argument from electrodynamics, proving that
causality of a theory is guaranteed if the large-wavenumber limit of the group velocity
remains subluminal. Thus, a divergence of the group velocity at some finite wavenumber,
which actually occurs for some modes of transient fluid dynamics, does not necessarily
imply that the theory as a whole becomes acausal.
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3 Fluid Dynamics from Kinetic Theory:
Traditional Approaches

In Chapter 1 we have investigated how the equations of relativistic dissipative fluid dy-
namics can be derived phenomenologically, and in Chapter 2 we have discussed their
basic linear properties around equilibrium. In the remainder of this lecture series, the
derivation of relativistic dissipative fluid dynamics from a microscopic theory, in this
case the relativistic Boltzmann equation, will be carried out in great detail. In this
chapter, we start addressing this topic by discussing the two most widespread methods
usually employed to derive relativistic fluid dynamics from the Boltzmann equation: the
Chapman-Enskog expansion [1] and the method of moments as proposed by
Israel and Stewart [2, 3, 4].

This chapter is organized as follows: In Sec. 3.1 we briefly introduce the Boltzmann
equation and discuss how the fluid-dynamical degrees of freedom are defined in this setting.
In Sec. 3.2 we introduce Chapman-Enskog theory and derive the fluid-dynamical equations
following this procedure. In Sec. 3.3 we discuss Israel’s and Stewart’s original derivation
of transient fluid dynamics and the differences to Chapman and Enskog’s approach.

3.1 Matching fluid-dynamical with kinetic degrees of
freedom

We start with the relativistic Boltzmann equation for the single-particle distribu-
tion function fi,

K0, fi = C[f] - (3.1)

Here, the 4-momentum of a particle is k* = (k% k)T, with £° = v/k2 + m? being the on-
shell energy and m its mass. For the collision term, we consider only binary elastic
collisions,

clf =2 / AK'dPAP' Wiggsppr ( Fofor fifir — fiti T fp,) , (3.2)

v
where v is a symmetry factor (= 2 for identical particles), Wiy —pps is the Lorentz-
invariant transition rate, and dK = dy.;d®k/ [(27)2k°] is the Lorentz-invariant mo-
mentum-space volume, with dg.¢ being the number of internal degrees of freedom. We
introduced the notation

Jk=1—afy, (3.3)

where a =1 (a = —1) for fermions (bosons) and a = 0 for a classical gas.
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

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

Jic,
NE = () |
T (kR (3.5)

where the angular brackets are defined as

()= [dK () fe (3.6)

i.e., a momentum-space average with the distribution function fy as weight factor.

3.1.1 Macroscopic conservation laws

The macroscopic conservation laws are expressed in terms of continuity equations.
They can be obtained using basic properties of the collision operator, as will be derived
in this subsection. To this end, it is convenient to consider the following set of integrals
of the collision operator,

[k Gl = [ KK aPP Wiaar oG (Fofirfife = fibelofir) (1)

14

where Gy is an arbitrary function of the 3-momentum k. The function Gy can be a
Lorentz-tensor of arbitrary rank.

We now use a set of properties satisfied by the transition rate, Wy _,pp. First, we note
that Wi _pp is invariant under the exchange k <+ k' or p <> p’, i.e.,

Wik —pp' = Wirkospp' = Witkosp'p - (3.8)

In other words, the transition probability per unit of time from an initial state (particles
before the collision) to a final state (particles after the collision) cannot depend on which
particle carries the incoming momentum k or kK’ or the outgoing momentum p or p’. This
property allows us to rewrite the collision integral (3.7) in the following form

Gx + Gy

1
/ dK G C[f] = = / AKAK'dPAP' Wiggspp——

14

(foforfichie = fihiefolor) -

(3.9)
Next, we note that time-reversal symmetry further imposes that the transition rate is
invariant under the exchange kk’ <> pp/, i.e.,

Wkk/ﬁpp/ - pr’%kk/ . (310)

That is, collisions that change the momenta of the particles in the direction (k,k’) —
(p, p’) are as likely to happen as those that change the momenta in the direction (p, p’) —
(k,k’). If we impose this fundamental symmetry, we derive the following relation,

/ KGOl = / AK K dPAP Wiagppr (G + G — Gy — Go)

X (fpfp/fkfk’ - fkfk’fpfp’) . (311)
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3.1 Matching fluid-dynamical with kinetic degrees of freedom

Expression (3.11) for the collision integral (3.7) is very useful since it clearly shows that
it vanishes if Gy is a quantity that is conserved in microscopic collisions between
the particles. Such quantities are well-known in physics and are the 4-momentum, k*,
and the charge or, since we only consider binary elastic collisions, the particle number.
Thus, taking Gx = 1 or Gy = k*, we obtain

/dKC[f] ~ 0, (3.12)
/de“(J[f] _ 0. (3.13)

Since there are no other quantities which are conserved in particle collisions, no other
integral of the collision term vanishes — all other integrals will lead to finite contributions.

If we integrate the Boltzmann equation over 4-momentum K and use property (3.12) of
the collision operator, we arrive at the continuity equation related to particle-number
conservation (or net-charge conservation, if we consider processes that change the par-
ticle number),

/de“aufk:/dKO[f]:O e 9 UM =0N =0.  (3.14)

Similarly, if we multiply the Boltzmann equation by k£, integrate over K, and use property
(3.13) of the collision operator, we arrive at the continuity equation expressing energy-
momentum conservation,

/dK Kk O, fie = /dK KCIf]=0 <= 8, k'E)=0T"=0. (3.15)

As already mentioned, any other integral of the collision operator will not vanish and
hence, no additional conservation laws can be derived from the Boltzmann equation. We
note, for spin-zero particles, angular-momentum conservation is a consequence of energy-
momentum conservation, cf. Exercise 1.5, as long as the energy-momentum tensor is
symmetric — a property that is fulfilled by definition, cf. Eq. (3.5).

3.1.2 Fluid-dynamical variables and matching conditions

The particle current N* and the energy-momentum tensor T*” can be tensor-decomposed
with respect to the fluid 4-velocity u*. We introduce u* as the time-like, normalized
(uyut = 1) eigenvector of the energy-momentum tensor,

T, = eut | (3.16)

where the eigenvalue ¢ is the energy density. This choice of fluid velocity is tradition-
ally referred to as the Landau frame [5], see Sec. 1.3.3. Next, we divide the momentum
of the particles k* into two parts: one parallel and one orthogonal to u*,

k= Beut 4 kW (3.17)
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

where we defined the scalar
By = Kty , (3.18)
which is identical to the energy of the particle in the rest frame of the fluid, Ey =
krupr, = k° = vk? +m?, and used the notation A = APAY with AM the projection
operator onto the 3-space orthogonal to u* given by Eq. (1.25).
Then, the tensor decomposition of N# and T" reads

Nt = nu* +nt | (3.19)
™ = culu” — A" (Py+ 1) + 7 | (3.20)

where the particle density n, the particle-diffusion current n"”, the energy density
e, the shear-stress tensor 7*”, and the sum of thermodynamic pressure F, and
bulk-viscous pressure II are defined by

n= (B, = &P e = (B, o = (k") Py+ = _é (A ko) 5 (3.21)

where AW = AN AP with ALY as defined in Eq. (1.60).
Next, we introduce the local-equilibrium distribution function as

Jox = lexp (o Bx — o) + a7, (3.22)

where Sy = 1/T is the inverse temperature and oy = ;1/7" is the thermal potential,
i.e., the ratio of the chemical potential 1 to temperature, respectively. The values of
ap and [y are defined by the matching conditions, as explained in Sec. 1.3.1,

n=ng= <Ek>0 , &€=¢&y= <E12(>0 s (323)

where we use the following notation for the momentum-space average with the local-
equilibrium distribution function as weight factor

(--~>05/dK(---)f0k. (3.24)

Then, the separation between thermodynamic pressure and bulk-viscous pressure is achieved
by

Py = —= (A™k,k,), (3.25)

1

3
and

1

3

M= —= (A"kk,)s (3.26)

where

(oda= G = e (327)
In equilibrium, the bulk-viscous pressure vanishes by definition, Il = 0. The particle or
charge diffusion current n* and the shear-stress tensor 7# vanish as well, nfy = (k") = 0,

7" = (k\"k"))o = 0. This is obvious from the symmetries of the equilibrium distribution
fox. This, in turn, implies that

nio= (R = (R (3.28)
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3.2 Chapman-FEnskog theory

As shown in Sec. 1.3.3, the conservation laws provide equations of motion only for n,
g, and u*, and hence one still needs to derive the equations of motion for the dissipative
corrections II, n*, and 7*. In kinetic theory, this task can be performed rigorously.
Nevertheless, there are several methods that can be used to determine the required equa-
tions and transport coefficients. In the following, we review the two most traditional
methods: Chapman-Enskog theory [1] and the method of moments proposed by
Israel and Stewart [2, 3, 4].

3.2 Chapman-Enskog theory

The Chapman-Enskog expansion [1] is the most traditional formalism used to de-
rive fluid dynamics from the Boltzmann equation. It was originally developed for non-
relativistic systems, but Israel proved that it could be used with almost no modifications
to describe relativistic systems as well [6, 7].

The Chapman-Enskog formalism corresponds to the microscopic implementation
of the gradient expansion, already discussed in Chapter 1. It assumes that the single-
particle distribution function depends only on the five primary fluid-dynamical vari-
ables, i.e., temperature, chemical potential, and the three independent components of
the fluid-velocity field, as well as their gradients. The corrections to the local distribu-
tion function are then systematically arranged in terms of an expansion in powers of
the Knudsen number. As is well known and will be shown in this section, 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
[8]. In principle, one can construct the solution to an arbitrarily high order in Knudsen
number.

As first pointed out by Grad, the Chapman-Enskog expansion is an asymptotic se-
ries [9]. Also, in the relativistic case, the Chapman-Enskog expansion leads to unstable
equations of motion [10] and, therefore, has very little use in the description of realistic
systems. Despite this major drawback, the Chapman-Enskog expansion is an important
development in kinetic theory and its results are useful to understand the asymptotic
behavior of the Boltzmann equation.

The first step is to rewrite the Boltzmann equation (3.1) by decomposing the 4-derivative
0, into its time-like and space-like parts,

O = uu”’0, + A0, =u, D+ 'V, , (3.29)
where we defined the comoving derivative
D =u"0, (3.30)

which is equal to the ordinary time derivative in the local rest frame of the fluid, Dy r =
0/0t, and the 3-space gradient

V.=A4A0,, (3.31)
which is equal to the ordinary spatial gradient in the local rest frame of the fluid, Vg, =

(0, V). The Boltzmann equation (3.1) then reads
1

Dfic - ¥V, ic= 5-CLI). (3.32)
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

In the local rest frame of the system, the gradient V, determines an inverse macro-
scopic length scale, L', over which the single-particle distribution function (and its
momentum integrals) varies in space. Similarly, the covariant derivative D defines an
inverse macroscopic time scale, 77!. It is convenient to redefine these derivatives as
V,= Lil@u and D = 7"*115, where @u and D are unitless derivatives of order one. Then,
by multiplying the Boltzmann equation by the mean free path )\ of the particles, we

obtain the dimensionless equation of motion

i Dfic + 22 1%, fic = —C1f] (3.33)
Ex Ex
where Kn= A/L is the standard Knudsen number. For the sake of completeness, we
also introduced another type of Knudsen number, Kn = \/7, which characterizes the
macroscopic time variations relative to the mean free path.
In Chapman-Enskog theory a solution of the Boltzmann equation is obtained by ex-
panding the single-particle distribution function in powers of Kn,

o= 4 Kn fV 4 Kn? [P+ (3.34)

If the Knudsen number is small, it should be possible to truncate this expansion and find

an approximate expression for fi. This solution is found using perturbation theory, by

substituting Eq. (3.34) into Eq. (3.33) and solving it order by order in Knudsen number.
First, we substitute expression (3.34) into the collision term (3.2), obtaining

Clf) =C® +Knc® + Kn?C® + ... (3.35)

where the first two terms of the expansion are

1 - o
= - / AK'dPAP Wiggpps (10 1RO 1Y = KO QTR (3.36)
1) (1) (1)
1 o f(l) fo ;
1 = = ! / (0) £(0) £(0) £(0) p P Jx Jx
C = y /dK dPdP Wkk/—>pp/ [fp fp’ fk fk’ ( (0) + ©) a =(0) a =(0)
o Iy K K’
(1) (1) (1) 1)
O 0700 (h  h'  fs Ty
— fxg )fp, ( o + 0~ @50 @ ~(0)>] ) (3.37)
i K/ P for

Exercise 3.1: Prove Eq. (3.37).

Note that we introduced two types of Knudsen numbers: one related to temporal
variations of integrals of fi, Kn, and another related to spatial variations of integrals
of fx, Kn. In general, these two quantities do not need to be equal or even related. On
the other hand, in the fluid-dynamical limit, it is reasonable to expect that these two
quantities are related or, at least, of the same order of magnitude. In the Chapman-
Enskog expansion, one goes a step further and assumes that Kn and Kn are exactly the
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3.2 Chapman-FEnskog theory

same, Kn = Kn. Only with this assumption it becomes possible to solve the Boltzmann
equation perturbatively in powers of Kn, as was initially proposed. We shall see later that
this assumption will ensure that time-like gradients can always be replaced by space-like
gradients and, consequently, one can always arrange the solution of the single-particle
distribution function in powers of space-like gradients.

Therefore, using Kn = Kn, and inserting the expansions (3.34) and (3.35) into the
Boltzmann equation (3.33), one obtains by comparing order by order in Kn the fol-
lowing solution,

0 = ¢c9, (3.38)
N EC R T A
iy A% © _ 2 e
[D fk} e e (3.39)
G R T A
[ka} + 5 F Vi (1) E—kc<2> . (3.40)

Equation (3.38) can be used to solve for flio). Once flgo) is known, Eq. (3.39) can be used

to solve for flgl) and so on. In principle, one could go on indefinitely and construct the
solution fy to any order in Knudsen number. However, after solving for the correction of
first order in Knudsen number, the calculations start to become cumbersome.

. 1)
Note that in Egs. (3.38) — (3.40), we wrote [ka] to indicate terms of order Kn"

from the time derivative. This needs to be distinguished from D flin) because, as we shall
see below, the latter can have contributions of all orders in Kn, i.e.,

(2

= n ~ n (1) ~ n )
D™ = [Dflﬁ q +Kn [Dflﬁ ﬂ Yo (3.41)

A (m)
where |D fﬁ”’] is the coefficient of order Kn"™™ in the Boltzmann equation (3.33).

Therefore,

r. 700

Dfi| =0, (3.42)
) o

bl = [DAY] (3.43)
ra 1@ A (2) A (2)

DA = DA+ (DA (3.44)

and so on.

Let us now clarify why time derivatives contain also higher orders in the Knudsen
number. To this end, we rewrite the conservation laws Eqs. (1.77) — (1.79), under the
assumption Kn = Kn as

Deg+ (g0 +Py+ 1) 0 — 16,5 =0, (3.45)
(20 4+ Py + 1) Du — V* (Py + 1) — 7 Dug + AV 3n® = 0, (3.46)
Dng + ngf — nDu, + V,n# =0 . (3.47)
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

Here, we introduced 6 = L7190 and o = L=16"  with the expansion scalar # and the
shear tensor o defined in Eqgs. (1.33) and (1.80). In order to obtain Eqgs. (3.46), (3.47)
from Eqgs. (1.78), (1.79) we also rewrote d,n* and AFdsm®? using Eq. (3.29) and the
orthogonality relations n*u, = 0, uzm®? = 0.

Let us now define the thermodynamic functions

Ly, = % / dK foc By~ (m? — ER)*

= % (kP )2 (A E, k)0, (3.48)
g = % / dK foefocEy * (m* — E)"*

= oy () (&) (3.49)

From Egs. (3.23) — (3.25) we observe that
no=1rlo, e€=1In, Po=1Isy. (3.50)
From the definition of fox, Eq. (3.22), we derive the identity
dlpg = Jpgdog — Jni1,4dPo - (3.51)

Using Eq. (3.22) in the definitions (3.48), (3.49) and integrating by parts also yields the
identity
BOan = Ip—-1,9-1 + (n - 2(]) In—l,q ) (352>

from which we deduce
Lo = BoJar, Iso+ Io1 = BoJsi - (3.53)

From the definition (3.49) one also readily proves the identity
Jng = (2¢+ 3) Jngi1 + m* Ty (3.54)

which also holds for the integrals I,,,.

Exercise 3.2: Prove Egs. (3.51), (3.52), and (3.54).

For further use, we also define the thermodynamic functions
Gnm - nOJmO - Jn—l,OJm—l—l,O ; an - Jn+1,qJn—1,q - qu . (355>

From Egs. (3.50) and (3.51) we then derive the following thermodynamic relations,

J20 J30

= ——d —=d 3.56

dovg Dan €0+ Don ng , ( )
J10 J20

= ——d ——dny . 3.57

@Po Doy T Dy (3:57)
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3.2 Chapman-FEnskog theory

Exercise 3.3: Prove Egs. (3.56) and (3.57).

Rewriting the total derivative into a (dimensionless time-like derivative) and using the
hydrodynamic equations of motion (3.45) and (3.47), we finally obtain equations of motion
for ag and Sy,

Doy = Dlm {[(60 + Fy) Jao — noJ30] 0 + Joo <Hé - ﬂaﬁ&‘ﬁ) J30 <V ' = n“DuM?3}58
f)ﬁo = Dl20 {[(50 + Py) Jio — noJoo) 0+ Jio (HG — ¢ Uag) — Jao ( pntt — nuD“u?g}w

Exercise 3.4: Prove Egs. (3.58) and (3.59).

We see that the time-like derivatives are proportional to terms of first order in gradi-
ents (the terms ~ é) or, equivalently, proportional to one power of the Knudsen number,
respectively, but that also terms enter which are proportional to gradients times dissi-
pative quantities (II, n#, 7#), which (according to Navier-Stokes theory) are itself of
at least first order in the Knudsen number. Therefore, time derivatives of a quantity of
given order in Kn in general involve also higher orders in Kn, as written formally in

Eq. (3.41) for fk .

3.2.1 Solving the Chapman-Enskog expansion: zeroth- and
first-order solutions

The solution of Eq. (3.38) is well known, and is given by the local-equilibrium single-
particle distribution function (3.22),

= fox = [exp (Bo Ex — o) +a] ", (3.60)

where ag(X), Bo(X), and u*(X) are functions of space and time (global equilibrium cor-
responds to the particular case where there is no space-time dependence). Therefore, the
zeroth-order truncation of the Chapman-Enskog expansion leads to the equa-
tions of ideal fluid dynamics, with all conserved currents being given by their respec-
tive equilibrium values. In this case, we have already demonstrated in Chapter 1
that the continuity equations describing (net-)particle and energy-momentum conserva-
tion are sufficient to describe the dynamics of the fluid, since the pressure is determined
by an equation of state (here, the equation of state is the one of a dilute gas, given by

Py = In (o, Bo))-
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

However, ideal fluid dynamics does not arise from a solution of the Boltzmann equation
since fox alone does not satisfy this equation: the collision term vanishes, Eq. (3.38),
but the left-hand side of the Boltzmann equation obviously does not vanish if
g, Bo, and ut are functions of space and time. On the other hand, the above result implies
that ideal fluid dynamics can be interpreted as the zeroth-order truncation of an
expansion in powers of Knudsen number. In this sense, it should be understood
solely as an approximate solution, that will never be exactly realized but, in practice,
may lead to a reliable description of several physical systems.

The local-equilibrium variables oy and [y are defined by the matching conditions (3.23),
while the fluid 4-velocity is defined by the choice of frame (in our case the Landau frame,
Eq. (3.16)). In order to satisfy these constraints, for all n > 1 the corrections flin) must
satisfy

/dKEkfl((”) = 0, (3.61)
/dKEﬁ ) — 9 (3.62)
/ dK Bk f = 0. (3.63)

The last condition can be obtained by projecting Eq. (3.16) onto Af and ensures that
there is no flow of energy relative to u*. These conditions guarantee that, to any order
of approximation, the solution depends solely on «q, 5y, and u*, and their gradients.
Also, they remove the freedom that we could add the solution of the homogeneous Boltz-
mann equation to the solution of the perturbative series (3.34), i.e., a global-equilibrium
distribution function with another temperature, chemical potential, and velocity.

In the following, we shall construct the solution of the Chapman-Enskog expansion to
first order in Knudsen number, i.e., the solution to Eq. (3.39). Using Eqs. (3.43) and
(3.60), as well as simplifying Eq. (3.37) using Eq. (3.60), we must solve

N (1) 1 N A
[Df@k} B AV foie = —AC LY (3.64)

where we defined the linear collision operator acting on fﬁ” as

. 1 o
Ch =~ | dK'dPAP Wiag-spp foxfore Jop for
k
(1) 1) (1) (1)
ey B o f‘l : (3.65)
fOkak fOk’fOk’ fOpfOp fOp’fOp/
Exercise 3.5: Prove Eq. (3.65), i.e., that C’flgl) = —CW/Ey, with CV given by Eq.
(3.37).

