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COMPLICATED STRUCTURES OF GALILEAN-INVARIANT CONSERVATION LAWS

S. K. Godunov and V. M. Gordienko UDC 517.9:539.3

This paper continues previous investigation of Galilean-invariant equations of mathematical physics,
which was begun with the use of the Clebsch—Gordan coefficients from the theory of products of the
represented group SO(3). Complex systems of conservation laws and thermodynamic identities are
constructed. Concrete examples are given.

Introduction. The present paper is a continuation of [1], in which we are studying the thermodynamic
structures of the Galilean-invariant equations of mathematical physics which contain the laws of conservation of
mass, momentum, and energy and compensating entropy equations. In order that such equations reflect the contents
of the classical thermodynamic relations, a generating function L which depends on the required functions, vector-
functions, and temperature should be used in their formulation. This generating function plays the role of the
thermodynamic potential of the medium described by the equations. The conservation laws generated by such
thermodynamic potentials have been discussed in the literature since the 1960s (see [1] and references therein).
Unfortunately, the simplest structure of equations described in [1] does not cover all well-known examples from
classical mathematical physics, which have been studied extensively. Such examples are described in [2] and in the
last chapter of the monograph [3]. In particular, the equations of nonlinear elasticity and magnetic hydrodynamics
do not fit into the simplest structure. The more complicated constructions of conservation laws proposed in the
present paper already include the above examples. The dissipative processes of diffusion, heat conduction, and
viscous friction are not considered here, except for one example.

The notation used herein is the same as in [1]. As in [1], we use the theory of orthogonal representations of
the rotation group SO(3), confining ourselves to odd-dimensional one-valued representations of integer weights N.

Complicated systems of equations are constructed in Sec. 2 from the initial simplest systems described in [1]
by adding special additional terms into the equations. These terms are chosen so that they do not violate the
conservation laws. The choice of possible terms is based on the collection of identities of generalized vector calculus
given in Sec. 1.

In Sec. 3, of all the complicated systems described, we consider only those systems for which we proved that
they can be written in the form of symmetric hyperbolic equations. Examples are given in which the equations
studied are replaced by overdetermined compatible systems of conservation laws. Here we use and develop the
scheme that was partly described in [3, 4]. Sec. 4 contains concrete examples of equations that enter into the
described class of complicated thermodynamically consistent (compatible) structures.

1. Generalized Vector Calculus. Just as in [1], we assume that rotations of the coordinate system
transform each of the unknown vector-functions g(4) by an irreducible representation of weight A of the group
SO(3). We specify a coordinate vector @ of three-dimensional space by its Cartesian components z_1, o, and ;.
A vector-function ¢) has 2N + 1 real components q,(LN) (n=-N,-N+1,...,-1,0,1, ..., N—1, and N).
Rotations of the coordinate system are specified by an orthogonal matrix P with positive determinant (P*P = I3
and det P = +1); in this case, x is replaced by & = Px. In such a rotation, the vector-function g™V is transformed
into ¢V) = Q) (P)q™ by means of a standard (2N + 1) x (2N + 1) matrix Q") (P) which implements the
representation. By the definition of representations, QN (I3) = Ly and Q) (P - Py) = Q) (Py) - QN (Py).
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A rotation P is usually specified by Euler’s angles ¢, 6, and :

cosep —sing 0 1 0 0 cosy —siny 0
P=| sinp cosp O 0 cosf —sinf siny cosv¥ 0
0 0 1 0 sinf cosf 0 0 1

Explicit formulas for the entries of the matrix Q") (P), which express these entries in terms of BEuler’s
angles o, 6, and 1), are given at the end of our previous paper [1] and are justified in [5]. It was noted there that
QW (P) = P.

We formulate the basic statements of the theory of Kronecker products of irreducible representations of
the rotation group. Let p*) and ™) be vectors of dimensions 2L + 1 and 2M + 1 which, in rotations, are
transformed by irreducible representations of weights L and M. The Kronecker product of these vectors is a
rectangular (2L + 1) x (2M + 1) matrix IT with the entries I1;,,, = (L) M. This matrix can be treated as a vector
of dimension (2L + 1) x (2M + 1).

