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Abstract: Relativistic dissipative fluid dynamics finds widespread applications in high-energy nuclear
physics and astrophysics. However, formulating a causal and stable theory of relativistic dissipative
fluid dynamics is far from trivial; efforts to accomplish this reach back more than 50 years. In this
review, we give an overview of the field and attempt a comparative assessment of (at least most of)
the theories for relativistic dissipative fluid dynamics proposed until today and used in applications.
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1. Introduction and Summary

Fluid dynamics is an effective theory for the long-wavelength, low-frequency limit of
any given many-body system. The fluid-dynamical equations of motion are based on very
general principles: they describe the conservation of energy, momentum, and, possibly,
charge quantum numbers in the system. As an effective theory, fluid dynamics is applicable
if there is a clear separation between the microscopic scales, which are characteristic of
the dynamics of the fluid’s constituents, and the macroscopic scales, which characterize
the spatio-temporal variation of the fluid-dynamical variables, i.e., energy density, charge
density, and fluid velocity. This scale separation is usually quantified by the so-called
Knudsen number, the ratio of a typical microscopic to a typical macroscopic time or length
scale. If the Knudsen number is sufficiently small, the state of the fluid is near local
thermodynamical equilibrium, and, at least if one averages over sufficiently long time
scales, dissipative effects can be considered minor corrections.

In non-relativistic applications, Navier-Stokes theory is firmly established as the the-
ory of dissipative fluid dynamics [1]. However, for relativistic systems, the situation is much
more complicated. The main problem is that the naive generalization of non-relativistic
Navier-Stokes theory to the relativistic case [1,2] is acausal [3,4] and, hence, unstable to
small disturbances around the equilibrium state [5]. The reason for this pathological behav-
ior is rooted in the fact that in Navier-Stokes theory, the dissipative currents, the bulk viscous
pressure, the charge diffusion current, and the shear-stress tensor react instantaneously
to the dissipative forces, i.e., the gradients of the fluid-dynamical fields. This is unphysical
even in the non-relativistic limit, and attempts to incorporate a finite time scale over which
dissipative currents react to dissipative forces have been made even in non-relativistic
dissipative fluid dynamics [6,7].

In a relativistic setting, such consideration is paramount, as it is required to repair
the pathological behavior of (the naive relativistic generalization of) Navier—Stokes theory.
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Among the first to address this issue were Israel and Stewart [8], who developed a so-called
second-order theory of relativistic dissipative fluid dynamics. In this theory, dissipative
currents relax over a certain nonvanishing characteristic time scale to the values given
by the dissipative forces. The qualifier “second-order” originates from the fact that terms
which are formally of second order in the Knudsen number need to be included to account
for this relaxation process'.

In the past two decades, the development of causal and stable theories of relativistic
dissipative fluid dynamics was, to a large extent, motivated by the attempt to describe the
collective flow of hot and dense strong-interaction matter created in heavy-ion collisions
at relativistic energies (for reviews, see [9-11] and refs. therein). These systems are so
small that the separation between microscopic and macroscopic length scales is, at best, an
order of magnitude in the case of collisions of large nuclei (such as gold or lead) [12,13].
Thus, the separation of scales found in such systems is certainly much smaller than in any
macroscopic fluid of our daily-life experience. Nevertheless, experimental data show a
surprising amount of collective behavior for the matter created in heavy-ion collisions,
to the extent that the underlying collective flow can be quantitatively described using
relativistic dissipative fluid dynamics [9-11].

Another area where relativistic fluid dynamics plays an important role as a quantitative
tool is astrophysics [14]. Both the dynamics of supernovae and the binary merger of neutron
stars are currently quantitatively described by relativistic fluid dynamics, coupled to
Einstein’s equations of general relativity (if space-time curvature effects are non-negligible)
and Maxwell’s equations of electrodynamics (if the mutual interactions between matter
and electromagnetic fields are of interest). So far, most applications of fluid dynamics in
this field focused on ideal fluid dynamics, and including dissipative effects is a fairly recent
development [15-18].

Nowadays, there exists a plethora of formulations of relativistic dissipative fluid
dynamics. This review attempts to provide a concise and comprehensive overview of
these various formulations. For each version of relativistic dissipative fluid dynamics,
we present a brief derivation of the equations of motion for the dissipative currents and
discuss in which aspects they differ from those in other formulations. We admit that the
presentation is not entirely balanced, with some formulations receiving more attention
than others, which can be attributed to the particular expertise of the authors with some
of these approaches, which, in turn, inadvertently receive more attention than others.
Furthermore, there are several topics relevant to relativistic fluids that we do not discuss
here, such as Lagrangian fluid dynamics [19], the effects of quantum anomalies [20-22], or
hydrodynamic attractors [23,24]. Another topic which is out of the scope of the present
paper is stochastic fluid dynamics [25-40] and the relationship between dissipation and
fluctuations. Indeed, both a systematic understanding of the role of fluctuations and the
systematic formulation of a theory of relativistic dissipative stochastic fluid dynamics are at
an early stage of development. It is acknowledged that this development may significantly
alter the discussions below. Overall, our list of references should be considered exemplary,
not exhaustive.

This review is organized as follows. In Section 2, we first introduce the conserved
quantities (Section 2.1), and discuss the conservation laws of fluid dynamics (Section 2.2).
The reference point for any theory of dissipative fluid dynamics is usually fluid dynamics
in the limit of vanishing dissipation, i.e., ideal fluid dynamics, which we present in Section 2.3.
The power counting in terms of Knudsen and inverse Reynolds number, which guarantees
the validity of fluid dynamics, is explained in Section 2.4. Theories of dissipative fluid
dynamics are related to ideal fluid dynamics by the so-called matching conditions. These
are discussed in Section 2.5, using some popular examples. This is followed by a general
discussion of the constitutive relations for the dissipative currents in Section 2.6. There, a
general classification scheme for all theories of dissipative fluid dynamics discussed in this
review is introduced, which allows individual dissipative fluid-dynamical theories to be
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viewed as special cases within this scheme. The section closes with a brief discussion of
causality and stability of relativistic fluid dynamics in Section 2.7.

Section 3 is devoted to the space-time gradient expansion as a way to derive dissipative
fluid dynamics. Here, one considers the constitutive relations for the dissipative currents to
be given by a power series in space-time gradients of the primary fluid-dynamical variables,
i.e., temperature, chemical potential, and fluid velocity. We first present the general set-up
of the gradient expansion in Section 3.1. We then restrict the consideration to space-like
gradients and explicitly discuss the first- and second-order versions, i.e., Navier-Stokes theory
(Section 3.2) and Burnett theory (Section 3.3), respectively. Both of these theories suffer from
acausality and instability. At first-order, this is remedied in an extension of Navier-Stokes
theory, called BDNK theory, introduced in Section 3.4, where also time-like gradients of the
primary fluid-dynamical variables are considered. As does BDNK theory, BRSSS theory
also features time-like gradients, although they occur only at second order. At face value,
BRSSS theory possesses potentially dangerous terms that destroy the hyperbolic nature
of the equations of motion, violating causality and generating instabilities. These issues
are resolved by replacing those terms—using the constitutive relations at first order—by
terms of linear order in the product of gradients of primary fluid-dynamical variables
and dissipative currents or of second order in dissipative currents. This modification is
then termed “resummed BRSSS theory”, which can be causal and stable and, thus, used
in numerical simulations. In essence, this procedure results in equations of motion of
relaxation type for the dissipative currents, just as in the second-order theories of Israel
and Stewart.

Section 4 deals with the derivation of dissipative fluid dynamics from the second law
of thermodynamics. This approach has the advantage that fundamental thermodynamic
relations, like the Onsager principle, are respected. However, lacking an underlying micro-
scopic theory, clearly, this approach cannot make any definite predictions for the value of
the transport coefficients appearing in the constitutive relations for the dissipative currents.
In Section 4.1, we first generalize fundamental thermodynamic relations to a manifestly
covariant form. We then derive first-order Navier—Stokes theory (Section 4.2) and second-
order Israel-Stewart theory (Section 4.3) from the second law of thermodynamics. The
fact that both acausal and causal theories can be derived from the second law implies that
imposing the latter does not necessarily lead to consistent formulations of relativistic fluid
dynamics. We close this section with a discussion of divergence-type theories (Section 4.4).
These dissipative fluid-dynamical theories require the use of a generating function for the
dynamical variables, from which all conserved and dissipative currents can be derived.
Unfortunately, the explicit form of this generating function is generally not known and
must be postulated by an educated guess. Nevertheless, divergence-type theories can
lead to potentially hyperbolic formulations that can respect the requirements of causality
and stability.

In Section 5, we turn to the derivation of relativistic dissipative fluid dynamics using
kinetic theory in the form of the Boltzmann equation. The advantage of such an approach is
that it yields explicit expressions for the transport coefficients of sufficiently dilute systems,
encoding information about the interactions of the fluid constituents at the microscopic
level. In Section 5.1, we first discuss the Boltzmann equation for the evolution of the
single-particle distribution function in phase space and the relationship between the latter
and fluid-dynamical quantities. We then introduce the concepts of local thermodynamical
equilibrium and matching conditions. In Section 5.2, we then discuss Chapman-Enskog theory
as a means to derive Navier-Stokes theory. A modified version of Chapman-Enskog theory
is introduced in Section 5.3 to derive BDNK theory. Then, we turn to the derivation of Israel-
Stewart theory in the 14-moments approximation in Section 5.4. This is extended to include
higher-order moments of the single-particle distribution function in Section 5.5, where we
present theories of Resummed Transient Fluid Dynamics. There, we discuss two examples,
DNMR theory, which truncates the system of moment equations by considering only the
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slowest eigenmodes of the linearized collision integral as dynamical variables, and IReD
theory, which replaces higher-order moments by the corresponding dissipative currents.

In Section 6, we discuss Zubarev’s approach to derive dissipative fluid dynamics. Here,
the underlying microscopic theory can be any quantum field theory, thus dispensing with
further assumptions and approximations necessary, for instance, for the applicability of
kinetic theory. The transport coefficients in this approach are then derived in the form
of Kubo-type relations. We note that the first-order transport coefficients, i.e., the bulk
viscosity, the particle diffusion, and the shear viscosity coefficients, can always be defined
and computed via Kubo relations [41], and the appearance of such relations is not specific
to the Zubarev approach.

Finally, in Section 7, we conclude this review by presenting a selection of further
developments: anisotropic fluid dynamics, maximum-entropy fluid dynamics, resistive
dissipative magnetohydrodynamics, and spin hydrodynamics. Several appendices provide
additional material: the conversion of time-like derivatives into space-like ones using the
conservation laws (Appendix A), the construction of the basis of irreducible tensors in
momentum space (Appendix B), as well as transport coefficients appearing at second order
in Knudsen and inverse Reynolds number in DNMR theory (Appendix C).

Notations and Conventions

For the metric tensor of flat Minkowski space, we use the “mostly minus” convention,
Suv = diag(+, —, —, —, ), unless stated otherwise. We also use natural units where i = kg =
¢ = 1. The scalar product of two 4-vectors A¥ and B! is written as A¥g,,B" = A"B, = A-B.
Symmetrization of indices for a rank-2 tensor A*" is denoted as A"") = (AW 4 AV,
while antisymmetrization is denoted as Al = %(A’“’ — A'"). We introduce a time-like
normalized 4-vector u# (which will later be identified with the fluid velocity), i.e., u - u = 1.
The comoving derivative with respect to u¥ of a quantity A, u - d A, is denoted either as
u-9A= A, orasu-9A= DA, if this is notationally more convenient. The projector onto
the 3-space orthogonal to u/ is denoted as A*Y = ¢g"¥ — utuV. The projection of a 4-vector
AF onto the 3-space orthogonal to u* is then A") = AM A,. The space-like 3-space gradient
of a quantity A is denoted as V¥ A = 9'") A = A9, A. The symmetric and traceless rank-4
projector onto the 3-space orthogonal to u* is AZ; = A?IXA’E) - %N“’A,Xﬁ. The projection of a

rank-2 tensor A" onto the 3-space orthogonal to u* is then defined as A{*") = AZ;A“ﬁ .

2. Preliminaries
2.1. Conserved Quantities

Fluid dynamics is an effective theory for the small-momentum (long-wavelength),
low-energy (small-frequency) limit of a given many-body system. In this limit, the system’s
degrees of freedom consist of the so-called hydrodynamic modes, i.e., the modes without a
gap in their excitation spectrum. These degrees of freedom are associated with conserved
quantities, like energy, momentum, and conserved charge quantum numbers. For the sake
of simplicity, we will only consider a single particle species, so here, any conserved charge
quantum number is equivalent to a conserved particle number. In a relativistic theory, this
always implies the conservation of the net particle number, i.e., the number of particles
minus the number of antiparticles. The central quantities in fluid dynamics are thus the
(net) particle-number current N# and the energy-momentum tensor T*'. We tensor-decompose
these quantities with respect to the time-like, normalized 4-vector 1/ introduced above,

Nt = nut +nt*, (1a)
TH = eufu’ — pA* + 20 HyY) + 7 (1b)

Here, n = N - u is the particle-number density in the local rest frame of the fluid, n# = N*)
is the particle diffusion current with respect to u¥, e = TH uyu, is the energy density in the

local rest frame of the fluid, p = —%TV"AW is the isotropic pressure, " = Ty, is the
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energy-momentum diffusion current relative to u", and 7"’ = T*¥) is the shear-stress tensor.
By construction,

n-u=0, h-u=0, mu, =0, m, =0. (2)

2.2. Conservation Laws

The conservation of particle number, energy, and momentum is expressed by

d-N=0, (3a)
T =0. (3b)

Inserting Equations (1) and projecting Equation (3b) onto the directions parallel and orthog-
onal to u¥, we arrive at the tensor-decomposed form of Equations (3),

n+nd—n-u+V-n=0, (4a)
¢+ (e+p)0—2h-u4+V-h—n"oy, =0, (4b)
; 4
(e + p)ut — VFp + il + S0+ (M — )y + 9, =0. (40)
Here, we used the decomposition
I
Oythy = Uytly + - Byy + Oy + Wy, (5)

3

where we introduced the expansion scalar 6 = 0 - u = V - u, the shear tensor of the fluid,
Oy = 0(y,1tyy, and the fluid vorticity wy, = V,u,). We also exploited Equation (2).

Equations (3) or (4), respectively, constitute five equations for 17 independent vari-
ables: the Lorentz scalars #, ¢, p, the Lorentz 4-vectors u/, n*, and h* (each having three
independent variables), and the rank-2 Lorentz tensor 7t#V (five independent variables).
Thus, the system of conservation laws is not closed. The task is, therefore, to provide twelve
additional equations to uniquely determine the solution to Equations (3) or (4), respectively.
There are several ways to achieve this goal. The most simple one is to assume that the
fluid is in local thermodynamical equilibrium, leading to the theory of ideal fluid dynamics,
which is discussed in the following Section 2.3. The other ways lead to different theories of
dissipative fluid dynamics and are discussed in the remainder of this work.

2.3. Ideal Fluid Dynamics

As mentioned above, the simplest way to reduce the number of independent variables
is to make the drastic assumption that the fluid is in local thermodynamical equilibrium, i.e.,
it is a so-called ideal (or perfect) fluid. Local thermodynamical equilibrium is defined by
considering a fluid element at a space-time point x# which is, on the one hand, so small
that the concept of locality makes sense but, on the other hand, is also so large that it
contains sufficiently many particles that interact sufficiently rapidly such that the local
energy density &(x) and the local particle-number density #(x) assume values as given in a
state of thermodynamic equilibrium,

e=¢eo(T,u), n=ny(T,u), (6)

where T = T(x) is the temperature and u = u(x) the chemical potential of the fluid at the
space-time point x#. The assumption of local thermodynamical equilibrium also implies
that the isotropic pressure is given by a thermodynamic equation of state,

p=po(T, p), )
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i.e., it is no longer an independent variable, as the temperature and chemical potential
are already determined by the energy density ¢y and particle number density ng via
Equation (6).

Anideal fluid is completely characterized by its local energy density ¢o(x), local particle-
number density ng(x), and fluid 4-velocity u# (x). This implies that for an ideal fluid, the
particle diffusion current, the energy-momentum diffusion current, and the shear-stress
tensor vanish, i.e.,, n* = h#* = #¥ = 0. Together with the equation of state (7) these are
twelve constraints, which reduce the number of independent variables from 17 to five: g,
ng, and the three independent components of u*. For an ideal fluid, the particle number
4-current and the energy-momentum tensor, therefore, read

N} = nou" , (8a)
T(I)W = goutu’ — poA*Y . (8b)

The five conservation Equations (3) feature precisely five unknowns (g, 19, and u#) and
are thus (in principle) uniquely solvable. Consequently, the system (3) or (4), respectively,
is closed.

Instead of gy and 1, one could also use the temperature T and the chemical potential
u as independent variables, or, as we will do throughout this paper, the thermal potential
ag = y/T and the inverse temperature By = 1/T. In the following, €y, ng (or T, u, or ay,
Bo), and u¥, will be called primary fluid-dynamical quantities. The quantities n¥, h*, and
7#¥ vanish for an ideal fluid but are nonzero for a dissipative fluid, i.e., a fluid whose local
state deviates from local thermodynamical equilibrium. They are therefore called dissipative
fluid-dynamical quantities or dissipative currents.

2.4. Power Counting in Fluid Dynamics—Knudsen and Inverse Reynolds Numbers

The applicability of fluid dynamics requires a clear separation of scales. Fluid dynam-
ics is an effective theory valid in the large-wavelength, small-frequency limit of a given
microscopic theory, i.e., on macroscopic length and time scales. Let L be the macroscopic
scale, which is given by a typical time or length scale over which a certain primary fluid-
dynamical variable varies, e.g., L ~ [(da) /4] —1, with a = «g, B, or u*. On the other hand,
the microscopic scale, A can, for example, be the mean free path, /\mfp, for dilute gases or
the inverse temperature, By, for other types of fluids. Then, fluid dynamics is applicable if
the so-called Knudsen number is sufficiently small,

Kn="<1. ©)
Indeed, suppose that A = Ay, — 0. This means that interactions between particles occur
at infinitely small distances at infinitely fast rates. Such a fluid instantaneously reaches local
equilibrium and is thus described by ideal fluid dynamics, cf. Section 2.3. Consequently,
the ideal-fluid limit is reached when Kn — 0.
Consider now the general case where, in the presence of dissipation, ¢, , and p differ
from their local-equilibrium values. We then define

e=¢e+de, n=nyg+én, p=py+1I, (10)

where I1 is the bulk viscous pressure. According to the terminology introduced in Section 2.3,
d¢, on, and I are also dissipative fluid-dynamical quantities. Since the dissipative quantities Je,
én, 11, n¥, h*, and 7" vanish in an ideal fluid, they can, in principle, be written as functions
(or functionals) of the Knudsen number, i.e.,

S = fe(Kn), on=fy(Kn), TI=fr(Kn),
nt = fi(Kn), n'=f(Kn), #"=f"(Kn), (11)
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with the property that fe(x), fu(x), fr(x), fh (x), f;:(x), 7(x) — 0as x — 0. Relations of
the type (11) are examples of constitutive relations for the dissipative quantities. The simplest
choice is, schematically,

fe(Kn) =cKn, f,(Kn)=c,Kn, fi(Kn)=cnKn,
fli(Kn) =chKn, f/'(Kn)=cKn, f;'(Kn)=c;Kn, (12)

with some constants c;, ¢, cry, ¢h, CZ ,and ¢ of order one. In this case, the dissipative
quantities are of first order in the Knudsen number. As we shall see, this is precisely the
structure of Navier—Stokes theory, cf. Section 3.2, where the terms of order one in Knudsen
number are represented solely by space-like gradients. However, more complicated functions
of Kn are also possible, for instance, polynomials of second and higher order in Kn (with the
correct Lorentz symmetry). Moreover, besides space-like gradients also time-like gradients
may appeatr, as in BDNK theory, see Section 3.4. This then leads to the space-time gradient
expansion, cf. Section 3.

However, it turns out that Navier-Stokes theory, and more generally the gradient
expansion in terms of space-like gradients, truncated at any order in Kn, is acausal and unstable.
A causal and stable theory of dissipative fluid dynamics can be obtained either by including
time-like gradients, as in BDNK theory, or by demanding that the dissipative quantities fulfill
dynamical equations of motion, cf. Section 2.6. They are thus, in principle, independent dynami-
cal variables without a direct relation to the Knudsen number. Therefore, in that case, it is
helpful to introduce other quantities to characterize the magnitude of the dissipative quan-
tities compared to the primary fluid-dynamical variables with the same dimension. These
quantities were termed inverse Reynolds numbers in [42] and are (schematically) defined as”

IT
Re; ==, ;155711, Reﬁlz—,
Boro Po
u hH uv
Re,;1 = "] , Re;1 = u , Re;1 = M . (13)
Bopo €0 Po

The inverse Reynolds numbers, as well as the Knudsen numbers, measure the deviation
from equilibrium. Note that we defined Re, ! and Re; ! with Bypp in the denominator,
rather than ng. The quantity Bopo has the same dimension as ng, but the latter, being the
net particle number, can be zero if we consider a system with equal numbers of particles
and antiparticles.

In most causal and stable theories of dissipative fluid dynamics, the dynamical equa-
tions are of relaxation type; see, e.g., Equation (22). Depending on the initial values for the
dissipative quantities, the corresponding inverse Reynolds numbers can either be of the
same order of magnitude as the Knudsen number or of vastly different magnitude. How-
ever, on certain characteristic relaxation time scales, the dissipative quantities approach the
values given by Navier-Stokes theory, and thus, the associated inverse Reynolds numbers
become of the same order as the Knudsen number,

Re; !, Re, !, Re;', Re;!, Re, !, Re;' ~Kn. (14)

For power-counting deviations from local equilibrium or the ideal-fluid limit, both inverse
Reynolds and Knudsen numbers are usually taken to be of the same order of magnitude.

We close this section by remarking that there are additional microscopic scales which
appear in the presence of thermodynamical fluctuations. Such a scale is, for instance,
determined by the inverse temperature, By, and exists even in equilibrium, where the
Knudsen number vanishes. However, the standard fluid-dynamical approach discussed in
this review does not treat fluctuations. The latter are subject of theories of stochastic fluid
dynamics [25-40], which are outside the scope of this review.
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2.5. Matching Conditions

Fluid dynamics is a valid theory if the deviations from local thermodynamical equi-
librium are small; see discussion in Section 2.4. Therefore, for a dissipative fluid, it is
helpful to define a fictitious reference state, a fluid in local thermodynamical equilibrium
characterized by its energy density ¢y and particle-number density 1y, and expand the
other fluid-dynamical quantities around this reference state [8]. The expansion around a
local-equilibrium reference state implies that all dissipative quantities are small compared
to the primary fluid-dynamical variables, i.e., all inverse Reynolds numbers defined in
Equation (13) are much smaller than unity.

In order to solve the conservation Equations (3) in full generality, one requires so-called
constitutive relations for the 14 quantities de, n, 11, n*, k¥, and #", see Section 2.6. The
five conservation equations then determine the remaining five primary fluid-dynamical
quantities gy, 1 (or T, y, or ag, Bg), and ut.

For some fluid-dynamical theories, the constitutive relations are particularly simple.
We give a few examples in the following;:

(i) Ideal fluid dynamics: As already discussed in Section 2.3, for ideal fluid dynamics, all
dissipative quantities vanish, i.e., their constitutive relations are trivial,

be=m=Il=n'=n=n"=0. (15)

(i) Dissipative fluid dynamics in the Landau frame: For dissipative fluid dynamics, a
possible subset of the constitutive relations reads

be=0, n=0, H =0. (16)

The other constitutive relations for n#, I1, and 7tV have to be further specified; see
discussion in the following sections. The first two relations (16) imply that ¢ = ¢,
n = ny, i.e., the fictitious local-equilibrium reference state is chosen in such a way
that its energy density and particle-number density match the energy density and
the particle-number density of the actual fluid. The conditions listed in Equation (16)
are also referred to as Landau matching conditions. The last relation (16) implies no
energy diffusion, i.e., the fluid 4-velocity u* = u} is identical to the energy flow. This
corresponds to choosing a particular reference frame for the motion of the fluid, which
is usually called Landau frame [1].

Projecting Equation (1b) onto u; ,,, we derive

Thul = suz , 17)

i.e., the energy density is the eigenvalue of the energy-momentum tensor correspond-
ing to the fluid 4-velocity u} as the time-like eigenvector of the latter. One can formally
define the fluid 4-velocity in the Landau frame via

T‘MVML,V

\/ T’X/guL/ﬁTwyMZ ‘

Note that the latter definition is an implicit equation for u?.
(iii) Dissipative fluid dynamics in the Eckart frame: Another possible subset of constitu-
tive relations reads

ull = (18)

6e=0, n=0, n'=0. (19)

The other constitutive relations for ii#, I, and 7t#*V have to be further specified.

The first two relations (19) are the same as for the Landau frame, i.e., the fictitious
local-equilibrium reference state is again chosen in such a way that its energy density
and particle-number density agree with the energy density and the particle-number
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density of the actual fluid. The conditions of Equation (19) are also referred to as Eckart
matching conditions.

The last relation (19) implies no particle diffusion, i.e., the fluid 4-velocity u* = ul; is
identical to the flow of particle number. This particular choice of reference frame is
called Eckart frame [2]. Solving Equation (1a) for ug, we derive

NH

uk, (20)

2.6. Constitutive Relations—General Considerations

In order to close the system of fluid-dynamical equations of motion, the conservation
Equations (3) and (4), respectively, have to be supplemented by constitutive relations for the
dissipative quantities Je, on, I1, n¥, h¥, and 77*. In this subsection, we present a general
discussion of the form of these relations.

In most theories of dissipative fluid dynamics, the constitutive relation for a dissipative
quantity A assumes the general form

AZA1+A2+O3, (21)

where A = ¢, én, I1, n¥, h¥, or ", respectively. The term A; comprises all terms of first
order in Knudsen number. These are all terms that can be constructed in accordance with
Lorentz symmetry from space-time derivatives of the primary fluid-dynamical quantities. Let
us, for the sake of definiteness, take the latter to be ag, By, and u¥, and denote any one
of them generically as B. We distinguish time-like derivatives, B = u - 9B, and space-like
derivatives, V¥B = A" 9, B, the nomenclature arising from the fact that B (resp. V¥B)isa
purely temporal (resp. spatial) derivative in the rest frame of the fluid. Then, the terms A;
are general arbitrary linear combinations of terms of the form B and VB, i.e., they comprise
all time-like or space-like derivatives of primary fluid-dynamical quantities constructed in
accordance with Lorentz symmetry. Relativistic Navier-Stokes theory, see Section 3.2, is a
special case where only space-like derivatives, V#B, of primary fluid-dynamical quantities
appear, cf. Equations (34). A more general case is BDNK theory, see Section 3.4, where also
time-like derivatives occur, which ultimately can render this theory causal and stable [43],
in contrast to relativistic Navier-Stokes theory, which is acausal and unstable [4,5].