(Hint: Using Eq. (3.22) and the fact that energy-momentum is conserved in binary colli-
sions, first prove that fox fox fop fopr = fop fop fox fox'-)
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3.2 Chapman-FEnskog theory

The time-like and space-like derivatives of fox appearing on the left-hand side of Eq. (3.64)
are straightforward to calculate using Eq. (3.60),

Dfoc = — fofox (Ekﬁﬁ() + Bok™ Du,, — Dao) , (3.66)

Vifoe = — forfox <Ek@u60 + Bok"IV u, — @uao> : (3.67)

where we used that u"f)u,, = u”@uuy =0.

All time-like derivatives of ay, fp, and u* that appear in Eq. (3.66) can be replaced by
space-like gradients using the conservation equations (3.45) — (3.47), as well as Egs. (3.58),
(3.59), respectively. However, note that the bulk-viscous pressure, particle-diffusion 4-
current, and shear-stress tensor do not have zeroth-order contributions in the Knudsen
number, because they vanish in equilibrium,

1
(H)(O) = 3 (A" kyky)y — Po =0, (3.68)
()0 = (kW) =0, (3.69)
(ﬂ.,ut/)(o) — <k<#kl’>>0 =0 ’ (370)

i.e., the dissipative currents are at least of first order in Knudsen number. Therefore,
substituting these results into Eqs. (3.46), (3.58), and (3.59), one obtains

(c0 + Fo) Joo — noJso 4

Day = 0+ O (Kn?) , (3.71)
Dy

~ P — ~

DBy = (€0 + Fo) Jio — noJao 010 (KnQ) 7 (3.72)
Dy

~ 1 ~

Du" = VHPy + O (Kn?). 3.73

u £ T PO 0 -+ ( n ) ( )

Therefore, to first order in Knudsen number, the comoving time derivatives of «q, Sy, and
ut are linearly proportional to their spatial gradients. This whole procedure illustrates
the subtleties involved in replacing time derivatives by spatial ones in Chapman-Enskog
theory. To first order, the procedure is fairly simple, but it can get rather complicated
when one goes to higher orders, since it is extremely difficult to establish a priori what
is the general structure of the contributions of higher order in Knudsen number.
Then, Eq. (3.64) can be reduced to
o for (Aké + Bik™V a0 + %kwwc}w) =AY (3.74)
k

where we made use of the thermodynamic relation (1.103) and the fact that k" k%) =
kR kY + AP (A%kokg) /3. We furthermore introduced the scalar functions
(g0 + Po) Joo —noJzo . fo

P —
(ot P) Jio = moto gy + AL ks, (3.75)

A
8 Dao Dao 36

By

Il
=
|
|

(3.76)
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Exercise 3.6: Prove Eq. (3.74).

We note that the linear operator C' defined in Eq. (3.65) has five degenerate eigen-
functions (1, By, and £, multiplied by foi fox), with zero eigenvalues

Clfocfoc 1) =0, Clfocfox Bx) =0, C(foufox k") =0. (3.77)

These correspond to quantities which are conserved in microscopic collisions.

Nevertheless, solving Eq. (3.74) is still a complicated task because one needs to invert
the collision operator C' in order to obtain flgl). Still, since the equation is linear in flgl)
and the left-hand side is linear in the gradients é, @Mao, and 0, one already knows that
the general solution for flgl) must have the following form,

1)
ffo = 0 + o Bk "V g + i SRR 6, + (3.78)
0k.J 0k
The functions ¢}, i =s,v,t, are dimensionless and depend on momentum only through

Ey, ie., ot = i (Ex). The function ¢I°™ is the homogeneous solution,

Cpiom — | (3.79)
which is constructed as a linear combination of the eigenfunctions 1, Fj, and k.
gplﬁom =ag+ a1 By + agukw> ) (3.80)

The coeflicients ag, a1, and as, must be determined using the matching conditions (3.61)
— (3.63) for n = 1.
For the following, it is advantageous to define

a, = /dKEf;Akakak

(g0 + Fo) Jio — noJao

J (g0 + Fo) Jao — noJso
- r+1,0 —

Jr,O - 50 Jr-i—l,l 3 (381)

DQO D20
1 ~
CY:: = g/dK E{;Bk (Aa’gkakg) fOkak = JT+171 — hO_IJr+271 N (382)
2 ~
o = 1—550/0”( B (Aaﬁkak5)2f0kf0k = 2P0 Jr132 , (3.83)

where we used Egs. (3.49), (3.75), and (3.76).
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Exercise 3.7: Show that, in the massless limit, o/ vanishes for any value of r.

(Hint: Note that, for m = 0, I,,g = 31,1, Jno = 3Jn1, cf. Egs. (3.48), (3.49). For the proof,
use the relations (1.103), (3.51), and (3.53).)

Then, inserting the Ansatz (3.78) into Eq. (3.74), multiplying by an arbitrary power of
energy, I}, and integrating over momentum, dK, one obtains the equation satisfied by
Pro

A 3 - S s S s
af == / dK dK'dPdP Wiy pp: fox fow fop fop By ' (6 + 0o — @5 — ¢3) - (3.84)

14

Here, we have used orthogonality relations on the left- and right-hand sides. On the
left-hand side, we have used the relation

' n
[ AR EE Rk = i e R E(R) (8%

(2n + LI~
(3.85)

for an arbitrary function F(Ex), which depends only on Ey = k*u,. The proof of this
relation can be found in App. 4.7. To obtain the right-hand side of Eq. (3.84), we have
used the fact that the tensor structure of a quantity

1 , , o
(A =~ / AKdK'dPdP Wiay-sppr fo fore fop fopr By E# -+ ket

V1ot
X (Hk k'<,/1 . kVn> + Hk’ kzl’l . klyn> _ pr<l/1 .. an> — Hp’ p/<l/1 .. ,plyn>) 7 (386)
where Hy is an arbitrary function of Ej, can only be of a form which satisfies
(At = by A AL Hm (3.87)
with
1

() - =~
" v(2n+1)

X (Hk Ky =+ kpny + Hi ’%1 o 'k,un> —Hppy -+ Ppy — Hp p/<m o 'pl;m) , (3.88)

cf. Egs. (4.46) and (4.48) in Chapter 4, where these relations are explicitly proven.
Similarly, multiplying Eq. (3.74) by Epk®™ and integrating over dK, one obtains the
equation for ¢y,

/deK/deP, Wik ppr.foic fore fop fopr By HR# < Jobn)

A ~ ~
041‘: = % /dKdK/dePIWkk/ﬁpp/fOkak’fOpfOp’
X By gy (opk + op k0 — gppl) — o pf ey (3.89)

Finally, multiplying by Efk‘*k? and once more integrating over dK, one obtains the
equation for ¢},

2 )\ ~ o~
al = f_)L / dKdK'dPdP Wias—pp fox fow fop fop

14
X Br Yk by (kP kY 4 @l KR — ot plept)h — ol ) L (3.90)
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Exercise 3.8: Verify Egs. (3.84), (3.89), and (3.90) by an explicit calculation.

The next step is to expand the functions ¢} in terms of a complete basis formed of
FEy. The most common approach is to simply take a power series,

Ni
b= B, (3.91)

n=0

where for practical purposes the series is truncated at some power N < co. Note that for
the scalar contribution (i = s), the terms n = 0,1 of the expansion can be incorporated
into the homogeneous solution, while for the vector contribution (i = v) the same occurs
for the n = 0 term of the expansion. Overall, this reduces the problem of solving for
the remaining coefficients ¢’ . Inserting the expansion (3.91) into Eqgs. (3.84), (3.89), and
(3.90) leads to the following linear algebraic relations for the €',

N’L
ol = )\Z.Ainefl , =5V, t. (3.92)
n=0

The dimension of the matrices A’ is determined by N'; the more terms one includes
in the expansion (3.91), the higher the dimension of the matrix becomes. In practice,
one can never include an infinite number of terms in the series, but one can check its
convergence and truncate at that N* for which ¢} reaches the required accuracy (up to a
given value of momentum).

The matrices A%, are defined as

1 ~ ~
L = / dK dK'dPAP' Wida-sppr fow fore fop fop By (B + Ejis = By — Eyy)
A:n = 5—2/deK,deP/Wkk/ﬁpp/fOkak’fﬂpfop/

X Bl ke (BRE™ 4+ BRLEW — Egp(m _ Eg,p’<#>) : (3.93)

2 ~ ~
Aqtnn = ?—2 / deK/deP/Wkk/ﬁpp/fOkak’ fOpfOp’

X By Mk ko (BRkY kY + Bk R — Eppp” — Epp )

3.2.2 Minimal truncation scheme

The conservation of the number of particles (in binary collisions), energy, and momentum

make the following components of the collision matrices A* and A" vanish: A%, AS,,

T As,. AYy, and AY,. Hence, these matrices have some rows and columns with all

their entries being zero. Furthermore, from the definitions (3.81), (3.82), the identities
(3.50), (3.51), and (3.53), as well as the thermodynamical relation (1.103) one can prove
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3.2 Chapman-FEnskog theory

that the components o, of, and oy are also zero and, consequently, Eq. (3.92) becomes
a trivial identity for r = 1,2 (i =s) and r = 1 (i = v). When inverting Eq. (3.92), these
trivial lines and columns must be removed, making it possible to solve for all, except three,
expansion coefficients €’,. The three coefficients that are undetermined in Eq. (3.92) must
be obtained from the matching conditions — they actually correspond to terms that can
be incorporated into the homogeneous solution specified in Eq. (3.80). For this reason,
when truncating the expansion (3.91), one must have at least N® > 2 and NV > 1.

Exercise 3.9:

(i) Using particle-number and energy-momentum conservation in binary elastic colli-
sions it is fairly easy to see that A3,, A%,, and A}, vanish identically. Using the
symmetries of Wi _pps and the properties of the equilibrium distribution (3.22),

show that also Aj,,, A3,, and AY, vanish.

(ii) Following the hints in the text, show that aj, o, and af are zero.

In order to better understand this, let us assume the simplest possible truncation scheme
for Eq. (3.91), i.e., N°=2, NV =1, and N* = 0. Then, the non-trivial lines of Eq. (3.92)
(obtained by removing all contributions related to the homogeneous solution) lead to the
following equations for €, €}, and €}, ,

g t g

€ =
0 )\A(t)o’

S
aO v

M, T T Ay

(3.94)

€ =

leaving €, €], and ¢ still undetermined. On the other hand, the matching conditions
(3.61) — (3.63), together with the orthogonality relation (3.85), provide the following
additional constraints that must be satisfied by ¢} and ¢},

/ dK Fyg focfoxc = 0, (3.95)
/ dK E2g} focfox = O, (3.96)
/ dK By (A E'E) o focfoe = 0. (3.97)

These equations relate the so far undetermined coefficients to €5 and €],
Jio J20 € J30 \ s
= — , 3.98
( Joo 30 €] T ) 2 (3.98)

J31€8 == —J41€\17. (399)
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With Eq. (3.94), the solution is

D30 Oé[s)

0 = = —— 3.100
G23 Oé%

& = -2 : 3.101
J41 Oég

M : 3.102

€ J31 )\A\011 ( )

where we used the thermodynamic functions (3.55).

Exercise 3.10: Prove Egs. (3.95) — (3.102).

With all the coefficients of the truncated expansion solved for, we can write down the
first-order solutions to the bulk-viscous pressure,

1 1
MY = = (k) = —2 / dI (Akyky) 1

1

= _§/dK (A" k) D3 fow fox 0

J21Dso + J31Glas ) ay A
= J. 0 3.103
( Doy o AAG, ( )

to the diffusion 4-current,

)V = <k<”>>(1):/d[(k<”>f1£1)

_— / K KPR fofoe Vo

D31 foay &

Qo , 3.104

and to the shear-stress tensor,

(Wuu)(l) _ <k<“k”>>(1) :/de(ukV) fl((l)

. 208
= B / dE K" B ECED 0} fo fox Gas = 212 ffmo G (3.105)
00

Exercise 3.11: Using the orthogonality condition (3.85), prove Egs. (3.103) — (3.105).

Therefore, as already mentioned at the beginning of this section, in the Chapman-
Enskog expansion relativistic Navier-Stokes theory appears as the first-order
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3.3 Israel-Stewart theory

truncation of an expansion in powers of gradients of temperature, chemical
potential, and velocity. With Kn = \/L, 6 = Lo, VH = LV*, and o = Lo, we
then identify by comparison with Eqgs. (1.85), (1.86), and (1.87) the microscopic formulas
for bulk-viscosity, particle-diffusion, and shear-viscosity coefficients as

D S
¢ = _<J21 301;L J31G23+J41) O‘SO : (3.106)
20 02
D3y Boag
L D 7 3.107
Js1 Ag, ( |
2t
) = B0 (3.108)
00

We thus succeeded in our goal to derive expressions for the first-order transport
coeflicients via an explicit calculation using an underlying microscopic theory.

3.3 Israel-Stewart theory

In this section we explain Israel’s and Stewart’s 14-moment approximation as it
was originally proposed in Ref. [4]. This method is conceptually different from the
Chapman-Enskog theory and is not constructed from an expansion in a small parameter,
such as the Knudsen number. The main assumption made in this approach is that, since
a fluid-dynamical description requires only the conserved currents N# and T"" to specify
the state of the fluid, the single-particle distribution function should also be well described
by these fields. In practice, this is accomplished by expanding fi in terms of its moments
and truncate it in such a way that it only depends on N* and T"”. We shall describe
the details of this approach next.

3.3.1 14-moment approximation

The starting point is the Israel-Stewart Ansatz for the non-equilibrium single-particle
distribution function

fi = [exp (—yx) + a]_l , (3.109)

where a = 1 (a = —1) for fermions (bosons) and a = 0 for a classical gas. In the traditional
Israel-Stewart approach, the parameter yy is expanded in momentum space around its
local-equilibrium value, yox = ap — Sou, k", in terms of a series of (reducible) Lorentz-
tensors formed from the particle 4-momentum k*, i.e.; 1, k*, k*k", .. .. Therefore,

Ok = Yk — Yox = € + ke, + kFE € + kMK R €n oo (3.110)

For small momenta, the non-equilibrium single-particle distribution function can be fur-
ther expanded around the local-equilibrium state

fo = fou + fouSoxdyi + O (6yz) - (3.111)
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

In kinetic theory, the particle 4-current and the energy-momentum tensor are given by
Egs. (3.4), (3.5). Substituting Eqs. (3.110), (3.111) into these equations, we express the
conserved currents in terms of the expansion coefficients €,,...,.,,

N =T 4 et + T8, + T epn + T8 eppy + - (3.112)
TH = I + b + T8 ex + JEer, + JE e pe 4o (3.113)

where we introduced the tensors,
Igtom = /dK ECY kY fox (3.114)

Joron = / AR k™ o foi fox - (3.115)

The terms that are not multiplied by the expansion coefficients €, e*, and e are
identified as the equilibrium currents (1.21) and (1.23),

Ni/:ieal = [(l; ) (3116)
T, = I (3.117)

Naturally, the remaining terms originate from the dissipative corrections to fix. The
tensors (3.114), (3.115) depend only on the thermal potential, cy, the inverse temperature,
Bo, and the 4-velocity, u*. Therefore, their tensor structure must be constructed solely
from combinations of u* and the metric tensor, ¢g"”. For the sake of convenience, we
tensor decompose the moments (3.114), (3.115) in terms of the fluid velocity v* and the
projection operator A", One then obtains

[ -

[0 - Ilﬂuu )

Igu = IQOUMUV - 121AMV s
Mo

JO - Jlou“ )

Jéuj = Jgou“u” — J21A/U/ s
A
Jéw = Jgou“u”u)‘ - 3J31U('MAV)\) )

J(I)W/\p = Jputututu? — 6 S ufu? AM) 4 3T AW AN ) (3.118)

where the thermodynamic integrals I,,, and .J,, were defined in Egs. (3.48) and (3.49).
Due to Eq. (3.50), Egs. (3.116) and (3.117) reduce to what was derived in Chapter 1, Egs.
(1.21) and (1.23). The parentheses around the Lorentz indices indicate symmetrization of
the tensor with respect to all indices (where only independent terms are counted), whereas
the prefactor counts the number of (independent) terms resulting from this symmetriza-
tion.

Exercise 3.12: Prove Egs. (3.118).
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3.3 Israel-Stewart theory

Obtaining the expansion coefficients e#*"#m is not a trivial task. In the Chapman-
Enskog expansion, these were expressed in terms of gradients of ag, By, and u* using
perturbation theory, by assuming an expansion in powers of Knudsen number. Following
the developments made by Grad in the non-relativistic regime, Israel and Stewart pro-
posed a different approach. Instead of a gradient expansion, they suggested an ad hoc
truncation of the expansion (3.110) at second order in momentum, i.e., one only
keeps the tensors 1, k*, and k*k” in the expansion,

Oy = €+ kl'e, + kMK ey (3.119)

Without loss of generality, €,, can be assumed to be symmetric and traceless, i.e., ¥ = e”#
and €} =0 (the symmetry under p <> v is obvious, since any antisymmetric part would
vanish in the contraction with k#k", while the trace of €,, can always be absorbed in the
scalar coefficient €). This leaves us with 14 unknown degrees of freedom in the expansion
coefficients ¢, €,, and €,,. We note that the equilibrium variables introduced in yoy, i.e.,
ap, Bo, and ut, are defined by the matching conditions (3.23) and the definition of the
local rest frame, e.g. the Landau choice (3.16).

3.3.2 Matching procedure

The 14 degrees of freedom of the truncated expansion can be uniquely related to the 14
components of the particle 4-current, N* and the energy-momentum tensor, T"", the so-
called matching procedure. This procedure will generate a single-particle distribution
function that is completely determined by the components of the conserved
currents. Israel and Stewart expected this to be a good approximation in the fluid-
dynamical regime, where N* and T" are considered to be sufficient to describe the state
of the system.

The expansion coefficients can be solved using the constraints already derived in Egs.
(3.16), (3.21), and (3.23), that is

AN =n,, (3.120)
ARLTP = 7k (3.121)

1
38 (T = Ty =11, (3.122)
Up (N,u - Niﬁeal) =0 ) (3123>
w, (T = The,) = 0. (3.124)

By solving this set of 14 linear equations, the expansion coefficients €, €,, and €,, can
be expressed in terms of the 14 (independent) variables ag, Sy, I, u*, n*, and 7. The
relations (3.120) — (3.122) define the dissipative currents while the restrictions (3.123),
(3.124) come from the matching conditions and the Landau choice for the local rest

frame. If we were using the Eckart frame, for example, we would have to use, instead of
Egs. (3.123) and (3.124),

Nt — Ni,léleal =0, (3125)
iy (T~ TH) = 0. (3.126)
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3 Fluid Dynamics from Kinetic Theory: Traditional Approaches

Combining Egs. (3.116), (3.117), and (3.118), and truncating the expansion at terms
quadratic in 4-momentum, the conditions (3.120), (3.121), and (3.122) imply that

nt = —ngAuVEV — 2J31AHVU)\€V)\ s (3127)

T = 2 AN (3.128)
5

II = J21€ + ngu)‘@\ + (J41 + §J42> u’\upeAp s (3.129)

where in the last equation we have used the fact that e,, is traceless.

Exercise 3.13: Prove Egs. (3.127) — (3.129).

The expressions (3.127) — (3.129) motivate the following Ansatz for the expansion co-
efficients,
e = Fpll,
ex = DoIluy + Diny , (3.130)
€xp = Bo (Ax, — 3uyu,) IT + Biupny) + Bamy,
Then, in order to determine the single-particle distribution function (3.111), we have to

compute the coefficients Ey, Dy, Dy, By, Bi, and B,. This can be done by substituting
the Ansatz (3.130) into Egs. (3.123), (3.124), (3.127), (3.128), and (3.129), leading to

JouDy + Js1 By = -1, (3.131)

2JwBy = 1, (3.132)

JorEo + Js1Do — (3Ju1 + 5Ju2) By = 1, (3.133)
JioEo + JooDo — 3 (Jso + Ja1) Bo = 0, (3.134)
Js1 D1+ JuBr = 0, (3.135)

J20Eo + J0Do — 3 (Jag + Ju) By = 0. (3.136)

Equations (3.131), (3.132), and (3.133) come directly from (3.127), (3.128), and (3.129),
respectively. Equations (3.134), (3.135), and (3.136) are consequences of Egs. (3.123) and
(3.124). The solution of this set of equations is

EO 2 J31J30 - J41J20
Lo _ 4 =_C
33, "7 Do !
D T oo — Ju1J
_O _ _4 3120 41 10:—02,
3By Dy
1
BO = - )
3C, Jo1 + 3C5Ta1 + 3041 + 540
J31
B = =2
! Ds;
Jin
D, = -2
1 D31 )
1
B, = — . 3.137
2 2J 4o ( )
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3.3 Israel-Stewart theory

In the first two equations we have used the identity (3.54).

Exercise 3.14: Prove Eqgs. (3.131) — (3.137).