In rotations & = Px, the vector II transforms into Il by transformations that correspond to a certain
representation of the rotation group. Such a representation is called the Kronecker product of representations of
weights L and M. If we consider that the scalar product in the space of (2L 4+ 1) x (2M + 1) matrices is given
by the formula (®,1I) = Z @, I0;,,, = tr(®IIY), then the Kronecker product of orthogonal representations is also

Lm
orthogonal, but if neither of the weights L and M is equal to zero, then it turns out to be reducible. It can be

decomposed into a direct sum of irreducible orthogonal representations of weights |[L — M|, |L— M|+1, |L — M| +2,

, L+ M —1, and L + M. The decomposition is implemented with the use of the so-called Clebsch—Gordan
coefficients. It is reasonable to arrange these coeflicients as matrix entries of special matrices. We shall refer to
these matrices as Clebsch—Gordan matrices. Each such (2L + 1) x (2M + 1) matrix G’;([ 1,a) is composed of entries

Gllcf[l[’gnjlv[], where the superscripts [ and m (—L <1 < L and —M < m < M) specify the numbers of the row and

column on whose intersection this entry stands. The indices K and k number the matrices. The subscript K
(IL — M| < K <L+ M) is the weight of an irreducible representation and the superscript k is the number of a
matrix which is a canonical basis element in the (2K + 1)-dimensional subspace of matrices that transform according
to a representation of weight K (—K < k < K).

There is some arbitrariness in the choice of canonical bases. The basis used here ensures the equality

Gippan = (D MG ), (1.1)
i.e., permutation of the subscripts in the square brackets leads to transposition of the Clebsch—-Gordan matrix and
in the case where the sum K + L + M is odd, to inversion of the signs of all entries. It is worth noting that the
conditions of orthonormalization

tr {Gpz.a0) - [GRpanl'} = 0k N - Okn (1.2)
can also be written as
I=L,m=M
k[l,m] n(l,m]
Z GK[L,M] ’ GN[L M] — = 0K NOkn-
I=—L,m=—M
We give several useful equalities:

0[\,1]
Golr'ly = 0n/V2L +1 L3

k[l,m mlk,l l[k,m
Gy = VRE +1)/2M +1) Gyl = ()M K + 1)L+ 1) GHL,,.

Writing the Kronecker product of the vectors p(*) and (™) in the form of a linear combination of the basis
Clebsch—Gordan matrices
K=L+M
[p") x r(M] = Z ( Z wk GK[L M])
K=|L—M]|

it is reasonable to group the coefficients w,gK) of this linear combination into vectors w) of dimensions 2K + 1.

By virtue of (1.2), the components of these vectors are calculated by the rule
K
w = e {[p®) x r D] (Gl ) (14)
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A rotation & = Px of the coordinate system transforms the vectors p&) and r™) by the transformations
p) = QW) (P)pE) and #(M) = QM) (P)(M) " and this induces transformations of the vectors (%) = QU (P)aw (K.
These transformations correspond to irreducible representations of the corresponding weights. It is reasonable to
introduce the notation

wB) = [p(F) x p(M)](K) (1.5)
and call [p(L) X ’I"(M)](K) the wector product of weight K of the vectors p(*) and (M) We recall that |L — M|
< K < L+ M or, which is the same, K < L+ M, L < M + K, and M < K + L (the triangle inequalities). The
vector product of weight 0 differs only by a factor from the scalar product of vector multipliers, which should have
the same dimension (same weight):

I=L
1 1 S P,
V2L +1 VoL +1 &=
The following rule of permutation of multipliers follows from (1.1):
[p(L) ~ T.(M)](K) - (_1)K+L+M[T(M) % p(L)](K).

p®) x (] — (PP, + (D)) = (1.6)

In a natural way we introduce a generalized mixed product of three vectors of dimensions 2K + 1, 2L + 1,
and 2M + 1 that is invariant under rotations:

(@), D) D) = [ x [pE) x M) (1.7)

This product is meaningful if the weights K, L, and M satisfy the triangle inequalities. The generalized mixed
product of the same multipliers is defined for every their order. When two vectors are interchanged, this product
is multiplied by (—1)%+L+M;

(v(L),u(K),w(M)) — (u(K),w(M),v(L)) — (_1)K+L+M(U(K)’,U(L)’w(M)) — (w(M),v(L),u(K))

or, which is the same,
[0 x [ 5 wMENO) = [ () 5 [4p(M) x (1)) (EK)}(0)

= (—1)KHLAM () 5 [p(E) 5 qp(MEDO) = [4p(M) 5 [p(F) x ,(F)(M)](0) (1.8)

The validity of the above equalities follows from (1.1) and (1.3). The properties of the Clebsch-Gordan coefficients
used above follow from analysis of their generating function.

Unfortunately, in the literature on the theory of representations of the rotation group, we were able to find
the theory of the Clebsch—Gordan coefficients only for unitary representations. Thus, we had to study the case
of orthogonal representations by introducing the corresponding changes into the unitary theory. As a result, we
have obtained the generating function for the coefficients used in this study and have justified all their properties
necessary for us. We are planning to publish this study in a separate paper.

