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We present the first generalization of Navier-Stokes theory to relativity that satisfies all of the following
properties: (a) the system coupled to Einstein’s equations is causal and strongly hyperbolic; (b) equilibrium
states are stable; (c) all leading dissipative contributions are present, i.e., shear viscosity, bulk viscosity, and
thermal conductivity; (d) nonzero baryon number is included; (e) entropy production is non-negative in the
regime of validity of the theory; (f) all of the above hold in the nonlinear regime without any simplifying
symmetry assumptions. These properties are accomplished using a generalization of Eckart’s theory
containing only the hydrodynamic variables, so that no new extended degrees of freedom are needed as in
Miiller-Israel-Stewart theories. Property (b), in particular, follows from a more general result that we also
establish, namely, sufficient conditions that when added to stability in the fluid’s rest frame imply stability
in any reference frame obtained via a Lorentz transformation All of our results are mathematically
rigorously established. The framework presented here provides the starting point for systematic
investigations of general-relativistic viscous phenomena in neutron star mergers.
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I. INTRODUCTION

Relativistic fluid dynamics has been successfully used as
an effective description of long wavelength, long time
phenomena in a multitude of different physical systems,
ranging from cosmology [1] to astrophysics [2] and also
high-energy nuclear physics [3]. In the latter, relativistic
viscous fluid dynamics has played an essential role in the
description of the dynamical evolution of the quark-gluon
plasma formed in ultrarelativistic heavy-ion collisions [4]
and also in the quantitative extraction of its transport
properties (see, for instance, Ref. [5]). More recently, with
the observation of binary neutron star mergers [6-8], the
modeling of the different dynamical stages experienced by
the hot and dense matter formed in these collisions requires
extending of our current understanding of viscous fluids
toward the strong gravity regime where general relativistic
effects are important (see, e.g., Refs. [9-14]).
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The ubiquitousness of fluid dynamics stems from the
existence of general conservation laws (such as energy,
momentum, and baryon number) and their consequences to
systems where there is a large separation of scales, such that
the macroscopic behavior of conserved quantities can be
understood without precise knowledge of all the details that
govern the system’s underlying microscopic properties
[15]. Ideal fluid dynamics is the extreme situation where
dissipative effects are neglected and the theory’s basic
properties in this limit are reasonably well understood, both
in a fixed background as well as when coupling to
Einstein’s equations is taken into account [2,16,17]. We
remark that because all sources of dissipation relevant for
our discussion stem from bulk viscosity, shear viscosity,
and heat conduction, and following standard practice in the
field [3], we will use the terms viscous fluid and dissipative
fluid interchangeably. In particular, other sources of dis-
sipation, such as anomalous dissipation [18,19], will not be
discussed.

When dissipative effects are taken into account, the
behavior of fluids is far less understood (unless stated
otherwise, fluids, hydrodynamics, etc., henceforth mean
relativistic fluids, relativistic hydrodynamics, etc.), despite
the importance of viscous dissipation in cutting-edge scien-
tific experiments such as in studies of the quark-gluon plasma
or their expected relevance for neutron star mergers, as
mentioned above. Historically, a stumbling block has been
the difficulty of modeling dissipative phenomena while
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preserving causality. Causality is a central postulate in
special and general relativity, stating that the speed which
information can propagate in any system cannot be larger
than the speed of light [20]. This implies that a solution to the
equations of motion at a given spacetime point x is
completely determined by the spacetime region that is in
the past of and causally connected to x [20-22]. Of course,
this property must hold in relativity regardless of whether
dissipation is present or not [20]. While causality is typically
not an issue for most matter models under reasonable
assumptions [21], including the case of ideal fluids [23],
ensuring causality of fluid theories in the presence of
dissipation turned out to be a major challenge [2].

The challenges one encounters when modeling fluids
with dissipation, however, are not restricted to enforcing
causality. Another hallmark property of dissipative fluids is
stability. By this we mean that perturbations of a system
that is in thermodynamic equilibrium should decay in time.
This expresses the basic intuition that if dissipation is
present, the system will dissipate energy and, consequently,
small deviations from equilibrium will be damped, leading
the dynamics to return to equilibrium within some char-
acteristic timescale. Naturally, in order to implement this
idea in a given formalism one needs to specify what is
meant by equilibrium and perturbations. We will consider
homogeneous (nonrotating) equilibrium states and our
perturbations will be plane-wave solutions to the equations
of motion linearized about such homogeneous states.
Although this is not the most general definition of equi-
librium [24], it captures the most basic intuition about how
deviations from equilibrium should behave in a dissipative
theory and, consequently, in practice this has been the
definition most often used in the literature [25,26]. Like
causality, stability is a property that is difficult to incor-
porate in theories of relativistic fluids with dissipation.

Aside from causality and stability, a third fundamental
property required for a theory of relativistic viscous fluids
is that the equations of motion be locally well posed. This
means that given initial conditions, there must exist one and
only one solution to the equations of motion taking the
prescribed initial conditions [27] and defined for some time
[28]. Physically, this means that the system has a well-
defined evolution determined by the initial conditions. Like
causality, local well posedness is a property required of any
field theory [2,20-22], but we emphasize it here since, also
like causality, this is a property that is difficult to achieve in
theories of fluids with dissipation.

Needless to say, there is little use for a theory of fluids
that is causal, stable, and locally well posed if it is not able
to make connections with real physical phenomena. Thus, a
theory of relativistic viscous fluids must in addition be
suitable for empirical studies. This means, at the least, that
the theory must agree with well-established physical facts,
but also that one needs to be able to extract quantitative
predictions from such a theory.

The interplay between theory and experiment is, of
course, at the heart of physics. In the context of relativistic
fluid dynamics, such interplay has been heavily guided by
complex numerical simulations [3]. Moreover, it is clear
that simulations will continue to be at the center of
developments in the field, particularly when it comes to
the investigations of viscous effects in neutron star mergers.
In this regard, while there is no one-size-fits-all approach
for implementing numerical simulations of general relativ-
istic systems [2,29], in the numerical general relativity
community one concept that has been very important for
the construction of numerical algorithms is that of strong
hyperbolicity [30]. This means that the principal part of the
equations of motion can be diagonalized; see Sec. V for
details. Although a discussion of the role of strong hyper-
bolicity in general relativistic numerical simulations is
beyond the scope of this work (the reader can consult
the above references for details), we stress that strong
hyperbolicity is a highly desirable feature for numerical
studies of general relativistic systems (see also Ref. [31] for
more discussion on potential caveats of numerical
simulations).

In summary, a physically meaningful theory of relativ-
istic viscous fluids must be (I) causal, (IT) stable, and (III)
locally well posed. In addition, it is highly desirable to have
a theory that is (IV) strong hyperbolic.

While property II is, by definition, concerned with the
equations linearized about equilibrium in Minkowski back-
ground, we emphasize that whenever referring to causality,
local well posedness, and strong hyperbolicity, i.e., proper-
ties I, 111, and IV, we are always talking about the equations
of motion in the full nonlinear regime. It is important to
stress this point because a substantial body of theoretical
work in relativistic viscous fluids is restricted to analyzing
the equations linearized about equilibrium and, thus, the
corresponding claims about causality, local well posedness,
etc., are restricted to this particular, linearized-about-equi-
librium case (see Sec. II B). Furthermore, for applications
in general relativity (in particular the study of viscous
effects in neutron star mergers), one is interested in the case
where properties I-IV hold with dynamical coupling to
Eintein’s equations (again, with exception of property II).

At this point, we should stress that when we say that a
theory is causal, stable, etc., we do not mean it uncondi-
tionally, but rather under a specific set of assumptions.
Obviously, one is interested in cases where the assumptions
are physically reasonable, even if they do not cover all
cases of physical interest. For simplicity, however, in the
remaining of this Introduction and in Sec. II, we avoid
discussion of specific hypotheses. Thus, when we say that a
certain theory is causal, stable, etc., we mean “causal under
a specific set of assumptions,” and unless stated otherwise,
it will be implicitly understood that the assumptions in
question are of physical interest. An exception to this will
be made only later in Sec. II B, when we summarize the
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extent to which different theories of viscous fluids satisfy
one or more of the properties I-IV, since in this case
mentioning the assumptions under which such theories
fulfill some of these requirements will be important for
comparison among them and also with our results. Even in
this case, however, we will refer to those assumptions only
at a high level (e.g., we will say that a certain property holds
for nonzero shear viscosity but without specifying the
precise range of nonzero values that is in fact required for
the result to hold). We believe that this will suffice to give
the reader a panoramic view of the state of affairs in the
field. All the precise assumptions for the results that will be
discussed can be found in the references we provide or, in
the case of the results of this paper, in the remainder of
the text.

The goal of this work is to provide the first example of a
theory of relativistic viscous fluids that simultaneously
satisfies all the properties I-IV. All our results are math-
ematically rigorous, hold with or without dynamical
coupling to FEinstein’s equations, are valid in the full
nonlinear regime, and do not make any symmetry or
simplifying assumptions. We establish these results without
the need for additional (extended) variables (see Sec. II B
for details).

Section II provides a more or less self-contained expo-
sition of our results and how they fit within studies of
relativistic fluids with viscosity. We hope that such an
exposition will be helpful to readers interested in the
subject here investigated but who are not necessarily
specialists in all the topics covered by our methods. In
order to keep our account as simple as possible, we carry
out the discussion in Sec. II at a high level, writing few
formulas and omitting several details, but we provide full
references for interested readers. More precisely, in Sec. 11
A, we discuss some important concepts underlying the
investigation of relativistic viscous fluids. None of the ideas
discussed in Sec. II A are new, but they play a key role in
our constructions. Therefore, it is convenient to revisit such
ideas here. In Sec. II B, we review the state of affairs in the
field regarding properties I-IV. This review is not intended
to be exhaustive; rather, our goal is to provide enough
context for our results. Finally, in Sec. II C, we provide a
summary and discussion of our results. Specialists might
skip Sec. II without compromising understanding (although
some specialists might still be interested in some aspects of
the discussion in Sec. 11 C).

Definitions.—The spacetime metric g, has a mostly plus
signature (— + ++). Greek indices run from 0 to 3, latin
indices from 1 to 3. The spacetime covariant derivative is
denoted as V”. We use natural units, c =7 = kg = 1.

A. Organization of the paper

This paper is organized as follows. In Sec. II we provide
an overview of our results and the context surrounding
them. In Sec. III, we formulate a generalization of Navier-

Stokes (NS) theory using the Bemfica-Disconzi-Noronha-
Kovtun (BDNK) formalism [32-35]. In Sec. IV, we provide
necessary and sufficient conditions that must be fulfilled by
the parameters of the theory for causality to hold. In Sec. V,
we prove that the full nonlinear system of equations in
general relativity is strongly hyperbolic, the solutions are
unique, and the initial-value problem is well posed in
general relativity. A new theorem concerning the linear
stability properties of relativistic fluids in flat spacetime is
given in Sec. VI. We employ this theorem in Sec. VII to
obtain conditions that ensure that the new theory presented
here is stable. The rigorous mathematical proofs of
Theorem I, Proposition I, Theorem II, and Theorem III
are found in the Appendixes A, B, C, and D, respectively.
Our conclusions and outlook can be found in Sec. VIIL

II. BACKGROUND AND DISCUSSION

A. Definition of out-of-equilibrium variables:
Hydrodynamic frames

In the modern perspective, relativistic fluid dynamics is
understood as an effective theory for the evolution of
conserved densities, such as the energy-momentum tensor
T#. (We could include, in this introductory part, other
conserved quantities such as the baryon current J# and
those associated with higher moments. In fact, conservation
of J# will be implicitly understood later in the discussion of
Secs. II A and II B and thereafter since we will often refer to
the presence of a chemical potential. For simplicity,
however, we will often refer only to 7* in this part, since
this will suffice for the aspects we want to highlight.) To say
that 7# is conserved means that

v, T =0,

which provides equations of motion governing the dynam-
ics of the fluid.

The energy-momentum tensor 7# is understood as the
expectation value of the microscopic quantum operator 7,
which is an observable that can be defined for any non-
equilibrium state. In equilibrium, the state of the system can
be parametrized by the temperature T, the flow velocity
u’éq (observe that this is the four-velocity of the fluid,
although we will often refer to it simply as the velocity; the
fluid velocity is always assumed to be normalized; see
Sec. IIB), and the chemical potential ... One of the
assumptions that forms the basis of a fluid dynamics
description is that for states not very far from equilibrium,
the physical observable 7" = (T**) can still be para-
metrized in terms of a “temperature” 7, a “flow velocity”
ut, and a “chemical potential” u that reduce to Teq, ué'q, and
Heq 1n equilibrium. We write quotation marks to emphasize
the fact that the quantities 7, u*, and p have no first-
principles microscopic definitions. Therefore, while it is
useful to interpret 7', u*, and p as out-of-equilibrium
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macroscopic temperature, velocity, and chemical potential,
since they are close to T, ubq, and Heq and reduce to the
latter in equilibrium, we should ultimately understand 7,
ut, and u as auxiliary variables that are used to parametrize
the physical observable T#*—the latter enjoying a first-
principles, microscopic definition even when the system is
out of equilibrium.

It follows that there exists an ambiguity in the definition
of the out-of-equilibrium quantities 7, u*, and y, since there
are different ways of parametrizing 7+ subject to the
constraint that one recovers the unambiguous parametriza-
tion in terms of Teq, u’éq, and Heq in equilibrium. In other
words, different out-of-equilibrium choices of T, u*, and p
to parametrize T+ are allowed as long as they agree in
equilibrium. This is sometimes expressed by saying that 7,
u, and p correspond to a “fictitious” temperature, flow
velocity, and chemical potential [2,36].

A particular choice of parametrization of 7#* in terms of
T, u*, and p has been historically called a choice of a
hydrodynamic frame, or simply frame. (It is a bit unfortu-
nate the word “frame” has also other meanings in relativity
theory, e.g., reference frames related by a Lorentz trans-
formation, frames in a tetrad formalism, null frames, or a
local rest frame (LRF), etc. However, all these different
meanings can be distinguished from the context.) A choice
of frame is, therefore, a definition of what one means by
temperature, velocity, and chemical potential out of equi-
librium. Consequently, a choice of frame is always involved
whenever we describe a fluid out of equilibrium in terms of
temperature, velocity, and chemical potential. This is still
the case even if further, extended variables are introduced
(see Sec. II B for the notion of extended variables). The
notion of hydrodynamic frame and how it represents a
choice of out-of-equilibrium variables is discussed exten-
sively in the literature. An incomplete list is given by
Refs. [34,36-51]. References [34,48], in particular, contain
a detailed discussion of the topic.

Observe that once T is cast in terms of 7', ", and p, the
energy-momentum conservation equations V,7** = 0 can
be equivalently written as evolution equations for those
quantities. We also remark that one can choose other
thermodynamic quantities, e.g., the energy density or the
pressure, to parametrize 7+, and we will in fact do so later on
in the paper. Of course, not all thermodynamic scalars are
independent; they are connected by the first law of thermo-
dynamics and a prescription of an equation of state [2].
Obviously, the nonuniqueness in the definition of the
variables used to parametrize 7+ out of equilibrium remains
if we choose a parametrization in terms of other thermody-
namic variables such as the energy density, pressure, etc.

In order to pass from this qualitative argument about the
ambiguity of 7', u#, and u away from equilibrium to a more
precise assessment of such ambiguity, one needs to be more
specific about how one formalizes the idea that fluid
dynamics arises as a long time, long wavelength limit of

an underlying microscopic theory, i.e., as a description of
the macroscopic dynamics of the system for small devia-
tions from equilibrium. Such a formalization can be
accomplished in the framework of the so-called gradient
expansion, which was used a century ago by Chapman and
Enskog in the derivation of fluid dynamics from the
(nonrelativistic) Boltzmann equation and that has since
then been adapted to the relativistic setting [38]. We remark
that the gradient expansion is not the only way to formalize
the idea that fluid dynamics is an effective description that
emerges from a more fundamental microscopic behavior;
see Sec. II B for a discussion of ideas involving the so-
called moment expansion and holographic techniques.
Nevertheless, the gradient expansion, while not fundamen-
tal, is a very convenient and powerful formalism based on
effective field theory ideas that allows one to track how
different parametrizations of 7 lead to different fluid
descriptions.

The gradient expansion is based on the idea that one can
write

™" =0O(1) + O(0) + O(0*) + - -,

where O(9") denotes terms with n derivatives of 7, u*, and
4 [s0, e.g., O(5?) involves both terms of the form 9T and
OT 0y, etc.] and O(1) corresponds to the terms that reduce
to Tq, the energy-momentum tensor parametrized in terms
of Teqs Usq, and Heq- Schematically, this is an expansion in
powers of the Knudsen number Kn ~ ;.. 0, i.e., the ratio
between the relevant microscopic scale £, and the
inverse macroscopic scale L, associated with the derivative
of the hydrodynamic fields. In this sense, the gradient
expansion corresponds to the well-known Knudsen number
expansion used in the description of kinetic systems
[38,39]. In particular, since the expansion truncated at
O(1) corresponds to ideal hydrodynamics, viscous con-
tributions require considering at least O(9) terms, which is
consistent with the basic intuition that dissipation is a
phenomenon associated with deviations from equilibrium.

In order to construct a fluid theory out of the gradient
expansion, one truncates it at a certain order. This trunca-
tion necessarily defines a scale at which the effective
description is supposed to be valid, with higher-order
effects encoded by the terms neglected in the expansion
which are considered outside the limit of validity of the
truncated theory. Aside from the truncation order, one also
needs to specify the constitutive relations, i.e., the specific
form of each term O(9") in terms of T, u*, u, up to the
truncation order (see Secs. II B and III for examples). By
specifying the truncation order and the constitutive rela-
tions, one is in fact defining what is meant by 7, u*, and pu
out of equilibrium; i.e., one is making a choice of hydro-
dynamic frame.

Different frame choices, therefore, correspond to differ-
ent effective descriptions of the same truncated theory. At
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this point, it seems almost unnecessary to talk about frames,
and one might be tempted to simply say that one has
distinct theories of fluids. The key word here, however, is
effective. Indeed, when we consider two distinct constitu-
tive relations truncated at a given order,
" = T (T, u% u) and TW =T"(T,a% i),

one obviously has different fluid theories: the equations of
motion V, 7" =0 and V”T”” =0 are not the same.
Consequently (upon writing these conservation laws in
terms of T, u®, u and T, %, 1, respectively), the quantities
T,u® u and T,@% ji satisfy different evolution equations
and, thus, cannot represent the same definition of temper-
ature, fluid velocity, and chemical potential. However,
one needs to keep in mind that the temperature, flow
velocity, and chemical potential are not fundamental
quantities, whereas the energy-momentum tensor is (it
does have a first-principles definition). Thus, 7#*(T, u®, u)
and T#(T, % i) differ because they represent distinct
coarse-grained or low-energy limits of the actual, micro-
scopically uniquely defined, energy-momentum tensor.
Therefore, the language of frames signals the key fact that
one is always considering one possible effective description
among many.

Summarizing, there exists an intrinsic ambiguity in how
one parametrizes 7" in terms of out-of-equilibrium tem-
perature T, velocity u*, and chemical potential x. Such
ambiguity simply expresses the fact that these quantities do
not have first-principles microscopic definitions away from
equilibrium. What is not ambiguous away from equilibrium
is the definition of 7#. One resolves this ambiguity by
choosing a definition of 7', u#, u. Such a choice is known as
a frame choice. Different parametrizations of 7+, therefore,
correspond to different frame choices. Not all frame
choices, however, are equally useful. In our work, we
explore suitable definitions of temperature, flow velocity,
and chemical potential to construct effective theories
describing fluids that lead to sensible theories in terms
of satisfying properties I-IV.

