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NONLINEAR WAVES IN AN ULTRARELATIVISTIC
HEAT-CONDUCTING FLUID II (ECKART FORMULATION)

SEBASTIANO GIAMBO,” VERONICA LA ROSA,** AND GIUSEPPA MUSCIANISI

ABSTRACT. In this paper a second-order theory for relativistic heat-conducting fluids is
derived in the Eckart scheme, based on the assumption that the entropy 4-current should
include quadratic terms in the heat flux. In the special case of ultrarelativistic fluids, the
velocities of hydrodynamic and thermal weak discontinuity wave fronts are determined
and, through the second-order compatibility conditions, the discontinuities associated to
the waves and the transport equations for the amplitude of the discontinuities are found
out. Finally, for heat wave, plane, cylindrical and spherical diverging waves are also inves-
tigated.

1. Introduction

Relativistic irreversible thermodynamics has a rather peculiar history. The first two pro-
posals of relativistic dissipative fluid dynamics came from C. Eckart [1] in 1940 and from
L. Landau and E. M. Lifshitz in the early fifties [2]. The difference in formal appearence
is due to the different choices for the definition of the hydrodynamical 4-velocity. One of
the popular discussions of cosmology is given by fluid approximation [3, 4]. This phe-
nomenological approach to cosmological models requires the adoption of a macroscopic
4-velocity representative of the continuum flow. As we say, we have two natural specifica-
tions for this hydrodynamic field reflecting: the average flux of the constituent particles of
the fluid (the Eckart or particle frame) [1], or the average flux of total energy (the Landau-
Lifshitz or energy frame) [2]. These frames are formally defined as being the normalized
vector parallel to the particle flux and the normalized timelike eigenvector of the energy-
momentum tensor, respectively. The two choices have different computational advantages.
The Landau-Lifshitz formalism is convenient since it reduces the energy-momentum tensor
to a simpler form. Instead, the Eckart formalism has the advantage of a simpler integration
of particle conservation law.

This conventional theories of dissipative fluid dynamics are based on the assumption
that the entropy 4-current contains terms up to first order in dissipative quantities and hence
they are referred to as first order theories of dissipative fluids [S]. The resulting equations
for the dissipative fluxes are linear in the thermodynamic forces, and the resulting equations
of motion are parabolic in structure. It was later shown by W. Israel and coworkers [6, 7]
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that both theories have the undesirable feature that causality principle may not be satisfied.
That is, thermal signals may propagate with speed exceeding that of light.

In order to solve this feature, extended theories of dissipative fluid were introduced.

These causal theories are based on the assumption that the entropy 4-current should
include quadratic terms in the dissipative fluxes and hence they are referred to as second
order theories.

In particular two paths can be followed: the extended irreversible thermodynamics de-
veloped by Jou [8], Miiller [9] and Ruggeri [10], but also Galipo [11] and Giambo [12],
allowing the inclusion of the dissipative quantities in the expression of the entropy den-
sity and the entropy flux due to a generalized Gibbs relation; or, following Muronga [13],
Israel and Stewart [6, 7, 14], a model that introduces additional dynamical fields through
the assumption that the entropy 4-current includes quadratic terms in the heat flux. This
model has been taken up and developed later by Garcia-Colin and Sandoval-Villalbalzo
[15], Garcia-Perciante et al. [16], Samuelsson et al. [17]. There is also an important
approach to heat conduction, in which one considers a multi-fluid system whose species
are represented by a particle number density current and an entropy flux, in general not
aligned with the particle flux [18]. This model has been recovered and developed recently
by Lopez-Monsalvo and Andersson [19] and Andersson and Comer [20]. The resulting
equations for the dissipative fluxes are hyperbolic and they lead to causal propagation of
signals [6, 7, 13, 14, 21, 22, 23].

In second order theories the space of thermodynamic quantities is extended to include
the dissipative quantities which are treated as field variables as well.

This last approach is the base of the model presented in this paper. Our aim is to deduce
a second order theory for relativistic heat-conducting fluids, in the Eckart scheme, based
on the assumption that the entropy 4-current includes quadratic terms in heat flux and to
determine, in the special case of ultrarelativistic fluids, the velocities of hydrodynamical
and thermal weak discontinuity waves.

