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Lorentz covariance is one of the two basic assumptions in relativity and it has considerable
universality in nature. Lorentz covariance has been investigated widely in various fields in-
cluding thermodynamics, but studies of heat conduction remain very limited. In this study,
we demonstrate that several typical heat conduction laws, i.e. Fourier’s law, the Cattaneo-
Vernotte (CV) model, and Jeffery model, are not Lorentz-covariant. Thus, we propose a new
heat conduction model that satisfies Lorentz covariance. Compared with the existing heat
conduction laws, which are not Lorentz-covariant, this new Lorentz-covariant model can
ensure that singularity and violation of the second law of thermodynamics do not apply
in any inertial reference system. The CV model and the new model both predict thermal

Thermal wave wave phenomena, but the CV model predicts a pure wave whereas the new model pre-
dicts a composite of translational motion and a wave. Therefore, the new Lorentz-covariant
model makes the features of heat conduction more coherent.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Lorentz covariance is one of the two basic assumptions of special relativity and it is also considered to have considerable
universality in nature. In fluid dynamics and other fields involving macroscopic statistics, Lorentz covariance has been in-
vestigated widely, especially with respect to the basic equations in these fields [1-4]. In equilibrium thermodynamics, fairly
in-depth investigations have been performed for the Lorentz transformations of temperature, entropy, pressure, and other
thermodynamic quantities [5-10]. In non-equilibrium thermodynamics, the classical Fourier’s law of heat conduction is often
used to describe classical heat conduction problems. However, the limitations of Fourier’s law have been elucidated in recent
years [11-19]. One of the major problems is that Fourier's law predicts an infinite speed of heat perturbation propagation,
which apparently violates relativity [20]. In addition, Fourier’s law of heat conduction cannot predict the supertransient and
high heat flux processes well [11-15].

Several modified heat conduction models have been proposed to overcome these limitations. The Cattaneo-Vernotte (CV)
model [21-22] is the main example, which predicts the hyperbolic heat conduction equation and wave-like transport in heat
conduction processes called thermal waves. The CV model agrees well with many experiments and simulation data [12-13].
The Jeffrey model [12] can be considered as an extension of the CV model, which includes the influence of temperature
relaxation. Tzou [23] proposed a single-phase-lagging heat conduction model, which can reduce to the CV model by making
a first-order Taylor series approximation. Anisinov et al. [24] proposed a model for metals based on the interactions between
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electrons and phonons, and Guyer et al. [25] provided a model for pure phonon heat conduction. There have also been
further modifications and improvements to these classical models. For example, Tzou [26] proposed a dual-phase-lagging
model to include the influence of temperature lag in his single-phase-lagging model, while Coleman et al. [27] improved
the changing rate of the heat energy in the CV model. Most of these models are linear and they predict limited speed in
heat conduction processes, which can overcome the infinite speed problem in Fourier’s law. In addition, some nonlinear
models can address this problem, such as the thermomass theory [28-32] for heat conduction based on relativity and the
mass-energy equation, as well as alternative approaches to the analysis of the diffusion equation [33-35]. These models
are nonlinear, but they are closer to Fourier's law and more concise than some linear models. In particular, in alternative
approaches to the analysis of the diffusion equation, the equation can be changed into Burger’s equation [33-35], which
means that some existing conclusions in mathematics can be used to analyze heat conduction problems.

These modified heat conduction models can overcome the infinite heat propagation speed problem in Fourier’s law,
which violates relativity, but this does not mean that they obey relativity. A limited speed of heat conduction does not equal
the Lorentz covariance required by relativity. In essence, a general heat conduction process can be viewed as the result of
electromagnetic interactions and the classical electromagnetic theory is Lorentz-covariant [36]. In addition, the thermomass
theory of heat conduction is based on relativity and the mass-energy equation, and thus it also requires that the heat
conduction is Lorentz-covariant. Therefore, it is necessary that heat conduction laws obey Lorentz covariance. Unfortunately,
investigations of this issue have been very limited.

