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Linear causality and stability of third-order relativistic dissipative
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We analyze the linear causality and stability of third-order fluid dynamics considering perturbations around
a global equilibrium state. We investigate the formulation derived from kinetic theory, using the Chapman-
Enskog expansion, in [Phys. Rev. C 88, 021903 (2013)] which was shown to be in excellent agreement with
solutions of the microscopic theory. From this analysis, we demonstrate that this theory is linearly acausal and
unstable and that such instabilities cannot be corrected by tuning the transport coefficients. We then propose a
modification of this theory, valid only in the linear regime, that can be constructed to be linearly causal and
stable and obtain the conditions the transport coefficients must satisfy in order for this to be the case.
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I. INTRODUCTION

Relativistic dissipative fluid dynamics has been widely
employed to describe the evolution of the hot and dense
matter created in ultrarelativistic heavy-ion collisions [1-3].
In these collisions a fluid is created under extreme con-
ditions, with gradients of temperature and fluid-velocity that
are not small when compared to the typical microscopic
scales of the system [4,5]. Naturally, the main goal of these
experiments is to study the properties of the novel state of
nuclear matter that is produced at the early stages of the
reaction [6,7]. Nevertheless, such experiments have also
triggered considerable research on how to derive relativistic
formulations of fluid dynamics from microscopic theory—a
topic that remains active until today [3,8].

The most intuitive approach to obtain a relativistic fluid-
dynamical formulation is to extend the nonrelativistic
Navier-Stokes theory, which has been successfully used
to describe a wide range of fluids. However, relativistic
formulations of Navier-Stokes theory [9,10] are known to
be ill-defined, since they contain intrinsic linear instabilities
when perturbed around an arbitrary global equilibrium
state [11-15], which renders the problem ill-posed1 [16].
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"We remark that the authors of Ref. [16] disagree with the
conclusion that the instability and ill-posedness of relativistic
Navier-Stokes theory around global equilibrium renders the theory
unphysical. They argue that the solutions for the perturbations do
not depend continuously on the initial data and therefore do not
meet one of the three mathematical requirements to be posed with
regard to realistic physical problems. So, in their reasoning, it is the
type of the initial-value problem here which is physically unac-
ceptable, and not the instability of the resulting solution.
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Such linear instabilities were later shown to be related to the
acausal nature of these theories [11,14,15].
Fluid-dynamical formulations that can be constructed to
be linearly causal and stable were originally derived by Israel
and Stewart [17,18], the so-called second-order theories. In
contrast to Navier-Stokes theory, Israel-Stewart theory takes
into account the transient dynamics of the dissipative
currents, a procedure that can only be systematically
achieved with the inclusion of terms which are of second
order in gradients (Navier-Stokes theory only includes first-
order terms). Such theories are then constructed including all
possible second-order terms [19,20], in such a way that the
asymptotic solutions of the theory exactly matches, up to
second order, the result expected of a gradient expansion.
Israel-Stewart theory has been shown to be linearly causal
and stable, as long as their transport coefficients satisfy a set
of fundamental constraints [11,13-15,21]. More general
constraints for the causality of Israel-Stewart theory, valid
also in the nonlinear regime, were derived in Refs. [22,23].
Recently, it has been argued that the inclusion of terms
that are asymptotically of third order in gradients may be
required to describe the dynamics of a fluid in the extreme
conditions present at the early stages of heavy-ion collisions
[24]. For this purpose, third-order formulations of relativistic
dissipative fluid dynamics were also developed [25-28]. As
a matter of fact, in Ref. [24] it was shown, assuming a
Bjorken flow scenario [29], that the solutions of such third-
order theories are in better agreement with numerical
solutions of Boltzmann equation than the solutions of
Israel-Stewart theory itself when the shear viscosity is large.
So far, the linear causality and stability of relativistic third-
order fluid dynamics have not been fully explored. The goal
of this work is to perform this task, analyzing linear
perturbations of third-order fluid dynamics around an
arbitrary global equilibrium state. For this purpose, we

© 2022 American Physical Society
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follow the procedure outlined in Ref. [21], extending it to
third-order theories when required. We demonstrate that the
current formulation of third-order fluid dynamics shares the
same issues of relativistic Navier-Stokes theory, displaying
intrinsic instabilities when perturbed around global equilib-
rium. We then propose a small modification to these theories
that render them linearly causal and stable, and then derive
conditions that constrain the values the transport coefficients
can assume in order for these properties to be fulfilled.
This paper is organized as follows: in Sec. II we briefly
review the fundamentals of relativistic fluid dynamics.
In Sec. IIl, we consider perturbations around a global
equilibrium state and linearize the fluid-dynamical equa-
tions, expressing them in Fourier space. We further
decompose these equations into its transverse and longi-
tudinal degrees of freedom, following Ref. [21]. In
Sec. IV, we analyze the linear stability of the third-order
equation of motion for the shear-stress tensor proposed in
Ref. [26] and conclude this theory is linearly acausal and
unstable for perturbations on a moving fluid. Motivated by
this result, in Sec. V, we then propose a modified version
of this theory in order to address these problems, and
obtain the set of conditions the transport coefficients must
satisfy for this novel formulation to be linearly causal and
stable. All our conclusions are summarized in Sec. VI.
Throughout this paper, we use natural units, ¢ =
kg = h =1, and adopt the mostly minus convention for
the Minkowski metric tensor, ¢** = diag(+, —, —, —).

II. CONSERVATION LAWS

The main equations of relativistic fluid dynamics are the
continuity equations related to the conservation of net-
charge and energy-momentum. For the sake of simplicity,
in this work we consider the net-charge to be locally zero
and disregard its dynamics. Furthermore, we shall also
neglect any contribution due to bulk viscous pressure. In
this case, the continuity equation describing energy-
momentum conservation is given by

9,T" = 0, (euu* — A"P + o) = 0, (1)

with  TH = euu” — A¥P + 7 being the energy-
momentum tensor in the Landau frame [10], in which the
fluid 4-velocity is defined as an eigenvector of the energy-
momentum tensor, u,T" = eu’ Above, we defined the
fluid 4-velocity, u* = y(1, V), with y = 1/v'1 — V? being
the Lorentz factor, the projection operator onto the 3-space

’The Landau frame corresponds to a choice of matching
condition and defines the local rest frame of the fluid. In addition,
one also must define the physical meaning of temperature. This is
done by imposing that the energy density of the fluid in the local
rest frame, &, is the thermodynamic energy density and is
determined in terms of the temperature by an equation of state,
e(T). We remark that the choice of matching condition is
arbitrary and is usually chosen by convenience.

orthogonal to u#, A" = ¢ — u"u”, the energy density, &,
the thermodynamic pressure, P(e), and the shear-stress
tensor, 7/, which is orthogonal to the fluid 4-velocity,

w'n,, = 0. (2)