More precisely, this paper is outlined as follows. In Section 2 the equilibrium ther-
modynamics of relativistic perfect fluids is described. In Section 3 the formulation of
relativistic heat-conducting fluid model in Eckart scheme is introduced. A second order
theory following the second approach in the Landau-Lifshitz scheme can be found in [24].
In Section 4 the propagation of weak discontinuity is investigated. In Section 5 the special
case of ultrarelativistic fluids is considered. In Section 6 the transport equation describing
the evolution, along the rays, of the amplitude of the discontinuities is determined. In par-
ticular, the hydrodynamic wave is discussed and the thermal wave, in special case of plane,
cylindrical and spherical diverging waves is investigated.

Throughout this paper, a coordinate system 2%, being 20 = ¢ the time and 2 the spatial
coordinates in the flat space—time of special relativity is introduced. The fundamental
metric tensor gog is defined by: goo = 1, gis = —1, gag = 0, for a # 3, where the
velocity of light in the vacuum, ¢, is set equal to 1.

Greek indices range over 0, 1,2, 3 and the Latin ones over 1, 2, 3.

The notation d,, = e represents the partial derivative with respect to .
x
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2. Basic of equilibrium fluid dynamics

When we study the equilibrium thermodynamics three important variables must be
taken into account: the energy density p, the particle number density r and the specific
entropy S. The energy density and the particle number density are related by

p=r(l+e), (M)

where ¢ is the specific internal energy.

These basic quantities will be referred to as primary thermodynamic variables, from
which to deduce all other state variables, such as the pressure p.

From the equation of state for the entropy density s = rS, s = s(p,r), and Euler

relation

p="L" 15 ?)

defining chemical potential y, the fundamental Gibbs equation can be written as:
Tds = dp — pdr , 3)

where T' denotes the temperature.

Eq. (2) defines the last unknown thermodynamic function p.

In relativistic fluid dynamics it is necessary to operate with covariant object, so all the
thermodynamic quantities are expressed in terms of the 4-vector number current R, the
energy-momentum tensor Te"f and the entropy 4-current S¢;, at equilibrium

Ry, = ru®, 4)
af a, B af

Teq = puu —py ) (5)
Seq = rSu”, 6)

where u® is the unitary hydrodynamical 4-velocity (u®u, = 1), whereas 7% = ¢g*f —
u®uP is the spatial projection tensor orthogonal to u®.
Therefore, the equilibrium state is described by five independent variables p, r, u®.
The thermodynamic relation (3) can be rewritten in terms of the covariant quantities

R2,, TSP and S2,
1
dse, = _%ngq + usdIs €
From eqs. (2)-(6) it follows immediately that
1
Sty = Fu® = SR+ ZusTy ®)
P a _ p«a H « Uﬁ
a(gu) = Red (3) - T0a (7)) ©)

So the covariant form of particle, energy, momentum and entropy conservation equations
reads as

OaRgy =0, ie u®0ar+rdou® =0, (10)
Tl =0, ie  (p+puldsu® +uu’dsp — v 9pp =0, (11)
0aSgq =0, ie. u%0u(rS)+rSo,u* =0, (12)
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where the spatial projection of (11) and its projection along u® are, respectively,
VEOWTEN =0, ie.  (p+pu’dsu® —y*P9sp =0, (13)
uaangf =0, ie. u“Oup+ (p+p)0au®=0. (14)

3. Non—-equilibrium states

Non-equilibrium effects are introduced by enlarging the space of independent variables
through the introduction of non—equilibrium variables.

In principle, the inclusion of dissipative processes as heat conduction requires additional
terms in the primary variables R¢,, Te‘flﬁ and S¢;, describing a perfect fluid.

The next step is to find evolution equations for these extra variables. Whereas the evo-
Iution equations for the equilibrium variables are given by the usual conservation laws,
general criteria do not exist concerning the evolution equations of the dissipative fluxes,
with the exception of the restriction imposed on them by the second law of thermodynam-
ics.