3.3.3 Moment equations

Now that the momentum distribution function is known, we can calculate the equations
of motion satisfied by the dissipative currents. Israel and Stewart derived the equations

of motion for II, n#, and 7" from the second moment of the Boltzmann equation
2, 3, 4, 11]

O (kMK KNy = / dKE'EMC[f] . (3.138)

In this case, the equations for II, n*, and 7" are obtained from the projections
Uy UND,, <k“k”k)‘>, ASu, 0, <k“k”k"\>, and A‘jfaﬂ <k“k”sz>, respectively, together with the
14-moment approximation, Eqgs. (3.111), (3.119), and (3.130). These equations determine
the time evolution of II, n*, and 7" through their (projected) comoving derivatives, DII,
Dn'" = APDnY, and Dr") = AZ;DWO‘B , Tespectively.

However, extracting the equations of motion from the second moment of the Boltzmann
equation is just a choice. The 14-moment approximation itself does not specify which
moment of the Boltzmann equation should be chosen to close the conservation laws —
once the 14-moment approximation is employed any moment of the Boltzmann equation
will lead to a closed set of equations for the dissipative currents [12, 13]. This happens
because the distribution function itself is already a unique function of the fluid-dynamical
variables. In general, the form of the equations of motion will always be the same, but
the transport coefficients appearing in the final equations will depend on the choice
of the moment [13]. This happens because the 14-moment approximation is not a
truncation in Knudsen number and there is no moment of the Boltzmann equation that
carries the complete contribution to each term.

In the following, we will slightly deviate from Israel and Stewart and derive the equations
satisfied by II, n#, and 7 following Ref. [12], where it was shown that using the second
moment of the Boltzmann equation to obtain the equations of motion for the dissipative
currents introduces an unnecessary ambiguity in the derivation of fluid dynamics. This
happens because the exact equations of motion for II, n*, and 7" are known and can
be derived directly from the Boltzmann equation. Therefore, instead of choosing an
arbitrary moment of the Boltzmann equation to derive such equations, one should just
use the exact equations of motion for the dissipative currents.

Following Ref. [12], the comoving derivatives of II, n#, and 7" are calculated exactly
using

1

DII = —ng / dK D6 fi (3.139)
Dn = / dK k"™ D6 fi (3.140)
D) = / dK k" EY) DS fi . (3.141)
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Note that in the first equation, we used the matching condition € = &g, such that (E2); =
0. Then, replacing Dd fi by using the Boltzmann equation (3.1) in the form

1 1
Défi = —Dfo — — k" V . fu + =—CIf] , (3.142)
IO By

we obtain the exact equations

TTL2 2 m Ggo m2 G20 m Ggo
DIl+C=——ajf— (- —22)10 - — L, — ——29,n"
* 3 0 (3 3 DQO) 3 Dy O™ 3 Dy "
mt, m? , y m> _
+ 5 (B 0+ = (B R K, 0, + = Vu (E'EW), (3.143)
3
DnW — CF = afV*aq + n"wh — ntd — =n”o"
5
J.
1 Podn (ILDw" — VM1 — 7 Du,, + ALV, 7™

50—|—P0
2m?

m2 _ _ v — v
- (ECEWY 0 — AV, (BT ED R, - (EKYY), ol
2
- VB~ (BRI REY) o, (3.144)

4 10 , s 6
D) — Om = abgh — gw’“’ﬁ — 77r’\(“ 0/\> + 27r)‘<“w/\> + gHJW

Lo N 2m*
ALY (B k >>5af -

4m?
7 15
2m° wvge (g @y M peap gy g
5 aﬁv<k >5_?<k >5
_ <E1:2k<u kuk)\kp>>6 Trp — AZZVA <E1:1k(a kﬁk,/\)>6 ‘ (3‘145)

(E2)s 0

The functions o}, were defined previously in the context of the Chapman-Enskog expansion
in Egs. (3.81) — (3.83). We also used the equations of motion (3.46), (3.58), and (3.59)
(in their unscaled versions), as well as the thermodynamic identity (1.103). We also used
the relations

1
EEY = ) 3 A (A% kaks) (3.146)
1
EWp@ e — pleprpd) = (Aaﬂkakﬂ) (A’“’kw + AR W) AW\kAM) . (3.147)

1
EW O LN o) — ey AL + ? (Aaﬁkakﬁ) (A“l’l{:<’\k”> + AP LW L) + AFP LAV A
FARE P o AVPESREA) Axpkwkw)
1 (e} 2 1% 12 1%
R (A Bkakﬁ) (A“ AN+ AFAAYP 4 AFPA A) , (3.148)

where kWY EN = Ag@ EkPEY, K kYA P = Aggf\yg k“kPk7ES, with the projection oper-
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ators A" and A" defined in App. 4.7. Finally, we also defined the collision integrals,

afy apyd
m2
C = ?/dKEfC[f] : (3.149)
cr = / dK E_'EWC(f] (3.150)
o = / dK E_'ERENC[f] . (3.151)

Exercise 3.15: Prove Eqs. (3.143) — (3.145).

3.3.4 Calculation of the collision integrals

In Israel-Stewart theory, the distribution function was expanded in powers of dyy, retaining
only the first-order correction, cf. Eq. (3.111). For the sake of consistency, the same
approximation has to be made in the calculation of the collision terms (3.149) — (3.151).
In the end, this is equivalent to using the linearized collision operator in the integrals
above. Up to terms of order O (dy2), the collision terms reduce to

m? 1 o
C = 3_y / dKdK'dPdP' E—kak’*Pp’fOkak’fOpfOp’ (yp + Yp — Yk — yk’) ’ (3.152)

1 ) o
C“ — ; / deK,deP/ E_Wkk/—)pp/fOkak’f()pfop/ (yp + yp’ — Yk — yk/) , (3153)
k
, 1 , , Llp v o
oW — » dKdK'dPdP Wiae—pprJox fox fop fop' (Up + Up — Yk — Yir) - (3.154)
k

Here, we have written g instead of dyy, since yox = ag — BoFyx consists of two collision
invariants (1 and Ex), and consequently yop + Yopr — Yok — Yox' = 0.

Exercise 3.16: Prove Eqs. (3.152) — (3.154).

Inserting the moment expansion (3.119) of dyy into the collision integrals, they further
simplify to

C = —ngAf)Quauﬁeaﬂ : (3.155)
cH = —2iuaAgeaﬁ : (3.156)
Bo
cr = —%Aggeaﬂ : (3.157)
where we have used the definition (3.93) of the matrix elements A’ . i =s,v,t. We note

that the only term from the moment expansion that contributes to the collision integral
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is kokge®®. The remaining two terms, € and €, k", are proportional to collision invariants,
and consequently, make the collision integrals vanish. Furthermore, we have made use of
the orthogonality relation (3.87) and of the tracelessness of €*”.

Exercise 3.17: Prove Egs. (3.155) — (3.157).

Then, using Eq. (3.130), which expresses the expansion coefficient ¢ in terms of II,
n*, and ™", we obtain the final expression for the coefficients C', C*, and C*" in the
14-moment approximation

4

C = ngBOASH, (3.158)

cr = 501 nt (3.159)
0

O = —B,~% 6 : (3.160)
0

The thermodynamic functions By, By, and By were calculated in Eq. (3.137) while the
matrices A’ = are defined in Eq. (3.93). The dependence of the collision integrals on the
particle cross sections come exclusively from A’

Exercise 3.18: Prove Egs. (3.158) — (3.160).

In addition, the following terms appearing in the exact equations of motion can be
computed using Eqs. (3.85)7 (3.119), and (3.130) as

< 1>5 -1 OEO -+ JO()D() -3 (Jll + JlO) Bo] II= ”}/PH (3161)

< 2>6 J_Q ()EO + J_l ()D() -3 (J()l + Joo) Bo} II = ’}/gﬂ s (3162)

<E 1l€ > = J11D1 + ngBl) nt = Y1 n“ (3163)

<E 2]€ >6 J01D1 + JuBl) nt = Yo n“ (3164)

(KW k), = @W =7t (3.165)
42

(ECEw k), = @W =y, (3.166)
42

(ECEY kMY, =0, (ECEME R E”), =0, (3.167)

where the coefficients vil, 72l 47 42, 4T, and 73 are defined by the right-hand sides of
these equations.

Exercise 3.19: Prove Egs. (3.161) — (3.167).
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3.3.5 Hydrodynamic equations of motion

Implementing the simplifications (3.158) — (3.167) on account of the 14-moment approx-
imation, the system of equations (3.143) — (3.145) will be closed in terms of the fluid-
dynamical variables. Then, we obtain the following equations of motion,

THDH = —II — CQ — 5HHH9 + )\Hﬂﬂ"uVO'w/ — Ennvun“ — Tnnn“Duu — )\Hnn“Vuozo s

(3.168)
7.DnM = —p* 4+ 2Vrag — Tn,wt — 8pantl — A0t + KMA’“’V,\Wi‘ — TpaTh Du”
ATV a0 — Lyt VPTT 4 T IIDU + A [TV g (3.169)
7. D) = g 2not + 27'71-7T(<XM(JJV>Q — OO — mefx’”a"m
— Tt Du?) + £, V0" 4+ i VP g 4+ Ap o™ | (3.170)

where we neglected terms of third order in dissipative currents or gradients. In total, these
equations contain 25 transport coefficients. The coefficients of bulk viscosity, particle
diffusion, and shear viscosity are identified as

_ % Ber B
4By A3, BiAY, 2B Al

¢ (3.171)

Note that these expressions for (, s, and n are the same as those obtained in Chapman-
Enskog theory, Egs. (3.106) — (3.108), when the simplest truncation scheme possible is
employed, N® = 2, NV = 1, and N* = 0. (The proof that the bulk-viscosity coefficient
agrees with Eq. (3.106) utilizes the relation (3.54).)

The relaxation times, which have no analogue in Navier-Stokes theory, are given by

TH:—3 Tn = fo Trp = %
4m2B0A(S)2 ’ " B]_Az)ll ’ T BQABO ‘

(3.172)

Note that the ratios of the relaxation times to their corresponding viscosity and diffusion
coefficients are actually thermodynamic functions and independent of the collision term,

M 3 T 1 Tr

2
= —, —. 3.173
¢ m?ag x o n o af ( )
In particular, in the classical and massless limit 7./n = 1/(Sols2) = 5/(e0 + Fp). This
value respects the asymptotic causality condition discussed in Chapter 2.
The remaining transport coefficients related to the bulk-viscous pressure are

fwn 2 wGw oty Mo _mt (L G
m 3 3 Dy 9 %7 m 3 \2 7T Dy
A m? (O] L0V} b, m? Gy n
_— _—_———— I — + ho N A P - — 5 e P}/l ?
T 3 (9040 8ﬁ0 11 3 D2O
2 n
TIn m Gso 371)
= [ == - By ), 3.174
1 3 <D20 Boaﬁo ( )
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while those related to the particle-diffusion current are

5"_" — 1+£2 n ﬂ = §+g 2

- 3 Y5 Py 5 5m Y2

Eﬂ _ Bodar . Tnm _ 8 Ja1 .y ot

. o+ 5 T Tn %e0 + Po 0By’

Az O +h71% b B m_2 I

T, Oag ° aﬁo ’ Tw €t Lo 3 "

Tt oo —B on' Antl _ om? (% + hlﬂP) (3.175)
T €0+ Py Y96y o 3 \dag ° 3B) '

and, finally, those related to the shear-stress tensor are

Orr 4_i_m2 . Trr 10+4 9 o
_— = _— _— — —m
3 32 w7
Trn 2 5, 0V ben 2 5
b - 5m 60 850 ) . - 5m 71 s
Arn 2 (0 17 Aer 6 2 ) g
= __ h~ —_—= - = — . 3.176
T, 5m <3oz0 + o 0B Tr 5 15m T ( )

Exercise 3.20: Prove Egs. (3.168) — (3.176).

We note that equations (3.168) — (3.170) are not identical to the original equations
obtained by Israel and Stewart in Ref. [4]. The following terms did not appear in the
original Israel-Stewart equations: in the equation for the bulk-viscous pressure the terms
proportional to IIf, m* o, and n,V*ap; in the equation for the diffusion 4-current the
terms proportional to n*, n”ot, TV ,aq, and I[IV*ag; and in the equation for the shear-
stress tensor the terms proportional to 778, i o V¥ aq, and IIo*”. These missing
terms made some believe that the formalism proposed by Israel and Stewart to derive fluid
dynamics necessarily led to incomplete equations of motion. As we demonstrated in this
chapter, this is certainly not the case. The issue was that such terms were originally
dropped in their original work because they were considered to be unimportant for ap-
plications to cosmology, where the expansion rate of the fluid is usually quite small and
the shear tensor is zero. Therefore, the disappearance of such terms is only a reflection
of the power-counting scheme originally adopted by Israel-Stewart, it is not a permanent
feature of the formalism.

However, for the purposes of describing the quark-gluon plasma produced in heavy-ion
collisions, such a power-counting scheme is simply not sufficient, and the terms that were
originally dropped can be of relevance to the description of such a rapidly expanding
system. The first to note that Israel-Stewart theory was not incomplete were the authors
of Refs. [14, 15, 16], who actually wrote down the complete equations that follow from
Israel-Stewart’s derivation procedure, i.e., Egs. (3.168) — (3.170).
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Furthermore, we note that the transport coefficients derived in this section are slightly
different from those derived by Israel and Stewart in Ref. [4]. The reason behind this is
well known: we did not use the second moment of the Boltzmann equation to derive the
equations of motion for the dissipative currents using the 14-moment approximation — we
instead used the exact equation of motion for the dissipative currents. The moment of
the Boltzmann equation employed to derive the equations of motion does not change the
form of the equations of motion, but does affect the microscopic expressions obtained for
the transport coefficients. We remark that this is basically a relativistic effect and, in the
non-relativistic (or low-temperature) limit, the set of transport coefficients will have the
same values regardless of the moment employed.

In contrast to Chapman-Enskog theory, Israel’s and Stewart’s framework allows for a
rather simple derivation of fluid dynamics. This derivation leads to a fairly accurate theory
of fluid dynamics for dilute gases, which takes into account the transient dynamics of
the dissipative currents and includes several higher-order terms. Following the arguments
constructed in Chapter 2, linearized Israel-Stewart theory can be shown to be stable under
perturbations and also to respect causality, depending on the values taken for n/7,, 3/7,,
and (/. The microscopic expressions derived in this section for the viscosity coefficients
and relaxation times are consistent with the causality and stability conditions
obtained in Chapter 2. Naturally, improvements to this formalism are still required, as
will be discussed in detail in the forthcoming chapters.

3.4 Summary

In this chapter we have discussed in detail the derivation of relativistic dissipative
fluid dynamics from kinetic theory following the two most traditional approaches:
the Chapman-Enskog expansion and the 14-moment approximation, as originally
proposed by Israel and Stewart.

In Sec. 3.1 we showed how the fluid-dynamical degrees of freedom can be matched to
moments of the single-particle momentum distribution function. This is the first step
required to derive fluid dynamics from the Boltzmann equation and this section’s results
will also be employed in the following chapter.

In Sec. 3.2 we discussed the Chapman-Enskog expansion. In this scheme, an asymp-
totic solution of the Boltzmann is constructed using perturbation theory, by expanding
the single-particle distribution function in powers of the Knudsen number. This re-
sults in a gradient expansion, in which all moments of the distribution function depend
solely on the five primary fluid-dynamical variables and their gradients. The cor-
rections to the local-equilibrium distribution function are then systematically arranged in
terms of an expansion in powers of the Knudsen number. We showed in this section that
the zeroth-order truncation of this expansion leads to ideal fluid dynamics and the
first-order truncation to Navier-Stokes theory. We further obtained the micro-
scopic expressions for the viscosity and diffusion coefficients. Keeping second-
and higher-order terms one would obtain the Burnett and super-Burnett equations, but
these higher-order solutions were not explicitly calculated here.

In Sec. 3.3 we discussed Israel’s and Stewart’s derivation of relativistic fluid
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dynamics. This procedure is based on a truncation of the moment expansion of the
single-particle distribution function. There, the distribution function is expressed solely
in terms of 14 degrees of freedom, which can be matched to the 14 independent
components of the conserved currents. This truncated version of the single-particle
distribution function, the so-called 14-moment approximation, is substituted into the
exact equations of motion for the dissipative currents, leading to a closed set of dy-
namical equations for these fields. The novel equations of motion obtained satisfy the
causality condition obtained in Chapter 2 and, therefore, are stable. In the next chapters,
we shall see how the method of moments can be improved, in order to derive even more
precise fluid-dynamical equations of motion.
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4 Method of Moments

The two widespread methods to derive relativistic fluid dynamics from the Boltzmann
equation, the Chapman-Enskog expansion [1] and the 14-moment approximation [2, 3, 4],
both described in the previous chapter, have flaws. The relativistic Chapman-Enskog
expansion is essentially based on the gradient expansion and as such does not feature
transient effects, which allow to restore causality and stability. It thus leads to fluid-
dynamical equations of motion that are acausal and intrinsically unstable [5] and,
consequently, it should not be applied to derive the equations of relativistic fluid dynamics
from kinetic theory. The method of moments [2; 3, 4, 6] is in principle free of such
problems and leads to transient fluid-dynamical equations that can be constructed to be
causal and stable [7, 8,9, 10, 11], as shown in Chapter 2. However, in the form presented
in the previous chapter it still features an ambiguity as to how to close the system of fluid-
dynamical equations of motion. In this chapter we will discuss the necessary prerequisites
to resolve this problem.

The method of moments is generally considered the method of choice for deriving the
fluid-dynamical equations of motion from the Boltzmann equation. This approach was
first formulated consistently by H. Grad [12] for non-relativistic systems and consists of
expanding the non-equilibrium correction to the single-particle distribution function in
terms of a complete set of Hermite polynomials [13]. The generalization of Grad’s
method of moments to relativistic systems is, nevertheless, not trivial and has been pur-
sued by several authors [14, 15, 16, 17, 18, 19]. The main challenge is to find a suitable set
of orthogonal polynomials which could replace the Hermite polynomials in a rela-
tivistic formulation [3, 6]. This issue was circumvented by Israel and Stewart by simply
expanding the non-equilibrium correction to the single-particle distribution function in a
Taylor series in 4-momentum. The main disadvantage of this approach is that, since
the expansion is not realized in terms of an orthogonal basis, the expansion coefficients
cannot be determined in terms of moments of the single-particle distribution function.
Israel and Stewart then introduced another approximation, the so-called 14-moment
approximation [4], already discussed in Sec. 3.3. In this case, the Taylor expansion
in momentum is truncated at second order, leaving only 14 expansion coefficients to be
determined. Israel and Stewart then introduced a set of 14 constraints which allowed to
express the expansion coefficients in terms of the conserved currents, N# and T*" — the
so-called matching procedure.

A more reliable relativistic formulation of the method of moments, which ex-
pands the single-particle distribution function in momentum using an orthogonal and
complete basis, was formulated in Ref. [20]. The main goal of this chapter is to describe
this expansion and to derive the equations of motion satisfied by the corresponding expan-
sion coefficients, the so-called irreducible moments, which turn out to be moments
of the deviation of the single-particle distribution function from a chosen ref-
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4 Method of Moments

erence state. As we shall discuss in Chapter 5, such a generalization of the method
of moments will be essential in understanding how relativistic fluid dynamics actually
emerges from the relativistic Boltzmann equation, what is its domain of applicability,
and how the equations of motion can be systematically improved. In this chapter, the
reference state is assumed to be in local thermodynamical equilibrium, described by the
single-particle distribution function (3.60). A generalization to a different reference state
(featuring an anisotropy in momentum space) was explored in Ref. [21].

This chapter is organized as follows. In Sec. 4.1 we demonstrate how to expand the
single-particle distribution function in terms of a complete, orthogonal basis in mo-
mentum space. In contrast to Israel’s and Stewart’s non-orthogonal basis 1, k*, k*kY, .. .,
our approach uses irreducible tensors in 4-momentum £*, 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, multiplied by the
above mentioned irreducible moments. Section 4.2 derives an infinite set of equations for
these moments, which is still completely equivalent to the Boltzmann equation. Section
4.3 explicitly calculates the moments of the collision term, which appear in the equations
of motion for the irreducible moments. In Sec. 4.4 we summarize this chapter. Several
mathematical details are delegated to a set of appendices.

4.1 Moment expansion

In principle, the momentum dependence of the non-equilibrium component of f,
0 fx = fx — fok, should be obtained by solving the relativistic Boltzmann equation,
which in general poses a very complicated task. In this context, the method of moments
can be a convenient tool, since it allows us to obtain an approximate expression for
0 fx, which is able to capture some features of solutions of the Boltzmann equation. In this
section we explain and develop the moment expansion of the single-particle distribution
function.

It is convenient to factorize the local-equilibrium distribution function fox from fi in
the following way

S = fox + 0 fx = fox (1 + Giedc) - (4.1)

Above, we introduced Gy as an arbitrary function of Fyx = u,k", and ¢y as an arbitrary
function of the space-time coordinates x# and the on-shell 4-momentum k* = (ko, k)7,
ko = vVk2 + m2.

The next step is to expand ¢y in terms of a complete basis of tensors formed of
k*. One choice is to follow the approach proposed by Israel and Stewart [4] and expand
¢k using the following basis,

L, kM, kPR, KMEVEN L (4.2)
In this case, the formal expression for ¢y, becomes
Ok = €+ €, k" + e k'K + O (KR EY) (4.3)

where the expansion coefficients €, ...,,,, carry all the space-time dependence of ¢.
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4.1 Moment expansion

The main disadvantage of the moment expansion proposed by Israel and Stewart is
that the expansion coefficients are simply unknown and can only be extracted approxi-
mately. This happens because the basis (4.2) is not orthogonal. In their original work,
Israel and Stewart overcame this problem by truncating the expansion at second order in
momentum and extracting the coefficients of the truncated expansion by matching them
to certain moments of the single-particle distribution function. However, the coefficients
extracted from such a matching procedure are not unique and can change according to
the order in which the expansion is truncated.