It is convenient to further decompose the conservation of
energy and momentum in terms of its components parallel
and orthogonal to the fluid 4-velocity. In this case one
obtains,

w,0,T" =&+ (¢ + P)0 — n%0,5 = 0, (3)
A}O,TH = (e+ P)it =V*P =iy, + AJV,m =0,  (4)

where we defined the expansion rate, 0= 8ﬂu/‘, the
comoving derivative, A = u#0,A, the projected derivative
Vi = A0, =0%, and the shear tensor as
Arvap 8auﬁ. Here, we made use of the double, symmetric,
and traceless projection operator A7, = (AzA% + ApAL)/
2 — A"™A,p/3. Naturally, the conservation laws provide
equations of motion for the velocity field and energy
density and an additional equation of motion for the
shear-stress tensor is required for closure.

o=

III. LINEARIZED EQUATIONS IN FOURIER
SPACE

We are interested in analyzing the stability of third-order
fluid-dynamical formulations in their linear regime. In
order to achieve this goal, we perform a linear stability
analysis, in which the system is assumed to be initially in a
global equilibrium state and then we perform small
perturbations on the hydrodynamic variables around such
state. These perturbations can be expressed as

e =g, + ¢, ut = uly + Sut, o =", (5)
with g being the energy density of the background system
and uj being the background 4-velocity. Since the system is
taken to be initially in an equilibrium state, the shear-stress
tensor is the perturbation itself.

An essential requirement for a fluid-dynamical formu-
lation is stability, i.e., perturbations are damped with time
and thus the fluid goes back to its initial global equilibrium
state some time after being perturbed. On the other hand, in
an unstable theory, the perturbations would grow exponen-
tially with time and the system will never go back to its
initial equilibrium state.

The first step here is to derive the linearized equations
of motion from the conservation laws, Eqs. (3) and (4),
which read

o€
D Vidu, = OQ2) ~
(25 + Vi —o@~0. @
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Dyou* — V’Scf( o¢ ) + V§ om_ _ OQ2)~0, (7)

€0+P0 O€0+P0_

where D = u’éaﬂ is the comoving derivative with respect
to the background fluid velocity and Vi = A{’0, is the
linearized projected derivative. It is possible to take the
perturbations to be as small as we desire, and thus second-
order or higher terms in the perturbations are neglected.

Furthermore, it is convenient to express the linearized
fluid-dynamical equations in Fourier space. We adopt the
following convention for the Fourier transform

M(k*) —/d“xexp(—ixﬂk”)M(x”), (8)
4
M(x) = / %exp(ixﬂkﬂ)lf/[(k”), )

where k* = (w, k), with @ being the frequency and k the
wave vector. As proposed in Ref. [21], we shall write the
equations in terms of the covariant variables,

Q = upk,. (10)
k' = Ak, (11)

which correspond to the frequency and wave vector in the
local rest frame of the unperturbed system, respectively. We
also introduce the covariant wave number as

K = \/—K,K". (12)

For the sake of convenience, throughout this work, we shall
always assume that the wave vector is parallel to the
unperturbed fluid velocity. Without loss of generality, we
assume that the background fluid velocity is in the x-axis.
This leads to u* = y(1,V,0,0) and ¥ = (w, k,0,0), and
hence

Q =y(w-Vk), (13)
2=y (wV - k). (14)

We can now show that the Fourier transformed versions
of Egs. (6) and (7) are written as

O0¢
Q Hou, = 0 15
<8o + Po) e, = 0. (15)

0\ . 0
K =
€0+P0

Qi — k2 ( 0. (16)

€O+PO

Note that these equations are valid for any fluid-dynamical
formulation since the explicit form of the shear-stress tensor
was not specified. Therefore, it is now necessary to introduce

an equation of motion for ## and include its linearized
Fourier transformed version to Egs. (15) and (16). Then, we
can compute the dispersion relations associated with the
corresponding theory and obtain the conditions that are
required for such formulation to be linearly causal and stable.

IV. THIRD-ORDER FLUID DYNAMICS

This section is dedicated to the linear stability analysis of
the third-order formulation derived in Ref. [26]. In this work,
a third-order equation of motion for the shear-stress tensor is
obtained from the relativistic Boltzmann equation using the
Chapman-Enskog method, leading to the following dynami-
cal equation for the shear-stress tensor

1 4

gy =2 Mg 2 g o 7 Qlu(r v ey

T, T, 35
2

S AALE DR %va(fﬂvanm b, (17)

which corresponds to Eq. (16) of the aforementioned paper.
Note that the dots represent terms that are nonlinear and thus
do not contribute to the linear stability analysis that follows
and, hence, were omitted for the sake of convenience.
Naturally, a third-order equation of motion for the shear-
stress tensor has several additional terms that are not present
in the Israel-Stewart equations. In particular, the last three
terms on the right-hand side of Eq. (17) are linear contri-
butions of third-order which are absent in Israel-Stewart
theory. The primary goal of this section is to analyze the
effects that the inclusion of these terms have in the linear
causality and stability of the theory, since these properties are
well known when such terms are not present [11,13,15,21].

Considering the perturbations introduced in Eq. (5), the
linearized third-order equation of motion for the shear-
stress tensor becomes

1 2
Do +—omv =L {Wg"auw -3 Ag”aﬁauﬂ]

T Tx

1 6
- 5T”V2V65ﬂ"”’ - gfﬂvg
1
X [ZVé" o — gA’Ou'Vgéﬂ/“} . (18)

The last two terms on the right-hand side of the equation
above are corrections due to third-order contributions in the
equation of motion for the shear-stress tensor. At this point,
one may ask whether the inclusion of third-order terms in the
equation for the shear-stress tensor either maintains the
properties of linear causality and stability observed in Israel-
Stewart theory or yields novel constraints for the transport
coefficients.

In order to study the modes of the theory, itis first necessary
to calculate the linearized third-order equation of motion for
the shear-stress tensor in Fourier space, which reads
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1 2
Qo7 + — o7 = (L [2x<ﬂ5av) -3 Ag”m(sm]

Tr Tr

1 . 6
- ?Tﬂkzéﬂ'ﬂy + gK&Tﬂ.

X {Naﬁv)ﬂ —~ % Ag”xﬁéﬁfﬂ} . (19)

The linear stability analyses performed throughout this
work will follow the procedure originally developed in
Ref. [21], in which the linearized fluid-dynamical equations
in Fourier space are decomposed into their transverse
(orthogonal to x*) and longitudinal (parallel to x*) compo-
nents. Such components decouple in the linear regime, and
the equations associated to each of them can be solved
independently, considerably simplifying the calculations.
For this purpose, we define the following projection operator
in Fourier onto the 3-space orthogonal to x*,

y L, KR

Then, a 4-vector can be decomposed in its transverse and
longitudinal components with respect to the wave 4-vector in
the local rest frame of the background system as

AH :AHK”—FAli, (21)

with the longitudinal component being defined as A =
—k,A¥ [k while the transverse component is A} = AA,. A
similar approach can be performed to decompose a traceless
rank two tensor. In this case, it is first essential to introduce
the double, symmetric, and traceless projection operator in
Fourier space as

1
A = S (A + AN - S AAY. (22)

N[ =

Wherefore, the decomposition of an arbitrary traceless rank
two tensor A* can be performed as follows

Il <l | KY K
—A A+ AF — 4+ AY — + AP, 23
) +3 Ak + A p +A] . + (23)

AY =4

with its respective projections being defined as A =
Kk, AR [P, Al = —iPAEA, [k, and AN = APPA .
Thereby, the linearized equations for the conservation laws
in Fourier space, Egs. (15) and (16), and the linearized
equation of motion for the shear-stress tensor in Fourier
space, Eq. (19), can be split into two different components
that decouple and can be solved independently, as it will be
shown in the next sections. It is then possible to obtain the
dispersion relations associated with the transverse and

longitudinal modes.

