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Abstract: Extended Thermodynamics of dense gases is characterized by two hierarchies
of field equations, which allow one to overcome some restrictions on the generality of
the previous models. This idea has been introduced by Arima, Taniguchi, Ruggeri and
Sugiyama. In the case of a 14-moment model, they have found the closure of the balance
equations up to second order with respect to equilibrium. Here, the closure is obtained up to
whatever order and imposing only the necessary symmetry conditions. It comes out that the
first non-symmetric parts of the higher order fluxes appear only at third order with respect
to equilibrium, even if Arima, Taniguchi, Ruggeri and Sugiyama found a non-symmetric
part proportional to an arbitrary constant also at first order with respect to equilibrium.
Consequently, this constant must be zero, as Arima, Taniguchi, Ruggeri and Sugiyama
assumed in the applications and on an intuitive ground.
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1. Introduction

One of the challenging tasks of modern research is that of modeling non-equilibrium phenomena in
which steep gradients and rapid changes occur. Two complementary approaches have been followed in
this regard, the kinetic approach and the continuum approach. Here, we follow this second approach, in
particular by using the extended thermodynamics (ET) framework, which has many undisputed physical
and mathematical advantages.

The first ideas in this regard were proposed by Miiller [1] and were based on the modification of the
Gibbs relation. Following Ruggeri’s criticism [2], a new version was proposed by Liu and Miiller [3]
and, subsequently, for the relativistic case, by Liu, Miiller and Ruggeri [4]; more recent papers in this
framework are [5-23].

However, the internal structure of ET implies so strong restrictions to allow only particular state
functions; for example, the function p = p(p,T') relating the pressure p with the mass density p and
the absolute temperature 7' was determined, except for a single-variable function, so that it was adept
at describing only particular gases or a continuum (this situation is indicated in Equation (7.9) of [3],
for example).

A new approach has been proposed in [24] and other articles, such as [25-38], which overcomes this
problem by considering two blocks of balance equations. In this framework, we have recently studied
two different cases: one deals with rarefied polyatomic gases [37], even if the reduced set of applicability
is not indicated in the title of that paper. The other one is presented here and deals with dense gases.
These two cases are like two branches of the same tree; consequently, the description of their common
trunk is the same, and we report it here for the sake of completeness, but with the prospect of the new
application. We will address below the new points of the present article, for example after Equation (5)
and four lines after Equation (9). The results will be expressed in terms of a function H, which will
result in the sum of the corresponding expression in [37] and of a new incremental term; the present
study aims to find this new term.

Therefore, let us begin with the description of the above-mentioned common trunk; in particular, in
the 14-moment case treated in [24], the two blocks of balance equations are:

OF +0,FF =0, OF +0,F* =0, OF7 +0,F" = P, (1)
oG+ 0,G" =0, 0,G"+ 9,G" = Q"

here (1), are the conservation laws of mass and momentum, while (1)4 is the conservation laws of
energy. The block (1);_3 is called the “mass block” while (1), is called the “energy block™.

Equation (1) can be written in a more compact form as:
O, FA 4 9, FkA — pA. @)
where  FA = (FN GF), M= (FN G PA= (PN QF).
In Equation (2), the constitutive functions F*J, G*  P# () appear. Restrictions on their

generalities are obtained by imposing the entropy principle, the symmetry conditions and the Galilean
relativity principle.
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The first of these principles can be exploited through Liu’s theorem [39] and by using a bright
idea conceived of by Ruggeri [40]; so, it becomes equivalent to assuming the existence of Lagrange
multipliers 14, which can be taken as independent variables, and after that, we have:

Lo On*

= _—,
oua Oua

: 3)
which expresses all of the moments in terms of only two unknown functions, the four-potentials /’, h'*.
A consequence of Equation (3) is that the field equations assume the symmetric form, thus assuring
hyperbolicity if /' is a convex function of its variables.

Other restrictions are given by the symmetry conditions, that is the flux in each balance equation is
equal to the independent variable in the subsequent equation, except for the flux in the last equation of
the mass block and of that in the energy block. Moreover, F'¥/ is a symmetric tensor.

Thanks to Equation (3), these conditions assume the form:

o ow' oW awi oW oh'
8ui N 8u’ (9111] - 8uj’ 87\2 - ON’

“4)

(where we have assumed the decomposition g = (W, 1, Wi;, upA, A;) for the Lagrange multipliers) and
H;; 1S a symmetric tensor.

Eventual supplementary symmetry conditions are those imposing the symmetry of the tensors F*¥
and G*' and are motivated by the kinetic counterpart of this theory. Thanks to Equation (3), these
conditions may be expressed as:

ot ol

=0, = 0. (5)
Opei; OAy

These supplementary symmetry conditions were not imposed in [24] because in that article, the
phenomenological approach was adopted in order to construct the extended thermodynamics of dense
gases. After the development of this theory, the kinetic theoretical approach was proposed in [28], but
only for rarefied polyatomic gases, not dense gases. For this reason, in the balance Equation (1), the
moments appear as a distribution function, which is generalized, so that it depends also on an internal
energy parameter /; as a consequence, the supplementary symmetry condition Equation (5) has to be
imposed for this case.

In [37], the general solution has been found up to whatever order with respect to the equilibrium of the
condition Equations (4) and (5) and of the below reported Equation (6). Therefore, the general solution
for the rarefied polyatomic gases has been completely exploited.

In the present article, we aim to obtain the general solution without imposing the supplementary
condition Equation (5) in order to have the model for dense gases and in agreement with the article [24].

The next conditions come from the Galilean relativity principle. A natural way to impose this
principle is described in [33] for the 18-moment model. It extends, to the two-block theory, the
method described in [41] with the further deepening of [42] for the old one-block theory. The resulting
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Equations (13) and (14) of [33] contain two additional variables with respect to the present model, that
is W;; and Ay; by making these variables equal to zero, we obtain the counterpart for our model, that is:

on' a 4 a I on’
— 2 NS ; — M+ —=—N=0, 6
Yo (21n + 2A0p;) + 8 AR 0 (6)
o'k ah'k on'k on'k .