The generalized formulas of vector calculus necessary for our purposes include matrices G’I“([ LM] in which
K, L, and M are one or another permutation of a triple 1, N, N — 1 or a triple 1, N, N. We give all nonzero entries
of the matrices G’i[ NN—1] and the formulas relating these matrices to the matrices G{[ NN

In permutation of the integer parameters K, L, and M, the matrices transform by the rules (1.1) and (1.3).

Below we give the nonzero entries Gi[ﬁ\}%_l]:

GUEG=D)£K] _ o1k F(R-1)] _ 1\/3(1\7 —1)(N—-k+1) 2<k<N-1)

1N.N-1] T Y1[N,N-1] “ 2\ NeN —1)(2N +1)

Utk F(h-1)] _ A—1EG-15k _ , BV FE)(N +k—-1) B
jEGl[N,Nfl] - Gl[N,Nq} = i\/ N@N-1)2N +1) 2<k<N-1),

GUENEWN-1] _ 3 G100 3(N+1)
NN 2(2N + 1)’ LHNN=1) 7 PN N -] 202N —1)(2N + 1)’

q-l0-1 _ a0 3(N-1)
UNN=1] = PN N 202N —1)(2N + 1)’
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The matrices Gi[ N,N] are calculated by the formula

Givn = VNEN +1)/3(N +1)) [Glf[N,N—uG{[N_LN] - G{[N,N_uGlf[N—l,Nﬂa

where the superscripts 4, j, and k run over one of the following triples: (—1,0,1), (0,1,—1), or (1,—1,0).

In what follows, we shall assume that the vectors considered depend on the spatial coordinates z_1, g, and x
of some parametric 3D space, i.e., we consider vector fields (V) (x_1,x0,21). We introduce a vector operator —
the gradient operator

JLAQ,Eﬁt
Ox_1’ Oxy’ Oz
and decompose the field of derivatives of the vector fV) into three fields which, under rotations of the coordinate

space, transform according to irreducible representations of weights NV — 1, N, and N + 1. Such a decomposition is
implemented using the operator equalities

PN Z [7 x fMN=1 (V) [y g (N4 _ [y 5 g (N+D),

v;v®:<

which generalize the well-known rules of the classical vector calculus concerning the action of divergence, curl, and
gradient operators.

The operator equalities are written in coordinate form using the Clebsch—Gordan coefficients. This form
formally extends definitions (1.4) to the operator case.

Using the vector gradient operator V and formulas (1.8) for M = 1, we obtain the following formulas of
invariant differentiation:

[V x [u(K) ~ U(L)](l)](o) - [U(L) x [V x u(K)](L)](O) + (,1)K+L+1[U(K) x [V x ,U(L)](K)](O), (1.9)

The weights K and L should satisfy the inequalities |[K — L| < 1 and K + L > 1. In fact, formula (1.9) contains
formulas of three types for L=K —1, L=K,and L = K + 1.

We give one more formula of differentiation of the double product. In formula (1.9), replacing w(*) by
[p5) x g™M))E) and v by vV we obtain

[V x [[p(L) % q(M)](K) % v(l)}(l)](o) — [v(l) x [V x [p(L) % q(M)](K)](l)](O)

+ (_1)K[[p(L) > q(M)](K) X [V x v(l)](K)](O)_
Using property (1.8), we transform the second term on the right side of the above equality:
[[p(L) ~ q(M)](K) x [V x ,U(l)](K)}(O) - [p(L) > [q(M) x [V x v(l)}(K)](L)](O).
We finally obtain
[V x [[p(L) > q(M)](K) > v(l)}(l)](o) - [v(l) X [V x [p(L) > q(M)](K)](l)](O)

+ (=1)X[pD) x [¢M) x [V x vD]FE)D)]0), (1.10)

In (1.10), the weight K can take values K = 0, 1, and 2 and, moreover, the triple K, L, M should satisfy the
triangle inequalities.

For the applications considered in Sec. 2, based on (1.6)—(1.8), it is convenient to write identities (1.9)
and (1.10) with the use of the symbol of scalar product:

0
8—33]-[ (K) « “(L)]§-” =3[V x [uK) x v
=3/(2L+1) (U(L), [V x u(K)](L)) + (—1)K+L+1 3/(2K + 1) (u(K)7 [V x v(L)](K>)’ (L.11)

o [[p®) x g « U(l)]§,1) = (v, [V x [p@) x gD ]E))D))
L

+ (-1D)FV/B/CL+1) (pP), [q™M) x [V x oM E]E)), (1.12)
Along with the vector-functions g™¥) (x_1, g, z1) transformed by irreducible representations, it is sometimes
useful to consider tensor-functions of the second rank ¢*) with the components qgl’N) (x_1,z0,21) (-1 <i< land
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—N < n < N). In this case, unlike in the adopted practice, the first and second subscripts can run over different sets

of admissible values. A rotation & = Px is associated with the transformation (jz%’N) = Z QE?(T)Q;N )(UJ)(],(:W’IN)7
k,m

m

i.e., the tensor-functions transform according to the product of representations of weights 1 and N. This represen-
tation is reducible and can be decomposed into a direct sum of irreducible representations of weights N —1, N, and
N + 1, but we shall not make this decomposition.