A. Transverse modes

In this section, we shall obtain and analyze the relevant
transverse modes of the third-order theory. First, note that
Eq. (15) is a scalar equation and therefore it has no
transverse component. On the other hand, the transverse
component of Egs. (16) is obtained projecting it with A},
and it is given by

L —o. (24)

For the sake of convenience, the variables here are rescaled
in terms of the hydrodynamic timescale 7, = /(&) + Py)
in order to work only with dimensionless variables,
A= A[z,]. Note that this equation couples with the partially
transverse component of 57#¥. We obtain the equation of
motion for this component by projecting Eq. (19) with
k,Af ., leading to

8

~1
(i%,,fz 2R+ 1) O

& + Lo

5 — iksi = 0. (25)

These equations can be written in the following matrix form

A B L 8 2242 P o
(zrﬂQ +3577K° + 1 —ZK> <80+?0> =0, (26)
& Q J\ sty

which leads to the following dispersion relation

N
Q(i%,[Q + s R 1) — iR =0. (27)

|98

Note that if the quadratic term inside the parentheses—
which accounts for all linear third-order contributions—is
set to zero, one immediately recovers the dispersion
relation satisfied by the transverse modes of Israel-
Stewart theory considering only dissipation via shear-
stress, see Refs. [15,21].

The next step is to analyze whether the modes from the
third-order formulation proposed in Ref. [26] are linearly
stable and if the occurrence of additional terms in the
equation of motion for the shear-stress tensor yields new
constraints for the transport coefficients.

1. Perturbations on a static fluid

The first case that will be studied here is the one for
perturbations performed in a fluid at rest, i.e., when V = 0
in Eqgs. (13) and (14). In this case, Q = @ and x = k, and
the dispersion relation associated with the transverse modes
becomes simply

096026-4
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8 om0 N
@(i%,r(z) g% kK + 1> —ik* = 0. (28)
The solutions of this equation are
) L+ 580 £ /(1 + 480 - 4k,
o =] - e

In the small wave number limit, the transverse modes of the
theory can be written as

84 \ . "
C;)shear — ik + iz, (1 - %) K+ (’)(kG), (30)

i . 8’1' 2 24
w}}‘iMZZ—z(l 35)k + O(k"). (31)
Thus, there is the occurrence of one hydrodynamic and one
nonhydrodynamic mode and, in the small k limit, they are
identical to the transverse modes of Israel-Stewart theory
[21]. In the large wave number limit, we have the following

asymptotic expansion,
1
@) @) (32)

35 35\?2 35\ i
~shear __ .
ot~ (a) (1-) &+

8 i 35 1
~shear __ 72

sk g (1-5) o)

_ 33
“T+ T 35 T (33)

We thus see that the hydrodynamic mode, c?)ST}f"fI, becomes
constant at asymptotically large values of wave number, a
behavior also observed in Israel-Stewart theory. However,
unlike the shear modes of Israel-Stewart theory, the non-
hydrodynamic mode of the third-order theory proposed in
Ref. [26] does not saturate at large wave number, i.e., it

0.4} /
/
/
0.3f /
/
/
— /
< -
3D ol = =
E ‘\ ______
- -
-
7
Z
A+
0 7
7
7
0.0
0.‘0 0:2 0:4 0‘.6 0:8 1.‘0
A
k

FIG. 1.

keeps increasing as the wave number increases. As a matter
of fact, the nonhydrodynamic mode, a)STh?fI, behaves as

~ik?, as k — co—a behavior often associated with
parabolic theories. At this point, we can at least conclude
that the theory is not hyperbolic and, thus, should display
an acausal behavior. These modes are displayed in Fig. 1
(red dashed lines), considering 7, = 5 [20], where we also
display the shear modes of Israel-Stewart theory (solid
black lines), for the sake of comparison. We finally note
that, for perturbations on a static fluid, the transverse modes
of the third-order theory are purely imaginary and stable.

2. Perturbations on a moving fluid

In order to analyze a more interesting, and intrinsically
relativistic, case, we now consider perturbations on a
moving fluid. This is the case in which instabilities usually
arise in relativistic Navier-Stokes theory [11,12] and it is
important to verify whether they will appear in the third-
order theory presented here as well. As it was already
mentioned, we assume that the background fluid velocity is
parallel to the wave vector. In this case, the dispersion
relation that must be solved is obtained by inserting
Egs. (13) and (14) into Eq. (27), leading to

y(& = Vk)|it,y(d — Vk) + 8 220V — k)2 +1

— iy (V- k)2 =0. (34)

One can immediately note that perturbations on top of a
moving fluid lead to the occurrence of an additional mode.
This is a remarkably problematic feature usually carried by
parabolic formulations and is also observed in relativistic
Navier-Stokes theory and the relativistic diffusion equation.

The general solutions for these modes can in principle be
found, but are rather complicated in form. For the sake of
convenience, we initially restrict our discussion to the

0.41

0.2

— — Third-order
-04- —— |srael-Stewart

0.0 0.2 0.4 0.6 0.8 1.0
A

k

Imaginary and real parts of the transverse modes of Israel-Stewart theory (solid black lines) and third-order fluid dynamics (red

dashed lines), considering 7, = 5 [20], for perturbations on a static background fluid.
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asymptotic form of these modes. In the small wave number
limit, we obtain the following three solutions,

12

R ~ ik A
e = Vi + —t O(k), (35)
e 350 ) R
a)?‘iﬁ = 716)/%,2,V2 (V2—2,)+ \/(V2 -7+ 35 V222
+ Ok, (36)
35i 32
mshear V2_'\ _ \/ VZ_'\ 2 _VZAZ
T ,new 16]/%,2[‘/2 ( Tﬂ) ( Tﬂ') + 35 T
+ O(k). (37)

The first two modes correspond to boosted versions of the
modes found in (30) and (31). This can be immediately seen
by taking the limit V — 0O in the equations above, which
effectively recovers solutions (30) and (31). The mode a)sThi‘gw
has no analogue for perturbations around a fluid at rest and, in
this sense, is novel. Linear stability dictates that the imaginary
part of these modes must be positive for all possible physical
values of the background velocity, especially in the vanishing

wave number limit. Otherwise, homogeneous perturbations

the above equation is positive definite and greater than the
term outside it, this new mode has always a negative
imaginary part at k = 0 and, thus, is unstable.

For the sake of illustration, we plot the transverse modes
for perturbations on a moving fluid, solutions of Eq. (34),
as a function of the wave number k in Fig. 2, considering
7, = 5 [20], for several values of background velocity. We
see that the additional mode that appears for perturbations
on a moving fluid remains unstable not only for vanishing
wave number, but also for a wide range of k.