However, the presence of a heat transfer involves a problem regarding the definition
of the hydrodynamical 4-velocity u®. In Eckart’s formulation, u® is identified by the 4-
velocity of particle transport (particle frame) [1]. Formally, the particle frame is the unique
time-like vector parallel to R, .

In presence of irreversible processes as the heat conduction, (4) preserves the same
structure, while small terms AT*? and AS® have to be added in (5) and (6),

TP = TP+ ATP (15)
S = S5, +ASY, (16)
such that the corresponding conservation laws are satisfied
0. R* =0, a7
0T =0, (18)

and the second law of thermodynamics holds
0,5% > 0. 19)

A non—equilibrium state is characterized by increasing entropy due to the presence of
dissipative fluxes.

The deviations AT*? and AS® from local equilibrium contain the information about
heat flux and 4-current entropy at non—equilibrium state.

From eq. (18) it follows that

0aT% = 0a TSP + 0o (AT*F) = 0. (20)

Now, by virtue of eqs. (14) and (10) and taking into account the equation for covariant
derivatives along the world lines following from Gibbs relation (3), the following equation
holds the covariant derivative of eq. (3) along the world lines of the fluid defined by u“,
we obtain

Ty (rSu®) = —ugda (AT*P) . @21
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The non—equilibrium entropy 4-current S¢ = S (RO‘, T8 ) takes the form [14]:
« P o H Ha 1 a3 « af
S%==u*—- =R —ugT AT 22

where Q is a function of deviation AT*5.

For small deviations, in order to obtain equations guaranteeing causality and hyperbol-
icity, it is sufficient to keep only quadratic terms in the Taylor’s expansion of Q.
By virtue of egs. (2), (4) and (15), together with the relations [25]:

AT = ¢*uP + ¢Pu™,  ¢"ua =0,  quq* <0, (23)

the most general algebraic form for 5%, at most of second order in the dissipative fluxes
AT is [6,7, 14, 25]:

S =rSu® + %qo‘ + kg (¢"qu) u®, (24)
where kg is a thermodynamic coefficient (which in general is a function of the state vari-
ables) accounting for dissipative contribution to the entropy density and ¢® is the heat flux.

In what follows, in order to simplify the notation, the thermodynamic coefficient will
be denoted only k.

From eq. (24) it follows that the effective entropy density measured by comoving ob-
server is

UeS® =18 — k¢? (25)

where ¢2 = —q%q,. Since the entropy density is maximum at equilibrium, the condition
ua Q% < 0 (or, equivalently, ¢*g, < 0) implies that k is nonnegative.

The divergence of extended current (24), together with eq. (21) in which eq. (23); have
been taken into account, leads to

1
0o S = —ﬁqa (06T — 2kT?u*0\qo — T?qa0n (ku*) — Tutd\ua] > 0.  (26)
Since ¢“q, < 0, from eq. (26) it follows that the heat flux is given by
o = fxfyg {aﬁT — 2kT2u)‘8>\q5 — T2qg8>\ (ku’\) — TuAaAu[;} , 27
where the phenomenological coefficient x (> 0) is the thermal conductivity of the fluid.

We can conclude that, in the Eckart scheme, the set of hyperbolic equations describing
the motion of a relativistic heat-conducting fluid is:

r0qu® +u®0,r =0,
(p+p)u® o’ = 4P 0op + u*Bag” + ¢* Do’
+qP0,u” + uu’ P dun =0,
rTu®0,S + 0aq% — uaqﬂaau5 =0,
o = —ng {QgT — 2]<;T2u>‘6,\q5 — T2q,(3(9,\ (k;u)‘) — Tu>‘8>\u5} , (28)

in the 8 independent field variables r, T', u®, ¢“.
If we assume 7 and T as state variables, then p = p(r,T) and S = S(r, T). This means

that
([ 0p op
8ap = (ar)TaaT + (aT)TaaT, (29)
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and

08 a8
0aS = (&”)T Oar + <8T)r 0T . (30)

4. Weak discontinuities propagation
Consider now a propagating time—like, singular hypersurface ¥ defined by
p(z*) =0, = 2% (w?), 31

where w4, A = 0,1, 2, are the coordinates on X..