In this study, we first discuss the Lorentz covariance of typical existing heat conduction models and we show that they
are not Lorentz-covariant. Next, we propose a new heat conduction law that satisfies Lorentz covariance. We also provide
detailed discussions of some aspects of this new model, including its prerequisites and the Lorentz transformation of phys-
ical properties, as well as its advantages, physical meaning, and comparisons with other heat conduction models. Based
on these discussions, we show that heat conduction laws should be Lorentz-covariant to ensure that singularity, such as
unlimited thermal conductivity, and violation of the laws of thermodynamics, such as negative relaxation time or negative
thermal conductivity, do not apply in any inertial reference system. Therefore, the Lorentz-covariant heat conduction model
can make the theoretical system of heat conduction more coherent. Finally, we discuss the traveling wave solutions of the
CV model and the new model, where we show that although they both predict thermal wave phenomena; the CV model
predicts a pure wave whereas the new model predicts a composite of translational motion and a wave.

2. Lorentz covariance of typical heat conduction laws
2.1. Fourier’s law of heat conduction

There are four main viewpoints regarding the Lorentz transformation of temperature and heat [5-10,37-41]: (1) Plank-
Einstein's transformation T’ = /1 — 82T [6], (2) Ott’s transformation T’ = JliT [9], (3) Landberg’s view T’ =T [10], and
(4) Newburgh'’s view [37] that there is no universal Lorentz transformation of temperature. Plank-Einstein’s transformation
can be deduced by the thermodynamic method [38] and statistical mechanics method [39]. However, Ott [9] proposed
another opposite Lorentz transformation of temperature in 1963, and many arguments and different views have appeared
subsequently. Landberg [10] stated that temperature is Lorentz invariant, while Newburgh [37] suggested that there is no
universal Lorentz transformation of temperature and that each Lorentz transformation has its own specific condition. In
the present study, we do not discuss this problem with respect to the first three views as the difference between the
transformations is only the constant coefficient of temperature, which has little influence on the results of the present
study. As a case study, we consider Ott’s Lorentz transformation of temperature T’ = \/1{? and heat Q' = \/1‘37 The
Lorentz transformations of differential operators are %, =y (% + %), 22, = y ( +u). Qis the quantity of heat, q = 2
is the heat flow, and T is the temperature in a certain inertial reference system. Q’, T', and ¢’ are the corresponding physical
quantities in another inertial reference system, respectively. u is the relative velocity between the two inertial reference

systems, with 8 =% and y = ﬁ We can obtain
aQ’ aQ’ aQ’ aQ
/_ — - %
q‘aw‘”(at*”ax)‘q*“ax’ W
T/ T T
a _ aT n ud 2)

ax T ox 2ot

For one space dimensional problems, Fourier’s heat conduction law is g = —Ag—i. Its Lorentz transformation should have

the same form ¢q’' = —A’%. Substituting Eqgs. (1) and (2) into this formula yields:
2Q oT u dT
—=-MN—+==).
q+u8x (Bx—irc2 8t> 3)

We note that Fourier’s law only contains the heat flow and temperature gradient, but Eq. (3) contains the heat flow and
temperature gradient as well as the rate of temperature change and the energy field gradient. Thus, it is difficult to guarantee
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that Fourier’s law exhibits Lorentz covariance. For example, in inertial reference system 1, we can find a point that satisfies

the following condition: q+ u dQ #0. Then, we can find another inertial reference system 2 that satisfies the following

condition: 4% + 4 81 = 0. The relative velocity u is less than . Since 31 + % 9T =0, then the thermal conductivity A in Eq.
(3) is nonexistent, so Fourier’s law is singular in inertial reference system 2. Therefore, Fourier’s law of heat conduction is

not Lorentz-covariant.

2.2. CV model

For one space dimensional problems, the CV model is written as

aq aT
q+ T +ha =0, (4a)
Its Lorentz transformation should have the same form
,0q aT’
T+ g T e =0 )
Substituting Eqs. (1) and (2) into Eq. (4b) leads to
9Q , (9dq dqg ,0°Q (0T | udTY\
q+uﬁ+r 7’<8t+2“ax+”ax2 +A ﬁJrC—Z% =0. (5)

We note that the CV model only contains the temperature gradient, heat flow, and its rate of change, but Eq. (5) con-
tains these terms and other differential terms. Therefore, it is difficult or impossible to guarantee that the CV model exhibits
Lorentz covariance. We can also provide an example similar to the case above for Fourier’s law, as follows. In inertial refer-
ence system 1, we can find a point where the right-hand side of Eq. (5) is nonzero and % la—T = 0. Therefore, the thermal
conductivity A" in Eq. (5) is also nonexistent, and thus Fourier’s law is singular in inertial reference system 2. Therefore, the
CV model is also not Lorentz-covariant.