The acausality and instability observed on the new
nonhydrodynamic mode for perturbations on a moving
fluid, @3 . occur independently of the choice of transport
coefficients and thus cannot be fixed by simply adjusting
their values.

B. Longitudinal modes

We now study the dispersion relations associated with the
longitudinal modes of the theory. The longitudinal projec-
tions of Egs. (16) and (19) are obtained by projecting them
with «, and k,k,, respectively. Note that Eq. (15) is already
written in terms of longitudinal components. Hence, the
equations of motion related to the longitudinal degrees of
freedom can be summarized as follows

in a given system would increase exponentially, a clearly O %8 _ ki) = 0, (38)
nonphysical behavior. Since the term inside the square root in g + Py
0 0.2
0
0.0
-20 -1
-0.2
— =, —
<§ -40 <i <§ -0.4
E E B £ -o0s
-60 -4
-0.8
-5
-80 -1.0
-6 \
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 -1'20.0 0.2 0.4 0.6 0.8 1.0
vk vk vk
20
V=01 4 V=04 12t V=0.9
15 1.0
3
3 3 Jos
> > >
) o 2 o 06
(4 (4 (14
0.4
5 1
0.2
0 0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
vk vk vk
FIG. 2. Imaginary and real parts of the transverse modes, considering 7, = 5 [20], for three different values of background velocity

V=0.1,V=04,and V =0.9.
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N S on
Qs — ke —= L_—0, (39)
=) + PO =) + PO
a9 5. ox| 4i
(n',rQ + g’r,z,lcz + 1) e ?K‘él/l” =0. (40)

It is possible to write the equations for the longitudinal
modes in the following matrix form

A A o N 5%
n',rQ—F% 2241 —I%K 0 SJJ,
0 0
& Q =k || 6w [=0. (41)
A A Se
0 K Q &+Py

where nontrivial solutions are obtained when the determi-
nant vanishes, leading to the following dispersion relation,

%§k2+1> 202 =0. (42

Note that if the term that contains third-order contributions is
set to zero, one immediately recovers the dispersion relation
of Israel-Stewart theory when only dissipation via shear-
stress tensor is considered [15,21]. We shall now analyze in
detail the solutions of this equation.

1. Perturbations on a static fluid

As it was done so far in this work, it is convenient to
begin the linear stability analysis by looking at the modes
for perturbations on a static background fluid. In this case,
the dispersion relation associated with the longitudinal
modes, Eq. (42), then reads

. 9 . 4i .
(&2 — 2k%) (i%,,a) + g%ﬁlf + 1) - é&)kz =0. (43)

0.4

0.3- /

Im (&)
\

011

0.07/‘_—

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 3.

In the small wave number, the longitudinal modes of the
theory can be expressed as

~ 20, 2(3%c2-1) 2
é\)i)und — :|:Csk +_lk2 =+ wks + O(k4)a (44)
3 9¢,
~ shear :L i %_i ]22 O ]}4 45
o %ﬂ+l<35 3) + O(k). (45)

Note the occurrence of two hydrodynamic and one
nonhydrodynamic mode, which are identical to the longi-
tudinal modes of Israel-Stewart theory [21] in the small
wave number limit. Furthermore, in the large wave
number limit the longitudinal modes of the third-order
theory read

70i  2450(3%,¢2 — 1)
2742 72934 ¢ k

4 o(%) (47)

Surprisingly, due to the inclusion of third-order terms, in the
large wave number limit, the dominant part of the hydro-
dynamic modes, &)fﬁ’““d, is also icsfc—thus, the asymptotic
group velocity associated with these modes is always
subluminal. Also, as it was first observed for the transverse
modes of the theory, we see that the nonhydrodynamic mode
behaves as @™ ~ ik* in the large wave number limit and
thus keeps increasing as the wave number is increased, a
behavior commonly displayed by parabolic formulations,
such as the diffusion equation.

The solutions of Eq. (43) are displayed in Fig. 3 (red
dashed lines), where we also display the longitudinal
modes of Israel-Stewart theory (black solid lines), consid-
ering 7, = 5, for the sake of a quantitative comparison.

A d _ 7
WY = £ck +

. (46)

9i .
2 k2
351'” +

i(27%, — 140)
2742

é\)shear —

0.5
3
~ 0.0
)
(14
=05 _ _— Third-order
—— lIsrael-Stewart

0.0 0.2 0.4 0.6 0.8 1.0
A

k

Imaginary and real parts of the longitudinal modes of Israel-Stewart theory (solid black lines) and third-order fluid dynamics

(red dashed lines), considering 7, = 5 [20], for perturbations on a static background, in the ultrarelativistic regime, c2 = 1/3.
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There are two hydrodynamic modes, which have degen-
erated imaginary parts, and a single nonhydrodynamic
mode, as it can be seen in the left panel. As it can be
observed from Figs. 1 and 3, it is possible to conclude that
both transverse and longitudinal modes of the third-order
formulation discussed here, respectively, are well behaved
for perturbations on a static background fluid.

2. Perturbations on a moving fluid

We now consider perturbations on a moving fluid. As it
was done so far in this work, we consider a background
fluid velocity that is parallel to the wave vector, which
further leads to Eqgs. (13) and (14). In this case, the
dispersion relation associated with the longitudinal modes
reads

Ve - .

9 .
x |ity(& — Vk) + g%,2,y2(cbv —k)?+1

4 e e,

—5 7 @-Vh@v -k =o. (48)

As it was also observed for the transverse modes, pertur-
bations on top of a moving fluid yield an additional
nonhydrodynamic mode. Thus, there are now two hydro-
dynamic and two nonhydrodynamic modes. Obtaining
these modes for arbitrary values of wave number can be
an extremely complicated task, and we shall retain our-
selves to the study of their asymptotic limits, as it was done
in the analysis of the transverse modes of the theory. In the
small wave number limit, the longitudinal modes read

Asound __ k+0O k2 , 49
o — LSk O(R) (49)
L 3si |3t —4V2 =312 -\ [(38, - 4V2 = 32,V2) + (1 - V2RV )
wz car — ETS) X + O(k)’ (50)
54y 22V (cs Ve = 1)
o 3si |3 -4V =302 4\ (38, - 4V2 - 30,V23) 4 B (1 - V2PV )
piear — 220 ’ ok). (51
L.new 547/ %lztvz(c%vz _ ]) + ( ) ( )

The hydrodynamic modes for perturbations on a moving
fluid can be understood using the relativistic velocity
addition rule. On the other hand, the nonhydrodynamic
modes are less trivial, since we even see the appearance of a
new solution. As already stated, linear stability dictates that
the imaginary part of these modes must be positive for all
possible values the background velocity can assume, espe-
cially in the vanishing wave number limit. Therefore, the
stability of these modes is guaranteed if both numerator and
denominator have the same sign. We then require that neither
the numerator nor the denominator change their signs for any
value of the background velocity in the causal interval,
0 <V <1, otherwise leading to a problematic discontinuity
in the modes. In this case, it is straightforward to see that the
denominator must be always negative. Therefore, a stable
mode is obtained if the numerator is negative as well.
However, since the term inside the square root is always
greater than the term outside it, the numerator is positive
definite and thus the mode @M% is always unstable. This
mode is exactly the new solution that appears when
considering perturbations on a moving fluid. As it was first

observed for the transverse mode @3 . the instability of

[
the mode (?)Sthlfw cannot be fixed by tuning any of the

transport coefficients existing in the theory.