Proceeding to derivation of the necessary identities, we make use of three elementary equalities, which are
checked directly:

9 du; 9(gipk)
Pz (wiqipk) = qipr 2 T Y o (1.13a)
0 0 Oug
. iDi) = Uk 75— (4iDi iDi 7 1.13b
. (urqipi) = ug B (gipi) + @ip D ( )
0 _ Ou; O(qrpi)
P2 (uiqrpi) = qrpi B + u; Fr (1.13¢)
Assuming that summation is made over pairs of the same indices i, k = —1, 0, 1, we leave equality (1.13a) unchanged
and replace some umbral subscripts in (1.13b) and (1.13c):
0 0 Ouy
- ii) = Wi 5— (0ikq;pj z( i—>; 1.13p’
R (ukpiqi) = u O, (0irgspj) + ai(p B ( )
0 O(piqr Ouy,
Oz (gruipi) = u; % + 4Pk oz (1.13¢)
We consider the vector u = (Y and the second-rank tensors ¢(-N) and p(™) with the components wu;, q,(cln’N)7 and

pﬁ’m, respectively. From (1.13a), (1.13b’), and (1.13¢’), adding the missing subscript n to the functions g and p;

and assuming the summation over n from —N to N, we can derive the necessary equalities:
(1,N) (1,N)

9] (1,N) (1,N) 1,N) (1,N) Ou; N, "Prn )
2 (uigoVplNy = LMW T Plin Pin ) 1.14
al'k ( din pkn ) din kn 6$k +tu axk ( )
0 LN) (L,N 0 1,N) (L,N 1LN) (1,N) Oug
8—3% (uqu(n )pz('n )) = U a_ﬂl‘k (5ikqj('n )pgn )) + qz(n )pz('n ) a_xkﬂ (115)
7] LN) (LN d , 1,N) (1,N LN (1,N) Oug

It is probable that equalities (1.14)—(1.16) can be obtained as combinations of identities of the form (1.11) and (1.12)
if we decompose the tensor-functions ¢(*) and p(*) into irreducible representations. We did not investigate this
problem.

Identities (1.11), (1.12), and (1.14)—(1.16), which will be referred to as the rules of generalized vector calculus,
will serve as the basis of our further constructions.

2. Construction of Complicated Systems. The simplest systems of Galilean-invariant thermodynami-
cally consistent equations, whose properties were discussed in detail in [1], are written as follows:

8L¢I0 + a(ukLQU)
ot oxy,

=0 (conservation of mass),

Ly, L)y, .
aat T a(g];k) t =0 (conservation of momentum),

% + O(upLq)
ot 8:%

oL O(u L
a—tT + (ngkT) = % (entropy equation),

= - (21)

OE  Ofup(E + L)]

e o0 =0 (conservation of energy).

179



In these equations, u_1, ug, and u; are the velocity components, T is the temperature, gy is a scalar variable,
whereas g is a variable (as a rule, a vector variable) of the same dimension as the right side ¢, and g is the
scalar product of vector multipliers. If we denote the components of the vectors g and ¢ by ¢, and ¢,, then the
potential L that generates system (2.1) should be given in the form of an “equation of state”:

L= L(q07u—17 Up, U1, an) = L(quu—huOvuhqla q2, ... 7T)
The Legendre transform of L is denoted by E:

E =qoLgy +tu_1Ly_, +uoLyy +u1Lu, + Y qyLg, +TLy — L
¥#0

=qolg, +urlu, +qyLgq, +TLy — L =qoLy, +qLqg+uly +TLy — L.

The components of the vector ¢ in equations admissible from the viewpoint of thermodynamics should ensure the
positiveness of the right side of the penultimate equation of system (2.1) (the law of increase of entropy).

The law of conservation of energy [the last equation in (2.1)] is a consequence of all the remaining equations of
this system. In [1] it was shown that if the generating potential L remains invariant under rotations of the coordinate
axes and under their associated transformations of the vector-functions appearing in (2.1), then system (2.1) is also
invariant under rotations. It is also invariant under conversion to a coordinate system moving at constant velocity
relative to the initial coordinate system if

L = A(go +uiui/2,q,T). (2.2)

In other words, under assumption (2.2) the system of equations (2.1) is Galilean-invariant.

We assume that the vector g is composed of scalar components, vector components g(4), and tensor com-
ponents ¢(*4) with various weights A. Different components can have the same weight. We also note that under
rotations the components of the vectors L,, and Lq are transformed by the same representations as the corresponding
components of the vectors u and q.