At this point, the attentive reader will probably have
noticed that much of the above discussion does not depend
on relativistic principles. In other words, the fact that there
is no first-principles definition of out-of-equilibrium quan-
tities such as temperature, flow velocity, and chemical
potential applies to nonrelativistic theories as well. In the
nonrelativistic setting, however, there exists a highly
successful theory of dissipative (Newtonian) fluids,
namely, the Navier-Stokes-Fourier theory. In light of its
success, it is fair to say that for all practical purposes, one
can take the definitions of out-of-equilibrium quantities in
the Navier-Stokes-Fourier theory as the correct ones in a
nonrelativistic context. Had an equivalently successful
theory of relativistic viscous fluids been available (where
success would in particular incorporate properties [-1V),

we could similarly take the definitions of out-of-equilib-
rium quantities in such a theory as the correct ones for all
practical purposes. Nevertheless, as we explain in the next
section, there is not, at the moment, a theory of relativistic
viscous fluids that can claim such a level of success. Hence,
exploring how different frame choices can lead to different
fluid descriptions becomes a topic of uttermost interest (see
Sec. I1C).

B. Brief overview of viscous theories

The first proposal for a relativistic viscous fluid theory
was done by Eckart [52] in 1940, with a closely related
formulation by Landau and Lifshitz [15] in the 1950s. In
these works, the authors postulated a form for the energy-
momentum tensor (and also of the baryon current J#, but,
as in the previous section, here we simplify the discussion
by focusing on 7 only) based on ideas from thermody-
namics and following a covariant generalization of the
nonrelativistic Navier-Stokes-Fourier theory. For example,
in Eckart’s theory, one has

T = U416+ (P =V ) AP+ P+ g = 2o,

where ¢, T, and u* are the (out-of-equilibrium) energy
density [53], temperature, and velocity of the fluid, with the
latter normalized [54] by w/u, = =1, A" = ¢" + u'u” is
the projection onto the space orthogonal to u#, P is the
equilibrium pressure (see below) given by an equation of
state (the choice of which depends on the nature of the
fluid; for example, for a conformal fluid one has P = %8), ¢
is the coefficient of bulk viscosity, 7 is the coefficient of
shear viscosity, ¢, = —kT(A;,V,InT + u*V,u,) repre-
sents energy diffusion, with x being the coefficient of heat
conduction, and ¢ = AH#vP Vauﬂ is the shear tensor, with
Al = 3 (AGAL + ARAYL — A A5) (s0 A} projects a
two-tensor on the space of two-tensors traceless and
orthogonal to u*). In the absence of viscous effects, when
¢ = n =k = 0, one recovers the energy-momentum tensor
of an ideal fluid.

According to the standard physical interpretation of the
energy-momentum tensor of a fluid, the fluid’s total
pressure is given by %AWT"”. It is convenient to write
the total pressure as a sum of an “equilibrium” part, which
is assumed to be given by an equation of state whose
functional form follows that assigned to the fluid in the
limit when viscous effects are absent, and a “nonequili-
brium” part that contains explicitly the viscous contribu-
tions. In the case of T, the latter is given by —('V,u¥.
This term clearly illustrates the fact that only terms of first
order in Knudsen number were kept in this case because
{/P gives the relevant microscopic length scale associated
with particle-number changing processes, while V, u*
accounts for the inverse length scale associated with the
gradient of the hydrodynamic fields.
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As said, Eckart and Landau and Lifshitz were seeking a
covariant version of the nonrelativistic Navier-Stokes
equation compatible with thermodynamic principles, most
notably, the second law of thermodynamics; i.e., their
choice of T*¥ ensured that entropy production (for a
suitable definition of out-of-equilibrium entropy) is non-
negative. From a modern perspective, however, these
theories are better understood as effective theories that
arise from a gradient expansion truncated at first order and
with a specific choice of hydrodynamic frame, ie., a
specific choice of constitutive relation that parametrizes
the energy-momentum tensor in terms of out-of-equilib-
rium variables. In fact, it is possible to show that the Eckart
and Landau and Lifshitz theories can be obtained from
kinetic theory as an expansion in gradients truncated at first
order [38]. Constraints on the coefficients that appear in
such truncated series are found by imposing the second law
of thermodynamics. In accordance with the notion of
hydrodynamic frames, the specific choices that lead to
the theories of Eckart and of Landau and Lifshitz are known
in the literature as the Eckart and Landau and Lifshitz
frames [2]. One can immediately see that other frame
choices are possible for an energy-momentum tensor
truncated at first order upon noticing that T%,,, does
not contain all possible terms that are linear in derivatives of
T, u*, and py—terms that are allowed in a truncation at first
order. Theories arising from a gradient expansion truncated
at first order are known as first-order theories. The Eckart
and Landau theories are, thus, examples of first-order
theories.

The Eckart and Landau and Lifshitz theories are very
intuitive and natural at first sight. They correspond to
immediate covariant generalizations of the nonrelativistic
Navier-Stokes-Fourier theory (in fact, they recover it in the
nonrelativistic limit), satisfy the second law of thermody-
namics, preserve many features present in the ideal case
(e.g., the energy density is recovered from the energy-
momentum tensor by double contraction with the velocity),
are relatively simple, and, as already said, can be derived
from kinetic theory. Yet, they are remarkably at odds with
fundamental physical principles in that they are known to
violate causality and are unstable [25,55]. Consequently,
the Eckart and Landau and Lifshitz theories cannot be taken
as viable theories of relativistic viscous fluids. In fact, a
large class of first-order theories, of which the theories of
Eckart and of Landau and Lifshitz are particular cases, are
known to be acausal and unstable [25]. One naturally
wonders what are the root causes of the failures of these
theories, especially when at first sight they look very
intuitive. We return to this point in Sec. II C.

A different approach for the construction of relativistic
viscous fluid theories was taken by Israel and Stewart in a
series of works [36,37,56-58], adapting ideas developed by
Miiller in the nonrelativistic setting [59]. The resulting
theory is referred to Israel-Stewart or Miiller-Israel-Stewart

(MIS) theory, or sometimes simply Israel-Stewart theory.
In the MIS theory, the energy momentum takes the form

This = eu'u” 4 (P + I A™ + QFu¥ 4 Q u + ™.
The quantities I1, ##*, and OQ* represent the bulk viscosity,

shear viscosity, and energy diffusion of the fluid, and are
referred to as viscous fluxes. We see that T%.

Eekart COTTE-
sponds to the choices where the bulk scalar IT = —¢ Vﬂu/‘,
the shear-stress tensor is given by #** = —25n¢**, and the

energy diffusion reads Q' =g’ =-«kT(A,V,InT +
u*V,u,). In the MIS theory, however, the viscous fluxes
are taken to be new variables on the same par as the
“ordinary” variables T, u”, etc., (see below). Because
I1, z#*, Q* add to the number of variables, hence extending
the state space, they are known as extended (thermody-
namic) variables and theories that investigate extended
variables are referred to as extended (thermodynamic)
theories [60,61]. An important point to make (already
alluded to earlier) is that one cannot dispense with a choice
of hydrodynamic frame even in extended theories, since
one still needs to make a definition of out-of-equilibrium
temperature, flow velocity, and chemical potential.

At this point, it is convenient to make the following
definition. The variables 7', u*, u and those derived from
them via the first law of thermodynamics and a choice of
equation of state are known as hydrodynamic variables or
fields. In other words, the hydrodynamic variables are the
“ordinary” fields already present in the case of an ideal
fluid (although the physical interpretation of these variables
is not precisely the same as in the ideal fluid case; as
discussed, the meaning of, e.g., temperature is different in
or out of equilibrium). In this language, we can say that the
Eckart and Landau and Lifshitz theories involve only the
hydrodynamic variables, whereas the MIS theory involves
both hydrodynamic and extended fields. In addition, the
gradient expansion is always an expansion in the hydro-
dynamic variables [62].

Because the MIS formalism introduces new variables in
addition to the hydrodynamic fields, it also requires new
equations of motion besides the standard conservation laws
such as V, T}\j;¢ = 0. The desired equations are postulated
to be relaxation-type equations whose precise form is
chosen so that entropy production is non-negative—where
the entropy current is also extended from its usual form
used in ideal fluids to include the extended variables
I1, z#¥, Q. For example, IT satisfies

utV, I+ 11 = ={V, u — %CTHVM (2—1;, u”) ,

where 7y is a relaxation time. See, e.g., Ref. [2] for the full
set of equations satisfied by II, z#, Q¥, the form of the
entropy current including these fields, and the derivation of
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the equations of motion from the second law of thermo-
dynamics [63].

The MIS theory enjoys the following good properties:
the equations of motion are stable, thus satisfying property
I, and their linearization about equilibrium states is causal,
thus satisfying property I [24,64]. Also, it can, in certain
limits, be derived from kinetic theory [2,57,58].

We next discuss three other theories of great interest that
employ extended variables: Denicol-Niemi-Molnar-Rischke
(DNMR), resumed Baier-Romatschke-Son-Starinets-
Stephanov (rBRSSS), and anisotropic hydrodynamics
(AHYDRO) theories. The DNMR theory is an effective
theory derived from kinetic theory via an expansion in
moments [65]. The moment expansion goes back to Grad in
his work on nonrelativistic fluids [66,67]. Applying this
formalism to the relativistic Boltzmann equations, together
with a new power-counting scheme involving Knudsen and
inverse Reynolds number expansions, DNMR arrived at a
set of equations for the hydrodynamic fields and a set of
extended variables I1, 7#¥, and O that represent the bulk
viscosity, shear viscosity, and energy diffusion, similarly to
the MIS equations. Also similar to the MIS equation is the
fact that the equations satisfied by the viscous fluxes in the
DNMR theory are relaxation-type equations. Despite their
similarities, it is important to stress that the MIS and
DNMR equations are not the same.

The DNMR theory enjoys many good properties. It is
stable and its linearization about equilibrium states [68] is
causal [26]. When only bulk viscosity is present, the
DNMR theory is causal, locally well posed, and strongly
hyperbolic; these properties hold with and without dynami-
cal coupling to Einstein’s equations [71]. When all viscous
fluxes are present, but chemical potential is absent, the
DNMR equations have recently been shown to be causal
(again, with or without coupling to Einstein’s equations)
[72] (see Refs. [26,73,74] for related results under sym-
metry assumptions). Hence, property II holds in general for
the DNMR equations; properties I, III, and IV hold if shear
viscosity and heat conduction are absent (with or without
dynamical coupling to Einstein’s equations); and property
I holds with all viscous fluxes present but in the absence of
chemical potential [75] (with or without dynamical cou-
pling to Einstein’s equations). Most importantly, the
DNMR theory has been very successful in phenomeno-
logical studies of the quark-gluon plasma, particularly in
numerical simulations of its dynamical behavior; see, e.g.,
Refs. [5,76].

We now move to discuss the resumed Baier-
Romatschke-Son-Starinets-Stephanov theory [77]. In order
to do so, we need to start with the (plain, not resumed)
BRSSS theory [77]. This is an effective theory obtained
from the gradient expansion truncated at second order. As
such, it involves only the hydrodynamic fields, and the
equations of motion were chosen in Ref. [77] to be defined
in the Landau frame. This effective theory-based approach

was originally developed for conformal fluids in Ref. [77],
and the same equations of motion for a conformal system
were concurrently derived in Ref. [44] through the fluid-
gravity correspondence, a powerful technique introduced in
that work which was motivated by the holographic duality
of string theory [78]. In order to address the issues with
causality and stability, Baier et al. [77] proposed a MIS-like
theory with transport coefficients that ensure its agreement
with the gradient expansion at second order. In the context
of Ref. [77], this approach provides a resummation of
higher-order terms and the latter explains the differences
found, for instance, between rBRSSS and DNMR.
However, at the linearized level, this resummed BRSSS
theory shares the same properties of DNMR. Furthermore,
the techniques used in Ref. [72] can be adapted to establish
causality for this theory in the nonlinear regime. The local
well-posedness and hyperbolicity aspects of rBRSSS have
not yet been established.

Because the MIS, DNMR, and rBRSSS theories share
many properties, in particular, the use of extended variables
that satisfy similar relaxation-type equations, and their
linearizations about equilibrium agree, they are sometimes
collectively referred to as Israel-Stewart or Miiller-Israel-
Stewart theories, Israel-Stewart-like or Miiller-Israel-
Stewart-like theories, or yet generalized Israel-Stewart or
Miiller-Israel-Stewart theories. They are sometimes also
collectively referred to as second-order theories. While
there is no harm in grouping these theories together in this
fashion, especially if one is concerned only with their
general qualitative behavior, it is important to note that
when it comes to specific features, including properties I-
IV, the exact form of the equations matters and, therefore,
the differences among these theories become important.

The fourth extended theory we would like to briefly
discuss is the anisotropic hydrodynamics theory [79-83].
The latter is, in principle, more general than most
approaches as it investigates the problem of small devia-
tions around a given anisotropic nonequilibrium state.
Formally, this approach involves a resummation in both
Knudsen and inverse Reynolds numbers, which may be
interpreted as a generalization of DNMR’s power-counting
ideas [84]. The equations of motion, which are in practice
derived using kinetic theory, can be approximated to give
rise to a MIS-like theory. As such, causality and stability in
the linearized regime follow from previous results. Nothing
is known about causality in the nonlinear regime of this
theory. The local well-posedness and hyperbolicity aspects
of AHYDRO have not yet been established.

The above summary highlights how the use of extended
variables has led to many successes in the study of relativistic
viscous fluids. These accomplishments seem even more
impressive when they are contrasted with the fact
already mentioned that first-order theories (which do not
employ extended variables) had been largely ruled out for
decades due to instabilities and lack of causality [25,55].
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Such successes nonetheless, it is important to keep in mind
several actual or potential limitations of the extended theories
discussed above, as we now discuss.

First of all, observe that none of the theories MIS,
DNMR, rBRSSS, or AHYDRO is known to satisfy all the
properties I-IV. To the extent that they satisfy some of these
properties, this happens under restrictive assumptions.
Indeed, in the case of the quark-gluon plasma it is
abundantly clear that one needs to consider situations
when all viscous fluxes are present and the chemical
potential is nonzero [85] (and it is likely that this is also
true in neutron star mergers [12,14]), in which case none of
these theories is known to be causal and locally well posed.
Moreover, while numerical simulations of the dynamics of
the quark-gluon plasma based on the DNMR equations
have been carried out for a long time [86—88], only recently,
with the aforementioned causality results [71,72], one can
determine regions in the parameter and state spaces for
which causality holds or fails. When such constraints are
taken into consideration, it is found that state-of-the-art
numerical simulations of the quark-gluon plasma violate
causality [89,90], especially at early times [90]. Although
further research is required to find out the implications of
such causality violations to our current understanding of
those properties of the quark-gluon plasma that have been
extracted from numerical simulations, such results should
serve as a definite cautionary tale about running numerical
simulations of relativistic viscous fluids whose causality
properties are poorly understood. Furthermore, if causality
violations can be a real issue in numerical simulations of
the quark-gluon plasma, which are carried out in flat
spacetime, the situation is even more precarious in simu-
lations of general relativistic viscous fluids, such as in
neutron star mergers. While some simulations have been
implemented in this setting [11], they rely on a formulation
for which the key properties I, III, and IV are not known
to hold.

Another potential limitation of the extended theories
discussed above is that they do not seem appropriate for
describing shock waves [91-93]. This is a potentially
important limitation given the preponderance of shock
waves in fluid dynamics, which is aggravated by the recent
discovery that solutions to MIS-like equations can become
singular in finite time [94]. Additionally, MIS-like and
AHYDRO theories are only expected to describe the
transient regime of dilute gases as their derivation is
most naturally understood within kinetic theory [36,65].
Therefore, their use in other types of systems, such as in
strongly coupled relativistic fluids, is a priori not justified.
In fact, it is known that MIS-like equations do not generally
describe the complex transient regime of holographic
strongly coupled gauge theories [95-97] (see Ref. [98]
for the case of higher-derivative corrections). In this aspect,
we anticipate that the causal and stable first-order theory
developed here does not describe this transient regime

either, despite satisfying properties I-IV. However, this is
not an issue per se given that the description of such a far-
from-equilibrium state is certainly beyond the regime of
applicability of first-order hydrodynamics.

Finally, MIS-like theories lack the degree of universality
expected to hold in hydrodynamics as the equations of
motion themselves change depending on the derivation. For
instance, the equations of motion in Ref. [77] have different
terms than in Ref. [65], which is explained by the different
power-counting scheme employed in those works. This
situation should be contrasted with theories derived from
the gradient expansion: although, of course, a plethora of
different effective theories can be derived in the gradient
expansion formalism, these different theories can always be
viewed as particular cases, obtained via different frame
choices, of the most general expansion truncated at a
certain order. In fact, an approach of this type is employed
in this paper; see Sec. II C.

Summarizing, despite its undeniable success in advanc-
ing our understanding of relativistic viscous fluids in
general, and of the quark-gluon plasma in particular,
MIS-like and AHYDRO theories still face many chal-
lenges, especially when it comes to settings where general
relativity is involved. Thus, it is extremely important to also
consider alternative theories of relativistic viscous fluids.
This is especially the case when pursuing the study of
viscous effects in neutron star mergers [12,14,99,100] and,
as already mentioned, it is far from clear that the MIS-like
and AHYDRO approach are the correct approaches for this
setting.

In view of the above, it is not surprising that researchers
have explored other theories of relativistic viscous fluids
than those discussed so far. A natural place to start such an
investigation is the gradient expansion, and the simplest
possibility that includes viscous effects is that of first-order
theories, i.e., effective fluid descriptions arising as a
truncation of the gradient expansion at first order. On
the other hand, since, as said, large classes of first-order
theories are acausal and unstable, one might naturally
wonder whether such an approach would be doomed to
fail. In order to answer this, it is important to understand the
assumptions involved. While it is true that the acausality
and instability results [25,64] cover large classes of first-
order theories, these results apply only to theories that
satisfy

u,u, T = &, (1)

i.e., only to frame choices that preserve the relation (1). In
other words, the latter means that an observer moving with
the fluid always sees the energy density as if it were in
equilibrium, even for states where entropy is produced.
Therefore, the construction of stable and causal first-order
theories remains a distinct possibility as long as one avoids
constitutive relations that imply (1). First-order theories for
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which (1) holds are often collectively referred to as the
(relativistic) Navier-Stokes theory [65], although there is no
universal agreement on the terminology [35].

The physical meaning of (1), as well as of not satisfying
it, is discussed in Sec. IIC. We also remark that the
assumptions in Refs. [25,64] imply other special relations
than (1). But here, for simplicity, we focus only on (1),
since our goal is not to have a detailed discussion of the
assumptions involved in those works but rather to illustrate
how their conclusions apply only for a particular class of
theories that employ very specific frame choices and,
therefore, say nothing about first-order theories that employ
other hydrodynamic frames. In other words, here the reader
can take (1) as a placeholder for the class of frames that
are assumed in the instability and acausality results
[25,64]. Such a class of frames is far from exhaustive.
Consequently, the results in Refs. [25,64] simply do not
apply if different constitutive relations are used.

This motivated researchers to construct stable and causal
first-order theories of viscous fluids. Important attempts in
this direction go back to the first decade of this century
[21,42,47,101]. The first more formal indication that causal
and stable first-order theories could be constructed if the
frame choice (1) is avoided is given in Refs. [102-104].
These works were also the first ones to carry out a
systematic study of viscous shocks in relativistic theories,
a topic that in fact seems to be one of the main goals in
these references.