W 4+ ——(2u, + 2N8p;) + 2 A+ —N + R =0.
8uu+0uh<ﬂh+ )+ 8uhih+ ot

Now, by using Equation (4), we note that the derivative of (6); with respect to py is equal to the
derivative of (6), with respect to w; similarly, the derivative of (6); with respect to Ay is equal to the
derivative of (6), with respect to A.

Consequently, the left-hand side of Equation (6); is a vectorial function depending only on two scalars
1, A and on a symmetric tensor ;;. For the representation theorems [43,44], it can be only zero, and for
this reason, we do not need to impose (6);.

This result, combined with the above conditions coming from the entropy principle and the symmetry
conditions, will be that a scalar function H exists, such that:

8H . OH

p=22 = 22 7

OPH  o°H OPH  0°H
Oudu;  Owdw; Oudh NI

(8)

0O*H 0*H 0*°H 0*H 0*H o0H ..
W+ 2+ 2 A+ 22— A+ —— A+ 8" =0. 9
T T T TP LRt Y TVt TV, TR TV WA T ®

The challenge is now to find the general solution of our conditions, up to whatever order with respect
to equilibrium. This is defined as the state where u; = 0, w;; = 0, A; = 0, so that the only non-zero
variables are 1 and A.

Now, in [37], the general solution has been found, up to whatever order with respect to equilibrium,
of the condition Equations (8) and (9) and also of Equation (5); but, for a closer agreement with the
article [24], we want now to do this without imposing Equation (5).

However, although it may seem strange, with less conditions, the calculations become heavier! In
fact, if it was possible to use the condition Equation (5), then the function H can be expressed as a
sum of a function, which has derivatives that are symmetric tensors (so that we can also easily write its
expansion), and of a function depending only on L, A, A, (so that it does not contribute to Equations (5),
(8) and (9).

Now, in the present article, we cannot use this property, because we do not have the constraint
Equation (5). To overcome this difficulty, we proceed as follows. Firstly,

1. We show a particular solution of Equations (8) and (9).

Itis H = H;, where:

ZZ 111 (p+2g+r+1) otp —1 q+py¢ (10)
plalrl p+2g+r+1 axour |\ 2 =

p,q TE€Ilp

S(iriphiki-hqkqji--jr) ) } , )
) p qkq r W, - I’lzpuhlkl.' uhqkq)‘ﬁ'”)‘jra
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and ¢, (1, A) is a family of functions constrained only by:
0
%wn—kl = V,Zin for n >0. (11)

In Equation (10), the symbol r € I, means that the summation is limited to the values of r, such

that r + p is even.

In Appendix 1, the proof is reported for the fact that / = H; is a solution of Equations (8) and
(9). Moreover, (Hy)e, = to(1, A), which is an arbitrary two-variable function, such as H.,, .

So we can identify to(1, \) = H., anddefine AH =H — H,. (12)

In this way, the condition Equations (8) and (9) become:

O’AH  9°AH  9°AH O0°AH

= = 13
O*AH - PAH N O*AH A4 2 O*AH o 82AH)\' N 8AH6M _0
ondw ' ol Topome w0 ondn T O
and we have also  (AH)., =0. (14)

Now, an interesting consequence of Equations (13) and (14) is that:
Property 1: *“ The expansion of AH up to order n > 1 with respect to equilibrium is a polynomial

of degree n — 1 in the variable p.”
We report in Appendix 2 the proof of the property.

Now, a well-known elementary mathematical property is that the Taylor expansion of a polynomial
is not an approximate expression of that polynomial function, but is exactly equal to it. We can
also assume an expansion of infinity order for that polynomial, with zero coefficients for the terms

of order greater than the degree of the polynomial itself.

Moreover, we have deduced this property from Equations (13) and (14); consequently, it will be
not necessary to take into account what coefficients are zero, since on the resulting expansion, we

will impose again Equations (13) and (14).

Thanks to these properties, it is not restrictive to assume for A H a polynomial expansion of infinity
order in the variable p; this fact allows us to treat the variable p as the other Lagrange multipliers
w; and p;; of the block (1);, because we had already a polynomial expansion for them.

Therefore, even if W is not zero at equilibrium, as concerns AH, we can do an expansion also
around i1 = 0; obviously, the situation is different for the particular solution H; reported in
Equation (10). Therefore, the physical meaning of a non-polynomial expression in the variable
p remains charged only to the solution H;.

The next step with which we proceed is the following one:

2. We note that 82ﬁ2H has symmetric tensors as derivatives.
The details in this regard are reported in Section 2, and also, they will imply the following
OAH .

expression for TR
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8AH X 1111 o o
= 3 Y g (W8 etk ek ) (15)
S

ol !
pqsrelpqr

iy o MipyMagky ©°* Migkg Ajy 0 Aj, T+ +H* (wap, N, up)e) .
with:
Bo.4r0N) =0, Yo00s(N) =0 for s>0, H*0u,A0.)=0. (16)

Further restrictions are consequences of Equation (13) and will be considered in Subsection 2.1.
They are expressed by Equation (26) and will be useful for the sequel.

In Section 3, restrictions will be found for the scalar functions appearing in Equation (15),
by analyzing Equation (26) and the derivative of Equation (13) with respect to p. In Section 4,
Equation (15) will be integrated, and arbitrary functions will arise from integration; moreover, the
condition Equation (13) (not derivated) will restrict their generality. The solution of these restrictions
will be found in Sections 5 and 6. Finally, conclusions will be drawn.

It is not difficult to report in explicit form the fields equations up to whatever order; but a very long
expression is not elegant and may give to this article the aspect of a mere database. Therefore, we prefer
to show how to write them by simple taking some derivatives without repeating the present calculations.
To this end, let us consider firstly H = H; + AH with H; given by Equation (10) and AH given by the
below Equation (54); then, let us write /' and A’* from Equation (7).

After that, let us substitute them into Equation (3), which can be written in explicit form as:

oh' . oh' .. oh’ Oh ) On'
F="_"" F"'= Fi— " Q2" il —
op’ " O’ O’ 2% N
ah/k ) ah/k
Fri — kill _ . 17
s’ O\ (17)

By substituting these expressions in Equation (1), we obtain partial differential equations for the
determination of the unknown functions w4 (%,¢) and A4(Z,t). Finally, by substituting these last
functions into Equation (17), we obtain how the fields evolve in space and time. Someone may object
that the Lagrange multipliers have no physical meaning; this is true, but at the end, we obtain in any
case the fields F* and F*4. The situation has a counterpart in the geometry of a surface. This can be
given through parametric equations, and the parameters have no geometrical meaning, however, nobody
objects for this reason to use parametrical equations of a surface.