The longitudinal modes for perturbations on a moving
fluid, solutions of Eq. (48), are displayed in Fig. 4,
considering 7, = 5 [20], for several values of background
velocity in the ultrarelativistic limit, c2=1 /3.

As it was expected from the analysis performed for the
transverse modes, the new nonhydrodynamic mode that
appears for perturbations on a moving fluid is unstable not
only in the vanishing wave number limit, but also for any
value of k. On the other hand, the modes that are already
present for perturbations on a static background fluid
remain stable for any value of wave number and back-
ground velocity.

The aforementioned instability is similar to what is
observed in relativistic Navier-Stokes theory. In this con-
text, it is intuitive to employ an approach analogous to the
one proposed by Maxwell-Cattaneo [30,31] in order to
obtain a linearly causal and stable equation of motion for
gradients of shear-stress tensor. In this scenario, one would
obtain an alternative third-order formulation in which these
problems should no be longer present. In the next section
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FIG. 4.

Imaginary and real parts of the longitudinal modes, considering 7, = 5 [20], for three different values of background velocity

V=0.1, V=04, and V = 0.9, in the ultrarelativistic limit c% =1/3.

we analyze how is it possible to modify this theory and the
implications on its linear stability.

V. MODIFIED THIRD-ORDER FLUID DYNAMICS

In the last section, the third-order fluid-dynamical
formulation proposed in Ref. [26] was shown to be linearly
unstable. In this section, we propose a modified version of
this theory that can be constructed to be linearly causal and
stable. Note that the third-order equation of motion for
shear-stress tensor was originally written in Eq. (17) as

1 4
aw) — M guw _ — | 25 V(e V)

Tx Tx

2 1
- 7Va(rﬂv<"ﬂu>“) - ?va<fﬂvaﬂ'<ﬂb>) —+ -, (52)

with the dots denoting contribution of nonlinear terms. The
main reason for the occurrence of additional unstable modes
|

| Z -
Aaﬂp =

AN =

for perturbations on a moving fluid are the second-order
spacelike derivatives of the shear-stress tensor on the right-
hand side (while the equation only contains first-order
timelike derivatives). If one then performs a Lorentz boost,
such second-order spatial derivatives will lead to the
appearance of second-order time derivatives and modify
fundamental mathematical properties of the partial differ-
ential equation. In Fourier space, this manifests as the
appearance of additional modes in the theory.

One way to remove this problem is to convert all
gradients of the shear-stress tensor into an independent
dynamical variable

Viegm) — panv (53)
with the brackets denoting the contraction with a triple
symmetric traceless projection operator onto the space
orthogonal to the 4-velocity, V#z*4 = A*/V{ezh) This
projection operator is a sixth-rank tensor, defined as follows

[AZ(AGSAL + ALAL) + AL(ALAS + ALAL) + AL (ALAG + ASAL)]

1
- E [AMD(A;}:A/}/} + AéA{l/) + AﬁAaﬂ) + AIM(AZA/)’/J + A;Aap + A/I;Aa[)’)

+ Ayi(AgAﬁp + A;;Au/) + AzAaﬂ)]'
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In this case, Eq. (52) is rewritten in the following form
7,70 4 ) = 2pet — 1,V p™ ... (55)

where the dots once again denote all possible nonlinear
terms that do not contribute to a linear stability analysis.

The next step is to impose that p*** is not simply
proportional to gradients of the shear-stress tensor, but
instead relaxes to such quantities exponentially,

3
7, pH 4 vk = ?n/,vg‘ﬂ”’l) + nonlinear terms,  (56)

with 7, being introduced as a novel relaxation time and 7,
as an effective viscosity coefficient associated with the new
hydrodynamic variable p#**. Note that if we take 7, =0
and 17, — 7,, we recover the original version of the theory
in the linear regime—in particular, the factor 3/7 in the
right-hand side of Eq. (56) is essential to ensure this. Once
again, we remark that a complete nonlinear theory will not
be formally derived in this work, and we shall focus on the
causality and stability of the novel formulation in the linear
regime. Finally, we also remark that an analogous equation
of motion for p*** can be derived from the Boltzmann
equation, see Ref. [20]. Above, we have assumed the
simplest form 77, can have—one could also assume it to be a
rank-six tensor.

Next, we consider a system initially in a global equi-
librium state and proceed to perform small perturbations
around such state. In this case, we must extend the previous
linear stability analysis to also consider perturbations
in p;w/l,

ut = uf + Su,

Pt = optt. (57)

e = gy + ¢,

" = ot
In this case, the linearized Eqs. (55) and (56) become
i i v# v V¢ Sut 2 Hv A
7,Doont" + ont = n| Vyou* + Vyout — §AO 0,6u
— 7, VOspa (58)
1
r/,DO(Sp”” + oph = M, [? (Vs + Vyon + Visn)
2
+ =35 (A Vaor' + A Voon
+ Agﬁvgwa)} ) (59)

The next step is to calculate the Fourier transform of
Egs. (58) and (59), which read

2
(iQt, + )67 = iy (Kﬂﬁav RS - Aﬂ”mfﬂ)

- iTﬂkaéﬁa}w’ (60)

1
(iQr, + D)o = in, [? (K7 + KV7H + K67
2 N -
+ - 5 (AWK ST + AP K674
+ A”lcaﬁﬁ”“)} . (61)

Note that, on the right-hand side of Eq. (60), only the
projection k,6p™* appears. In order to obtain this projection,
we must contract Eq. (61) with «,,

(i€, + 1), 654 = = 21,67

3

+ —lﬂp(KaK'D57Z’m + K K O7H®)
35

i

25 1, A" K (K 5677 . (62)

As it was first performed in the last section, the linear
stability analysis of the novel third-order theory shall
be divided in the study of its transverse and longitudinal
modes, employing the procedure first developed in
Ref. [21].

A. Transverse modes

For the sake of consistency, we shall begin looking at the
transverse modes of the novel formulation. First, we
compute the transverse component of Eq. (62), which is
obtained by the following projection

. 2
K, eud 8i 1k .
— LAY opt = ——————67%. 63
( K ”’K>K'1p 35iQr, + 1 =L (63)

Therefore, inserting this equation in the partially transverse
projection of Eq. (60), we obtain

8 R o7,
(i%,,QJr,f”’”Jrl) L _iksi =0. (64)
3519%/7"’_1 & + Py

Naturally, the transverse projection of Eq. (16) remains
unchanged and is given by Eq. (24). Therefore, the
equations that describe the transverse degrees of freedom
of the modified third-order theory can be written in a matrix
form as

NS 8 ﬁ)%ﬂkz HE o,
(lT”Q + gié@,ﬂ +1 _lK> (6‘04»;’0) =0 (65)

. A nH
—& Q o'y
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In this case, the dispersion relation associated with the
transverse modes read

Py
Py 1) —ik2=0. (66)

One can straightforwardly recover the dispersion relation
associated with the transverse modes of the original third-
order formulation by simply taking 7}, = 7, and 7, = 0, see
Eq. (27). However, in the last section, we showed that such
theory yields acausal and unstable modes for perturbations
on a moving fluid. In this section, we will analyze whether
the inclusion of the transient dynamics of a hydrodynamic
current defined as p*** is sufficient to render the modified
version of the third-order theory linearly causal and stable.