The first construction of a stable and causal first-order
theory of viscous fluids was carried out by Bemfica et al.
[32] for the case of conformal fluids (see also Ref. [105] for
some of the mathematical details of Ref. [32]). These
results hold with or without dynamical coupling to
Einstein’s equations. Although Ref. [32] was restricted
to conformal fluids, it provided an unequivocal proof that
first-order stable and causal theories are possible, provided
that one avoids the frame choice (1). Soon thereafter, causal
and stable first-order theories were obtained by Kovtun [34]
and by Bemfica et al. [33] for the case of nonconformal
fluids without a chemical potential [106]—although
stability was obtained only with the help of a numerical
investigation, so it might be more precise to say that
stability was only strongly suggested and not established.
The resulting first-order theory became known in the
literature as the BDNK theory [35]. Its local well
posedness and strong hyperbolicity was established in
Refs. [107,108]. The stability and causality of the
BDNK theory in the presence of a chemical potential
was obtained in Ref. [35] (again, stability in this case was
inferred only numerically). We also mention the closely
related results [109,110]. Of course, all these results are
obtained using frame choices different than (1). Perhaps not
surprisingly, after these results, the community took a
renewed interest in first-order theories. See, e.g.,
Refs. [51,98,111-119], and references therein. We remark

that choices of frames other than (1) have been studied
before BDNK in Refs. [42,101,102,120], but, as said, the
first construction of a stable and causal first-order theory
was done in Ref. [32] in the case of a conformal fluid. We
return to the BDNK theory in Sec. II C. In what follows, we
continue with our brief review of viscous theories.

Another first-order theory of interest is the Lichnerowicz
theory [121], introduced in the 1950s but not investigated in
detail until recently (see references that follow). The
Lichnerowicz theory has been shown to be causal in the
(very special) case of irrotational fluids [122] by the second
author of this paper (see also Ref. [123]). While irrotation-
ality is too strong of a constraint to be useful for most
physical applications, Ref. [122] is of interest because it
initiated the techniques that have since then been employed
to study the causality of the BDNK theory, including the
techniques employed in this work. We should also mention
that the Lichnerowicz theory has found some interesting
applications in the study of dissipative cosmological
models [124-127].

Another formalism of importance in the study of viscous
theories is that of divergence-type (DT) theories [128]. In
this approach, all the conserved quantities describing the
dynamics of the fluid are obtained from a single generating
function y which is a function of a dynamical set of
variables {4 = (£,¢,.¢,,) (with £, trace-free and sym-
metric) representing the degrees of freedom of the fluid. For
example, in the DT approach the energy-momentum tensor
is obtained as

oy
T — .
PT 0,08,

DT theories provide a far-reaching subject with many
important contributions to the physics of fluids, kinetic
theory, and out-of-equilibrium phenomena. Here, we limit
ourselves to discuss DT theories with respect to properties
I-IV. See Refs. [2,61,92,128—131] for further discussion of
DT theories and Refs. [132—-134] for applications of DT
theories to the quark-gluon plasma.

All information of DT theories is contained in the
generating function y. Unfortunately, there is no prescription
on how to construct y, not to speak of how to construct a
generating function that leads to a theory satisfying proper-
ties I-IV. In fact, we think it would be more accurate to
consider the DT approach as a general formalism instead of a
precisely defined theory or set of theories. That is because
radically different theories, such as Eckart’s and certain
types of extended theories, can be cast in divergence-type by
the choice of a suitable generating function [128].

Properties I-IV have been investigated in the context of
DT theories in Ref. [128]. The authors constructed a DT
theory that satisfies properties I-IV for states in equilib-
rium, i.e., when {4, = ( A|eq. Next, they argued that, by
continuity, these properties will also hold for {4 sufficiently
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close to {4l.,- However, no estimate is obtained for how
close to ¢ A|eq the state {4 needs to be. Thus, given any
nonequilibrium state {4, this continuity result does not
provide any information on whether this specific system
satisfies the desired properties I-IV. In particular, without a
quantitative estimate on how small {, — { A|eq needs to be,
one does not know whether the states {, for which
properties I-IV hold include states of physical interest. It
could in principle happen that this continuity argument
only guarantees the desired properties in a neighborhood of
C4leq that is orders of magnitude smaller than the size of any
deviation from equilibrium that one typically considers in
viscous fluid dynamics.

Another way of saying this is that the results in Ref. [128]
are purely qualitative, not providing a quantitative assess-
ment of their applicability to physical systems. This should
be contrasted with the precise quantitative results we
establish here (see Secs. IV-VI) and in the predecessor
works [32,33,72], which are obtained by employing sub-
stantially more refined techniques than a general continuity
argument. In Refs. [92,130-132,134], further results have
been obtained, but they are all of the same qualitative nature
as above, relying on precisely the same continuity argument.
Thus, we believe that a fair assessment of DT theories is that
they can in principle accommodate properties -1V, but
precise conditions ensuring that such properties hold—in
particular, conditions that allow application to concrete
physical problems—are yet unknown.

We finally briefly mention recent formulations of vis-
cous fluids [135,136] inspired by Carter’s formalism and
the variational principle [112]. Such formulations address
some of the properties I-IV but do not establish them in
completeness.

Although the review here provided is not exhaustive, we
believe that it suffices to get across the following main
point, namely, despite intense work on the subject and
many different proposals made in the last 80 years, one still
does not have a theory of relativistic viscous fluids that
incorporates all relevant viscous fluxes and chemical
potential while satisfying all the properties I-IV.
Constructing such a theory is the goal of the present paper.

C. Summary and discussion of our results

In this paper, we consider the BDNK theory with
chemical potential and all relevant viscous fluxes, namely,
bulk viscosity, shear viscosity, and heat conduction, and
show that it satisfies all the properties I-1V, i.e., causality,
stability, local well posedness, and strong hyperbolicity.
Our results hold in the full nonlinear regime for the fluid
equations in a fixed background or dynamically coupled to
Einstein’s equations. We work in 3 + 1 dimensions and do
not make any symmetry or simplifying assumptions. As
explained in the previous section, this is the first time that a
theory of relativistic viscous fluids with all these properties

is constructed. In addition, all our results are mathemati-
cally rigorous and we provide a set of precise inequalities
among scalar quantities (e.g., shear and bulk viscosity) that
determine the regions in parameter and state space for
which properties [-IV hold. Such inequalities are useful for
numerical simulations as they allow us to check, at each
time step, whether conditions for causality and stability are
fulfilled.

The key conceptual ingredient that allows us to establish
our results is the realization that the causality and stability
properties of a theory are intrinsically tied to its hydro-
dynamic frame. This happens because different choices
affect the properties of the corresponding partial differential
equations (PDEs) that describe the evolution of the fluid. In
particular, we avoid the frame choice (1), which in first-
order theories leads to acausality and instability. The frame
choice (1) has a natural intuitive appeal; namely, it states
that the energy density measured by an observer moving
with the fluid (i.e., in the fluid’s local rest frame), u,u, T,
can be parametrized by a single scalar that can be identified
with the energy density of the fluid in equilibrium [note that
(1) holds for an ideal fluid]. It is not surprising, therefore,
that Eckart and Landau and Lifshitz adopted frames
satisfying (1). On the other hand, such a simplicity in
the definition of the hydrodynamic fields out of equilib-
rium, while desirable, is by no means a fundamental
property. The key idea underlying the BDNK theory is
that one should let the fundamental principle of causality
(and also of stability and local well posedness) dictate
which frame choices (i.e., parametrizations of T**) are
allowed, rather than choose a frame based on nonfunda-
mental principles and only then investigate properties such
as causality. In passing, we note that the MIS-like theories
discussed in this section also adopt (1), although, as just
said, other frame choices can be made. Different frames
have been recently investigated in the context of extended
theories in Refs. [137,138].

The idea of exploring different frame choices to con-
struct a first-order theory that satisfies properties I-IV is not
entirely new to this work. It was, in fact, the key idea
employed in the earlier versions of the BDNK theory that
have been showed to satisfy those properties in some
particular cases (see Sec. Il B). We next explain what the
new aspects of this work are, but in order to do so, we need
to first review some other key ideas employed in the earlier
constructions of the BDNK theory.

Since we do not want to make premature frame choices,
our first step is to consider the most general frame; i.e., we
write down the most general expression for 7% (and also J#
in the case of the present work since we here consider
nonzero chemical potential) compatible with the gradient
expansion truncated at first order; see Egs. (5) and (6) for
the precise expression. By considering the most general
constitutive relations compatible with the symmetries of the
problem as our starting point, we are in fact applying the
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basic tenets behind the construction of effective theories
[48,139-141] to formulate hydrodynamics as a classical
effective theory that describes the near equilibrium, long
time, long wavelength behavior of many-body systems in
terms of the same variables {7, u, u*} already present in
equilibrium. For completeness, we remind the reader that
an effective theory is constructed to capture the most
general dynamics among low-energy degrees of freedom
that is consistent with the assumed symmetries. When this
procedure is done using an action principle, the action must
include all possible fields consistent with the underlying
symmetries up to a given operator dimension and the
coefficients of this expansion can then be computed from
the underlying microscopic theory. These coefficients are
ultimately constrained by general physical principles such
as unitarity, CPT (charge, parity, and time reversal)
invariance, and vacuum stability. Analogously, in an
effective theory formulation of relativistic viscous hydro-
dynamics, the equations of motion must take into account
all the possible terms in the constitutive relations up to a
given order in derivatives that describe deviations from
equilibrium. The coefficients that appear in this expansion
can then be computed from the underlying microscopic
theory (using, for instance, linear response theory [48]),
being ultimately constrained by general physical principles
such as causality in the case of relativistic fluids [20] and
also by the fact that the equilibrium state must be stable; i.e.,
small disturbances from equilibrium in an interacting (uni-
tary) many-body system should decrease with time [142].
Observe that by considering the most general energy-
momentum tensor at first order, we are allowing viscous
corrections to the equilibrium energy density; i.e., one has

u,u,T" = &4 0(T, ).

[See Eq. (7) for the precise expression.] Even though this is
in sharp contrast with (1), in hindsight it seems the natural
thing to do. After all, it is standard to do precisely the same
with the pressure, i.e., to split %AMDT"” into an “equilib-
rium” part and a “viscous part” (see Sec. [ B) [143]. There
is no reason not to follow a similar recipe for the energy
density seen by a comoving observer.

We next investigate how causality constrains the con-
stitutive relations. The idea that one should let causality
determine which frames are allowed in a theory, while
conceptually powerful, does not tell us how to in practice
find the appropriate frames. Causality of a theory can be
determined by computing its characteristics [144].
Roughly, the characteristics are hypersurfaces in spacetime
that correspond to the propagation modes of a theory. For
example, in the case of Finstein’s equations, the character-
istics are simply the light cones g, v*v” = 0. While in
principle we can always compute the characteristics of a
system of PDEs, in practice a brute-force calculation of the
characteristics seems unattainable for a nonlinear system of

PDEs as complex as the BDNK system. In order to be able
to compute the characteristics, we take a cue from the
system’s underlying geometric properties. Inspired by
structures found in the case of ideal fluids by Disconzi
and Speck in Ref. [145], which need to be recovered in the
ideal limit, we look for acoustical-metric-like structures. In
addition, knowing what the characteristics of the system
should be in some particular limit (e.g., in the conformal
case that had already been treated) is also helpful to guide
the calculations. In the case treated here, in particular, we
already know what needs to be recovered in the limit of
zero chemical potential. Finally, physical intuition also tells
us what kinds of modes of propagation should be present in
the system. In a nutshell, by relying on geometrical and
physical intuition and an understanding of the causal
properties of the theory in some particular limits, we can
have a good educated guess for what the characteristics
should look like. This allows us to look for a specific
factorization of the characteristic determinant that points in
that direction. This is the reason why, in our calculations,
we group certain terms in certain ways, leading to expres-
sions that can be managed in the end. Naturally, a brute-
force approach would not be able to anticipate how one
should group and factor terms in a way that would allow an
explicit determination of the characteristics.

The next step is to carry out a diagonalization of the
principal part of the equations of motion in order to establish
strong hyperbolicity. We are able to do so because we have a
precise understanding of the system’s characteristics. Even
s0, in order to carry out the diagonalization, we need to write
the system as a system of first-order PDEs (notice that
V,T" = 0 is a system of second-order PDEs because 7**
involves up to first derivatives of the hydrodynamic fields).
In doing so, there is the risk of introducing spurious
characteristics. For example, in the standard linear wave
equation the characteristics are the light cones. However,
when one writes it as a first-order system in the standard way,
the resulting system has a spurious characteristic (it corre-
sponds, in the language of eigenvalues that can be applied to
first-order systems, to a zero eigenvalue). While the presence
of spurious characteristics per se is not an obstacle to
diagonalization, the more of them there are, the more likely
there will be obstacles to the diagonalization. Thus, we seek
to choose as variables for our first-order system quantities
that have direct physical or geometrical meaning, so that the
roots of the resulting characteristic polynomial resemble as
closely as possible the ones of the original system. Of
course, this does not guarantee diagonalizability. We still
need to carry out some work mostly technical in nature to
assure that the system is diagonalizable. But mutilating the
equations upon rewriting them as first order by introducing
new, fake features is likely to only make the technical work
harder or even insurmountable.

With diagonalization at hand, we can proceed to estab-
lish local well posedness. The basic idea is that once the
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system is diagonalized, one can rely on techniques of
diagonal systems of PDEs. There is a catch, though. The
diagonalization of the system is at the level of the so-called
principal symbol (i.e., it is a purely algebraic procedure that
does not deal directly with differential operators). In order
to apply it to the actual system of PDEs, one needs to
introduce pseudo-differential operators, and the quasilinear
nature of the equations causes further complications as we
need to deal with pseudo-differential operators with limited
smoothness. While there are results available in the
literature for such situations (see, e.g., Ref. [146]), we
have not found a result that could be directly applied to our
case. Thus, Bemfica and co-workers developed the neces-
sary tools in Refs. [107,108] with applications to the
BDNK equations with zero chemical potential in mind.
From these techniques and the diagonalization, local well
posedness follows.

Finally, let us address stability. For this, one needs to find
the roots of the polynomial determining the Fourier modes
of the perturbations. More precisely, only the sign of the
roots is relevant. Since the corresponding polynomial is of
high order, there is little hope of determining its roots
exactly, and even the analysis of the sign of the roots is very
challenging. Moreover, differently than what happens to
the causality analysis, geometrical intuition is not of much
help here because the Fourier modes are not covariant
quantities. Because of these difficulties, in previous works
the stability of the BDNK equations was not determined
rigorously, being obtained numerically or only in the
homogeneous Lorentz boosted frame [33,35]. Because of
a new result demonstrated in this paper, this limitation is
eliminated, as we discuss below.

We are now ready to discuss specific novelties of the
present work. While we continue to employ the ideas
described above and in fact improve on them, especially
with respect to some of the technical aspects that are more
challenging for the complete system here considered, we
want to highlight what are the truly new aspects introduced
in this work. First, we are able to completely and rigorously
determine the stability of the system. For this, we rely on a
new stability theorem, which roughly says that stability in
the fluid’s local rest frame (which can in general be
determined because in this case the polynomial for the
modes simplifies considerably) implies stability in any
Lorentz boosted frame provided that the system is causal
and strong hyperbolic; see Sec. VI for the precise assump-
tions and statement of the theorem. The theorem thus
establishes a close relationship between causality and
stability. While connections between causality and stability
have been discussed before, see Refs. [24,26] and refer-
ences therein, these results focused on specific theories,
thus making unclear whether they were due to the specific
form of the equations of motion or if they were examples of
a yet undiscovered connection between causality and
stability as general physical principles. Our theorem, in

contrast, is a general theorem that can be applied to many
different systems, showing that the relationship between
causality and stability runs deeper and is not a feature of
specific systems. In fact, we obtain stability of the BDNK
system by showing that it satisfies the assumptions of the
general theorem.

Interestingly, recently, a related theorem was proven in
Ref. [147], albeit using entirely different methods. The
results in Ref. [147] also provide further physical intuition
on the relationship between causality and stability, showing
that lack of causality allows that dissipation in one Lorentz
frame be viewed as ‘“antidissipation” (i.e., dissipation
running “backward in time”) in another Lorentz frame.
We also note the related work, Ref. [69]. Combined, our
paper and the works of Refs. [69,147] provide a compre-
hensive picture of the relationship between causality and
stability, an idea that was hinted at several times before in
the literature (see above references) but that had eluded the
community until now.

We now discuss strong hyperbolicity. While strong
hyperbolicity has been obtained for the BDNK theory
before in the absence of a chemical potential [33,107,108],
the introduction of a chemical potential causes new severe
difficulties and the approach used in the case without
chemical potential does not seem to work. Indeed, in
Refs. [33,107,108], the choice of variables to write the
system as first order was based primarily on their physical
interpretation. For example, the viscous correction to the
equilibrium energy density was one of the variables chosen.
As just said, a similar approach does not work here. While
it is often a good idea to consider variables with a physical
meaning, the first-order reduction we seek to establish itself
does not need to carry much physical meaning, so an
approach employing easily identifiable physical variables
might not bear any fruit. The first-order system does carry,
however, some intrinsic geometric properties, such as
natural decompositions in the directions parallel and
perpendicular to u* or the fact that the characteristics of
the original system are preserved by the reduction to first
order. Thus, a choice of geometric variables seems more
appropriate. That is what we have done, considering new
variables that involve several tensorial decompositions of
the original variables. This has the extra advantage that
several tensorial and geometric properties of the fields can
be used to carry out the difficult calculations needed to
diagonalize the system. Yet another advantage is that while
the previous physical choice of variables was specific to the
form of the BDNK equations, the geometric approach is
much more general and, thus, can be adapted to other
theories in that similar tensorial decompositions hold for
several fluids equations. Therefore, a second novel aspect
of this work is a new framework to investigate strong
hyperbolicity in relativistic fluids. We remark that once the
diagonalization is carried out, we can rely on the techniques
developed in Refs. [107,108] to establish local well
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posedness. Thus, while local well posedness is probably the
most technical and mathematical aspect of our results, we
were able to rely more on previous techniques than any
other of the results we obtain here.

In addition, it should by no means be overlooked that,
although the proof of causality provided here follows
similar ideas as in our earlier work [33], the fact that we
are now considering the full set of equations makes the
analysis much more difficult. Thus, a third novelty of our
work is a substantial improvement of the techniques
previously employed to analyze causality. From our cau-
sality analysis, it follows that the characteristics of the
BDNK theory are the flow lines, sound waves, the so-called
second sound, corresponding to the propagation of temper-
ature perturbations [24], and shear waves (plus heat
diffusion). In addition, when coupling to Einstein’s equa-
tions is considered, we find another set of characteristics
corresponding to gravitational waves.

Finally, as already stressed many times, the main end
product of this paper is itself a major novelty, namely, the
first construction of a viscous theory containing all relevant
fields and satisfying properties I-IV. We accomplish so by
building and expanding on several previous ideas and also
by introducing a series of novel ideas, as described above.

Having discussed the new aspects of our work, we move
on to discuss how they combine with other aspects of the
BDNK theory to provide a promising theoretical tool for
the study of general relativistic viscous phenomena. We
begin by pointing out that the BDNK theory has been
shown to be derivable from kinetic theory and holographic
arguments [32,33,148]. While derivation from kinetic
theory by itself is not guarantee that a theory is physically
meaningful since the coarse-grain procedure might intro-
duce nonphysical features—indeed, recall that the Eckart
and Landau-Lifshitz theories are derivable from kinetic
theory—it is reassuring to establish this connection with a
microscopic theory. As shown in Ref. [148], the derivation
of BDNK theory from holography can be done in the
context of the fluid-gravity correspondence [44] by care-
fully taking into account the presence of zero modes of
the corresponding differential operators in the holo-
graphic bulk.

Next, we should point out that, contrary to MIS-like
theories, the BDNK theory is capable of handling shocks.
By this, we mean that Rankine-Hugoniot-type conditions
can in principle be obtained for the BDNK theory simply
due to the fact that the BDNK equations are written as the
conservation laws V,T* =0 and V,J* = 0. Aside from
this simple observation, viscous shocks have been recently
studied for the BDNK theory in the case of a conformal
fluid using numerical methods in Ref. [149], while math-
ematically rigorously properties were established in
Ref. [150].