The term A; in Equation (21) comprises all terms of second order in either Knudsen or
inverse Reynolds number which can be constructed in accordance with Lorentz symmetry
from derivatives of the primary fluid-dynamical quantities (first order in Knudsen number)
and the dissipative quantities (first order in inverse Reynolds number). Thus, the second-
order terms can be classified as follows:

(i) Linear order in the product of derivatives of primary fluid-dynamical quantities and
dissipative quantities, i.e., ~ BA or (V¥#B) A;

(if) Linear order in the derivatives of dissipative quantities, i.e., ~ Aor VHA;

(iii) Second order in derivatives of primary fluid-dynamical quantities, i.e., ~ B, B2, BV#B,
V#B,u-9(V#B), VFVVB, or (VFB)(V'B),

(iv) Second order in dissipative quantities, i.e., ~ A2.

Terms of type (i) and (ii) are of order O(KnRe_l), terms of type (iii) are of order
O(Kn?), and terms of type (iv) are of order O(Re~2). Terms of third order O3 or higher are
neglected in this work, but have been studied, for instance, in [44-47].

The time-like derivatives of type (ii) receive special treatment in the so-called transient
dissipative fluid-dynamical theories. Putting them onto the left-hand side of Equation (21), we
arrive at

TAA+A=AN5+A2+O3, (22)

where T4 is a certain characteristic time scale, and where we have restricted the terms ~ A
to those appearing in Navier-Stokes theory. This can, at least formally, always be achieved
by using the conservation laws (4), which allow one to replace a time-like derivative of a



Entropy 2024, 26, 189

10 of 83

primary fluid-dynamical quantity with a space-like derivative plus higher-order terms in
Knudsen and inverse Reynolds number, which can be put together with the other terms in
Aj. (The bar over A; indicates that the terms ~ A from the original A, terms have been
removed and put on the left-hand side of the equation.) However, such a manipulation may
affect the causality and stability of the theory, as shown by the example of BDNK theory.

An equation of the type (22) is of relaxation type, i.e., the dissipative quantity A relaxes
on the time scale T4 onto the value given by the right-hand side, i.e., to leading order to its
corresponding Navier-Stokes value Ans. Restricting the discussion to Landau matching
conditions, an application of Equation (22) to I, n¥, and 7#" results up to second order in
the following set of equations,

ll+1l1=-0+J +K+R, (23a)
T, Lt = s Ih + TH 4+ KF 4+ RV (23b)
Tt 4 7 = 2ot JH K R, (230)

where I = VF#ay. Here 17, Ty, and T are the relaxation times for the bulk viscous pressure,
the particle diffusion current, and the shear-stress tensor, respectively. The first terms on
the right-hand side are the Navier—Stokes terms; see Section 3.2. The terms 7, J#, and
JH contain all terms of terms of type (i) and (ii) allowed by Lorentz symmetry,

J = —omlle — b,V -n—tqun - F — Ampun - I + )\HT[N‘”VO'VV , (24a)
jy = 7571"”}[9 - énnvyn + enanT[QOV + THHHF# - Tnnnﬂva
— A0y + AynIF — Ay eV I, + thowtVny, (24b)

Jyv _ _(57Ur7.[w/9 + gnnvw nV> — Tnnn(ﬂ FV> + )\nHHU’HV

— A U/\V> + AP TV + Zanﬂy{ w"?, (24¢)

where FF = V#pj. As shown explicitly in Appendix A, the terms of type (i) involving
time-like derivatives can be converted into space-like ones using the equations of motion
(4), plus terms of higher order in Knudsen and/or inverse Reynolds number. This results
in terms already listed in Equations (24).

The tensors K, K#, and KF contain all terms of type (iii),

K= glwww’“’ + 520';41/0"“/ + 5392 + 541 -1
+05F-F+ gl -F+ V- 143V -F, (25a)
KM = 500", + 500" F, + 553110 + 524 F"0
+ s I, + 526 A0, + 5,V + WV F, (25b)
KM = o, 0" 4 280t + fao ™ o) 4 o
+ 751 I + 7 FU FY) + 7,1 FY) 4 gV IV 4 gV EY) (25¢)

As for the J-terms, all terms involving time-like derivatives have been converted into
space-like ones using the equations of motion (4), up to higher-order terms, for details,
see Appendix A. Note that the term ~ 3zg was missed in [42]. It is, however, in principle
allowed by Lorentz symmetry, although 3 may vanish when matching the transport
coefficients to an underlying microscopic theory.

The tensors R, R¥, and R*" consist of all terms of type (iv),

R = 4)1H2 —+ @on-n + 4)37-[}“/71—}”/ ’ (263)
RY = @qr*'ny + @sIInt, (26b)
RW = @Il + gyt ”X> + ggntn?) (26¢)
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The values of the transport coefficients appearing in these equations,

ot A, Tin Al , AMir,
Onn s, Cori, lum, Tarl, Tum, Aun, Aull, Aum,  Taw s

Onm s Lon, Trtn 4 At Arn, Aan,  Tnw s

as well as 51,. ., 58, s1,...,%8,11,...,79, ¢1,..., pg have to be determined from an under-
lying microscopic theory. Note that the coefficient A, was denoted 7, in [42,48]. As we
will see in the following sections, these coefficients assume different values in different
approaches to dissipative fluid dynamics, depending on the actual approximation scheme
used to derive the equations of motion.

Furthermore, using the first-order constitutive relations, it is always possible to
“reshuffle” terms among the J-, K-, and R-terms. Take for instance the term ~ 7362
in Equation (25a). Using Equation (23a) at first order, [T = —{6 + Oy, to replace one factor
of 6 one may rewrite this term as —({3/{)0I1+ Oj, i.e., it is now of the same form as the
term ~ —drl16 in Equation (24a) (higher-order corrections are not considered anyway).
Repeating this once more to replace the final factor of 6, we arrive at ({3/¢%)I1?, i.e., it
is of the same form as the term @;I11? in Equation (26a). This shows that the transport
coefficients in Equations (23) are not uniquely defined and depend on the approximations
used to derive the constitutive relations for the dissipative currents. We will return to this
ambiguity and point out concrete examples several times throughout this review.

2.7. Causality and Stability

For completeness, here we make some general comments about the causality and
stability of relativistic fluids. Since the seminal works of Hiscock and Lindblom [5,49], one
expects a subtle connection between causality and stability in relativistic systems. Causality
states that the speed of light bounds the maximum speed of propagation of information in
the fluid. Thus, as it stands, this property must be valid not only near equilibrium, where
simple linear-response analyses hold [5], but this must also hold in the fully nonlinear
regime. The latter is generally much harder to establish (see [50,51] for a review), with only
a few general results known in the literature (see [52-54]).

Let us first focus on the dynamics near equilibrium, where the equations of mo-
tion of the dissipative fluid are linearized around a constant and uniform non-rotating
global-equilibrium state (see [55] for recent work on inhomogeneous systems). In this
case, the equations of motion are simple linear partial differential equations for the fluid
variables with constant coefficients, and standard methods for computing the charac-
teristic velocities (see, for instance, [56]) apply. These calculations can be done for any
global-equilibrium state, regardless of whether or not the background fluid 4-velocity is
ut = (1,0,0,0). Alternatively, since the equations of motion are linear with constant coeffi-
cients, one may also resort to a Fourier analysis of its frequency modes w(k), determining
the dispersion relations of the collective excitations near equilibrium (e.g., sound and shear
disturbances). Following standard group-velocity arguments, some works have used the
asymptotic quantity

o —  lim Rew im dRew
T ks keR Kk koo kerR  dk

e[-1,1]. 27)

to determine conditions for causality in Israel-Stewart theories. For example, the bulk and
shear relaxation times and viscosities, appearing in transient theories of fluid dynamics,
must satisfy the necessary condition [57],

4 4 Ui 2
— <1-c¢f, 28
(g0 + po) Tt T3 (e0+po)Te — “ 28)
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with cs being the speed of sound. Many additional constraints can be derived but will not
be listed here.

It has been recently shown in [58], however, that the condition (27) is not sufficient to
guarantee causality as there are well-known counterexamples of theories where v; € [—1,1]
and the dynamics is acausal [58]. The relation between dispersion relations and causality
has been elucidated in [58], where it was shown that there is no notion of causality for
individual dispersion relations since no mathematical condition on the function w(k)
(such as the asymptotic group-velocity condition) can serve as a sufficient condition for
subluminal propagation in dispersive media. Instead, causality can only emerge from a
careful cancellation when one superimposes all the excitation branches of a physical model.
This happens automatically in local theories of matter where the dispersion relations obey
the covariant stability condition [59,60]

Imw(k) < |Jmk| . (29)

See also the recent works [61,62] for further discussion concerning causality, stability, and
linear mode analysis.

Another recent development that has shed much light on the connection between
causality and stability was discussed in [52], where it was proven that causality is necessary
for stability in relativistic fluids. The original argument and proof in [52] are rather technical,
involving detailed calculations using strongly hyperbolic systems. As shown in [63], none
of those complications are needed. In fact, [63] generally proved that dissipation is only
a Lorentz-invariant concept in causal theories. In particular, if the theory is causal, there
is no need to perform calculations in a boosted Lorentz frame, i.e., causality guarantees
that the conditions obtained for the stability of disturbances in the local rest frame are the
same in any other Lorentz frame. This settles several questions and significantly simplifies
stability calculations in relativistic fluids.

We close this section with a brief comment about the global properties of relativistic
dissipative fluid-dynamics solutions in the nonlinear regime. While small-data global
well-posedness for BDNK theory has been recently proven in [64] under very simplifying
conditions and in flat space-time, it remains challenging to generalize this result to more
realistic scenarios. Further progress was made recently in [65] in the case of Israel-Stewart
theories with bulk viscosity (setting shear and diffusion effects to zero). That work showed
that there exists a class of smooth initial data for which the corresponding solutions to the
Cauchy problem break down in finite time, or they become acausal. Additional work is
needed to determine if this truly implies singularity formation. In this regard, we note that
this question has been fully answered in the non-relativistic limit of Israel-Stewart theory
(with shear and bulk viscosity effects), where it was proven in [66] that the corresponding
solutions of the equations of motion are generally not globally well-posed. This, in turn,
implies that a vast class of non-Newtonian fluids do not have finite solutions defined at
all times.

3. Gradient Expansions for Dissipative Fluid Dynamics

In this section, we discuss the space-time gradient expansion as a means to derive
dissipative fluid dynamics. We first give some general considerations and then study the
examples of Navier—Stokes and Burnett theory, which are first resp. second order in space-
like gradients. We then turn to BDNK theory, a first-order theory containing both space-
and time-like gradients. The existence of the latter are paramount to restoring causality and
stability. Finally, we discuss resummed BRSSS theory, which is based on the second-order
gradient expansion and can be brought into the form (23) to obtain an (in principle) causal
and stable theory of dissipative fluid dynamics.

3.1. General Considerations

For the sake of simplicity, in this section we will work in the Landau frame (17), with
Landau matching conditions (16), i.e., the dissipative fluid-dynamical quantities are the
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bulk viscous pressure, the particle-diffusion 4-current, and the shear-stress tensor. In the
gradient expansion, these are assumed to be expressable solely in terms of powers of space-
time gradients of the primary fluid-dynamical quantities, i.e., ag, Bo, and u*. The dissipative
currents can then be written as

N

N (1) (D)
n o= Y3y ajo?, (30a)
i=0 j=1
w N o )
_ 1 )
o= Yy Aot (30b)
i=0 j=1
o NY
v o= Yy Ao (300)
i=0 j=1

Here, the quantities (’)]@, (9]@” , and (9]@” Y are terms of ith order in gradients of wg, Bo,
and u#, and )ti_? i /\’(2, and /\g)] are the corresponding transport coefficients at this order,
respectively. At any given order i in gradients, all terms allowed by Lorentz covariance

) must be a Lorentz scalar, (’)](i); " a Lorentz vector, and 0]@”

tensor of rank 2. In addition, (9]@” must be orthogonal to u# (just as n*) and O}i

V a Lorentz
H

are allowed, i.e., O](i

" must
be orthogonal to u#, symmetric, and trace-free (just as 7r#"). The index j labels the various
terms that occur at a given order i. In Sections 3.2 and 3.3 we will show these terms
explicitly (but restricted to space-like derivatives) to first and second order, respectively. On
the other hand, the transport coefficients /\%) i /\S/}, and Ag?j are functions of temperature
and chemical potential that cannot be obtained from symmetry principles alone, they have
to be calculated from an underlying microscopic theory.

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 be possible

to truncate the expansion on the right-hand sides of Equations (30). The terms (9]@, (9/@” ,

and 01(1);4 " are proportional to i gradients of a macroscopic variable, and thus are of order

~ L. The microscopic scale A is contained in the transport coefficients Aﬁ)j, )\S}, and

(0

Ag?j. Up to some overall power of A (which restores the correct scaling dimension), Ay j
)L,(f,}, Ag?j ~ Al. Therefore, the transport coefficients appearing in Af_l[?]- (’)](1), )\EZ, 0]@#/ and
/\g,)j (9](1)” " in Equations (30) are of order (A/L). Equations (30) are then nothing but series
in powers of the so-called Knudsen number Kn = A/L, cf. Section 2.4. If Kn < 1 and these
series converge, the gradient expansion of the dissipative currents can be truncated at a
given order and one obtains a closed macroscopic theory for them, with a clear domain
of applicability.

Ideal fluid dynamics, cf. Section 2.3, corresponds to the zeroth-order truncation of
this series, i.e.,, when only the (i = 0)-terms on the right-hand sides of Equations (30) are
considered. In this case, there are no gradient terms at all. Since for ideal fluid dynamics

I(%)j = )\1(2 = /\g‘ = 0 for all j, so that the
right-hand sides of Equations (30) vanish as well. The first-order truncation of the gradient
expansion using only space-like gradients is Navier-Stokes theory, as shown below. At
second order in space-like gradients, one obtains the relativistic Burnett equations, while
higher orders lead to the super-Burnett equations.

We note that the convergence properties of the gradient expansion under general
conditions have not been established and are a topic that is still being intensely investi-
gated, see [67]. This considerably changes our interpretation of truncations of the gradient

expansion, which no longer have a clear domain of validity in terms of the magnitude of the

all dissipative currents vanish, we must have A
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Knudsen number. Instead, one determines the optimal truncation of the gradient-expansion
series and uses that as an effective fluid-dynamical theory. In the following, for the sake
of simplicity, we ignore these issues and consider the effective theories that arise as one
truncates the gradient expansion.

3.2. First Order: Navier—Stokes Theory

The first term in the gradient expansion can be obtained by constructing all possible
tensors that can be formed from the first-order derivatives of the primary fluid-dynamical
quantities. For the latter, we could take «g, By, and u¥. However, since gradients of
the inverse temperature influence the fluid-dynamical variables only indirectly, through
gradients of thermal potential and pressure, it is more physical to choose «g, po, and u*
(instead of «g, Bo, and u/) as primary fluid-dynamical quantities. Replacing gradients of B¢
by gradients of pg (and ) is achieved with the help of the thermodynamic identity

Mo Bo
dBo = dag — dpo . 31
Po eotpo © &tpo Po Gh
The space-time gradients of ag, B9, and u/ are
duag ,9yupo , and dyuy . (32)

Next, using these gradients, one has to construct tensors that have the same properties as the
dissipative currents, i.e., the same symmetry and behavior under Lorentz transformation,
and, in the case of tensors of non-vanishing rank, they have to be orthogonal to u*. There
must be a scalar, such as the bulk viscous pressure I1, a 4-vector orthogonal to u#, such as the
particle diffusion 4-current n#, and a symmetric, traceless second-rank tensor orthogonal to
ut, such as the shear-stress tensor 77#". In the traditional gradient expansion, all possible
terms involving first-order time-like derivatives of &g, By, and u/ are converted into space-
like ones using the equations of motion (4), up to higher-order terms, see Appendix A.
Thus, the only possibilities are

oV =v.u=0, (33a)
O§1)y = Vi = ", Oél)ﬂ — vﬂpo =TFH, (33b)
O%l)w = Azga“uﬂ =M. (330¢)

However, in order to respect the second law of thermodynamics, there cannot be a term
~ V*# By, see the discussion in [48], and thus a possible term ~ V¥ py is simply ~ V¥ay, by

virtue of Equation (31). Without loss of generality we therefore can assume that /\,(11% =0,
and thus the term Oél)” does not appear. We therefore have NI(T1 ) = Ny(ll) = N,(Tl) =1

Consequently, the most general relations satisfied by I1, n*, and 7#", up to first order in
Kn, are

= Ay6=-26, (34a)
o= AN =, (34b)
v = AQ%UVVEZH(T}W, (34¢)

which corresponds to relativistic Navier—Stokes theory [1], with the bulk-viscosity coef-

ficient { = —/\g)l, the diffusion coefficient » = A,Sll), and the shear-viscosity coefficient

n= /\511)1 /2, respectively.

We note that relativistic Navier—Stokes theory has no practical applications since it is
acausal and unstable. This can be shown, for instance, via a simple linear stability analysis,
although one has to go to a moving frame to discover the instability, see, e.g., [48]. Acausal-
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ity follows from the fact that, in the absence of time-like derivatives in the constitutive
relations, hyperbolicity is invariably lost when using Equations (34) to obtain the equations
of motion (4), namely

iy = —ngf — 9y, (5I") , (35a)
¢ = —(e0+ po — £0)8 + 210,50"F (35b)
(e0 + po — CO)u! = F* — VH(Z0) — 2A5fa,; (,waﬁ) . (35¢)

These equations are known as the relativistic Navier-Stokes equations. In this formulation,
the state of a dissipative fluid is described by the same variables as in the case of an ideal
fluid, i.e., by the primary fluid-dynamical variables «, 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 purely space-like gradients of the primary fluid-
dynamical variables. The first and last Equation (35) become explicitly parabolic in the
linear regime, containing modes that propagate infinitely fast [48].

3.3. Second Order: Burnett Theory

At second order in gradients, the Lorentz scalar terms are
(952) = wywh, OéZ) = oo, ng) =6?, A(L J=1. I,
2 2 2 2
o =r.F, 0P =1.F, 0P =v.1, 0¥ =v.F, (36)
while the Lorentz vectors orthogonal to u/ are
O — gy, O = givE,, OPF — e, O = Frg,
OéZ),” _ w}wlv’ OéZ)H _ A’;\ay(f/w, O;”V _ VHG, O§2)V — (JJ‘”VFV, (36b)

and the Lorentz tensors of rank 2, which are symmetric, traceless, and orthogonal to u*, read

Oiz) _ w/\(l’ v)A , O§2)VV — g, O:gz)lﬂ/ _ O.AWUV)/\ ,
0(2) — <ﬂwv))\ , OéZ)W — # v , OéZ)PV — Flrpv) ,
oM — [, o — v, ofM = vipy, (36¢)

As before, any term containing a time-like derivative of a primary fluid-dynamical variable
allowed by symmetry is replaced by terms containing only space-like derivatives using the
conservation laws.

Including the above terms in the expressions for the dissipative currents,

2)

Equations (30) and denoting {; = i =AM )\( ) ,and 7; = /\( ) we obtain the relativistic

Burnett equations [68,69],

II1=-700+ Zlcuww’” + gzaw,a”” + 6392 + 541 i

+0sF-F+ gl - F+{;V-1+(3V-F, (37a)
nt = xI* 4 5q0" I, + 500" E, + 553110 + 54 F*0
+ 5w I, + 526 A0, + 5,V + WV F, (37b)
= 2ot +171wA<”w N 4 7200 + f30ME o) ) +174U< w'
+ 751 1Y) 4 7 FU Y 4 I FY) 4 gV V) 4 gV H FY) (37¢)

Obviously, this theory is a particular case of the more general second-order equations of
motion (23), with vanishing relaxation times, 71 = Ty = 7 = 0, and vanishing J- and
‘R-terms. We note that Burnett’s theory, like Navier—Stokes theory, is expected to be linearly
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acausal and unstable® and, thus, has no practical applications. As a matter of fact, the
Burnett equations are unstable even in the non-relativistic regime [71].

We note that terms with comoving (time-like) derivatives of primary fluid-dynamical
variables could be introduced on the right-hand sides of Equations (37). However, as
already mentioned and shown explicitly in Appendix A, using the equations of motion
(4) to leading order, these terms can be expressed in terms of those already present in
Equation (37). This would then merely lead to a redefinition of some of the transport co-
efficients in these equations. Nevertheless, it is important to remark that even though
such terms can be arbitrarily reshuffled if one indiscriminately follows this scheme, this
procedure may considerably affect the mathematical properties of the equations of mo-
tion. This will become clearer when we discuss BDNK and resummed BRSSS theories in
the following.

3.4. BDNK Theory

In the global-equilibrium state, B, = Bouy = u,, /T is a Killing vector [14], s0 9, ) =
0 and dyag = 0 [72]. It is natural to assume that if one is sufficiently close to the global-
equilibrium state, the energy-momentum tensor and the particle-number current can be
written as a truncated Taylor expansion around global equilibrium as follows:

NF = N} +Y'7Ta,By + ZM0pug + O(2%) , (38a)
TH = T} + H"P"T9,By + X'"P0pag + O (%), (38b)
with Né‘ and Tg " being the conserved currents in local equilibrium, cf. Equations (8), and

the remaining tensors corresponding to the most general tensor structures that can be
constructed from the 4-velocity and the metric tensor,

Y7 = viutulu” + vput APT + p u AP+ poulf AP, (39a)
HMPY = equtu’uPu’ + eoufu? AP7 + muPu’ AW + o AFY AP

+ 01 (uHu" AP + u"u" AMP) + 0 (1’ ul AP 4+ utuP AV7) + 2y AFVPT (39b)

ZH = vauluf + 3 AP, (39¢)

XM = egutu’ul + rrauf A + 03 (u” A" + ul AVP) . (39d)

In the sense of effective field theory, this procedure provides the local-equilibrium values
of the conserved currents with the most general corrections of the corresponding Lorentz-
tensor rank, which can be constructed using first-order derivatives of the primary fluid-
dynamical variables. The main difference to the formalism presented in the previous
subsection is that time-like derivatives are no longer systematically replaced by space-
like ones by employing conservation laws. Even though such a replacement appears
to be allowed by the power-counting scheme itself, it was shown to considerably affect
the mathematical properties of the resulting equations of motion, at least for first-order
truncations of this gradient expansion [43,52,73-75]. In principle, this procedure could be
continued at a higher order in derivatives, although the total number of possible terms will
increase significantly. The general constitutive relations truncated at first order, as shown
above, together with the conservation laws (3) is now known as the BDNK theory of fluid
dynamics [43,52,73-75].

Above, €y, po, and ng are (as before) interpreted as the equilibrium energy density,
pressure, and particle-number density (related via the equilibrium equation of state). At the
same time, the remaining parameters (which can depend on the thermodynamic functions)
describe dissipative effects (shear, bulk, heat flow, or particle diffusion) in an arbitrary
fluid-dynamical frame [73]. For example, £; 5 3 denote corrections to the energy density,
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while 711 5 3 denote corrections to the pressure. Indeed, Equations (39) imply the following
constitutive relations for the dissipative currents

IT= —m3Dagy — nzD—’BO — 7m0, on=uv3Day+ sz—ﬁO + 110, (40a)
Bo Bo
DﬁO ! 1 4
oe = e3Dwg + szﬁ— +e6, nt=qg3I"+ ylﬁ—vVﬁo + yDut, (40b)
0 0
W = 651" + Glﬁlvl‘ﬁo +6,Dut, nt= 277va . (40c)
0

We note that several constraints arise from thermodynamic consistency, from the require-
ment that Equations (38) correctly reduce to their first-principles expressions in global-
equilibrium states. First, €, po, and ng must satisfy the standard thermodynamic identities
€+ po = T(apo/aT)’4 + u(9po/ou) and ny = (dpg/ou)r, and second, we must have
HH#PT = HIIP and YHPY = YHP (which were already enforced from the very beginning).
Furthermore, v = 72, 61 = 6, [73]. These conditions can be viewed as necessary and
sufficient conditions for the first-order terms in Equations (38), representing dissipative
corrections to vanish in states of global equilibrium, which are defined by 9(,8,) = 0 and
ayﬂéo =0.

The BDNK formalism can describe causal and stable dissipative fluid dynamics with
shear, bulk, and particle- or energy-diffusion effects, see [52]. The equations of motion
display interesting properties, such as strong hyperbolicity and local well-posedness” of the
initial-value problem [50,52,76,77], even when the fluid is dynamically coupled to Einstein’s
equations—no other formalism has been shown to accomplish this including effects of
shear, bulk, heat flow, and/or particle diffusion. In fact, one can show that the causality
and instability issues originally found in theories of Eckart and Landau-Lifshitz [5] are
not necessarily present in BDNK theory [43,52,73-75]. The crucial difference resides in
the fact that the constitutive relations in BDNK theory display time-like derivatives of
the primary fluid-dynamical variables. These terms effectively change the nature of the
differential equation and make it possible to restore hyperbolicity and causality and to
render the theory stable against small perturbations around equilibrium [43]—although the
theory is formally of the same order as Navier-Stokes theory in the power-counting scheme
discussed so far. When substituted into the local conservation laws (3), the constitutive
relations (40) lead to

D 1
0= Dng+ (ﬂo + v3Dagy + l/zﬁ&) + 1/19)9 + ay |:"}/3IV + 7 Fvﬂﬁo + ’YzDMH:| , (4la)
0 0
D D
0 = Dgy + D<€3D£¥0 + 82? + 819) + (Eo + e3Dug + Szﬁ) + 819>9
0 0

+ (Po — m3Dag — HZI?B’[ZO — 71'19)9 — 277(7VV(T]W

+ (—2Duy, + V) {931% + elﬁlov%‘ﬁo + 92Du"} , (41b)
0= <eo + e3Dag + 82[‘)3'[30 +¢&10 4+ po — m3Dag — nzDﬁl(S)o — 7'[19) Dut

— VH# (po — 3Dy — 7T2Dﬁ€0 - 7r16> + 2AM 0, (%)

+ (geM” + o — w4 AWD) [931,, + 6, ;Ovvﬁo + 92Duv} , (41c)

which should be contrasted with the corresponding equations of motion in Navier-Stokes
theory, cf. Equations (35)°.