Obviously, from this situation, it is evident that the Lagrange multipliers are special parameters, and
in fact, for this reason, they have been called “main field” in [40].

Alternatively, (17);_5 may be used to obtain the Lagrange multipliers in terms of F', F?, F'J, G, Gill
and then to substitute them into (17)¢_7; the invertibility is surely possible, but the resulting expressions
are very long and complicated, so that only with a computer program this is possible, after having chosen
the order in which to stop the process.

A more fine procedure is to follow the same iter, but with the Galilean invariant parts of the fields.

In this case, instead of Equation (17), we have to consider the relations:

on’ on' . ON 5 O on’

M’Lj — 0 mlpp _

p:a_u7 :8}%, émij’m _(97\’ 8)\1
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to obtain the velocity-independent parts of the Lagrange multipliers in terms of M%, m®, m'P and of
the mass density p; after that, we have to substitute them into:

on* kipp _ allk

6}% M 87\1

and, finally, in Equation (8) of [24]. Furthermore, in this case, the resulting expressions are very long
and complicated and may be written only after having chosen the order in which to stop the process.

We conclude this section noting that, since the non-symmetric part of the higher order fluxes appear
only at third order with respect to equilibrium, we have that the closure up to second order satisfies all
of the symmetry conditions (also the supplementary ones), so that it is equal to that of [37]. In that
paper, it has been proven also that its results reproduce exactly those of [24] in the approximation near
the equilibrium state, provided that an arbitrary constant is considered zero, as also the authors of [24]
have done in all of the applications and on an intuitive ground. Consequently, the same thing can be said
for the present results; this gives a strong confirmation of the results in [24], because it furnishes proof
that a higher order approach does not limit also the results near equilibrium. Obviously, the article [24]
did not need this confirmation, but it will not do any harm.

For the sake of completeness, we report here the constitutive equations with the second order closure
with respect to equilibrium, which have not been achieved in [24].

Let us begin by writing the field equations in the physical variables p, T, v;, 7, S<¥>, ¢', as can be
found from Equation (9) of [24] by taking into account Equations (10)—(12) of the same article. They are:

orodt o pd, AprnP oS,
200 + 2005 + 258 9]y 4wy — 50—
L prm+ w4 2O By s - g) 2,
% g<ii> 4 g<ii> SZIZ _ mg;i]j% _o(p+ 1) 2;’; (18)
(S<’”> gxk + §<ki> gxk §S<’““>§—Zéij> = —P.ij>,
G 5 M o
+[(p + 7)d% — S<P~] ddt v, + pEdd %Qi ;

where 7; denotes the Lagrangian derivative with respect to time.
The constltutlve functions appearing in these equations are M“* mPP* besides the production terms
about which we add nothing more to what is written in [24]. We find:
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3

Mijk _ §Kq(15]k) + 3Kl (S(<ij>qk) + 6(ij5<kz)c>qc)
3 y 3 y
+§K27r6(”qk) - §K35(”S<k)c>qc, (19)

@
mppzk B 6zk+ 6zk EEK h4 (E—f—%)

, h
_ Q<ik> 4 p
s [ Mk 2 (er L)

12 hg 2h2 p
+Bom? 8™ + B3S<aps S<abs 0" + Biqaqad™ + Bsq'q" + BemS<*
—|—B77TS<m> S<ak> )

The expressions of the coefficients are reported in [24] and Equations (90)—(93) of [37]; we do not
copy them here for the sake of brevity.

2. On the Symmetry of the Derivatives of ==+ 8 A and Its Consequences

We note that & AH has symmetric tensors as derivatives. In fact, from the derivatives of (13); 5 with

respect to |, we can take the skew-symmetric part with respect to ¢ and k, so obtaining:

PAH PAH

e | W i (20)
OHOU O, OHIpR O

From the second derivatives of (13); » with respect to p and 1,5, we can take the skew-symmetric part

with respect to ¢ and b, so obtaining:

O'AH  O'AH O'AH  O'AH
O OuapOy;  OnOMapOWyOpy 7 OW?OlapdN)  OROAIM,pOH;)

=0 1)

where Equation (20) has been used in the second passage.

Equation (21) and the derivatives of Equation (20), with respect to p, prove our property. We
now prove that aAf is the sum of H*%(pg, A, A.) and of a scalar function whose derivatives are all
symmetric tensors.

In fact, from Equation (20), we deduce that gi%ﬂ has all symmetric derivatives, so that its expansion

around equilibrium is of the type:

jr °

PAH X 111,
O Ou Z Z plqlr! Hy, , SUniohabuhakad i gy oy g g g Ay - A

p,q T€Ip41

By integrating this expression with respect to L, we obtain:

0---00

QAH Z Z H* 6(i1"'i1’+1h1k1"'hqkqjl"'j»,»)
p+ qlrl p,q,T

p,q T€lp11
Miy o M Mgk - Ivlhqkq7\j1 e '}\jr + H*(u, Hab, A, 7\c) . (22)
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The derivative of Equation (22) with respect to p is:

2 0---00 %
8 AH Z Z 1 1aHpq"'5(i1~-~ip+1h1k’1"'hqkqjl'“jr)
| |
p,q T€lpta p+1 qar 8u
OH*
R R T 23)

9’AH
ou?

Howeyver, also has all symmetric derivatives, so that its expansion is:

0-++00
plalr! u

My - MP Mhiky = l’thkq)\jl e }\j'r : (24)

p,q r€lp

where H, ,, appears through its derivative with respect to p for later convenience and without loss
of generality.

OH* .