Let asp and b4 be, respectively, the components of the first and second fundamental
covariant tensors of 3. Let N be the space-like unit normal vector to X.

Now let us recall the following relations [26]:

AAB = GapTyTy NoN* = -1,
Nax%:O, xf‘AszABNO‘,
(32)
NS =a*Pbap = b7, % =bRa%,
AB,.a B _ aB a NS _ B
a®PaYxy =g + N*N7, Ta,A = JaBl 4 -

In the above relations, a comma followed by a Greek index denotes the spatial deriv-
ative with respect to =%, whereas a comma followed by a Latin index denotes covariant
derivative with respect to a 4 ; since x® are scalar functions of w?, we have

ox®

«
%y = ——.
AT A

(33)

Making use of Hadamard’s method for characteristic hypersurfaces of possible discon-
tinuity, we investigate the problem of propagation of discontinuity surfaces of first order
compatible with system (28), in which the algebraically related variables r, T', u®, ¢®
are continuous, but their space and time derivatives exhibit jump discontinuities across a
characteristic hypersurface ¥, with tangent direction specified by the normal co—vector of
components N“. This means that the surface X can be interpreted as the wave front of a
propagating weak discontinuity.

The state ahead of the wave X is assumed to be uniform and in complete equilibrium.

Let us recall the compatibility conditions, derived by Hadamard’s Lemma, which must
be satisfied across X by the partial derivatives of the field variables [27, 28, 29, 30]. For
the first and second partial derivatives, under the assumption that X is a weak discontinuity
surface (the first order derivatives of field variables are discontinuous across X), they read
as

[Fo] =Ny, (34)

)

[F,aﬁ] = ﬂNO(Nﬁ + CLABV7A(NCELE57B + N5$a,3) + VbAB.ra,Al‘ﬁ,B ., (35

where F is any field variable, the square bracket denotes the jump across ¥, i.e., [F] =
F5 — Iy, subscript 1 and 2 denoting the limiting values of F' from each side of the surface
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>’ and v and ¥ denote the discontinuities in the normal derivatives. Also I represents the
g

rate of change of I’ as seen by an observer comoving with X.
At this point, the following quantities defined on X can be introduced:

or o« oT a_
{axa]N =% {ax]N =7
(36)
oul 9q°
el a__ _, B Pk 2 a_ _ B
{(MO‘]N wr, {&BQ]N ",

representing the jumps in the normal derivatives of r, T', u® and q<, respectively.

With respect to a rest frame determined by some preferred time—like unit vector u“, the
velocity, A, of propagation in the direction of an orthogonal unit space-like vector n® will
be given, for a suitably normalized N ¢, by

)\:%, n(’“:%(NO‘—LuO‘)7 (37)
where
L =u“N,, P =1+1°7. (38)

In what follows the medium ahead of X is supposed to be uniform and at rest.

In this way, if, as usual [5, 31, 32], small perturbations of the thermal equilibrium are
considered in which no relative transport occours, then it can be chosen

=0 (39)

along the unperturbed flow direction.
Now, the first-order compatibility conditions (34) and condition (39) can be applied to
system (28). Noticing that from (23)2, with assumption (39), it follows that

U T = Uqw® =0,
we obtain:
LE+rwy =0,

dp Op
B _ynB |2 a B =
rfLw” — fn [<8T>T£+(8T>T19}+L7T 0,

oS S
rT'L <m>T£—|—TTL <8T>T19—|—77N =0,

YBINg — TLw, — 2kT* L, = 0.

Multiplying (40)2 by N and (40)4 by N the following equations, respectively, are
obtained

(40)

dp op
2= 2 == L Lay = 41
l (87‘>T§+€ (8T>T19+rf wy + Loy =0 41
and
0?9+ TLwyn + 2kT*Lry =0, (42)

where wy and 7y are the normal components of the two vectors, w and 7, on X..
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System (40)1, (40)s, (41), (42) admits nontrivial solutions in &, ¥, wy and 7y if, and
only if, the determinant of the coefficient matrix vanishes.