One may consider BDNK theory as a way to regularize Navier-Stokes theory by
appropriately changing its non-hydrodynamic modes using transformations of the fluid-
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dynamical frame [73], obtaining a causal and stable evolution without adding an extended
set of dynamical variables (such as in Israel-Stewart theory). The original BDNK formalism
has recently been used and extended in several ways. For example, [78] used BDNK theory
to derive a causal and stable theory of relativistic magnetohydrodynamics, while [79]
investigated its applications in cosmology. The connection between second-order theories
and BDNK theories was investigated in [80], showing that BDNK theories can emerge as
the first-order truncation of a generalized second-order theory formulated in a general fluid-
dynamical frame. In that case, one finds that causality and stability of the second-order
theory implies causality and stability for its BDNK truncation. Numerical simulations
of BDNK theory have been investigated in [81-84], and the properties of shock waves
in this approach have been investigated in [85]. The properties of BDNK theory in the
presence of anomalies have been derived in [86], while the BDNK formulation of spin
hydrodynamics was worked out in [87]. Finally, the stochastic formulation of BDNK theory
has been recently discussed in [38—40]. In this review, we will discuss in Section 5.3 how the
BDNK coefficients shown in Equations (39) can be computed from relativistic kinetic theory,
following the systematic procedure derived in [88] (see also [43,74,89] for related work).

3.5. Resummed BRSSS Theory

The original BRSSS paper [90] dealt with a conformal theory, i.e., a system where
Tﬁ =0 and the dynamical variables and equations of motion change covariantly un-
der Weyl transformations. In such systems at zero chemical potential, thermodynamic
quantities such as the energy density scale as g9 ~ T* and the bulk viscous pressure I
vanishes identically, assuming Landau matching conditions. Furthermore, the system
considered in [90] carried no conserved charge (besides energy-momentum), thus ag = 0
and n* = I* = 0. Therefore, the only dissipative quantity is the shear-stress tensor 7#".
For «y = 0, the thermodynamic identity (31) allows us to replace F/ by V¥By = [V'. The
gradient expansion (37) then immediately gives

= 2770.;11/ + ﬁlw/\wwv)/\ + 1729[7;11/ + 7730,/\040,1/)/\ + 174(7/\<14wv)/\ + 776]04 Iv) + ﬁgv(y ]v> , (42)

where 7j¢ and 7jg are linear combinations of 7js and 7jy, multiplied by thermodynamic func-
tions. The discussion in [90] also accounts for terms coming from a non-trivial space-time
curvature, which we neglect here for the sake of simplicity. Requiring that Equation (42)
transforms homogeneously under Weyl transformations imposes certain restrictions on
the transport coefficients, such that the terms ~ 7, 76, and 79 can be replaced by the linear
combination ¢{#) + %9(7’“’. Thus, one arrives, after a suitable redefinition of transport
coefficients, at

1
= 2yot — 2nTy ((T<W> + 390W) +4Aq O'AWO'VM +2A, UAwwVM + Az w)f”w")’\ . (43)

This is, by itself, a constitutive relation for 77#¥ and, when inserting this into the conserva-
tion laws (4) and neglecting nonlinear terms, one obtains non-hyperbolic partial differential
equations that violate causality and are subject to instabilities. However, following the
argument presented at the end of Section 2.6, one can turn the otherwise unsuitable expres-
sion (43) into a hyperbolic differential equation (at least in the linear regime), which, under
certain conditions, respects causality and is stable. The idea is to replace ¢#" in the second-
order terms on the right-hand side by its first-order expression given by Navier-Stokes
theory, Equation (34c), i.e., c# — 1" /(25), which up to second order in gradients is
certainly allowed. This then leads to

4 A A
Tt M) 4 gt = 2ot — 5%97‘(’“’ + ;7—; nAwrc"M + 72 NAWwVM + A3 w/\<”w”>)‘ , (44)

where one has made use of the fact that, because of conformal invariance, the shear-viscosity
coefficient fulfills # = —##6 to leading order. Comparing this to the general expression (23c)
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for second-order theories, we identify g7 = A1/72, 2Tz = A2/1, and 7j; = A3. All other
transport coefficients appearing in J"¥, K*V, and R*" vanish.

Considering linear disturbances around a non-rotating equilibrium state (such that
the term ~ A3 does not contribute), the system of equations can be hyperbolic, causal,
and stable provided the relaxation time T is sufficiently large compared to the shear-
viscosity coefficient 17 [57,91], see Equation (28) at vanishing bulk viscosity and for ¢ = 1/3.
Conditions that establish causality even in the nonlinear regime can be obtained by using
the constraints found in [53,54] (assuming A, = A3 = 0), which have been investigated in
simulations [92-94].

The approach of [90] was later extended to nonconformal theories, where the bulk
viscous pressure is non-zero [95]. Resurrecting the term ~ @ from the gradient-expansion
result (37a) via Equation (A12b), one obtains

IT=-00+ ngé + élgﬂvayv + 6292 + gBWvayv + &a(e0 + PO)ZF -F, (45)

where terms from non-vanishing curvature have again been omitted. Now employing the
first-order result (34a), we again arrive at an equation of relaxation type,

. _ dln( dln 81w
+ 8208 4 sy + Galeo + po)?F -, (46)

gz

where we have used Equation (A3) as well as replaced o#* — 71" /(217). Comparison with
Equation (23a) reveals that, in this theory,

ol 0l
oI = —Tr <A 8205 +B a‘gf) , p1 = g; , P2 = 15712 , (47a)
1=103, s = Caleo +po)?, (47b)

while all other transport coefficients in Equation (23a) are zero. Of course, while formally
correct to the order we are considering in the equations of motion, employing the re-
placements 6 — —I1/(, o*¥ — 7*"/(2y) is to some extent arbitrary, in the sense that,
for instance, instead of generating a term ~ IT? from the term ~ 62, one could as well
have replaced only one factor 6, and one would then have “reshuffled” the coefficient ¢
into the (suitably redefined) coefficient dryr;. The same argument also holds for the other
terms where the first-order constitutive relations were used to replace gradients of primary
fluid-dynamical variables.

4. Dissipative Fluid Dynamics from the Second Law of Thermodynamics

In this section, we derive several formulations of relativistic fluid dynamics by im-
posing the second law of thermodynamics. For the sake of simplicity, all derivations shall
be performed in the Landau frame. Nevertheless, the derivation procedure is general and
can be adapted to arbitrary matching conditions (see [80]). We start with a discussion of
covariant thermodynamics. After that, we present the derivation of Navier-Stokes and
Israel-Stewart theory. We close the section with a brief discussion of divergence-type
theories, where the second law of thermodynamics is instrumental to the construction of
these theories.

4.1. Covariant Thermodynamics

The phenomenological approach to deriving dissipative fluid dynamics is based on
the second law of thermodynamics. The advantage is that it is very general and fulfills
basic requirements such as the Onsager—Casimir principle [96]. However, because it is
so general, it of course cannot provide explicit expressions for the transport coefficients.
Furthermore, we shall see below that imposing the second law of thermodynamics does
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not imply that the corresponding theory is causal and stable. As a preparatory step, we
first present the covariant formulation of thermodynamics of a system in local thermody-
namical equilibrium. This will naturally lead to the generalization to a system out of local
equilibrium, which is discussed in the following subsections.

The entropy 4-current in local thermodynamical equilibrium is defined as

S = sout, (48)

where, according to Euler’s relation, s) = Bo(ep + po) — aonp is the entropy density. Defin-
ing the time-like 4-vector

B! = Boul, (49)

we first introduce a covariant version of Euler’s relation,
1V
Sh = pop! + T)" By — 0N, (50)

which is consistent with Equation (48), as can be readily proven by inserting the local-
equilibrium particle 4-current Ng and energy-momentum tensor T(’; " from Equations (8).
Following Israel and Stewart [8,97], we then postulate a covariant version of the first law of
thermodynamics,

dS} = BudT}" — apdN} . (51)

From this and the covariant Euler relation (50) follows a covariant version of the Gibbs-
Duhem relation
d(poBt) = Njdag — T} dBy . (52)

The covariant relations (50)—(52) are defined such that when contracted with u,, using
uydut = 0 they reduce to the standard thermodynamic relations. They do not contain
more information than the latter because when projecting onto the 3-space orthogonal to
ut, they are trivially fulfilled [48].
The first law of thermodynamics (51) now leads to a conservation equation for the
entropy 4-current,
9-So = BuouT) —ad-Nog=0, (53)

where we used the equations of motion (3) with the particle 4-current and the energy-
momentum tensor replaced by their local-equilibrium counterparts (8). Equation (53) is
nothing but the statement that, in local thermodynamical equilibrium, entropy is conserved.
In tensor-decomposed form, it reads

d-Sog=350+s00=0. (54)

4.2. Navier—Stokes Theory

In the presence of dissipative currents, entropy is no longer conserved. We now derive
the form of the entropy 4-current in this case. We do this order by order in powers of the
dissipative currents. At first order, we will recover Navier-Stokes theory, while at second
order, we will derive the phenomenological Israel-Stewart equations, cf. Section 4.3. In
order to preserve Lorentz covariance, the entropy 4-current must assume the form

St =S} +Qt, (55)

with the local-equilibrium entropy 4-current (48) and a yet-to-be-specified 4-current Q¥,
which must be a function of the dissipative currents, such that in local thermodynamical
equilibrium Qg = 0. Assuming the matching conditions (16), we may decompose the full
particle 4-current and energy-momentum tensor as

N' = N} +n", (56a)
" =T} — TIAMW + 7", (56b)



Entropy 2024, 26, 189

21 of 83

with Né‘, Tg " given by Equations (8). For the equilibrium quantities, Equation (51) still
remains valid, such that
9-So = Bouydu Ty —agd- Ny, (57)

but now the right-hand side of Equation (53) no longer vanishes, as in Equation (53), since
the dissipative currents are non-zero. In fact, using the conservation Equations (3) with
Equations (56) we obtain

0-Sp = wgd - n+ Po(—110 + "0y,) . (58)

By decomposing the first term on the right-hand side as wgd - n = 9 (agn#) —n -1,
Equation (58) can be written in a more convenient form,

d, (sg - zxon”) — —n-1—BolI0+ Bor oy = Q . (59)

It is very tempting to identify the term on the left-hand side of Equation (59) as the 4-
divergence of the (non-equilibrium) entropy 4-current

St = S — agnt = soul — agn , (60)

and the terms on the right-hand side, Q, as the source terms for entropy production. This
identification was proposed by Eckart [2] and by Landau and Lifshitz [1] and we adapt it
here to derive relativistic Navier-Stokes theory®.

Relativistic Navier-Stokes theory is then obtained by applying the second law of
thermodynamics to each fluid element, i.e., by requiring that the entropy production
obtained in Equation (59) must always be positive semi-definite, Q > 0. The simplest way
to satisfy this condition for all possible fluid configurations is to assume that I'l, n*, and
' are given by Equations (34), with the bulk-viscosity coefficient g, the particle-diffusion
coefficient s, and the shear-viscosity coefficient 77. Then, substituting Equations (34) into
Equation (59), entropy production becomes a quadratic function of the dissipative currents,

Q= ‘B;HZ — %n -n+ 527‘(,“,7(”” . (61)
Note that n - n < 0, since n" is a space-like vector, while 71, 71" is positive and, therefore,
as long as ¢, », 7 > 0, Q is, in fact, always positive semi-definite. The equations of
fluid dynamics are obtained by substituting Equations (34) into the conservation laws (4),
resulting in Equations (35).

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 dissipative
currents, Equations (34). Such linear relations imply that any inhomogeneity of «g, 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 leads to
second-order gradients in the equations of motion (35) and renders them non-hyperbolic.
In a relativistic theory, this leads to instabilities [63].

4.3. Israel-Stewart Theory

It is possible to derive stable and causal fluid-dynamical equations from the second
law of thermodynamics. First, note that the entropy current (60) of Navier-Stokes theory is
of first order in the dissipative quantities: the term proportional to n* is a first-order term
allowed by Lorentz symmetry (the other one would be ~ BgITu¥, but this term cannot
occur if the entropy is supposed to assume its maximum value in equilibrium). As shown
by Israel and Stewart [8,99], to arrive at a stable and causal theory of relativistic dissipative
fluid dynamics, one has to extend the entropy current (60) to include terms of second order
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in dissipative quantities, i.e., S* must be a function of quadratic order in I1, n*, and 7#".
Thus [8,99],

St = S —agn'+Q'+ 03, (62)

where O3 denotes terms of third order or higher in the dissipative currents and
p= L 2 ap p gy
Qt = —Eu (501'1 — 6111+ 5aTupTT ) — yolIn* — yythym (63)

is of second order, Q¥ ~ O,. The expansion coefficients, &y, 61, b2, yo, and 71, are func-
tions of g and By and can for instance be obtained by matching this expansion with an
underlying 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,

SES~uZS()—‘,-Q-MZS()—%(50112—(517’1'1’14—527"[0437(“/3) # 50, (64)

i.e., the non-equilibrium entropy density in the local rest frame, s, does not equal the
entropy density computed using the fictitious equilibrium state, sq (g, 19).
We now calculate the entropy production using the more general entropy 4-current (62),

- S = BouyduT)" — agd - No — dyu(won?) +0-Q, (65)
where we employed Equation (51). The conservation laws (4) then lead to
0-5=—PBoll + Bori"'oyy —m-149-Q. (66)
Using Equation (63), we derive
) 1 . . .
3-Q = —GIIT+éin it — b7 — (H250 Y 7TW7TVV52>

1
~3 (50112 —on-n+ (527rw7r’”’)9 —qolld-n—yyn-VII—IIn- Vg
fwrwv@‘ n') — nwn“‘ VY — Y1nyQy Y . (67)

Then, substituting Equation (67) into Equation (66), we obtain the more general entropy-
production equation

50 (50 (50 1 —r )
9-S =Bl —6— =IT— ——I1— 97*3 n-V
putt (o - G- S e Bo "V
+ny <—I” + 6, + 52111” + ul —nh0 — v VHIT — rTIVH#yy — y10y T — yn}“’vl,'yl)
% 2 Oy 1—y
4 Bortuy (oM — C2 gluv) _ 92 jpv - 02 jpvg Vg v) nlyv) , 68
P (o1 = gAY = S e Bo m), €9

where 7, y are arbitrary constants. This arbitrariness arises because it is ambiguous how to
distribute the respective terms in Equation (67) between the first and second, and second
and third lines of Equation (68), respectively.

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.,

a.s;Q:%HZ — n—i-ﬁ’(;ﬂwﬂw, (69)
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cf. Equation (61), with Q > 0 and therefore positive definite transport coefficients ¢, s, and
7. This further implies that the dissipative currents must satisfy the dynamical equations of
the form (23), with the relaxation times given by

= Z(()) , T, = %01, T =21 (70)

and the other second-order transport coefficients are given as follows:
_m dlndy dlndy _ 1Yo
o = > (1 + A g +B T , o, = b0

dlnyg o Bln’m)
dng e +po 9By )’

Attn = Ln(1 - r)<

TnnE—énneoJlrpo {1"‘(1—7’)312;3} , Miz=0, (71a)
Sun = %(1 +.Aa;1;jl +Ba;r[;jl) , U = fT':S'lm PR —— Tn%ll ,

= N = (108 o
(B ). (B S

Thw =0, (71b)
= (10 AR5 ) = BE st LD

At =Anr =0, Agn =Llan(1—y) (ag;zl + on-opo ag;;?) , Tnw=0. (71c¢)

Here, we have made use of Equation (A3) to convert comoving derivatives of ag, B into
terms ~ 6. All other transport coefficients, i.e., those in the K- and R-terms vanish. Since
the relaxation times (70) must be positive, the expansion coefficients dy, J1, and J, must
all be larger than zero. This implies, inspecting Equation (64), that s < s, i.e., the entropy
density in the non-equilibrium state is smaller than in equilibrium (as it should be because
the equilibrium state maximizes the entropy).

Note that several transport coefficients vanish, i.e., the equations of motion for the
dissipative currents derived using the second law of thermodynamics do not feature all
possible terms that may appear. In Section 5, we shall see which terms precisely are missing
in this type of derivation when we derive the equations of fluid dynamics from microscopic
theory. A derivation from microscopic theory also allows us to fix the as-of-yet arbitrary
constants 7, y uniquely.

For the sake of completeness, we note that in [80], the most general Israel-Stewart
equations of motion that arise from entropy-production arguments were determined in
a general fluid-dynamical frame. Those equations reduce to the ones shown in this sec-
tion when written in the Landau frame. Furthermore, see [100] for a derivation of the
Israel-Stewart equations for multiple conserved charges from the entropy-production
arguments discussed in this section.

Finally, we emphasize that Navier-Stokes theory can be derived from second-law
arguments alone, as discussed above, and such a theory is acausal and unstable. Therefore,
imposing the validity of the second law of thermodynamics alone is insufficient to derive
viable relativistic dissipative fluid-dynamical theories. This may seem puzzling at first,
given the importance and usual constraining power of the second law of thermodynamics in
non-relativistic fluid dynamics [1]. This matter was clarified in a series of papers published
recently [101-103].

In the original work of Hiscock and Lindblom [49], the stability of Israel-Stewart
theory was demonstrated using a very convenient quadratic functional of the fluctuations
around equilibrium, whose properties are defined by the solutions of the linearized equa-
tions of motion. This method is very powerful, as it is inherently covariant and valid for
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demonstrating stability around rotating global-equilibrium states. At the time, as remarked
by Hiscock and Lindblom, there was no systematic method for obtaining such a functional.
This was remedied in [102] by introducing the so-called Gibbs stability criterion, which sys-
tematically establishes thermodynamic stability in relativistic systems that strictly obey the
second law of thermodynamics. Incidentally, this also implies causality in the linear regime,
as shown in [103], and a very nice interpretation of this result in terms of information theory
has also been presented in the same work. This new development, motivated initially to
understand the connections between stability and causality in relativistic fluids, has now
been applied to solve outstanding problems in related areas, such as the definition and
construction of new universality classes in fluid dynamics [104,105], and the formulation
of relativistic stochastic fluid dynamics [38,39].

4.4. Divergence-Type Theories

This subsection briefly summarizes relativistic fluid-dynamical theories of divergence
type [106]. Such theories provide a far-reaching subject with many important contributions
to the physics of fluids, kinetic theory, and out-of-equilibrium phenomena. However, a
comprehensive summary of these results is beyond the scope of this work as this would
be a significant task that requires a dedicated review by itself. Given that this is not
discussed in detail in other works, here we focus on statements concerning causality, local
well-posedness, and stability of divergence-type theories, which can be compared to other
approaches such as BDNK theory and Israel-Stewart-like approaches. In this subsection,
we use a “mostly plus” metric signature to compare to the original notation and results
of [106].

In a nutshell, the explanation for why divergence-type theories do not necessarily
provide a stable, causal, strong-hyperbolic, and local well-posed theory of relativistic
dissipative fluids is that divergence-type theories are more of a general formalism and
not a specific theory of fluids. This general formalism can accommodate theories with
varying and opposing physical and mathematical properties without providing systematic
principles for constructing specific models where one or more of the desired properties
(stability, causality, etc.) can be enforced. This is clearly illustrated by the fact that Eckart’s
theory, known to be acausal and unstable, is formally of divergence type [106]. This
situation is well summarized in [14] (Chapter 6), where the authors state that “the con-
struction of a formulation that is cast in a divergence type is not, per se, sufficient to
guarantee hyperbolicity”.

We will now briefly explain the remarks above in more detail. We follow closely
what was done in [106], which provides a systematic yet concise study of divergence-
type theories”, with further input from [7,14,107]. More recent results on divergence-type
theories are discussed further below.

A divergence-type theory is a fluid-dynamical theory satisfying the following prop-
erties: (i) The dynamical variables can be taken to be the particle-number current N#
and the (symmetric) energy-momentum tensor T#"; (ii) the dynamical equations are the
conservation laws

BFNV =0, (72a)
ay T =0, (72b)
aHF’*W =], (72¢)

where FF'7 and ['7 are algebraic functions of N# and T*" and the tensors F*'? and I" are
symmetric and trace-free in v and ¢ (iii) there exists an entropy current S¥ that satisfies

95" = A, (73)

where A is an algebraic function of N* and T"'. Observe that the set (N#, T*") carries
14 degrees of freedom, i.e., the same number of equations as in Equations (72).
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Within a kinetic-theory approach (see Section 5), the fields N¥, T#", and F*"? are the
first, second, and third moments of the distribution function and I'Y is the source term in
the equation of motion for the third moment of the distribution function. Thus, one can
compute exactly what these fields are from a microscopic kinetic approach. However, in
practice, one is interested in constructing a fluid-dynamical theory precisely because one
cannot solve the full microscopic theory, so one seeks an effective theory that “integrates
out” the short-wavelength, high-frequency dynamics. This is accomplished by some coarse-
graining procedure, which, inevitably, introduces some modeling choices that can lead to
different equations of motion. Thus, the choice of the functional form for the dependence
of FHV7 , [V7, SH and A in terms of N¥ and T"Y, which define the constitutive relations, can
be viewed as parametrizing different coarse-graining procedures.

As it stands, the above formalism remains too general to be applied to concrete
problems. Thus, in divergence-type theories, one further assumes that (iv) there exists a
generating function yx, which is an algebraic function of a new set of dynamical variables
(€, Cus Cuv), with £y trace-free and symmetric, such that

%x
NH = , 74a
%x
T = , 74b
9,00, 740)
?x
FHve ) 74c
T 749
GH — X INH — ¢, TH — 7,oF* (74d)
Iy
A=yl . (74e)

Although assumption (iv) might seem ad hoc at first sight, it is motivated by the fact that
conditions (i)—(iii) plus a set of natural assumptions on the constitutive relations imply the
existence of such a x ([14], Chapter 6).

Equations (74a,b) can be viewed as a change of variables® from the dynamical vari-
ables (N#, TH) to the new dynamical variables ({, u G HV)' with Equations (74c—e) plus
a choice of I'Y providing the constitutive relations. In practice, a divergence-type theory
is determined by specifying a generating function yx, defining the fields of the theory by
Equations (74), and imposing the equations of motion (72) (Equation (73) will be automat-
ically satisfied). Writing {4 to represent the variables (, {,, {uv) and I 4to represent the
source ', i.e., {4 = ({,Cu, Cuv) and I = (0,0,1'7), the equations of motion (72) can be
written as

92 xH

— A 5,05 =14, 75
904903 nés )
where
ax
p_ A

The matrices M* are given by

82 Xy
MH AB — MABy _ ,
(M) 90 9CR
and they are symmetric since agiiigglg = ag;%. Thus, the system’s evolution cast in terms of
the variables 4, i.e., following Equation (75), is automatically a symmetric system of first-
order partial differential equations. Following standard definitions [56], the system (75)
will be hyperbolic in the direction of a future-directed time-like vector wy, if MAB#w), is



Entropy 2024, 26, 189

26 of 83

negative definite’, and the system will be causal (thus consistent with the principles of
relativity) if MAB“wH is negative definite for all future-directed time-like vectors'’ w.

While the above presentation of divergence-type theories was very concise, it should
be clear that very little can be said at this level of generality. As it stands, the actual
fluid content of a theory resides in the choice of a generating function. To the best of our
knowledge, there is no systematic principle guiding the choice of x. That is not to say that
informed choices of x cannot be made based on physical intuition or other motivating
factors. Therefore, while some physical principles are relatively easy to enforce—for
example, one wants to enforce A > 0 in view of the second law of thermodynamics
(see Equations (73) and (74e)); other principles, such as causality, depend on the detailed
structure of the generating function x and are much harder to fulfill.

Most importantly, one wants more than obtaining a hyperbolic and causal theory
for some arbitrary set of variables { 4—one needs to make connections with actual fluid
properties. Thus, it is not enough to write down a generating function yx in terms of some
general variables { 4 for which hyperbolicity and causality hold. One needs some well-
defined and physically meaningful procedure that allows to recover quantities such as the
flow velocity, the energy density, etc., out of the variables 4.

One could imagine that the difficulties outlined in the above two paragraphs are not
major obstacles, i.e., that it is only a matter of investing enough effort in finding a “right”
generating functional that gives a causal and hyperbolic theory for which one can clearly
identify the variables that play the role of the energy density, the flow velocity, etc. While
this might certainly be the case, as we explain below, the results obtained so far within the
framework of divergence-type theories are far from achieving this goal.

In [106], the authors provide two important examples—i.e., two generating functions—
of fluid-dynamical theories of divergence type, which we now discuss. Their first example
is simply Eckart’s theory (which is neither causal nor stable). In doing so, the authors do
not write explicitly the terms in first-order derivatives of the velocity, etc., as is usually done
in Eckart’s formalism. Rather, definitions of the flow velocity, shear stress, etc., are given
in terms of N¥ and T"" using usual tensor decompositions, and these definitions are then
related to ¢ 4. The evolution for { 4 and, consequently, for the flow velocity, shear stress, etc.,
is obtained from Equation (75). One can, however, recognize that this indeed corresponds
to Eckart’s theory in its familiar form if we consider the evolution of those quantities that
involve first-order derivatives, such as the shear stress (recall that Equation (75) is a system
of first-order partial differential equations).

Their second example involves a fluid theory in the variables 4, which is causal and
hyperbolic, forming, thus, in particular, a first-order symmetric hyperbolic system. More
precisely, the authors proceed as follows. They consider the same relations giving (4 in
terms of the (N#, TH") (thus giving the flow velocity, shear stress, etc., in terms of (N*, T*"))
as in Eckart’s theory'! but modify the generating function. They establish hyperbolicity
and causality as follows. First, they consider the matrices M“B* evaluated in perfect-fluid
states (4| pers i.e., states where dissipative contributions vanish, obtaining causality and
hyperbolicity (provided standard conditions for the perfect fluid hold, e.g., the sound speed
is not superluminal). Next, they argue that since the causality and hyperbolicity conditions
vary continuously with 4, since they hold for {4 |per, they must thus also hold for {4
sufficiently close to (4| per- While this argument has merits, one should not overlook that
it is qualitative and, consequently, significantly limited for practical studies of relativistic
dissipative fluids. No quantitative estimate of how close { o needs to be to A|per in order to
guarantee causality and hyperbolicity is given.

This should be contrasted with the results for BDNK theory, where exact inequalities
among the transport coefficients and fluid-dynamical variables are obtained as causality
and hyperbolicity conditions, and also with inequalities of the same sort that ensure
causality of the Israel-Stewart theory [54]. Needless to say, one needs such quantitative
estimates for applications to concrete problems, including investigations of the causality
of numerical solutions. We should add that obtaining quantitative bounds of this nature
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for divergence-type theories seems daunting: this would require a careful analysis of the
system’s characteristics and the properties of the matrices MAB¥. There is no reason to
expect that this analysis would be significantly simpler than the one carried out for the
BDNK [52] and Israel-Stewart theories [54], which required developing a series of new
ideas tailored to those theories specifically.

The results of [106] have been extended in [107], where a more thorough and system-
atic study of divergence-type theories has been carried out. In particular, more general
divergence-type theories have been introduced in [107]. Concerning causality and hyperbol-
icity, however, the results obtained in [107] are not different from the ones reviewed above:
they are qualitative, asserting causality and hyperbolicity for fluid states significantly close
to Ca |P .- Without quantitative estimates. Similarly, in [108,109], qualitative causality and
hyperbolicity results are obtained.