By substituting Equation (24) into Equation (23), we find an expression from which we deduce TR

by integrating it, we obtain:

111, .
Z Z p' q‘ 7’" pq, }\)5( vrtphifahakag ]T)u I’J'Zpl’lhlkl IJ'hqkq}\jl
p,q T€lp

oA — N Z #ll}[* §liript1hiki--hqkqji--jr)
I (p+ Dlglrl Po7

Py = Wiy Bhgky o WhokAjy o Aj, + H*O(lvlam A,

where H*? arises from an integration with respect to w, so that it does not depend on ; moreover, it does
not depend on ;, because H* does not depend on ;.
By substituting this expression into Equation (22), we find that 8?—:1 is the sum of H*"(Wyp, A, A.) and

of a function whose derivatives are all symmetric tensors; consequently, it can be written in the form:

0---00
aAH Z Z - 1 Pq lla)\)5(i1"‘iph1kl"‘hqkqjl“'jr)

Lol !
p,q TE€Ilp p- g
iy o iy Magky ©* Higkg Ajy 0 Aj, + H* (Wap, A, Ae) - (25)
If we take into account the result of Property 1, we see that also BBAH can be expressed as a polynomial

of infinite degree in , so that Equation (25) can be written as Equation (15). Now, if we substitute into
Equation (15) H*® with H*N — 37057 Ly g g(A)8kr-hakadi=indyy, oo, o A, Ay
we note that Equation (15) remains unchanged, except that now, we have H*°V instead of H*° and
zero instead of ¥y 4, 0. We conclude that we may still use Equation (15) and assume, without loss of
generality, that (16); holds.

If we calculate Equation (15) at equilibrium and take into account Equation (14), we obtain:
0=">"202%.00sA) s + H*(0g, A, 0,).

Consequently, we have Uy o s(A) = 0 for s > 1, and from Equation (16);, it follows (16),. Moreover,
Equation (14) will give (16)s.
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Further Restrictions

For the sequel, it will be useful to consider some consequences of Equation (13). They are:

FPAH  PAH o6
OwONOn  ONIpion
PAH PAH | PAH L OAH
ouow " opon, " oo T w0 ), 7
OPAH PAH PAH PAH
omont oo oot T o 0uaon
OPAH PAH
T T o o TR
OPAH PAH PAH PAH
YV N O N5 N s WO Y KA Y T
PAH | OPAH ., N
oo B 2o

The first one of these equations is obtained by taking the derivatives of (13), with respect to u; and

by substituting in its right-hand side g 2%5 from (13);; the second one is obtained by simply calculating
J

(13)5 in A; = 0; similarly, (26)3 is obtained by taking the derivative of (13); with respect to p, and,

subsequently, by substituting in its fourth term ;:Igfa from (13);. Finally, in the derivative of (13)3 with

respect to A, we can substitute 2 from (13), in its fourth term; in this way, (26), is obtained.

Moy
We see that Equation (26) is the conditions on 258 5o that they may be considered a sort of

on
if &4 aAH would be known.

integrability condition on AH, i
In the next section, restrictions w111 be found for the scalar functions appearing in Equation (15), by
analyzing Equations (13) and (26).

O0AH

3. The Expression for “5-= o

If we substitute Equation (15) in the derivative of (13); » with respect to 1, we obtain:

0
ﬂp7Q+17T7s+1 = ,19P+2,q,7‘,8 ? ﬁp,q,?"Jrl,SJrl = 5’191""»1»(1’7‘78 : (27)
From Equation (27);, we now obtain:
9 1907q+§7r75+g if p is even 28)
i U1 gprst ozt if pis odd.
After that, we see that Equation (27); is satisfied as a consequence of Equation (28).
Let us now focus our attention on Equation (27),; for p = 0, 1, it becomes:
0 0
Vogrtstt = 53Vians 5 Vigrstent = grdogetrstt (29)

where, for (29),, we have used Equation (28) with p = 2. After that, Equation (27), will be a
consequence of Equations (28) and (29).
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However, we have now to impose the derivative of (13)3 with respect to p, that is:

PAH ) PAH ) PAH A2 PAH s+ PAH - GQAHSM _0
oo T owou, T oo, oo, 0 owong T opE 0
To impose this relation, let us take its derivatives with respect to W , -+ -, lip, Magks> 5 Rhgkos Ajs
, Ajr» and let us calculate the result at equilibrium; with some calculations, we obtain:

0=02Q+ R+ 1)Vgrs+1+ 2A000+1.R,5+1 + 2RV1 011,8-1.5 » (30)
0=02Q + R+ 2)Vgrs+t1+ 2A g+1,r541 + 2RV0.04+2,r—1,5+1 »

with the agreement that the last terms are not present in the case £ = (0. Summarizing the results, we

have that Equation (28) gives Up g r s in terms of ¥y ¢ rs and U1 g g, While Equations (29) and (30)

give restrictions on Y ¢ r,s and U1 g g s.

e We want now to impose the further restriction Equation (26). By substituting Equation (15) into
Equation (26) and with some calculations, we find:

2HYO X o
OND =2 Z | |191 gurp1,08 IR ke Gy e A A (31)
H’L] q relp r
0° OH® _ OH" |
0= { [QFLJZ + 2A + H*Oékl} } . (32)
OMsky *+ OMighg Oy Ol Aj=0, kia=0

0---00

1 1 iRk g

= Z Z Al [(2q + 7+ 2)01 g0 + 2A01 g1 o) 8T akadidrdyyy ey A Ay (33)
q r€lL )

62 H*()(uabv Aa 7\c)

+2A; ,
’ OWijOq
82H*0 aQH*O aH*O aQH*O ~(9H*0 aQH*O
0 =2y 2\ 2 Ai o 2N 34
LTI A Y S ORI Wy S WAl W W 34
These are restrictions on H*°.
4. The Expression for A H
By integrating Equation (15) with respect to p, we obtain:
111 o .

S ) a3 £ MR -

p'q'r' 8"—

p,q,8 T€lp

iy o iy Magky ©° * MigkgAjy 0 Ay, WH* (Hap, A, A) + [:[(Ha, e, Ay Ag) -
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By substituting A H from here into (13); and with an integration, we find:

i1-iptr2hiky - hakgii - jr)
pq+1 r06
(p+2)qr!

p,q rElp

1 OH*° = =
iy * " Mipyo Bhaky * " Bgkg Ny 0 Njy §Hina—M + H' (Hap A, At + HO (ap, A, Ac) (36)
J

where A’ and H° arise from the integration.