We can now proceed to construction of complicated equations.

The equations are constructed from parts. One such part is the simplest system (2.1) and the other parts
are identities (1.11), (1.12), and (1.14)—(1.16). During construction, we introduce new terms that contain vector
derivatives of unknown vector-functions into an equation of the initial simplest system. In doing so, we ensure that
these terms are chosen from the aggregates entering in one or another identity and that, based on that identity, they
ensure exact fulfilment of the law of conservation of mass (in the initial formulation) and the laws of conservation
of momentum and energy. We always have to introduce additional terms into the energy fluxes, whereas additional
terms in the momentum fluxes are sometimes introduced and sometimes are not.

Let the initial system consist of equalities whose “integrating multipliers” are qo, u;, ¢4, ), and T,

respectively:
aLQO 8(1”6[’(10) _ aLuq‘, a(ukL)uz o
T A . A M
8Lq(A) 8(uqu<A>) (A) 6LT(A) 8(ukL,,<A>) (A)
ot o L ot " oz v (23)

OLr n OurLr) (@™, M) + (D) (W)

ot oxy, T

Taking a linear combination of these equalities with the “integrating multipliers” as coefficients, we obtain an
additional law of conservation of energy:

E
08 dulE D)
ot 8:%
where
E = qOqu + (u, Lu) + (q(A), Lq(A)) + (T(A), L,,,(A)) +TLp— L.
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From this initial system we construct a complicated system which differs from the initial one in additional terms
that are introduced into the equations containing the derivatives of Ly and L,.a) with respect to t. Then, the
modified equations take the form

6Lq<A> " 8(uqu(A)) + (5\/g [V < T(A)](A) _ _‘P(A)v

6LT.(A) a(ukLr(A)) . 5\/§
ot oxy, V2A +1

Here ¢ is an arbitrary constant multiplier. Obviously, the left sides of the modified equations retain the divergent
form.

[V x W] — _p(A),

If we repeat the derivation of the energy equation for the modified system described above, using a linear
combination of equations with the same “integrating multipliers,” then we obtain the equality

oF + {uy(E+ L) + d]q™) x T(A)]g)} B
ot or

which differs from the corresponding initial equality in having the components uy(E + L) in the energy flux vector
replaced by uy,(E + L) + 6[q4) x r(A)],(cl). In derivation of (2.5) we used identity (1.11).

By virtue of the invariance under rotations of the additionally introduced terms, the modified system remains
rotationally invariant. The special dependence of the generating potential (2.2) on the velocity components u; and
the fact that the first equation of system (2.3) (the law of conservation of mass) is not changed in this modification
ensure the invariance of the modified equations in conversion to a moving coordinate system that moves at constant
velocity relative to the initial coordinate system (zp — xp — tUp and ux — ug — Uy). Here we do not dwell on
elementary verification of the above statement which, in essence, is not different from the verification made in [1]
for a simpler case. Here we need to use the fact that the new terms introduced in (2.4) are independent of wy.

Thus, the modification of the simplest equations described here does not lead to violation of their Galilean
invariance.

We consider another similar construction of complication of the initial system of equations whose unknowns

include the vector-functions gt and r(4*1 transformed by representations of integer weights A and A + 1 that
differ by 1:

0, (2.5)

0Ly, O(upLy,) OLa,  O(upL)a,
=0 : i =0
at | om ot T om ’
an(A) a(Uqu(A)) (A) aL,,.(A+1) 8(ukL,,<A+1)) (A+1)
ot " om P o T oY
oLy | duwlr) _ (@DipW) + (U pA) 0B dfu(E+ L) _
ot (9£Ek o T ’ ot 8xk e

An additional law of conservation of energy obtained as a linear combination of the first five equations with the
coefficients qo, u;, ¢4, r(A+1 and T is included in the system. Complication of this initial system will again be
made with the use of identity (1.11). Introducing additional terms into the equations containing the derivatives of
Lq(A) and L,.a1) with respect to time ¢, we write them as follows:

6Lq<A> 4 8(uqu(A)) + (5\/g [V % T(A+1)](A) _ _‘P(A)
(975 axk vV 214 + ]. ’ (2 6)

OLpa+y O(upLyatn) n V3 [V x qA(A+D) = _yp(a+D),
ot oxy, V2A+3

The above modification of these two vector equations leads to modification of the energy equation:

OE | 0{uy(E + L) +6[g™) x r(4D)il)y

ot dxx =0
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In the version of complication considered above, the Galilean invariance of the complicated system is proved by
verbal repetition of the same arguments as in the previous example. We note that in the versions of complication
of the initial system described here, no corrections were made in the equations modeling the laws of conservation
of mass and momentum.