This unpleasant aspect of Israel-Stewart theory can be easily avoided by using an or-
thogonal basis for the expansion. Here, we follow the approach developed in Ref. [20]
and expand ¢y using as a basis the irreducible tensors,

1, kW glepn g o (4.4)

and orthogonal polynomials in Fy,

n

Py =Y "d0E; . (4.5)

r=0

Note that, in the local rest frame, the irreducible tensors (4.4) are (certain) polynomials
formed of powers of the components of 3-momentum k, while the orthogonal polyno-
mials (4.5) are polynomials in on-shell energy £° = v/k2 + m2. The term “irreducible”
refers to the fact that the tensors are irreducible with respect to the group of Lorentz
transformations which leave the fluid velocity invariant, A“u” = u*, the so-called little
group associated with u*. In the local rest frame, these are spatial rotations.

The irreducible tensors form a complete and orthogonal set and are defined by
using the symmetrized and, for m > 1 traceless, projection orthogonal to u* of tensors
constructed from k*. That is,

i fphm) = AP (4.6)

ViUm

where the projectors A%1#m are constructed in App. 4.5, Eq. (4.49), see also Refs. [6, 22].
Naturally, these projectors are orthogonal to the fluid 4-velocity.
The irreducible tensors (4.4) satisfy an orthogonality condition,

|
/ AR F(E) K9 ko = O g / K F(B) (Akaks)™

(2m + e
(4.7)

for an arbitrary function F'(Ex), which depends only on Eyx = k*u,,, for the proof see App.
4.7. Likewise, the orthogonal polynomials (4.5) fulfill an orthogonality condition,

/QKW@R9R$=@M, (4.8)

m

with the measure w® being given by

w®

0 =_"
“ —(%+4yﬂ

Aaﬁkakﬁ)egkak ; (4.9)
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4 Method of Moments

cf. App. 4.8 for further details.

We note that the basis constructed from irreducible tensors and orthogonal polynomials
is completely equivalent to the basis used by Israel and Stewart, as long as Gy = fok.
However, the fact that it is orthogonal will make it more convenient to use. Next, we
explain how the orthogonality relations (4.7), (4.8) satisfied by the basis elements allow
to calculate the expansion coefficients.

Using the basis introduced in Eqgs. (4.4) and (4.5), the quantity ¢y defined in Eq. (4.1)

is expanded as
oo Ny

chm e P(E m "'kud . (4'1())
=0 n=0

i) can be obtained by multiplying Eq. (4.10) by the

corresponding basis element, Gy fokPIE? k.. i) and integrating over momentum, ds .
Together with the definition (4.1) of 0 fi, the orthogonality conditions (4.7), (4.8) then

imply that

The expansion coefficients ¢,

(«
&WgzhﬁKﬁk kM S fie (4.11)

Exercise 4.1: Prove Eq. (4.11).

Plugging Eq. (4.11) into Eq. (4.10) and the result into Eq. (4.1), using Eq. (4.5) the
full non-equilibrium single-particle distribution function can be expressed in the following
way,

fi = foc(1+ Gru) , (4.12)
oo Ny

=D S H A R,k (4.13)
¢=0 n=0

where we introduced the function

© _ WS 0 o0
Hkn = T Z a7(n)71Pkm ) (414)

and the irreducible moments p/*#¢ of § fy,
pgl“‘ﬂe = /dK Ek k kﬂl 5fk — <Ek * ,kﬂ@>>5 . (415)

On the right-hand side, we made contact to the notation (3.27) introduced in Chapter 3.

Exercise 4.2: Prove Egs. (4.12) and (4.13).
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4.1 Moment expansion

We remark that our choice of matching conditions (3.23) and the Landau-frame
definition (3.16) of the fluid velocity [23] imply that the following irreducible moments
vanish

pr=p2=pf =0. (4.16)

The vanishing of the two scalar moments, p; and p,, define the temperature and chem-
ical potential of the fictitious local-equilibrium state characterized by the single-
particle distribution function for. The rank-1 moment pj corresponds to heat flow,
which vanishes by definition in the Landau frame.

Note that, so far, the function Gy, was assumed to be independent of the index /.
This was done just for the sake of simplicity and, in principle, nothing would prevent
us from introducing a function gff) , if this provides a more useful prefactor in Eq. (4.1).

The arbitrary function Ql(f) would determine the overall behavior of the polynomial basis

employed to expand ¢y. Setting gff) = fok corresponds to employing the same basis used
by Israel and Stewart, which, once truncated, is a good approximation to describe the
function for small values of fyF) (as long as there are no singularities). This basis is
sufficient to derive fluid dynamics and was used for this purpose in previous work [20].
On the other hand, one can also set gff) = fOk/ (1+ ﬁoEk)Z, which, at large [yEx, is
equivalent to the basis 1/Ey, 1/E2, 1/E3, ..., while, at small 8E, is equivalent to the
usual basis 1, Ex, EZ, E, .... This (truncated) basis is expected to be viable when [y Fj
is large and should provide a better estimate of the momentum dependence of ¢y. In
summary, with a reasonable choice of Ql(f) one can describe the single-particle distribution
function for several domains of By Fy.

For the particular choice G, = fok one can easily show that, substituting Eqs. (4.12)
and (4.14) into Eq. (4.15) and using Eq. (4.5), the orthogonality condition (4.7), as well
as the definition of the auxiliary thermodynamic integrals (4.31), all irreducible moments
are linearly related to each other (for more details see, Eq. (72) of Ref. [24]),

Ne
P = (1) 00 prnen D (4.17)
n=0
where
0 Je, m
n W
%(n) = Z Z al),al) Jisriee - (4.18)
m=n r=0

Note that these relations are also valid for moments with negative i, hence it is possible
to express the irreducible moments with negative powers of Ey in terms of the ones with
positive 4, for details see Eq. (65) of Ref. [20].

The moment expansion described in this section is a very powerful tool, with applica-
tions to all methods that derive fluid dynamics from the relativistic Boltzmann equation.

Exercise 4.3: Prove Eq. (4.17).
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4 Method of Moments

4.2 Equations of motion for the irreducible moments

The time-evolution equations for the irreducible moments p/'#¢ can be obtained
directly from the Boltzmann equation by applying the comoving derivative to the defini-
tion (4.15), together with the symmetrized traceless projection,

d
p'fnul...w) — Aﬁfzﬁf% /dKElT{k(lq . /-CW)(ka , (419)
where A = ut0,A = DA = dA/dr and pff“'"’“) = A,ﬁ‘lljj_‘ﬁ; purve. Using the Boltzmann
equation (3.1) in the form (3.142),

5fk - _fOk - Elzlkyvufok - Elzlkuvugfk + E]:lcr [f] ) (420)

where V,, = A7J,, and substituting this expression into Eq. (4.19), one can obtain the
exact equations for the comoving derivatives of pt#.

Using the power-counting scheme that will be developed in Sec. 5.1, we can show
that, in order to derive the equations of motion for relativistic fluid dynamics, it is suf-
ficient to know the time-evolution equations for the moments (4.15) up to rank two,
i.e., for p,, p¥, and p*”. Similar equations can also be derived for higher-rank irreducible
moments, if needed. Thus, using Eqs. (4.19) and (4.20), we obtain after some lengthy
calculation

. G27' G2r G3r
y— Cry = a0 — 100 + —Z a0, + ——0,n" + (r — 1) p 50,
P ! DQO D20 a D20 g ( )p e
. 1
+ ol — Vol — 3 [(r+2)p,— (r—1)m’p, 5] 8, (4.21)

r

1
P = O = a1 4 gty + 5 [(r = Dy mPply = (r 4 3) k] 0 = MV + 1) i,

1 1
+ R [((2r —2)m?pl_, — (2r +3) pt] ol + 3 [mPrp,—1 — (1 + 3) praya] @
/BOJT+2,1
go + Pg
+(r—=1) pi50n (4.22)

+ (Hu“ — VHIT + Aﬁ@kﬂk”) — %V“ (mzpw_l — p,,+1)

v 2 v v
plmh — o — 90 g - [(27‘ +5) pr —2m? (r — 1) pji“z] ol + 2w

r—1 r r

2 2 4 g

+E [(T+4)Pr+2 —2r+3)mp,+(r—1)m pT_Q] o
2 y y 2 .

+ ng (lorj-l - m%rzl) 5 [(7" +5) Pﬁil - mQ?”pffil} i)
1 v 174

3 [(r+4)p —m?(r — 1) pt”,] 0

+ (1 = 1) o5 ong — ALEVARS + 7 (4.23)

where we introduced the generalized irreducible collision terms

Clprme) = /dKE{;kO“ L kROCf] . (4.24)
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4.2 Equations of motion for the irreducible moments

We further used the definitions of the shear tensor o* = V%", the expansion scalar
6 = V,u", and the vorticity tensor w* = (V*u” — V¥u*) /2 and we introduced [* =
VHag. All derivatives of oy and [y 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

Qo = Don {=J30 (100 + 9un) + Joo [(e0 + Po + 1) 0 — 70, ]}, (4.25)
20
. 1
Bo = 5 {=0 (nof + 9un”) + o (20 + Po + 1) 0 = 70} (4.26)
20
1
L [ 2y P HTT — AH ap 4.2
“ £0+Po(v 0 i+ Vv a0pT )’ (4.27)

of. Eqs. (3.46), (3.58), (3.59). The coefficients a'”, a!”, and a!” are functions of temper-
ature and chemical potential and have the general form

1
047(“0) = (1 — 7”) Irl — Iro — D_ [GQT (50 + PO) - GSrnO] ; (428>
20
ol = Jop11 =y rjan (4.29)
af?) =Lyo1+(r—1) L2, (4.30)

where we defined the thermodynamic functions

1 . N ol,
[nq (Oéo,ﬁo) = m <Ek “ (_A Bko‘kﬁ)q> - 8&5 3o ’

2
Gnm = JnOJmO - Jn—l,OJm—l—l,O 5 an = Jn+1,qJn—1,q —J

ng

g (4.31)

0

(4.32)

cf. also Egs. (3.48), (3.49), (3.55).

Exercise 4.4: Prove Eqgs. (4.21) — (4.23).

(Warning: This proof is quite lengthy. Try this only when you have sufficient patience
and time.)

Using the matching conditions (4.16), the dissipative quantities appearing in the con-
servation laws can be (exactly) identified with the moments

— 11 ) Pg =n" ) Pf)w =7 ) (433)

cf. Egs. (3.26), (3.28) in Chapter 3. We note that the derivation of the equations of
motion for the irreducible moments is independent of the form of the expansion of the
single-particle distribution introduced in the previous section.
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4 Method of Moments

4.3 Collision term

In this section, we compute the collision integrals (4.24), expressing them in terms of
the irreducible moments. This then formally closes the set of moment equations. We
shall separate the collision term into two different components: one being linear in the
non-equilibrium corrections ¢, and the remaining being nonlinear in these functions. It
is obvious that the first term will be linear in the irreducible moments, while the second
one is nonlinear.

The first step is to express the collision term as a functional of ¢, which was introduced
in Eq. (4.1) as (we take Gy = fox)

5fp - fp - fOp = fOpfOprp . (4'34>

Using this definition, it is straightforward to demonstrate that
fpfp/ = fOpfOp/ (1 + fOp/¢p’ + f0p¢p + fOpfOp’¢p¢p/> ) (435)
fpfp’ = fOpfOp’ (1 - af()p’¢p’ - afOp(bp + a2f0pf0p’¢p¢p') : (4-36>

The terms linear in ¢ will be collected into the linear collision term and computed
in the following, while the higher-order terms constitute the nonlinear collision term,
respectively. The calculation of the latter can be found (in the classical (Boltzmann)
limit) in Ref. [24].

Substituting Eqgs. (4.35) and (4.36) into Eq. (4.24), and keeping only terms that are
linear in ¢y, one can derive the linearized collision term, L [¢], defined as C'[f] =
L[¢] + O (¢?*). Explicitly, one obtains

L [¢] = 1 /dK/dePl Wkklﬁpp/fOkak’fOPfOP' (¢p + (bp’ — Ox — (bk’) . (4-37>

14

Exercise 4.5: Prove Eq. (4.37).
(Hint: Use C'[fo] = 0 and the equality fop fop foxfox = foxfox' fop fop'-)

Inserting Eq. (4.37) into the expression for the irreducible collision term (4.24), we
obtain the linearized collision integral

Lire = / dK Bk ko I [g)

1 -
v / AKAK' AP AP Wigs-sppy forfowe fop fopr B K0+ 17 (6p + by — xc = )
(4.38)

The next step is to substitute the moment expansion (4.13) for ¢k into Eq. (4.38), ex-
pressing it as a linear combination of the irreducible moments,

oo Nm
#1 He) 141 ‘e 111 v,
= =D D (At g (4.39)
m=0 n=0
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where we defined the tensor

1 ~ o~
(Arn)y o = / dK dK'dPdP" Wigo-sppr for forc fop fop B Y - - k4

V1 Um
) (B ke, ok, + H Ky o Ky = H py - oy Ly
nk M1 ° nk’ Vm) np p<V1 pl/m> np’ p(m pym> :
(4.40)

Equation (4.39) looks like different tensor components of the irreducible moments con-
tribute to a given tensor component of the collision term on the left-hand side. In fact,
however, we will now show that the tensor components on both sides of this equation are
the same, cf. Eq. (4.47).

The integral (A,,),, )" is a tensor of rank m+-¢, which is symmetric under permutations
of p-type and v-type indices, and which depends only on the equilibrium distribution
function. The latter contains only one type of 4-vector, the fluid velocity u*. Therefore,
(A, 0 must be constructed from tensor structures made of u# and the metric tensor
g, Also, (Am)’;llf ! was constructed to be orthogonal to u* and to satisfy the following
property,

A AR (AL 8= (A5 (4.41)

M1 pee Vi Um B1-+Bm
Since (Am)ffll,’fi 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 projection operators. This means
that both ¢ and m are either even or odd. Therefore, the following type of terms could

appear in (A,,)" "

V1 Um "
(i) Terms where all u-type indices pair up on projectors A*i#i and all v-type indices
on projectors A, , e.g.,

AR ARG AR N A (4.42)

Um—1Vm *

All possible permutations of the u-type among themselves and v-type indices among
themselves are allowed.

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

g AFIARHS N AR NN (4.43)
Again, all possible permutations of the u-type and v-type indices are allowed. If
there is an odd number of projectors of the type Aﬁ;, both ¢ and m must be odd. If
there is an even number, both ¢ and m must be even, too. Without loss of generality,
suppose 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 form A’lf;, with
some projectors left over which carry only u-type indices, e.g., AFit*,

Um—1Vm °*

(iii) If £ = m, all p-type indices could be paired up with v-type indices on projectors of
the form A}, with no left-over projectors like explained at the end of (ii),

ABLL AR (4.44)

Again, all permutations of the p-type indices among themselves and v-type indices
among themselves are allowed.
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Note that terms of the type (i) and (ii) by themselves do not satisfy the property (4.41).
This happens because any term which contains at least one projector of the type A#its
or A, ,, vanishes when contracted with At ecAR " Therefore, (Apn)pl 0t cannot
be solely constructed from terms of type (i) and (ii), because otherwise it would vanish
trivially, and the property (4.41) would not be satisfied. There must at least be one term
of type (iii). However, this implies that m = ¢. This does not mean that terms of type
(i) and (ii) do not appear; they do occur, but in such a way that Eq. (4.41) is satisfied.

In summary, (A,,),' )" has the form

(A )il 0" = Oum {A(E)A AW) + [terms of type (i) and (11)]} : (4.45)

V1, 0

where the parentheses denote the symmetrization of all Lorentz indices. Contracting Eq.
(4.45) with Ag1ee AZ2 and using Eq. (4.41), we prove that

|5R17)
(Arn) 515" = O AU AGETSE (4.46)

Finally, substituting Eq. (4.46) into Eq. (4.39) we derive,

= ZAmpn : (4.47)

This completes our goal to express the hnear collision term as a linear combination of the
irreducible moments. The coefficients A can be obtained from the following projection

of (A, )V1 l’ff
A(f) — 1 AVEVE (A HTHe
e T A MR T Mz< Tn)zzl---zzg
41+ fig
1 T _
= m/deK,dePl Widr—sppr for fowe fop fopr B kW - o)
(0) (0) ¢ )
% (Hk" Ky« Ky + Hie kZM e klw) - HL% PG = Pug) — 7'[p’n p,<u1 o 'p/uH) ’

(4.48)

where we used that A8 = 20 4 1. The coefficients AL are (invertible) matrices (the
matrix structure is indicated by the row and column indices  and n) and contain all the
information of the underlying microscopic theory. We explicitly compute some of them
for the case of a classical gas of massless particles with constant cross section in Chapter
D.

We remark that, for ¢ = 0 the terms with n = 1,2, and for ¢ = 1 the term with n =1
are zero, because the moments py, ps, and p} vanish due to the definition of the velocity
field and the matching conditions, Egs. (3.16) and (3.23). Therefore, in order to invert
A&Q, for £ = 0 we have to exclude the second and third rows and columns, and for £ =1
the second row and column.

We note that similar matrices already appeared in the context of Chapman- Enskog
theory and the method of moments, where they were referred to as A3, AY , and A"

TN TN TN

Eq. (3.93). Note that, if one replaces Hkn — E} in Eq. (4.48), both definitions actually
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agree (up to prefactors): A5, — AW Ay — Bo AL, and At — BS.A,(%). Therefore, the
difference between Chapman-Enskog theory and the method of moments is entirely due to
a different basis employed in the moment expansion in each method. In Chapman-Enskog
theory the expansion basis employed was 1,F, EZ, ..., while in the method of moments
an orthogonal basis of polynomials was employed, 1, Pli?, 1&?, .... Since both bases are
equivalent, the final result will be approximately the same in both methods, provided one

includes a sufficiently large number of basis elements.

4.4 Summary

In this chapter we have presented a relativistic generalization of the method of
moments. We constructed an orthonormal basis in terms of irreducible tensors
k.. ki) and polynomials in powers of Ey, which allowed us to expand the devia-
tion ¢ f of the single-particle distribution function fi from a reference state (which we
took to be the distribution function fox in local thermodynamical equilibrium) in terms of
the irreducible moments p/* ¢ of the deviations of the distribution function from equi-
librium. We then proceeded to derive exact equations of motion for these moments.
Finally, we also showed how to compute the moments k) of the collision term
in the Boltzmann equation, which appear in the equations of motion for the irreducible
moments. We restricted the discussion to the part of the collision integral which is linear
in the irreducible moments. In Chapter 5 we will demonstrate how the fluid-dynamical
equations can be derived from the equations of motion for the irreducible moments.

4.5 Appendix 1: Irreducible projection operators
In this appendix, we present the irreducible projection operators necessary to derive

the irreducible moments of J f,. We start by recalling the definition of the irreducible
projection operators [6, 20, 24],

[n/2]
1
A'l‘fllﬁ: — E C(n7 q) /\T § APLH2 L AHZqﬂ#QqAVlVQ o Auzququgjﬁ A Aﬁ: .
q=0 "4 prpn

(4.49)
Here, [n/2] denotes the largest integer less than or equal to n/2, the coefficients C(n, q)
are defined as
2
. (nh) (2n — 2q)!
(2n)! ¢!'(n — q)!(n —2q)!’
and the second sum in Eq. (4.49) runs over all distinct permutations PP, of y- and

v-type indices. The coefficient in front of this sum is just the inverse of the total number
of these distinct permutations,

Ny ! ( ! )2 . (4.51)

(n—2q)! \ 24¢!

C(n,q) = (1) (4.50)
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4 Method of Moments

This number can be explained as follows: (n!)? is the number of all permutations of u-
and v-type indices. In order to obtain the number of distinct permutations, one has to
divide this by the number (29)? of permutations of u- and v-type indices on the same A
projectors (where only projectors with only p- and only v-type indices are considered),
and by the number (g!)? of trivial reorderings of the sequence of these projectors. Finally,
one also has to divide by the number (n — 2¢)! of trivial reorderings of the sequence of
projectors with mixed indices.
The projectors (4.49) are symmetric under exchange of p- and v-type indices,

Aprtin = Ain) (4.52)

V1Un (v1-vm)

and traceless with respect to contraction of either p- or v-type indices,

AH1Hn

v1-vn Jpip

= Aﬁf:fﬁ:g”iw =0 foranyi,j. (4.53)
Moreover, upon complete contraction,
Afrtn = NPT g g = 204 ] (4.54)

cf. Eq. (23) in Chapter VI.2 of Ref. [6]. Note that the relation (4.54) means that the
projection of an arbitrary tensor of rank n with respect to Eq. (4.49), i.e., A"Vn AbL hn
has 2n + 1 independent tensor components.