By substituting AH from Equation (35) into Equation (13)s, and by taking into account
Equation (36), we find:

OH" DI
— ) 7
O\, OA (37)
Let us substitute now AH from Equation (35) into (13)3 and take into account Equation (36);
we obtain:
OH® _QH™ _ 9H* OH*
i —— + 2\ + N\ + SF O 4 2 =0. (38)
H Ottkj Otk Ok 7 Ouij

Therefore, the situation is now that Equation (13) is equivalent to Equation (36) (which gives H in
terms of H “(Wap, A\, A.) and of H 9(Wap, A, A¢)) and to the condition Equations (37) and (38) on H*, while
HP remains arbitrary, as was obvious, because in Equation (13) it appears only through its derivatives
with respect to u and p, which are zero. We note also that Equation (32) is a particular case of
Equation (38), when this last one is calculated in A; = 0.

A sort of integrability condition can be obtained in the following way: let us take the derivative of
Equation (38) with respect to L,;; let us contract the result with A,; and let us take from the resulting
equation the skew-symmetric part with respect to ¢ and a. In this way, we obtain:

92 [0 92 [0 92 F*0 L OH
0 = 2y, m)\ b+ QAWN’ + A[imkb + &kl awbxb. (39)

To conclude this section, we can say that we have to impose the condition Equations (31)—(34) and
(39) on H*O (i, A, A,). )

After that, Equations (37) and (38) will give H'; we will see that a small further integrability condition
will be necessary to this end.

We firstly note that the second term in Equation (39) is zero thanks to Equation (33). We can take
the derivative with respect to A of what remains and substitute Equation (31). We obtain a relation and
note that:

e Its terms of degree zero in p;; and of degree one in A; give ¥1 91,0 = 0.

o After that, what remains of its term of degree one in A; gives ¥ 44110 = 0. This result, jointly
with the previous one, gives ¥ 410 = 0.
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o After that, its term of degree zero in ;; gives 91 o p43,0 = 0.
e What remains, after a reformatting of its indexes, is equivalent to ¥ 441,r+30 = 0. This result,

jointly with the previous one, yields ¥4 ; 430 = 0 and ¥4 4 g+10 = 0.

This result can be rewritten also as: V1470 =0, (40)

because the sum of the first and third index must be an even number, so that obviously, we must have
r>1 in 1917%,“’0.

By using this condition, we can see that a solution of the condition Equations (31)—(34) and (39) is

given by:
i} 1 . S 2r 3 L,
H* = Z m%,om,o,o(S(h TN N 227\ o (A3, 41)
rely ’ r=0 ’

% +3
§ 2 AGA) BN
=0

where 10 0,0 and 3, are two arbitrary sets of constants. In fact,

e it is easy to verify Equation (31), because H*" given by Equation (41) is the sum of a function
not depending on A and of a function not depending on ;;; moreover, the right-hand side of
Equation (31) is zero, thanks to Equation (40).

e It is to verify Equation (32), because H*° given by Equation (41) becomes zero when calculated
inA; =0.

e It is to verify Equation (33), thanks to Equation (40) and because H*? given by Equation (41) is

linear in p;; = 0.

e Let us verify Equation (34). By a substitution of H** from Equation (41) it becomes:

_ 002T+3 a\rxky1? - T+3 a\r+1
O_QZTMA@A)AAJFA-&—M[ Z_: Br(AA?)

48"

Z 22T +3 B (A }\a)TJrl

r=0

0 2r+3 AN in
+ 2\, W [Z B (AT }\J] :
r=0

which is true, because the sum of the 1st and 4th term is equal to 75~ [2 3270 285 B, (A ANA ],

r!

while the sum of the 2nd and 3rd term is equal to -2~ 8>\k I 227:!“3 Br(AA) .

e Let us verify Equation (39). By a substitution of H** from Equation (41), it becomes:

0 |=2r+3 a
0= Oy, [Z 7! Br (AN AN
r=0 ’

S 2
WL [Z TT—J'F?)BT(?\C?\C)TA“]?\”] .

r=0
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In the first term, when we do not take the derivative of A® with respect to Ay, we obtain zero
for the identity AlAY = 0; when we take the derivative of A® with respect to A;, we obtain
ApALigalk 502 2083 3 (A A%)"A’, which is the opposite of the second term.

This completes our verification.

We can prove that Equation (41) is the unique solution of our conditions, but the passages are very
long and boring; so we avoid reporting them for the sake of brevity; the interested reader can ask for
this proof, and we will send it to him or her. Only to mention briefly the strategy of the proof, we
say that Equation (31) can be used, with some passages, to obtain H*°, except for an arbitrary function
H *92(;5, Ay, ). After that, Equation (33) will give the expression of A, %

Subsequently, Equation (34) will give the expression of <— aH L Aj §2H ai , and Equations (32), (39)
will give other conditions on H*02, By solving all of these condltlons and substituting the resulting

expression of H*%2 into the above-mentioned H*°, we obtain Equation (41).

5. Solution of the Conditions on IfI i

Let us firstly change the unknown function from i to H* defined by:

1 1r+3 s
HE — g+ + Z (7« - 1)' |:)\6(kjl Jr+1) _ 571—i__25(l<: Ji1 Jr+1)uij:| ¢0707T7070Aj1 .. ')\jr+1 (42)
TEI() ’

8 S 2T + 3 a\r c
o [Z BN (s _mbxb)]

e | &
=2 - 2
_de}\d(ubc}\b)\c) Z ,rr—:_ 3 Br()\a)\a)r }\k ubc)\b)\c 2 Z 2 o 3 r + 3 B (}\a}\a)T72
r=2 ’ r=2
= 2r+3
k by c a\r—1
—Amwmaxﬁg B (M)

By substituting H* from Equation (42) and H*° from Equation (41) into Equations (37) and (38),
these equations are transformed respectively into:

a ~
—H" =0, 43
N (43)
aH*k
0=2)> + [0% (p APAS) + AAF LN (3Bo + 5B1AGAY) + LONAF (L A°A) By (44)

ij

A further refinement of the situation can be obtained with another change of the unknown function
from H** to H*** defined by:

= = 5
A = H = 2B {4 (AN A+ A" [(1ael™) AaA") + 20N acktor[ } - (45)

By using this, Equation (44) becomes:

[Tk

+ 3Bo [8% (MpeA"A) + AAFPIIN ] (46)

Hij
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We can now prove that, as a consequence of this equation, we have:

Bo=0. 47)

Solution of the Conditions on H***

Let us consider the Taylor expansion of H*** around the state with p*/ = 0; Equation (46) at the order
one with respect to this state is:

[:_I**k
0=2)\; aa 2

+ 3B [67 (s A"A) + ANFIN] (48)

Wij

where ﬁ;‘*’“ is the homogeneous part of H*** of second degree with respect to p¥. Thanks to the
representation theorems, it has the form:

ﬁfék*k = f1(Go)u™ 1Ay + fo(Go) W 1 A + f3(Go) (aeA"A) A,
AN [f2(Go) ()% + f5(Go) (1seAA)? + f5(Go) (oA A)VW! + f7(Go)tpe ™ + f3(Go)tpabacA’A%)]

where Gy = A,A”. By substituting this into Equation (48), we obtain:

0=2)\; {flfsk(i uA, + fi TRONES fo28 71 N, + fo uSRIAT) SN WA, + f3(Hbc7\b7\c)5k(i7\j)
AN (241787 4 25 (pe A AONN + FAN 1!+ fo (peAA9)87 + 2 fru + 2 fsAC oA ] }
+3Bo [8% (mpAA) + ANFUDIN] |

that is,

0= f16" (1o A"X) + 2Fi AF N, + i Go + 2 o) PNy + fop 8% Go + fop" NN

+2f3GoN 1Ny + f3(1pe APA) 6 Gy + f3(pupe APAC)AFN

AN [Afap" N+ Af5(peAA) G + 2f6GoN W + 25 (ppe APA)N + Af7p7 N j + 2 fs A (1peA°A°)
+ 2fsGopt™ o] + 380 [6% (s A°A) + 4AAFLIN]

The skew-symmetric part of this relation, with respect to ¢ and £, is:
0= NNy (=2f, — 2£3Go + 4f7 + 2£3Go)
from which we obtain:
4fr =2f2+2f3Go — 2f3Go. (49)
By taking into account this value of f7, the remaining part of our condition becomes:

0= 0" [fap""Go + (f1 + f3Go + 350) (e X" X) | + f1iGo
FAELDON(2f1 + Afy + 4 f3Go + 126,)
FNN [ (fo + Afs 4 2f6Go) + (oA (fs + 4fsGo + 26 + 2f5)] -
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In this relation, the coefficients of /¥ and % ;i"! give, respectively, f; = 0 and f, = 0. After that, the
coefficient of 0% (11, A’ \°) gives f3Go+3 3y = 0, which, calculated in A; = 0, gives the above-mentioned
Equation (47).

This result transforms Equation (46) into:

0=2\——". (50)
Now, we proceed to find the general solution of this last equation, and we prove that it is:
H™ = M F(Gy, Gr,y Ga), (51)
where:
G, = Gﬁébcubc - Hbc7\b7\c, Gy = Goubcubc - QHbCHCQ}\b}\a + 2(5bcllbc)(llbc7\b7\c) - Go(5bcllbc)2

and F' is an arbitrary function of its variables. 3

In fact, if A; = 0, from the representation theorems, we know that H**k — 0, just as in Equations (51)
and (50), is an identity.

If A; # 0, we can define the projector into the subspace orthogonal to A, that is:

i Iy 1 in
hjzéj—a)?\?\j, (52)

from which it follows h*A; = 0, as is obvious. By taking as independent variables A, [L = py A°A°,
il = hiT A", i = hitpg,ht,

Equation (50) becomes:

0=2A; AN RPUAD  ——_palipilb | — 2@ Al Goh" .
y ( or N T o T o o T o
By contracting this relation with A; and with h;,, we obtain, respectively:
=0 =0. 53
5 o (53)

It follows that H** may depend only on A’ and fi. However, i’\; = 0, so that, for the
representation theorems, we have that H** ig proportional to A as in Equation (51); moreover, the
coefficient F' can be a scalar function of Go, Q1 = 8,17, Q = &;; (1" 0.

Now, we have:

Q1 = 817 = hijp = ;17 — G%)}\z?\j o,
. . 2 5
Q2 = 8ih P Mach R geh = ol hah®® = 8118, = Z81 AN 1 + (&) (1A2)”.

However, an arbitrary function of G, (01, () is also an arbitrary function of G, )1 and of:
2 2 . g
QZ o <Q1)2 — uecuec o ude uec}\d}\c T (62] ul]) (uabAaAb) o (62] HZ] )2
Go Go
and an arbitrary function of Gy, Q1, Q>—(Q1)? is also an arbitrary function of Gy, Q1 Gy, [Q2—(Q1)?]Go,
and this completes the proof of Equation (51), 3. These last passages have been done with the end result

being to have a function defined also in A’ = 0, without going too far from equilibrium.
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6. Conclusions

We can now collect all of our results. By substituting f[;*k from Equation (51) into Equation (45),
we obtain H* by substituting this and Equation (47) into Equation (42), we obtain the expression
of H*. Thanks to this expression and Equation (41), taking also into account Equation (47), we can
rewrite the expression for H in Equation (36); finally, we can substitute this new expression and that of

Equation (41) for H* into Equation (35). In this way, we obtain:
111 o o
s+1g(i1--iphiki-hgkgji-jr)
Zzp;q;r, S—|— 'ﬁpfm"s(?\)u 6 1tphiry qqJ1 (54)
p,q,8 T€lp

Hy o My Mgk ©** Bighg Ay - Aj

[e.o]

: 2r + 3 a\r
{5t gptonena - 3w
TEIO

r=1

2
Z " ) rsruzm’f}

" Z Z (p+ 2 r Vp.g, r06 i1-ipyzhikyhakqji-jr)
p,q T€lp
1 2r+3 . N
iy = o Manks = Bk, Ay == Agy - S Hibg Z " A BN +
r=1 .