In the special case in which p = p(p) = p(p(r,T)), by virtue of egs. (2) and (3), the
following relations hold

ap\ _ [(dp\ (dp\ _ 08
(w)f <dp> (av)ﬂ V*’“T <ar>J ’
op\ _ (dp op\ oS
(or) = () (57), =7 (57). “)

where f = (p + p)/r is the fluid index.
The following characteristic equation for the velocity of propagation A = L// is ob-
tained:

(L? - p'e?) [TTZ (g;) (1—2krTf)L2+r<f+rT (?) )52] =0. “4
T T T

This equation implies the existence of the two expected well-behaved propagation modes,
which are interpretable as

e a hydrodynamic wave with velocity given by \? = p/,

TS!
e a heat wave with velocity given by \3 = Tz SZ (—;k:"T fri 0
where
08 oS
S =(— Sr=1=—=1 .
r (ar>T’ T (6T>T

In addition, from system (40), the solution L = 0, which represents a wave moving
with the fluid, is obtained. The corresponding discontinuities satisfy the equations
£=0,
9=0,
wWN = 0 ,
™ = 0.

(45)

Since the coefficients characterizing the discontinuities exhibit four degrees of freedom,
then system (40) admits four independent eigenvectors corresponding to L = 0 in the space
of the field variables.

5. Ultrarelativistic fluids

In the case of ultrarelativistic fluid the energy density and the particle number density
are related only by

p=re, (46)
because r << re. This relation implies that the pressure law is:
p=py-1), (47)

where v = C},/Cy is the ratio of specific heats.
In particular, in the case of perfect politropic fluid, the state equation reads as

p=1rRT, (48)
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in which R = C,, — Cy is the universal gas constant and then

dp R dp op

/

= — = — i — T — —

P =4 "¢y’ <8r>T i (aT =T

0S B R oS B Cy - )
(37’>T_—7’7 <8T>T_T’ f=R+CV)T=CT. (49

By virtue of relations (49), system (40)1, (40)s, (41), (42) can be written as

L&+ rwy =0,

RT*¢€ +rR29+rfLwny + Loy =0,

(50)
—RTLE+rCy LY +7n =0,
0?9+ TLwyn + 2kT* Loy =0,
and the velocities of propagation write as
R 1
A= N 51
oy 2T 2krTf -1 G

6. Discontinuity transport equation

Now we determine the discontinuities associated to the first and second sound and the
transport equation describing the evolution, along the rays, of the amplitude, i, of the
discontinuities, for an ultrarelativistic fluid.

In order to deduce the transport equation, the discontinuities in the second order partial
derivatives along the normal vector of particle number density 7, temperature 7', unitary
hydrodynamical 4-velocity ©® and heat flux ¢® must be introduced and are denoted by

9?r _ 0°T _
anB anb _
{axaxﬁ] NENT=¢, {83}%&3] NENT =9,
2, 1 2
I 7 R

Furthermore, we assume that &k = k(r, T').

Now, differentiating system (28) with respect to 27, computing the jumps, using (52)
and the second-order compatibility conditions (35) and then multiplying by N7, following
system is obtained:

L§+ roy = A,
RT0?¢ +rRO*9 +rfLon + Ly = B,

) ) (53)
—RTLE+rCy L+ =C,

0?9+ TLoy + 2kT*Lay = D,
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where

d
A= —€£ — raABwffoxa,B — 28wy,

B=—{r fed”—N + RTLeg + r}m@ + 4 + 2RO?€Y + L*m wy,
do do do do

+3rnwn + rfwy + (f + 2RT)Léwn + (rCy + 3rR)Ldwy }

d¢ dv N
C= RTK% - T‘CVg% — a*Pr%za 5+ (R— Cy)LEY
+RT¢wy — rOydwy + Lrlwg, (54)
D=— Lzﬁ + QszedLN + Ted“—N + 3k, T?Lény + 3k T2 Lomy
do do do

+4kT LY N + 3kT?*wymy + 3L0wN
1
+Tw? — 2kT?L*wP g — TLwaw? + wN} .
X

In equations (53)-(54), the derivative along the ray is used and for a given function F' it
is given by
dr 1
% = ZCLABU%UQ,BF,A , (55
where o is the ray parameter and the ray derivatives of the jumps of unitary hydrodynamical
4-velocity u® and heat flux ¢® are given by

do do " do do
At this point, we are able to determine the transport equations for the two amplitudes
1)1 and 15 in the two wave modes.
Let us consider separately the two waves.