In order to prove this, we note that an arbitrary tensor A, of rank n in d-dimensional
space-time has d" independent components, because each of the n indices can assume d
distinct values. Now consider a rank-n tensor which is completely symmetric with respect
to the interchange of indices. This tensor can be constructed from the arbitrary tensor
AR via symmetrization,

,ul fin) _ |ZAN1 “Hn (4'55>

where the sum over P, runs over all n! permutations of the p-type indices. The number
of independent tensor components of such a symmetric tensor is given by the number of
combinations with repetition to draw n elements from a set of d elements,

B1pin (n +d— 1)!
Nun <A( )> == (4.56)

Let us now demand in addition that this tensor is traceless,
0= Alpapn) — Alp1sn-2) 4.57
d Jun—1pn = 4 ) (4.57)

where the right-hand side defines a new symmetric tensor of rank n — 2. According to
Eq. (4.56), this tensor has

(n+d—3)!
(n—2)!(d—1)!

Nun (A(‘” tin— 2’) - (4.58)
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4.6 Appendix 2: Thermodynamic integrals and properties

independent components. This is also the number of constraints by which the number of
independent components of the original symmetric tensor Afl“ 1hn) g reduced, if we de-
mand that it is traceless in addition to being symmetric. Thus, the number of independent
components of a symmetric traceless tensor is

Nan (A(’“”'“")> — N (Ag“r"“n)) ~ Ny (Aé“l"'“”‘2)> (4.59)

- (n+d-1)! (n+d-3)!  (n+d-23)
AT -1l @2 e

Let us now require in addition that such a symmetric traceless tensor is orthogonal to a
given 4-vector u*,

0= ALt o, = AYre) (4.60)

d,tr—less L “Hn d,tr—less

The right-hand side defines a new symmetric traceless tensor of rank n—1 which, according
to Eq. (4.59), has

) __ (n+d—4)] B
Nd" <Ad,tr—less ) - (n . 1>| (d - 2)| (27”L + d 4) (4'61>

independent components. This number reduces the number of independent components
of the original symmetric traceless tensor, if we demand in addition that it is orthogonal
to u#; thus the latter has

Nao (Afeo) = Nan (ALS702) = Nao (A% 000)

(n+d—3)! (n+d—4)!
n!(d—?)!) (2n+d-2)- (n—l)!(d—)Q)!(2n+d_4)
_ —(Z!“(de__g!)!@nqtd —3) (4.62)

independent components. Comparing this equation to Eq. (4.59) we realize that the
orthogonality constraint (4.60) has effectively reduced the number of dimensions by one
unit, d — d — 1.

Now taking d = 4, Eq. (4.62) tells us that any symmetric traceless tensor of rank n,
which is orthogonal to u#, has Ny, (Ai“tlr_{gs‘g ) =2n+ 1 independent components. If this

tensor is in addition orthogonal to another 4-vector [*, then Eq. (4.62) applies replacing

d =4 by d = 3, and we obtain Ngn(Aé’iLﬁ;S) ) = 2 independent components. This result

is independent of the tensor rank n.

4.6 Appendix 2: Thermodynamic integrals and properties

In this appendix, we compute the thermodynamic integrals /;., , in Eq. (4.31). They are
obtained by suitable projections of the tensors

Ij”"'”" _ <EIZ( k... k;lln>0 , (463)
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4 Method of Moments

where the angular brackets denote the average over momentum space defined in Eq. (3.24).
The subscript ¢ on this quantity reflects the power of Ey in the definition of the moment.
Due to the fact that the equilibrium distribution function depends only on the quantities
g, By, and the flow velocity u*, the equilibrium moments can be expanded in terms of
ut and the projector A" as

[n/2]
Iiﬂl"'#n _ Z (—1) brg Liing AWin2 | AM2g-1H2qB2q41 gy Hn) 7 (4.64)

q=0

where n, ¢ are natural numbers while the sum runs over 0 < ¢ < [n/2]. Here, [n/2]
denotes the largest integer which is less than or equal to n/2.

The coefficient b,, in Eq. (4.64) is defined as the number of distinct terms in the
symmetrized tensor product

AWinz | AH2q-1H2q g H2q+1 ., g Hn) = AFLHZ | AF2q-1H2q 0 H2q+1 g kn

1
2 o (4.65)
bg

Py

where the sum runs over all distinct permutations of the n indices pq, ..., p,. The total
number of permutations of n indices is n!. There are ¢ projection operators A*i#i and
n — 2q factors of uM*. Permutations of the order of the At and of the u** among
themselves do not lead to distinct terms, so we need to divide the total number n! by
q!(n — 2q)!. Finally, since A*# is a symmetric projection operator, a permutation of its
indices does not lead to a distinct term. Since there are ¢ such projection operators, there
are 27 permutations that also do not lead to distinct terms. Hence, the total number of
distinct terms in the symmetrized tensor product is
by = n! _ n!(2¢g — ! ’ (4.66)
24¢! (n —2q)!  (29)! (n — 2q)!
which is identical to Eq. (A2) of Ref. [4].
In order to obtain the thermodynamic integrals /i, , by projection of the tensors
Z# kit is advantageous to use the orthogonality relation [6]

2q + 1!

papz T Aﬂzq/—1ﬂgq/u#2q’+1 e uﬂn) = %5%' .

(4.67)
Let us prove this relation. First, it is clear that if ¢ # ¢’ there are terms where a u*i gets
contracted with a A, ., which gives zero. The existence of the Kronecker delta is thus
easily explained and we only need to prove Eq. (4.67) for ¢ = ¢/. Second, as the same
set of indices is symmetrized on both tensor products, it actually suffices to keep the set
of indices fixed on one tensor, say in the order ju,. .., flog, ft2g+1; - - -, bn, and symmetrize
only the one on the other,

AWinz | AH2q-1H2q H2g+1 -u“")A(

(Bip2 |, AM2q—1H2q,,H2q+1 . . . 5 Hn) . .
A A u U A(#1N2 AM2q71M2quﬂ2q+1 uﬂn)
1
— Hip2 o AH2q—1H2q,9 H2q+1 | o Hn
= A AH2a=1H2aq 12 u't E A Dpgy g Wpsgsr " Uy - (4.68)
nq pn
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4.6 Appendix 2: Thermodynamic integrals and properties

where we used Eq. (4.65). Among the terms in the sum over all distinct permutations,
only those survive where the indices on the u’s are pigg+1,. .., ftn, just as in the term in
front of the sum. (Otherwise, a u,, will be contracted with a A##i which gives zero.)
Permutations among these indices do not lead to distinct terms. Using ufu,, = 1, we thus
obtain

(Hpz | AH2a—1H2q g H2q+1 g Hn)
A AH2a=1H2aq 12 WA Dy ing Wpzgrn W)
1
_ Bip2 |, AM2g—1p2 L
= 3 A AHF2a—1H2q E Apips Dyng 1pzg > (4.69)
nq 2q
Pu
where the sum now runs only over the distinct permutations of 2¢ indices pi1, ..., o, on

the A projectors. There are in total (2¢)!/(2%!) = (2¢ — 1)!! distinct terms, so that we
obtain

(Hipz || AHM2q—1H2q,H2q+1 . . o Hn) . ...
A A u u A(mm Auzq—luzquuzqﬂ U piy)

2qg — 1!
_ ( qb ) AHFLH2 Auzq—wqu(ulM ce AMQq—1N2q) . (4.70)
ng
The proof of Eq. (4.67) is completed by proving that [6]
AR BN =9 1 (4.71)

This is done by complete induction. Since AM#2A = Al = 3, Eq. (4.71) obviously
holds for ¢ = 1. Now suppose it holds for q. Then we have to show that it also holds for
q + 1. In this case, using the definition of the symmetrized tensor,

A

AR AMQH“%HA(MM ) H2q+1H2q+2)
20+ (g + 1)!
W APLH2 00 AP29+1H2g+2 Z Amﬂg e Au2q+1u2q+2 . (4.72)

Piq+2

Consider the contraction of AF2e+1#2¢+2 with the sum over distinct permutations of 2q + 2
indices fi1, ..., ftog+2. There is one term in the sum where both indices are on the same
A projector. This term is ~ AF2a+1H2a+2 A\ = 3. Then, there are 2¢ terms where

H2g+1H42q+2
the indices pigqq1 and piggio are on different projectors, say A, 1 u A, .- Contracting
with Ak2et1k2e+2 gives a term ~ A, ., where both indices are from the set p, ..., fiag.
Putting this together and using Eq. (4.71) gives
ARkz .. AququA(uluz T AM2q+1u2q+2)
2(¢+1) 24!
_ AHLE2 o AH2q-1H2q (9 3 A A
(29 +2)(2¢+ 1) (29)! (2 + )Z2q p 2 H2q—1/2q
P
2(] +3 1 2 H2g—1H12 =
= 2011 A s AFRRIN G Ay =2+ 3, qed. . (4.73)

With the orthogonality relation (4.67), we now easily find by projecting Eq. (4.64) that

_ D g

Ii-i-n,q - (2q + 1)!! () (wipe * 7 Al@qfl#?quﬂ&q#»l o Upy,)
(_1)(1 i+n—2q uv q
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4 Method of Moments

where we used the definition (4.63) of the tensor Z!*"#". With the definition of the
thermodynamic average (.. .)o, the second line yields Eq. (4.31).

Other useful relations are obtained from contracting two indices of the tensors (4.63)
with a A projector,

T Ny = T T (4.75)

Comparison of Eq. (4.63) for n = 0 and Eq. (4.74) for n = ¢ = 0 yields the identity
Lip=17, (4.76)
and comparison of Eq. (4.63) for n = 2 and Eq. (4.74) forn = 2,9 =1

1

1 1
T B = =3 (WL = Tipo) = =5 (Ml = Tiyag) - (477)

Iijon = —

The thermodynamic integrals (4.31) obey useful recursion relations, which are given
here. Replacing (Aaﬁk,’akzg)qH = (A%k,kg)" (m* — EZ) in Eq. (4.31) we obtain for 0 <
g <nf2

In+2,q = m2 Inq + (2q + 3) In+2,q+1 s (478)

cf. Eq. (3.54). For n = ¢ = 0 this reads
Iy = m*Ip+ 3y, (4.79)

which is consistent with Eq. (4.77) for ¢ = 0. In the massless limit this leads to the
familiar relation eg = 3F,.

4.7 Appendix 3: Orthogonality of the irreducible tensors

In this appendix, we derive the orthogonality condition (4.7) for the irreducible tensors
(4.4). The derivation utilizes the relation

¢!

k- ...kwkml vk = m

(A koks)" (4.80)

This relation is proved as follows. We first note that

AT “'W”%u ok = Agi:::ngﬁi:ﬁfkal kg kP kP

= AG S ko, -+ Ko k7 B (4.81)

Now we insert the explicit form (4.49) of the projection operator and note that the con-

traction of all indices with the momenta reduces the second sum (including the prefactor
1/Ny,) to just a factor of (A% k,kg)*,

/2
9 kPO Ry ok = Y O q) (A% kaks) (4.82)

q=0
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4.8 Appendix 4: Orthogonal polynomials

The Legendre polynomials P;(z) have the representation [25]

1£/2] 10/2)
(20-29)! 5, 120! s
= — ! q 4.
K QEZ f—q (E—Qq)!z Qz(!)Q;C(aQ)Z ( 83)
Since for all ¢ o
2
1 (20)!
1=P(1) = ?((E!))Q ZC(f,q) , (4.84)
q=0
we derive the identity
[¢/2] P -
2°(¢! 01251 — 1) /)
Sowg 208 t2oen . 0
20)! (20— 1)! (20— 1)

where we have used the definition of the double factorial for odd numbers. Inserting this
into Eq. (4.82) proves Eq. (4.80).
The orthogonality condition (4.7) is obtained from an integral of the type

M = / dK F(Ey) k¥ - kb Oky, -k, (4.86)
which is a tensor of rank (¢ 4+ n) that is (separately) symmetric under the permutation
of p-type and v-type indices. In App. A of Ref. [20] it is proven that tensors of this type
must obey the relation

M) = 5 M AR (4.87)

<I/1 I/> V1VUn
where M is an invariant scalar that can be computed by completely contracting the

(p1-pe)
indices of M (Trevm)

1
M = oo /dKF(Ek)k LTI
|

where we have used Eqgs. (4.54) and (4.80). This proves Eq. (4.7).

4.8 Appendix 4: Orthogonal polynomials

The orthogonal polynomials PIEQ are defined by orthogonality condition (4.8) with the
measure w® given by Eq. (4.9).

The polynomials Pg}l are generated by the set 1, Fy, EZ, .... We follow Ref. [26] and
construct this orthogonal set via the Gram-Schmidt orthogonalization method and
using the measure (4.9). Without loss of generality, the first polynomial of each series
is always set to one, i.e., Plgﬁ) = a(()%) = 1. Then, the weights W can be determined
enforcing that the normalization condition (4.8) is satisfied for m = n = 0,

/ dK w9 =1 (4.89)
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4 Method of Moments
This will lead to the following expressions for the weights,

1)
WWZSTL, (4.90)
2.0

where it was convenient to define the thermodynamic integrals jnq

an (Oéo, 60) = /dK Eﬁ_Qq (—Aaﬁkakﬂ)q fOkgk . (491)

With this knowledge, the remaining coefficients a'h), can be extracted from Eq. (4.8).

For a given value of n, the normalization/orthogonality conditions (4.8) lead to n + 1
equations that can be used to calculate affgl for m = 0,...,n. Inverting such coefficients
from Eq. (4.8) is a cumbersome task, but can be achieved with the proper numerical

resources. As an example, let us discuss the case of n = 1, for an arbitrary value of ¢. In
this case, Egs. (4.5) and (4.8) lead to

aﬁ/ﬁKw@+aﬁ/ﬁmea<: 0, (4.92)

1
of [k OB [aruOB; = (4.93)
a1

The solution of Egs. (4.92) and (4.93) is

) ki
adeo— 2o (4.94)
ay Joo
2 J2
JooJoo — Jiy

As it turns out, it will always be sufficient to know, for a given n, the ratios, a'®), / ag%,
2
and the square of aﬁf)l, [a%} , since only these quantities appear in the moment expansion

of ¢x. Extracting the actual signs of the coefficients is irrelevant. General formulas for
2
aliy Jalt) and [a,(f)l] were derived in Ref. [20].
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5 Fluid Dynamics from the Method of
Moments

In this chapter, we present a general derivation of relativistic fluid dynamics from
the Boltzmann equation [1] employing the generalized method of moments pre-
sented in Chapter 4. The main point of this approach, in contrast with the traditional
14-moment approximation, is that it does not close the fluid-dynamical equations of mo-
tion by an ad hoc truncation of the moment expansion. Instead, the reduction of the
degrees of freedom is performed 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 first order in either Knudsen or inverse Reynolds number, or the
product of both. 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.

This chapter is organized as follows. In Sec. 5.1 we introduce our power-counting
scheme in terms of Knudsen and inverse Reynolds numbers. Then, by diagonal-
izing the linear part of the set of moment equations derived in Chapter 4, 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 slowest modes,
but approximate faster modes by their asymptotic solution for long times. This
will then lead, in Sec. 5.3, to the complete set of fluid-dynamical equations which
contains all terms up to second order in Knudsen and inverse Reynolds num-
bers R; ', ie., O(Kn?, R;le’l, KnR; '), where the indices i,j = II,n, 7 refer to the
particular way of defining the inverse Reynolds numbers (see below). In Sec. 5.4 we first
demonstrate the validity of our approach by restricting the calculation to the 14-moment
approximation and recovering the results derived in Chapter 3 (and of Ref. [2]) for the
transport coefficients for the case of an ultrarelativistic, classical gas with constant cross
section. We then show how to successively improve the expressions for the transport
coefficients by extending the number of moments to 14 + 9 x n. We explicitly study
the cases n = 1,2, and 3. In Sec. 5.6 we derive hyperbolic equations of motion for tran-
sient fluid dynamics that are valid up to second order in Knudsen number. In
Sec. 5.7 we compare the solutions of the derived fluid-dynamical equations to numerical
solutions of the Boltzmann equation for certain shock-wave scenarios. We analyze
the domain of validity of the derived equations, depending on the choice of cross section.
We end this chapter with a brief discussion and summary of the results obtained.
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5 Fluid Dynamics from the Method of Moments

5.1 Power counting

In Chapter 4 the single-particle distribution function fy is expanded in terms of an or-
thogonal basis in 4-momentum space. The expansion basis contains two basic ingredients.
The first are the irreducible tensors, 1, k), ke fr2) o ke oo gre 0 which form
a complete and orthogonal set, analogous to the spherical harmonics [1, 3]. We use
the notation At—re) = AL B AVe with ASLEm being symmetrized and, except for
m = 1, traceless projectors onto the subspaces orthogonal to u*, as defined in App. 4.5.
In the local rest frame of the fluid, the irreducible tensors are formed from the spatial
components of the 4-momentum k*. Note that the expansion of fi in Israel-Stewart the-
ory is not in terms of the irreducible tensors k1 ... k#) but in terms of the tensors
kHv ... k* which are complete but neither irreducible nor orthogonal.

The second ingredient are orthogonal polynomials in the energy in the local rest
frame, Fyx = u'k,, Péi) =3 a%? Ey., constructed in App. 4.8. Then, fx is expanded as

oo Ny
fie = fox + forfox Y Z’Hfﬁl Pt By Ky (5.1)
£=0 n=0

where fox = [exp (BoEx — o) + a]f1 is the local-equilibrium distribution function, with
ag = p/T being the thermal potential and Sy = 1/7 the inverse temperature, while
a = +1 for fermions/bosons and a = 0 for classical Boltzmann particles. We further
introduced polynomials of order N, in energy, Hfflz = (W@, Zﬁ‘: " a%%Pﬁl)(, with a

normalization constant W® and the irreducible moments of 6 fx = fi — fok,
Pl = /dK E ko )8 f (5.2)

The values of oy and Sy are defined by the matching conditions for particle number density
and energy density, n = ng = (Ex)o, € = g9 = (Eg),, where (-+-)o = [dK (---) fox. The
matching conditions and the definition of u* according to the Landau-frame choice imply
that the following irreducible moments vanish: p; = ps = pf' = 0.

The equations of motion for p,, p¥, and p*” together with their respective transport
coefficients were derived in Chapter 4, cf. Egs. (4.21) — (4.23). For the sake of convenience,
we again quote these equations of motion,

Gar Gar G ,
2110 + =1 g, + = nt + (1 — 1) 0,

pr - Cr—l = 047(«0)9 -

D20 DQO D20
. 1
+ 11ty — Vupr_q — 3 [(T +2)pr —(r—1) m2p,~_2] 0, (5.3)
1
P = Oy = ol pledy 5 [(r = 1)y mPol o, — (r43) k] 6 — AV + rpl
1 1 .
+ = [@r=2)mply = (2r+3) i) o + 2 [mPrpra = (r 4 3) proa] 0
50Jr 2,1 . v 1
+ DR (10— VI + Aoy ) = 297 (m*pr1 = pran)
+(r—1) %0, (5.4)
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5.1 Power counting

14 2 v 14
g = ) = 200 — Z [ (2r 45) ) —2m? (r = 1) 2 o3 + 29200

+ = [(r+4) pri2 — (2r + 3)mPp, + (r — 1) m*p, 5] o

15
2 v 1 2 -V

200 (ot i) = 2 450l gl ] i
1

—s [ —m (e 1) ] 6

+(r—1) /Oﬁ“w2p0-)\,0 AW VA,OQBA + 7o 1UA ) (5.5)

where C’ﬁ“ 1) are the irreducible moments of the collision term
Clme) = / dK Egk - krIC[f] (5.6)

We also employ the usual notation, where o = V4"’ is the shear tensor, = V, ut the
expansion scalar, and w*” = (VHu” — VYu*) /2 the vorticity tensor. The thermodynamic
functions ai”, afnl), at?, Gy, and D, were introduced and defined in Eqs. (4.28), (4.29),
(4.30), and (4.32). Finally, in deriving these equations, Landau matching conditions [4]
were employed.

In Chapter 4 we further expressed the irreducible moments of the collision term,

Cﬁ‘i L * in terms of the irreducible moments of § fi,

= ZA phike 4+ (terms nonlinear in 0f) (5.7)

n

where the scalars A emerged from the linear part of the collision term, cf. Eq. (4.48),

1 -
A = ST / AKdK'dPdP Waay—ppr fox forr fop fop B TR0 - k70

L L L
X <Hf{,2k:<,,l sk + MKy Ky = HOpa,  pugy — H P, -p/m) . (5.8)

while (terms nonlinear in ¢ f) correspond to terms that are nonlinear in the irreducible
moments of ¢ fy.

It was found that there is an infinite number of coupled equations (labeled by the
index r) for these moments, and the equations for the moments up to rank two 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. From the kinetic point of view, it is usually believed that the validity of the
fluid-dynamical limit can be quantified by the Knudsen number,

Kn — % , (5.9)
where A and L are typical microscopic and macroscopic length or time scales of the sys-
tem, respectively, as already defined in Chapter 1. The relevant macroscopic scales are
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5 Fluid Dynamics from the Method of Moments

usually estimated from the gradients of fluid-dynamical quantities, while the micro-
scopic 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 macro-
scopic 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 thermodynamical
equilibrium, i.e., when d fyx < fox. We can quantify the deviation from equilibrium in
terms of the macroscopic variables by defining a set of ratios of dissipative quantities
to the equilibrium pressure or density. These can be understood as generalizations
of the inverse Reynolds number and will be denoted as

__ | S [nf Sy |
RH:?O, R”:n_o’ R, =5 (5.10)
Since the non-equilibrium moments are integrals of J fi, while the equilibrium pressure
and particle number density are integrals over the equilibrium distribution function fyy,
these ratios may be used to quantify how significantly the system deviates from
equilibrium.