‘ 5 , ‘
TR {NF(GO , G1, Go) — 151 [4(ubc7\”7\6)wd7\d + A ((Hbc“bc)(AaAa) + 27\a7\blvtacucb)] +

1 1r+3
E — AW ) (ikjj1---jr+1) Yy
+ (1“ + 1)[ |:}\5 Jrdr ——b Jara }‘Lk :| Q/JOOTOO}\JI }\.77‘+1 +

s 2r+2
a - 2T+3 a\r by c 2 b
Sy ;TBT(AQ?\ )" (A e APAC — A2ApAY)
4 = 2r+3 = 27“—1—3
id byc a\r— i byc\2 a\r—2
— NG (pAA )ZZ B - —7\ (L5 A"A°) ZZ (2r —3 Br(AaA?) "2 +
7 byc = 2r + 3 a\r—1 :0
—A (HdedJ\ A )Z | Br(AaA ) + H (uab7A7}\c> .
—2 r!

We recall that in this expression, F'(Gq, Gy, G2) is an arbitrary function, ¢0,00 and (3, are
arbitrary constants, while 1, ;. ;(A) are constrained by Equations (28)—(30), (40), (16); and (16). The
presence of the arbitrary function o (g, A, A) is obvious, since it is not constrained by Equation (13),
because it does not depend on , nor on . Consequently, it is not necessary to impose the condition
]:IO(Oab, A, 0.) = 0, which comes out from Equations (14), (16), and (54).

The sum of the expression Equation (54) for AH and of the expression Equation (10) for H; gives
the general solution for the unknown function /1. Let us substitute it into the equations:

0?’H aki _ 0?’H
alvlkauij ’ OuOA;

(55)
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which are a subset of the Equation (3). We obtain that F*/ — AF*J and G* — AG* are symmetric
tensors, with AF*J and AG** defined by:

AR = 2 (Goéf e 261 [4(kpeA"A) SN A" (20T (AA?) — ANTWPN)] - (56)
LJ
= 2r+3 o o = 2r+3
2 S(AGA?)T A BFOAT) — §FOAT) (11, APA F(AAY)
+ 7«21 o Br(AaA) (M ); B
N 2r+3 . OF 0G4 IF 0G, ,
AGI{:Z — 7\a)\a T T)\k i )\k 7\k -5 7\1: ic cb)\ 57
. > 2
_2)\lukd7\d(ubc}\b)\c> rr—:_ 3(7,, o 1)BT(}\G7\Q)T_2
r=2 ’
. = 2r +3 . = 2r +3
k. . id byc a\r—2 k. .id, dc a\r—1
NN (AN ) (2 — 3) = Br(AA") T — 2 }\CZTBT(?\CJ\ L

r=2

[|
N

s

It follows that the eventual non-symmetric parts for F* and G* may come only from AF*4
and AG*, respectively. However, from (51);3, we see that % is a tensor at least of second order
with respect to equilibrium and % is a tensor at least of third order with respect to equilibrium.
Consequently, from Equation (56), it is clear that F*¥/ up to second order with respect to equilibrium is
a symmetric tensor; its eventual non-symmetric parts may appear only from the third order with respect
to equilibrium. This result is different from its counterpart in [24], where a non-symmetric part appeared
also at first order with respect to equilibrium. We shall see in Appendix 3 that from the equations of that
paper, it follows that this non-symmetric part is proportional to a constant; consequently, here, we have
proven that this constant is zero and that this further constraint follows by imposing the equations up to
order higher than one with respect to equilibrium. This is not a problem, because the authors of [24]
assumed (for example, in the first three lines of Subsection 7.2) that the integration constants vanish and
furnished reasons for this assumption based on the kinetic theory approach.

Similarly, from (51) 35, we see that %—% is a tensor of second order with respect to equilibrium and
%—% is a tensor at least of third order with respect to equilibrium. Consequently, from Equation (57),
it is clear that G* up to second order with respect to equilibrium is a symmetric tensor; its eventual
non-symmetric parts may appear only from the third order with respect to equilibrium. This result

agrees with its counterpart in [24].
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Appendix 1. The Particular Solution 7 = H,

Let us prove that I = H;, with [, given by Equation (10) and 1),, constrained by Equation(11), is a

particular solution of Equations (8) and (9).
In fact, by substituting Equation (10) in (8);, we obtain:

grptl 1\ et . B oro+2 RN .
N OurtL |\ 2) LT oot |\ 22 B
which surely holds because v pir = 8%1/1 pir g, thanks to Equation (11).
By substituting Equation (10) into (8),, we obtain:
ar+p+2 -1 q+ p+£+1 ar+p+2 -1 q+ 7p+é+r
eWwal(ﬁ) %leaxﬂmwl<ﬁ> Vetrgns

which is an evident identity.

It is more delicate to verify Equation (9). To do it, let us substitute Equation (9) with its derivatives

with respect to ft;,, -+, Hips> Hhykys = » Hhgkos Ais s Nigs

resulting equation, and let us calculate the last form at equilibrium. We obtain:

0 — poiitgEinkiuby - hoki-r) (P +2Q + R4 DI 9Fr

P+4+20Q+ R+1 OARQuP+!

205" §(Rahakzhkaki-<irji-~jn) (P+2Q+ R+ 1 g

P+4+20Q+ R+1 OARQuP+!
R+P+1

37\R3HP+1
R+P

ONR-19pP+1

2N kihakrhokgir-irii<ir) (P 4 9Q + R + 1)!!

+2R§Fihki-hokoi-ipiiir)(P 4 9Q) + R 4 1)1

| R §adrkhkrhqkqir--ip) (P+2Q+R+1I 9fHI

(
(

P+4+20Q+ R+1 OARQuP+!

(P 4+2Q+R+1)I 9fiH

4 gkigtiniphikihokqiiir
P+2Q+ R+1 ONQuP+!

brackets around indexes) has been taken.