The law of conservation of mass (the first of the equalities which appear in the modified system) is subjected
to correction only if the scalar g is chosen as ¢! in the second version of modification. We abandon such
modifications since the additional terms in the mass fluxes that arise from correction contradict the proof of the
invariance of the equations in conversion to a moving coordinate system (see [1, Sec. 1]).

In complications based on versions of identity (1.12), corrections appear in the momentum equations. We
give an example of complication based on a version of identity (1.12) with L = M = A and K =1 [in the notation
of the velocity u, we omit the symbol that indicates the weight (1) of the representation]:

a%c (@Y % L] x u]V = (u, [V x [g x Ly ]D]D) = /3/2A+1) (¢, [Lycar x [V x u]V]@),
We now give a complicated system that includes the equation of conservation of mass
aL(lo + 8(ukL110)

=0
815 axk ’
the modified momentum equation
OLy, 0 1)
EE A v AU A

the vector equation

OL g N INurLgw) 5V3 (Lo % [V x w] D] = _p(4),
ot dxy, V2A+1 1

which has lost the form of a conservation law since its left side is supplemented by a nondivergent term, whose each
component is a linear combination of the first derivatives of the velocity components, the compensating equation
for entropy

OLr n OurLr) (g%, W)

ot 8Ik T ’

and the equality

OF 0
G+ 5o (B + Do+ 6l[a x L] xul "} = 0,

In the above list of equations, the last equation (the law of conservation of energy) is a consequence of the
preceding equations. The invariance of the equations under rotations of the coordinate system is beyond doubt.
The invariance under conversion to a moving (at constant velocity) coordinate system follows from the fact that in
making the complication we do not change the first equation (the law of conservation of mass), supplementing the
remaining equations (except for the last equation, which is a consequence of the preceding ones) with new terms
that are independent of the components u; or depend only on the derivatives du;/0x;. These derivatives do not
change when w; is replaced by u; + U; (U; = const). We recall (see [1, Sec. 1]) that in the proof of invariance, we
have to add the equation of conservation of mass (which is not modified) multiplied by constant coefficients to the
momentum equations. Naturally, the invariance is only due to the fact that the generating potential (2.2) is given
by a function that is invariant under rotations. After similar transformations, other versions of identities united by
equality (1.5) lead to new versions of Galilean-invariant complicated systems. We shall not dwell on this now.

We now turn to modifications which are based on identities (1.14)—(1.16). In this case, it is natural to use
the generalized tensor notation described in Sec. 1.

We use the system

8Lq0 a(uquo) _ 8Luz 8(“‘1@[’)“1 _
ot "oz, O o T om, "
JA LA
orin Wb ot st i .
ot e Yja > ot Oz T '
OB (B4 L) _,
ot 8a:k -

as the initial system and introduce additional terms into the left sides of some equations.
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We assume that the result of the modification is as follows:

(1,4)
Ly  Ourly) _ o OLu OllurL)u; = 4ia™ Lol .
ot oxy, o ot oxy, o
1,A) (1,4
R SR VRNV gy OV R
— 1, _— = — . 5 - ) *
ot Oz, q,(m’ )al’k ¥ja ot Oxy, T
A
OF B[Uk(E + L) — uiqg’ )Lq£1,A)]
— e =0.
8t + ﬁxk
Just as in the initial system (2.7), the last equation in the modified system is a linear combination of the preced-
ing equations with the coefficients qqg, u;, qj(»;’A), and T, respectively. To justify this statement, we need to use
identity (1.14) after making the following change of notation in that identity:

N — A7 n—a, pl(cZN) - Lqﬁl’AM qfrleN) - qz(clL’A)'
We note that the equations on the left of the second line of system (2.8) have lost the divergent form as a result of
modification and are no longer conservation laws. In contrast, the laws of conservation of mass, momentum, and
energy are not violated, although the last two laws have changed.
Similarly, modified equations differing from (2.8) only in certain signs are constructed from the initial sys-
tem (2.7) using identity (1.14):

(1,4)
0Ly, | OurLy) _ | OLu, OllurL)u + s Lol .
ot oxy, o ot oxy, o
OLygw  Huwbygw) o ou_aw 0Lr | dwlr) _ an Vel 2.9
ot 8£Ck ql(ctA) 8(Ek n nga ’ ot Bxk - T ’ ’
o Olu(E+L)+ Uiqg’A)Lq;Lm] .
o d -
identity (1.16) leads to another possible modification:
1,A
8LQO 8(ukLQO) 0 aLU1 a[(ukL)ul B 5ikQ§a )Lqﬁ)m] 0
o om0 ot dan —
anﬁ,’A) n 8(uqu_§i’A)) I Qup _ (1,4) OLr i O(upLr) QEZA)SQS'Z’A) (2.10)
ot Dz, 6w om0 o oz, T '
1A
or OB+l -au Low)