2.3. Jeffrey model

For one space dimensional problems, the Jeffrey model is expressed as
aq aT 02T
o m”(ax 28x3t>_0' (©)
Its Lorentz transformation should have the following form
,0q oT’ 9T’
q+1 8t’+)”/<8x’+fz/ax/at/):0' (7)

Substituting Eqs. (1) and (2) leads to

0Q aq dqg  ,09°Q oT u dT , | ecT u? u d*T  9°T
‘””a””’(at““a*” gz ) TP ok e ) TR g\t e ) T aae Tl |0
8)

This is very similar to the previous situation and other differential terms do not appear in the original Jeffrey model. We
can also see that the Jeffrey model is not Lorentz-covariant.
We know that Fourier’s law and the CV model are not Lorentz-covariant, but this behavior can be eliminated in a special

condition. Consider a steady problem without a heat source. Then, we have ¢ aT =0, %iz = gg =0, 3—3 = 0. Substituting these
into Egs. (3) and (5) makes Eq. (3) reduce to q + A’ ‘;f = 0. Compared with Fourler s law in the initial inertial reference sys-

tem, we have A’ = A. I this case, the Lorentz transformation coefficients exist in Fourier’s law and the thermal conductivity

in Fourier’s law is the same in different inertial reference systems, so Eq. (5) becomes q + 1’ y + N = 0. In contrast to
the CV model in the initial inertial reference system, we obtain
A=A, 9)
T
T/ =—. (10)
14

The physical properties of the Lorentz transformation of the CV model do exist in this special case and the transforma-
tions become Egs. (9) and (10).
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3. Lorentz-covariant heat conduction model

Our preconditions should be verified. First, we only consider the pure heat conduction problems by neglecting the effects
of other processes, including chemical reaction, viscous dissipation, and mass transport. In addition, the medium should
remain relatively static everywhere. Second, the problem should obey the continuous medium assumption and all of the
differential operations are feasible. Third, the system should reach local equilibrium because the temperature is a state
quantity based on statistics and it is defined for equilibrium.

In general, heat conduction processes can be regarded as the result of electromagnetic interactions. The diffusion of
thermal energy can be considered as an electromagnetic interaction, and the diffusion of an electromagnetic interaction
does not depend on whether a system is in local equilibrium. Therefore, the Lorentz-covariant model should contain terms
similar to the electromagnetic equations to describe the electromagnetic interactions.

Thus, we can write a new Lorentz-covariant heat conduction model

aT aQ oT 0%Q e 28 Q

9+hay T thar tigs 32x

In the formula above, Q is the total heat flowing through x from time 0 to time t. a BQ and bf’T are the symmetrical terms

=0. (11)

of g and A%—z for the symmetry in time and space, respectively, which are needed by the theory of relativity. I%T? and lcz%
are both wave terms, which reflect the thermal signal response and they are also the electromagnetic interaction terms in
heat conduction processes. Ic? is very large, which means that the electromagnetic interaction travels very rapidly in heat
conduction processes and this interaction will reach the entire field in a very short time. Therefore, the influence due to the
traveling of the electromagnetic interaction will disappear very rapidly. If the coefficients a, b, and [ are all zero, Eq. (11)

2
will reduce to Fourler s heat conduction law. For the steady problems without a heat source, we have ¢ "T =0, %xZ % =0,

%‘% =0, 82? = W =0, and substituting them into Eq. (11) leads to q+)\%—{ = 0. Therefore, for the problem with a, b, and [
zero coefficients, and the steady problems without a heat source, Eq. (11) is consistent with Fourier’s heat conduction law.
In physics, for the steady problems without a heat source, the parameters of the entire temperature field will be constant
because “diffusion” and “relaxation” do not exist naturally. In general, the Fourier’s heat conduction law agrees well with

experimental results, and thus Eq. (11) can be reduced to Fourier’s heat conduction law. If the coefficients a, b, and < " Q are

zero, we have the CV model q + A 2T F s laTQ = 0. Therefore, | becomes the relaxation time. The CV model also agrees well
with many experiments and simulation data [12-13]. Thus, it is also reasonable to assume that Eq. (11) can be reduced to
the CV model.