At this point, we need to explain the role of shocks in the
BDNK theory. Since the BDNK theory is an effective

theory truncated at first order in the gradient expansion, it is
expected to be valid when gradients are not very large,
which is precisely the opposite of shocks. In order to
explain what we mean by a description of shocks in the
BDNK formalism, let us consider for a moment an ideal
fluid. In this case, one also is assuming that gradients are
small. Alternatively, one may also see this as the limit
where microscospic length scales are much smaller than the
length scales associated with the gradients. However,
shocks are known to develop in solutions of ideal hydro-
dynamics, and the study of shocks is indeed an important
topic within the community. To what extent such shocks are
accurate depictions of the state of the physical system is a
legitimate question. Nevertheless, once we have decided to
study shocks in the context of ideal hydrodynamics, the
formalism allows us to do so in that the equations of motion
of ideal fluids can accommodate weak solutions (also
known as distributional solutions) using the Rankine-
Hugoniot conditions [23]. The same situation happens
with BDNK: the formalism in principle allows for the
study of shocks. Whether or not such solutions are
physical, or accurate in the sense that the results would
change significantly if the formalism was extended to
second order, is an important question that is beyond the
scope of our paper. However, the point we are making is
that we can, in principle, study shock solutions in the
BDNK theory.

In other words, while the derivation of BDNK theory
rests on the assumption of small gradients, one might try to
apply it to situations where in principle gradients are not
small (like shocks), just like it was done before in the
context of ideal fluids. Although this seems inconsistent, it
is precisely what it is done when one employs the equations
of ideal fluids to the study of shocks. Moreover, it is also
the case that MIS-like theories are often applied to
situations where gradients are not so small; see, e.g.,
Refs. [84,90,151-155]. It is an intriguing, almost philo-
sophical, question why one can sometimes still obtain
meaningful results in such cases, even though shocks are
formally beyond the regime of validity of any known
approach to viscous fluids—an important question, how-
ever, that is beyond our scope here.

We now discuss another aspect of importance in viscous
theories, which is entropy production. Naturally, one needs
the second law of thermodynamics to be satisfied; i.e.,
entropy production for physically realizable states of the
system must be non-negative. Before addressing this point
in the BDNK theory, however, some important points need
to be highlighted. Strictly speaking, there is no universally
understood expression for the entropy of a given system out
of equilibrium, aside from the one given by the Boltzmann
equation. Thus, while it is useful to define an out-of-
equilibrium entropy (which must, of course, reduce to the
definition of equilibrium entropy in the absence of dis-
sipation), we need to keep in mind that such a definition is
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not fundamental or even unique. Moreover, the requirement
that entropy production be non-negative on-shell uncondi-
tionally, i.e., to all orders in gradients, is certainly too
stringent. In fact, since a fluid description is an effective
description, it has a certain limit of applicability. Therefore,
one should require that entropy production be non-negative
only within the regime of validity of the theory (which is
constructed within a certain approximation scheme). This
point was stressed in Ref. [102] and discussed in detail in
Ref. [34]. In fact, enforcing non-negative entropy produc-
tion even in the presence of any size of gradients was part of
the Eckart and Landau and Lifshitz theories, but the
resulting theory is unstable and acausal, as seen, showing
that this requirement by itself is not guaranteed to lead to
sensible theories in the context of the gradient expansion.
Non-negative entropy production to all gradients is also a
guiding principle in the construction of the MIS theory, but
so far properties I, III, and IV remain open for it. On the
other hand, the DNMR equations, that are stable, causal (in
the absence of chemical potential), and are extensively used
in numerical simulations of the quark-gluon plasma, do not
have entropy production non-negative to all orders in
Knudsen and inverse Reynolds numbers, but they should
have non-negative entropy production within the limit of
validity of the theory [65]. The same is true for the BDNK
theory, as pointed out in Ref. [34] and shown in Sec. IIT A.
A thorough discussion of the role of entropy in viscous
theories can be found in Ref. [51].

We finally comment on the ability of the BDNK theory
to describe realistic physical systems. In order to go beyond
theoretical aspects and make connection with experiments,
one needs to carry out realistic numerical simulations of the
BDNK equations. Not surprisingly, given how recent the
theory is, such investigations are at an initial stage, but the
results so far have been encouraging. In Ref. [149], the
authors carry out numerical simulations of the BDNK
theory in 1 + 1 dimensions in the case of a conformal fluid
and compare the results with simulations of MIS (rBRSSS)
equations in the same setting. They found that for small
values of the coefficient of shear viscosity, BDNK and MIS
provide essentially the same evolution, but their dynamics
differ for larger viscosity values. Given that small viscosity
is one of the main regimes of interest of both theories
(higher-order corrections might become relevant in both
theories if viscosity is not small), this shows that at least in
this test case the BDNK theory reproduces the well-studied
and considerably successful behavior of MIS theory. In
addition, the BDNK theory also reproduces well-known
behavior considering Bjorken [156] and Gubser [157-159]
flows, including the presence of a hydrodynamic attractor
[32]. Further numerical studies of BDNK theory can be
found in Refs. [160,161].

We also stress the obvious point that being a causal,
stable, and locally well-posed theory are themselves
fundamental properties that need to be satisfied as a

prerequisite for describing actual physical phenomena.
Thus, while on the one hand a theory possessing these
properties is only of formal interest if it is not connected to
experiments, on the other hand, a theory that has some
phenomenological success but violates, say, causality,
cannot be taken as an accurate description of real relativ-
istic physical phenomena. In this regard, we once more
remark that, in view of the results presented in this paper,
the BDNK theory is currently the only theory that satisfies
the fundamental requirements I-III and the additional
property IV when all viscous contributions and chemical
potential are incorporated, including in the case when
dynamical coupling to Einstein’s equations is considered.

III. GENERALIZED NAVIER-STOKES THEORY

We consider a general-relativistic fluid described by an
energy-momentum tensor 7** and a timelike conserved
current J# associated with a global U(1) charge that we
take to represent baryon number. In our approach, the
equations of relativistic fluid dynamics are given by the
conservation laws,

V,J¢t=0 and V, T =0, (2)

which are dynamically coupled to Einstein’s field equa-
tions:

R
Rﬂl/ - Eg’w = 87TGT”D. (3)
For the sake of completeness, we begin by recalling the
case of a fluid in local equilibrium [2]. In this limit, one
uses the following expressions in the conservation laws:
" = ewu’ + PA*™ and J' = nu*, (4)

where ¢ is the equilibrium energy density, n is the
equilibrium baryon density, P = P(e, n) is the thermody-
namical pressure defined by the equation of state, u* is a
normalized timelike vector (i.e., u,u” = —1) called the
flow velocity, and A, = g, + u,u, is a projector onto the
space orthogonal to u#. The thermodynamical quantities in
equilibrium are connected via the first law of thermody-
namics € + P = T's 4+ un, where T is the temperature, s is
the equilibrium entropy density, and u is the chemical
potential associated with the conserved baryon charge. We
note that #*V,e = 0 and u*V,n = 0 in global equilibrium.
These are much stronger constraints on the dynamical
variables than in the case of local equilibrium where, e.g.,
only the combination u*V e 4 (¢ + P)V, u* vanishes. In
local equilibrium, both u, 7" and J* are proportional to u”
and, thus, the flow velocity may be defined using either
quantity [2].

The system of equations (2) and (3) for an ideal fluid
[defined by Eq. (4)] is causal in the full nonlinear regime.
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Furthermore, given suitably defined initial data for the
dynamical variables, solutions for the nonlinear problem
exist and are unique. The latter properties establish that the
equations of motion of ideal relativistic fluid dynamics are
locally well posed in general relativity [16,17].

Let us now consider the effects of dissipation. Without
any loss of generality, one may decompose the current and
the energy-momentum tensor in terms of an arbitrary
future-directed unit timelike vector u* as follows [48]:

I = Nut + J, (5)
T = Eulu? + PA™ + ul Q¥ + Q¥ + T, (6)

where N' = —u, J¥, € = u,u,T", and P = A, T"/3 are
Lorentz scalars while the vectors JY = Al’jJ", ¥ =
—uMT/”Aj, and the traceless symmetric tensor
T = AZ;T“/’, with AZ; = %(AZA’/’} + AgA; - % AMAp),
are all transverse to u,. Observe that this decomposition is
purely algebraic and simply expresses the fact that a vector
and a symmetric two-tensor can be decomposed relatively
to a future-directed unit timelike vector. The physical
content of the theory is prescribed by relating the several
components in this decomposition to physical observables,
which will then evolve [162] according to Egs. (5) and (6).

The general decomposition in Egs. (5) and (6) expresses
{J#,T"} in terms of 17 variables {E,N,P,u*, J*,
O+, TH}, and the conservation laws in Eq. (2) give five
equations of motion for these variables. Therefore, addi-
tional assumptions must be made to properly define the
evolution of the fluid. As mentioned before, the NS theory,
including the standard approach in Refs. [15,52], assumes
that £ = & and N' = n. The same assumption is usually
made in the MIS theory [36], though different prescriptions
can be easily defined in the context of kinetic theory
[46,65,163]. A further constraint is usually imposed on the
transverse vectors, i.e., either J7# = 0 or Q* = 0 through-
out the evolution. For instance, the former gives J# = nu#
and T = eutu’ + (P +T1) A" + " Q¥ + u? Q* + TH,
where II is the bulk viscous pressure (in equilibrium,
IT=0, Q" =0, and 7#” = 0). In this case, in an extended
variable approach such as MIS [36], I1, Q¥, and 7" obey
additional equations of motion that must be specified and
solved together with the conservation laws, whereas in the
NS approach these quantities are expressed in terms of u*,
e, and its derivatives.

In this paper, we investigate the problem of viscous
fluids in general relativity using the BDNK formulation of
relativistic fluid dynamics. See Secs. I[IB and IIC for a
detailed discussion of the origins of the BDNK theory and
the conceptual framework that it entails. As explained
in those sections, the starting point in the formulation of
the BDNK theory is the most general expression for
the energy-momentum tensor and the baryon current at
first order.

In practice, the most general expressions for the con-
stitutive relations that define the quantities in Egs. (5) and
(6), truncated to first order in derivatives, are (following the
notation in Ref. [34])

a

E=¢e+¢g ‘ ZGT +&Vau® +e3uVo(u/T),  (7a)
P=P+x ”QZ“T + 1,V + m3uN (1) T).  (7b)
N =n+y u"ZaT + 1, Vou® +v3uVo(u/T),  (7c)
o = 0,2Vl o eV w4+ 0,00V, (u/ T, (7d)
TJH =1y AWTVDT + r2uVut + 3 AV (u/T),  (Te)
TH = _2not, (71)

where o# = AP Vg is the shear tensor. The transport
parameters {¢;, 7;,0;,v;,7;} and the shear viscosity 7 are
functions of 7" and u. Thermodynamic consistency of the
equilibrium state (i.e., that €, P, and n have the standard
interpretations of equilibrium quantities connected via
well-known thermodynamic relations) imposes that y; =
v, and @, = 0, [34]. The final equations of motion for
{T, u,u*}, which are of second order in derivatives, are
found by substituting the expressions above in the con-
servation laws. In the language of Sec. Il A, expressions (7)
for Egs. (5) and (6) correspond to the most general choice
of a hydrodynamic frame for a first-order theory. As
stressed in Ref. [34], it is of course impossible to not
choose a hydrodynamic frame since the latter actually
defines the meaning of the variables {T,u,u*} out of
equilibrium (see Sec. IT A for details).

In fact, in the regime of validity of the first-order theory,
one may shift {7, u, u*} by adding terms that are of first
order in derivatives, shifting also the transport parameters
{&;,7;,0;,v;,7;}, without formally changing the physical
content of 7% and J# [34]. However, there are combina-
tions of the transport parameters that remain invariant under
these field redefinitions. In fact, the shear viscosity # and
the combination of coefficients that give the bulk viscosity
¢ and charge conductivity ¢ are invariant under first-order
field redefinitions, as explained in Ref. [34]. Additional
constraints among the transport parameters appear when
the underlying theory displays conformal invariance, as
discussed in detail in Ref. [32] at y = 0, and at finite
chemical potential in Refs. [34,35] (see also Ref. [110]).

Hoult and Kovtun [35] investigated Eq. (7) at nonzero
chemical potential using a class of hydrodynamic frames
where ¢3 = 73 = 603 = 0. This corresponds to the case
where there are nonequilibrium corrections to both the
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conserved current and the heat flux. This choice is useful
when considering relativistic fluids where the net baryon
density is not very large, as in high-energy heavy-ion
collisions. Conditions for causality were derived and limit-
ing cases were studied that strongly indicated that this
choice of hydrodynamic frame is stable against small
disturbances around equilibrium. Further studies are
needed to better understand the nonlinear features of its
solutions (well posedness) and also the stability properties
of this class of hydrodynamic frames at nonzero baryon
density in a wider class of equilibrium states.

In this paper, we consider another class of hydrodynamic
frames that we believe can be more naturally implemented
in simulations of the baryon-rich matter formed in neutron
star mergers or in low-energy heavy-ion collisions. Our
choice for the hydrodynamic frame is closer to Eckart’s as
we define the flow velocity using the baryon current; i.e.,
JH = nut holds throughout the evolution (y; =v; =0).
Clearly, this limits the domain of applicability of the theory
to problems where there are many more baryons than
antibaryons so the net baryon charge is large.

In this case, it is more convenient to use ¢ and n as
dynamical variables instead of T and y/T because the most
general expressions for the Lorentz scalar contributions to
the constitutive relations involve only linear combinations
of u"V e and V,u*, given that current conservation implies
that the replacement u*V,n = —nV,u* is valid. For sim-
plicity, we choose to parametrize the out-of-equilibrium
corrections to the scalars as follows [we note that 8, = 6,
and y; = y,, and in practice, 8 out of the 14 parameters in
Eq. (7) can be set using first-order field redefinitions [34],
so one is then left with 7, {, o, and three other parameters]:

E=¢e+1,[u'V,e+ (e + P)V,u'], (8a)
P=P—-¢Vut + tp[u*Vie + (e + P)V,u?], (8b)

where 7, and 7p have dimensions of a relaxation time and ¢
is the bulk viscosity transport coefficient. When evaluated
on the solutions of the equations of motion, one can see that
these quantities assume their standard form as in Eckart’s
theory up to second order in derivatives because & ~
e+ 0(0%) and P=P—(V,u'+ O(9%) on shell (we
follow traditional terminology where a given quantity is
said to be on shell when it is evaluated using the solutions
to the equations of motion).

In fact, we remind the reader that in Eckart’s theory [52]
the energy-momentum tensor is given by T, =
eu,u, + (P —¢V,ut)A,, — 200, + u,Q, + u,Q,,  with
heat flux Q, = —kT(u*V,u, + A/V,T/T), where k =
(e + P)?6/(n*T) is the thermal conductivity coefficient.
However, as remarked in Ref. [34], in the domain of validity
of the first-order theory one may rewrite the Eckart expres-
sion for the heat flux as Q, = oT[(e + P)/n]A}V,(u/T)
plus second-order terms. This is done by noticing that

(e + P)u'V,u" + A¥V,P = 0+ O(0%) on shell, which
implies that one may write, using the standard thermody-
namic relation [(dP)/(e+P)|=[(dT)/T)+[(nT)/(e+P)]x
d(u/T),

AYV,T T

/Iv a [
WV et P

AN, (u/T) +0(0%). (9)

Therefore, one can always choose the coefficients such
that the heat flux Q¥ has the same physical content of
Eckart’s theory plus terms that are of second order on shell.
We use this to write this quantity as

0 :aT(8+P)
v n

+ TQ[(S + P)u’lv,lbty + Aﬁle], (10)

ALV, (u/T)

where 7, has dimensions of a relaxation time.

In this work, we make the following choice for the
constitutive relations that give the energy-momentum
tensor and the baryon current:

JH = nut, (11a)
™ = (e + A)u*u” + (P + 1) A" — 2ne*”
QY+ QF, (11b)
A =1 [u'V,e+ (e + P)V,u'], (11c¢)
I = —(Vut + 2p[uVye + (e + P)V,ut], (11d)
Q¥ =1y(e + P)ulVu¥ + p. AV e + B,AV,n, (1le)
where
B OP oT(e+ P) (O(u/T)
B or oT(e+ P) (O(u/T)
R R e G A

and 7, 7p, and 7y quantify the magnitude of second-order
corrections to the out-of-equilibrium contributions to the
energy-momentum tensor given by the energy density
correction A, the bulk viscous pressure I, and the heat
flux Q*. In other words, Egs. (11) and (12) correspond to
the frame we consider in this work; thus they provide a
definition of what we mean by the nonequilibrium hydro-
dynamic fields.

The reason for considering the constitutive relations (11)
and (12) is that they lead to a theory satisfying properties I—
1V, as we show below. We refer the reader to Sec. II C for a
discussion of the ideas and techniques that led to the
particular choice of Egs. (11) and (12).
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The equations of motion for the fluid variables are
obtained from the conservation laws and they can be
written explicitly as

u'V,n +nV,u* =0, (13a)

u’lv/18+ (8"’ P)V,lul = —M/IVAA_ (A—}—H)Vﬁul
- v,, oK — Qﬂuivluy + 27]6”,/6””,

(13b)
(e + P)u*V uf + APV, P
= —~(A+Mu'V,uf — APV, IT+ AV, (2n6)
_WV,0 - ;ivmigﬂ _ Q0 — Q. (13)

where @, =1 (ALV,u, — A}V u,) is the Kkinematic
vorticity tensor [2]. The equations above show that,
onshell, A~ 0+ O(9?), Il ~ =V, u* + O(8*),and Q, =
oT|(e + P)/n]AV,(u/T) + O(0*). Equations (11)—(13)
define a causal and stable generalization of Eckart’s theory
that is fully compatible with general relativity, as we prove
in the next sections. We remark that when one neglects the
effects of a conserved current altogether, the theory reduces
to the case studied in Refs. [33,34]. For additional
discussion about the case without a chemical potential,
including far-from-equilibrium behavior and also the pres-
ence of analytical solutions, see Refs. [111,116,117].

A. Entropy production

It is instructive to investigate how the second law of
thermodynamics is obeyed in this general first-order
approach. This was discussed in detail by Kovtun in
Ref. [34] and, more recently, by other authors in Ref. [51].

The standard covariant definition of the entropy current
based on the first law of thermodynamics 7St =
Pu# —u, T — uJ* [36], together with Eq. (11), can be
used to show that the entropy density measured by a
comoving observer is given by

A
0, =5+ 7. (14)

Note that in our system one finds that A = 0 + O(5?) on
shell. Furthermore, using Eqgs. (11) and (13) one finds that
the divergence of the entropy current is given by

2no,, 0 11 n
VSH="M2 OV b+ ——— OVAAY T
u T T ult +8+PQ v /I(,u/ )
ol AV, Pl AWV,T
- = UV - . 1
T [“ | T T T (15)

It is crucial to note [34] that in a first-order approach V,S¥
can only be correctly determined up to second order in

derivatives [recall that in this argument terms such as
V,V,¢ and (V,$)(V,¢), for any field ¢, count as second-
order terms; see Sec. II A]. This means that not all the terms
in Eq. (15) actually contribute to this expression at second
order. For instance, when evaluating Eq. (15) on shell one
must keep in mind that the last two terms in Eq. (15) are
already at least of third order and must, thus, be dropped.
A similar argument can be used to show that the term
NV,u* = =¢{(V,ut)? + O(8*). Therefore, one can see that

. 20,0 (V)
VS = ’} + ’}
+ T [AV(u/T)|[A*V o (u/T)] + O(D),  (16)

which is non-negative when 7, {, ¢ > 0. Hence, there are no
violations of the second law of thermodynamics in the
domain of validity of the first-order theory—higher-order
derivative terms O(9?) in the entropy production can only
be understood by considering terms of higher order in
derivatives in the constitutive relations in 7% and J¥, which
is beyond the scope of the first-order approach.