1. Perturbations on a static fluid

Once again, we begin looking at the transverse modes for
perturbations on a static background fluid, V = 0. In this
case, the dispersion relation, Eq. (66), reads simply

8 2,7,k .
of ity +— 20" ) —if2=0.  (67)
3S5int, +1
As it was done in the previous analysis, we shall look at the
asymptotic form of these modes. In the small wave number

limit, these modes can be written as

) 8\ 20 o

aper = i + i%,,( - %) K +ok),  (68)

Ashear + i1 = 8%EAp k2 + 0(124) (69)
+ 2. 35(%, — %p) '

~ shear
() =
T.ne N
w %

As expected, the inclusion of the nonconserved current
defined as p** leads to the occurrence of a new non-
hydrodynamic mode already for perturbations on a static
background fluid, in which there is an additional mode in
comparison to the transverse modes of the previous theory.
In particular, this new mode behaves as @& ~ i/, in the
small wave number limit. Furthermore, note that we
immediately recover the modes of the original third-order
theory by taking 7, — 0 and 77, — 7.

In the large wave number limit, the transverse modes of
this theory are

35i 358, +2,(8, — 35)

1
- 9800i%,7, =
35%, 1 82,1, il (352, + 82,1,)F B2

+o<]2—ﬂ>, (71)

C’D;E%e_ar —

(3522 + 8%27), + 8%,%,7,

e = [0 0y | BT+l ¥ O
' 35%,%, 21,1,(35%, + 8%,%,)

1
Lo (k—) (72)
|35%2 + 8%27), + 8%,%,7,

ashear ]’% 35%/) + S%Eﬁp +
a)T,neW - 35%”%/) ! 2%71%/](35%/, + S%H%p)
1
ro(z) "

Unlike what is observed for the third-order theory
discussed in Sec. IV, in which the modes have a diffusion-
like behavior in the large wave number limit, i.e., & ~ ilAcz,
this is not the case for the novel formulation.
Furthermore, in the small wave number limit, the trans-
verse modes are purely imaginary, while at large values of
k they become propagating, i.e., their real parts are no
longer zero. Therefore, it is now necessary to impose
constraints on the linear causality of this theory. The
asymptotic group velocity must be subluminal [32], and
we thus obtain

lim | 2R@)

1}—)00

T, (74)

The solutions of Eq. (67) are displayed in Fig. 5 in
comparison to the transverse modes of Israel-Stewart
theory for perturbations on a static background fluid,
assuming 7, =5 [20] and 7, = 2. The novel third-order
formulation has three transverse modes, while both the
third-order formulation and Israel-Stewart theory have two
transverse modes each. Considering the values for the
transport coefficients employed here, the modes are stable
not only in the vanishing wave number regime, but also for
any value of k. Furthermore, while the transverse modes of
the original third-order theory have vanishing real parts for
perturbations on a static background fluid, the modes of the
modified formulation have nonzero real parts, and thus are

propagating.

2. Perturbations on a moving fluid

We now consider the case of perturbations on a moving
fluid. Once again, we assume that the background fluid
velocity is parallel to the wave vector. In this case, one must
insert Egs. (13) and (14) into the dispersion relation for the
transverse modes, Eq. (66), leading to
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Imaginary and real parts of the transverse modes of Israel-Stewart theory (solid black lines) and modified third-order fluid

dynamics (red dashed lines) for perturbations on a static background fluid, considering 7, =7, = 5 [20] and 7, = 2.

Naturally, the solutions of this equation are rather complicated and shall not be written here. Instead, once again we resort to
the analysis of the asymptotic form of these modes. In the small wave number limit, the modes can be written as

i = Vi+ LR+ OF), 76)
BTV \/(1,, +2, = V2243227,V +42,(V2 - 2,) .
T+ 2 A (n V2 _ 8~ V2 + O<k>’ (77)
Y T (T ) 35MpTr
i Bt = VRt = V4 B,V 4 42, (V2 - ) 2o %
fonew 2}/ %p (%7[ - Vz) - %ﬁ/)%zrvz
As it was also observed for perturbations on a static fluid, R (A _ 1) S E A (79)
there is one hydrodynamic mode, and two nonhydrody- o\Ta 35 Fallp

namic modes. In particular, the hydrodynamic mode is
identical to the one obtained for the third-order theory, see
Eq. (35). Furthermore, we recover the modes given by
Egs. (36) and (37) by simply taking 7, — O and 7}, — 7,. We
shall not study the behavior of these modes at large values of
k, since the expansion for small wave number is enough to
provide us constraints on the linear stability of this theory.

These modes are stable if their imaginary part is
positive, which is guaranteed if both numerator and
denominator have the same sign. Once again, we impose
neither change their signs for any causal value of the
background velocity V, otherwise resulting in a disconti-
nuity in the modes. We note that both the denominator and
the numerator are positive for V = 0. Thus, they must
remain positive for all causal values of velocity.

In order for the denominator to be positive for
0 <V <1, the transport coefficients must satisfy,

Note that this relation is identical to the linear causality
condition obtained in Eq. (74). This relation also guaran-
tees that if the term inside the square root is positive, it is
smaller than the term outside it. Furthermore, in order for
the numerator to be positive for all physical values of
velocity, the relaxation times must satisfy the condition
T, +1,>1, (80)
which guarantees that the term outside the square root in the
numerator is always positive. We note that this constraint
reduces to the linear causality and stability conditions
obtained for Israel-Stewart theory if 7,=0, see
Refs. [15,21]. However, we further remark that the stability
condition given by Eq. (79) forbids this limit—a linearly
causal and stable theory can only be obtained if 7, is not
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zero. Finally, note that Egs. (79) and (80) combined
guarantee that the square root in the numerator, if real,
is always smaller than 7, + 7, — V2, leading to a stable
transverse mode. If the square root in the numerator is not
real, then it does not contribute to the stability of the mode.

For the sake of illustration, the solutions of Eq. (75) are
displayed as function of wave number in Fig. 6, considering
fl, =%, =5 [20] and 7, =2, for three values for the
background velocity and transport coefficients that satisfy
the linear stability conditions for the transverse modes,
Egs. (79) and (80). Here, one can see that, for perturbations
on a moving background fluid, the imaginary part of the
nonhydrodynamic modes (upper panels) no longer merge
for large values of the wave number.

The analysis developed so far in this section is restricted
to the transverse modes of the modified third-order theory.
Even though we obtained the conditions the novel transport
coefficients must satisfy in order to guarantee the theory’s
linear causality and stability, it is still necessary to look at
the conditions that arise from the longitudinal modes.