In general, most of the heat conduction processes obey Fourier’s law because after a sufficient time, the influence of the
thermal signal terms becomes negligible and thus the coefficient | should be very small in these terms. In addition, the
coefficient [ in I%ZT? is simply the relaxation time in the CV model. The relaxation time for matter is generally in the order
of ps ~ fs. Next, we verify whether Eq. (11) is Lorentz- covariant

The Lorentz transformations of differential operators are d 2= V(ax %%). % = y(% + u%), and thus we obtain

_0Q"  _(0Q  0Q 0Q  9Q Q
=G0 =7 e +”ax) B Thax T g (12)
aT’  aT aT
EI T T (13)
aT"  dT u aT
X~ ox T @ar o
Q" 09Q  uodQ 9Q
=t @or = ot et 2
The Lorentz transformation of Eq. (11) should have the following form
E)T/ BQ/ oT’  ,0%Q’ 02Q’
’ V2 _
G+ Mgy g by gy — 1€ 55, =0 (16)
Substituting Eqgs. (12-15) into Eq. (16) leads to
a'u / / T / 8Q / oT /8 Q / ZBZQ _
<1+C2>q+(k +bu)$+(a +u)ax+(b >8t +yl 5 ylcﬁ_o. (17)

By comparing the coefficients of Eqs. (17) and (11), where each corresponding differential term should be proportional,
we have the following equations

/

/
utd =a+a, (18a)

N+ bu=i+ ac—z”/\, (18b)
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A’/ /
b’+C—2u:b+baC—2u, (18c)
/
Sl — z<1 i “CZ”) (18d)

These four equations are linearly independent and there are four unknown parameters. The four equations are solvable,
S0 we can obtain

a—u
d = (19a)
C2
2 _
b bcc2 7;:»’ (19Db)
c2(A —bu)
/_
M= 2—au ’ (19¢)
2 _ 1,2
I = J’/;_Zu. (19d)

Therefore, we can conclude that Eq. (11) is Lorentz-covariant. After the Lorentz transformation, the physical property
coefficients of Eq. (11) become Egs. (19a-d). Note that all of the denominators contain c? — au, where u is the relative
velocity between the two inertial reference systems, which should be less than the speed of light c. Then, let us consider

the range of the coefficient a. In Eq. (11), if we only consider the influence of a, then we have q + a%—% =02 4 a%—g =0. The

at
general solution of this equation is x = —at + C, where C is a constant. Therefore, we have % = —a. Then, we can consider

that the coefficient a is the rate of the diffusion of energy. a should be less than the speed of light c, so the denominator
is

2 —au > 0. (20)

Therefore, we can guarantee that each physical property coefficient is finite.
Let us turn our attention to the physical property coefficients when u is far less than c. We also have a < c, and thus au
is far less than c2. Then, we can have 1 — G ~1, 2 —au~c? y ~ 1, 2 —u? ~ c2. Substituting them into Eqs. (19a-d) yields

a~a-—u, (21a)
b ~ b, (21b)
A~ A — bu, (21¢c)
I~ (21d)

Provided that u is less than c, the heat flow produced by the temperature gradient should be in the opposite direction
to the temperature gradient’s direction. We have u < ¢ and A — bu > 0. Therefore,

A
b < - (22)
Then, we have
bu < A—Cu (23)

Finally, we have bu < <A. Substituting this into Eq. (14) leads to
N (24)

In summary, for the case where u is far less than c, the physical property coefficients b, I, A are very close to the physical
property coefficients of the stationary reference system. In other words, the relativistic effects are generally reflected in the
physical property coefficient a, and the relativistic effects will only be obvious when the coefficient a is close to the relative
velocity u.

4. Advantages of the Lorentz-covariant model

For the new heat conduction model, Eq. (11), we have Eqs. (20) and (22), which can guarantee that the thermal conduc-
.. 2(—bu) : e L .
tivity A’ = € C(z’\ial;“) is always positive in any inertial reference system. Therefore, the new heat conduction model guarantees
the second law of the thermodynamics statement given by Clausius. However, Fourier’s heat conduction law cannot guar-

.. . . . 2_ 2 .
antee this in any inertial reference system. Since ¢2 —au > 0 and ¢ > u, then we also have I = %EZ:“M > 0, which means
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that the new heat conduction model can also guarantee that the relaxation time is positive in any inertial reference sys-
tem, whereas this cannot be guaranteed by the CV model. Next, we discuss the problems of thermal conductivity and the
relaxation time.