(56)

6.1. Hydrodynamic wave. For the first wave, from system (50), in which the velocity of
propagation is A2 = R/Cly, the following system relative to the discontinuities associated
to the wave is obtained:

rf
6_ fl/}l?

TL
=T

57

— (57)
T =0,
wa:'(/)lnaa

where 1 = —-wy.

The transport equation for ¢/, can now be deduced.
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Using (32), (37)2, (55), (56) and (57), we obtain the following relations:
CLAB « dwl 2

o =—L—+-Quy, 58
WY Ta,B o +£ Y1 (58)
where (2 is the mean curvature of the hypersurface 3 and
dE _rtdyy ) TLdvy  doy iy 59
do Ldo’ do 0 do’ do do’
re?
fwn = —wa, &9 =rTy3, wy =07, dwy=-TLyY7. (60)
Using (58)-(60) into system (53), the following transport equation for the amplitude
is get:
d L
%+79¢1—¢%=0. (61)
In order to integrate equations (61), we introduce the “proper time”, T, defined by
ldo =dt (62)
and equation (61) writes as
dy, L 1,
It + gjgiﬁl Z¢1 =0, (63)
where 1 1
_— = 2 — = - = 2 - .
Iz T 7
L
If we put ag = 2= —(2 — )L, i.e. the constant speed of propagation of the wave

1
multiplied by 7 and Py = —4/2 — =, the transport equation for ¢); can be rewritten as

% — agQy + Pop? = 0. (64)

It has, therefore, that the amplitude of the discontinuity is governed by Bernoulli equation
[33, 34].

In the present context, the quantities with subscript 0 appearing in (64) are evaluated in
the local rest frame, so they are constants.

Since the mean curvature {2 at any point of the wave surface 3 admits the representation
[35]

QO — kQCLQT

1-— ZQOCLOT + k'oagTQ ’
where () and k¢ are the mean and Gaussian curvatures of ¥ at T = 0, respectively, eq.
(64) can be integrated to yield [36, 37]

. 1/)01(1 —2a0Q0T + koagT2)_1/2

1+ Pytor fOT(l — 2a00T + koa%’/l,'?)71/2(1:['\7
where 1), is the value of 17 on the wave front at T = 0.

As can be easily noticed, the transport equation (64) is nonlinear. So a critical time may
exist at which the weak discontinuity wave X evolves into a shock wave, in the sense that

the amplitude 1, of the discontinuity of the first-order derivatives becomes infinite as T
tends to the critical time, T, > 0.

0= (65)

U1

(66)
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Consider now equation (64). In order to focus on the physical aspects, we discuss now
the case of plane waves.
For a plane wave front 2y = ky = 0 and eq. (66) yields

Yo1
=—T— 67
& 1+ PoyorT D
Eq. (67) shows that if 109; > 0 (i.e., an expansive wave front), a critical time appears
1
T, (68)

V2 =701’
at which the amplitude blows up (i.e., 11 — o0 as T — T.). Thus, at the time T. the
velocity gradient on the wave front becomes infinite and the weak discontinuity evolves
into a shock wave.

As can be easily observed, for v = 2 the solution ¥ = 1 exists VT > 0.

Conversely, if 191 < 0 (i.e., a compressive wave front), the denominator of the eq. (67)

does not vanishes for any T and discontinuity decays since ¥; — 0 as T — o0.

6.2. Heat wave. For the second wave the velocity of propagation is A3 = 1/(2krTf — 1)
and we obtain the following system for the discontinuities:

4
é- = _ﬁwQ )
T?
¥ = ’I”fiL,po 9
/
wN = ﬁiﬂm (69)
1
Wa = _ﬁw2na7
Ta = ¢2na s
1
where 15 = ——7n.