More recently, the formalism of divergence-type theories has been applied to study
relativistic dissipative fluids in the context of heavy-ion collisions in [110-112], for the
case of a conformal fluid see also [113,114]. Once again, the results are valid for 4
sufficiently close to { A|pg, without quantifying how close this has to be. In summary,
divergence-type theories provide a rich formalism for studying relativistic dissipative
fluids. When it comes to causality and local well-posedness, however, the results obtained
for divergence-type theories lack specificity and applicability as compared to those obtained
for BDNK theory [52] and, to a lesser degree, Israel-Stewart-like theories [53,54], where
such properties can be easily checked by verifying a set of inequalities involving the
dynamical variables.

5. Dissipative Fluid Dynamics from Kinetic Theory

At a conceptual level, the thermodynamic arguments and general consistency proper-
ties such as causality and stability are extremely important to obtain a valid fluid-dynamical
theory. However, they are insufficient for explicitly deriving the values of the various trans-
port coefficients that enter dissipative fluid dynamics. To that end, a non-equilibrium
microscopic theory is necessary. Then, a suitable power-counting procedure is applied to
reduce that theory’s non-equilibrium degrees of freedom to the fluid-dynamical ones, i.e.,
the components of N* and TH".

In this section, we discuss how some variants of relativistic dissipative fluid dy-
namics can be obtained from relativistic kinetic theory in the form of the Boltzmann
equation [48,115]. The conservation laws, the cornerstone of any fluid-dynamical formula-
tion, emerge naturally as the zeroth and first moment of the Boltzmann equation. However,
to construct a fluid-dynamical theory, more information is needed in the form of constitu-
tive relations for the dissipative currents, which provide the necessary information to close
the system of equations of motion. Such equations are expected to appear in the so-called
fluid-dynamical regime, in which the fields «, Bo, and u* vary very slowly in space and
time when compared to the typical microscopic scales of the system. This wide separation
of scales, quantified by the Knudsen number (cf. Section 2.4), allows a derivation of an
effective theory that can describe the fluid in terms of a reduced number of degrees of
freedom. We shall see that different implementations of this idea lead to distinct fluid-
dynamical theories. First, we shall discuss the microscopic derivation of Navier-Stokes
theory within the Chapman-Enskog procedure, which solves the Boltzmann equation in a
perturbative scheme [48,115]. After that, we discuss a recently proposed modified version
of this Chapman-Enskog expansion necessary for the derivation of BDNK theory [88,116],
which has emerged as an alternative to remedy the infamous acausality and instability
problems of Navier-Stokes theory. Finally, we discuss transient second-order theories of
fluid dynamics, in which the dissipative currents obey independent equations of motion.
We divide the microscopic derivation of these equations of motion into two parts. In the
first part, the traditional 14-moment truncation procedure is discussed. The second part
is devoted to resummed transient fluid-dynamical theories, which have been employed
more recently.
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5.1. Boltzmann Equation, Fluid-Dynamical Quantities, Local Equilibrium, and
Matching Conditions

Let us consider a relativistic, sufficiently dilute gas of monatomic particles, whose
non-equilibrium state is determined by the single-particle distribution function f(x, k)
in phase space. The dynamics of the single-particle distribution function is given by the
Boltzmann equation. In the absence of external forces (e.g., a strong electromagnetic or
gravitational field) and considering that the system is composed of only one particle species
that undergoes binary elastic collisions, the relativistic Boltzmann equation reads

k-ofx = %/dQ dQ' dK' Wi gy (cfie fafq — ffiefafq) = ClA (76)

where, for notational compactness we employ fi. = f(x,k) and fi = 1 —afy, witha =1
(a = —1) for fermions (bosons) and a — 0 for classical particles obeying Maxwell-Boltzmann
statistics. On the right-hand side, in the collision term C[f], we also defined the Lorentz-
invariant integration measure for on-shell particles (k - k = m?), dK = d3k/[(27)3k°] and
the transition rate

Wkk/qu’ = (271')65(7(5, @)5(4)0(# + KM — 5]# - q/}‘) ’ (77)

where (s, ©) is the differential cross section for the corresponding interaction. The transi-
tion rate is expressed in terms of the Mandelstam variable s = (k+ k') - (k4 k') and the
scattering angle ©,

cos® =

/ /

k—K)-(9—q) . 28 _ kg , 78)
(=) s=an? ~ Tillal|cu

where |cp denotes that the momenta are taken in the center-of-momentum frame and we

have made use of the Mandelstam variable t = (k — q)?> = (k' — ¢')%.

The relativistic Boltzmann equation also emerges from quantum field
theory [115,117-121]. In this case, a truncation of a hierarchy containing the full quan-
tum non-equilibrium dynamics is performed. Then, the relevant phase-space distribution
is the so-called Wigner function. With the latter, quantum averages are expressed as phase-
space integrals of this function, in analogy with the classical case [115]. Nevertheless, since
the Wigner function is not positive semi-definite, it cannot be interpreted as a probability
distribution and, thus, the analogy with the classical case is incomplete. From the dynamics
of the Wigner function, the Boltzmann equation is recovered at next-to-leading order in
the semi-classical expansion. At higher orders, one arrives at kinetic equations that feature
non-local collision terms due to quantum fluctuations. These non-localities are especially
relevant in formulations of fluid dynamics that take into account the conservation of angu-
lar momentum, as in so-called spin hydrodynamics [122-127], whose general formulation
shall be described in Section 7.4.

Macroscopic quantities are obtained from moments of the single-particle distribution
function, i.e., momentum-space integrals over the latter weighted by powers of momentum.
For instance, the particle-number 4-current and energy-momentum tensor, respectively, are
given by

NH = / dK K" fic, (79a)
TH — / dK K"K fi . (79b)

The local conservation laws (3) for these currents are obtained by integrating both sides of
the Boltzmann equation (76), multiplied with 1 and k", respectively, over momentum space
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and using the fact that particle number and energy-momentum is conserved in binary
elastic collisions, which gives rise to the following properties of the collision term:

/dKC[fk] —0, /de” Clfi =0. (80)

The definitions (79) naturally imply the following expressions for the particle-number
density n, the particle diffusion current n¥, the isotropic pressure p, the energy-momentum
diffusion current #*, and the shear-stress tensor 77/, respectively,

nz/dKEkfk, ez/dKEifk, pz—%/dKA;wk"kak, (81a)

pht = / dKKW fi, Wi = / AKE KM f, i = / dKKK) £, (81b)

where Ey = u - k is the energy of a particle with 4-momentum k* in the rest frame of the
fluid element.

Another central concept in the kinetic-theory derivation of fluid dynamics is that of
local equilibrium. This state can be defined using the H-theorem, which states that there
exists a 4-vector functional of fi, S#, such that 9-S > 0. One identifies this functional
with the entropy 4-current and uses the condition d - Sy = 0 as the definition of a local-
equilibrium state with entropy 4-current S}, see also Section 4. Such a functional and its
4-divergence read

i — — /de"(jZ‘lnfk+fklnfk) , (82a)

8~S:—/dKCLfk](lnfk—lnfk), (82b)

where the Boltzmann equation has been used in the derivation of the second equation.
Then, from the assumption that fi and fi are non-negative functions, it can be shown that
indeed d- S > 0 [115]. The particular case 9 - Sy = 0, which defines the local-equilibrium
distribution fg, is attained if and only if the detailed-balance condition foy fows foafoq =
fox fow foq foq/ is satisfied. This is guaranteed by the following distribution function

— g
fOk_exp(ﬁ~k—oc0)+a’ (83)

which reduces to the Maxwell-Boltzmann, Bose-Einstein, and Fermi-Dirac equilibrium
distributions for a = 0, —1, 1, respectively. In the above equation, g is the degeneracy factor
of a state with momentum k¥, ag = /T is the (local) thermal potential, and gV = Bou =
u’ /T is the inverse-temperature 4-vector.

Analogously to Equation (10), the particle-number density, energy density, and isotropic
pressure are then separated into equilibrium and non-equilibrium parts,

n=no(T,u)+on, e=e(T,u)+0e, p=po(T,pu)+II, (84)
with
_ [ — 2 — 17 nv
no(T, 1) :/dKEkak/ eo(T, pu) = /dKEkak, po(T, u) = *g/dKAyvk K fox,  (85a)
: 1
sn z/dKEk(ka, Se = /dKEi&fk, = —g/dKAwk”kV(ka. (85b)

With this decomposition, the fluid is described in terms of the following 19 fields: ny, én,
€o, 0¢, I, u#, n*, h*, and n#*", respectively. We note that these 19 degrees of freedom exceed
the 14 independent components of N* and T#'. The additional five degrees of freedom
are eliminated by the matching conditions, which provide five additional constraints that
define ny, g (or p, T), and ut.
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In the realm of kinetic theory, the matching conditions can be conveniently expressed
as integral constraints for the single-particle distribution function. In the Landau frame,
the conditions (16) can be expressed as

/dKEk(kazO, /'dkgiaszo, /dKEkkW Sh =0. (86)
On the other hand, in the Eckart frame, the conditions (19) lead to
/dKEk(kaEO, /dKEiaszo, /'de<H>5szo. (87)

The recent development of BDNK theory has created the demand for more general def-
initions of the reference equilibrium state [43,52,74]. And indeed, in kinetic theory, the
constraints (86) and (87) can be generalized by considering arbitrary moments of the single-
particle distribution function. The matching conditions can be written in the following
more general form:

/ngk(ka:O, /thszszo, /qukk<F‘>5fk:0, (88)

where gi and Iy are linearly independent functions of Ey and gy is an arbitrary function of
Ex. In [88,116,128,129], the following forms of these functions have been employed:

gk =El, he = Ey, q = Ex., (89)

which yield Landau matching conditions for (g,s,z) = (1,2,1) and Eckart matching condi-
tions for (g,s,z) = (1,2,0). So far, alternative matching conditions of the form (88) do not
have a clear physical interpretation and serve as a mathematical tool to provide closure to
the equations of motion.

5.2. Chapman—Enskog Expansion and Navier—Stokes theory

The Navier-Stokes equations were proposed in the 19th century and are the most
widespread theory of non-relativistic fluid mechanics [130,131]. A systematic derivation of
this theory and its corresponding transport coefficients was developed independently in
the early 20th century by S. Chapman [132,133] and D. Enskog [134]. Their formulation was
built on the fundamental contribution by D. Hilbert [135], who proposed the first systematic
derivation of a dissipative fluid-dynamical theory from a microscopic theory [136,137],
in the non-relativistic regime. Hilbert’s idea was to convert the problem of solving the
Boltzmann equation into a perturbative problem in a small dimensionless parameter, which
is, in essence, the Knudsen number introduced in Section 2.4. The Hilbert expansion
does not lead to the Navier-Stokes equations but to a subset of normal solutions of the
Boltzmann equation, which are configurations fully determined by the fluid-dynamical
state [137]. In this section, we discuss the procedure developed by Chapman and Enskog
in the relativistic regime and show how it is applied to close the fluid-dynamical equations.

The starting point of Chapman-Enskog theory is the introduction of a book-keeping
parameter, ¢, on the left-hand side of the Boltzmann equation,

e(ExDfic +k-Vfi) = ClAd, (90)

where we have used 9, = u;,D + V. We note that the derivatives of fi on the left-hand side
of this equation are of order ~ O(L~!), while the collision term on the right-hand side is
of order ~ O(A_} ,)- Thus, the book-keeping parameter ¢ is an effective way to construct a
power series in the Knudsen number Kn = A, /L. One then makes the following series
Ansatz for the solution,

o= Yo 1)

i=0
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Then, solutions are found iteratively order by order in e. The series (91) is in general an
asymptotic series [137,138] and successive truncations should hence recover asymptotic
solutions of the Boltzmann equation as e — 1. To zeroth order in this expansion, one obtains

the following nonlinear equation for fl((o),
0=cli”) 92)

As argued in Section 5.1, this equation is solved by the local-equilibrium distribution
function (83), flio) = for-

So far, this procedure is identical to the one proposed by Hilbert. The new ingredient
introduced by Chapman and Enskog was to consider that also the comoving (or time-like)
derivative of fi'> must be expanded in € [115],

Dfic=Y ¢[DAJ® . (93)
i=0

This imposes a resummation of the original series proposed by Hilbert. At this point,
it is important to point out that [Df;](?), the resummed contribution of Df, at i-th order
should not be confused with the comoving derivative of the i-th correction of fi, which we

shall denote by D flii). These quantities are, nevertheless, related. Indeed, D flii) can have
contributions of all orders in ¢,

Dflii) _ Zej[Dflii)](j), i=0,1,2,.... (94)
=1

Then, we shall identify the resummed contribution of the comoving derivative at n-th order,
[Df]™, with the sum of all contributions of each D flij ) at (n+1)-th order [48]

n R
[ka](n) - Z[Dfli/)](nﬂ), i=0,12,.... (95)
j=0

To illustrate this resummation procedure, we shall proceed to the first-order Chapman-—
Enskog equation,

Ex[DAJ? +k- Vo = folgx (96)

where ¢ = f1£1> / (foxfox) defines the first correction to the local-equilibrium distribution
and L is the linearized collision operator,

foLow = / dQdQ’ dK’ Wik qq for foi foq fog' (g + gt — b1 — 1) - 97)

One would naively identify [Df](® in Equation (96) as D fl((o) = Dfy (as was carried out
by Hilbert, see [88]). However, Chapman and Enskog argued that the conservation laws
introduce all-order contributions in e to D fy. This can be seen using that

Dfo = (Dﬂ(o — ExDBo — ﬁok<”>Duy>f0kf0k : (98)

Then, making use of the conservation laws (4) to substitute Dag, DBy, and Duy
(cf. Equations (A2c), (A3), and (A4)) we re-express this term as

(0) _ _|(_g 90| _ 5 p 90 __Bo 4. 7
Df,,” = Dfox = ( Bo ano ., BoEx 2% n0>9 80+p0k F| fox fox
+ O(6n, b¢, IL, n¥ W, "), (99)

Note that the terms ~ O(dn, ¢, I1, n#, h*, V) are at least of O(e?), since they contain the
product of dissipative quantities and derivatives of primary fluid-dynamical variables, or
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derivatives of dissipative quantities. Hence, we identify [Df,](?), the resummed zeroth-
order contribution of Dfy, as the first-order contribution in e of Df,,

9po
880

— PoEx

€0

D) = DA = Kﬁo o

n0>9€0[j_0m)k’1:}f0kf0k- (100)

Thus, the above equation is a constraint that must be enforced when determining the
first-order solution of the Chapman-Enskog expansion. In practice, it guarantees that any
comoving (time-like) derivative of a fluid-dynamical field is always replaced by space-
like gradients of these fields. It is this feature that renders the Chapman-Enskog series
an expansion solely in terms of space-like gradients. This feature is also the origin of the
acausality and instability problems of relativistic Navier-Stokes theory.

Thus, Equation (96) can be cast in the following simple form

fo fox (Ak9 + Byk - 1~ ﬁ0k<”k">(7yv) = focLon (101)
where
_ dpo| . 29P0|  Po e
A = —PoEk ano ., BoEx o Akkg (102a)
noEk
By=1— ———7. 102b
¢ €+t Po ( )

The linear operator L is self-adjoint

/ dK forArLBy = / dK forBiL Ay, (103)

and has five degenerate eigenfunctions with vanishing eigenvalue, corresponding to the
five microscopic quantities that are conserved in binary elastic collisions: L1 =0, Lk} = 0.

Equation (101) is an inhomogeneous linear integral equation for ¢, and, since L is a
linear operator with a non-trivial kernel, the inversion procedure can only be performed in
the linear subspace orthogonal to the kernel. The self-consistency aspect of this inversion
may be demonstrated by multiplying Equation (101) by 1 or k* and verifying whether these
compatibility conditions are indeed satisfied. Using the above-mentioned properties of the
linear collision operator, one finds the conditions

/dK (Akﬁ + Bkk -1 — ‘Bok<ykv>0"“/)f0kf0k =0, (104&)

/ KK (A0 + Bk - T — ok "k o) forcfore = 0, (104b)

which are indeed automatically satisfied by Ay and By [48].
The general solution of Equation (101) is written as

(Pk _ (Pﬂom + (Plp()art ) (105)
where ¢hom is the solution of the homogeneous equation, L¢, = 0, and ¢f™" is a particular
solution of the inhomogeneous equation. Given the zero modes of the collision operator,
the homogeneous solution is

phom =g 4 bk, (106)

where a and b* are arbitrary real-valued constants, which will be determined by imposing
the matching conditions (88). The arbitrariness in the choice of these constants is reflected
by the fact that the choice of matching conditions is also arbitrary in kinetic theory.

Since L is a linear operator, the particular solution ¢Eart must have the general form

PP = 810+ ik - T+ Tk Mk oy, (107)
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where, at this point, Sy, Vi, and Ty are unknown functions of Ey.. The next step is to insert
the particular solution (107) into Equation (101),

(AkG + Bk - I — ﬁ0k<”kv>0yv)f0kf0k = 0foiL[Si] + IﬂfOkt{ka<y>} + 0 for L {ﬁkwkw] . (108)

This results in coupled integral equations for Sy, Vy, and 7. We now expand these functions
using a complete basis of functions of Ey, Py(lf() = 77,(,@ (BoEx), n,¢=0,1,...,

Se=Y sPY,  w=Yorl  H=YtpP?. (109)
n=0 n=0 n=0

Equation (108) can be decoupled by multiplying it with the basis elements P}i{?k“‘l <ok

(the functions Pﬁf() need not necessarily be orthogonal, and not even be polynomials, as
in [121,139]), then integrating over momentum and using property (A27). This leads to the
following systems of equations:

Y Sy = / dK P Ay forfo = Ar (110a)
n
Y Vit = / dK A"k, ko, PV By forcfor = Br (110b)
n
ZTrntn = _ﬁO/dK (Awkykv)zpr(]z)fokfok =G, (110C)
n

where we defined the following integrals of the linearized collision term

Spn = / dkPOLIPY] fox (111a)
Vi = /dKP K L[PRky | for (111b)
T = [ ak PRI [Pk ke | fox (1110)
Equations (110) can be inverted as
sn=3 1S UmAm, =YV umBu,  tu= Y [T umC - (112)

We note that, if the basis contains parts of the homogeneous solution, the corresponding
terms must be removed from the inversion procedure.

As discussed at the beginning of the present section, a common feature shared by all
methods for computing transport coefficients is an ad hoc definition of a local-equilibrium
state. Now, these conditions are used to obtain the coefficients a and b* of the homogeneous
solution. Using the matching conditions (88) with Equation (89), we obtain [88]

 Jp(EiSideq — (ELSi)egls+10

- ' (113a)
s+L4q
q
_ <Ek$k>éqlsé ~Jo(BiSideg (113b)
s+1,q
APV, EZV)
Ztz,
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where
Jeg = /dK ) forfox » (114a)
1 {n—2
= - __AMHV q
Jug = (2q+1)”<( AWk, ) EL >ai, (114b)
Gum = JnoJmo — ]nfl,O]erl,O . (114C)

Finally, combining the results displayed above, we obtain the solution for the first-

order Chapman-Enskog deviation function
P = S + Vik - I + Tk, oy, (115)

where we defined the following scalar functions of Ey:

0) _ £(0) ) (0)
Sk _ 2 Z [Sil}nmAm P}’E(l)() + ]‘1+1,0‘7Sn jqn Js+1,0 i jqn Js0 ]qOan E |, (116a)
n>0m>0 GS+1A/] Gs+1,q
") 1 (1) jz(r})
Vi = Z Z [Vﬁ ]ntm Pnk - ]7 ’ (116b)
n>0m=>0 z4+2,1
To=Y YT unCuPD . (116¢)
n>0m>0
Here, we also made use of the thermodynamic integrals
() _ 1 NG Crmpy(£)
T = (2£+1)u<( Ak ) B Py >eq (117)

The solution can then be employed to obtain the constitutive relations satisfied by the non-
equilibrium corrections under general matching conditions. Indeed, the definitions (81) yield

[I=-00, én=¢0, de=x0, nt'=sxl', Ww=-AI", B =2t (118)
with the transport coefficients given by
(=Y YIS UmAnHY , =Y Y S YumAnHE (119a)
n>2m>2 n>2m>2
x=Y YIS mAnHY = Y Y [V BakS, (119b)
n>2m>2 n>1m>1
= Y YV mBukY = ¥ YT umCn I, (119¢)
n>1m>1 n>0m=>0
where
2 2
@ _L1( 2,0 L0Y), 1MGp10— Gy _0)  1m*Gsy10— Gsi12 ,(0)
Hy' = 3 (m jO" \72;1 ) + 3 Gs+1,q k7sn 3 Gs+1,q jqn » (1202)
G
_ 700 7+11 ,(0) Gs+11
=T g, Gsﬂqjqn : (120b)
0 — 70 q+12 ~ Gstap
= ._72,1 G \75;1 Gs+1 P jq (120C)
K,(,,%) = *jo(,: + ]21 jzn ’ (lZOd)
]z+
N L) T (1
=7, — . 120e
L AT (120e)

One observes that the transport coefficients are, in general, quite complicated functions of
temperature and chemical potential. Some simplification can be made using phenomenological
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approximations for the collision term, such as the relaxation-time approximation [140,141]. It is also
relevant to point out that the choice of matching conditions affects significantly some of the
transport coefficients, which explicitly depend on the parameters g, s, and z necessary to
define the matching conditions, see Equation (89). Indeed, if we use the Landau prescription,
(g,5,z) = (1,2,1), we have ¢ = x = A = 0. If we use the Eckart prescription instead, then
& = x = 2 = 0. Alternatively, in a matching condition defined such that g = 0 and s = 2, we
would have ¢ = 0. It should also be noted that, in the massless limit, because A*k,k, = ,EIZ(,
we have that A, = 0, from which follows S = 0, implying that all transport coefficients
related to scalar non-equilibrium fields must vanish, i.e., { = ¢ = x = 0. Moreover, we note
that certain combinations of the transport coefficients can be shown to be independent of
the matching conditions imposed. We shall refer to them as s and s, and they are given
by [88],

¢4 o 0

_ 7. 90
g =+ 360

ai/lo

(121)

X, s =+ A
1o ’ €+ po

€0

The equations of motion of relativistic Navier-Stokes theory are obtained by inserting
the constitutive relations (118) into the exact conservation laws (3). Nevertheless, it is
possible to demonstrate that the resulting equations of motion are acausal for any choice
of matching condition [52] and, therefore, cannot be considered as a viable formulation of
relativistic dissipative fluid dynamics. We finally note that the procedure outlined in this
section can, in principle, be carried out to higher orders, even though this is, in practice,
extremely challenging.

5.3. Modified Chapman—Enskog Expansion and BDNK Theory

In this subsection, we discuss the microscopic derivation of BDNK theory [43,52,73,74]
from kinetic theory [88,116]. The crucial difference with respect to the traditional Navier-Stokes
formulation is that the constitutive relations also include comoving, or time-like, derivatives
of the fluid-dynamical fields. We shall now discuss how the Chapman—-Enskog formulation
can be altered to include this feature.

The reason why the Chapman-Enskog expansion leads to Navier—Stokes and not to
BDNK theory is that time-like derivatives are replaced by space-like ones when obtaining
the perturbative solution for the time-like derivatives of the distribution function (cf., for
instance, Equation (100)). As already discussed, this replacement is essential to guarantee
the validity of the compatibility conditions (104) in Chapman-Enskog theory. Hilbert’s
expansion also does not lead to BDNK theory [88] because the time-like derivatives are
exactly substituted by space-like ones due to the fact that the equations of motion include
the Euler equations explicitly. In both cases, the zero modes of the linearized collision
operator lead to conditions that enforce the replacement of time-like derivatives of the
fluid-dynamical variables by space-like ones.

In order to address this, a new perturbative scheme was proposed in [88]: first the

Boltzmann equation is integrated over a complete and irreducible basis Pr(zf()k% RN Y
thus forming an infinite tower of equations for its moments. Afterwards, the perturbative

book-keeping parameter e is inserted on the left-hand side of all moment equations,
' ¢ : ¢
e [ Ak PRk, -+ kyyk-dfic= [ AKPGky, -k CIAL, €=01,0, m=0,1,.... (122)

Thus, if the basis elements include 1,kV we obtain the usual conservation laws and the
perturbative parameter simply disappears

/de~afk =0, /de”kvayfk =0. (123)

These will be treated non-perturbatively, as was the case in Chapman-Enskog theory. In
this procedure, integrals of the linearized collision operator over 1,k” simply do not appear
and, hence, are not required to vanish (constraints (104) no longer exist). Thus, from now
on, only the basis elements in the linear subspace orthogonal to the zero modes shall be
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considered in our analysis or, equivalently, we assume that the basis P,(Ifgk<
not include 1 and k".

Applying a perturbative procedure, one assumes, as usual, an asymptotic-series
solution for fy, as in Equation (91), and Equation (122) are solved order-by-order in the
perturbative parameter e. Indeed, at O(e"), we have

k) does

0= [ dKPkp, -k CIRVT. (124)

The fact that integrals over arbitrary basis elements all vanish implies that C| f]io)] =0and,
thus, flgo) = fok. This happens, because, even though the basis elements corresponding
to the microscopically conserved quantities are excluded we have the exact conditions
[dKC[fu] = 0, [dKEClfu] = 0, and [dKk™ C[fy] = 0, which provide us with the
complementary information at this order.