From Egs. (1) and (2), we can obtain the apparent thermal conductivity of Fourier’s heat conduction law in another
inertial reference system

/ 2Q

9 q+um

)L_—W_ 7@_,.1&' (25)
ox’ 0x c? dt

For Eq (25) we can only determine an < 0, whereas we cannot determine whether Eq. (25) is positive. Even the case

where 2 8x + 2 (,t = 0 will cause singularity.
From Eq. (5) we have the relaxation time of the CV model

M) rarug

T/ (26)
v (5 +2udl +u29)
For Eq. (26), we can only ascertain that
201
_ 0x
= > 0. (27)
at

However, many differential terms do not appear in Eq. (27), so we cannot determine whether Eq. (27) is positive and the

singularity caused by 5t 94 2u aq +u2 220 2 = 0 will also appear. A negative relaxation time means that a heat flow response
appears before a temperature perturbatlon which obviously violates the second law of thermodynamics. Similarly, the same
situation will occur in the Jeffrey model. Therefore, Fourier’s heat conduction law, the CV model, and the Jeffrey model
are all not Lorentz-covariant, and they violate the second law of thermodynamics in certain inertial reference systems. In
fact, this reflects an important and significance feature of a Lorentz-covariant heat model, i.e., it guarantees that the heat
conduction law will not violate the second law of thermodynamics in any inertial reference system. A Lorentz-covariant heat
conduction law has the same form in any inertial reference system and it must obey the second law of thermodynamics
in any inertial reference system. By contrast, the heat conduction laws that are not Lorentz-covariant may have different
forms in various inertial reference systems, and we cannot ensure that they obey the second law of thermodynamics in any
inertial reference system.

Next, we provide an example that compares the models described above. For Fourier’s law, we consider a heat conduction
process without a heat source. The initial conditions are taken as T (x, 0) = Tp(1 +sin%). The boundary conditions are taken

A2t

asT = To (x =0 or x = I). For this problem, we can obtain the cla551cal solutlon as T(x.t) = Ty(1+e »v2sin TX). Let u satisfy

q+ ude ax #0 in Eq. (25), and then we consider the denominator 2 W + L 2. If we substitute the classical solution into the
A2t
denominator, we obtain ‘ST + 2 £ 3T =To7 cos Tre el (] - C%pc ; tan #*). The range of the tangent function is the whole

real number field, so the denommator must be zero somewhere. q + u%—g # 0, and thus Fourier’s law does cause singularity
in some inertial reference systems. For the new model and the CV model, more initial conditions are needed to obtain a
definite solution. We can set these initial conditions so they lead to the same solution as Fourier’s law. Then, we can obtain
the thermal conductivity distributions of the new model and the CV model, and perform a comparison of these models, as
shown in Fig. 1. In this case, the physical properties satisfy u = 0.5c, ﬁ =1, ZZC%V 1, é’f\ =1, and ¢ =1. From Fig. 1,
we can find the singularity at § = 0.25 as well as the negative thermal conductivity caused by the CV model and Fourier’s
law. However, the thermal conductivity is a positive constant for the new model.

5. Traveling wave solution

The CV model and the Lorentz-covariant model predict the wave transport of thermal energy, which is called a thermal
wave. For the CV model and Eq. (11), we can use the method of separating the variables directly to obtain the solution
and we can also use the method of characteristics to determine the traveling wave solution. Next, we use the method of
characteristics to obtain the traveling wave solution for one space dimensional constant physical properties problems and
we discuss the thermal waves.

5.1. Traveling wave solution of the CV model

First, we have the energy conservation equation

q CST
“ox " PYoe
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Fourier’s law
— - —CV model
— = Lorentz-covariant model

Thermal Conductivity (1/2)

4 . 1 . 1 . 1 . 1 .
0.0 0.2 04 0.6 0.8 1.0

Dimensionless Coordinate (x//)

Fig. 1. Thermal conductivity distribution in the inertial reference system.

where p is the mass density and cy is the specific heat. From Egs. (4a) and (28), we obtain
A 02T 10T 02T

D T 29
Tpcy 02x T Ot + 92t (29)
Then, we can use the method of characteristics. Consider a variable transformation
A 2
= =Xx—t = t. 30
Ty v, E=x-vt, n=x+V (30)
Substituting Eq. (30) into Eq. (29) leads to
02T aT oT
WT ——— = — — —. 31
“on0E ~ oy O Gl
Then, we perform the separation of variables T = f(1)g(£). Substituting this into Eq. (31) gives
wrf'g=[g-gf (32)
g f
4t == — . (33)
g f
Therefore, we have the eigenvalues of Eq. (33)
% = A, 5 = hn +4uT. (34)
By solving the two ordinary differential equations above, we obtain
f=Cemn g=Cemam, (35)
Ty = Coerma + 1, (36)
T = cheix,,im*'%. (37)
Substituting Eq. (30) into Eq. (37) leads to
T=Y Cemir 5. (38)