With this in mind, it is clear that these two measures, the Knudsen number and the
inverse Reynolds number, should be used to quantify the proximity of the system to the
fluid-dynamical limit. In general, these two measures are independent 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 ~ R;": while the inverse Reynolds and Knudsen
numbers are certainly related, their relation is in principle dynamical and is precisely
what we aim to find. Only for asymptotically long times, when the solutions of the
dynamical equations approach their Navier-Stokes values, one typically has Kn ~
R; !, as will be discussed in more detail below.

In the traditional 14-moment approximation introduced by Israel and Stewart [5], the
fluid-dynamical limit is implemented by a truncation of the expansion of the distribution
function, which corresponds neither to a truncation 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 validity in both Kn and R ! another truncation
procedure is necessary. Its derivation is the main purpose of this chapter.

5.2 Resummed transient relativistic fluid dynamics

The exact equations of motion (5.3) — (5.5) contain infinitely many degrees of free-
dom, given by the irreducible moments of the distribution function, and also infinitely
many microscopic time scales, related to the coefficients ALY As was argued in Ref.
[6], the slowest microscopic time scale should dominate the dynamics at long times,
i.e., in the fluid-dynamical limit. In order to extract the relevant relaxation time scales,
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5.2 Resummed transient relativistic fluid dynamics

we have to determine the normal modes of Egs. (5.3) — (5.5), i.e., we diagonalize the
part which is linear in the irreducible moments pht~#¢. These are the linear terms on
the left-hand sides arising from Eq. (5.7) and the first terms on the right-hand sides. The
nonlinear terms from Eq. (5.7) as well as the remaining terms on the right-hand sides
of Egs. (5.3) — (5.5), which are products of the moments and gradients of the primary
fluid-dynamical variables «y, By, and u*, or which are gradients of the moments, are not
considered in the diagonalization procedure. Identifying and separating the microscopic
time scales of the Boltzmann equation is also the basic step for obtaining general relations
between the irreducible moments and the dissipative currents and, as we shall see, closing
the equations of motion in terms of N* and T*.
To this end, we shall introduce the matrix Q| which diagonalizes A®,

(Q*l)(f) AOQD = diag (Xé@, o 7X§€)> Ny ) 7 (5.11)
where Xy) are the eigenvalues of A). We further define the tensors X/ as
S (©
ety _1\ (@
Xim te — Z (Q )ij p;n He (5'12>
=0

These are the eigenmodes of the linearized Boltzmann equation. Multiplying Eq. (5.7)
with (Q_l)(e) from the left and using Eqgs. (5.11) and (5.12) we obtain

) —XZ(-K)XZ”“"“Z + (terms nonlinear in §f) | (5.13)

[+
—~
@)

L
~
3
L2

I =
_
|

=0

.

where we do not sum over the index ¢ on the right-hand side of the equation. Then we
multiply Egs. (5.3) — (5.5) with (Q*1)<Z) and sum over r. Using Eq. (5.13), we obtain the

r
equations of motion for the new variables X"

Xi + XZ(O)Xi = ﬁi(o)e + (higher-order terms) |,

xX# 4 Wxr =g 4 (higher-order terms) |

X¢<W> DX = ﬁi(z)a’“’ + (higher-order terms) |, (5.14)

[ 7

where we introduced the transport coefficients

No 0 Ny 1 No 9
B0 = 3 (@NPa”, 8= 3 @), g =23 (@) e
§=0,#1,2 J=0,7#1 J=0

(5.15)
With “higher-order terms” in Eqs. (5.14) we refer to the terms nonlinear in §f from Eq.
(5.13) as well as to the higher-order terms on the right-hand sides of Egs. (5.3) — (5.5). As
expected, the equations of motion for the tensors X! decouple in the linear regime,
displaying a relaxation-type behavior. Without loss of generality, we order the tensors

Xkt aecording to increasing Xy(«e), ie., X&” < Xf«?1 VL.
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5 Fluid Dynamics from the Method of Moments

By diagonalizing Eqgs. (5.3) — (5.5) we were able to identify the microscopic time
scales of the Boltzmann equation given by the inverse of the coefficients X&“. It is
clear that, if the nonlinear terms in Egs. (5.14) are sufficiently small, each tensor X#1
relaxes exponentially and independently to its respective asymptotic value, given
by the first term on the right-hand sides of Eqs. (5.14) (divided by the corresponding an@),

on a time scale ~ 1/ X&‘). We will refer to these asymptotic solutions as Navier-Stokes
values. By neglecting all relaxation scales, i.e., taking the limit X&‘) — 00 with the ratio
B,@ / ang) held fixed, all irreducible moments p#*#¢ become proportional to gradients of
o, Po, 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 discussed, these equations provide solutions which are unstable and acausal,
hence they cannot provide a proper description of relativistic fluids.

The solution for this problem was already mentioned in Chapter 1. To obtain causal
and stable equations one must take into account the characteristic time scales over
which the bulk-viscous pressure, the particle-diffusion current, and the shear-stress ten-
sor relax towards their asymptotic Navier-Stokes values. As shown in Ref. [6], in the
fluid-dynamical limit these are given by the slowest microscopic time scales of the
underlying microscopic theory.

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 (5.14),

Xo+x"Xo =879+ (higher-order terms)

X3 4 x VXt = g1+ (higher-order terms) |
X 4P xt = BP0 4+ (higher-order terms) (5.16)

while the modes described by faster relaxation scales, i.e., X,, X* and X*¥, for any
r > 0, will be approximated by their asymptotic solutions,

B
X, ~ WQ + (higher-order terms) |,
Xr
g
XH ~ (1)[“ + (higher-order terms) |,
Xr
5
X# ~ ——=g" + (higher-order terms) . (5.17)

@
While this approximation is similar to the Chapman-Enskog expansion, Egs. (5.16) go
beyond the Chapman-Enskog expansion since they include the transient dynamics of
the slowest eigenmodes.

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 ¢*” are proportional to L™
while 1/ Xﬁ“ is proportional to A. The other coefficients 67@ are simply functions of the
thermodynamic variables aq, .
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5.2 Resummed transient relativistic fluid dynamics

Furthermore, in order to obtain the traditional equations of fluid dynamics given in
terms of the conserved currents, it was already mentioned that there should not appear
any tensor X*** of rank higher than 2. Neglecting such tensors is justified because they
have asymptotic solutions which are at least O(Kn?, Kn R; 1), i.e., beyond the order we
consider here. This can be seen by noting that it is impossible to construct irreducible
tensors of rank larger than 2 in terms of single powers of space-like gradients of
temperature, chemical potential or velocity, i.e., it is impossible to construct irreducible
tensors of rank larger than 2 that are only of first order in Knudsen number.

Equations (5.17) enable us to approximate, up to a given order in Knudsen number,
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. Using relations (5.17) it is possible to prove that, for all r,n > 1,

( )
x, = X ik ——X, + (higher-order terms) , (5.18)
(0) (0)
Xn Br
Xt B
XH = ——X* + (higher-order terms) , (5.19)
" NO) )5( )
Xn r
B
X = Z 5n)XW + (higher-order terms) . (5.20)

Then, choosing, e.g., r = 3 for the scalar modes, » = 2 for the vector modes, and r = 1
for the tensor modes in the above relations, we can write,

X, = X3 ik ——X3 + (higher-order terms) , (5.21)
(0) (0)
Xn B3
Xt = 5” —— X% + (higher-order terms) , (5.22)
" ( ) (1)
Xn /62
X B
xmwo = X — X" + (higher-order terms) . (5.23)
! Xv(z) 51 52

Next, we invert Eq. (5.12),

plhe — Z 0 K)Xul e (5.24)
and, using Eqgs. (5.17), obtain
X(
Pr = QT‘O Xo+ ?0 Q(O = 7‘0 XO + O(KH) s
3 n
(1) (
pﬁngﬂOX‘u <X2 Zan%> - TOX#_FO(KD) )
e
P~ ORXE + (% ZQ%}#) X = QR X 4+ O(Kn) . (5.25)
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5 Fluid Dynamics from the Method of Moments

Here, we indicated that the contributions from the modes X3, X', and X|" are of order
O(Kn), cf. Eq. (5.17).

The dissipative quantities appearing in the conservation laws can be exactly identified
with the irreducible moments pg, ph, and pf” in the following way,

3 .
po=——3I, py=n", pp"=a". (5.26)

Thus, taking r = 0 in Egs. (5.25) and, without loss of generality, setting Qoo =1 we
obtain,

3 (0) No (O)ﬂn
—— Il ~ X0+ (0) ZQ X0+O(KD) 3

m2
< v, (1)
n* ~ X} + ( ? ZQOn nl ) =X+ O(Kn),
2 n=2 Xn
(2) No ﬂ
T X 4 ( 5 ZQ(Q) o )X“” X! + O(Kn) . (5.27)

Substituting Eqs. (5.27) into Egs. (5.25) and using Eq. (5.15), we obtain

m2

5P —Q&%)H + ;3 (Cr fﬂ(()))(0> X3 = —Qf,%)ﬂ + O(Kn) ,

(1)
% (%T - Q%)zo) Xy = Q%)n“ + O(Kn) ,
2

(2)

prY o~ Q%)WW + 2% (nr — Q%)TI ) X = Q%)?T“” + O(Kn) ,
1

Pl = gl +

P ~ O(Kn?, KnR; ), (5.28)

where we defined the transport coefficients

2 No
(= % Z 7752) Z T(l) Z (2) (5.29)
n=0,#1,2 n=0,#1

with
L o1y®
i) = § :Q( Tm o (5.30)

These coefficients define the inverse of A®), 70 = (A‘l) 9 ¢f. Eq. (5.11). Note that, for
¢ = 0, one excludes the m = 1, 2 terms in the sum, and for / = 1 the m = 1 term. In order
to obtain the fourth equation (5.28), we further used that X*1~# ~ O(Kn? KnR; ") for
¢ > 3. In the next subsection, we shall identify the coefficients (y, 3¢, and 7y as the
bulk-viscosity, particle-diffusion, and shear-viscosity coefficient, respectively.
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5.2 Resummed transient relativistic fluid dynamics

So far we have proved that, by taking into account only the slowest relaxation time
scales, all irreducible moments of the deviation of the single-particle distribution func-
tion from the equilibrium one can be related, up to first order in Knudsen number,
O(Kn), to the dissipative currents, II, n#, and 7. This demonstrates that in this
limit, it is possible to reduce the number of dynamical variables in Egs. (5.3) — (5.5)
to quantities appearing in the conserved currents. This will be explicitly shown in
the next section. We note that so far we also explicitly kept the terms ~ X3, X5, X1 for
the purpose of extending traditional fluid dynamics, which only considers the 14 quanti-
ties appearing in the conservation equations as dynamical variables, to a fluid-dynamical
theory with a larger number of dynamical variables, see Sec. 5.6.

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 [7]. However, in the traditional 14-moment approximation
such relations are obtained by explicitly truncating the moment expansion and, as
a result, they are not of a definite order in powers of Knudsen number. This is the
reason why the 14-moment approximation 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 (5.28) are only valid for the moments p/*#¢ with
positive r. This is not a problem since similar relations can also be obtained for the
irreducible moments with negative r. The moment expansion developed in Sec. 4.1 was
constructed in terms of a complete basis and, therefore, any moment that does not
appear in this expansion must be linearly related to those that do appear. This means
that, using this moment expansion, it is possible to express the moments with negative
r in terms of the ones with positive r. This was already done in Sec. 4.1, cf. Eq. (4.17).
Here, we re-express this formula using a different notation,

P Z puLve (5.31)

where we defined the following thermodynamic integral
|

! F—. o ¢
Fi) = m/di{ Forcfor B Hy (A%Pkokg)" . (5.32)

Therefore, Eq. (5.28) reads for negative values of r

2 (0) No
e = = | X ST (G- Qififco)] Xy = =10l + O(Kn)
53 n= 07&1 2
Pl = 7" Z S fo.?%o)] Xy =" + O(Kn)
2 n= 07&1
Pl = AP 42 % Z F (= 2l ] X =P + O(Kn),
P = O(Kn? KnR; 1) | (5.33)

115



5 Fluid Dynamics from the Method of Moments

where we introduced the coefficients

No
S FoaR, 0= 50 el P =SrEed. 6oy

n=0,#1,2 n=0,#1

5.3 Resummed transient relativistic fluid dynamics: 14
dynamical variables

Now we are ready to close Egs. (5.3) — (5.5) in terms of the 14 quantities appearing in
N# and T i.e., the five primary fluid-dynamical quantities «y, 5y, and u”, as well as
the nine dissipative currents II, n*, and 7#", and to derive the fluid-dynamical equations
of motion for these 14 dynamical variables.

For this purpose, it is convenient to use the inverse of AY) 7 = (A~! )Z , cf. Eq.
(5.30), which by definition satisfies 7¥.A®) = 1. Hence, it is stra1ghtf0rward to rewrite
Eq. (5.7) as

Z Ti(jg)C;’_”l"'“l) = —pi"""" 4 (terms nonlinear in 4 f) . (5.35)

Then we multiply Egs. (5.3) — (5.5) by 732 sum over r, and substitute Eq. (5.35). Next,
we use Egs. (5.28) and (5.33) to replace all irreducible moments pi* " appearing in the
equations by the fluid-dynamical variables. Additionally, all covariant time derivatives
of ag, By, and u* are replaced by spatial gradients of fluid-dynamical variables using the
conservation laws in the form shown in Eqs. (4.25), (4.26), and (4.27). The resulting
equations of motion can be written in the following form,

mll 4+ =—-0+T+K+R, (5.36)
T ot = sl 4 JH K+ R (5.37)
T ) T = ot 4 TH 4+ K 4+ R (5.38)

We remark that in order to derive these equations of motion, we substituted X3, X4, and
X1 in Eqgs. (5.28) and (5.33) by their Navier-Stokes values, i.e.,

BSO) nwo_ 52 o py M1 uv
Xy==50, Xj==201", X["="5o", (5.39)
X3 X2 X1

and used Eq. (5.11) in the following form,

1
Z 7 U = Q) — (5.40)

m

N
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We further made use of the following relations,

: 1 1 2 P J.
0 =00, + W, — 0% + V, FH— (Eo+ 1) + 360 Sy 3
3 g0+ (g0 + F)
Py) Jog — noJ
_ & +( b) 2103 )3”0 LEI" + O (Kn®RyY) (5.41)
€0+ 10
](M> _ (50 -+ P[)) JQO — 7”LOJ30 vue _ (9 BO (50 -+ PU) J20 — 7”LOJ30 1 O+
Dy 9o Dy g0+ H
" i+h_1 9\ (so+ Fo) Joo —moJso| 1 o1
8040 0 0ﬁ0 D20 3
1
— 0" o =Wy = 01"+ O (Kn’R; ™) | (5.42)
b 17 v v v v 1 v
g = gl gV aglurn g i - 50” 6+ p— POV<“F )
20+ Ry) + ,BOJ3OF<“F”> (g0 + Fo)Ja0 — nOJ30F<“]”> + O (KR
(60 + P())5 (50 + PO)S ! ’

(5.43)
where we defined F* = V*P,.

In the above equations of motion all nonlinear terms and couplings to other currents
were collected in the tensors J, IC, R, J*, KF, R*, J*, KM, and R*. The tensors
J, J*, and J" contain all terms of first order in the product of Knudsen and
inverse Reynolds numbers,

J = —énnvun“ — TnnnﬂFu — 5HHH8 — /\Hnn"‘lﬂ + )\HWTF'UJVO'HV ,
T = =Tanyw’ — 60 — L VAL + L AN\ + Ty IIFY — 7,0, F,
— Ao+ ANnllI? — N1,
JH = ZTﬁﬂﬁ\“wVM — 5 0 — 1 N O':> + Apllo® — 7,n FY)

+ Ly VR 4 AT (5.44)
The tensors K, K, and K" contain all terms of second order in Knudsen number,

K = Gwppw™ + G0, + 0% + GL " + GF F* + (o, F* 4 GV 1" + 5V, F* |
Kt = 300" 1, + 500" F, + 3310 + 50, F"0 + o0 I, + 35A40,0™ + 56,0 |
KH = 771wA<“w”M + 0™ + fjg0 af> + 774<7§“w”>A

+ s I IV 4 P EY) 4 ip I EY) 4 gV TV 4 VR EY) (5.45)
The tensors R, R*, and R*” contain all terms of second order in inverse Reynolds
number,
R = gpll_[2 + pannt + @3, ™
RY = pyn, " + @sIIn* |

RM = peIln + prrk 7T;> + psntn) (5.46)
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5 Fluid Dynamics from the Method of Moments

In Egs. (5.36) — (5.38), terms of order O(Kn?), OR; 'R 'Ry, O(Kn®R; ') and
O(KnR;'R;") were omitted.

Note that the equations of motion are closed in terms of 14 dynamical variables, even
without making use of the 14-moment approximation. This means that the reduction of
degrees of freedom was not obtained by a direct truncation 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 actually included in the
transport coefficients, as will be shown later. If we neglect the terms of second order in
Knudsen and inverse Reynolds number, Egs. (5.45) and (5.46), respectively, we recover
the equations of motion that are of the same form as those derived via the 14-moment
approximation [2]. However, even in this case, the coefficients in Eq. (5.44) and the
relaxation times in Egs. (5.36) — (5.38) are not the same as those calculated from the
14-moment approximation of Israel and Stewart.

The resulting equations of motion (5.36) — (5.38) contain 57 transport coefficients.
In particular, the viscosity coefficients and relaxation times of the dissipative cur-
rents are found to be

m2 No N1 No
0 1 2
(=G = 3 Z Tér)afno) y K== Z Tér)af}) o M=M= ZTér)a?) )
r=0,%#1,2 r=0,#1 r=0
1 1 1
m = © ° Th = W s T = T2) s (547)
0 Xo Xo

cf. Egs. (5.16) and (5.29). Note that in general these transport coefficients depend not
only on one moment of the distribution function but on all moments of corresponding rank
¢, i.e., the contribution of higher moments of the distribution function are resummed as
contributions to the microscopic formulas for the transport coefficients. For this reason, we
shall refer to this formalism as Resummed Transient Relativistic Fluid Dynamics
(RTRFD).

As in Chapman-Enskog theory, the viscosity coefficients can only be obtained by invert-
ing A®. As a matter of fact, the microscopic formulas for ¢, s, and n obtained above are
equivalent to those obtained from the Chapman-Enskog expansion, see Sec. 3.2. 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 moment expansion of the single-particle distribution function is always
truncated and the matrices A¥, Q© and 7 will actually be of finite dimension.
The truncation of this expansion was already introduced as an upper limit, Ny, in the
corresponding summations. In principle, one should only truncate the moment expansion
when the values of all relevant transport coefficients have converged. Note that different
transport coefficients may require a different number of moments to converge.

5.4 Transport coefficients

In this section, we compute the transport coefficients for several cases. First, we consider
the lowest possible truncation scheme for the moment expansion, with Ny = 2,
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N; =1, and Ny = 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 function 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 the convergence of the transport coefficients.

We also compute the transport coefficients of the terms appearing in 7, J*, and J",
the explicit expressions of which are given in App. 5.9. Note, however, that we are using
a linear approximation to the collision term. Nonlinear contributions could in
principle also enter the transport coefficients in the equations of motion (5.36) — (5.38),
but will not be calculated here. For this reason we also do not compute any coefficient of
the terms of order O(R;IRJI), i.e., those entering R, R¥*, and R", cf. Eq. (5.46), since
all of them originate exclusively from nonlinear contributions to the collision
term. An investigation of these terms can be found in Ref. [8]. App. I of that reference
also contains explicit expressions for the transport coefficients contained in IC, K#, and
K| cf. Eq. (5.45). One should note that they vanish in the 14-moment approximation
(N(] == 2,N1 - 1,N2 - 0)

5.4.1 14-moment approximation

The 14-moment approximation is recovered by truncating all summations at Ny = 2,
N; =1, and N, = 0. For this specific truncation A® is just a number (because for A®
we have to exclude the second and third rows and columns and for AM the second row
and column), and thus

1
0 — _— 0 — 0 — A0
TR Q 1, x A

Then, the equations of motion and transport coefficients reduce to those derived in Refs.
2, 9] and reproduced in Sec. 3.3.