Next, collecting all terms of first order in ¢, we obtain

J APkl k- 0f = [ AKPkg, -k Sl (125)

where we emphasize that the zero modes of the linearized collision operator do not enter
in this set of equations, i.e., the basis elements 1 and k" are not present in this equation. This
implies that the compatibility conditions that require the exchange of time-like derivatives
of fi by space-like ones in Chapman-Enskog theory, see Equations (104), do not appear in
this case. This is a consequence of performing the perturbative procedure on moments of
the Boltzmann equation and not on the Boltzmann equation itself. The term inside each
integral on the left-hand side can be irreducibly written as

k-dfox = | ExDag — EgDBo — %AA"kAk(,G +k-1
—Exk™) (BoDuy + Vo) — ﬁok<"kv>t7yv]f0kf0k . (126)

Since L is a linear operator, Equation (125) implies that the solution for ¢ can be expressed
as the sum of a homogeneous and a particular solution, as in Equation (105), where the
homogeneous part has the form given in Equation (106). Since we do not have any self-
consistency or compatibility conditions that impose the replacement of time-like derivatives
of fluid-dynamical variables by space-like ones, the particular solution has the general form

o = 59 Dag + S DBy + S0 + VW k- 1+ VP KW (VB0 + BoDuy) + T kK 0y . (127)

The following steps are essentially the same as those applied in the Chapman-Enskog and
Hilbert procedures and involve the inversion of the linearized collision operator (in the

(a,p, 9) plap)
k

subspace excluding its zero modes). We assume that the functions S,/ ,and 7y can

be expanded in terms of the complete basis Py,

SO = Y s PAp© oyl — yPpll) = PP, (128)

n>0 n>0 n>0

which leads to the following system of linear equations:

Zsrns “h ) £a,ﬁ,€) ’ ZVMUSX,M = B;ga,ﬁ) ’ Z Tentn = Cr, (129)
n n
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to be solved for the coefficients s{“#?, o**f), and t,. The matrices S, V, and T were already
defined in Equations (111). We further defmed

=, AP =g, A =g w250, (1302)
Bﬁa) _ _350(:) ) B;ﬁ) _ 3L71(r1) ) (130b)
¢ = —156072, (130¢)

where the thermodynamic integrals j,(,f) are given in Equation (117). Equation (129) can be
inverted as

N D T Z[V LnBY? by = YT uwCo . (131)
m

m

Then, we proceed to obtain the homogeneous solution ¢f°™. To this end, we substitute
Equations (105) and (106) into the general matching conditions (88) and (89), in complete
analogy with Equations (113) in the Chapman-Enskog expansion. In the present case, this
procedure yields

- ]q+1,0<E15(81(( >> <Eq3k )egls+1,0 Da ]q+10<EkS(ﬁ)> <Eq3( )egls+1,0
= 0+

D
Gs+1 4 GS+1,q ﬁo
i ]q+1,0<E15(’5](( )>é71 - <Eq’5 >eq]s+1 0 9 (132&)
Gs+1 A '
(LS a0 — It By S eg Dag <Eq3 NoJso — Jao ExSi ey b
= Bo
Gs+1,q Gs+1,q
0 0
<E1q<51(< )>€q]50 - ]'10<Els<81(< )>é71 0 (132b)
Gs+1,q ’
() v zy)(B)
A kykyEEV ) A kykyEEV)
b — 1 < >eq 2 1 < >eq (VA/SO n ﬁoDMA> ) (132¢)
3 Jz421 3 Jz421

where we used the notation (114a). Finally, combining the homogeneous solution found
above with the particular solution derived in Equation (131), we obtain the complete first-
order solution of the modified perturbative procedure introduced in this section. The
solution can be expressed as

o = S Dag + 8P DBy + 8176 + VVk - 14+ VP (V80 + BoDuy) + Tk ki 0y, (133)

where the momentum-dependent functions are defined as

(0) (0) (0) (0)

alo (e L7sn -J, n n JsO — n

(0p8) _ ZZ 1], AGB) 7’,(,?(>+]q+1,0 g Js+1,0 n Tgn'Js0 — Jq0Js Ee |, (134a)
Gs+1,q Gs+1,q

(1)
P = Eyv- (Pﬁiﬁ—j‘z” ) (134b)

Jz421

71( - ZZ nmcm ,(,12 . (134C)
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Substituting the solution (133) into the definition of the dissipative currents (81), we obtain
the following constitutive relations

I = {® Dy — ¢(F) Dﬁio _®p,  n = f @y — &B) Dﬁio Ors (135a)
0 0
5e = ) Dag — X<5>Dﬁio C®g, =@ L B) <ﬁiw Bo+ Du”) , (135b)
0 0
wt = A _ A B) (ﬁiv% + Du") , v = 2pat, (135¢)
0

where the microscopic expressions for the 14 transport coefficients introduced above are
given by

{0 = s AWHEY 2 = g Y5 AP HE (136a)

70 = Y5 ma@HY ,  f@ = Y[s71,,aWHT (136b)
n,m n,m

C(5) — By 2[5_1]nmA££>Hr(lg) ) 6(9) - _ Z[S—l]nmA,Sf)Hr(l@) ) (136¢)

n,m n,m

A = Vs AW HY B = gy Y5 AP HY (136d)
n,m n,m

A0 =~ YIS AP HR @ = Y v, B0 (136e)

B = _g, Z[Vﬁl]nty(f)Kﬁl%) ) A0 — _ Z[Vﬁl]ntﬁf)K,ﬁA) ) (136f)

AB =g NV B KDY, = LT Gy (136g)

The functions H(¢¢x), K(*}) were already defined in Equations (120). We further notice
that the shear-viscosity coefficient 5 has the same expression as in the Chapman-Enskog
and Hilbert expansions. In the massless limit, since 6T/, = de — 31T = 0, we have that
3¢ = x@, 3¢F) = xB), and 3¢(®) = x(®). Also in this limit, since Ak k, = —E}, we
have that 3¢(®) = #(f) and 3x(®) = x(F), even though they are in general not zero. This is
in contrast to what happened in the traditional Chapman-Enskog expansion where ¢, ¢,
and yx vanish identically in the m — 0 limit. The constitutive relations (135), combined
with the conservation laws, lead to the BDNK equations [43,52,73-75]. It is also noted
that, as in Navier-Stokes theory (see Equations (119)), the majority of the coefficients
strongly depend on the parameters g4, s, and z that determine the matching conditions
employed. In fact, for Landau matching conditions, (g,s,z) = (1,2,1), we have gwpe) —
x@P?) = A@P) = 0, while for Eckart matching conditions, (g,s,z) = (1,2,0), one finds
g@hO) = y(@p) = A(wh) = 0. Furthermore, for matching conditions that respect (g,s) = (0,2)
we have that {(“#f) = 0. Expressions for the various BDNK transport coefficients have
been computed in the relaxation-time approximation [140,141] for the collision term in [88]
and for a system of ultra-relativistic scalar particles with quartic self-interactions in [116].
In the latter reference, it was seen that BDNK theory and Navier-Stokes theory lead to
unphysical solutions if sufficiently large initial gradients are present. This bears evidence
that the content of these theories is similar since these solutions arise for initial Knudsen
numbers of the same order of magnitude.

Furthermore, we point out that Navier—Stokes theory can be obtained from the BDNK
equations by replacing the time-like derivatives of «g, fy, and u* in the constitutive re-
lations (135) using a first-order truncation of the conservation laws (4). Performing this
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substitution, we find relations between the transport coefficients appearing in BDNK theory
and those of Navier-Stokes theory,

= g%g ) Bol™ + ?Tfo nog(ﬁ) +7®) (137a)
= g% ) Boz® %J nog(ﬂ) 420 (137b)
= g%g soﬁ X0 4+ % no,((m + 0 (137¢)
2= 50 _ E()iiom%w) , (137d)
A=A JFiOmA(ﬁ) ) (137¢)

This implies that, in general,  # (%) and » # 5%, for instance. This mapping between
the coefficients was first derived via fluid-dynamical frame transformations in [73]. We
also note the connection between the coefficients in the present section and the ones of
Section 3.4, namely

n=—20, y=—¢B, y3=¢@) (138a)
e1=—x9, g=—xB, e=x®, (138b)
m =09, m=¢P, g5=-gW, (138¢)
r1=72 = =3B, qy =3, (138d)
0, =0, =—AP), g3 =20), (138e)

Thus, the fact that the constitutive relations (135) arise from derivatives of the equilibrium
distribution fy yields the constraints y; = 7, and 6; = 65.

Other approaches for the derivation of BDNK theory are possible. Indeed, in [89],
it is discussed how it may be derived from holography, using the fluid/gravity corre-
spondence [142]. The interesting properties of BDNK theory have also motivated some
numerical studies [81,82,84]. In particular, in [82] after studying various numerical configu-
rations such as the one-dimensional shock tube and the two-dimensional Kelvin-Helmholtz
instability, the authors conclude that BDNK theory is “sufficiently stable and accurate to
be applied to a variety of relativistic fluid-dynamics problems, where first-order dissipa-
tion might be relevant”. In [143], consequences of BDNK theory in the non-relativistic
limit are explored. Recently, in [144], it was seen how causality and stability constrain
the set of matching parameters 4, s, and z that define the local-equilibrium state for a
particular interaction.

5.4. Israel-Stewart Theory and 14-Moments Approximation

In the last decades, the most widely used variants of relativistic dissipative fluid
dynamics in heavy-ion physics are transient fluid-dynamical theories. The main feature of
this class of theories is that the dissipative currents are promoted to independent dynamical
variables obeying nonlinear coupled relaxation-type equations of motion. These equations
evolve asymptotically to the Navier—Stokes constitutive relations. The main motivation
for the development of these theories in the context of special and general relativity are
the causality and stability problems stated in Section 2.7. The derivation of these theories
is based on ideas first developed by Grad [145-147] and Israel and Stewart [8,148]. The
former were developed in the non-relativistic regime after the recognition that Burnett and
super-Burnett equations of motion [69] (obtained in higher orders of the Chapman—Enskog
expansion) feature instabilities [71,149-151].

As is the case with Hilbert and Navier-Stokes theories, the equations of motion for
Israel-Stewart theory emerge as a result of a procedure that reduces the degrees of freedom
of the microscopic theory. In the present case, the dynamics of the Boltzmann equation
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is translated into the dynamics of the momentum-space moments of the phase-space dis-
tribution function. They are the expansion coefficients of fi in terms of a complete set of
functions. In a non-relativistic scenario, the expansion is made in terms of Hermite poly-
nomials [146,147]. For relativistic systems, however, finding a suitable set of orthogonal
polynomials is a very challenging task [115,152]'°. To circumvent this, Israel and Stewart
expanded the single-particle distribution in a Taylor series in 4-momentum k*. A major
limitation of the procedure outlined in the last section appears when obtaining the expan-
sion coefficients, which cannot be easily done due to the non-orthogonality of the basis.
This led them to develop another method which consists of truncating the Taylor series at a
given order and matching the remaining expansion coefficients in terms of the components
of N* and T"", the 14-moments approximation. Procedures analogous to this are used for
the derivation of transient fluid-dynamical theories in various instances [47,128,154-156].
However, the lack of a systematic power-counting procedure, as in the Chapman-Enskog
case, has led to the development of further truncation procedures, which we shall discuss
in Section 5.5.

For the sake of brevity, we shall discuss the 14-moment approximation exclusively for
Landau matching conditions. A more general discussion is contained in [128]. We start by
separating fi into equilibrium and non-equilibrium parts,

fi = fox +0fx = fo(1 + Gidi) (139)

where Gy is a function of E = u - k, whose choice will be discussed below. If Gy = fo, this
coincides with the usual definition, ¢, = 3fi/ focfox- Next, ¢y is expanded in terms of a
complete tensor basis formed by k*. Israel and Stewart [148] chose

P =€+ ekt + e kFK + .., (140)

where the ¢,,...,,-coefficients inherit the space-time dependence of ¢;.. However, the main
disadvantage of this expansion is that, since the tensor basis {1, k*,k"k", ...} is not irreducible,
it is not possible to derive individual equations of motion for the ¢,...,,, coefficients, i.e., one
is not able to separate each tensor order by, e.g., integrating over momentum space. Then,
these coefficients are obtained only in approximate form by truncating the expansion at
second order and matching them to moments of fi.. Moreover, this procedure is not unique
and may lead to changes in the transport coefficients when the expansion is truncated at
different orders [48].

Instead, in [42], the basis chosen for the expansion is formed by the irreducible tensors
{1, K kv kg ..} and orthogonal polynomials in Ey,

=Y aVE . (141)
r=0

The irreducible tensors obey the property (A15). In turn, the polynomials P]Ei) are con-
structed to obey the orthogonality condition,

o
i / dK (A Kk, ) Py Py Gicfore = AL (142)

Using the above mentioned basis, the function ¢) can be expanded as

=Y Z PG Ky Ky (143)
/=0 n=|

(6)

where the coefficients ®),' " are obtained by multiplying the above equation by GP,,

xky,, -+ -k, and integrating over momentum space, leading to

Pl ﬁ /delﬁkwl K8 (144)
n
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where the orthogonality relations (A15) and (142) have been employed. Substituting the
above result into Equation (143) and using Equation (141), we expand the non-equilibrium
single-particle distribution function as

oo Ny
fie = fo +f0kéz(:) Z%)Qkﬂfi)p’# TP (145)
=0n=

where we defined the following functions of Ey:
1 &
ZETZ i m, (146)

and the irreducible moments of §f;
plhe = / dK ELKM kRS (147)

From Equations (81) and (85), defining the dissipative currents in terms of moments of the
single-particle distribution function f;, we identify

1
dn=p1 =0, de=pp =0, §(p2 —m?pq) , (148a)
nt = pg , W = pi’ =0, nt = pg , Y = Po , (148b)

where we note that the matching conditions (88), responsible for defining the variables of
the local-equilibrium state, imply that not all moments p}' " are linearly independent.

The choice of Gy changes the behavior of the polynomial basis used to expand ¢y. This
can be exploited to achieve better convergence in regimes of small or large values of BEj.
Indeed, for the choice

G = fox s (149)

which was employed in [42], the truncated series (145) is a good approximation of fi. for
small BoEx. The choice (149) shall be employed in the remainder of the present section.
An alternative is to consider that the weight G, might depend on the tensor rank ¢. For
instance, the choice gl(f> = fo/(1+ BoEy)’ is expected to also work for large values of
BoEx, because, in this regime, it is equivalent to the basis 1/(BoEx), 1/ (BoEx)? 1/ (BoEx)>,
while in the regime of small ByEy, this basis is equivalent to BoEy, (BoEx)?, (BoEwk)?, - .. [48].
Summarily, this choice is important for the convergence of the transport coefficients for
transient theories of fluid dynamics (see Section 5.5).

The equations of motion for the moments (147) can be obtained from the Boltzmann
Equation (76), by multiplying both sides with E['k{#1 .. - k¢ and integrating over momen-
tum space. After some algebraic manipulations, which involve an integration by parts and
some identities involving the irreducible tensors, one can show that the scalar, vector, and
rank-2 tensor moments obey, respectively [42,48],

. 0 Gy
0r—C1 = “£ )9 - ng 110 + Dao 7T}”/U';u (7‘ - 1)plr{20’lﬂ/
1
+ rpf_lup Vil = 3 [(r+2)pr = (r = 1)mp, 20, (150a)
o) = M =V I 4 @ pry + S [(r = )il — (r+ 3)p10 =AYV + o) i

1 , 1 .
+ 5 [2(27 —V)m?p¥_, — (2r + B)pﬁ] ol + 3 {mQrpr,l —(r+ 3)p,+1] ut

,B()]r+21 w_ Tk u _1 W (1,2 _
+ % + 1o (TLi* — VFTT 4 Aba,y ') 3V (m*pr—1 — pr+1)

+(r=1)p 00, (150Db)
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i) i) — g2 i ; [(Zr +5)0M _2m2(r — 1)Pf5’ﬂ0§> +20MM "),
2
+ 1+ )prea = (2r + 3)mPp, + (r = 1)m'p, o)
2 2 ‘
+ =Vl —mPp ) = £ [(r4+5)plt, — rmi?p)t )
1 y v
= [+ 0el = mrr 1)l )0
+(r = 1)pl" 0rg — ALy Vapr + ol i, (150c)
In Equations (150), we defined
0 _ G2 G
o = 202y + 22 (60 + po) + Polrii (151a)
31 31
1) _ no
“5 ) = ]r+1,1 - m]wrz,l ’ (151b)
2
o = Bolis2 (151c)
Dum = ]n+1,m]n71,m - ]%m ’ (151d)

while Gy, is defined in Equation (114c). It is readily seen that the most non-trivial part in
the computation of transport coefficients in fluid-dynamical theories is how to express the
collisional moments C! | in terms of the moments p}' . As we shall see, this is a crucial
step since the relaxation times which can render the theory causal and stable arise from
this term. We formally separate C[fy| into terms that are linear and nonlinear with respect
to the deviation function ¢, namely,

Clry = ch e N (152)

By construction, £!"|" contains only contributions that are linear in ¢, while N/
collects all contributions of higher order in ¢y. In the present discussion, we shall neglect
the nonlinear terms J\/’f j'l"”“, but they have been considered, for instance, in [48,157]. Then,
the linear term can be written as [42],

e = / dQdQ" dK" dK Wi ¢, g forc for foq foq i K H1 - k) (9q + dqr — P — i)

— Y Ll (153a)
n=0

¢ 1 P _ :
8 = 377 [ 4QAQ! K AK Wi fok o foa foq B 01 -+ k0
/

(0 (0 (0 (0
% (Phark )+ HinKl, Ky = Hapl 0y = Handly, - 4),y) - (153D)

In the derivation of the fluid-dynamical equations of motion, an essential step will be to
invert the matrices £(/=012), The collisional invariants in binary elastic scattering imply
that the following rows of these matrices vanish: £§?4) = Eg)l) = LI&) = 0. For the inversion,
one therefore has to exclude these rows. The matrices nevertheless remain square matrices
because the terms in the series (153a) which are multiplied with moments p},' " that vanish
due to the choice of matching conditions are absent, and thus the corresponding columns in
the matrices £¢=%1) can be excluded as well. For instance, for Landau matching conditions,

one can omit the columns ££(1)), [lfg), and ES).

The 14-moment approximation starts with the truncation of the irreducible expan-
sion (143),

B 50 W ) p
P ~ Z()%Pkn + ZO‘PnPkn ki +9p kky (154)
n= n=

where Ny = 2 and N; = 1 (these values may change for other matching conditions [128]). By

construction, in this truncation scheme, all irreducible moments o' of rank higher than
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2 vanish. The irreducible moments of rank 0, 1, and 2 will always be expressed in terms of
the expansion coefficients ®,, @}, and ®}".

The next step is to determine the expansion coefficients using the definitions of the
dissipative currents, given in Equations (81), and the general matching conditions provided
in Equations (88) and (89). This leads to a system of algebraic equations that can be
solved separately for the scalar, vector, and tensor expansion coefficients. The expression
for the rank-2 expansion coefficient, )", is obtained by inserting the truncated moment
expansion (154) into the definition of the shear-stress tensor given in Equation (81b). This
leads to the simple relation w w

o — _ 155
0 (L1 2Jp (155)

where we used the notation

YAl

(CADIES m<(Awkav)é¢k¢k> (156)

é\q 4
in terms of which the orthogonality relation (142), taking into account Equation (149), reads

A N

(800,00, = AL b 157)

Equations for the vector expansion coefficients, ®) and @/, are obtained by inserting
the truncated moment expansion (154) into the definition of n*, given in Equation (81b),
and also into the matching condition p; = 0. This will lead to two distinct equations that
can be cast in the following matrix form:

(1'1)1 0 q)ﬂ B nt
( (B B (BY) En )( @51)‘ ) = ( 0 ) - (158)

The solution of this equation gives ® and @/ in terms of n’.

Equations for the scalar expansion coefficients, ®;, ®;, and @, are obtained by insert-
ing the truncated moment expansion (154) into the definitions of én, de, and I, given in
Equations (81), and also into the matching condition p} = 0. This will lead to three distinct
equations that can be cast in the following matrix form:

M- =TI, (159)
where
(Ra"B),  (AdBe) (P’ Ex)
M= (B E2), (23 82), (B2 E}), , (160a)
(B 5 -or), (A 52-), (A5 ),
q>0 0
o= o, |, TI=]| o (160b)
b, 3I1

In the limit of massless particles, m — 0, the energy-momentum tensor becomes traceless,
T', = g9 — 3py — 311 = 0, thus effectively removing one degree of freedom (¢ or IT). This
affects the above discussion, as the second and third rows of M become identical, and in
practice, we have a linear homogeneous system defined by a non-singular (2 x 2) matrix.
Thus, the Landau matching conditions imply that ®; = ®; = 0 in the massless limit.

Now that the expansion coefficients ® have been computed, we can express all mo-
ments of rank 0, 1, and 2 in terms of the dissipative fields (IT, n*, "),

ol = ol P, g~ 0, (161)
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where the coefficients O are expressed in terms of thermodynamic integrals,
p(1)
__1 | (P Bt pr p(1)
Qn (Ek’ 1)1 IR (Ekr Pk1 )1 7 (162a)
(1,1); ( lg),];k 1
3 . R
off) = [ (B Dol — (B, P Yo IMIz + (B, B )oIMIs |, (162b)
o) = Irvaz (162¢)
Ja2

Here, [M];; denotes the (I]) co-factor of I, i.e., the determinant of the sub-matrix obtained
from M by removing the I-th row and the J-th column, multiplied by (—1)/*/. As mentioned,
moments of rank 3 or higher vanish in this approximation. With these prescriptions, it is
possible to derive a closed system of partial differential equations in terms of the dissipative
currents. Indeed, we obtain from Equations (150) for r = 0 precisely Equations (23), but
where all K- and R-terms are zero,

THH +11=—-760 — 616 — 0,V -n—tun - F — Agen - [+ )\HT[T[”V(TPW , (163&)
Tt 4t = eI — 0 — Loy VTL + £V M) 4 7, TIFH
— Ty E, — Aypo?ny + Ayl — Ay iV L, + toot'ny, (163b)

Tt W) 4 g = 2ot — SO 4+ CoanV 0¥ — U EY) 4 A T

— /\Tmnf\ytfvw‘ + A V) 4 2T,T7r/<\”(u”>)L . (163c¢)

Note that the transport coefficients coupling the dissipative currents to the fluid vorticity
tensor, 7, and T in Equations (24b,c), are identical to the corresponding relaxation times,
Tww = Ty and Tz = Tr. The expressions for the bulk viscosity, particle diffusion, shear
viscosity, and the corresponding relaxation times read,

-1
= m2’r111x(()0) , T = (—mz ;}Eé?) QI(]?) , (164a)
=
-1
w=tal), 1= (2 Lg?QSZ)) , (164b)
j=0
-1
P (2 Lg?gﬁi)) . (164c)
j=0

The remaining transport coefficients in Equation (163a) for the bulk viscous pressure read

S _ 2 mt o) G2 Amx _ (2,2 Gwo o
1 N 3 + 3 QH Dzom ’ TI1 B QH " Dzom ! (1653)
i Gzo o (-1). 2 Ty Bo 2\ m?  Gso

= 02— Qi V2, A - S0, 165b
1 Dy " . € +po 9Bo €0+ po Do ( )

(-1) 2 (-1)

AM1n _ _mzaQn Mg 09, . (165C)
T dug g+ po 9PBo

The transport coefficients in the equation of motion (163b) for the particle diffusion cur-
rent read
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Sun ., m? (2 bt BoJriag | m* (-1)
7 — 1 + ?Qn 7 Tn - 80 + po + ?QH 7 (166a)

2 aQ(*l) 2 aQ(*l) 2 aQ(*l)

Tnll _ ‘BO]V+2,1 + m ,B() 11 )\nH _ 77117 11 - mf 11 1o (166b)
T (eo+po)®> 3(eo+po) B0 T 3 dw 3 9Bo (eo+po)’
i Bolri21  AH(-1) Amn _ 3 2m* ()
T e +7po O ., 5 5 & (166¢)
Tr_ o 9% L m_ 39" (166d)
Ty (eo+po) 9Bo ' Ty dug (eo+po) 9Bo

Finally, the transport coefficients in the equation of motion (163c) for the shear-stress
tensor read

onn _ 4 2002 bon _ 2, 25(-D)

e 3+m oy 7, e = Q, 7, (167a)
Aow _ 202 (907 mg 90y To 2 fom? 90 (167b)
Tr 5 dug €0+ po 8,30 Tr 5¢e0+ po 8‘30 !
Ant _ 62 ap2) Ann 10 4 5 5(-2)

o —5 =" o, o~ 7 + Zm Oy 7. (167¢)

Employing the present truncation procedure, the various transport coefficients in
the equations of motion (163) are usually expressed in terms of Q—coefficients defined in
Equation (162) and linearized collision-term matrix elements, Eff). In [128], the scheme con-
structed in this section has been generalized to derive transient fluid-dynamical equations
of motion with alternative matching conditions.

The procedure of reducing the degrees of freedom by explicitly matching the coeffi-
cients of the expansion of the single-particle distribution with the dissipative degrees of
freedom has been employed in several instances. Usually, this kind of procedure emerges
as an initial approach for the derivation of many formulations of both non-relativistic [145]
and relativistic dissipative fluid-dynamical theories [47,128,154,156,158]. However, one
aspect that is to be contrasted with the methods discussed in Sections 5.2 and 5.3 is that
the 14-moments truncation lacks a perturbative parameter such as the Knudsen number,
with which systematic improvements can be performed via a suitable power-counting.
Moreover, it has been recognized that the equations of motion do not perform well in com-
parison with numerical solutions of the Boltzmann equation [42,48]. These problems have
led to the development of other truncations for transient fluid-dynamical theories, termed
Resummed Transient Fluid Dynamics [42], which will be discussed in the next subsection.

5.5. Resummed Transient Fluid Dynamics

In the last subsection, we have discussed procedures for obtaining transient fluid-
dynamical theories from kinetic theory by explicitly truncating an expansion of the single-
particle distribution function. After recognizing that these methods are not systematically
improvable, other approaches have been developed, which culminated in power-counting
methods that properly take into account how large the gradients are and how far from
local equilibrium the system is. These methods, in general, include contributions of all
moments o} * at a given tensor rank ¢/, and have thus been termed Resummed Transient
Fluid Dynamics. In particular, two methods will be discussed in this subsection: the
Denicol-Niemi-Molndr-Rischke (DNMR) approach [42,48] and the order-of-magnitude or
Inverse-Reynolds Dominance (IReD) method [149,159,160]. For the sake of simplicity, we
restrict the discussion to Landau matching conditions.

5.5.1. DNMR Approach

As discussed in Section 2.4, fluid dynamics is valid when there is a large separation
between a typical microscopic scale A characterizing the interaction of particles and a
typical macroscopic scale L, e.g., the scale over which fluid-dynamical quantities vary. The
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ratio of these scales, the Knudsen number, is then a small quantity, Kn < 1. Moreover,
fluid dynamics is valid near local equilibrium, which requires that the inverse Reynolds
numbers (13) are also small quantities, Rei’1 < 1,i =¢,n,I1,7,h 7. These two measures of
the validity of fluid dynamics are, in principle, independent and should not be considered
to be similar since a system can have initial conditions for which Kn « Rei‘1 (i.e., the system
is far from equilibrium but the gradients of thermodynamic variables are small) or vice
versa. Only for times much larger than the microscopic time scales, which are ~ A, one
has Kn ~ Re; !. Then, the dissipative currents already had sufficient time to relax to their
respective Navier-Stokes values.