The eigenvalues A, and the coefficient C, are determined by the boundary and initial conditions. From Eq. (38), we find
that the solution for the temperature does not have a general solution in the form of the wave equation u = f;(x — vt) +
fo(x +vt). However, we find that for every temperature’s wavelets that belong to every eigenvalue, if the logarithm InT, of
the wavelet T, is taken, then it has the wave form of u = f;(x — vt) + fo(x + vt). This indicates that the assumed thermal
wave does not mean that the temperature or internal energy has a form that belongs to a solution of the wave equation,
but instead some physical quantities that can be expressed as CInT have the wave solution form (e.g., entropy).
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5.2. Traveling wave solution of the Lorentz-covariant model neglecting a and b

In the case where the coefficients a and b are quite small and they can be neglected, Eq. (11), reduces to

02Q 92Q
k— Ic?
at2 + ax e
Eq. (28) is also the energy conservation equation. From Eqgs. (39) and (28), we have
At po 0T _ 10T | 9T
locy 032x 1 ot = 92t’
We note that Eq. (40) has the same form as Eq. (29), except that the coefficient % is

q+Il== =0. (39)

(40)

htpcylc?
Ipcy

= v%. The rest of the solution process is the same as that for the CV model and the

. This is equivalent to

the velocity of the wave being M

solution yields

XUt x vyt

TZ — ZC e)\n+4xrt Fn o, (41)

Therefore, if the coefficients a and b are neglected, the solution of Eq. (11) has the same form as the CV model, except
for the velocity of the wave.

5.3. Traveling wave solution of the Lorentz-covariant model neglecting b

If the coefficient b is quite small and it can be neglected, then Eq. (11) reduces to

d aT ad ad
Bt? Thax T a% Ie? axg
From Egs. (42) and (28), we obtain

A4 pcylc? 9*°T 10T 3°T  adT
Tlpe, ok Tat T ox T Tox
Then, we use the method of characteristics again. We consider the variable transformations % = v%, & =x—1yt,

1N = X+ vyt and by substituting them into Eq. (43), we have

q+1 =0. (42)

0°T aT aT
42 —— = — —V9)mp- 44
valgae (a+vz)an + (a VZ)B%. (44)
Then, we perform a separation of variables T = f(1)g(§), and after substitution, Eq. (44) leads to
aslf'g = (a+v2)f'g+ (a—12)fg, (45)
Wil = (a+v2)—+(a Uz)j{, (46)
We also have the eigenvalues of Eq. (46)
421 + (1 —a)A
f = A, EZM_ (47)
f g a+v,
By solving the two ordinary differential equations above, we can obtain
E(a+vy)
f Cle"" g= C e4vzl+(v2 a)in , (48)
+ &(a+vy)
Tn — C,,em 41/21+(u2 a)kn . (49)
Substituting & = x — v, n = x + V5t into Eq. (49) gives
. (X + Uzt)(a + Uz)
X+ Vol " 4121 4 (v, — @) g
T, =Ce n , (50)
x+wt)(a+1y)
X+ Vot " 2021 4 (1, — a)hn
T=Y Ge S : (51)

The eigenvalues A, and the coefficients C, are determined by the boundary and initial conditions. We note that Eq. (51)
has the same form as the solution of the CV model, where their forms are both

T= cheAn(ervt)JrB,,(x—vt). (52)
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5.4. Traveling wave solution of the Lorentz-covariant model

From Eq. (11) and the energy conservation Eq. (28), we obtain

)\+Cplczazl_lal+azi+gal,£ 82T (53)
le, 92x 1 at 932t  1dx cploxdt’