For a classical gas of hard spheres with constant total cross section o, in the
massless limit the integrals A1) = Aét) and A® = Aé%) can be computed and have the
following simple form

4
L = 4
A o (5.48)
3
@ = = 4
A 3 (5.49)

where we defined the mean free path A\ = 1/ (ngo). The details of this calculation are
shown in App. 5.10. The coefficients in the ultrarelativistic limit, mf3, — 0, can then be
calculated analytically. The coefficients of order O(KnR; ') are collected for the shear
viscosity and particle diffusion in Tables 5.1 and 5.2, respectively. Note that, in this
limit, the bulk-viscous pressure vanishes, and thus we do not need to compute A©® or any
coefficient related to bulk-viscous pressure.
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P TolA] | OnnlTa] | Aan[Tl | AnelTn) | Cor [Th) T[T

3/ (16a) | 9/4 1 3/5 Bo/20 | Bo/20 | Bo/(80F%)

Table 5.1: The transport coefficients for the equation of motion of the particle-diffusion
current, calculated for a classical gas with constant cross section in the ultra-
relativistic limit and in the 14-moment approximation.

Ui 7%[A] 7%ﬂ[7ﬂ] Awn[Tﬂ] 5##[7f] gﬂﬂiT%] 7%n[7ﬂ]

1/(300Bo) | 5/3 | 10/7 0 4/3 0 0

Table 5.2: The transport coefficients for the equation of motion of the shear-stress tensor,
calculated for a classical gas with constant cross section in the ultrarelativistic
limit and in the 14-moment approximation.

5.4.2 23-moment approximation and beyond

In order to better understand our result (5.47), we compute the first correction to the
expressions in Tables 5.1 and 5.2. For this purpose, we consider Ny = 3, N; = 2, and
Ny = 1. Then, AY, QO and 7 are 2 x 2 matrices that can be computed from the
collision integral (4.48). We obtain the elements of A®"? its inverse 7%, and Q) as

1 2 32 /30 1 9/10  —f,/20

A= (e M) =5 (Wl W) 50
3 15/4 —pB2/8 1 10 36/2

Tu)_gk( 155 150/2 ) , 7(2)—ﬁ)‘< _40/50 207 ) : (5.51)

1) 1 1 9 1 1
o= ( — (15++/105) /82 (—15+ /105) /58) = ( 8/ 5o 10/(3&)) ’
(5.52)

see App. 5.10 for details. For all matrices with ¢ = 1, the second row and column have
been removed. The eigenvalues of AM and A® are

1 7 1 7
(1) (1)
= 1-— = 1 5.93

@ _ 1 2 _ 11

Xo _ﬁu X1 —15—>\- (5-54)

Note that the next largest eigenvalue following X(()l) is Xgl), not XP (following our conven-

tion to erase all rows and columns with index 1 in the matrices for £ = 1).

Using Eq. (5.47), we calculate the corrected values for the particle-number diffusion
coefficient and diffusion relaxation time and for the shear viscosity and shear relaxation

120



5.4 'Transport coefficients

time,

21

» = @no)\ ~ 0.164 ngA | (5.55)
N\~ 258072 (5.56)
Tp= ————A~2, , :
45 — /105
14
n= 17 RA = 12127 Ry, (5.57)
- (5.58)

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

ay =g, Gy = —%PO , (5.59)
4 4

oV =2p, P=_p. (5.60)
5 Bo

As before, the coefficients in the ultrarelativistic limit, mfSy — 0, can then be calculated
analytically. The coefficients of order O(Kn R;!) are collected for the equations of motion
of particle-diffusion current and shear-stress tensor in Tables 5.3 and 5.4, respectively.

P To[A | OnnlTo) | AnnlTn) | Anxlnl | o[l Ty [T
21/ (1280) | 259 | 1.00 | 0.96 |0.0543, | 0.1188, | 0.02958,/F,

Table 5.3: The transport coefficients for the equation of motion of the particle-diffusion
current, calculated for a classical gas with constant cross section in the ultra-
relativistic limit and in the 23-moment approximation.

n Tr [)‘] Trr [Tﬂ] Arn {Tﬂ] Orr {Tﬂ] Lon [Tﬂ] Trn [Tfr]

14/(110fB) | 2 | 134/77 | 0.344/By | 4/3 | —0.689/83, | —0.689/ng

Table 5.4: The transport coefficients for the equation of motion of the shear-stress tensor,
calculated for a classical gas with constant cross section in the ultrarelativistic
limit and in the 23-moment approximation.

In order to obtain these expressions we used the results from App. 5.11 and that, in the
massless and classical limit, Doy = 3PZ. Note that most of the transport coefficients are
corrected by the inclusion of more moments in the computation. The coefficients related
to the shear-stress tensor are less affected by the additional moments, when compared to
the particle-diffusion coefficients. This might explain the poor agreement between Israel-
Stewart theory and numerical solutions of the Boltzmann equation in Ref. [10] regarding
heat flow and fugacity.

We further checked the convergence of this approach by taking 32 and 41 moments.
In this case, the matrices A2, 712 and Q12 were computed numerically. There is
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5 Fluid Dynamics from the Method of Moments

a clear convergence as we increase the number of moments. For the particular case of
classical particles with constant cross section, 32 moments seem sufficient, see Tables 5.5
and 5.6 for the results.

number of moments » Tl | Onnla] | Aan[Tl | Analma] | Con[7a) Ty | T
14 3/(160) | 9/4 1 3/5 | Bo/20 | Bo/20 | Bo/(80F)
23 91/ (1280) | 250 | 1.0 | 0.96 |0.0548, | 0.11853, | 0.02955,/ P,
32 0.1605/0 | 2.57 1.0 0.93 | 0.0525, | 0.1198, | 0.02975,/ Py
41 0.1596/0 | 2.57 1.0 0.92 | 0.0525, | 0.1195, | 0.02975,/ Py

Table 5.5: The transport coefficients for the equation of motion of the particle-diffusion

current, calculated for a classical gas with constant cross section in the ultra-
relativistic limit, in the 14, 23, 32, and 41-moment approximations.

number of moments n Tl | TrnlTe] | AxnlTn] | Onn|To] Crn| Tl Tren|Tr]
14 4/(30By) | 5/3 | 10/7 0 4/3 0 0
23 14/(110fy) | 2 | 134/77 | 0.344/6y | 4/3 | —0.689/5, | —0.689/n¢
32 1.268/(0f3) | 2 1.69 |0.254/8y | 4/3 | —0.687/3y | —0.687/ny
41 1.267/(cB) | 2 1.69 [0.244/3, | 4/3 | —0.685/By | —0.685/ng

Table 5.6: The transport coefficients for the equation of motion of the shear-stress tensor,
calculated for a classical gas with constant cross section in the ultrarelativistic
limit, in the 14, 23, 32, and 41-moment approximations.

5.5 Discussion: Navier-Stokes limit and causality

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, with time scales given by the
transport coefficients 11, 7,, and 7. From the Boltzmann equation, Navier-Stokes theory
is obtained by means of the Chapman-Enskog expansion, cf. Chapter 3, which describes
an asymptotic solution of the single-particle distribution function. It is already clear from
the previous section that the equations of motion derived in this chapter 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 viscosity coefficients obtained via our method are equivalent to
the ones obtained via Chapman-Enskog theory. It should be noted that this is neither
the case for Grad’s theory nor for Israel’s and Stewart’s theory [2, 3, 5, 11, 12]. The
transport coefficients computed within these theories only coincide, if we use the minimal
truncation scheme in Chapman-Enskog theory, as explained in Chapter 3. We remark
that, after taking into account further corrections to the shear-viscosity coefficient, see Eq.
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5.6 Resummed transient relativistic fluid dynamics: 23 dynamical variables

(5.57) and Table 5.6, our results approach the solution obtained using Chapman-Enskog
theory, nys = 1.2654/ (Boo) [3]. In principle there is no reason for the method of moments
to attain a different Navier-Stokes limit than Chapman-Enskog theory. As a matter of
fact, if the same basis of irreducible tensors k%1 ... k# and polynomials Plii) is used in
both calculations, they both yield the same result, even order by order.

It is important to mention that the terms K, K, and K*, which are of second order in
Knudsen number, lead to several problems. The terms which contain second-order spatial
derivatives of u*, ap, and Fy, e.g., V,I*, V F*, Vi v EY)ARG,0 | and VM0, are
especially problematic since they change the boundary conditions of the equations. In
relativistic systems these derivatives, even though they are squares of space-like vectors,
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 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 [13, 14, 15]. For this reason we do not compute the transport coefficients for
these higher-order terms in this chapter.

If one wants to include terms of higher order in Knudsen number, it is mandatory to
include also second-order co-moving time derivatives of the dissipative quantities. Or,
equivalently, one could promote the moments ps3, ph, p}”, or further ones, to dynamical
variables. We will show how to do this in the next section.

5.6 Resummed transient relativistic fluid dynamics: 23
dynamical variables

As already discussed, the terms of higher order in Knudsen number render the equations
of motion parabolic, despite the existence of a relaxation time. Therefore, describing the
fluid up to a higher order in Knudsen number using Eqs. (5.36) — (5.38) is problematic
since, in order to do so, one would have to solve parabolic equations in a covariant setup.
In this section, we show how to solve this problem and derive transient fluid-dynamical
equations of motion that are hyperbolic even up to second order in the Knudsen
number.

The parabolic and, thus, acausal nature of the equations of motion (5.36) — (5.38)
can be understood as follows. The main assumption of RTRFD is to approximate the
quickly varying eigenmodes of the Boltzmann equation by their asymptotic (i.e., Navier-
Stokes) values. This approximation happened in Eq. (5.17), while the substitution of the
eigenmodes X3, X4 and X} by their Navier-Stokes values occurred in Eq. (5.39). It was
this last step that rendered Eqs. (5.36) — (5.38) parabolic since in this substitution it is
implicitly assumed that these eigenmodes relax instantaneously to their corresponding
Navier-Stokes values, consequently leading to acausal behavior.

In order to obtain hyperbolic equations of motion which do not simply neglect terms of
order O(Kn?), it is necessary to refrain from the substitution (5.39). This can be simply
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5 Fluid Dynamics from the Method of Moments

done by keeping X3, X%, and X} in Eqs. (5.28) as independent dynamical variables
instead of replacing them by their Navier-Stokes values.

In this case, it is convenient to replace the modes X3, X}, and X1 in Egs. (5.28)
and (5.33) by irreducible moments of the distribution function. In principle, any of the
irreducible moments p,, p¥, and pt” can be used to replace these modes as independent
dynamical variables. Without loss of generality, we choose ps, ph, and pi”. After II
(¢ =0), n* (£ =1), and 7 (¢ = 2), these are the irreducible moments with the lowest
power of Ej under the integral (5.2) which appear in the expansion of the single-particle
distribution function (5.1). We can relate X3, X%, and X} to II, n*, 7 ps3, p, and p}",
by taking in Eq. (5.28) r = 3 for the scalar irreducible moment, r = 2 for the first-rank
irreducible moment, and r = 1 for the second-rank irreducible moment, obtaining

(0) 2

% m

ﬁ (Cs - Qi(%%)CO> X3 = 3P + Qé%)l'[ ;
3

(1)

Ko (e — ) XE = — O

X v 174 14
2205 (m = fno ) Xt = pv — 0w (5.61)

Then, we substitute the relations (5.61) into Eqs. (5.28) and (5.33), effectively removing
the dependence of the irreducible moments on the eigenmodes X3, X5, and X}, We
obtain the following new relations for the irreducible moments with positive r,

m2

o AT+ A ps + O(Kn?, KnR; Y, R;?),

o= Agnt 4 AL ps + O(Kn?, KnR; !, R?)
Pt = AT+ A+ O(Kn®, KnRi R (5.62)

and for the irreducible moments with negative r,

2 N() NO
S = X f;gugg) H+< > fé?Ai?) ps+O(Kn?, KnR;", R;?)
n=0,#1,2 n=0,#1,2
Nl Nl

o= 2 fii)kif&) n' + < > fﬁwié)) ph+ O(Kn?, KnR; ", R;?) |
n=0,#1 n=0,#1
No N2

P = ZH?AS@) T 4 (Z f}ihﬁfﬁ) P+ O(Kn?, KnR;' R;72) . (5.63)
n=0 n=0

The thermodynamic functions Fiy) were defined in Eq. (5.32) and we introduced the

124



5.6 Resummed transient relativistic fluid dynamics: 23 dynamical variables

auxiliary functions

0 0 0
)\(%) _ ng)gr - Q£0)<3 )\(%) _ 229 - Q£0)<0 (564)
G — Q¢ 3 G5 — QG
)\(1) Qgt)%r - Q%)%Q )\(1) . %097%) - A 565
70 (1) ) r2 T ) ( : )
2 Q%)Ur - Q%)m 2) Q(o o — "Nr
)\TO - @) ) )‘rl A0 (566)
Qom0 —m QIO Mo — T

Using the relations (5.62), (5.63), it is possible to close Egs. (5.3) — (5.5) in terms of
I1, n*, 7w ps, pi, and p/”. The resulting equations of motion will be hyperbolic up to a
higher order in Knudsen number when compared with Egs. (5.36) — (5.38).

The equations of motion are obtained as explained in Sec. 5.3. We multiply Egs. (5.3)
— (5.5) by 7'7(19, substitute Eq. (5.35), and sum over . The only difference is that now
we use Egs. (5.62) and (5.63) to replace all irreducible moments pi* """ appearing in the
equations by IT, n*, 7 p3, pb, and p/”. The resulting equations of motion can be written
as

Pl + T = —C0 — drnllf — by V uit* — Fiin i F* = Ml 1" + Aia ™ 0
Fait ) il = I — W — G0 4 Ly AP ONEDY — Lyn VP — 7 TV E,
+ FnlF* — Xnnﬁyaw Ann T L, + A ILI*
7A'7r7.?<“”> + 7 = 20" + Z%Fﬁ)f“ 5 qe — 7 g 0A> — TrnTl 7 e pv)
SR/ vAUT SRS WY, AT L2 Wy § (5.67)

where we defined the vectors

II nH THY
= , nt= , T = S 5.68
( p3 ) ( Py > ( I ) (5.68)

In order to obtain the above equations, all covariant time derivatives of aq, By, and u”
were replaced by spatial gradients of fluid-dynamical variables using the conservation laws
in the form shown in Egs. (4.25), (4.26), and (4.27).

In this approximation, RTRFD becomes a theory with 23 dynamical variables while,
in the previous approximation, i.e., Eqgs. (5.36) — (5.38), there were only 14 dynam-
ical variables. These equations of motion are hyperbolic and neglect terms of order
O(R; 'Kn? Kn® R;?), in contrast to Egs. (5. 36) - (5 38) that become hyperbolic by ne-
glecting terms of O(Kn? ) Above, T, Tn, Tr, Enn, fnn, fm, Em, 5HH, 5nn, Sm, %Hn, Tores
Tolly Trrs Trns S\Hn, S\Hﬂ, )\,m, )\nl_b )\m, )\m, and )an are 2 X 2 matrices, while ( , 7, and 1]
are two-component vectors.

As happened before, even though closed in terms of 23 moments, the transport co-
efficients will depend on all the moments of the distribution function. The microscopic
formulas for these transport coefficients were computed for a gas of massless particles and
are shown in App. 5.12. For a gas of classical particles with a constant cross section o,

=

125



5 Fluid Dynamics from the Method of Moments

the values for the diffusion and viscosity coefficients,  and 77, and for the relaxation-time
matrices, 7, and 7, are,

ER 0.1596 7 1.268

Ang  \ —2.3616/83 ) AP, \ 6.929/3, )’
To _( 1295 —0.05333 Tr 0912  0.1368, (5.69)
A\ 5.18/p2 2787 Tox \ —3.647/By 2456 ) '

The transport coefficients of the nonlinear terms in the equation of motion for 7# are

1.295  —0.0883432 A (0524 —0.034152
5.18/82  4.645 ©x T \ 2006/82  2.863 )

& B ( 0.16778, —0.028832 ) T 1 ( 0 0.097332 )

A

0.6708/8, —0.1147 N 4R, \ 0 —2.6106

bow  ( —0.47238, 0.097353
13.111/3, —2.611 )~

7= (5.70)

while those in the equation of motion for 7+ are

brr 4 0.912  0.178, Tor 1.5688  0.22610, (5.71)
A 3\ —3.647/8, 3.0698 ) X — \ —6.2751/B, 5.0956 )~ '

T 1 [ 0.2228/8, 0.07148 ben [ 0.2228/B, 0.04768,
0.8913/32 1.5144 ) X \ 0.8913/82 1.009 )

Amn _ ( 0.1186/Fy  0.0084%,
—0.4744/8¢ —0.0338 ) -

A R

1 (5.72)

In the massless limit, the scalar moments become less important (II is exactly zero and
p3 is small) and, for this reason, we did not compute the microscopic formulas nor the
transport coefficients associated with these moments. These transport coefficients were
computed including a total of 41 moments, as was done for the transport coefficients of
the terms J* and J* in the last section.

As already mentioned, this approach increases the domain of validity of the equations of
motion without making them parabolic. However, this does not solve the intrinsic problem
of the coarse-graining procedure: if one attempts to go to an even higher order in Kn, the
equations become once more parabolic. This can be solved in a similar fashion, by again
increasing the number of dynamical variables describing the system. However, a complete
and causal description of the system can only be obtained by the microscopic theory itself,
i.e., by solving the Boltzmann equation or, equivalently, considering an infinite number
of moments.

5.7 Comparisons with microscopic theory

In the last sections, a systematic derivation of transient relativistic fluid dynamics from the
Boltzmann equation was introduced. The main difference between Israel-Stewart theory
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and the theory derived in the last chapter is that the latter does not truncate the moment
expansion of the single-particle distribution function. Instead, dynamical equations for
all its moments are considered and solved by separating the slowest microscopic time
scale from the faster ones. Then, the resulting fluid-dynamical equations are truncated
according to a systematic power-counting scheme using the inverse Reynolds number
R~ ~ |n*| /n ~ |7"| /Py and the Knudsen number Kn = \/L, with \ being the mean
free path and L a characteristic macroscopic distance scale, e.g., L™' ~ 9,u*. The values
of the transport coefficients of fluid dynamics are obtained by resumming the contributions
from all moments of the single-particle distribution function, similar to what happens in
the Chapman-Enskog expansion [16]. This theory was referred to as resummed transient
relativistic fluid dynamics (RTRFD).

In this section, we reproduce the findings of Ref. [17] and we test the validity of RTRFD
by comparing it to solutions of the relativistic Boltzmann equation, as was also previously
done in Refs. [10, 18, 19, 20]. We then demonstrate that this method is able to handle prob-
lems with strong initial gradients in pressure or particle-number density. This resolves the
differences between the solution of Israel-Stewart theory and of the Boltzmann equation
observed in Ref. [20]. We conclude that these differences were caused by the uncontrolled
truncation procedure of the expansion of the single-particle distribution function in terms
of Lorentz tensors in 4-momentum as employed in Israel-Stewart theory.

5.7.1 Stationary shock solutions

We consider a (3+1)-dimensional gas of classical massless particles with a constant cross
section ¢. For the sake of simplicity, the distribution of particles is assumed to be ho-
mogeneous in the (y, z)-plane, being allowed to vary only in the longitudinal z-direction.
This effectively leads to a (141)-dimensional problem. We consider two different types of
initial conditions:

In case I, the system is initialized with a homogeneous fugacity distribution, A =
e =1, but with an inhomogeneous pressure profile in the longitudinal direction, i.e., the
system is in chemical, but not mechanical, equilibrium. The pressure profile is constructed
by smoothly connecting two temperature states, 7'(—oo) = 0.4 GeV (the temperature at
x — —o0) and T'(4+00) = 0.25 GeV (the temperature at z — o0) using a Woods-Saxon
parametrization with a thickness parameter D = 0.3 fm. In this scheme, by taking the
limit D — 0, we obtain the pressure profile of the Riemann problem.

In case II, the pressure is assumed to be homogeneous, i.e., the system is initially in
mechanical equilibrium, with a value of Py = dgofT*(—00)/7? (the degeneracy factor is
taken to be dqor = 16, as appropriate for a gas of gluons, the gauge bosons of the theory of
the strong interaction, quantum chromodynamics, and 7'(—o0) = 0.4 GeV). On the other
hand, the system is not in chemical equilibrium and the fugacity distribution is obtained
by smoothly connecting two fugacity states, A(—oo) = 1 (the fugacity at + — —o0) and
A(+00) = 0.2 (the fugacity at © — o00) using a Woods-Saxon parametrization with a
thickness parameter D = 0.3 fm.