The DNMR truncation procedure starts by introducing the matrix Q(“), which diago-
nalizes £(9) (see Equations (152) and (153)),

(@) 1£O0 — diag(xy”,... 1)), (168)
where X](e) are the eigenvalues of £(*), which without loss of generality we assume to be
ordered such that

¢ ¢
X,(»><X§+)1 Ve=0,12,.... (169)

We also introduce the tensors

Ny

‘
X?{.l-n"‘/ — Z[(Q( ) ]]P] “He , (170)
=0

which are the eigenmodes of the linearized Boltzmann equation. Taking the collisional
moments C!'|" as the components of a vector, and multiplying from the left with the
matrix (Q())~1, we have

Z[ T = o OxPT L (171)

where there is no sum over i on the right-hand side. In the above expression, the ellipsis
denotes nonlinear terms in the eigenmodes. Multiplying Equations (150) with [(Q())~1];,
and summing over r we obtain a diagonal form in terms of the eigenmodes,

% xO% =00 720
3 1 1
x4 xWxt = gy (172b)
Xt P = pPom 1729

where now the ellipsis contains the above-mentioned nonlinear moments of the colli-
sion term and products between eigenmodes and gradients. In the above equations, we
also defined

0_ O L0 _ § M
B = Y (@), gV = Y (@) Myat, B _zz . (173)
j=0#12 j=0#1

Equations (172) tell us that at sufficiently late times, where the nonlinear terms in dissipative
quantities are assumed to be small, the eigenmodes relax exponentially to their respective
Navier-Stokes values. This happens on a timescale given by 1/ le. Hence, the ordering
implied by Equation (169) is also a hierarchy of modes with respect to how fast they
approach the Navier-Stokes regime. In particular, we identify the slowest mode for each ¢
as X" At this point, one should emphasize that the tensors X}""* for ¢ > 3 have been
neglected because their asymptotic values are at least O(Kn?, KnRe 1) since it is not possible
to construct a tensor with rank 3 or larger with single powers of ¥, F¥, or V,u,.
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In order to implement the truncation and derive the transient fluid-dynamical equa-
tions, we assume that only the modes X, Xg ,and Xg Y (the slowest ones for tensor rank less
or equal than 2) remain in the transient regime,

Xo+ 2% =pV0+..., (174a)
= 71b)
Xé”/ + X(()Z) ng = ‘Béz)(ﬂ“’ +..., (174c)

whereas the remaining modes have already assumed their asymptotic Navier-Stokes
values,

(0) (1)

Xoo~Prooi Xloo = B
Xr

()

r nv
2)0 +...,
X

r+..., x =~

(175)

where we note that X,-, Xr>0, and X - are of order O(Kn) since 6, I¥, " ~ 1/L, while

(Xy))*l ~ Amgp - The above equations allow us to express irreducible moments not appear-
ing in the conserved currents N*, T#” in terms of moments that do appear. Indeed, we make
use of the inverse of Equation (170),

Ny

i = Y (@)X (176)
j=0

which, when one inserts Equation (175) yields

Nop (0)

o= 0+ Y 05,2 550 = 00 X0+ O(Kn), (177a)
n=3
ol ~ ol xt + Z afy ﬁ( SI' = Ol Xj + O(Kn) (177b)
=
2
o~ a2 4y o2 /3';2) o = Q@ X 4 O(Kn) . (177¢)
n=1 Xn

Since we consider Landau matching conditions in this section, all relevant fluid-dynamical
fields can be related to the moments py = —3I1/m?, ) = n*, and p," = 7"’. Thus, in the
particular case r = 0 Equations (177) reduce to

3 No 0 ‘3(0>
-~ X+ ) O, ?0)92X0+0(Kn) , (178a)
m n=3 Xn
Ny ﬁ(l)
nt ~ X + O(Kn) + Z oy ﬁ = X} + O(Kn), (178b)
Xn
~ X4 Y ol @ B o _ X 4+ O(Kn) . (178¢)

=

Solving for X,, X}, and X}", and substituting the result into Equations (177), as well as
making use of Equation (173), we derive

2

%p, ~ 00+ (gr - Qﬁg)g())e ) (179a)
ol ~ 05(1))11” + (%, - Qié)%0> ", (179b)
of ~ 05(%) v+ (;7, — Qgg)m))(ﬂ“’ , (179¢)

P M ~ O(Kn?,Re; t) , (>3, (179d)
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where the coefficients ¢, s, and 7, are defined as
2 Ny Ny N,
L= R Y, = XA, =Y aso
n=0,#1,2 n=0,#1 n=0
Here, we have employed
Z ol —= QO] (181)

m

i.e., the matrix () = (£(¥))~1. Equations (179) affect the reduction of dynamical variables
from the generic moments p}" " to the fluid-dynamical ones. It is emphasized that these
relations are valid up to first order in Knudsen number. Increasing Ny, Nj, and N, takes
into account an increasing number of degrees of freedom for the computation of the
transport coefficients, which should converge for sufficiently large values of Ny, Nj, and Ny,
respectively.

At this point, we note that the expressions (179) are only valid for non-negative values
of r. However, irreducible moments with negative r do appear in Equations (150), e.g.,
consider the term p"",0,, appearing in Equation (150a), which features ", (for r = 0)
and p" (for r = 1). The moments p/2 ;" can be related to the moments p!’ ;" by making
use of the fact that the moment expansion was made in terms of a complete basis. Thus,
all moments that do not appear in the expansion must be related to the ones that do

appear [42,157]. Indeed,
= L (152

where we have defined the thermodynamic integral

o Comrg (0 7
F' = W/ AK (kK ) B Hi) forefo - (183)

Thus, the expressions analogous to Equations (179) for negative moments are

2 No
o= Y (- 000)e = —v0m+ (1Y —0l%)0,  (184a)
3 n=0,#1,2
N
ol =it Y FS (e — s ) 1 = Vi (T V)1, (184b)
n=0,#1

N
ol = P Y FD (e — Qoo = i+ (0P =P Yo, (1840)

n=0
Pl = O(K? ReT), (23, (184d)
where
No Np
W=y FPaly, =y Faly, 2 0,  (185a)
n=0/7é1/2 71=0,7£1 n=0
No N; N,
D M L PR D D =LA (185b)
b2 G0 n=0,#1 >0 =0

To finally derive the equations of motion complementing the conservation laws (4),
it is convenient to first diagonalize the collision term by multiplying Equations (150)
from the left with (), so that the linear component of the collision term is diagonal,
ie, Yot >£” U= —pl" . One further step is to substitute all time- by space-like
derlvatlves usmg Equation (A3). Then, we obtain the equations of motion for the dissi-
pative currents in the form (23), with the various terms on the right-hand sides given by
Equations (24), (25), and (26), respectively. Again, we find that 7, = v and T = 7. We
note that the terms of order O(Rei_z), ie, R, R¥, and R, respectively, arise from the non-
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linear terms of the collisional moments. Equations (24)—(26) contain a plethora of transport
coefficients. Indeed, the first-order coefficients related to the bulk viscous pressure, particle
diffusion, and shear-stress tensor and their relaxation times are, respectively [42,48],

2 No

A ) (1560
3 —0712
21 DoV (186b)
r=0,#
p=m= Y2, (186¢)
r=0
1 1 1
THEW/ TnEﬁ, TET- (186d)
Xo Xo Xo

The transport coefficients associated with 7 (see Equation (24a)), which are O(KnRe™!) in
the equation of motion for the bulk viscous pressure, read [42,48],

m? [ 1) (o N 0)Gs N3 )
frn = = ("5 R D D =D D N LUy ¥ (187a)
r=0,#1,2 20 r=0
m? 20 3751) Mo 0G| NSP (o) ( ] ) (1)
M = T + Y a3t )0 , (187b
t 3(€0+p0) oo alnﬁ r:(gél,Z o DZO rgo 0r+3 dIn ‘B r+2,0 ( )
1) 2oy M & (0) Gy
o = 2Ty (2 + m2y; i T
3 700 ( ) 3 r:(;;ﬂ, 0r Do
No—

1 (0) m? N2 (0)
+3 Z (r+5)19,4 50 ,+30 -3 Z r+4TOr+5Qr+30

0) [ (eo +po)J1o —moJ20 @ | (0 + Po)J2o — 1030 9 | ~(0)
+ Z Tor |: D20 alXO + D20 a‘BQ QVO ’ (187C)

_ om0 2 o 3N\ m N o (9 m 0\ 40
At = =5 [TOO (% T Po %)71 * rzzo 0+ (% Tt Po %)Qr“’o - {187d)

m?| (2)_(o N 0 G No=8 0 2
o= [ - B Gl (157
r=0,#1,2 20 =0

The transport coefficients associated with 7# (see Equation (24b)), which are O(KnRe!) in
the equation of motion for the particle diffusion current, read

2 Ny
S (R) I S

N
(1) r  (eo+po)J2o—moJso @ | (e0+po)Jro —MoJ2o 3 (1)
LT {1 R Do g Do |0 (1882)

€0+ po €0+ po =0

o [ o Z T BB
nll = €0+ po 00 €0+ po alnﬁo = Or+4 ‘B 7+3,0

+ Z%) T0(/17>+2 {50]&4,1 + ( +54 o nBo )Qﬁ%o} } , (188¢)
r=

N2
by = (& _750))1-(53) i ZO Té,l,Lz (,30]r+41 r+30> 2 To r+4 gr)so | (1ssb)
+

ego+po  m?
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__()(_no ay [ Bolr+aa 2)
bnre = Too (EOJFP() )+ Z 0r+2(€0jrpo Q£+1,0) ’ (188d)
SR N Y M)
" €0+ po 00 €0+ pPo Jdln [30
Ny—2
1) [Bolr+an 0 (2)
+ ; TO"“Loero ( T2+ o nBo Q00 ¢ (188e)

1 2 N
Aun = 750)5(34—2711 00 ) = m? Z (r+1)7, r+2Q£0 + = Z 2r+3)T(§r>Q£(1)) , (188f)
—0r

N;—2
_ (9 no 9 <0)_L1 M (9 M 9 \50
At = oo (3060 Tatr 3130)71 m? rg(;) “or+2\ 3ay ¥ &0+ po 9Po Oris0

N1—4
m (2, i)o“’) 188
+ rgo TO/’+4(8040 + 80+p0 Bﬁ r+3,0 7 ( g)
_m(9 , _m 9 = 9 M 9 \n0
Anr = Too (aao+eo+po 8ﬁo) Z W2 5ug * g po 9 ) Crn0 - (1880)

Finally, the transport coefficients associated with J"' (see Equation (24c)), which are
O(KnRe™!), in the shear-stress tensor equation of motion are

1o @ @, 1 @0 1 2% @ a®
S = 3T T Ty 2(7’4-4)70 Qq — 3™M Z:,) (r + 115,200
= =

r

g+ po)ao—1noJso @ | (e0o+po)Jio—1oJo 9 |2
i ZTOV { Dxo aug Dxo 9o |0 (189a)
4 2 4 N3
= e 12 zo<zr+s> S ) (159)
r=l =
= @ 0
=T ( ) T 52 Z{:} (r+5)%,11Q 430
=
N, Np—2
0 2 g 2 0
Z (2r +3) TO, ﬁo) - gmz Y (r+ 1)Té',>+2050> , (189¢)
= r=0,£12
(1) Np—1
__ 2 2.2 N e 9\
'L'm1—5(80+p0) —m" Ty, aln‘B + 2 To,r+1 ‘r‘+6+al nBo ,,Jrz’o
Np—1 N,-3 a0
@)
—m? Z (1’+1)Té,+1 rO _mZ E T r+3 ahr:go (189d)
r=0,#1 r=0 0
2 @ 2Nt 1 2 , Nt g 1
brn = *ng”A )T(go) + 5 20 T(g,r)+10£+)z,0 - gmz Z# T(g,r)+10£0) , (189%)
r=| r=0,

_200( @ om 3\ o 2o (3 m 3\,
Amn = —5M Ty <8a0+sg+po 3 M T35 r;OT[JrJrl aa0+so+po T Qa0

2 N2 ) (9 mo 9\ o0
=30t L s (s + e g ) (1891)

With increasing values of Ny, Nj, and N,, an increasing number of non-hydrodynamic
moments contribute to the transport coefficients. These should converge for sufficiently
large values of Ny, Ny, and N,. The simplest truncation, Ny =2, N; = 1 and N, = 0, implies
that the distribution function is expanded in terms of 14 moments. Thus this is called the 14-
moment approximation. Subsequent truncations involve 23, 32, 41, ..., (5N, +3N; + Ny +9)
moments and receive the corresponding approximation name. In [42], tables containing
results for a gas with a constant cross-section for binary elastic scattering are displayed
for 14, 23, 32, and 41 moments. In Appendix C, we also display the O(Kn?) transport
coefficients associated with the K-terms in Equations (25). Moreover, there, expressions for
the transport coefficients in the R-terms, which are O(Rei’lRej’l) and arise from quadratic



Entropy 2024, 26, 189

51 of 83

terms in the nonlinear collisional moments N[ (see Equation (152)), are shown as
computed in [157].

5.5.2. IReD Approach

While the DNMR method consists of diagonalizing the collision kernel and subse-
quently approximating all but the slowest eigenmodes by their respective Navier-Stokes
values, the so-called order-of-magnitude approximation [149,160] or Inverse-Reynolds Dominance
(IReD) approach [159] takes a different route by not assuming an ordering of the microscopic
timescales.

Assuming that the Knudsen number and the inverse Reynolds numbers are of the
same order, i.e., Kn ~ Rei_l, with i € {I1,n, 7}, the moment equations can be written as

or = %5,9 +O(KnRe™ ), pf =" +OKnRe ), ol =2y,0" +O(KnRe ). (190)
Here, Re ! denotes any of the possible inverse Reynolds numbers. Since this relation holds

for any r, we can use it to express a moment of tensor-rank ¢ < 2 and energy-rank r in terms
of an arbitrary moment of the same tensor-, but different energy-rank n:
Ar u

or = g—y‘o” +O(KnRe ), pf= o+ O(KnRe ™), ol = Zip;‘“ +O(KnRe ). (191)
n n n

Choosing n = 0, we find

0y = 7%@(0)11 +O®KnRe ), o =Vt £ OKnRe ),
ol =P 4 O(KnRe 1), (192)
where we defined
V=¥, =z, Pl (193)

Equation (192) denote the asymptotic matching scheme for moments with energy-rank r > 0
in the IReD approach and have to be contrasted with the DNMR one, cf. Equations (179).
Two main differences can be noticed: first, the DNMR-type asymptotic matching de-
pends on the matrices O, which diagonalize the linearized collision term, while in the
IReD matching only the first-order transport coefficients ¢,, s, and 7, appear. Second,
in Equations (179), the right-hand sides contain terms that are linear in inverse Reynolds
numbers as well as terms linear in the Knudsen number. In contrast, all quantities in
Equation (192) are of first order in inverse Reynolds numbers only.

The fact that terms of first order in the Knudsen number are absent in Equations (192)
has profound consequences on the structure of the resulting fluid-dynamical equations.
Inserting the asymptotic matching scheme (192) into the moment Equations (150) and
neglecting terms of order O(Kn?Re ') and higher, we obtain fluid-dynamical equations
that are formally identical to Equations (23), with the important difference that all terms
of second order in the Knudsen number vanish identically, i.e., K = K* = K*¥ = 0. The
reason for this lies in the fact that the origin of the K-terms in the DNMR approach are
derivatives in Equations (150), which act on the terms of first order in the Knudsen number
appearing in Equations (179), which are absent from Equations (192). In addition to this,
the transport coefficients appearing in the fluid-dynamical equations differ from the ones
obtained in the DNMR approach as soon as a truncation higher than Ny =2, Ny =1, N, =0
is chosen [42,159-161].

In [159], it is shown that, as long as terms of third order in Knudsen and inverse
Reynolds numbers are neglected consistently, the two approaches are perturbatively equiv-
alent since Equation (190) can be used to move terms from J#1 ¥ to k¥ # and vice versa.
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In order to see how this happens, consider, for instance, the term {,c#" 0, that appears in
K, Equation (25a). Using Equation (190) and setting n = 1, we find

G20 0y = 2%(7"”71,” +O(Kn?Re ), (194)

where the right-hand side can now be included in the respective term ~ Ay, 70y, in
J, Equation (24a). This procedure is in fact the same as in resummed BRSSS theory,
although here not all factors of ¢#¥ are replaced, cf. Section 3.5. Thus, one can arrive
at the fluid-dynamical equations of the IReD approach either by directly employing the
asymptotic matching (192) or by first employing the DNMR approach and then performing
steps similar to Equation (194) to shift the K-terms into the other second-order transport
coefficients. In short, the procedure can be graphically described as

(DNMR) (IReD)

aff) — e, (195a)
20 — e, (195b)
JeH b — 0. (195¢)

In practical applications, the IReD approach has several advantages compared to the
standard DNMR prescription. Since the terms of second order in the Knudsen number
are expected to destroy the hyperbolic character of the equations of motion [42], they are
usually discarded in a numerical implementation. The IReD approach resums the effect
of these contributions into the terms 7/ #, which do not necessarily break causality. In
fact, as shown for a gas of massless particles in [96], the transport coefficients computed
via the IReD prescription render the system symmetric hyperbolic in the linear regime.
Furthermore, as demonstrated in [160], the approach readily applies to systems with
multiple conserved charges. Recently, in [162], the performance of the fluid-dynamical
equations obtained from the DNMR approach (where the terms of second order in the
Knudsen number have been neglected) and the IReD approach has been compared in the
context of an exactly solvable microscopic model of coupled relaxation-type equations.
In this simplified setup, it could be seen that omitting the terms of order O(Kn?) can
significantly impact the accuracy of the DNMR prescription, while the IReD approach
turned out to yield a good approximation of the exact dynamics, even if the slowest
microscopic mode did not dominate the dynamics of the system.

Lastly, a remark has to be made on the interpretation of the relaxation times in the two
approaches. While in the DNMR prescription the dissipative fluid-dynamical degrees of
freedom relax by construction on a timescale given by the largest eigenvalue of the inverse
collision matrix, the relaxation time in the IReD approach does not have this microscopic
interpretation. The reason for this lies again in the asymptotic matching: The relations are

Tnzfl—[+%, Tn:fn—&-;—;, Tn:fn—&-g—’l?, (196)
where we denoted the relaxation times in the DNMR approach with a tilde. Thus, the
relaxation times in the IReD approach contain additional contributions from the K-terms.
More specifically, while in the DNMR method the relaxation time is given only by the
largest eigenvalue of the respective inverse collision matrix, in the IReD method, it consists
of a weighted sum of all eigenvalues, with the weights quantifying how relevant a certain
eigenmode is to the fluid-dynamical quantity under consideration, cf. [162].

6. Zubarev’s Approach

Zubarev’s approach, also known as the method of the non-equilibrium statistical oper-
ator [163-167], to derive dissipative fluid dynamics is based on quantum field theory as the
underlying microscopic theory. This method generalizes the Gibbs canonical ensemble to
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non-equilibrium states, i.e., the statistical operator is promoted to a non-local functional
of the thermodynamic parameters and their space-time derivatives. Assuming that the
thermodynamic parameters vary sufficiently smoothly over the correlation lengths charac-
terizing the system, the statistical operator is then expanded in a series in gradients of these
parameters. The equations of motion for the dissipative currents emerge after statistical
averaging of the relevant quantum operators. An advantage of Zubarev’s formalism is
that its applicability is, in principle, not limited to the weak-coupling regime: the transport
coefficients of the system are obtained in the form of Kubo-type relations, i.e., they are
related to certain correlation functions of the underlying field theory, which are valid also
in the strong-coupling limit.

In recent years, there has been a renewed interest in applications of Zubarev’s approach
to relativistic fluid dynamics. Novel developments include a formulation of anisotropic
magnetohydrodynamics in strong magnetic fields [168], reformulations suitable for ap-
plications in heavy-ion collisions [169], a second-order expansion of the statistical opera-
tor, which leads to second-order fluid dynamics [170], and fluid dynamics with anoma-
lies [171,172]. In the following, the discussion largely follows [173].

Let us assume a foliation of space-time in the form of hypersurfaces X at constant times,
t = const., with time-like normal vectors d%, = g,0d%¢’. The starting point of Zubarev’s
approach is the statistical operator p;(t) of a local-equilibrium state,

i) =exp {on(t) = [z [pu, )T 00) ~aoeORM 0] b, (a97a)
() — Trexp{ - /Zdzy {ﬁ,,(t, )T (t,r)) — g (t, ¥ ) NH (8, r/)] } , (197b)

where T# and N¥ are the operators of the energy-momentum tensor and particle 4-
current and

Bult,Y) = Bolt, ¥ u(tY),  molt,¥') = Bolt)p(t,¥) . (198)

Local equilibrium implies that each fluid element can be ascribed local values of the
hydrodynamic parameters a(t,1') and Bo(t,r’), as well as a fluid 4-velocity u*(t,1'). These
are assumed to vary slowly in space and time.

Next, we define the operators of energy and particle-number densities in the comoving
frame via & = uyu, T and # = u - N. The local values of the Lorentz-invariant thermo-
dynamic parameters ay and By at any given point x* = (t,r) on X are then fixed by given
average values of the operators ¢ and 7 via the following matching conditions [163-165]

eo(x) = (€(x)) = €(x)),  mo(x) = (A(x)) = (A(x))r, (199)

where we introduced the notation

(F(x)) =Te[p(HF(x)],  (F(x)) =Tr[pi(HF(x)] . (200)

Note that the conditions (199) define the energy density ¢y(x) and particle-number den-
sity ng(x) as non-local functionals of ag and By, eg[wo, Bol, nolao, Bo), the reason being that one
integrates over all values of a(t,r') and Bo(t, 1) on the whole space-time hypersurface in Equa-
tions (197a,b), while x# = (t,1) is a given point on that surface in Equation (199). Inverting
this functional dependence defines temperature and chemical potential as non-local functionals
of &g and nyg, ag[eo, 19, Boleo, no). However, in the fluid-dynamical description, one needs to
define thermodynamical parameters as local functions of the energy and particle-number
densities, just as in global thermodynamical equilibrium. This can be done by assuming
that all fluid elements where local equilibrium is already established are statistically inde-
pendent of each other [174]. In other words, the local-equilibrium values (¢); and (#); in
Equation (199) should be evaluated formally at constant values of xy and By, which are then
determined by matching (¢); and (#); to the real values (&) and (71) of these quantities at a
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given point x* in space-time. This assigns a fictitious local-equilibrium state to any given point,
such that it reproduces the local values of the energy and particle-number densities.

While the local-equilibrium statistical operator (197a) reproduces the local values
of the macroscopic observables ¢ and #, it does not satisfy the Liouville equation (in the
Heisenberg picture)

dp(t)
=0, (201)

and, therefore, cannot describe non-equilibrium processes.

As shown in [173], by averaging over initial states, one can derive a statistical operator
which fulfills the Liouville Equation (201) and incorporates irreversible thermodynamic pro-
cesses,

piy=QleAtB, Q—TreAtE, (202)
with
A = [ & [Bu(t )T (1)~ aolt, )R, 0)] (203)
B(1) = [ o [ _dn e, ), (203b)
E(t) = T (t,1)3,Bu (1) — NF(E, £)d0(t, 1) (2030)

The term A(t) corresponds to the local-equilibrium part of the statistical operator. The
term C(t) is a thermodynamic “force” as it involves gradients of temperature, chemical
potential, and the velocity field. Naturally, the term B(t) is then identified with the non-
equilibrium part of the statistical operator. Here, the exponential function ¢/~ is a
convergence-enforcing factor, as ¢ is a small positive parameter that is sent to zero at the
end of the calculation.

The statistical operator given by Equation (202) can now be used to derive the equa-
tions of motion for the dissipative currents. For this purpose, one treats the non-equilibrium
part (203b) as a perturbation. Keeping only the first-order terms in the Taylor expansion
of p(t) with respect to the operator B(t) yields the usual first-order Navier-Stokes the-
ory [166,168]. Including also all second-order terms in the Taylor expansion, one obtains
second-order dissipative fluid dynamics within the Zubarev formalism, as detailed in [173].

The expansion of the statistical operator (202) up to second order in B reads [173]

p=p+p1+p2, (204)

with N
pr(t) = [ x| dr[Ce(r) = (el

pa(t) = %(/d4x1d4x2 /01 dT./Ol dA [T{CA(xl)éT(XZ)} —(T{Cy(x1)Cx(x2)}),

— (G (x1)),Ce(x2) = Ca(x1)(Cr(x2)), +2<CA(X1)>,<Cr(x2)>,]ﬁz ., (205b)

~—

) ,] o1, (205a)

where T is the anti-time-ordering operator and we introduced
Re = e ™AL (206)

for any operator X, as well as

/d4x1 = /d3r1 /joo dt; (=0 (207)

Given the generic expansions above, we can now write down the statistical average of
an arbitrary operator X(x) with the help of Equations (200), (204), and (205a,b) as

() = (K@) + [ dix (200, C0) + [ dhaadio (X0, C0), ), (208)
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where we defined the 2-point correlation function
(%), Y1) = /01 dr (%) [Te() = (Felxn)),]), (209a)
and the 3-point correlation function
(X0, V(x )Z(X2)>E
= 1 [ e [ (T{R00 ) Ze(x2) — (2 (0)) Ze(r2) — V() Ze(22)),
- <m<x1>zT<x2>>, + 23 () (Ze(x)) ) }), - (209b)

Using the conservation equations in the Landau frame (where the energy diffusion
current vanishes), the operator C(t,r), Equation (203c), can be written as [173]

¢ = é1 + éz , (210)

where C; and C; are the first- and the second-order contributions in gradients and dissipa-
tive currents, respectively,

él = _,BOGﬁ* + ﬁoﬁ']u/a"w —-n-I, (2113)
CZ _ 7’8* (HG _ 7-[]41/(7}“/) +a*o-n. (211b)

Here, #* is the operator of the particle diffusion current, I = V*aj, and

5 = 5 AL a %P0
pr=p-—¢ 260 ano , (212a)
_ Ai aﬂ
/3 =2 26, + ano (212b)
N R atX() R aDC()
A= — 212¢
ae() 1o ano €0 ( )

The final step consists of consecutively inserting the operators I1, 7i#, and #A*" for X
into Equation (208), as well as € from Equation (210). Then, using Curie’s principle, one
eventually derives the following constitutive relations for the dissipative currents [173]
(note that we changed the notation of several transport coefficients with respect to [173], in
order to adhere to the conventions used in other parts of the present work),

I = 0+ {118 + Arir (0pu " — O11) — £p1,@ - 1+ Cpoyuy 0™ + 3307 +{a 11, (213a)
nt = st — 5, 1M 4 55170 — Ao, , (213b)

W= 2o — 21 4 00t 4 1730’\<V(7V/>\ + I (213c¢)

The transport coefficients in these expressions are given by Kubo relations. The first-order
coefficients read

C=fo [ at (9", 9" (1)) = — goimGE p (@) (214a)
=~ [ (# (0, ()) = 3 oo imGE () o (214b)
p=B0 [t (7 (), 4 (51)) = ~ 5 " 1mGE () L (2140)

where o )
GR,(w) = —i/o dtel“’f/ &Er([X(t,1),Y(0,0)]), (215)
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is the Fourier transform of the retarded 2-point correlator taken in the zero-wavenumber
limit and the square brackets denote the commutator. The second-order coefficients read

1 d? R T d2 R

{1 = E@ReGﬁ*ﬁ* (cu)‘wzo , ATy = —g@ReGmm(w)'w:O , (216a)
1 = gy e @) @160
G = B0 [ dtnidtin (5 (x), yslo0), 470 x)) (216¢)
G =5 [ dhudtn (9 (0, (v), 17 () ), (216d)
M= [dn (P08 (), == [da (@0 0), (216e)
Sy = 23@ /d4x1d4x2 (ﬁly(x),ﬁAY(xl),ﬁ*(xz)) , (216f)
A = 25ﬂ [ataidton (47 (0, 2 (), ) (216g)
i = —%/d‘lxld%z(fcﬁ(x),7%7‘5(x1),f1*(x2)> — 2Ty g—zs " (216h)
I = 2B} [ dhaadtea (7 (), 7} (n), 2] (32) (216i)
Bs = 5 [ dbuadn (000, 17 (0), 4 (12)) (216))

The most complicated coefficient is {3 in Equation (213a),
8o = A1+ 8+ eeo 02 + 2pegmoCeln + Yoo G/ (216Kk)

with
M= B3 [ dindbn (p (), P (), P (x2)) 216D
= g%g nogrn + 20T {1,09080 (g0 + po) + noll)eono] + 200 T [IPSUHU(SO +po) + noll’ngno] , (216m)
= po [ (200,97 () = = g Gl ()| (216n)
w=0

&n = o [ @ (30, * (1)) = — o= ImGEy. () L (2160)
0ete = %dd—;ReG;g(m e bm= %dd—;ReGE*ﬁw) L (216p)
and v, = %zﬂpo /9adb, with a,b = ¢p,n9. There are several things to note about

Equations (213)-(216):

(i) Equations (213) are the same type of constitutive relations for the dissipative cur-
rents as in BRSSS theory, cf. Section 3.5, and not relaxation-type equations, as in
Equations (23). However, with the same manipulation as there, i.e., replacing, e.g.,
o' — 7V /57, one can turn them into the latter type of equations, for details see [173].