Then, we can still use the method of characteristics. Using variable transformations “,’;)72"162 = v%, % = m, we obtain
m —/m? + 412 m+ v/m? + 412
$=x+ft, N=x+———"F—t (54)
Substituting them into Eq. (53) leads to
@2 1 )l 0°T a+m+\/m2+4u2 8l+ a+m—«/m2+4v2 aT (55)
onog 2 on 2 &
Then, we perform a separation of variables T = f(1)g(£), and substituting them into Eq. (55) gives
2 412 _ 21 412
@2 )= (qyp MEYMHAENE (0 moVm AVt T (56)
2 g 2 f
We have the eigenvalues of Eq. (56)
[, g_@lam)l- (@ " VAL Y 57
o g <a+ m+«/m2+4v2> '
2
By solving the two ordinary differential equations above, we obtain
g(a+’"+ r72|2+4u2)
f= C]e%’ g= Cze“'”z*'"z’l"“*U?M”\" ’ (58)
0 5;'((1 + m+«/g12+4v2)
Th=Cexp|— + (59)
M a2y m)l - (a+ ",
X+ m+«/m2+4u2t (X+ m—+/m?+4v2 t) (a + m+\/m2+4v2)
T = X:C,1 exp 2 + 2 2 (60)

An (42 + m2)l — (a_i_mfi V';Z*“"Z))Ln

The eigenvalues A, and the coefficients C, are also determined by the boundary and initial conditions. The form of Eq.

(60) is very similar to that of Egs. (38), (41), and (51) at first glance, but they are actually not identical. Egs. (38), (41), and
(51) all have the form of T = ¥ C,eAn@+v)+Bnx-v) "and their wave characteristics are also identical. When the wavelet T,
is taken as the logarithm, we have InT, in the form of u = f; (x — vt) + fo(x + vt), which is the strict solution form of the
wave equation. However, the form of Eq. (60) is

T = Z CneA" (X+ut+vt)+By (x+ut—vt). (61 )

When the wavelet T, is taken as the logarithm, we have InT, in the form of f;(x +ut + vt) + fo(x + ut — vt), which
obviously is not the strict solution form of the wave equation. There are wave terms as well as a translational term ut,
which means that InT;, in Eq. (62) is not a pure wave, but instead it is a composite of translational motion and a wave. This
is the essential difference between Eq. (60) and Egs. (38), (41), and (51).

In summary, for one space dimensional constant physical property problems, when some terms in Eq. (11) are neglected
(i.e., a=b =0 or a = 0), the solutions of the CV model and the approximate equations are strict solution forms of the wave
equation. However, the exact solution of Eq. (11) is not a strict solution form of the wave equation. The solution is not a
pure wave but instead it is a composite of translational motion and a wave. This distinction can be observed if the effect
of the initial condition is symmetrical. For the CV model, the domain of determinacy, which belongs to coordinate x and
time from O to ¢, is [x — vt, x + vt], and the effect of the initial condition is symmetrical. However, for Eq. (11), the domain of
determinacy, which belongs to the coordinate x and time from O to ¢, is [x — vt + ut, x + vt + ut], and the effect of the initial
condition is not symmetrical when the translational velocity u is nonzero.

6. Conclusions

(1) In this study, we demonstrated that several typical heat conduction models, such as Fourier’s law, the CV model, and
the Jeffrey model, are not Lorentz-covariant, which leads to singularity and violation of the second law of thermody-
namics in inertial reference systems.
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(2) Thus, we proposed a new heat conduction model, i.e., Eq. (11), which is Lorentz-covariant. We also provided detailed
discussions of the features of this new model, including its prerequisites and the Lorentz transformation of physical
properties, as well as its advantages, physical meaning, and comparisons with other heat conduction models.

(3) Compared with the existing heat conduction models, which are not Lorentz-covariant, this new Lorentz-covariant
model ensures that singularity and violation of the laws of thermodynamics do not apply in any inertial reference
system. This is certainly the main advantage of the new model.

(4) The new heat conduction model and the CV model both predict thermal wave phenomena, but the CV model charac-
terizes a pure wave whereas the new model predicts a composite of translational motion and a wave.

(5) However, the Lorentz-covariance does not automatically imply that the new Lorentz-covariant model adequately de-
scribes physical reality without having sufficient experimental data for its verification. This new model will reduce
to Fourier’s law and the CV model in some special cases. In general, Fourier’s law can address classical normal heat
conduction problems and the CV model can explain the supertransient heat conduction, while they also agree well
with some experiments and simulations. The new model can be considered as a Lorentz-covariant improvement of
the CV model and Fourier’s law. Some terms of Eq. (8) can illustrate its speculative nature, as shown by the CV model
and Fourier’s law in a stationary reference system, such as the linear relationship between the temperature gradient
and heat flux. Other Lorentz-covariant correction terms are proposed to ensure that singularity and violation of the
laws of thermodynamics do not apply in any other inertial reference system.
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