IV. CAUSALITY

In order to determine the conditions under which
causality holds in this theory, we need to understand the
system’s characteristics. Our system is a mixed first-
second-order system of PDEs. While the principal part
and characteristics of systems of this form can be inves-
tigated using Leray’s theory [21,105,164], here it is simpler
to transform our equations into a system where all
equations are of second order. We thus apply u*V, on
Eq. (13a). In this case, the conservation laws (2) coupled to
Einstein’s equations (3) written in harmonic gauge,
g*Ty, =0, read

Wud% gn +nSGul O pu” + By(n,u.g)d*g=B,(0n,0u,dg),

(17a)
(z.uu’ + ﬂgA“ﬁ)aiﬁs + ﬂ,lA“ﬂaiﬁn
+p(r, + TQ)u(”éf)agﬂu” + By(e,n,u, 9)0%g
= B,(0¢, 0n, du, dg), (17b)

(Be + Tp)u(“Am”agﬁe + ﬁnu(“Aﬁ>"8§ﬁn + Cﬁaﬁﬁiﬂu”

+ B’;(e, n,u,g)0*g = B;(de, on, du, dg), (17¢)

g7 %9 = By (e, In, du, dg), (174)
where (ﬁﬂ = 0,0 (using standard partial derivatives),
p=(e+P), and A By = (A,Ap + AyB,)/2. The remain-
ing notation is as follows. We use 9“¢ to indicate that a
term depends on at most £ derivatives of ¢». A term of the
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form B(0“ ¢, ..., 0% )0 i, i € {1, ..., k}, indicates an
expression that is linear in 97 ¢; with coefficients depending
on at most 7 derivatives of ¢y, ..., £} derivatives of ¢;. For
example, the term (u*d,e + O u)g*d;59,; would be
written as B(0e,0u,g)0%g (a term of this form is not
present in our system; we write it here only for illustration).
The terms 53 above are top order in derivatives of g and thus
belong to the principal part, although, as we will see, their
explicit form is not needed for our argument, whereas the B
terms are lower order and do not contribute to the principal
part. We have also defined

We notice that by taking "V, of Eq. (13a) we are not
introducing new characteristics in the system. This can be
viewed from the characteristic determinant computed
below which contains an overall factor of u#&, to a power
greater than one. Theorem I below establishes necessary
and sufficient conditions for causality to hold in our system
of equations. We show that the assumptions of Theorem I
are not empty in Sec. VII A. Throughout this paper, we use
the following definition for the speed of sound c;:

oP oP n (OP
2 (Y1) _ (98 i el
=), - (@)@, o

where s is the equilibrium entropy per particle. Also, we
define

p°T {8(/4/T)] p°T {6(/5/T)] ””[6(/5/%'

(20)

Theorem I.—Let (e, n,u", g,z) be a solution to Egs. (3)
and (13), with w#u,, = —1, defined in a globally hyperbolic
spacetime (M, g,5). Assume that Assumption 1

(Al)p:F)—’—P,TS,TQ,TP >0 and #,{,6>0.

Then, causality holds for (e, n, u*, gaﬁ) if, and only if, the
following conditions are satisfied:

pTo > 1, (21a)
4 2
{rg <pc%rg +o+5+ on) +pTPTQ}
>4 2 1
> 4pr.1o | Tp(pCiTg +0K,) — Pe C'i‘? >0, (21b)
2 4n
2p1,79 > 7. ( pCiTo +§+?+GK‘Y +ptpr9 >0,  (2lc)

4
pTeT + OKTp > T, <pc§rQ +C4+ ?’I + GKS>
2 4n
+ prpto(l — i) + Pe C+§ . (21d)

The same result holds true for Egs. (13) if the metric is not
dynamical.

Proof.—The proof can be reduced to a computation of
the characteristics of Eq. (17) [164]. Technical details are
found in Appendix A.

V. STRONG HYPERBOLICITY
AND LOCAL WELL POSEDNESS

In this section, we investigate the initial-value problem
for Egs. (3) and (13). The goal is to show that the system is
causal and locally well posed under very general condi-
tions. First, we briefly discuss the initial data required to
solve the system of equations. Then, we rewrite our system
as a first-order system. We show that this first-order system
is diagonalizable in the sense of Proposition I. This means,
in particular, that the system is strong hyperbolic according
to the usual definition of the term, as in, e.g., Refs. [2,23].
The importance of having strongly hyperbolic equations is
due to its implications for the initial-value problem. As
already mentioned, one is generally interested in evolution
equations that are locally well posed [165]. For equations
with constant coefficients, local well posedness is equiv-
alent to strong hyperbolicity [166]. For nonconstant coef-
ficients and nonlinear systems, such an equivalence does
not hold [167-169]. However, there remains a close
connection between strong hyperbolicity and local well
posedness. For most reasonable systems, once diagonaliz-
ability is available, one can use known techniques to derive
energy estimates which, in turn, can be used to prove local
well posedness; see Sec. II C for more discussion on the
techniques involved. This is precisely the case for our
system of equations. Even though our equations consist of a
system of second-order PDEs, we can use the diagonalized
system of first-order equations to derive energy estimates.
Once these estimates are available, we use a standard
approximation argument as in Refs. [17,170] to obtain local
well posedness (see Theorem II).

A. Initial data

Equations (13) are second order in &, n, and wu”.
Thus, initial data along a noncharacteristic hypersurface
consist of the values of ¢, n, u# and their first-order time
derivatives. Clearly, the initial u* has to satisfy w"u, = —1.
Also, it is important to note that Eq. (13a) is first order and,
thus, the initial data cannot be arbitrary but must satisfy a
compatibility condition ensuring that Eq. (13a) holds at
t = 0. Therefore, one can use Eq. (13a) to write the time
derivative of n in terms of the time derivative of u*
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(this feature would also appear in Navier-Stokes theory in
the Eckart hydrodynamic frame).

A natural choice to determine the initial conditions for
the matter sector is to set an initial state that is within the
regime of validity of the first-order theory and closely
reproduces Eckart’s theory. First, one can directly extract n
and u* from J* at the initial spacelike hypersurface. Then,
one sets the nonequilibrium correction to the energy density
A in Eq. (11) to zero in the initial state, so then the initial
value for & equals 7" u,u, and the first-order time
derivative of ¢ is defined in terms of the first-order time
derivative of the flow velocity (plus spatial derivatives that
are known in the initial state). Clearly, .4 will be different
than zero later during the actual evolution, and its value can
be used to check if the simulations remain within the
regime of validity of the first-order approach (i.e., |A|/¢e
must remain less than unity). Finally, the time derivative of
the flow velocity can be set by imposing that the second-
order on-shell term (e + P)u*V,u* + A¥*V,P vanishes.
Hence, one can obtain the time derivative of the flow
velocity and all the other required initial data in the regime
of validity of the first-order approach, emulating Eckart’s
theory as much as possible.

We recall that the initial data for the gravitational sector
has to further satisfy the well-known Einstein constraint
equations. We briefly make some comments on this in
Sec. VIIL

B. Diagonalization and eigenvectors

In this section, we write Egs. (3) and (13) as a first-order
system, as discussed above. For this, we begin defining the
variables V = u%0,e, V¥ = A**0,e, W = u®d,n, WH =
Ak Qun, S# = uVut, 8 = AV ¥, F = u0,9,,, and
Ft, = A*“9,g,,. Then, the equations of motion can be
cast as

Teuaaav+ TQpal/S” +18pu“8aS’; +/}eauvv +ﬂnayWD =Ty,
(22a)

pA*0,V 4 1opu®0,S* + P ut0 V¥ + f,u’ 0, VW

+ Il 0,8y = 1, (22b)
U9V — A,V = (22¢)
WDV + nA9, S = 1, (22d)

U0, S — AG0,S* — X0 F 4 — V320, F4 = 1%, (22e)

U O F 4 — ASFS = rea, (22f)
U0, FY — A0 Fy =15, (22g)
u*0y,e = ry, (22h)

u*d,n = ro, (22i)
u Qg = . (22))
U*0aga = Tiia (22k)

where the r’s are functions of the fields ¢, u”, ..., F fw but
not its derivatives and A = ¢ff for ¢ > f3; i.e., A takes the 10
independent values 00,01,02,03,11,12,13,22,23,33 with
repeated index A summing from 00 to 33,

2
T = —p(APAS 4+ A“ L) + <PTP -¢ +§”> Areg), (23a)

VA(=0op)a 1 o a o a l UAO
xA=eh) =5lo Ay — o AP a e APV A9 (2 5,),

(23b)

yaE %u(”u/’)Aﬁ’égQ —5,). (23c¢)
By 6, we mean the Kronecker delta in the sense that when
A = of, then 64, = J,5, which equals one when ¢ = f# and
zero otherwise. Also, the terms r may be functions of the 95
variables. Equations (22) were obtained as follows.
Equations (22a) and (22b) come from the conservation
law V,T# = 0 when projected into the directions parallel
and perpendicular to u*, respectively. Equations (22c),
(22d), (22e), and (22g) correspond, respectively, to the
identities 'V, Ve —V;V,e =0, V,Vpn—-V,V,n=0,
VaVpu =VVu" =R s u” = (01, — 0pT 45 )u°+  terms
of order zero in derivatives, and 9,049, — 030,9,, = 0,
all contracted with u“Af. Equations (22f) is the Einstein
equation in the harmonic gauge, i.e., ¢*9,0;g,, = terms of
lower order in derivatives, while Eqgs. (22h)—(22k) are the
definitions of V, W (also using the identity u*V, n +
nV,u® =W+ nS% =0 to eliminate W thoroughly), S¥,
and F,, respectively. We may now define the 95 x 1
column vectors ¥ and B as

Yin
Y= Yy |> (24)
Ya
and B=(ry,....r114)7, where y, = (V,S, VW,

12 12

0= lZ/’Sg)T € RZQ, l//g:(FA"}-g?]:;x’]:z’fi)TERSO’
and w, = (e,n,u”, gy)" € R'®, to write the quasilinear
first-order system (22) in matrix form as

A, ¥ = B, (25)

where, here, A% = A% @ u”l,¢ (@ being the direct sum).
The matrix A“ is split in the following way:
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(26)
prutd)  pru’s) prucs; pr.uts |
H/:Oa H/lfla H;;Za H/;3a
04><4 O4><4 O4><4 04><4
pa pa sl pa 52 pa 53
nA* &) nARS) nAFRSE nAReS) ’ (27)
u*sy O4x4 Oxa Ogxa
0454 usy 0454 0454
O4x4 O4x4 u“sy Ogxa
044 044 044 u's,

where
[t pedy B P
TpAH® pTQu"&’,f Bu’s,  P,u’s,
—AH* O4ya u*s, O4ya
A2 — 041 044 044 usy
O —AGS)  Ogna Oxa
Op; —AYS,  Ogy 0454
O =A%) Ogns Osxa
| O4x1 —AYS, Oy 0454
while
ulyy  —AGho —Afl —A3Lg —A%l ]
=A%1  uly  Opoxio Ooxio Oroxio
A= | =A% Ouio u"lo Oioxi0 Oroxo
—A%1y Ouio Oroxio uIig Ooxio
L=A%T5 Oiwio Otoxio Ooxio u%Tyo |
(28)
and
[01x10 Oixi0 O1x10 Oixi0 Oixio |
Osx10 Oaxi0 Osaxi0 Oaxio Oaxio
Osx10 Oaxio Osaxi0 Oaxio Oaxio
04310 Oaxi0 Osaxi0 Osxio Oaxio
U v e v e @
yuda yudc gpAa yuda yuda
apdc ey gda yia
| ypde e gAa gy ga |

We are now ready to establish that, when written as a
first-order system as above, the equations of motion are
strongly hyperbolic. In Sec. VII A, we show that the
assumptions of Proposition I are not empty.

Proposition I.—Consider the system (22). Assume that
(A1) with > 0 holds and that Eq. (21) in Theorem I holds
in strict form, i.e., with > instead of >. Let £ be a timelike
covector. Then, (i) det(A*&,) # 0, and (ii) for any spacelike
vector {, the eigenvalue problem (¢, + A&,)A*R = 0 has
only real eigenvalues A and a complete set of right
eigenvectors R.

|

Proof.—The proof of this proposition is very lengthy and
we refer the interested reader to check all the details and the
proof presented in Appendix B.

C. Local well posedness

In this section, we establish the local existence and
uniqueness of solutions to the nonlinear equations of
motion in Eqgs. (3) and (13).

We begin by noticing that Eq. (13) used the normaliza-
tion u*u, = —1 to project the divergence of T, and J* onto
the directions parallel and orthogonal to u*. In order to
show that the condition w*u, = —1 is propagated by the
flow, it is more convenient t0 work directly with Egs. (2)
and (3). In order to complete the system, we differentiate
wu, = —1 twice in the u* direction:

uPV [uV o (u®u,)] = 0. (30)

We also differentiate V J# =0 once, as in Sec. IV:

u'V,(V,J¥) =0 (31)
Observe that Eqgs. (30) and (31) imply that *u,, = —1 and
V,J# = 0 hold at later times if these hold at the initial time.
The main result of this section can be found below.
Theorem Il.—Let (Z, gup, Rop €, 8,1, 70,4, 0%) be an
initial-data set for the system composed of Einstein’s
equations (2) and V,J# = 0, where T4 and J# are given
in Eq. (11). Assume that l?t”lftﬂ = —1,n > 0[171], and that
V”J” =0 holds for the initial data. Assume (A1) withny > 0
and suppose that Eqs. (21) of Theorem I hold in strict form
and that the transport coefficients are analytic functions of
their arguments Finally, assume that Eaﬂ,g n,u” € HV(X)
and that R4, 2,7, 0% € HY™!(Z), N > 5, where H is the
Sobolev space. Then, there exists a globally hyperbolic
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development of the initial data. This globally hyperbolic
development is unique if taken to be the maximum globally
hyperbolic development of the initial data.

Proof.—The proof is found in Appendix C.

VI. NEW THEOREM ABOUT LINEAR STABILITY

Any ordinary fluid must be stable against small devia-
tions from the thermodynamic equilibrium state [15]. (We
only consider systems such that the equilibrium state is
unique and has a finite correlation length. Therefore, in
principle, our discussion does not apply to systems where
the correlation length in equilibrium can become arbitrarily
large, such as at a critical point.) We recall that in
equilibrium f, = u,/T must be a Killing vector, i.e.,
VB, +V,p,=0, and also V,(u/T) =0 [36,172,173].
In Minkowski spacetime, nonrotating equilibrium corre-
sponds to a class of states with constant 7 and u and
background flow velocity u* = y(1,v) defined by a con-

stant subluminal three-velocity v, where y = 1/V1 — v2.
(In this paper, we neglect the constant thermal vorticity
term; see Ref. [172] for a nice discussion of its physical
content and consequences.) In the local rest frame v =0
and the background flow is simply #* = (1,0,0,0). In a
stable theory, small disturbances from the general equilib-
rium state 7 — T + 6T (,X), u = pu + 6u(t,x), and u* —
ut + Sut(t, x) (with u,6u” = 0) lead to small variations in
the energy-momentum tensor and current, 57+ (¢,x) and
6J#(t,x), which decay with time.

The standard theories from Eckart and Landau-Lifshitz
are unstable, as shown by Hiscock and Lindblom many
years ago [25]. This instability appears because such
theories possess exponentially growing, hence unstable,
nonhydrodynamic modes, which spoil linear stability
around equilibrium even at vanishing wave number.
(The frequency of a hydrodynamic mode, such as a sound
wave, vanishes in a spatially uniform state. On the other
hand, a nonhydrodynamic mode correspond to a collective
excitation that possesses nonzero frequency even at zero
wave number.) For Landau-Lifshitz theory at zero chemical
potential, this instability is only observed when considering
a general equilibrium state with nonzero v [25,26,73],
while in the case of Eckart the instability already appears
even when v = 0. The lack of causality in these approaches
implies that it is not sufficient to investigate only the static
v = 0 case in order to determine the stability properties of a
general equilibrium state where v # 0, even though such
states are in principle connected via a simple Lorentz
transformation.

The necessity to investigate the stability properties of
general equilibrium states where v # 0 makes linear sta-
bility analyses of viscous hydrodynamic theories very
complicated. Already in the local rest frame, finding
whether the linear modes of the system are stable requires
determining the sign of the imaginary part of the roots of a

high-order polynomial, which becomes a daunting task
when v # 0 (see Refs. [35,70] for recent examples of how
complicated a v # 0 analysis can become in BDNK and
MIS theory, respectively).

We prove below a new theorem that gives sufficient
conditions for causal fluid dynamic equations to be linearly
stable against disturbances of a general nonrotating equi-
librium state with arbitrary background velocity. In this
case, proving stability for the local rest frame implies
stability in any other frame (note that the word frame here is
used in the standard context of special relativity, i.e., to
refer to an inertial observer, and has nothing to do with the
concept of a hydrodynamic frame discussed in previous
sections, which concerned the definition of hydrodynamic
variables out of equilibrium) connected to the local rest
frame via a Lorentz transformation. This general feature is
expected to hold in any interacting relativistic system; i.e.,
no issues should appear if one simply observes a given
system in another inertial frame. We then use this theorem
in Sec. VII to find conditions under which the hydro-
dynamic theory presented here is stable. We remark that our
results can be used to establish stability at nonzero v # 0 in
other theories as well, e.g., MIS, as long as the conditions
discussed below are fulfilled.

A. Transforming a second-order system of linear
differential equations into a first-order one

We begin by showing how one may convert a system of
linear second-order PDESs into a first order one, as this is
needed for the theory discussed in this paper. Let the system
of linearized second-order PDEs be given by

D M(O)gowt (X) = N(Iby)*, (32)
b

where a and b run from 1 to n, M (D) are differential linear
operators of order 2, 9t(O¥) are linear terms containing
derivatives of the perturbed fields 6% up to order 1, and
sy (X),...,0p"(X) are the perturbed fields (for instance,
O€, on, etc.). We suppose that Eq. (32) arises from the
conservation laws —u,0z6T% =0, AL9;6T% =0, and
06" = —ugu®0,6J" + A%9,5]5 = 0, where the first
two come from 9,6T* = 0, while the last equation appears
only when J# is included. In this manner, the derivatives in
the equations of motion in Eq. (32) shall always appear as
combinations of u®d, and A”dj only. Thus, if the system
in Eq. (32) has one or more second-order equations,
it can be rewritten as a first-order system in the N = 5n
new variables &y (X) = u®0,pw*(X) and &y (X) =
AL,y (X). These definitions automatically lead (32) to
n first-order linear equations. One then needs to supplement
those with the 4n dynamical equations that are missing. By
means of the identity 0,05y (X) — 030,y (X) = 0, one
may find the extra 4n dynamical equations
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u®0,005(X) — A70,0p(X) = 0, giving the needed 5n
first-order dynamical equations, as required. In matrix
form it becomes

A%, 6%(X) + BSY(X) = 0, (33)

where A% and B are N x N constant real matrices
and S¥(X) is a N x1 column vector with entries
oyl o), ... 69", 8p". This ends the procedure.
However, if one of the equations in Eq. (32) is already
of first order but contains variables that have second-order
derivative in other equations, then one can eliminate this
equation by using it as a constraint to eliminate one of the
variables. For example, consider the case of the ideal
current J# = nu*. In this case, the conservation equation
0xJ* = 0 becomes u®d,on(X) + ndou*(X) =0. If TH
has shear or bulk contributions, for example, then the other
equations must have second-order derivatives of éu*. Thus,
one must write 9,8J% = 0 as i + ndj}, = 0, where 57, =
A%0,ut and 6y = u*d,n. This is a zeroth-order equation in
the new variables and, therefore, is just a constraint. One
may use this constraint in order to eliminate the variable oy
in the other dynamical equations. Then, in this case one
ends up with 57 — 1 dynamical equations for the 5n — 1
fields.