(if) The transport coefficients (214), (216) are given by Kubo relations and are, thus,
intrinsically nonperturbative.

(iii) While the first-order transport coefficients (214) are given by 2-point correlation
functions, some second-order coefficients are given by 3-point correlation functions.

(iv) Not all second-order coefficients that appear in Equations (23), i.e., that are allowed by
Lorentz symmetry, actually show up in the Zubarev approach, i.e., their corresponding
values are zero.

(v) The relaxation times are given by second-order derivatives of retarded Green’s func-
tions, cf. Equation (216a), not by poles of the Green’s function in the complex frequency
plane [175].
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Finally, we note that transport coefficients can also be computed by embedding the
theory in background fields, whose variations allow one to define the correlators of con-
served currents and, consequently, transport coefficients via Kubo formulas (see [176,177]
for a review). For example, by considering metric variations, one can define retarded
Green'’s functions of the energy-momentum tensor. This has been particularly useful for
understanding the transport properties of strongly coupled theories in the context of the
holographic correspondence [178], which allows one to compute retarded correlators and
the respective transport coefficients via Kubo formulas for a vast class of gauge theories
with gravity duals [179-181].

7. Further Developments

We conclude this review by briefly mentioning some further developments in the
theory of relativistic fluid dynamics, but without attempting a self-contained presentation.
We start the discussion with anisotropic fluid dynamics, in which an alternative, non-
equilibrium reference state is employed instead of the local-equilibrium one to derive the
fluid-dynamical equations. This is followed by a brief review of maximum-entropy fluid
dynamics, where the form of the distribution function is determined from maximizing
an entropy functional. What distinguishes both anisotropic and maximum-entropy fluid
dynamics from the other approaches discussed in this paper is that they extend the fluid-
dynamical approach further into the non-equilibrium domain, by assuming physically
motivated parametrizations of the (possibly large) dissipative terms in T#" and N¥. Then,
we discuss relativistic transient second-order dissipative magnetohydrodynamics, in which
the dynamics of electromagnetic fields is coupled to that of the fluid, and show how to
derive it from kinetic theory with an external force term. Closing the chapter, we consider
the formulation of fluid dynamics where spin degrees of freedom are taken into account,
so-called spin hydrodynamics, which has received recent attention in heavy-ion physics.
It can also be derived via kinetic theory by enlarging the phase space to encompass spin
degrees of freedom.

7.1. Anisotropic Fluid Dynamics

Here, we briefly comment on some pertinent developments concerning anisotropic
fluid dynamics [182,183]. The latter has evolved into a very active field over the recent
years, with many applications in heavy-ion collisions [184,185]. We refer the reader to
the dedicated review [186] for a general discussion of anisotropic fluid dynamics and
its applications.

In ordinary fluid dynamics, one usually assumes a local-equilibrium reference state,
characterized by a single-particle distribution function fy, cf. Equation (83). In contrast,
in anisotropic fluid dynamics, one generalizes this to a non-equilibrium reference state,
characterized by a single-particle distribution function fy which is chosen to incorporate
certain properties of the system. For instance, the initial stages of a heavy-ion collision
feature a strong momentum anisotropy, which can be parametrized as [187,188]

fore = g 217
Jo = exp (B, [ QY — &) —a ’ @17)
where
Oy = uyuy +ElLyly, (218)
and /" is a space-like normalized vector orthogonal to u#,1-1 = —1,1-u = 0, characterizing

the direction of the anisotropy (in heavy-ion collisions, usually the beam direction). The
constant ¢ parametrizes the strength of the momentum anisotropy, while & and 3 are
parameters that allow to adjust the energy and the particle-number density in the system.
For ¢ — 0, the distribution (217) becomes the usual local-equilibrium distribution function,
and & — ag = Bop, p— Bo=1/T.

The rationale to use a non-equilibrium reference state like that given by Equation (217)
is the following: if one is far from local equilibrium, the deviation éf, = fx — fox of the
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actual single-particle distribution function fi, from the local-equilibrium one fy may be
large, |6fi| ~ fox, such that an expansion around the local-equilibrium state has bad
convergence properties. On the other hand, if the actual single-particle distribution fi
is already reasonably well approximated by the non-equilibrium distribution fy, then
the deviation é6f, = fi — fox may be small, [6fi| < 1, such that an expansion around the
non-equilibrium state converges rapidly.

As compared to the case of isotropic local equilibrium, the mathematical difficulty lies
in the fact that the three-dimensional subspace orthogonal to u# is now further subdivided
into a one-dimensional subspace parallel to /# and a two-dimensional subspace orthogonal
to both u# and I*. One defines the energy of a particle with 4-momentum k* as Ey,, = k- u,
its momentum component in /#-direction as Ey; = —k - I, as well as the two-dimensional
projection operator

BV = AW 4 MY, (219)

with A = ¢l —uly" being the 3-dimensional projection operator onto the subspace
orthogonal to u#. The tensor projections of fluid-dynamical quantities now become more
involved: in addition to the usual terms projected onto the direction of u#, they now feature
terms projected onto the direction of /¥, as well as terms projected using the projector (219),
e.g., for the particle-number 4-current and the energy-momentum tensor we now obtain

Nt =nut + " + VI, (220)
T = eutu? +2MulF 1Y) 4 PP — P B 4 2 W u) Lo wlig) 4o (221)

Here, in addition to particle-number density n and energy density ¢, we have denoted the
part of the particle diffusion current in the I#-direction by n;, while the particle diffusion
current orthogonal to both u* and I* is denoted by V¥. The pressure in the direction
orthogonal to both u# and I is denoted by P, while the pressure in the direction parallel
to 1" is ;. The projection of the energy-momentum tensor in both u*- and [V-direction is
denoted by M. The projection in either u*- or I#-direction and orthogonal to both directions
is denoted by W/ or W/, respectively. The only rank-2 tensor in the subspace orthogonal
to both u* and I" is given by the transverse shear-stress tensor 7'}".

Using the method of moments, one can derive equations of motion for second-order
dissipative fluid dynamics with a reference state parametrized by the single-particle dis-
tribution function (217), for details, see [189]. The resulting conservation equations and
equations of motion for the dissipative currents are too lengthy to quote here but can
be found in [189]. Usually, one restricts the application of anisotropic fluid dynamics to
the leading-order case, where 6f; = 0. Then, n;, M, Vi, W , W/, and 7" vanish, just as
in ideal fluid dynamics, while the pressure remains anisotropic, P; # P,, see, e.g., [188].
This case is closest to ideal fluid dynamics and only requires an additional equation of
motion to determine the anisotropy parameter ¢ in the distribution function (217). As
shown in [188], choosing the equation of motion for P; as derived from the system of
moment equations for the Boltzmann equation gives the best agreement with the solution
of the microscopic Boltzmann equation in relaxation-time approximation. The case where
all dissipative corrections to the anisotropic non-equilibrium reference state pertaining
to the energy-momentum tensor (but not to the particle current) are taken into account
was studied in detail in [185,190-192], where it was also shown that this theory is highly
successful in the description of data from heavy-ion collisions at high energies (where the
baryon number density is small).

7.2. Maximum-Entropy Fluid Dynamics

In this section, we shortly introduce the key concepts behind maximum-entropy (ME)
fluid dynamics [193]. As several other fluid-dynamical theories discussed in this review,
this theory is based on kinetic theory and was inspired by the application to relativistic
heavy-ion collisions, in which one usually concatenates methods of (macroscopic) fluid
dynamics to (microscopic) hadron-resonance dynamics [194]. While the evolution of the
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strongly coupled medium is characterized by fluid dynamics, at some point the system
becomes dilute, such that the description has to be switched to a kinetic approach. To
achieve the transition from a fluid-dynamical model, whose dynamical fields are given by
the conserved currents, i.e., N* and T", to a kinetic formulation, which is determined by a
phase-space distribution function f(x, k), some approximation has to be made about the
structure of f(x, k) in momentum space. One possible Ansatz that is widely used consists of
linearizing the distribution function around local equilibrium and truncating the expansion
such that the fluid-dynamical degrees of freedom remain. Explicitly, this corresponds to
restricting the sum in Equation (145) to ¢ € {0,1,2}, and choosing Ny = 2, N; = 1, and
Ny =0.

While straightforward, the problem with such an approach is that it puts strong
assumptions on the momentum-space structure of f(x,k). The more agnostic approach
put forward in [194] constrains the distribution function by demanding that it maximizes
the entropy density in the fluid rest frame, u - S, where the entropy four-current in kinetic
theory has been introduced in Equation (82a). This maximization is subject to the constraint
that the kinetic description of the fluid-dynamical degrees of freedom (particle 4-current
and energy-momentum tensor) matches the actual values of the latter. The result of this
procedure is the so-called ME distribution function

-1
fumg (%, k) = [exp (AEk - A—kakw + Mk<ﬂkV>) + a} , (222)
Ex Ex

where A, Ay, and v, are Lagrange multipliers defined by the relations

gy = /dK EifME , po+II= —% /dK AyykﬂkaME , = /dK k<#kv>fME . (223)

The distribution function (222) is similar to the Ansatz originally proposed by Israel and
Stewart in [8], except that they expanded this function around equilibrium and then
matched the expansion coefficients to the fluid-dynamical degrees of freedom. The lat-
ter can be done analytically, while the ME method requires a numerical evaluation of
Equations (223).

The distribution function fyp shares the feature of introducing a more complicated
momentum structure in the exponential with the anisotropic single-particle distribution
function fy, cf. Equation (217), although their explicit forms differ. Furthermore, while
fox is motivated by a concrete physical scenario, the ME distribution function is built to
accommodate information from any given fluid configuration in the least biased way.

As demonstrated in [193] for highly symmetric geometries, this distribution function
also provides a way to close the hierarchy of moment equations'*. The main idea consists
of replacing the actual distribution function by fyp in those terms which are not directly
related to the fluid-dynamical degrees of freedom. In this way, one is able to express
the terms in question as functions of the Lagrange multipliers A, Ay, and 7,,,y, which in
turn are related to fluid-dynamical quantities through Equation (223). This then closes
the system of equations, and the resulting theory of fluid dynamics is referred to as ME
fluid dynamics.

The procedure described above has been carried out in [193] for Bjorken and Gubser
flow geometries, using an RTA collision kernel. Indeed, the resulting time evolution of the
dissipative currents show good agreement with the underlying kinetic description, even in
the regions which are far away from local equilibrium. The method has not yet been put to
the test in fully (3 + 1)-dimensional flows, but work in this direction is ongoing.

7.3. Relativistic Second-Order Dissipative Magnetohydrodynamics

The derivation of second-order dissipative fluid dynamics via the method of moments,
as discussed in Section 5.4, can be generalized to the case where electromagnetic fields are
present, thus resulting in the equations of motion of relativistic second-order dissipative
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magnetohydrodynamics [155,158]. To this end, one starts with the Boltzmann equation (76)
in the presence of electromagnetic fields, which exert a Lorentz force on the charge carriers,

d
k-ofx + qFﬁvkafk = Clhdl, (224)

where q is the electric charge of the particles and F*’ the field-strength tensor of the
electromagnetic field. Here, we have assumed that there is only a single species of charged
particles, which do not carry an electric or magnetic moment. The latter would result in an
additional term on the left-hand side, the so-called Mathisson force [118].

The fluid-dynamical conservation laws look formally the same as in the case without
electromagnetic fields, see Equation (3), where, in the Landau frame,

Nt = nu' + nt (225)
is the particle number 4-current. However, now
TH = Thm + T (226)
is the total energy-momentum tensor of the system, where
Ty = —FMFY + % g" F*FF,g (227)
is the energy-momentum tensor of the electromagnetic field and
wa = eutu’ — pA¥ + 1t (228)

the energy-momentum tensor of the fluid.
The conservation laws (3) have to be supplemented by Maxwell’s equations,

9 F" =qN",  e"Po,Fp=0. (229)

These equations imply that
3 Thm = —qFV*Nj . (230)

From this and Equation (3) follows that the energy-momentum tensor of the fluid satis-
fies [2]
T =qF N, . (231)

The field-strength tensor can be tensor-decomposed with respect to the fluid 4-velocity
ul as
FM = EFyY — EVul + e””"‘ﬁuaBﬂ , (232)

where the electric and magnetic field 4-vectors E¥ = F*u, and B* = %ef“’“ﬁFaﬁuy, respec-
tively, with e being the Levi-Civita tensor.

The Lorentz-force term in Equation (224) gives rise to additional terms in the equations
of motion of the irreducible moments and, therefore, ultimately also in the equations of
motion of the dissipative currents. Applying the method of moments and working in the
Landau frame and in the 14-moment approximation, one arrives at the following set of
equations; for details see [155,158]:



Entropy 2024, 26, 189 61 of 83

I+ 11 = =00 — o 110 — 41y, Vo n — g - F — Appg - T+ A 0 0
—drmean-E, (233a)
Tt ™) 4t = seIF — 8 110 — L VPIL 4 £V, 0 4 1y TIEH
— Ty T Fy — Ay 0"y + A I — A e 7V 1, + 1?Vny,
—éyp 9BV ny, + 8, p 9 E¥ + 8, ig QUIEY + 6 g q T'E,, , (233b)
Tt M) 4 gt = 2ot — S TV + Lan V") — o nFY) 4 Ay o™
- 17;0 + A nt V) anny w?

— 0B quaﬁAngAﬂnKA +0mmEQ E<y nv) ’ (233C)

with B = +/—B-Band v* = —eF‘”‘ﬁuabﬁ, where b* = B#/B. The last line in each equation
contains the new terms due to the coupling to the electromagnetic fields.

Of particular interest is the Navier-Stokes limit of Equations (233b,c), where all second-
order terms are neglected. Counting electric fields as ~ O(Kn) and magnetic fields as
~ O(1) [196], one arrives at

n# = sI* + 6,p q EV — 5,59 Bb*'n,, , (234a)
Y = 20 — 8,5 B P Al grp T . (234b)
The Ohmic induction current is given by the second term of Equation (234a) (after multi-
plying by «),
D = oeE", (235)
with the electric conductivity
0 = qzéng . (236)

As originally noted by Einstein [139], the electric conductivity and the particle-diffusion
coefficient must be related by
o = 9*Box, (237)

which is the kinetic-theory version of the famous Wiedemann—Franz law. For the mass-
less Boltzmann gas, the validity of this relation can be easily checked using the relation
ue = 15M0PoAmsp and the fact that s = 3 npAmg, [42]. As noted in [197], this relation must
also hold for a different reason: in a state of constant T and u* and in the absence of
dissipation, an electric field induces a charge-density gradient such that

"= V”IXO = —qﬁoE” . (238)

This relation can also be found from the second-order transport equation (233b), setting all
dissipative quantities to zero, which leads to the condition »I# = —§,r q E*. This relation,
together with Equation (238), then confirms the Einstein relation (237).

A nonzero magnetic field singles out a particular direction in space and breaks spatial
isotropy. In this case, the Navier-Stokes relations become

M=-7"ou,, n'=sx"l,, a"=y"%ou,, (239)

with tensor-valued transport coefficients [155],

g = LB — bbb (240a)

SV = e B g BB — e b, (240b)
W;n/aﬁ =27 INGLL i (Ayv _ ggﬂv> (Atxﬁ _ ;Etxﬁ)

— 27 (5%%%5 n E”‘b”bﬁ) — 213 (EV"‘bV5 4 E”‘bf‘ﬁ) + 27 (bﬂ“b%ﬁ T b”‘b”bﬁ> . (2400)
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where B = AM + pFpY. In the 14-moment approximation, the scalar transport coefficients

are given by [155]
g =0L=¢, {x =0, (241a)
=, J@_:%, %X:%%, (241Db)
1+ (52qBGy) 1+ (52qBGy)
_ _ 41 9BGr)*
o = 1 27 m= g ( 19 ﬂ:) 27 (241C)
14 (279BGx) 1+ (279BGx)
2
o = 3y —19BIn)” L (241d)
1+ (79BGr)” 14 (27aBGx)
_ na9BGr _ 71 9BGx
mB=——0, Ma=nN——, (241e)
1+ (2179BGr)? 1+ (79BGr)?
where g, 5, and 7 are the usual transport coefficients for vanishing magnetic field,
2 (0) (1) (2)
(=20 k=N, = (242)
Ly Lo Lo

with the zxéé) defined in Equation (151) and E(()g) defined in Equation (153b). Furthermore,

(1) 4 4h (2)
g, =70 % o _ o (243)
NO) 22
0 0
are thermodynamic functions depending only on «y and 8y, with ]-'1(5) from Equation (183)

and a} = —BoJxn/ (g0 + po). Equation (241a) implies that the Navier-Stokes limit for the
bulk viscosity is the same as without magnetic field, IT = —Z6. This holds at least when the
magnetic field is not too strong, such that Landau-level quantization can be neglected and
Equation (224) remains valid. For bulk viscosity in strong magnetic fields, see [198]. The
transport coefficients for particle diffusion and shear stress, however, are different when
the magnetic field is nonzero.

Finally, we note that including dissipation in relativistic magnetohydrodynamics is
relevant for various fields besides heavy-ion collisions. For example, dissipative effects
are expected to be non-negligible to describe the plasma surrounding supermassive black
holes [199]. This follows from the fact that low-luminosity black holes cannot accrete matter
at a rate that balances dissipative effects. This, in turn, heats the plasma and expands it into
optically thin disks of hot, low-density charged particles. Such systems are thus expected to
be nearly collisionless, as the collisional Coulomb mean free path is expected to be orders
of magnitude larger than the black hole-horizon radius. Therefore, at least naively, the
Knudsen number of the system is much larger than unity. This should serve as a solid
motivation to investigate the properties of dissipative relativistic magnetohydrodynamics
further [78,155,158,200-204] and its extension to the far-from-equilibrium regime.

7.4. Spin Hydrodynamics

The fundamental conservation laws of fluid dynamics, Equations (3), are, by Noether’s
theorem, the consequence of continuous symmetries of the system. While the conservation
of, e.g., the electric-charge current (which is equivalent to the particle-number current in
a monatomic fluid) arises from the U(1) symmetry of electromagnetic interactions, the
conservation of energy and momentum follows from the invariance under the group of
space-time translations R13. In general, however, a relativistic system should also be
invariant under the homogeneous Lorentz group SO(1,3), which leads to the conservation
of the total angular momentum,

oM =0. (244)
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Since the total angular momentum can be decomposed as
JAY = oMYk 4 gAn (245)
where SM = —SMI is the spin tensor, the conservation law (244) becomes
9, SMY = oTlvHl (246)

where we used energy-momentum conservation. For a fluid consisting of particles without
spin, S*" = 0, the conservation law (246) is automatically fulfilled as long as the energy-
momentum tensor is symmetric. In the case that the spin tensor is nonzero, this situation
changes'®.

In order to properly describe fluids whose spin tensor does not vanish, the rela-
tion (246) has to be included as a set of additional equations of motion describing the
evolution of the spin tensor. As in the case of usual fluid dynamics, it is clear that, in the
dissipative case, the conservation laws are insufficient to determine all independent degrees
of freedom of the system. In particular, Equation (246) provides six equations of motion,
whereas the spin tensor has 4 x 6 = 24 components. The conservation of the total angular
momentum may be taken to describe the evolution of the so-called spin potential Qf", which
is an antisymmetric second-rank tensor and thus has six independent components, similar
to the electromagnetic field-strength tensor. This spin potential, which can be decomposed
into electric- and magnetic-like parts,

ng = 2u["1cg] + e’“’“ﬂuawoﬁ , (247)

may be taken to be the intensive variable which is the thermodynamic conjugate of the
spin density. In global equilibrium, it has to be constant and equal to the so-called thermal
vorticity @ = alVgHl [125,127], whereas in general, it is a spacetime-dependent field whose
evolution is determined by Equation (246). It has been found that, when considering small
perturbations around a static background, the components of the spin potential show a
wave-like behavior [213].

To describe the full behavior of the spin tensor in the dissipative case, essentially
all methods presented in the previous sections can be applied. There have been numerous
works deriving the additional equations needed from the entropy principle [214-216], Zubarev’s non-
equilibrium statistical operator [217,218], Lagrangian hydrodynamics [219,220], Chapman—-Enskog
theory [221], coupling to torsion [222-224], and kinetic theory [87,122,123,127,156,225-228].
The linear stability of spin hydrodynamics has been addressed in [87,229,230], and steps to-
wards spin hydrodynamics in the presence of electromagnetic fields have been undertaken
in [231-233]. While a full account of the various formulations of spin hydrodynamics as
described above is outside the scope of this work, we will outline the most salient features
when considering a formulation based on quantum kinetic theory, which is similar to the
procedures discussed in Section 5.

One important difference to standard kinetic theory lies in the fact that the phase space
consists not only of position and momentum, but acquires an additional spin degree of
freedom, which is realized through a space-like 4-vector s* of length ¢ which is orthogonal
to the 4-momentum k¥, with the associated measure dS(k) = (k/om)d*sé(s? + 02)d(k - 5)'°.
Consequently, the single-particle distribution function will depend on position, momentum,
and spin, f = f(x,k,s). Note that in the case of a distribution that does not depend on spin,
the integral over spin space reduces to a simple factor, [ dS = 2s + 1, with s being the spin
of the particle.
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The Boltzmann equation that determines the evolution of the single-particle distribu-
tion function also receives a few important modifications: In the case of spin-1/2 particles
interacting via binary elastic scattering, it reads

k- 8f(x, k,S) = % /dl“l drz dF’ dEW[f(x + Al — A, kl,sl)f(x + Az — A, k2,52)
—fx, k3 f(x+A —AK,$)], (248)

which has to be contrasted with the standard Boltzmann equation (76). Note that we
defined the measure dI'; = dK;dS;(k;) and assumed classical statistics to obtain a simpler
expression, although quantum statistics can be included straightforwardly [122].

There are two things that are noteworthy about Equation (248). First, one of the
distribution functions in the loss term depends not on s#, but another spin vector s* that
is integrated over!”. The second, and arguably more important, modification lies in the
appearance of the shifts in the position of the particles given by A} — A#, AY — A¥, and
A" — AP, These shifts are uniquely determined by the kinematics of the collision, in the
sense that they depend on the momenta and spins of the particles participating in the
collision, for explicit expressions, see [122]. Furthermore, they induce a nonlocal part of
the collision term, implying that the particles no longer scatter at the same space-time
point. The reason for this is rather intuitive: if a collision is local, i.e., all particles collide
at the same space-time point x*, one can shift the coordinate system such that there is no
orbital angular momentum at the time of the collision. Since the total angular momentum
is conserved, this implies that there can also be no net spin exchange in such a collision.
In a nonlocal collision, however, there is always a nonzero amount of orbital angular
momentum, which thus can be converted into spin. This nonlocality of the collision term is
what allows the spin degrees of freedom to equilibrate and hence determines the approach
of the spin potential Q)" to its global-equilibrium value @"".

We further remark that, at this point, a new length scale enters the theory beside the
mean free path and the fluid-dynamical scale, namely the Compton wavelength A¢c ~
h/m ~ |Al, which is on the order of the interaction range and thus much smaller than A,
The ordering of scales in the problem is then A\c < Apg < L, and in addition to the usual
Knudsen number Kn = Apg,/L one can introduce a quantum Knudsen number x = Ac/L <
Kn, which characterizes how well the underlying wavepackets can be approximated as
point particles.

The local-equilibrium distribution function feq is defined by the requirement that the
local part of the collision term vanishes, leading to the solution

feq(x,k,5) = exp (ao — BoEx — s%e”””‘ﬁﬂwkwsﬂ) . (249)

It is important to note that requiring the distribution function to make the full collision term vanish
(and not just the local part) leads to the additional requirements d(,, 3,y = 0 and ng = @, which are
indeed the conditions for global (and not just local) equilibrium [127,156].

When moving on to construct dissipative spin hydrodynamics from such a quantum
kinetic theory, the method of moments introduced in Section 5.4 can be applied, albeit with a
few modifications. After splitting the distribution function into equilibrium and dissipative
parts, fic = feq + ¢ fis, ONe has to account for the structure of éfi; both in momentum and
spin space. In particular, in the case of spin-1/2 particles, one has to consider two sets of
irreducible moments,

pylwm = /drEI};kOAl .. .kW>(5fk5 , (250a)

Tﬂ'ﬂlmw = / dl"Eli'(ﬁ}lle - kyk)dfks , (250b)

which differ by the number of spin vectors. It is, in this case, sufficient to only consider
moments with zero or one power of s* since the distribution function is at most linear in the
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spin vector [156]. This situation changes in the case of particles of spin 1 (or higher), where
additional moments with more spin vectors have to be included [127,234]. The equations
of motion for the moments /""" can be obtained along the same lines as Equations (150),
but we do not list them explicitly for the sake of brevity.