As for the first wave, we can deduce the transport equation for the amplitude 5.
Using (32), (37)2, (55), (56) and (69), we obtain the following relations:

dips 2

a*Pr e p = —L—— 4 e, 70)
and
Wy a0 Ty o an
do~ fLdo' do rfLdo’ do do’
62 9 T€2 2 1 2 ng 2
fon =, @0= gl war® = U, dew = oprd,
(72)
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2 N 1
WNWNZ—E%, §mn = fL%’ InN = — fL%’ Waw Z—Wﬁ-

(73)
Using (70)-(73) into system (53), the following transport equation for the amplitude ),
can be deduced:

dwg ’I“fL2 2
a2 | = _ — 4
o + WP + 2TX€% QY3 =0, (74)
where
1[7(1 = krTf) 2kT 9
== — T(kyr —krpT)| L*.
@=5 rf ot f—1 o ke —kr )}
By virtue of relation (62), equation (74) writes as
dipa rfL? Q o
7+* ¢2+2T 6277/12*?%*0, (75)
where
1 20krTf-1) N 1 2(krTf 1)
2 2krTf—1 ¢\ 2%krTf—-1"
Analogously to the previous case, if we put
2 _
P i R S L &t | R )
2Ty (2 2Tx(2k:rTf —-1) 02 2krTf —1 ¢

the transport equation for the amplitude 5 can be written as

diby
dt

Let us underline how nicely this equation shows the interplay of damping and steepen-
ing tendencies in the linear damping term (Ao — a(f2) and the nonlinear steepening term

P, 2
03
This equation can be integrated to yield

1/)02 exp(—AOT)h (T)
1 + Yo Pyl (T)
where 1) is the value of 15 on the wave front at T = 0,

I (1) = exp <a0 /0 TQ(?)d?)

IQ(T) = AT Il(:['\) exp(—Agf?)d?

Introducing the initial principal curvatures kg and kg2 and using (65) where ¢ =
%(k(n + kog) and ko = k()l kog, we find that

Il(T) = {(]. — k01a0’c)(1 — kogao’f)}il/z (78)

(AO — aoﬂ)ﬂ)g + Po’(/)2 =0. (76)

Py = (77

and

and
T

exp(—AoT) ~
= —dT
0 \/(1 - kOlaOT)(l - k‘ozao"t)
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We shall now discuss the solution (77) under the assumption that both kg; and kg, are
nonpositive which corresponds to the case of diverging waves.

—Diverging waves

In this case it is easy to verify that I;(t) and I2(7) (in the form (78) and (79)) both
converge as T — 0Q.
The denominator of (77) can be written as

Yoo . /T F(r)dt
'l/)c o0 =N R )

F(7)d

/0 (T)d7

in which the quantity v, defined by

0o —1

where F(t) = {(1 — ko1aoT)(1 — kogdoT)}il/Z exp(—AoT), is finite and its sign de-
pends on Fj.

Let us observe that the expression in brace brackets in (80) increases monotonically
from O to 1 as T increases from 0 to co.

We can thus conclude that:

1+ (80)

o If Y92 > 0 (i.e. an expansive wave front), and Py > 0 (so 1), is also positive), it
follows from (77) that v — 0 as T — oo and the discontinuities damp out.
e If yg2 > 0 and Py < 0 (so 7. is negative), we must distinguish two cases:
— If |¢.| < 1oz it follows from (77) that the denominator will vanish at a finite
time T, > 0 given by

00 o B @ o'}
/TC F(?)dt = (1 %2)/0 F(t)dr. (82)

Hence, from (77) it follows that 1o — oo as T — T, i.e. the wave front
steepens into a shock in finite time T..

— If |¢.| > o2 the wave decays since from (77), 2 — 0 as T — oo.
o If Yy < 0 (i.e. a compressive wave front) and Py < 0, it follows from (77) that
|th2] — 0 as T — oc.
e If yg2 < 0 and Py > 0, we must distinguish two cases:
— If |¢o2| < 1., the amplitude decays, since from (77), |¢2] — 0 as T — 0.
— Conversely, if |1g2| > 1., then the denominator of (77) will vanish at a finite
time T, given by

o} e B wc oo
/T F(T)dT—(l |1/102>/0 F(t)drt. (83)

c
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Hence |¢)2| — 00 as T — T, Le. the wave front steepens into a shock wave
in finite time T..