—+

ot Oxy,
We note that in constructing modifications containing the laws of conservation of mass, momentum, and energy, we
can use several identities (1.14)—(1.16) simultaneously. We give a possible example of a modification constructed in

this way:
DLy, | OugLy,) oLy, D) =gy Loan + a7 Lo )]
90 + 9/ _ 0 Usq + ja ka =0
ot Oxy, ’ ot oz, ’
3qu(_(11,A) a(uqu,(-(l{A)) . g . dup B (1.4) -
ot me P PR By T R 240
(1,4A) - (1,4)
OLy . O(ux L) B q](i,A)(p;Z,A) a£ . Olux(E+ L — Uja Lq;‘fl{A)) + u;q;, Lq;}a,A)] 0
ot oxy, T ’ ot oxy, ’
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The left sides of the above equations contain additional terms (relative to the initial system), which were used
earlier in constructing both Egs. (2.9) and system (2.10).

Additional [to system (2.7)] terms of the modified systems (2.8)—(2.11) do not violate Galilean invariance
since the modification does not touch upon the first equation (the law of conservation of mass) and in all equations,
except for the last one, it uses only the derivatives du;/dxy, so that the additional terms are not changed when
constants are added to w;. In addition, it is easy to check that the additional terms are invariant under rotations.
The last equality in (2.11) is a consequence of all the preceding equalities.

We recall that we use the generating potential L of the special form (2.2).

3. Modifications Equivalent to Symmetric Hyperbolic Systems. If the generating potential is a
convex function of its arguments, then simple thermodynamically consistent systems of conservation laws can always
be written in the form of a symmetric hyperbolic system. Although this fact is generally known at present, we need
to dwell on it because this fact is used in investigation of the modified equations.

If a simple system does not include the last (energy) equation, which is a consequence of the remaining

equations, then this system can be written as follows [L = L(ry,7o,...,7n5), M) =upL = M®) (ry 7o, ... rN)]:
oL,, oM
: = f 3.1
ot " om ! (8-1)
(all unknowns here are renamed as ;). Equations (3.1) can be rewritten in quasilinear form
or; or;
Loy, =2 4+ M%) =0 — 1 3.2
i at + TiTj axk f ? ( )

so that the matrices of the coefficients at the derivatives turn out to be symmetric. The positive definiteness of the
matrix L, follows from the assumption that the generating potential L is convex.

Describing the procedure of constructing modified equations in Sec. 2, we singled out constructions in which
additional terms are not introduced into the equalities that describe the law of conservation of momentum. It turns
out that in this case the system constructed can also be written in the form (3.1) but with modified potentials M (k)
and therefore, the justification of hyperbolicity based on consideration of its quasilinear version (3.2) remains valid.

We show the validity of this statement using as an example Eqs. (2.4) and (2.6), which were considered
earlier.

Equations (2.4) are written in a more detailed form using the Clebsch—Gordan coefficients:

OL ) N ukL ) s [ 3 otk oryY I
ot Oy, 24+1 ALAL 9y, «
oL O(ugL A
) . (ug TégA)) s /i Ptk 8q((1 ) _ _¢(A)
ot oxy 2A+1 AlL,A] oxy B
Using the properties of the Clebsch—Gordan coefficients

alk,b] blk,a] k[b,a] k[o,b]
Gapa = *GA[l A =VEA+D)/BG 5y =—VE2A+1)/BG

and setting
F® = 5(G’1€[A,A]7‘(A)aq(A)) =0G, ba] 7"1(; )Q&A)7

we can establish that if we modify a simple system as is indicated in (2.4), then in Eqgs. (3.1) we need to use
the modified potentials M® = M®) 4+ F*) ingtead of the potentials M*). Therefore, in the quasilinear formula-
tion (3.2), the elements ngk% are replaced by Mﬁkr)j, and it is evident that in this case the coefficient matrices remain
symmetric. The matrix of coefficients at the derivatives with respect to ¢ does not change at all, thus remaining
symmetric and positive definite. Consequently, the modification considered preserves the symmetric hyperbolicity
of the equations. Egs. (2.6) can be written in greater detail:

8Lq((1,4) N a( ukL (A) a[k ] argAJrl) @(A)
ot V 2A+1 ALAH] gy @

8LT2A+1) N 8(ukL (A+1) Blk)] aqéA) B 71/}(A+1)
ot 2A+ A+1[1 Al dxy '
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Again using the properties of the Clebsch—Gordan coefficients

alk,a [k, kla,x kla,a
V3/(2A+1)G [1A]+1 V3/(2A+1 GA+1]1A 7G1[[A+]1 Al = Gl[[A,A]—i-l]

and setting

b = sGhlcl | g — 5 () p(At)y,

1[A+1, G 1[A+1,419

we see that the modification described is again reduced to replacement of the potentials M) by the corresponding
potentials M® = M® 4+ P& which, as was already noted, does not violate the symmetric hyperbolicity of the
equations.