Finally, we remark that other approaches to viscous
relativistic fluids, such as MIS, are already written in the
format (33) in the linearized regime so the procedure to
reduce the order of the equations of motion described above
is not needed and one can move directly to the part below.

B. New linear stability theorem

To study linear stability, let us expand the perturbed
fields in the Fourier modes K* = (i, k') by substituting
8Y(X) — exp(iK,X*)6¥(K) = exp(T't 4 ik;x")8¥(K) in
Eq. (33). The result is

iK,A*S¥(K) + BSY(K) = 0. (34)

Since K* appears, as aforementioned, as combinations of
—u"K, = y(il’ — k;v') and A" K, K, = (u'K,)*> +T% + k2,
where k> = k;k’, then the direction of k' is not relevant
once one keeps o' arbitrary. Thus, we may write
K" = —n¥n,K* + {#{,K¥, where n,, is timelike and ¢, is
spacelike, with n*n, = -1, n,* =0, and {,¢* =1 [for
example, it is common to choose K* = (K, k,0,0) so that
n, and ¢, are (=1,0,0,0) and (0,1,0,0), respectively]. In
this case we define Q = n,K* and « = {,K* such that
K* = —Qn* + k{* [70]. Then, Eq. (34) can be written as

iQ(—n AY)SY(K) = —ixl AP (K) — BEY(K).  (35)

The general form of the covectors n and ¢ is n, =
Ya(=1,c?) for any ¢’ such that 0 < cic; < 1 and where

Yn=1/\/1=cic;>1,and ¢, = yg(—fijcj,fl") > 1, where
d'd; =1 for an arbitrary unitary ' and Ye=

1/4/1 = (d'c;)* > 1. From the Cauchy-Schwarz inequality
(d'c;)* < |c'|? (here, |¢!| = \/cic;), then one obtains that

Stability demands that the perturbed modes I = I'(k’) are
such that I'; < 0. Now, consider the eigenvalue problem,

(Ang + {o)A% = 0. (37)

where here A is the eigenvalue associated with the right
eigenvector r.

Proposition IL—If Eq. (33) is causal, then the
eigenvalues A are real and lie in the range [-1,1].
Furthermore, det(n,A%) # 0.

Proof.—Causality demands that the roots of Q(¢) =
det(£,A%) = 0 are such that (i) & = &y(&;) € R and that
(i1) the curves &, lie outside or over the light cone. In other
words, &&, > 0. If one writes £, = An, + £,, where n and
{ are real, then condition (i) means that A is real. On the
other hand, since n and { are orthonormal, then condition
(ii) means that £,* = —A% + 1 > 0, which demands that
A*> <1, ie., A€[-1,1]. Now, since Q(&) =0 if and
only if & is spacelike or lightlike, this means that
det(n,A%) # 0. ]

Theorem IIl.—Let Eq. (37) have a set of N linearly
independent (LI) real eigenvectors {ry, ..., ty }. If Eq. (33)
is causal and stable in the local rest frame O, then it is also
stable in any other Lorentz frame (@ connected to O by a
Lorentz transformation.

Proof.—The details of the proof are found in
Appendix D. However, we summarize some steps here.
Note that causality enables us to invert the matrix (—n,A%).
Then, it is possible to rewrite Eq. (35) as

QW (K)"(RT)'R-16¥(K)
— —ixdW(K)T(RT) 1R (=, A7) (£, A7) 5¥(K)
— 8¥(K)"(RT)" R (—=n,A%) "' BS¥(K), (38)

where the dagger stands for the matrix transpose and
complex conjugate operations altogether, 7" stands for matrix
transpose operation, while R is the square matrix that
diagonalizes (—n,A%*)~(¢,A%), since Eq. (37) has a com-
plete set of real eigenvectors in R” with only real eigenvalues.
Then, we can expand 6% (K) in terms of these eigenvectors.
In the proof, it is shown that ¥(K)"(RT)"'R~!6¥(K) and
SY(K)" (RT)"'R7Y (=n,A%)~1({,A%)8Y(K) are real for any
Lorentz frame. After some work, we demonstrate that, under
the theorem’s statements, stability reduces to the condition
that the term 8% (K) " (RT) 'R~ (=n,A%)"'BS¥(K) must be
greater than or equal to zero. Since this is proven to be a scalar

021044-22



FIRST-ORDER GENERAL-RELATIVISTIC VISCOUS FLUID ...

PHYS. REV. X 12, 021044 (2022)

under Lorentz boosts, it can be computed in any frame.
Thus, this implies that if the theory is stable in the LRF and
obeys the other conditions of the theorem, it is stable in any
other Lorentz frame.

We note that this result implies that the original system of
linearized second-order PDEs in Eq. (32) is stable under the
stated assumptions.

1. Applying the stability theorem to a toy model

To illustrate the application of the stability theorem,
consider the simple model described by the fields ¢ and y*
that obey the first-order dynamical linear equations:

U 0up — aA20 " + A = 0, (39a)
M”aal//” - ﬂAlmaa¢ =0. (39b)

We consider the case where u* is constant [u* = y(1, vi),
with y = 1/v1 —v? and v*> = v'v; < 1] as done in the
stability theorem of the last section. If we write Eq. (39) in
matrix form as

A%, P (X) + B¥(X) =0, (40)

where W(X) = (¢, w") is a 5 x 1 column vector,

A 0
B:[ 14]

04><1 04><4
and
u® —aAf
A% = 41
o ] W

are 5 x 5 matrices, the propagation modes w = w(k') are
obtained by means of the Fourier transform
¥(X) - eKX'P(K), where K* = (w,k'), and are the
roots of det[iK,A* + B] = 0. Let us write @ = iI". Then,
stability requires that Re(I') < 0. In the local rest frame,
these equations are I' = 0 and I'> 4 A" + aBk*> = 0, where
k*> = k;k'. Then, stability in the LRF implies the conditions

afp >0, (42a)

A>0. (42b)
As for the boosted frame obtained by the Lorentz transform
I - y(T +iv'k;) and k* - T? + k> — y*(T + iv'k;)?, the
first root is I' = —iv'k;, which is stable, while the remain-
ing two roots demand (after a long but straightforward
computation)

A>0, (43a)

0<ap<l. (43Db)

To verify stability via the stability theorem proven in this
paper, we must verify conditions where Eq. (39) is causal
and if the matrix ®,A* (with ®, = An, + {,, n and ¢ are
the unitary timelike and spacelike covectors defined in the
text) has a complete set of eigenvectors in R>. Proposition I
guarantees that if Eq. (39) is causal, then A € R. In order to
study causality, we compute the characteristics &, of the
system, which reduces to the roots of det(A%,) =
(u&,)*[(wPEp)? — apAE,E,] = 0. Causal roots must be
real and obey &,&" >0, which gives the conditions
0 < ap < 1. These conditions, together with stability in
the LRF, coincide with the conditions obtained by means of
the above direct calculation. However, if we did not know,
a priori, the conditions for stability in any frame (which is
the case when considering higher-order polynomials
for the modes), we would still have to obtain the eigen-
vectors of

u’®,, —aAlD,
DA = L)
—pAFID,  uD,5,

We can do it firstly by obtaining the eigenvalues A, which
may be easily obtained by changing &, — ®, in the
computation of the characteristics. With that result one

obtains the eigenvalue AWM that is the root of u"tl‘)g) =0

with multiplicity 3 and the eigenvalue Af), which give the

two roots of (uﬂd)f;)z - aﬁA’“’d)ﬁzCDg = 0. The corre-
sponding eigenvectors are as follow.
(i) For u“@&” = 0, the system @,&”A“rﬁ,l) =0 has as
eigenvectors the three linearly independent vectors
given by

2= -

Wa

where {wY}3_, is a set of three linearly independent

vectors orthogonal to the vector AW(I),Q).

(ii) For (uﬂCD(f/)j)2 - aﬂA"”be})}Dg =0, we assume
aff # 0 and obtain the two eigenvectors,

agp?®
A2 = { “Psa } (46)
e
[Note that in the special case aff = 0, the root u*¥, = 0 is
the only root with multiplicity 5. We end up with two
distinct situations: first, if @ # 0 or § # 0 with aff = 0, then
one obtains four LI eigenvectors as can be seen from
Egs. (40) and (41). On the other hand, if @ = f = 0, then
the system is already diagonal and the theorem applies
directly.] Thus, Eq. (46) completes the remaining two
linearly independent eigenvectors since A are distinct
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eigenvalues, giving the five LI eigenvectors. Then, the
stability theorem states that the system is stable if 4 > 0 and
O<ap<lorifA>0and a=p =0. Note that there is a
slight difference from the condition obtained from the
direct calculation. To wit, it does not include the case aff =
0 with a or g different from zero. The conclusion is that
stability in any frame does not necessarily imply strong
hyperbolicity. However, strong hyperbolicity plus causality
plus stability in the LRF implies stability in any boosted
frame. In other words, stability may occur outside the
conditions imposed by the theorem.

2. Applying the stability theorem to the MIS system

As another example of the usefulness of Theorem III,
let us briefly comment how it can be used to recover
the stability conditions of the MIS equations [24] in the
presence of bulk viscosity. More precisely, we take the
MIS-like equations studied in Ref. [71] where only bulk
viscous effects have been considered. In that case, it was
proven that there exist conditions such that the system of
PDEs is nonlinearly causal and symmetric hyperbolic;
hence the principal part of the equations is diagonalizable.
The linear version of such equations forms a system that is
also symmetric hyperbolic and the conditions for stability
needed for the application of Theorem III can be shown to
agree with those found in Ref. [24] for the case where only
bulk viscosity is present.

VII. CONDITIONS FOR LINEAR STABILITY

We now apply the theorem proved in the last section
to determine conditions that ensure the stability of the
hydrodynamic theory proposed in this paper. Let us first
define

4
D= pci(r,+1g) + L+ + 0w, (47)
and

E = o[pix, — cix,]

=ol(@), ()~ @) (a0 )

(48)

where k,=(Tp*/n)[0(u/T)/Dels =Kok, ke = (Tp*/n)x
[0/ T) /el kg = (Tp)[0(u/ T) /1), and pl,=(IP/ ),
Standard thermodynamic identities imply that plx, —
2k, >0, then E>0 from (Al). By assuming the
Cowling  approximation  [174]  with g, =mn,, =
diag(—-1,1,1,1) and 69, = 0, we find that the system
described by Eq. (13) is linearly stable if it is causal within
the strict form of the inequalities in Eq. (21) together with
the additional restriction # > 0 in (A1) and

(te + 79)|B| = 7.79D > pcit.y(T, + 70), (49a)
(Te + TQ)|B|D + stTQ<Ts + TQ)E
> 1,79D? + p(z. + 79)*C, (49b)
¢iD - E > pci(r, + 7). (49¢)
(e + 79)[|Bl(c2D = 2E) + 2c?pr 1o E + CD]
> 2¢2p(z. + 79)*C + 1,79D(cD — E), (49d)
|B|D[C(z, + 7¢) + Et.79] + 2pt.79 (7. + 79)CE
> pC2 (1, 4+ 19)* + 1.79(CD?* + pr, 7o E?)
+ B*E(z, + 19), (49e)
where B and C are given by
— 2 4n
B = —Te pCSTQ +§+?+GKS —prTQ, (503)
2 4n
C=tp(pcieg +ox) ~p.(+2). (500

as in Eq. (A5), with |B| = =B > 0 from Eq. (21¢) in the
strict form.

To prove the statement above, as before we may expand the
perturbations 8% = (Je, su¥, 6n) in Fourier modes by means
of the substitution S¥(X) — exp[T ([t + k;x')]6¥(K),
where K# = (i, k') is dimensionless due to the introduction
of background temperature 7 in the exponent. We begin by
proving stability in the local rest frame, where the modes are
the roots of the shear and sound polynomials,

shear channel: 7,I% 4+ 7k*> + T =0, (51a)

sound channel : aoI +a,T* 4 a,I3 + a;I% +a, U +as =0,

(51b)
where k> = k'k; and
ay = 7,79, (52a)
a =7, + 7. (52b)
a, =1+ K[B], (52¢)
as = k2D, (52d)
a, = c2k* + k*C, (52¢)
as = KE. (52f)
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We defined the dimensionless quantities 7, = Tz,
. =Tz, i1 =Tn/p, B=(T?/p)B, C=(T*/p)C, D =
(T/p)D, and E = (T/p)E. From the second inequality in
Eq. (21c) in its strict form one obtains that B < 0 (see the
definition of a,). The analysis of stability in the LRF goes as
follows.

Shear stability conditions.—The second-order polyno-
mial (51a) has two roots with I'y <0 only if 7, > 0 and
n > 0, which is in accordance with assumption (Al). One
can see that 7 clearly acts as a relaxation time (the same
role is played by the shear relaxation time coefficient 7,
present in MIS theory) for the shear channel, which
ensures causality. In fact, the condition 7y > 0 is clear
since the leading contribution to the nonhydrodynamic
frequency in this channel goes as 1/7, at zero wave
number.

Sound stability conditions.—As for the sound channel in
the rest frame, by means of the Routh-Hurwitz criterion
[175], the necessary and sufficient conditions for I' < 0
are (i) ag, a; > 0, (ii) aja, —agas > 0, (iii) az(a;ar—
agas) —ay(ajas —agas) >0, (iv) (aja4—agas)laz(a;ar,—
agaz) —a, (ayas—apas)| —as(aya, —agas)* >0, and
(v) as > 0. Condition (i) is already satisfied from (Al).
Condition (ii) corresponds to the first inequality
in Eq. (49a), while (iii) is the second inequality in
Egs. (49a) and (49b). Condition (iv) corresponds to
Egs. (49¢)—-(49¢e). Given that E > 0, thus, when £ =0
and (i)—(iv) are observed, then I'p <0, which is in
accordance with stability. Also, if k=0, then I'; <0
(three zero roots and two negative roots) because
ap, a;,a, >0 from (Al). Hence, the system is linearly
stable in the local rest frame.

We remark that our system displays three types of
hydrodynamic modes and three nonhydrodynamic modes.
In the small k expansion that typically defines the linearized
hydrodynamic regime, our shear channel gives a diffusive
hydrodynamic mode with (real) frequency w(k)=
—ik’n/ (e + P) + - - -, while in the sound channel one finds
proper sound waves with w(k) = +ck — ik’ /2 + - -
and also a heat diffusion mode with w(k) = —iDk* + - - -,
where D ~ ¢, and I'y = I';(5,{, o) just as in Eckart theory
(see Ref. [35] for their detailed expressions). Therefore, our
theory has the same physical content of Eckart’s theory in
the hydrodynamic regime. On the other hand, the shear
channel has a nonhydrodynamic mode with frequency
given by w(k) = —i/7p +---, while the sound channel
has two nonhydrodynamic modes with frequency w(k) =
—i/t,+--- and w(k) = —i/7p +--- in the low k limit.
These nonhydrodynamic modes parametrize the UV behav-
ior of the system in a way that ensures causality and

stability, making sure that the theory is well defined
(though, of course, not accurate) even outside the typical
domain of validity of hydrodynamics.

The complete proof of linear stability demands an
analysis of the linearized system around an equilibrium
state at nonzero velocity. In this regard, we shall use the
results presented in Sec. VI B. We first write the system in
Eq. (13) as a first-order linear system of PDEs. Then, since
we already have proven causality and also linear stability in
the LRF, it remains to be shown that the first-order
counterpart of Eq. (13) is diagonalizable in the sense of
Eq. (D2). This is done below.

First-order system.—Following Sec. VI A, we may
define 6V = u%d,0e, OV = A**0,0e, O6W = u“0,on,
OWH = A0, W,  6SF = u®d,0u”,  OSY = AJ0,0u”.
Since the current is ideal, i.e., J¥ = nu”, then the linearized
conservation equation 0,6J* = 6W + néS; = 0 enables us
to eliminate SW from the new system of equations. Hence,
the first-order equations become

1D,V + pT0aBS® + POV + B0 SV

+ pr u*0,685Y + 6V + péSy = 0, (53a)

TpA0,0V + prou®0,08* + P.u’0, 0V + B,u’0 0V

+TLY0,88% + pLoVF + pldWWH 4 psSt =0,  (53b)
U SV — AH9, 8V = 0, (53¢)

U W + nAr9,58Y = 0, (53d)

U9,88! — A%9,58" = 0, (53e)

where p;l = (81)/671)8 and
2
Hﬁla:_n(Aﬂ153+Ai(lég)+ (,OTP—§+37]> Aﬂaéﬁ. (54)

The supplemental equations (53c)—(53e) come from the
identities 0,040e — 00,0 = 0, 0,040n — 0,0n = 0,
and 0,0p0u" — 0430,6u" = 0, respectively, when con-
tracted with u®*AP*. In particular, in Eq. (53d) we have
substituted 6W = —ndS? that comes from the conservation
equation of J#. Then, we may write Eq. (53) in matrix form,
A*0,6¥(X) + BY(X) =0, were 6¥(X) is the 29 x 1
column matrix with entries 6V, 88", 6V, oW, 85y,
08y, 685, 6855,
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Tu”  prby PS5y Pud)

TpAM pToulsy  Pu’s,  pu’sy

—AF Ogy U Oy

A% — 044 O4x4 O4x4 us)

O4c1  —ALS,  Ogg 0454

Op1  —AIS Ogy 044

Op1  —A0,  Oga 044

L O —Ag‘&’,ﬁ 044 O4x4

and

T 1 Oa Opa Opa p8) p8, ps,  pd; 7]
0451 Péﬁ P/efslvl Piﬂ; Ogxa Ogxa Ogxa Ogya
Osxi Oaxa Ossq Osxa Osxa Ogua Ogng Ogg
B— 041 Ogxa Ogsca Ossq Ogxa Oaxa Ogsq Ogoq
041 Osxa Ogsa Ossq Ogxa Oaxa Ogseq Ogoq
041 Ogxa Ogss Ossq Ogxa Oaxa Ogsq Ogoq
041 Ogxa Ogss Ossq Ogxa Oaxa Ogsq Ogoq
LO04x1 Ogxa Ogsa Oacq Ogra Oga Ogieq Ogoq
(56)

‘We must now obtain the eigenvectors of Eq. (37). However,
note that A% above is exactly the same as the matrix A% in
Eq. (27) with the difference that now the coefficients of A*
are constants. We have already proven in Sec. V that the
matrix A% in Eq. (37) has real eigenvalues and a complete
set of eigenvectors in R?°. The same solution is true for A%
in Eq. (37) if we change £, — n, (and also A% — A%) in
the results for the matter sector in Sec. V. Thus, the 29 x 29
matrix (—n,A%){zA? is diagonalizable, completing the
requirements from Theorem III. This shows that the theory
is linearly stable in any other reference frame O’ connected
via a Lorentz transformation. Therefore, one then obtains
that our set of linearized second-order PDE:s is stable in any
equilibrium state.

A. Fulfilling the causality, local well posedness,
and linear stability conditions

We now give a simple example that illustrates that the set
of linear stability conditions (and consequently, causality
and local well posedness, since those are part of the linear
stability conditions) is not empty. Let us analyze the case
where 79 =17, and 7p = c21,, assuming an equation of
state P = P(e), with ¢2 = p. = 1/2. Also, assume that
¢ + 4n/3 > 0 (their specific values are not relevant as far as
they are positive and 7 > 0 for the sake of the stability and
well-posedness theorems). Then, one may easily verify that

peacdl pracel pracst prus

70 T 2 3

044 044 044 044

nA* S nARSl nAFASE nAres] ’ (55)
u’sy O4x4 O4x4 044

044 us) O4x4 044

044 O4x4 udy 044

Og4 0454 0454 u’sy, |

the causality conditions (21) hold in their strict form, as
required, and that the remaining conditions (49) are also
observed when pz, = 8(¢ + 45/3), k, = k,/2 = 1/4, and
in the three different situations, namely, /(¢ + 45/3) = 0,
1/4, and 1.