(

(3
(

2A

—!
2

—1

2\

-1
A
-1
2

)Q+1+
)Q+1+

-

P+R
2

=
-

P+R
2

P+R
2

)

P+R
2

Ypir
2

Ypir
2

Yprir

let us substitute Equation (10) into the

¢P-2+R] 5

where overlined indexes denote symmetrization over those indexes, after that, the other one (round



Entropy 2015, 17 7071

Now, the first, second, fifth and sixth term can be put together, so that the above expression becomes:

o - R+P+1 1\ e+
0= 6@@1 6(@2---1pkh1k1---thQJL..JR)(P + 2@ + R + 1)” aARauP-H (ﬁ) d}#

_1>Q+HJ3R

' S HR+P+1
H(P +2Q + R+ 1)l§kikiki-hokginirii-ir) f on < (5

ONROUP+1
P+R

HR+P _q\ @
2 g (5) Vegn | 0
which is satisfied as a consequence of the property 51 52 irkhiki-~hokgii—jr) — §(kihikihokqir-irji-jr)
and of the identity:
o 1)\ @ Pl 1\ @i+ EE
INF (ﬁ) Vrgn| = a3m |72 (a) Ve

Pl 1 Q+14+ L8 HoR-1 1 Q+1+ 4R
= —22A—— | [ — VYeir | —2R—— || == Vrir | .
OANE 2A 2 OANR-1 2A 2

This completes the proof that H = H; is a particular solution of Equations (8) and (9).

QZJP;R]

Appendix 2. Proof of Property 1

Let us prove it with the iterative procedure, and let AH™ denote the homogeneous part of AH of
order n with respect to equilibrium. We have,
0’AH 1}\ =0

OpOug;
from which we have that %ﬁﬂ can depend only on y, w;, A, A.; but the representation theorems

e Case n = 1: The equation (13)3 at equilibrium, thanks to Equation (14), becomes 2

show that no scalar function of order one with respect to equilibrium can depend only on these

OAH!
op

property is verified for this case.

variables. It follows that

= 0, so that AH! is of degree zero with respect to w, and the

e Case n > 2: Let us suppose, for the iterative hypothesis that AH up to order n > 1 with respect
to equilibrium is a polynomial of degree n — 1 in the variable pu; we proceed now to prove that this
property holds also with n + 1 instead of n.

’AH" _ 92AH"T!

Do, —  Omon from which we have:

In fact, Equation (13); up to order n — 1 gives

AHTL—H = Pn72 + AHz'n—i_l(ua Hab, Aa Ac)uz + AH(?—H(H? Hab, }\7 )\C) (58)

where P,_5 is a polynomial of degree n — 2 in p and which is at least quadratic in ;.

PAH"TL  92AHMt
oudN;  — OAOw;

After that, Equation (13), up to order n gives
which, thanks to Equation (58), becomes:

&#P,_, O*AHM PAHYT  9°P,,  OAH!!

oo, T owon, M Touon, T onow | oA (59
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This relation, calculated in pu; = 0, gives:

PAHPT  OAH!

= 60
because P, 1s at least quadratic in p;.
2 n+1
The derivative of Equation (59) with respect to p;, calculated then in u; = 0, is % =
n+1 .. ..
( 819;?;\5; ) - from which BA;\J% = P, with P? , a polynomial of degree n — 1 in \. By integrating
=

this relation, we obtain AH]"™ = P! | + ¢ | (W, tap, A, ) where P¢_, is a polynomial of degree n — 1
in 1. However, for the representation theorems, a vectorial function, such as ffL_l, 18 zero, because it

depends only on scalars and on a second order tensor. It follows that:
AHM =P . (61)

By using this result, Equation (60) can be integrated and gives:

aAH{f“ -
_—— =P 62
OA; " ©2)
with P! a polynomial of degree n in w.
Now, we impose Equation (13)3 at order n and see that its first, second, fifth and sixth terms are of

degree n — 2 in p, so that we have

PAHT! PAH Ty
2 Ondug; At2 Opg Opiyj }\7 = Qn2

with (),,_s a polynomial of degree n — 2 in W. This relation, thanks to Equation (58), becomes

RAHPTL PAH;H 9Py ) ntl _
2\ G TN +2A OOy + 2}\3 O Ouij + 2}\3 i AHk = Zn—2

with Z,,_» a polynomial of degree n — 2 in . This relation, calculated in p; = 0, thanks to Equation
(61) and to the fact that P, _, is at least quadratic in p;, gives

2)\82AH§+1 _ Aki
oudug; — vn—l

with Q¥ | a polynomial of degree n — 1 in . It follows that

with P*® a polynomial of degree n in w. This result, jointly with Equation (62), gives that:
AHIM = P, + f(w,A). (63)

However, a function depending only on p and A cannot be of order n + 1 with respect to equilibrium;
it follows that f(p,A) = 0.
Consequently, Equations (58), (61) and (63) give that AH"*! is a polynomial of degree n in y, and

this completes the proof.

Appendix 3. A Further Integration in the Framework of the Initial Article
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A further integration is possible for one combination of Equation (44) of the paper [24].
In fact, the integrability condition on (44), 4 of that paper allows us to obtain:

) o Op T3 [ 9p\° o (T 5T2p
——hy=-2T"———= -2 [ ) =—2— (2= . 4
8ph4 0T dp p? (8T) oT ph2Jr 3p ©4)

(Here, and in the sequel, we use the notation of [24]. For example, the scalars (3, 33 are different from
the constants with the same name of the present paper).
After that, by using (44), 3 and the present Equation (64), we obtain:

B 5 10
3o [(32—6[33— (4h2—|—§pT> (54—%)] —0. (65)

Consequently, 3o — %[33 — (4h2 + %pT) (5 + Zﬁ) may depend only on temperature.
Similarly, from (44)5 ¢ and the present Equation (64), we obtain:

0
9T {52 - 2[53— (4]22—1-?])77) <€+ %)] = —% [32 - 253 — (4h2+ %pT) <8+ %)] ,
(66

which is a differential equation for the unknown B — 283 — (4ho + 2pT) <5 + ’5’), whose solution is:

1 tant
By — 2Py — (Ahy + T ) (o4 L) = C2stant. (67)
6 3 P T

However, in [26], it has been shown that M, is symmetric if and only if L = %K , as can be seen
also from (47); o of [24]. This equation, for (48) and (43), of [24], means that the left-hand side of
the present Equation (67) is zero. Consequently, we have the symmetry of M;;;, at first order, if and
only if the constant arising from integration on the right-hand side of the present Equation (67) is zero!
On the other hand, m,,,; at first order is already symmetric; eventually, its skew-symmetric parts may
appear at higher orders with respect to equilibrium. This result is in agreement also with Chapter 5 of
the book [38], where the symmetricity of /% and G** at first order has been discussed.
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