B. Longitudinal modes

Naturally, the longitudinal projections of Eqgs. (15) and
(16) remain the same, as given by Egs. (38) and (39),
respectively. Furthermore, the longitudinal component of
Eq. (62) is obtained by contracting it with x,x,, thus
leading to

KK,

(81)

: o 9i -
(iQz, + 1)( 2 >1</15p" b= —gnpkzén”.

Inserting this result in the longitudinal projection of
Eq. (60), we obtain

"
= kot = 0.
€0+P0 3

(82)

It is possible to write the equation for the longitudinal
modes in the following matrix form

PO N
A A 9 Mtk _4a on|
1T+ 55 iQ%,+1 +1 3K 0 g+Po
—& o ek || o [ =0
n A o€
0 —k €+Py
(83)

Therefore, the dispersion related to the longitudinal
degrees of freedom of the novel third-order formulation
reads

4i
+1> —glmzzo.

Once again, one can straightforwardly recover the
dispersion relation for the longitudinal modes using the

A A AD
9 Thi],K

Z 84
35i0%, + 1 (84)
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FIG. 6. Imaginary and real parts of the transverse modes for 7, = 7§, = 5, %, = 2, considering three different values for the background

velocity V = 0.1, V. =0.4, and V = 0.9, respectively.

096026-13



C. V. BRITO and G. S. DENICOL

PHYS. REV. D 105, 096026 (2022)

formulation developed in Ref. [26], see Eq. (42), by
simply taking the novel relaxation time to zero, 7, =0,
and 7, = 7,. As it was also observed for the transverse
modes of this theory, the dispersion relation associated
with the longitudinal modes is an one degree higher
polynomial when compared to the original third-order
theory. This is expected, since including the dynamics of a
nonconserved hydrodynamic current p** leads to the
occurrence of an additional nonhydrodynamic mode.
However, unlike what we observed for the original
third-order theory, the number of modes of the modified
theory does not increase when considering perturbations
on a moving fluid.

1. Perturbations on a static fluid

We first look at the longitudinal modes of the theory for
perturbations on a static fluid. In this case, the dispersion
relation associated with the longitudinal modes, Eq. (84),
simply reads

N 9 TI’]k2 4i
D — ) it + o+ 1 | ——ok* =0. (85
(@7 =cs >< 35i0t, + 1 37 (85)

As before, let us analyze the asymptotic form of the modes.
In the small wave number limit, they read

2i 2(3 1
ot — o+ 2 4 205 Dis L o) (s6)
3 9c
. 27"
Ty +4 p» —Tn) 2 7
d);‘hear — ,\L + 135 ”Ip (A/ ) k2 + O(k4), (87)
Tr 3(T7I - TP)
97,17
sshear L 7’1]{2 (@) k4 88
D7, new %p 35( p) * ( ) ( )

We identify two hydrodynamic modes and two nonhydro-
dynamic modes. The hydrodynamic modes correspond to the
usual sound modes and their small wave number limit remain
identical to the corresponding results obtained in Israel-
Stewart theory or in the original version of the third-order
theory, see Eq. (44). In the small wave number limit, the
nonhydrodynamic mode @ becomes identical to the
nonhydrodynamic mode found in Israel-Stewart theory and
in the original third-order theory, with deviations only
occurring at order O(k?), see Eq. (45). On the other hand,
the nonhydrodynamic mode @;™ is intrinsically new and
describes nonequilibrium modes that relax to equilibrium in
times of order 7, We note that, as expected, we recover
the results from the previous section, Eq. (45), when taking
z,—>0and 7, - 7,.

In the large wave number limit, all four longitudinal
modes can be cast in the following form

==

27,\ N AA D N 27,\ ~
35 Lally + 317,05 +4%, £ \/ 35 Ty

+ 3%,2,c2 4+ 4%,)? —ﬁ%z%ﬁp 3

k+00). (89)

Since the hydrodynamic and nonhydrodynamic modes
merge at finite values of wave number, it is not trivial to
map these four solutions with the small wave number
solutions displayed in Eqgs. (86), (87), and (88). In order
for these modes to be stable, it is essential that the term inside
the outer square root is real and positive, otherwise leading to
modes with a negative imaginary part, and thus unstable
solutions. For this purpose, we must first impose that the
term inside the inner square root is positive. If this is the case,
it is straightforward to see that the term in the numerator is
always positive. Therefore, in order to obtain purely real
modes, it is sufficient to impose

27, . o A2324AAA
<35Tl[’7[) + 31’,[75/,6% +4Tp> - 35 72[ pnpcﬂ > 0. (90)

In fact, this inequality is satisfied as long as the
transport coefficients are positive definite quantities,
Le., 7, >0, 7, > 0, and 7, > 0. Therefore, the stability
of the longitudinal modes perturbations on a static fluid is
always fulfilled.

7t

|

The linear causality of the theory can be verified by
analyzing the asymptotic group velocity of the modes [32].
In order for these modes to propagate subluminally, the
following condition must be satisfied

ORe(®)

~

I D PO PP bl
m T N,
= T =Ry (1- )4

k-0

©on

In order to obtain this relation, it is necessary to impose a
first constraint to the shear relaxation time 7,, which is
given by

4
7> — 92
=30 92)

which, in the ultrarelativistic limit, ¢z = 1/3, reduces to
> 2. This is exactly the linear stability condition for the
shear relaxation time in Israel-Stewart theory [15,21].
The longitudinal modes of the modified third-order
theory for perturbations on a static fluid are displayed in
Fig. 7 in comparison with the corresponding longitudinal
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FIG. 7. Imaginary and real parts of the longitudinal modes of Israel-Stewart theory (solid black lines) and modified third-order fluid
dynamics (red dashed lines) for perturbations on a static background fluid, considering %z, =17, =35 [20] and 7, =3 in the
ultrarelativistic regime, ¢2 = 1/3.

modes of Israel-Stewart theory for a wide range of values of ~ background velocity is parallel to the wave vector, thus Q

wave number, considering 7, = 7, = 5 [20] and 7, = 3. and & are given by Eqgs. (13) and (14). In this case, the
dispersion relation associated with the longitudinal modes,
2. Perturbations on a moving fluid Eq. (84), can be written as

Next, we consider the longitudinal modes for perturba-
tions on a moving fluid. Once again, we assume that the
|

9 2OV - k)?
35it,y(@— Vk) + 1

P2[(& = Vk)? = 2@V — k)?] | ity (@ — Vi) +

- ﬁ;ﬁ(@ —Vk)(&V - k)* = 0. (93)

Once again, the general solutions for this case can be extremely complicated and will not be displayed here. Instead, we
analyze the asymptotic form of these modes. First, in the small wave number limit, they read

Ve - ~
psound = —— %k + O(k? 94

3AC - 4V2 - \/ (BAC — 4V2)2 + 12A(AB + 42,V?)