VIII. CONCLUSIONS AND OUTLOOK

In this work, we presented the first generalization of
relativistic Navier-Stokes theory that simultaneously sat-
isfies the following properties: the system, with or without
coupling to Einstein’s equations, is causal, strongly hyper-
bolic, and locally well posed (see the content of Theorems I
and II); equilibrium states in flat spacetime are stable
(consequence of Theorem III); all dissipative contributions
(shear viscosity, bulk viscosity, and heat conductivity) are
included; and finally the effects from nonzero baryon
number are also taken into account. All of the above hold
without any simplifying symmetry assumptions and are
mathematically rigorously established. In addition, entropy
production is non-negative in the regime of validity of this
effective theory.

This is accomplished in a natural way using a general-
ized Navier-Stokes theory containing only the original
hydrodynamic variables, which is different than other
approaches where the space of variables is extended (such
as in Miiller-Israel-Stewart theory). However, it is impor-
tant to remark that the meaning of the hydrodynamic
variables in our work is different than in standard
approaches, such as Refs. [15,52]. In fact, in the context
of the formalism put forward by Bemfica et al. [32,33] and
Kovtun [34], our formulation uses a definition for the
hydrodynamic variables (i.e., our choice of hydrodynamic
frame) that is not standard as there are nonzero out-of-
equilibrium corrections to the energy density and there is
energy and heat diffusion even at zero baryon density.
Despite these necessary differences (imposed by causality
and stability), the theory still provides the simplest causal
and strongly hyperbolic generalization of Eckart’s original
theory [52], sharing the same physical properties in the
hydrodynamic regime (for instance, both theories have
the same spectrum of hydrodynamic modes). However,
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differently than Eckart’s approach, our formulation is fully
compatible with the postulates of general relativity, and its
physical content in dynamical settings can be readily
investigated using numerical relativity simulations. In fact,
we hope that the framework presented here will provide the
starting point for future systematic studies of viscous
phenomena in the presence of strong gravitational fields,
such as in neutron star mergers.

Motivated by the task of establishing stability of general
equilibrium states in flat spacetime, in this work we also
proved a new general result (see Theorem III) concerning
the stability of relativistic fluids. In fact, we found con-
ditions that causal relativistic fluids should satisfy such that
stability around the static equilibrium state directly implies
stability in any other equilibrium state at nonzero back-
ground velocity. Theorem III is very general and its regime
of applicability goes beyond BDNK theories and it could
also be relevant when investigating the stability properties
of other sets of linear equations of motion as well. In this
regard, see the discussion in Sec. II B, and see also Secs VI
B 1 and VI B 2 for further examples of the applicability of
Theorem III.

Our generalized Navier-Stokes theory can be used to
understand how matter in general relativity starts to deviate
from equilibrium. An immediate application is in the
modeling of viscous effects in neutron star mergers. Our
approach can be useful in simulations that aim at determin-
ing the fate of the hypermassive remnant formed after the
merger of neutron stars, hopefully leading to a better
quantitative understanding of their evolution and eventual
gravitational collapse toward a black hole. Differently than
any other approach in the literature, the new features
displayed by our formulation and its strongly hyperbolic
character make it a suitable candidate to be used in such
simulations. This will be especially relevant also when
considering how viscous effects may modify the gravita-
tional wave signals emitted soon after the merger [12,14].
In this regard, we remark that previous simulations per-
formed in Ref. [11] employed a formulation of relativistic
viscous hydrodynamics where the key properties studied
here (causality, strong hyperbolicity, and local well posed-
ness) are not known to hold in the nonlinear regime.

Our work is applicable in the case of baryon-rich matter,
such as that formed in neutron star mergers or in low-
energy heavy-ion collisions. The latter include the exper-
imental efforts in the beam energy scan program at RHIC
[176], the STAR fixed-target program [176], the HADES
experiment at GSI [177], the future FAIR facility at GSI
[178], and also NICA [179]. For a discussion of viscous
effects in low-energy heavy-ion collisions at nonzero
density, see Refs. [85,113,180]. High-energy heavy-ion
collisions, such as those studied at the LHC, involve a
different regime than the one considered here where the net
baryon number can be very small and, thus, that case is
better understood using a different formulation such as the

one proposed in Ref. [35], also in the context of the BDNK
formalism.

In our approach, we only take into account first-order
derivative corrections to the dynamics. Therefore, the
domain of validity of our theory is currently limited by
the size of such deviations. Hence, further work is needed
to extend our analysis, incorporating higher-order deriva-
tive corrections, to get a better understanding of what
happens as the system gets farther and farther from
equilibrium. In this context, it would be interesting to
extend our equations to include second-order corrections
and consider also, more generally, the large order behavior
of the gradient expansion in an arbitrary hydrodynamic
frame. The latter will be different than most approaches to
the gradient expansion since in BDNK the constitutive
relations contain time derivatives even in the local rest
frame of the fluid. This essential difference has important
consequences in a kinetic theory formulation; see the
original references [32,33]. The large order behavior of
the relativistic gradient series has been recently the focus of
several works [84,181-194], and it would be interesting to
extend such analyses to include the type of theories
investigated here.

There are a number of ways in which our work could be
extended or improved. First, it would be useful to obtain a
better qualitative understanding of why some hydrody-
namic frames (such as the Landau-Lifshitz frame or the
Eckart frame) are not compatible with causality and
stability in the BDNK approach, given that the situation
is different in other formulations. In fact, the Landau frame
seems to display no significant issues in the case of MIS-
like theories in the nonlinear regime at least at zero
chemical potential, as demonstrated in Ref. [72]. Perhaps
a more in-depth investigation of how BDNK emerges in
kinetic theory, going beyond the original work done in
Refs. [32,33], can be useful in this regard (see also the
recent work [148]). Also, it would be interesting to use the
BDNK approach to investigate causality and stability in
more exotic cases, such as in relativistic superfluids.
Furthermore, the inclusion of electromagnetic field effects
in the dynamics of relativistic viscous fluids can also be of
particular relevance, especially in the context of neutron
star mergers [195] and high-energy heavy-ion collisions
[196]. This problem has been recently investigated using
other formulations of viscous fluid dynamics, see for
instance Refs. [197-202], and also most recently in the
BDNK approach in Ref. [203]. Consistent modeling of
relativistic viscous fluid dynamics coupled to electromag-
netic fields can also be relevant to determine the importance
of dissipative processes in the dynamics and radiative
properties of slowly accreting black holes, as discussed
in Ref. [197].

Further work needs to be done to understand the global
in-time features of solutions of relativistic viscous fluid
dynamics. For instance, one may investigate the presence
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of shocks, which is a topic widely investigated in the
context of ideal fluids [21,145,204-206] and was done in
Ref. [94] for the MIS theory (see Sec. IIB for further
discussion on shocks). The importance of hydrodynamic
shocks has been recognized both in an astrophysical setting
[197] as well as in the study of jets in the quark-gluon
plasma [207-219]. We also remark that one task that we
have not done here was the construction of initial data for
the full Einstein plus fluid system by solving the Einstein
constraint equations. We believe that standard arguments to
handle the constraints [21] will be applicable in our case.
This will be investigated in detail in a future work.

We believe our work will also be relevant to give insight
into the physics of turbulent fluids embedded in general
relativity. The fact that the equations of motion of the
viscous fluid must be hyperbolic in relativity stands in
sharp contrast to the parabolic nature of the nonrelativistic
Navier-Stokes equations, usually employed in studies of
turbulence. Recent works in Refs. [18,220] tackled the
problem of turbulence in the relativistic regime and our
formulation may be very useful in this regard, as it provides
a simple strongly hyperbolic generalization of Eckart’s
theory that is fully compatible with general relativity.

In summary, in this paper we propose a new solution to the
question initiated by Eckartin 1940 concerning the motion of
viscous fluids in relativity. Our approach is rooted in well-
known physical principles and solid mathematics, displays a
number of desired properties, and extends the state of the art
of the field in a number of ways. Potential applications of the
formalism presented here spread across a numbers of areas,
including astrophysics, nuclear physics, cosmology, and
mathematical physics. This work establishes for the first
time a common unifying framework, from heavy-ion colli-
sions to neutron stars, that can be used to discover the novel
properties displayed by ultradense baryonic matter as it
evolves in spacetime.
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APPENDIX A: PROOF OF THEOREM I

We only consider the 10 independent components of the
metric and, thus, this system of equations can be written in

terms of a 16 x 1 column vector ¥ = (&, n,u", g,, ), and its
equation of motion in Eq. (17) can be expressed in matrix
form as M (0)¥ = N, where N contains the 3 terms that do
not enter in the principal part. The matrix () is given by

M(9)  b(9)

- , (A1)
Ogx 10 Ilogaﬁai/s

where the 6 x 10 matrix 6() contains the B terms and

0 u®u? n5£"uﬁ)
M(9) = | (zu“u +$.A%) B, AP p(z,+7o)ules)
(B +p)ulAPK B u@ AP crab

x Oz. (A2)

The system’s characteristics are obtained by replacing
0, = &, and determining the roots of det[IN(&)] = 0.
The system is causal when the solutions for &, =
(E0(&;),&;) are such that condition 1 (Cond-1) &, is real
and condition 2 (Cond-2) §,£" >0 [21]. It is easy to see that

det[M(&)] = (£,67)'0 det|M(€)]. The roots associated with

the vanishing of the overall factor (£,%)'° =0 coming

from the gravitational sector are clearly causal. The
remaining roots come from det[M(&)] = 0, which we will
investigate next.

We first define b=u®¢, and v*= A%&; which
gives &, = —bu, +v, and &, = —b>+ v-v, where
v = A“ﬂfafﬁ. We proceed by also defining the tensor

@ﬂ = Clljaﬁé:ag/}

= (cop == D)t + fprgh? —no- )l (A3)

which gives
0 b2 nbé,
det[A(&)] =det | 76>+ (v-v) Pu(v-v) p(re+10)by,
(Be+1p)b0"  Bbv* af
= b [proh? —n(v-v)]?
x [Ab* + Bb?(v-v) + C(v-v)?] (Ada)

= —prhr(u ) T [(u60)? = cud ey,

a=1,t
(Adb)
where, to shorten notation in Eq. (A4a) we defined

A =pr.1p, (ASa)

4
= -1, (/)C?TQ +¢+ ?’7 + O'KS) — pTpTy, (A5b)

CETP(pC%TQ +6KA‘) _ﬂ&<é’+4?n>’ (ASC)
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and used the fact that B, +np,/p =1oct + ok;/p. In
Eq. (Ada) it becomes evident that assumption (A1) guar-

antees that v* # 0, eliminating one of the possible acausal
roots. From Egs. (A4a)-(A4b) we defined n; = 3,n, =1,

c; = [n/(pzy)], and c;. = [(=B &= VB* — 4AC)/2A]. Note
that since £%¢, = —b? + (v - v), the roots in Eq. (A4b) can
be cast as b*> = c,(v - v). Then, (Cond-1) demands that
¢, € R together with ¢, > 0 and (Cond-2) that ¢, < 1 for
causality [221], which comes from the fact that the root
b*=c,v-v  must obey £ =-b4v-v=
(I =c¢,)v-v>0. Thus, causality is ensured if 0 < ¢, <
1 in the matter sector. Clearly, the root b = u%£, =0 is
causal. Also, the six roots related to ¢; are causal when
Eq. (21a) is observed. As for the roots ¢, they are real if
B> —4AC > 0, i.e., if the first inequality in Eq. (21b) holds.
On the other hand, ¢, > 0 is obtained whenever ¢_ > 0,
which is guaranteed if —B >0 [second inequality in
condition (21c)] together with C > 0 [second inequality
of Eq. (21a)], while ¢y < 1 is ensured if ¢, < 1, which
demands that 2A + B > 0 [first inequality in condition
(21¢)] and A 4+ B + C > 0 [condition (21d)]. (]

We observe that, although we employed the harmonic
gauge to calculate the system’s characteristics, the causality
established in Theorem I does not depend on any gauge
choices. This follows from well-known properties of
Einstein’s equations [22] and the geometric invariance of
the characteristics [144]. See the end of Sec. V C for further
comments in this direction.

[ wb  prol, Pl
TpUt probS,  P.bS;
=" Ogq bé,
Ozx1 Ogxa Ogny

det(£,A%) = det
0451 —Uof% 044

Ot —1)15'5 Oxa
Ot —025’5 Oxa
| Op1 =030 Oy

=pl det[
(TP +ﬂs)vﬂ

Pnéy

The analysis above and the conditions we obtained for
causality are valid in the full nonlinear regime of the theory.
However, we remark in passing that the principal part
concerning only the fluid equations would have exactly
the same structure if one were to linearize the fluid dynamic
equations about equilibrium with nonzero flow in
Minkowski spacetime. This is a generic feature of the
BDNK approach (at least, when truncated at first order),
i.e., the analysis of the system’s characteristics, and thus of its
causality properties, is formally the same in the nonlinear
regime and in the linearization about a generic equilibrium
state. Thisis not, however, a general feature of hydrodynamic
models as it does not hold in MIS-like theories. In fact, as
discussed at length in Refs. [71,72], in MIS the thermody-
namic fluxes explicitly enter in the calculation of the
characteristics, but they are not present in the linear analysis.

APPENDIX B: PROOF OF PROPOSITION I

To prove (i) we may compute the determinant
det(£,A%) = det(&,A%) det(£,A%) (u%E,)'®.  Note  that
u*é, #0 if ¢ is timelike. We must then look into the
matter and gravity sector in what follows. We again define
b =u%, and v* = A*E,, v-v = A" L, and introduce

—_ Hia
g =yIL"¢E,

= nv- 0)8 — e, + <prp ¢ +%) v, (BI)

to obtain

prebd)  prbs, pr.bs; pr.bs) |
pubs, TLYe, T, TEE, TLVE,
Ozxa Ogxs Ogns Ogea Oy
bs,  nv*s)  nvts,  m*sE ks,
044 bé, 044 044 0454
Ogsca Opua bé, 0454 0454
Ogsca Opug 044 bés, 044
O4sca Oupus 0454 0454 b&; |

Tebz +ﬂg(v : 1}) bz(pTqu +,01'5.’UU) - nﬂn(v : 1))ij|
pr b2t + B — nf i,

= bY[pryb* —n(v- v)]}[Ab* + Bb*(v- v) + C(v - v)?]

= pieyT b H [b* = c,(v-v)],

a=1,+

where, as we have obtained in Egs. (A4) and (A5), and in
the text below it,

A = pr.7p, (B3a)

(B2)

4
= -1, <pc§rQ +¢+ ?ﬂ + 61<3> —ptptg,  (B3b)

C=splpeirg o) =4 (¢ + 5. (B3)
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n =3, n.=1 ¢ =[n/(pry)]. and c.=[(-BE
VB? —4AC)/2A]. It is worth mentioning that the assump-
tions of Proposition I guarantee that 0 < ¢;,c, < 1. Under
assumptions (Al), # > 0, and conditions (21) in the strict
form, then one obtains that det(,A%) =0 only if 0<c, <1

|

blyy  —volyo
%I,y bl
det(£,A%) = det| —v'T1y  Ojox10
—v*1g  Ojox0
_—7/3110 O10x10
[ (b2 —v"v,)11o
1 -1
= Wdet -l
—v*1g
L =y
= (6",

Again, note that if £ is timelike, then det(&,A%) # 0. This
completes the proof of (i).

As for (ii), let us define ¢, = ¢, + A&, and make the
changes & — ¢ in the determinant calculations above.
Then, the eigenvalues A are obtained from the roots
of det(¢,A*) = det(p,A%) det(h,AL) (up,)'® = 0. Note
that the general form of the equations implies that the roots

¢a = _uau/}¢ﬁ + Agd)ﬁ Obey

(upe)* = PAP popy = 0,

(B5)
|

—vilyy =vylyg =3l ]

Oiox10 Otoxi0 Otoxi0
blip  Oioxio Oioxio

Oioxi0 bLio Oioxio

010><10 010><10 bIlO p
O10x10  Otox10 Oroxto Oroxio |

blig Oioxi0 Oroxio  Oroxio

Oioxi0 Dlio Oioxio Oroxio
O1ox10 Otoxi0 bLio Ojoxio
Oi0x10 Oroxi0 Oroxi0  b1yo |

(with the equality holding only in the case a = 0); i.e., the
equation b2 — ¢, (v, - v,) = 0 gives &, , such that &, ,&
—b2 + v, v, = (1 —c,)v, v, > 0. Thus, if £ is timelike,
then (i) is guaranteed for the matter sector as well. As for
the gravity sector, one obtains that

(B4)

where, from causality, in any of the above cases we have
that 0 < < 1. Then, for each p, the eigenvalues A are

ﬁ(Aaﬁ‘SaCﬁ> - (uaéa>(l’laz:a) + \/z

A= ,
(uaéa)2 - ﬂAaﬂfaé[}

(B6)

where, since &, <0, then (u%,)? — AYEE, >0
because 0 < <1 and

Z = P{APL L5, ) + APEL () = 2(uEe) (WP p) AP E,C, — BI(APLLLp) (AE,E,) — (AP EL5)°]}
> ﬁ[AaﬂCagﬁ(uﬂéﬂ)z + Aaﬂéaéﬁ(uﬂgﬂ)z - z(uaéa)(uﬂé’ﬂ)A”ygyé’v - (Aaﬂé’aCﬁ)<A”D§ﬂév) + (Aaﬂgagﬂ)z]

= ﬁ{(_gaéa)(é’ﬁgﬂ) + [(uafa)(uﬂgﬁ) - Aaﬂfaé’ﬂ}z} > 0.

In the operations above we used the fact that 0 < <1,
(A(lﬂ§(1£ﬁ>2 < (A(lﬂg(lfﬁ)(Allvé‘”Cy) from the Cauchy—
Schwarz inequality and that ¢ is timelike and ¢ spacelike.
Thus, causality guarantees reality of the eigenvalues.

Now we turn to the problem of completeness of the set of
eigenvectors. We begin by counting the linearly indepen-
dent eigenvectors of ¢ A%, where ¢ = ¢, + A{ME,
and AEJ”) are the eigenvalues of the matter sector and are
obtained by means of Eq. (B6) in the cases f =c; =0
when a =0 and ff = ¢, when a = 1, &. Let us define an
arbitrary vector,

_F_
Gl/

I

14

0

Ji
J3
Ly

(B8)
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Then, for each of the eigenvalues AE,’"’, a=0,1, 4, we must
verify how many of the 29 variables in the vector (B8) are free
parameters under the equation ¢ A% ") = 0. In fact, this

is the dimension of the null space of the matrix qﬁ((,”c',) A% and
corresponds to the number of linearly independent eigen-

vectors of A" . The eigenvectors are the following.
@) Aém): This root has multiplicity 19. The eigenvector

that obeys " Ary" = 0 is

o -
O4X1
HH*

(m) F

76

Ji

J3

12
L 3 -

where
2n
’Cv = |:_77§y + (pTP - Z.: +? - nﬁn) Uu:|

X [stz +ﬂ6<1j ’ ”)] - (TP +ﬁ£)[b2pTQ§y
+b%*prv,—np,(v-v)v,). (B11)

This enables us to find the eigenvectors,

F, -
G4
HY

y

A = iljo : (B12)

iJ?

ijg

LEyv |

(i)

044
bé),
044
044
044

04><4

e b? + fo(v-v) bptod, + bprov, ="y, 0,
041 K,
-t Ogxa
041 LA
U ~ 000,
041 ~01 8,
041 —020,
L 041 ~ 038,

04><4

where only 19 out of the 24 components H*, I*, J4
are free variables because of the 1+ 14 3 con-
straints oy HY + By I* =0, JA=0, and
ARG gy 4 A’w(ﬁ(()'f;}) JY =0 (note that the last
four equations are not all independent since the
contraction with u,, is identically zero, resulting in
three independent constraints). Thus, the multiplic-
ity of Ay equals the number of LI eigenvectors,
ie., 19.