In kinetic theory for spin-1/2 particles, a possible representation of the spin tensor is

given by
1 h
A A pvap (]
S m /dl"k (6 k,xslg + 72mk d )f(x, k,s) . (251)

Ignoring the second term in parentheses, which does not enter the equation of motion (246),
we can express the dissipative part of the spin tensor as

s = o [ arter ety

1

1
_%SHWX.BAAP |:ulXT1,((/S),p) + gA,UfX (szO,B — Tz’/g> =+ TO,,B,IXP:| , (252)

where we used the Landau-type matching condition 1, 55" = 0. From this expression, it is
clear that the irreducible moments that are connected to the spin tensor are given by'®

ph = TO<#> ) S = 2T1(<”>’<V>) ) g = Té)\wv . (253)
Here, 7}’ is not listed because it can be related to the other quantities through the matching
condition [156]. After employing the equations of motion for the irreducible moments
7 one finds

7p M) 4 pt = (O ehvaby, (0043 - %) +O(KnRe ), (254a)
73M0) 4 = O(KnRe 1), (254b)
Tqq M) 4 g Y = 2@ By, eI, + O(KnRe ) . (254¢)

Here, ¢(?) and 2(?) are transport coefficients which determine the Navier-Stokes limit of
the dissipative components of the spin tensor, while Ty, 7;, and 7; denote the respective
relaxation times. We remark that the coefficients ¢(?) and 2(>) are determined solely by
the nonlocal part of the collision term, whereas the relaxation times arise solely from
local collisions.
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Appendix A. Absence of Terms with Comoving Derivatives in Equations (24) and (25)

In this appendix, we will prove that certain second-order terms involving comoving
derivatives can be converted into terms already listed in Equations (24) and (25). Let us
generically denote dissipative quantities as A, i.e., A € {II, n#, 7"}, and primary fluid-
dynamical quantities as B. For the latter, we choose the set {ag, By, u#}. Then, the second-
order terms in question are of the following types:

(I)  AB, (Ala)
() B> or BV'B, (Alb)
() B, VB, or u-3(V'B). (Alc)

Terms of type (I) formally belong to the class of terms 7, 7/, or J"", while terms of types
(II) and (III) belong to the class of terms K, K*, or K#*V. The reason why these terms are not
explicitly given is that, using the equations of motion (4), they can be converted into the
terms already listed in Equations (24) and (25). This will be proved in the following.

We first note that, since the terms in question are all of second order, we may use the
equations of motion (4) to first order, i.e., we may omit all dissipative quantities as well as
the possible corrections d¢, én to energy density ¢y and particle-number density n, of the
fictitious local-equilibrium state to which energy density and particle-number density are
matched. Then, the equations of motion (4) become

. Bno ai’lo .

g = —| &g+ — = —ngb, A2a
0= S, . o+ 360 aoﬁo 0 (A2a)
R 880 880 .

= — 4+ — = —(eg+1p0)0, A2b
0= 3a , o+ 36 ao'BO (0 + po) (A2b)

)z

= (A20)

€0+ po

where F* = V#p,. Equations (A2a,b) can be solved for & and By, with the result

g = A(wo, Bo) 0, Po=Blao, Po)b, (A3)
where
(20 + po) S| —np 2
Ala, Bo) = 9PBo |4, 9Bo |4, = —B aﬂ (Ada)
/ ng| oe| _ om| 2w ang |, ’
atX[) ,BU aﬁ(] g 3‘5[) gy aDL(] ,BO 0
(0+po) G| —ng g
_ Bo o lg aﬂ
B(IXO,,BO) - aﬂ ﬂ _ % aﬂ - :BO 880 Y (A4b)
aﬂto ‘BO 8/30 a 8[30 gy atXO ,BO 0

In order to obtain the last equalities on the right-hand sides, we have used the thermody-
namic identity (31) as well as the Maxwell relation

%
alXO

_ ai’lo

—_9m A5
g 9o (49

Bo
Equation (A3) tells us that the comoving derivatives of «y and By are proportional to 6,
and the proportionality factors are functions of the thermodynamic variables a, By of the
fictitious local-equilibrium state to which energy density and particle-number density are
matched. In the following, we consider the three different types of terms (A1) separately,
and in each class, we distinguish Lorentz scalars, vectors, and rank-2 tensors. The lat-
ter two are also projected with A* and AZ;, since only these projections are relevant in
Equations (23b,c).

()  Terms of type (I) can be
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@) Scalars:
. n-F
iy = AT10, T1By=BIIO, n-u= , A6
0 Bo T o (A6)
where we used Equations (A2c) and (A3).
(ii) Vectors:
. p pv
nfiag = A0nt, nlBy=Bon", Hu”:i, i, = T hy , (A7)
€+ Po €+ Po
where we used Equations (A2c) and (A3).
(iii)  Tensors:
n(VFV> .
nligV) = 22— gao= Ao, ' py=Bnre, (A8)
€t Po

(In)

where we used Equations (A2c) and (A3).

As one observes by comparison with Equations (24), the right-hand sides of
Equations (A6)-(AS8) are all proportional to terms which appear already in the former
equations.

Terms of type (II) can be
i) Scalars:
15(%:./4292/ B%:BZQZ/ dOBOZABGZI = LE 27 (Aga)
(e0 + po)
iV -u=A6, BV -u=B6*, (A9Db)
i-Vay = I i-Vpo= 0 Fp.]- Po_p.p, (A9¢)
€+ Po €+t po €t Po

where we used Equations (A2c) and (A3), and the thermodynamic identity (31).
(ii) Vectors:

vl — OFF, Bout = 6 FH, Al
kol Py Botl P (A10a)
dovyDCOIAGIV, Bovyl){O:BQlV, (AlOb)
aovulgozﬂgwiﬂglwl (A10c)
€0+ po €+ po
5 Bi’lo B‘BO
pg, — 270 g _ 2P0 pgppu
Bo V¥ Bo €0+p091 £O+p09F , (A10d)
i H uv
e — L 0 L Vi, = 0", vy, = WhE, ) (A10e)
€0+ po €0 + po €0+ po

where we have used Equations (A2c), (A3), and (31), as well as the definition
VVaO = " and V<VMV> = va’ v[yuy] -
(iii)  Tensors:

(v Fluv)
dugy = _EPET gy,
u\tg? = , v = , Alla
(SQ + po)z " %o €0+ po ( )
egvig, — M0 plup) _ _Po piup) Allb
u ’

Po (g0 + po)? (e0 + po)? ( )
o V) = A0, By VHu =B, (Al1c)

where we have used Equations (A2c), (A3), and (31), as well as the definitions
VHiay = I* and V) = ghv,
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As one observes by comparison with Equations (25), the right-hand sides of
Equations (A9)—(A11) are all proportional to terms which appear already in the former

equations.
(III) Terms of type (III) can be
(i) Scalars:
. V.F Bo  deo F-F
Veog= 2" _[1- o0 _
R ( €0+ po 9Po oq)) (€0 + po)?
380 no 380 F-1
- = — —_—, Al2a
<90¢0 o €0+ Po 9Po %) (e0 + po)? (A122)
. F-F 62
—V.g— — o Wy 2
0=V -u ot ol ooy + ' wyy 3 (A12b)
i = A6+ A0 = A6+ o4 A+M B 6%, (A12¢)
aIXO Bo 8‘50 a
Bo—Bi+Bo—Ad+ | B a4+ B| ple, (A12d)
Bao /50 8[30 a

where we have used Equations (A2c), (A3), and (31), the definition V#ay = I¥,
as well as the relations F-u = 0, c#*u, = 0, w*’u, = 0, and o#u" = utu’ + %QN‘” +
otV + wh,

(ii) Vectors:

Viiy = AVH0 + % Mo % oIH — A % 6FF, (Al3a)
9o g, €0+ Po IPo g, €0+ Po 9o [,
. oB ng 0B Po 9B
VHBy = BVHO + [ =— — o1 — —| 6F*, (Al13b
& (6“0 gy €0t Po 9Po ﬂto) €0+ Po 9ol (A130)

I = A - 3(Vyag) = VHig — A 0 FF — 191" — (" + "), ,  (Al3c)
€0+ Po 3
no n()A no .
APy 3(V,Bg) = — ( —B)()I"+ it
(Vvbo) Bo(eo + po) \eo + po €0+ po
! ( A op 50)613” ~ oy, (A13d)
€0+ po \ € + Po €0 + po
i) = AWV, = — ! ( mA g )GFV + EW A13
1\ = 1 , e
! Bo(eo + po) \ €0 + po o €0 + po ( )
where
. B A on B oe
T ono | 98
<3+‘BO+£O+P0 aﬂo 0 £0+P0 aﬁo ag
ng oA B
= - Z eFr
€0 + po 9Bo ag dBo "‘0)
1 no a(TloA) ‘ no a(ﬂo.A)
_ A _ B _
ﬁ0{80+p0 [n0A — (g0 + po)B] ( e i

ng  9[(eo + po)B]
g, €0t Po 9o

n ( 9[(e0 + po)B]

BIXO

o1
ag

oA Eo 4 PO)B Gug (w4 i, | (A13f)

Bo

Here, we have used Equations (A2), (A3), and (31), as well as the definition
VFag = I* and o#u¥ = uti¥ + %BA”V + otV 4+ WtV
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(iii)  Tensors:
v v FV) EHEY) Bo 9
AP = i) = 1— P00
p eo+po (e +po)? €0+ Po 9Po |4,
. VIV 880 no 860 (A14a)
(g0 + po)? a0¢0 80 +po 9Bo 0

ap €+ Po A A

> Flgv)
%]

)F@‘FW} . (Al4b)
Xo

o 9%
€o + po 9Bo

Ay B(V“uﬁ> — gl — VY % Qo — (7/\<1‘(7V> - —w/\<va>

ﬁo g0
+(2- =0
< €0+ po 9Po
where we have used Equations (A2), (A3), and (31), as well as the definition

Viag = I" and o#u¥ = ubi¥ + L0AM + oV + wh.
As one observes by comparison with Equations (25), the right-hand sides of

Equations (A12)—(A14) are all proportional to terms which appear already in the
former equations.

Appendix B. The Irreducible Tensor Basis

In Section 5, the irreducible moments of the Boltzmann equation, k(... k) were
particularly useful for the derivation of the various formulations of the fluid-dynamical
equations of motion. In this appendix, we motivate the definition of such basis, which
is more formally given in [115]. In practice, the basis is constructed from the product
kiaktz ...kl An irreducible basis allows us to solve linear integral equations such as
Equation (101). The main advantage is the possibility to separate each tensor-rank compo-
nent of a scalar equation such as Equation (108) or the expansion (143) by integration and
use of the orthogonality relation

H(Ek) - CfAV] 1//5[7” 7 (A].S)

Vm >

/de KOk,

where H(Ey) is an arbitrary weight function of E,, which is assumed to be sufficiently
regular so that the integral converges. The tensor on the right-hand side, A}}, only
depends on space-time and will be defined below, as well as the proportionality constant
cy. With this basis, it is also possible to generate the set of equations of motion (150) for the
irreducible moments p}" """ from the Boltzmann equation.

We start the construction of the basis by assuming gl((o) = gl (Ey), an arbitrary scalar
function in momentum space, as its first element. Then, we want to construct a vector from

k#* which is orthogonal to the arbitrary scalar function gl((o), having H(Ey) as its integration

weight. Then we would like to compute the inner product between 81(<0) and g]((1>k”, where

gl((l) = ¢W(Ey) is another arbitrary scalar function in momentum space
0) ,(Vpp _ u
dK H(Ey)g, & 'k o1 (x)ut, (A16)

where the above equality is established from the fact that integration in momentum space
implies that the result will only depend on space-time coordinates. Moreover, u* = u#(x) is
the only space-time dependent vector present in the integration. From the normalization
of the 4-velocity, we derive that g (x) = [ dK g, (0) g1(< )EkH (Ex). Then, to have an orthogonal
basis in tensor space, we conclude that we must project Equation (A16) with a projector A*
such that A"y, = 0. This is achieved by A" = ¢’ — u#4¥, and we defined that the second
member of the basis is k) = A*k,. In this manner, we see there is no way to construct
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a space-time-dependent vector so that the inner product does not vanish, and we have
JdK gV ek H(E) = 0.

As the next step, we would like to derive the third member of the basis from k*k". To
that end, we compute the inner product of this tensor with the two former members of
the basis

[ dKH(E 8K = hoa(0)uu + poa(x)g™ (A172)
/ dK H(Ey)gl k@) g kY = hyy (x) (MY + A% ult) (A17b)

where the above expression is established by seeking the most general space-time depen-
dent rank-2 tensors which are linear combinations of u#u” and g"V. Equation (A17b) is
established by the fact that the index « can only contain components orthogonal to u* and
that the integral is symmetric in y,v. Hence, we conclude that imposing property (A15)
means that we should project Equation (A17) in the indices yu, v with a tensor A:f that is
constructed to be fully orthogonal to u*, u”AZ; =0= uVAZ;, and traceless, AZ;gW = 0. This

is achieved by Agg =(1/2) (AZA% + A} Ag) — (1/3)A" Ay, which, without loss of generality is
also doubly—symm?tric, meaning that Al = Al = Al Hence, kik") = AlLk*kP is the third
member of the basis.

This procedure can be extended to higher-order tensors. In general, the inner-product

integral in the (¢ + 1)-th step of the procedure reads

/dK H(Ek)gl((”)k<l41 - -k"">gl(f)kvl RV

— Z hl’l/k(x) Z A,ul"'ﬂnvl"'vitgvn+l1/n+2 .. gvr1+kvn+k+l lel+k+2 e MW‘, n= O, L ,e -1 , (A18)
k=0 v

where o, and p, denote permutations in the  and v indices, respectively. Then, in general
we are able to reproduce property (A15) by projecting k#1k*2 - - - k¢ with a rank 2¢ tensor
ApLE such that it is completely orthogonal to u#, A} u% =0,V k =1,...¢, and traceless
ALTH Y% =0,V j,k = 1,...L. Hence, we have the general irreducible tensor k% ... k#) =
ALY - kv as the (£ +1)-th member of the basis. Moreover, we have that the projector
Ayl is constructed from linear combinations of products of the fundamental projectors
AM. The final result was constructed in [115] and reads

[¢/2]
APV Ve — Z j(\:[ék Z AFIH2 o APk AVIV2 L AVI-1Vak APk V2R L ABOVE (A19)
k=0 Uk ©u v

where [£/2] denotes the largest integer not exceeding ¢/2, and

(2 (20— 2k)!

Co = (_1)k(2£)! kI — )10 —2K)! 7 (A20a)
1 0 \?

We close this appendix with the computation of the proportionality constant in
Equation (A15). First, we establish that the right-hand side is proportional to the above-
defined projection tensor A}, because it is by construction the tensor which obeys the
above-mentioned orthogonality and tracelessness properties of k{1 - .. k). To obtain an

expression for ¢, we can contract Equation (A15) with g - - - g,/

1 " :
¢ = T /de@h -~k”‘¢>k<m + ok H(Ey) - (A21)
Hieephe

The product ki - . ~kW>k<’A1 ---k,,y can be computed using the definitions (A19) and (A20),

2
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Z/Z
K kO, ok = (Awﬂkak@ 2 Cu, (A22)

where the sum can be performed by realizing that the coefficients Cy are related to the coefficients of
the Legendre polynomials Py(x) [48]. The latter admit the representation [235,236]

e/2] (/2]
I (25 ) ey 1
Py(x) 2@ Z TRl — 2" 7 2 Z Ca™ (A23)

From the property Py(1) = 1, we have that

1 2 (1/21
7 2 Z C[kx =1, (A24)

and, thus, we conclude that

KOk, ok CEEVISSTS (A25)

i #e) = (25_1)n(

where the definition (2¢+1)!! = 1-3-5---(2¢ + 1) has been used. Analogously, we can
compute that

At =20+1, (A26)
so that finally, we obtain
1l g
/ ARk - kMK ok, HE) = T IE A o / dK (AMk,k,) H(E) . (A27)

Appendix C. - and R-Terms in DNMR Theory

In Section 5.5.1, Resummed Transient Fluid Dynamics following the DNMR truncation
scheme has been discussed. This results in equations of motion of the form (23). Then, the
dynamics is fully determined once the various transport coefficients in Equations (24)—(26)
are provided as functions of temperature, chemical potential, and the cross-section of
the processes involved. In Equations (187)—(189), expressions for the 7-terms, which are
O(KnRe™ 1), are given. In this appendix, we also display the expressions for the K- and
R-terms, which are, respectively, O(Kn?) and O(Rei_l,Re]._l) in the power-counting scheme,
as computed in [42,157,161].

All R-terms originate from the nonlinear moments of the collision term, ij 1} " (see
Equation (152)). In the limit where quantum-statistical effects are negligible, N7 is
quadratic in ¢y. In this case, the scalar, vector, and rank-2 tensor nonlinear collision
moments can be expressed, respectively, as [157]

No Ny o Ny Ny
Neoi=Y Y %00+ Y Y Z colmm) patng (A28a)
n=0n'=0 m=1n=0n'=
" o Ny Nm+1 mm+1
‘X i
N -1 Z Z Crnn’ PnPn/ + Z Z Z Crnn’ n' pn’,ucl-~~oc,,, ’ (A28b)
n=0n'=0 m=1n=0n'=
uv o Ntz No (m,m+2) uv
j\/’ = Z Z Z Crnn’ le "M‘pn’,le---zxm
m=0 n=0 n'=l
Ny o Nu Np mm P <H l/>
Z m
+ 2 Z Drnn’ p" pn’ + Z Z Z Drnn’ Pn Sy T (A28C)

n=0n'= m=2n=0n'=
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where we have introduced the nonlinear collisional integrals

climm+l) _ 1

rnn’

,D2(m,m) _

rnn’

in terms of which all the coefficients ¢, ...
mation. In [157], only the factors d(!) = 5 and d(?)

-1 ,
= m/deK/deQ/ Wior— qqr for fow B Tk -+ ki)

m m—+{ v
X [Hgn) H((]’njr )17<V1 o q m>q<y1

+(1- 5m,m+z)7-lf;,';) Hé’:f@ g

L JeVm) 3!
k k<

q;/lp q1,/1 e q’vm>
.. q”/m> q<
. .k;ﬁ k; K

Vm)

k|

. .q}"l qu . . .qu>

) O

- (1 - (5m m+Z)H(m) Hlinr:’-‘r() k/<Vl o k/Vm> k<
o7 [ AK K dQ Q' Wi gq fofor Ef, kK

B)

Zd 111
x (Ha Ml g
. k.Bm>

‘7<v‘7ﬁ.,+1 - "7,5,,,>

_HI(JZ) 7—[1<:/"), k( KB+ .. k,(v kﬁq+1 a 'k/ﬁvﬂ) !

Equation (A29b) have been computed.

Appendix C.1. Bulk Viscous Pressure Equation of Motion

(A29a)

(A29D)

, ¢g can be expressed in the 14-moments aproxi-
= 35/12 appearing in the denominator of

The transport coefficients associated with K (see Equation (25a)) in the bulk viscous
pressure equation of motion can be expressed as [161]

~ No
P (-
r=3

(o=

0= Z TOr Fr (o, o) +

m 0
L0

0
),
212 2 No—2

2
Tf(gg) (réz) - 7;2))’7 - % ; Té,%z(w 1)(’7 50)77> G1,

N(] N(]

Z 70 r+1)<§r

2 2 No—2
o) e 6 - 0).
r=3

rO (;)

s _m* ) o M _ )
€4_7T00 (%+80+P0 350>(r1 T >%

m N (9 om0 1)
T3 L TO,V+1<% o %) (’fr =y %> /
Zs = _2(g0 + po) + PoJao z
° (e0 +po)? '
s (e0+po)ao—nofzo » m* 1 0 o M _ @
b= (e0 + po)? TS et po ™ 3In o <1“1 N )%
m2 1 Ngl g 0 (1)
B 7222 T0,7+1(r+1+731 B )("‘f—Qro %) ,
. m2 0 1 1 m2 No=1
b= T (s T ().
: _ G
gS - 80 +p0 7
where F,(xg, Bo) is defined by
(ér ,0 C) = Fr(“o:ﬁo)e .

(A30a)

(A30b)

(A30¢)

(A30d)

(A30e)

(A30f)

(A30g)

(A30h)

(A31)

We remind the reader that the quantities yﬁa and Fﬁé) have been defined in Equations (185).
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The transport coefficients associated with R (see Equation (26a)) in the bulk viscous
pressure equation of motion can be expressed, in the 14-moment approximation, as

9
1= —rmCoy . (A32a)
92 = Coyy” s (A32b)
P3 = T1 C[())(()éZ) . (A32C)

Appendix C.2. Particle-Diffusion Equation of Motion

The transport coefficients associated with K* (see Equation (25b)) in the particle-
diffusion equation of motion can be expressed as

o o (9 o 9\ (- _.@
= 2T00 (aao + €+ po aﬁ()) (rl T )7]
Ny -1 o @ o
-2 Z TOr+1<aa0 + €0+p0%>(r/7—0r0 ’7)

2m® _q)/.a 1 2m2 N2? g 1
- TTSO) (rg - ))%+ 5 Zé Ty r 1) (”r - QEo)%>
=

2 M 1 1
-3 ;2 -1 (%, - ngu) , (A33a)
. __ 2 @ 9 @ _ @
€0+p0TOO alnﬁo <r1 M >}7
2 Nil D (r+14 9 (17, - Q(2>17> (A33b)
€0 +p0 = 0,r+1 aln,B() T r0 ’
N
o |~ r+2  9H(ag, o) no  0H(ao, o) A
3 = rZZZTOr |:Gr(’x0/ ,30) + ( 3 + alXO + €0+ po 8‘30 (%r QrO 74)
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where we have employed the definitions

D (%, - QE}])%) = Gr(o, Bo)8 (A34a)
Mo, fo) = L E PO ok (A34b)

The transport coefficients associated with R¥ (see Equation (26b)) in the particle-diffusion
equation of motion can be expressed, in the 14-moment approximation, as

01 =T Coly (A35a)
3
95 =~z Cotg - (A35b)

Appendix C.3. Shear-Stress Tensor Equation of Motion

The transport coefficients associated with K"’ (see Equation (25¢)) in the shear-stress
tensor equation of motion can be expressed as

N,
n=2y o (1 —0%n), (A36a)

2
~ m
= { L w7 Ao o) + 5041 (5= 0F'n) | - ) (187 <o)

m? N2 o m2_(2) ((0 0
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fé Zréf>(2r+3) (e-0fe)+5 Zizroﬁ 2(r+2) (2 - Oié’)c)} , (A36b)
s = i{ ;TOV (4r+3) (1, — O ) — am*xd) (18 =2 )y

+ 4 ):71 T +1) (1 —953)77)} : (A360)

=

fa =211, (A36d)
5 = % {Nill'ozr 1(3i + SOTPO a%) (%’ *Qi(l))”>

— m2® <ai n 8ofjfp0 a%) (rgn B 751)>%

<t B (s ) ()] (a36e)
o = 2(50(—:0@)17-:)50]30 i (A36f)
= 5(eo i Po) { ;e +(f(?)f;0_) ok 1 Nfl Té ’) ! (7 A alaﬁ(J) (%’ B Qﬁé)%)

+ mz‘réé) alniﬁo (Tgl) - 7§1>)%+ m? ;:i: Té,zr)ﬂ (r +1+ al:ﬁ()) (%y - Q£[1)>%) } , (A36g)

o= 3 B (e ) - (1) ol ()| (ase)
o= 'ﬁ . (A36i)

where we defined
D (= Q) = Fir(wo, fo)6 - (A37)
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The transport coefficients associated with R* (see Equation (25b)) in the shear-stress tensor
equation of motion can be expressed, in the 14-moment approximation, as

3
96 = ——3Ci (A38a)
97 = Do, (A38b)
s = D) . (A38¢)

Notes

1

11

17

18

We note that [8] originally called their formulation “second-order” because their Ansatz for the form of the non-equilibrium
entropy current contains terms of second order in the dissipative currents. In modern language, one says that their equations of
motion have terms of first order in the product of Knudsen number and inverse Reynolds number, which is another small quantity
to be introduced below. For these introductory remarks, however, it may suffice to consider Knudsen and inverse Reynolds
numbers as synonymous.

We note that this definition of an inverse Reynolds number is not the same as that commonly used in the theory of turbulence in
the context of non-relativistic fluid dynamics [1].

See [70] for an explicit study at zero net particle-number density.

The property that, given regular initial data for the fluid-dynamical fields, local solutions to the equations of motion exist for
some time and are unique.

Even when one chooses Landau matching conditions (which would imply that v; =1, =v3 = &1 =&, = €3 = 0 = 0 = 63=0)
the BDNK equations of motion differ from the Navier—Stokes equations (35), discussed in Section 3.2. Similarly, if we consider
Navier-Stokes-like constitutive relations in general matching conditions (analogous to Equations (40), but containing only
space-like derivatives, so that, e.g., on = 0 and h# = —Af) the dynamics is still different from BDNK theory. This shows that
even though Navier-Stokes and BDNK theories share the same regime of applicability, they have different dynamical content.
This procedure can be extended to more general matching conditions, as shown in [98].

It would be better to use the terminology divergence-type formalism rather than divergence-type theories. We will, however,
continue to use “theories” since this is standard in the literature.

Observe that the number of degrees of freedom matches since ({, g,,,cjw) has 1+ 4 +9 = 14 degrees of freedom, as does
(NH, THY).

Note that since the system (75) of equations is symmetric if the system is hyperbolic (in the direction of wy,), it will then be a
first-order symmetric hyperbolic system (in the direction of wy,), for which standard local well-posedness theorems [56] can be
applied.

In both the definition of hyperbolicity and causality, the vector w, can depend on the fluid variables so that these conditions
might hold for some set of fluid states but not for others.

In particular, this allows for rephrasing their results in terms of the more familiar standard fluid-dynamical variables like the flow
velocity, shear stress, etc..

In the non-relativistic regime, the time derivative of fy.

Indeed this was only recently achieved, but only for a classical ultra-relativistic system of scalar particles with quartic self-
interaction [153].

This method is based on its nonrelativistic counterpart introduced in [195].

We note that the precise formulation of the spin tensor depends on the choice of the so-called pseudogauge, which distinguishes
between different sets of energy-momentum and spin tensors leading to the same total conserved charges. For discussions
addressing this point, see [205-212].

We remark that such a continuous spin variable does not imply that spin is treated classically. Rather, it is a mathematical tool to
condense all independent degrees of the underlying (matrix-valued) 2-point function into a scalar distribution function [125,127].
This is the reason why we pulled out an additional factor of 1/2 in front, such that it cancels with the dg-integral in the case of a
distribution function that is independent of spin.

In contrast to [123,156], we defined p# and ¢** to be orthogonal to the 4-velocity in all indices, since only these components are
independent.
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