Ashear _ O /,% s 95
“L ! 27(AB + 43,V?) + O )
3AC -4V + \/ (BAC —4V2)2 + 12A(AB+42,V2)
(bzhear = — + O(k), (96)
Mew 2y(AB + 4%pV2)
where the following variables were introduced (9. .
g BE3T”<§”P‘/2_TP>’ (98)
_ 2

A=1-c2V2, (97) C=%,+1%, (99)
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Since we are interested in obtaining linear stability con-
ditions imposed by the longitudinal modes, it is sufficient to
solely analyze the modes for V # 0 in the small wave
number limit, and thus we shall not study these modes for
large wave number in this work.

There are two hydrodynamic longitudinal modes, which
are purely real and thus always stable in this regime, and two
nonhydrodynamic longitudinal modes. As it was observed
for the original third-order theory, analyzed in the previous
section, the hydrodynamic modes for perturbations on top of
a moving background are given by the relativistic velocity
addition, see Eq. (49). The stability of the nonhydrodynamic
modes is not automatically guaranteed and must be analyzed
in more detail. These modes are stable if both the numerator
and denominator have opposite signs, leading the modes to
have a positive imaginary part. Once again, we make the
assumption that neither the numerator nor the denominator
change their signs for any causal value of the background
velocity V, otherwise leading to a problematic discontinuity.
Taking the background fluid velocity to be zero, V = 0, one
can see that the numerator is positive definite, while the
denominator is negative. In general, the denominator is
negative for any value the background fluid velocity can
assume as long as the following condition is satisfied

AB + 4%,,V2 <0, (100)
which leads to the following conditions

27 1-¢?
T, > iy, 101
735 g (1— ) —4 (10)

4

T, > 102
730 - ) (102)

Note that the constraint given by Eq. (101) is identical to the
linear causality condition obtained when analyzing the
modes for perturbations on a static fluid in the large wave
number limit, see Eq. (91). Furthermore, in the ultrarelativ-
istic limit, ¢Z = 1/3, Eq. (102) reduces to %, > 2, which
corresponds to the linear causality and stability condition for
the shear relaxation time in Israel-Stewart theory [15,21].

The final step is to evaluate the necessary condition to
obtain a positive numerator. First, we note that, in order to
obtain linearly stable modes, the term inside the square root
in the numerator must be either: positive and smaller than
the term outside, or negative. Both conditions are guaran-
teed by imposing 3.AC — 4V? > 0. Naturally, this constraint
must be valid for any physical value of the fluid velocity, V.
In this case, the strongest condition possible is obtained
considering the maximum value for the background veloc-
ity, V. = 1. Then, we have

3(1—c2)(2, +2,) 2 4. (103)
which is guaranteed by Eq. (102).

Note that the stability condition given by Eq. (103)
reduces to the linear causality and stability conditions
derived for Israel-Stewart theory, see Ref. [21], in the limit
of vanishing 7, and 77,. Nevertheless, we remark that simply
taking 7, = 0 is forbidden by Eq. (101). It is possible to
conclude that the inclusion of the relaxation timescale 7, is
essential to render the third-order theory linearly causal and
stable.

The solutions of Eq. (93) are displayed in Fig. 8, con-
sidering 7, = 7, = 5 [20] and 7, = 3, in the ultrarelativistic
limit ¢2 = 1/3, for several values of background velocity. In
this scenario, we note that the modes are linearly stable
beyond the vanishing wave number limit. Once again, as it
was also observed for the transverse modes, the imaginary
part of the longitudinal modes no longer merge when
considering perturbations on a moving fluid.

After carefully analyzing both transverse and longitudinal
modes of the modified third-order formulation, we con-
cluded that the inclusion of the transport coefficients 7, and
1, is essential to obtain a linearly causal and stable
formulation. However, in order to obtain exclusively stable
modes, the novel transport coefficients cannot assume
arbitrary values. We then constrained the possible values
they can assume in order to render causal and stable modes
and noted the conditions related to the longitudinal modes of
the theory are stronger than the ones obtained for the
transverse modes.

VI. CONCLUSIONS AND REMARKS

In this work, we analyzed the linear causality and stability
of third-order fluid-dynamical formulations. The original
formulation of third-order fluid dynamics proposed in
Ref. [26] was shown to be linearly unstable when perturbed
around a global equilibrium state. While the modes were
shown to be stable for perturbations on a static fluid, they
become intrinsically unstable for perturbations on a moving
fluid. The origin of this problem was mapped to the
diffusionlike behavior of the modes at large values of wave
number. This problem is similar to what is observed in
relativistic Navier-Stokes theory, whose parabolic nature
leads to acausal and unstable modes. We then observed that
the instability of this theory cannot be solved by simply
tuning the transport coefficients.

With the purpose of addressing this problem, we then
proposed a modification of the theory developed in Ref. [26]
that renders it linearly causal and stable. This modified
version of the third-order theory was obtained by converting
gradients of shear-stress tensor, linear third-order terms that
feature the equation of motion for ##*, into a new dynamical
variable V¥ 7*4) — p#* that relaxes to such gradients of the
shear stress tensor. We then required that this new dissipative
current satisfies a relaxation equation, introducing 7, and 7,
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FIG. 8. Imaginary and real parts of the longitudinal modes, considering 7}, = %, = 5 [20] and %, = 3, for three different values of

background velocity V = 0.1, V = 0.4, and V = 0.9, in the ultrarelativistic limit ¢2 = 1/3.

as new transport coefficients corresponding to the relaxation
time and effective viscosity associated with the hydrody-
namic current p***, respectively. In the construction of this
equation, we only accounted linear terms, since any non-
linear term would vanish and thus would not contribute to
the analysis performed in this paper.

The next step was to analyze whether the addition of the
new nonconserved current p””, along with the aforemen-
tioned transport coefficients, is actually sufficient to render
the theory linearly causal and stable. At this point, it is
essential to perform perturbations not only on the usual
hydrodynamic variables, but also in such current,
P = 5p*. When calculating the dispersion relations
associated with the transverse and longitudinal modes of
this theory, we immediately recover the equations for the
previous theory by simply taking 7, =0 and 7, = 7,.
Furthermore, the modes of the modified theory do not
display a diffusionlike behavior at large values of wave
number and the number of modes does not increase when
considering perturbations on a moving fluid, problems
displayed by the original theory. We then obtained the set
of conditions the transport coefficients introduced must
satisty in order for the modified theory to be linearly causal
and stable. Overall, in terms of the usual hydrodynamic
variables, the linear causality and stability conditions of the
modified third-order theory are given by

n 27 2

37,(1 —cg)—480+P0 T, > —_n,7,(1—c? (104)

35

(105)

Therefore, we concluded that the transport coefficients
cannot assume arbitrary values, and the novel third-order
theory is linearly causal and stable as long as Egs. (104) and
(105) are simultaneously satisfied. In particular, Eq. (104)
imposes the existence of a nonzero timescale, defined as 7,
as an essential requirement for both causality and stability—
in fact, these properties are related: if linear causality is
satisfied, then linear stability is automatically guaranteed and
vice-versa.

A complete nonlinear third-order theory was not for-
mally derived here and shall be investigated in future
publications. In particular, it is our future goal to inves-
tigate how such novel third-order theory emerges in a
microscopic derivation, taking the relativistic Boltzmann
equation as the starting point.
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