Agm)i: In this case each of the two eigenvalues have
multiplicity 3 since n; = 3 in Eq. (B2) (note that
since we assumed here that 7 > 0, then ¢; # 0 and,
thus, ¢ # ¢y and the eigenvalues are different from
the case ¢y = 0). We may perform some elementary
row operations over the linear system ¢\") A«") —
0 to obtain, by imposing b* — ¢ (v - v) = 0 (remem-
ber that b = u%¢, and v* = A”ﬁdzﬂ after the change
$—= ),

O1x4 O1x4a Opxa Opxa Opsg
Osxa Oaxa Osxa Osxs Ounq
Osxsa Oaxsa Osxa Osxa Osnq
b8  Oges Osxs Ouxs Ogus rim) _0, (BI0)
Ogxa b8, Ouea Ogys Ogyy

Ossca Ouq D8, Oueq Oupq
Osq Oges Ogeq DOy Oupy
Osxs Ogsa Ouxs Ogeq b3y |

021044-31

where, from the 29 + 29 = 58 components of the

above eigenvectors (29 for AEmH and 29 A<1m)_
cases), they are subjected to the following 26 + 26
constraints: 1 4+ 1 = 2 constraints,

[t.b% + Be(vy - vi)]Fy + biPTQifﬁ(lT,)G”

nﬂn(”j: : U:t)

+ byprvFGY —
b

+ev
v; G =0,

1+ 1 =2 constraints XG4 =0, 4+4 =8 con-
straints  b.H', =/ F,, 4+4=8 constraints
nv' . vEGY + b2I', =0, and the 16 + 16 = 32 con-
straints b, *J',, = v G, where i(j)g"';) = *A"e, +
¢, and b* and v% are defined in terms of ~¢\".

Hence, there is a total of 3 4+ 3 = 6 free parameters.
Once again, the degeneracy equals the number of LI
eigenvectors.
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(iii) (A4)*: Since there is no degeneracy in these four
last eigenvalues and they are distinct from the others
because ¢4 # 0 in the strict form of the inequalities
in Eq. (21) and different among them, then one has
four LI eigenvectors.

Thus, the system has 1946 +4 =29 LI eigenvectors.
Therefore there is a complete set in R?, namely,

{r b }b ; such that ¢,3””A7,,r§,’"> = 0. Hence, we can use

the 29 linearly independent set S = {R\"}2 | to verify

that
(m)
R = { " ] (B13)
Os6x1
obeys (¢, + Aé’%a)ng’") =0.
Now, before we discuss the gravity sector {F 4, F4}, let

us look at the sector containing the original fields &, n, u",
and g,,. In this case, let us define

e =[],

@ (B14)

where @ is a 16x 1 column vector. Then, (¢, +
d f )QI“R )~ 0 reduces to the eigenvalue problem
¢ 116r = 0 whose eigenvalues are u“qﬁ{(,d) =0, ie.,

A = ¢, u®/E, u” Thus, the eigenvectors may be any basis

of IR16 Let {rV}16  be abasis of R!°. Then, the set S(@ =

{Ra 1 is a linearly independent set of 16 eigenvectors

of qﬁa 2[“.

To finalize the eigenvector counting we have to analyze
the sector containing F, and 3. In this case, let us define
|

010x10 01010

—Aoaigbgg{lllo (”ai‘f’(l?a)l)llo
SPOA~ | —AG O O
— A2, qﬁl,allo O10x10
_—A3“i¢§ﬁlllo 010x10

which has 40 pivots and 10 independent variables (corre-
sponding to the variables associated to the first 10 col-

umns). Thus, there are 10 linearly independent vectors for

. + . . -
each cigenvalue “A\”; i.e., there is a set { r(fg, +r§?},}}f;1 of

20 linearly independent vectors with corresponding wf b=
[ig{)g?i/&ﬁl]"L”ir% coming from Eq. (B16a) such that

= (R RN, where

, (B15)

016><1

where w is some 29 x 1 columns vector while 9 is a
50 x 1 columns vector. The eigenvalues of this sector are in
Eq. (B4) and are given by A(()g> = u",/ul &g, coming from

u gl = 0 (here ¢y = £, + A&, with multiplicity 30

and corresponding to # = 0, and the two roots iAgm

with
o . £ (9% (9
multiplicity 10 each coming from “¢y "¢
—[M"id)gi),]z + A(’/’id)g?;iqﬁ(f), =0, which corresponds to
p =1, ie., gravitational waves moving at the speed of

light. Then, the eigenvalue problem (/)gf{g,mrleg) =0
reduces to the two equations:

PALw, = LT, (B16a)
ALY =0, (B16b)

For the eigenvalues “A!?, one obtains that det[iqﬁ(l‘?gAﬁ,] #
0 because the root f =1 has been eliminated from the
matter sector (remember that ¢, < 1). Thus, there exists a

solution of Eq. (B16a) for each r in Eq. (Bl6b) One
(©)

needs to count the number of linearly independent r|” for

A(lg), i.e., the number of vectors in the basis of the kernel of

¢§ G)A‘; In this case, after some elementary row operations

[look at the second equality in Eq. (B4) after setting
b?> = v - v] one obtains that

010x10 O10x10 O10x10
OIO><10 O10x10 O10x10
)110 010x10 010x10 . (B17)
O10x10 (”aiﬁb(lg.]o),)llo 010x10
O10x10 010x10 (”ai¢(|i)x)110_
Wi
= | 0
O16x1
is a linearly independent set of 20 eigenvectors
of g7 21
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As for the eigenvalue A(()g) , note that in this case

det[d)((f()l,&%] = 0 because f = ¢y = 0 is also a root of this
equation. Thus, for every solution r&” in Eq. (B16b),

Eq. (B16a) can be either undetermined or have infinite

solutions. However, for any two different solutions, say, w,

and w2 for one ré >, the difference between R( 91 Rgg)z

corresponds to a vector in the space spanned by S, that
lies in the kernel of (f)(()qlﬁk‘,",,
counting the number of linearly independent eigenvectors,
we must choose one particular solution w,, if it exists, for
each rg We begin by solving Eq. (B16b). Let {/| =
ut, 15, 15} be a set of linearly independent vectors that are
Lo+ AV to wit, 129, = 0 and
{e,}!9 | be any basis of R!°. Then, one may verify that the
30 linearly independent vectors

Therefore, since we are

orthogonal to ¢(<f()l =

_OIOXl i
e,
O (B18)
Le,
| Be,

satisfy ¢Oa 970, ZC = 0. Now we must solve Eq. (B16a),

where

013x1 [013x1 ]
MAQ 15 (9)
4’00,3) I2(eq)a ¢o,olc
PO LY = | PO B ey | =K, | SO |, (B19)
POV D )4 gl
_¢d.(l ”Aalé(ea)A_ _¢(()t,/3>ll:_
where we defined
1
Ka EE |:Z<2 -0 ﬂ)u< u )(ea)nﬂ
:;;;
Let us look for the particular solution
0
wy = | P “l (B20)
pTanc
020x1

Note that

013)(1
BesVic
BepiVic
BepirVic
Bebhyhe ]

DAL W=

(B21)

and then, by inserting Egs.
Eq. (B16a), one finds that

(B19) and (B21) into

ey = KupsIt. (B22)
This leads to the solution y. = K, %/, and, thus,
0
-K, I
Wac = o g v (B23)
ﬂé‘ a-c
020x1

As a consequence, the set S :{RggiRgg%Rggg,
R<1%),1’ R(1%),2’ R(1%),3} with

Wac

(9) (9)
Ric = rO?ac
0l6><1

is a linearly independent set of 30 eigenvectors of qﬁé?g%[

Thus, ® = 8™ U S@ U S USY contains a complete
set of eigenvectors R of ¢,A*R = 0 in R®>. This completes
the proof. [
We remark that the assumption that the inequalities hold
in strict form is technical. If equality is allowed, then the
multiplicity of the eigenvalues might change. This is
because with equality one can have ¢, =0 for a =1 or
+ and thus the characteristics defined by b> — ¢, (v - v) =0
can degenerate into the characteristics b = 0. Since the
latter is already present in the system, the multiplicity of the
characteristics would change. This does not mean that the
system would not be diagonalizable. Nor does it imply that
local well posedness, established in the next section, would
fail [222]. However, a different proof would be needed to
show diagonalization in the case ¢, = 0 in the cases a = 1
or =. We believe that treating this very special case here
would be a distraction from the main points of the paper.
We also recall that already in the case of an ideal fluid, a
different approach to local well posedness has to be
employed when the characteristics degenerate [223].
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APPENDIX C: PROOF OF THEOREM II

As usual in studies of the initial-value problem for
Einstein’s equations [22], we embed X into R x X and
work in harmonic coordinates in the neighborhood of a
point. Observe that we already know the system to be
causal under our assumptions, thus localization arguments
are allowed.

The equations to be studied read

u“uﬂﬁiﬂn + nu“éf@éﬁu” + By (n,u,g)0*g=B,(0n,0u,dg),
(Cla)

u,u"u’ 9,05 + By(n.e,u, 9)0%g = B,(9n, de, Ou, dg),
(C1b)

B (u' A% + A”(“uﬂ))aaaﬂn + G+ 9,04 + é’;aﬂaaaﬂu”

+ Bi(n, e, u, g)0*g = B;(0n, de, du, dg), (Clc)
90,059, = Baw (On, Oe, Ou, dg), (C1d)
where
c = <Tpp -(- Z) ARSI
+p(z, + TQ)u"Aff’u/j) + 1opu™u’S),  (C2a)
P = u (B A7 + rouu’) + (B + zp) A uP),  (C2b)

and the notation for the B’s and B’s follow the same
construction as in Sec. IV.
We can write Eq. (C1) in matrix form as

MDY = N(IP). (C3)

where ¥ = (¢, n, u”,gw)T is a 16 x 1 column vector (we
count only the 10 independent g, ), B(I¥) is alsoa 16 x 1
column vector containing the ’s, i.e., the lower-order
terms in derivatives of each equation, and

M(0) b(0)
B 0O10x6 g"ﬁaaa/flm .

M (9) (C4)

The 6 x 10 matrix b(9) contains the terms Bd?g, while

0 u®uf n&l(,a ub)
M@@)=1| 0 0 u, u®uf (9(21/,. (C5)
G b B (ut AP + Anla uﬁ)) crb
Let us compute the characteristic determinant of the system

and its roots, i.e., det[I(£)] = det[M(&)](£%&,)° =0,
where the substitution 0 — £ takes place. The pure gravity

sector has the roots £*£, = 0. As for the matter sector, by
again defining b = ug,, v* = A"¢,, v- v = v¥v,, and

aﬁ - éllfaﬁgagﬁ
= [zgpb® = n(v - v)]5, + <Tpp -{- g) g,

+ p(7. + 79)bui'v,, (C6a)

D = (Tpp % Z - nﬂn) e, + [opb? —n(v - v)]8L.
(Céb)

@” = Gﬂaﬁéaéﬁ

= [Be(v-v) + 2D + (B, + zp)br*.  (Cbc)

where D is the same as the one defined in Eq. (A3), we
obtain that (by carrying out some elementary row operations)

0 b? nbé,
det|M(&)]=det | 0O 0 b*u,
G B, [u(v-v)+bv*] C
JE
0 b né,
xdet | 7.b>+p.(v-v) B,(v-v) p(t.+10)by, |.
(Bo+T+P)bv* B,bv* o'y

(C7)

The last determinant is the same as the one obtained in
Eq. (A4) and the result turns out to be

det[M(&)] = =b*[prob® —n(v - v)]?
x [Ab* + Bb*(v - v) + C(v - v)?]
= _p41457£(ua§a)4 H Kuafa)z - CaAaﬂgaé/f}ﬁ"s
a=1,+
(C8)
where, as in Egs. (AS),

A = prty, (C9a)

4
=-1, (pc%rQ + ¢+ g + mcx) —ptptg,  (C9b)

C = tp(pcity + ox,) — Pe (C + 43—’7), (C9¢)

while ¢; = [/(pz,)] and ¢y = [(=B &+ VB? — 4AC) /24A],

while 7; = 2 and 2. = 1. Note that the characteristics are
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still the same as in Sec. IV, as expected, although the
multiplicity of the roots changed (and there was no reason
for the multiplicities to be the same). We conclude that the
characteristic determinant of the system is a product of strictly
hyperbolic polynomials. We verify at once that the system is a
Leray-Ohya system [21,224] for which the results of
Ref. [225] (see also Ref. [105]) apply. Thus, if the initial
data are quasianalytic (see Ref. [75]), we obtain quasianalytic
solutions.

Denote the initial dataset in the theorem by D and let D,
be a sequence of quasianalytic initial data converging to D
in H"V (see Ref. [27] for the definition of H"). Let ¥, be
solutions corresponding to D, (which exist by the fore-
going). In order to finish the proof of the theorem, it
suffices to show that ¥, has a limit in HV. The limit will
then be a solution with the desired properties because we
can pass to the limit in the equations since N > 5.

According to the arguments given in Sec. 16.2 of
Ref. [146] or in Refs. [107,108], the diagonalization
obtained in Sec. V B implies that ¥ defined in Eq. (24)
admits a uniform bound in AV~!, and uniform difference
bounds in H¥=? also holds. We apply these bounds to the
vector ¥, corresponding to W,. We see at once that the
uniform HV~! bounds for ¥, imply uniform A" bounds for
W¥,, and the difference bounds imply that ¥, is a Cauchy
sequence in HV=3, thus converging in this space. But low-
norm convergence combined with high-norm boundedness
implies that the limit is in fact in HY [226]. ]

We observe that a similar local well-posedness result
holds for the fluid equations in a fixed background.

We recall that a standard tensorial argument [22]
guarantees that the solution established in Theorem II is
intrinsically defined; i.e., given the data, which are defined
independently of coordinates or gauge choices, there exists
a spacetime where Einstein’s equations are satisfied, and
this spacetime is defined without any reference to coor-
dinates or gauge choices—even if in the process of proving
that this spacetime exists one has to work in a specific
gauge and coordinate system. Therefore, even though we
used the harmonic gauge in the proof, the existence of the
solution is guaranteed for other choices as well. This logic
is similar to showing that a map from a finite-dimensional
vector space into itself is invertible: one can choose a basis,
write the matrix of the linear transformation with respect to
that basis, and compute its determinant. The map is
invertible if and only if the determinant is nonzero, and
this conclusion (the invertibility or not of the linear map) is
independent of any basis choice—even if to show that the
map is invertible we picked a basis and computed the
determinant with respect to that basis.

We note, however, the following subtlety which is very
relevant for numerical simulations. The fact that a unique
solution is guaranteed to exist for given initial data, and that
this solution is well defined regardless of gauge choices,
does not imply that such a solution can always be

reconstructed from an arbitrary gauge. In other words,
suppose we write the equations in a different gauge. If we can
numerically integrate them, we will obtain the solution found
in Theorem II written on that gauge (modulo numerical
accuracy). However, it is possible that the gauge we chose is
not adequate to solve the equations numerically, so that our
numerical simulation will not produce a solution. This does
not mean, of course, that solutions do not exist; it simply
means that the guaranteed-to-exist solution given by
Theorem II cannot be accessed from that specific gauge.
To use again our analogy with determinants, suppose we
computed the determinant on a basis »; and found it to be
nonzero, but now we are interested in computing the
determinant numerically using another basis b,.
Depending on the basis b, and the numerical algorithm
we use, this might not be possible, which, of course, does not
mean that the determinant is zero or ill defined.

Thus, the practical matter of solving the equations
numerically is not settled by an abstract existence and
uniqueness result as Theorem II. Such theorems are
naturally important as they provide the foundations on
which numerical investigations can be built; i.e., it makes
sense to look for solutions numerically because solutions
do exist. But these theorems do not, in general, point to how
to recover solutions numerically. That is why there is a
great deal of work dedicated to writing Einstein’s equations
in different forms and special gauges, even if basic
existence results for Einstein’s equations coupled to most
matter models are known, as reviewed in Refs. [2,29].

APPENDIX D: PROOF OF THEOREM III
From causality one obtains that det(n,A%) # 0 as far as n
is timelike. Thus, we can rewrite Eq. (35) as
IQ8Y(K) = —ix(—nA*) ' AW (K)

— (~n,A%) ' BSY(K). (D1)

Since the eigenvalue problem (37) contains N linearly
independent vectors r,, one may write Eq. (37) as
(_naAa)_lgﬂAﬁra = Aara (D2)

and define the N x N invertible matrix R = [r;---1y]
whose columns are the eigenvectors ry,...,tr, and the
N x N matrix

L

Ly

where the rows [, are the left eigenvectors of (—n,A%)(;A”
which, consequently, obey [,r, = J,, (because RL = Iy).
Then, we can write
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8¥(K) = RLO(K) =Y _c.(K)r, = Re,

a

(D3)

where ¢,(K) = 1,6¥(K) is a c-number and ¢ is the N x 1
matrix

ci(K)
¢ =L¥Y(K) =
cy(K)

Therefore, Eq. (D1) becomes

iQRc = —ikRD¢ — (—n,A%)~'BRe, (D4)
where D is the N x N real diagonal matrix D =
diag(A,, ..., Ay) and, thus, (-n,A*)"'{;A’R = RD. By
multiplying Eq. (D4) by ¢/ R=! from the left one obtains that

iQ|c|?> = —ikc'De — ¢'R™' (=1, A%)"'BRc.  (D5)
Since D is real and diagonal (which gives ¢'Dc € R),
Q =y, (=il + c'k;), and k = yc(—icAz’jc,-F + Zl-fkj), then

Trct (y,0y + 7:d’c,D)c = —Re[c'R™ (n,A%)"'BRc]. (D6)

On the other hand, note that y, Iy + ygglj ¢;D is diagonal
with elements
(Fuly + 7¢d’c;D) = 74 +vedciA, >0 (D7)
because \Zijcj| <|cf| <1, /EE [~1.1], and y, >y, from
Eq. (36). Hence, y,Iy +y.d’c;D is a positive Hermitian
matrix and ¢ (y,Iy + y(:flf ¢;D)e > 0. The consequence is
that [', < 0 if and only if
Re[c"R™! (n,A%)~'BRc] > 0. (D8)
Now, let O be the LRF and O’ some other boosted frame.
The connection between the two frames is given by the
Lorentz transform ¢ = y(t — v'x;), x""‘ = y(x"" —v't), and
x'l = x', where || and L stand for the components parallel
and perpendicular to o', respectively. This can be com-
pactly written as X'# = AJX". Thus, one obtains that K'# =
ACKY and S8¥'(K') = MSW(K) from the structure of
Eq. (33) (where M is an N x N invertible matrix), leading
to A" = ASMA*M~" and B’ = MBM~'. In particular,
(A =M AYM and n,A* = M~ (n[,A'*)M. From
Eq. (37), these relations give R’ = MR, with the same
eigenvalue A in both frames. Then, since §%(K) = Rc¢ and
8Y'(K') = R'¢ = MRc, one concludes that ¢ = ¢/, ie.,

i (K') = c,(K). Therefore, one arrives at the following
identity:

TR (= A IB'R'¢ = 'R (=1 ,A%)"'BRc.  (D9)
However, if the system is stable in the LRF, then Eq. (D8)
holds and, from Eq. (D9), one automatically obtains that
I'; <0, proving that the system is also stable in any other
frame (O’ obtained via a Lorentz transformation. [
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