Thus 7). can be seen as critical value of the initial discontinuity in the sense that
all waves with initial discontinuity less than this value attenuate, while all com-
pressive waves with initial discontinuity greater than this value evolve into shock
waves in finite time.

Relations (81) and (82)-(83) can be specialized for waves with plane, cylindrical and
spherical geometry. In particular, the critical value of the initial discontinuity and the
critical time are given by the following relations:

e Plane wave. For a plane wave front ky; = kg2 = 0 so,

-1
1 Ye )
T.=—1In(1- .
Ao ( Vo2
e Cylindrical wave. If the outward travelling discontinuity surface is a cylinder of

radius Ry at time T = 0, then, at any time T > To, the radius of the cylinder is
given by R = Ry + agT. In this case kg; = —1/Rg and kg2 = 0, so

,(/) :l /Aoao eXp(—AoRo/&o)
¢ PV 7Ry eI‘fC\/AoRo/ao ’

A . A
erfcy / of + Aot = (1 | e ) erfc 0f .
ag Yo2

ao
e Spherical wave. If the outward travelling discontinuity surface is a sphere of radius
Ry at time T = 0, then at any time T > Ty, the radius of the sphere is given by
R = Ry + agt. In this case kg1 = ko2 = —1/Ry, so

o = 1 ag exp(=AgRo/ao)
" PyRy E;(AoRo/ao)

E; <AORO +A0Tc> = (1 | e >E7, (AOR0> .
ao

aog Yoz
erfc(z) = %/ e*tzdt, E;(x) :/ t~te tdt,
™ x x

are, respectively, the complementary error function and the exponential integral.
If [1)02| = —|tb¢], it is clear from equation (77) that the wave can neither evolve into a
shock, nor damp out.

where
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7. Conclusions

A thorough discussion of the relativistic dynamics of fluids includes a number of dissi-
pative processes [38]. The effects of internal dissipation in fluids - viscosity and thermal
conductivity - are well modelled by a generalization of the basic theory called Navier-
Stokes equations. Unfortunately, first approaches to constructing relativistic generaliza-
tions of the Navier-Stokes equations result in rather pathological theories [1, 2]. These
theories are non-causal and without a well-posed initial value formulation (see for exam-
ple [21]). Less straightforward approaches have succeeded in producing a class of causal
dissipative relativistic fluid theories (e.g. Israel [6], Israel and Stewart [7], Ruggeri and
Strumia [39], Pavon, Jou and Casa-Vasquez [40], Hiscock and Lindblom [21, 22], Galipo
[11, 12], Hiscock and Olson [23], Geroch and Lindblom [41], Carter [31], Miiller and
Ruggeri [10], Muronga [42, 13], Maartens [43]).

Almost all formulations used Eckart scheme [1] or Landau-Lifshitz approach [2] for
problem of heat conduction.

It is well known that for some interesting applications in a number of contexts RHIC
and LHC [46, 13, 44, 45] are important to develop a robust model of general dissipative
processes [4, 38, 47, 43].

Purpose of authors, in light of some results due to Silva et al. [48], Heinz et al. [49],
Vién and Bir6 [50], Van [51], Muronga [42], Maartens [43], is to form a generic causal the-
ory (heat-conduting, viscous, particle-creating) which is valid both in Eckart and Landau
frames.

In a first work [24] we developed a second-order theory for relativistic fluid with thermal
conduction and examine the propagation of weak discontinuities in the special case of
ultrarelativistic fluids in Landau-Lifshitz scheme.

In a second paper (the present), similar study is done in Eckart formulation.

In a forthcoming work, results will be compared and the two schemes will be general-
ized in order to consider the hypothesis (found in Carter [31] and recently picked up by
Andersson and Comer [20]) of state of equilibrium in which particle current and entropy
flux are not aligned.

Moreover, hypothesis about relation between bulk viscosity and matter creation, found
in [52, 53, 54], will be detailed. Finally, we will land studies to arrive in the realization of
that work that permit applications in RHIC and LHC [46, 42].
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