In both cases, matter is initialized in local thermodynamic equilibrium, i.e., with all
dissipative currents and eigenmodes of the Boltzmann equation set to zero, and at rest,
i.e., with a vanishing collective velocity u* = 0. These initial conditions are shown in Fig.
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Figure 5.1: Initial conditions for cases I and II. Figure taken from Ref. [17].
In both cases, we consider two exemplary values for the cross section, ¢ = 2 and

8 mb, and consider the solutions after the system has evolved for 6 fm in time. We
compare the solution of the Boltzmann equation with that of traditional Israel-Stewart
theory (including terms omitted in the original work [5, 11] but quoted in Ref. [21]),
as well as with RTRFD at various levels of approximation. Equations (5.36) — (5.38)
contain 13 moments as independent dynamical variables (14, if we include the bulk-
viscous pressure). The calculation of the transport coefficients in these equations can be
done with increasing accuracy, as more irreducible moments are considered in the moment
expansion. The lowest possible accuracy is reached if no more than the original 13 (14, in
the case of non-vanishing bulk-viscous pressure) irreducible moments are considered for
the calculation of the transport coefficients. At the next level, we include one more set
of irreducible moments of tensor-rank one and two (and one more scalar moment in the
case of non-vanishing bulk viscous pressure), which leads to a total of 21 (23, in the case
of non-vanishing bulk-viscous pressure) irreducible moments. In this way, the number of
irreducible moments entering the transport coefficients increases by 8 (9) at each successive
level of approximation. For the purpose of this comparison, we found that going to the
third level of iteration, i.e., considering 13 + 8 x 3 = 37 moments (14 + 9 x 3 = 41 in the
case of non-vanishing bulk-viscous pressure) is sufficient to reach the desired accuracy in
the values of the transport coefficients. In the following, we shall compare RTRFD with
13 dynamical degrees of freedom and with the transport coefficients computed with 13
and with 37 moments. We shall term these variants of RTRFD “13/13” and “13/37”,
respectively. In addition, we also solve Eqs. (5.67). These contain 21 dynamical degrees
of freedom. We compute the corresponding transport coefficients using 37 moments. We
shall refer to this variant of RTREFD as “21/37”. In the following figures, the numerical
solutions of the Boltzmann equation is always displayed by open dots, the results of
Israel-Stewart theory by black dash-dotted lines, the solution of RTRFD “13/13” by
green dashed lines, that of RTRFD “13/37” by blue dotted lines, and that of RTRFD
“21/37” by solid red curves.

In Fig. 5.2 we show the fugacity (top) and thermodynamic pressure (bottom) and in
Fig. 5.3 the heat flow ¢* = —(e + Fy)n*/n (top) and shear-stress tensor (bottom) for case
[. The Boltzmann equation and the fluid-dynamical theories were solved for ¢ = 2 mb
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(shown in the left panels of each figure) and for o = 8 mb (shown in the right panels).
For 0 = 8 mb, the thermodynamic pressure and shear-stress tensor computed in all fluid-
dynamical theories are in good agreement with the numerical solutions of the Boltzmann
equation. As we decrease the cross section we expect the agreement between macroscopic
and microscopic theory to become worse. This explains why, for ¢ = 2 mb, the pressure
and shear-stress tensor computed within fluid-dynamical theories deviate more strongly
from those computed via the microscopic theory. Nevertheless, compared to the fugacity
and heat-flow profiles, the agreement is not too bad, even for the smaller value of the
cross section.

The initial pressure gradient in case I drives, via conservation of momentum, the cre-
ation of large velocity gradients. On the other hand, the gradient of fugacity is ini-
tially zero and turns out to remain small throughout the evolution. In this situation,
higher-order terms involving gradients of velocity and of the shear-stress tensor, e.g.
s#6AKD, 0N C KM and £, A"V, m) C J" in the particle-diffusion equation (5.37), be-
come of the same order as the respective (first-order) Navier-Stokes term s/#. Therefore,
if terms of this type are not properly taken into account, we expect large deviations from
the solution of the Boltzmann equation. This can be seen in Figs. 5.2 and 5.3 when
comparing Israel-Stewart theory, RTRFD “13/13”, as well as RTRFD “13/37” with the
Boltzmann result. In all of these variants, the parabolic term ~ ¢ is either absent
(Israel-Stewart theory and RTRFD “13/13”) or has to be dismissed (RTRFD “13/37")
for reasons of causality. In addition, Israel-Stewart theory and RTRFD “13/13” do not
have the correct value for /,,,, because we did not include a sufficiently large number of
irreducible moments in its computation. Although RTRFD “13/37” features (within the
desired accuracy) the correct value for this transport coefficient (as well as for sg), it
does even worse in describing the fugacity and heat-flow profiles than the previous two
theories. This is because the term ~ ¢ could not be taken into account for reasons
of causality, although it is of the same order of magnitude as the term ~ /.. These
problems of fluid-dynamical theories with only 13 dynamical variables are resolved by
RTRFD “21/37” which is the only fluid-dynamical theory considered here that contains
all contributions of second-order in the Knudsen number in a hyperbolic fashion.

In Fig. 5.4 we show the fugacity (top) and thermodynamic pressure (bottom) and in
Fig. 5.5 the heat-flow (top) and shear-stress tensor profiles (bottom) for case II. As before,
the Boltzmann equation and the fluid-dynamical theories considered were solved for o = 2
mb (shown in the left panels) and for ¢ = 8 mb (shown in the right panels). Again, we
expect, and see, better agreement between fluid dynamics and the Boltzmann equation
for the larger value of the cross section. While the fugacity profiles are in good agreement
with the solution of the Boltzmann equation for all fluid-dynamical theories and both
values of the cross section, the heat flow is not well described in Israel-Stewart theory
and in RTRFD “13/13”: Israel-Stewart theory predicts values for the heat flow which
are smaller in magnitude than the Boltzmann equation, while RTRFD “13/13” predicts
larger values, even for ¢ = 8 mb. On the other hand, both RTRFD “13/37” and RTRFD
“21/37” describe the heat flow very well or even perfectly, respectively, for both values
of the cross section. The reason is that the diffusion coefficient s has the correct value
in these theories (while it deviates by ~ 30% in both Israel-Stewart theory and RTRFD
“13/137).
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Figure 5.2: Fugacity and pressure profiles at ¢ = 6 fm for case I, for o = 2 mb (left panels)
and o = 8 mb (right panels). Figure taken from Ref. [17].

Since in case II the initial pressure gradient is zero and turns out to remain small
throughout the evolution, the velocity gradients remain small as well. In this situation,
it is important to include higher-order terms that couple the shear-stress tensor to heat
flow. This is the reason why the solutions of Israel-Stewart theory and RTRFD “13/13”
(where these higher-order terms vanish in the massless limit) are not in good agreement
with that of the Boltzmann equation for the thermodynamic pressure and the shear-stress
tensor, for both values of the cross section. On the other hand, RTRFD “13/37” does a
better job in matching the Boltzmann equation. It is not perfect, because the higher-order
terms ~ 7; and ~ ng were dropped. The best agreement is, again, found within RTRFD
“21/37” where all second-order terms in the Knudsen number are taken into account.

5.8 Summary

In this chapter we have presented a general and consistent derivation of relativistic
fluid dynamics from the Boltzmann equation using the method of moments. The main
difference of our approach, termed Resummed Transient Relativistic Fluid Dy-
namics (RTRFD), to Israel-Stewart theory 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 expansion and truncated the exact equations of motion ac-
cording to a power-counting scheme in Knudsen and inverse Reynolds numbers.
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 over which dissipative currents relax towards their
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Figure 5.3: Shear-stress tensor and heat-flow profiles at ¢ = 6 fm for case I, for ¢ = 2 mb
(left panels) and o = 8 mb (right panels). Figure taken from Ref. [17].

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.

We concluded that the equations of motion can be closed in terms of only 14 dynam-
ical 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 coefficients carry information about all moments of the distri-
bution function (all 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. We then showed how to use this formalism to derive equa-
tions of motion that are hyperbolic and, at the same time, include terms up to second
order in the Knudsen number.

Finally, we compared the derived equations of motion of RTRFD at various levels
of approximation with numerical solutions of the Boltzmann equation for two different
types of shock solution (labeled case I and II). The initial conditions, cases I and II, were
chosen in such a way that considerably different spatial profiles are generated throughout
the fluid-dynamical evolution. In case I, the pressure gradient is initially large, which
gives rise to large velocity gradients in the later stages of the evolution. This means that,
in case I, the shear-stress tensor is mainly generated by its corresponding Navier-Stokes
term, i.e., by gradients of velocity. On the other hand, the fugacity gradient is initially zero
in case I, and remains relatively small throughout the evolution of the fluid. Therefore, in
case I the heat flow is not mainly created by its Navier-Stokes term, i.e., by the gradient
of fugacity, but by the coupling term to the shear tensor and shear-stress tensor, i.e.,
the terms A¥V,m) and A*' Vo) in Eq. (5.37). Therefore, in this case the higher-order

131



5 Fluid Dynamics from the Method of Moments
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Figure 5.4: Fugacity and thermodynamic pressure profiles at t = 6 fm for case II, for
o = 2 mb (left panels) and ¢ = 8 mb (right panels). Figure taken from Ref.
[17].

terms in Knudsen number must be included and one really needs to solve the hyperbolic
equations derived in this section to obtain a good agreement. The fact that Israel-Stewart
theory is always deviating from the microscopic theory when it concerns heat flow means
that it does not predict correctly the terms of order one and two in Knudsen number.
On the other hand, in RTRFD “13/37” and RTRFD “21/37” all transport coefficients
are computed with a sufficiently large number of irreducible moments. This guarantees
that all terms of the desired order are included and is the reason for the better agreement
of these fluid-dynamical theories with the microscopic theory. The reason why RTRFD
“13/37” fails in certain situations is that important terms have to be neglected in order
to preserve hyperbolicity and causality.

In case II, the fugacity gradient is initially large while the pressure gradient is zero.
This means that the heat flow originates mainly from its Navier-Stokes term, while the
shear-tress tensor originates mainly from its coupling to heat flow, i.e., the terms V<¢n"~,
V<= I<#[7Z ) and n<*1"> in Eq. (5.38). The fact that the heat flow calculated from
Israel-Stewart theory deviates from the solution given by the microscopic theory even
in this case is evidence that the Navier-Stokes term of this theory does not contain the
correct transport coefficient. The coupling of the shear-stress tensor with the heat flow
in Israel-Stewart theory is also not correctly taken into account.

In conclusion, the resummation of irreducible moments for the computation of
the transport coefficients is essential to obtain a good agreement with the microscopic
theory. It provides not only the correct values for the shear-viscosity and heat-conduction
coefficients, but also for the transport coefficients that couple the respective dissipative
currents. Moreover, in situations where higher-order terms are important, one has to
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Figure 5.5: Shear-stress tensor and heat-flow profiles at ¢ = 6 fm for case II, for 0 = 2
mb (left panels) and o = 8 mb (right panels). Figure taken from Ref. [17].

make sure to include them in a hyperbolic way, and not simply drop relevant contributions
because they are parabolic. These two factors resolve differences between the solution of
Israel-Stewart theory and of the Boltzmann equation observed in Ref. [20].

As expected, and explicitly demonstrated in this chapter, the agreement between solu-
tions of RTRFD and the Boltzmann equation depends on the value of the cross section o.
For the cases considered here, we obtain a good agreement for ¢ = 8 mb, while for o = 2
mb we start to notice small deviations. In order to improve the agreement for smaller
values of the cross section, we would have to include more moments of the Boltzmann
equation to describe the state of the system, i.e., such moments would have to contribute
not only to the values of the transport coefficients but also as independent dynamical
variables.
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5.9 Appendix 1: Transport coefficients in Eq. (5.44)

In this appendix we list all transport coefficients appearing in Eq. (5.44). The transport
coeflicients in the equation for the bulk-viscous pressure are

m? 1) _(0 al Ga g
= (- S e Tt o7

r=0,#1,2 =0
} : (5.74)
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r=0,#1,2 R —

where hy = (g9 + Fy)/ng is the enthalpy per particle.
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The transport coefficients in the equation for the particle-diffusion current are

N1—2
1
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The transport coefficients in the equation for the shear-stress tensor are

1 1 & 1,2
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5.10 Appendix 2: Calculation of the collision integrals

In this appendix, we calculate the collision integrals (4.48) for a classical gas, i.e., fox =1,
of hard spheres in the ultrarelativistic limit, mf5, < 1. Then, Eq. (4.48) becomes

1
Al = —(2 Y / AK dK'dPAP' Wiagppr forc foro EL kW - )
e oty -k +HqO Rk Oy iy Oy
kn ve) K'n' (v ve) pnP(n1 """ Py pnPur Py ) -

(5.92)

The functions 7-[1(2 were defined in Eq. (4.14). The transition rate Wigy—,pps is written in
terms of the differential cross section o(s, ©) as

Wikr—ppr = 50 (5, O;) (27?)6 5@ (k" + K" —pH —p™) . (5.93)
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The variable s and 6, are defined as

k— k), (0 — )"
s=(k+k), cosO, = ( (kj)ﬁi)’)z P) : (5.94)

We further define the total cross section as the integral

o(s) = 27T/d@ sin O, o (s, O;) . (5.95)

14

In order to calculate .A 1t 1s convenient to first define the tensors

1
X ot = ;/deK’deP’Wkk,_,pp,fOkfOk/E{jkuky
X (k k%—l—k' k:,ym — Doy Do _p’%...p;m) ) (5.96)
The collision integrals A%z can always be expressed as linear combinations of contrac-
tions/projections of X i+ For the purpose of this appendix, we only need X, ..
for m = 2 and 3. For now we concentrate on calculating these integrals. We separate
Xyt S
Xivmerm = Aregm T Bl (5.97)
with
1
AZI/’YI ; / deK/dePlWkklﬁpp’fOkak'EIZL k#kl’ (k% T k’)/m + k’/Yl e k’/Ym) )
1
By igm = v /dl{dl{ldePlVVl‘k’—ﬂ)li”fOkak’ElrcZ Kk (p“/l © Pym ""p,w o 'plwm) :
(5.98)

The dPdP’ integration in the first tensor, A7, .
written in terms of the total cross section, o(s), as

can be immediately performed and

!/ n / / S
A" v /deK fOkak’EkkukV <k71 tee kffym + k’Yl cee k’Ym) 50‘ (S) . (599)

HVYLYs

The calculation of the second tensor, B” is cumbersome. First, we write it in the

general form

UYL Ym )

BZWI - —/deK'fokfok/E{Zkuk,,@m...% , (5.100)
where we introduced the tensor
2
M Im — — /deP’V[/kk,_mp,p71 ceeptm (5.101)
v

The integral ©7 7™ is an m-th rank tensor. For isotropic cross sections, this tensor can
only depend on the normalized total momentum of the collision P# = 5*1/ 2k + kM) =
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sjl/ *Pj. Thus, the tensor structure of ©77 must be constructed from combinations of
PJ and the projection operator orthogonal to Py, A" = g — PR P}. In general,

[m/2]
O = 3 (~1) AmgCng O3 ™ (5.102)
q=0
where we defined
m!
mag = —————— (2 — 1)1,
mq (m — 2q)'2q! (2 =1)
C{’]}'r--’ym — Agﬂ’Yz . A’]qu—l’Y?qu'?q-H . pj’zm) ’
2 , - m—2q of q
o g P () (7)o

As usual, the parentheses () around the indices denote the symmetrization of the tensor.
For example,

@,uz/ - CZOPT;LPTV - CQIAP,LLI/ ’
@,ul/)\ - C30PT,U,PTUPT)\ - C31 (AP/,LVPT)\ + AP;L)\PTV + APVAPT;L) . (5104)
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, P = (1,0,0,0) and A% =
diag (0, —1,—1, —1). Then, it is straightforward to prove that

o (s) - (20+1)/2 7 (s)
Cn R S (n—2¢+1)/2 —4 2 O A (n+2)/2 ) 5.105
T o (g + DI° (5 — 4m’) ms0 27 (2g + 1)1 (5.105)
In the massless limit, the tensors X, 5 and X 5 become

1 2
ngaﬁ = 5 /deK/fOkak/Eﬁkuk’,, SO (8) (k‘ak‘g + k‘;k‘/ﬂ — §PTaPTﬁ + %gaﬁ) ,

1
Euaﬁ'y = 5 /deK/fOkak’Eﬁkp,kV SO (3) [k’akﬂk’n/ + k?lak’gk?fy
1 s
_§PTaPT6PTw + 1 (9apPry + garPrs + gﬁy—PTa):| ; (5.106)

where we used that, in the massless limit, s = 2k k.

5.10.1 Particle-diffusion current

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

AFoy?yP El/aﬁ = —0 (IlOIn+5,1 - 4[21[n+4,1 - I31[n+3,1) )
g
A“au”uﬁu7 Zl/aﬁ’}’ == —5 (3]10]n+6,1 - 11]21]714_5’1 - 5I3IIn+4,1 - 3]41]71_1_3’1) . (5107)
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To obtain the above relations, we used the definitions (4.31) and Eq. (4.46). In the

massless and classical limits the integrals I,,, = J,, can be calculated analytically
e®o I (n+1)!  (n+1)! P
I, = dgo — = . 5.108
q d, f(2q+1)”271'2 /B(’;L+2 (2q+1)||2561—2 ( )
Then,
4 P,
a, v, By—2 _ * 40
AP X = 3n0060 ,
NS B Y
uuX s = — noa—g ,
P
A“au”uﬁqu;faﬁv = 12n00—§ ,
AP XY, = —280ngo L 5.109
uuu X 0, = — noaﬁ—é. (5.109)
As a consistency check, we confirm that A**u”u” ngla 5= A“"u”uﬁuVX;}a 5, = 0.

The components of AM) change according to the number of moments included. In the
14-moment approximation, using Eqs. (4.14) and (4.5), we obtain

o _ WY 4

50 agll)A”o‘u”uﬂX;faﬁ = Moo - (5.110)

In the 23-moment approximation, e.g., considering three polynomials in the expansion
(5.1) for £ =1,

w @
A%) - T [(a%)a%) + a%aé?) A“auyuﬁX”_Qﬁ + a%)a;?A#auvuﬁqurd ] 7

3 pra uvapy
(1) w (1) () A per, v, By r—2 1 () Apa, v, B, v yvr—2
Ay = 5 ((122 ayy AP U X s+ a9y azy AM U ulu Xﬂmm> . (5.111)

Then, using the results from App. 4.8 for the coefficients a,(fg together with Eqgs. (5.108)

and (5.109), we obtain

AL — gnoa AL = ﬁ—gnoa
00 3 ) 02 90 s
1 4 1 1
Ago) = —3_&2)”00 , Aéz) = 3o (5.112)

5.10.2 Shear-stress tensor

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

10
Akver Zmﬁ = 30 (flofn+5,2 + 4]21]77,—‘,-4,2) )
AMVaﬁu’YXZVa/B’Y = bo <110[n+6,2 - [21In+5,2 + 2131[n+4,2) . (5113)
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In order to obtain the above relations, we used the definitions (4.31) and Eq. (4.46). Using
Eq. (5.108),
2

P
AP X =L — 945" 0

e Bo '

400 P?

vaf 30 0
AF X;wa,@ = o—5

0

2

va 1 1 _ 0
APeBy Y Xapy = 1320—3,
P2

ARPYI XD g = 8800 —2 . (5.114)

The components of A change according to the number of moments included. In the
14-moment approximation, using Eqs. (4.14) and (4.5), we obtain

W A,uuaﬁX 1 3

2 _
A =g wad = 5

Znoo (5.115)

where we used Eqs. (5.108) and (5.114), together with the results from App. 4.8.
In the 23-moment approximation, e.g., considering two polynomials in the expansion
(5.1), for £ = 2,

2 W(Q) va r— W(Z) va r
0 = 10 (1 + gy alo) AP+ 10 agaly A X
w@ W@
-’4521) — T CL(2) )AMV&B ,uzzaﬂ + 0 all all A,ul/oc,@u’YX;Viﬁ’y (5116)

Then, using once more the results from App. 4.8 and Egs. (5.108) and (5.114), we obtain

2 9 2 1
A = gm0 Al = —55Puma0
2 4 2 1
Ago) == 3—5077100' y Agl) = §7”L00' . (5117)

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

5.11 Appendix 3: Calculation of ~\”

In this appendix we compute the quantity %2) in the 14-moment approximation and the

23-moment approximation. Among all the %(Z) appearing in the transport coefficients
listed in App. 5.9 this is the only one that survives in the ultrarelativistic limit, all the
others are accompanied by factors of m? or couple to II, which vanishes in this limit. The

variable 752) was defined in the main text,

Na

Z FOOR (5.118)
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The first step is to compute the thermodynamic integral

Vil
Tl = 20+ 1)l / AR forfo o Hig (A k)’

5.11.1 14-moment approximation
In this case, Ny =1 and Ny =0, and
2 2
75 )= ]:1(0) :
Also, in the 14-moment approximation,
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In the massless and classical limit,

5 5
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and finally
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5.11.2 23-moment approximation
In this case, Ny = 2 and N, = 1, and

2 2 2) (2
% ) = -7:1(0) + Qg())]:l(l) :

Also, in the 23-moment approximation,
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(5.120)

(5.121)

(5.122)

(5.123)

(5.124)

(5.125)

(5.126)

(5.127)
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and
FI = —gi /dK fo Byt (7 — BoE) (Aaﬁkakﬁ)Q = 250
10 4p) 5N k 5707
3 2
@ _ B 1 L o 2_ B
Fiy = 41205” /dKfOkE (—1 + 6ﬁoEk) (A kokg)” = —% : (5.128)
Substituting Q22 from Eq. (5.50) we obtain
A = —550 = 0.133, . (5.129)

5.12 Appendix 4: Transport coefficients in Sec. 5.6

In this appendix we list all transport coefficients appearing in the extension of fluid
dynamics discussed in Sec. 5.6. The microscopic formulas for the diffusion and viscosity
coefficients, » and 77, and for the relaxation-time matrices, 7,, and 7, are

al (1) 7'0(11) Téz)
=) a SR U—Zak R (5.130)
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The transport coefficients of the nonlinear terms in the equation of motion for 7# are
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while those in the equation of motion for 7#” are

N2 (2)4(2) (2),(2)
c 1 475, A 57y, A
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