However, it is not clear at all whether the constructions given at the end of Sec. 2, which include new
terms in the momentum flux, lead to hyperbolic modified equations. It is most probable that, in general, it is
not so. At the same time, hyperbolic modifications exist among systems with modified momentum, too. We show
that modifications of systems (2.8) and (2.11) can be written in the form of symmetric hyperbolic systems. This
reduction is based on the fact that Egs. (2.8) and (2.11) have characteristics dx;/dt = u; — streamlines. The
relations along these characteristics can be found and used to symmetrize the coefficient matrices of the quasilinear
form of the above-mentioned equations.

We begin with construction of the relations along the streamlines for the equations of system (2.8). For this,
it suffices to use the following equalities from that system:

6Lq.§}1,4) N 6(ukL ;}1 A)) 7 % A
ot Dz, s Pz TIa
Differentiating each of these equalities with respect to z; and summing over j, we obtain the equation
OL (1,4 OL (1,4 (1,4)
0 (L) 0 (L) 3
AN (i v IR (R i I o T (3.3)
ot Oz, oxy, Ox;j Ba:j
Comparing this equation with the law of conservation of mass
ano + a(uquo) -0
ot 6$k
and introducing the notation
1 0
DM = — L au, 3.4
¢ LQU 6:%] qJ(tll ™ ( )
we see that
oDy aD{Y 1 opl
+up 1 P (3.5)
ot 6£L'k qu aLL‘j
Using the notation (3.4) and differentiating, we transform the law of conservation of momentum
oL, Ol(urL)u, — " )Lq;w] 0
8t + al‘k o
into
OLy,  O(ugL)., ogia (1,4) OL 0.0 (1,4)
ui L =g o = Ly DY,
at | om W Tory B gy, dia Tata
After that, system (2.8) supplemented with equality (3.5) becomes:
OLgy | O(ukLy,) OLy, | O(ugL)y, dgip ™ (1,4) (A
=0 : Lo Loy 0 = Lyygi Y DAY
ot o T T om iV Tog, | wta P
0Ly . OurLyg ) RN U Y (3.6)
ot Dy, e Pzy e ‘
1,4) (1,A 1,A
oLy  O(wlr) _ 4oy 9D oD 1 9
ot oxy, T ’ ot oxy, Ly, Ox;
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This system differs from the simplest initial Galilean-invariant and thermodynamically consistent equations only in
the presence of the last equation and additional terms (the last terms) in some equations. Reducing the simplest
equations to a quasilinear form with symmetric coefficient matrices , we can easily see that this symmetry is
preserved after inclusion of the above-mentioned additional terms in the equations. The matrices at the derivatives
with respect to ¢ do not change. This implies the symmetric hyperbolicity of Egs. (3.6) but only if L is a convex
function of its arguments. It is easy to check that inclusion of the last equality in system (3.6) does not violate its
symmetric hyperbolicity as well.

The Cauchy problem for system (3.6) is uniquely solvable for all sufficiently smooth initial data, but equal-
ity (3.4) may fail on its solutions. But if the initial data satisfy equality (3.4), then the uniqueness of the solution
and a comparison of Egs. (3.3) and (3.5) imply that (3.4) is fulfilled identically everywhere. Thus, the symmetric
hyperbolicity of one of the equivalent versions (3.6) of Egs. (2.8) is justified.

Assuming that at the initial time we have DaA =0 and ¢4 = 0, we come to the following compatible
overdetermined system of conservation laws:

(1,4)

0Ly, . O(urLy,) . 9L, . O(ux Ly, + 0L — q;, qu(cla,A)) )
ot oxy, o ot oxy, o
OL (1,A) 5‘(ukL (1,A) — UjL (1,A)) 9
qj'a qja qka _ - —
o T dxy, =0 dxy, Lo =0, (37)
(1,4)
Ly  O(ulr) _,  OF Olur(E + L) — wiggy Lyom] .

ot T ony o T B

We recall that ' = qoLg, + u; Ly, + qﬁi’A)Lq<1,A) +TLy — L, L = A(qo + usu;/2,q"4), T), and L is assumed to be
a convex function of its arguments. ’

A similar derivation of the relations along the streamlines for Eqs. (2.11) with zero right sides will be
described briefly. We use the equations of system (2.11)

OL .4 8(Uqu<1,A)) g Oy,
IR e MR g N L) (3.8)
Differentiating equalities (3.8) and introducing the notation
OLan DL g (1,4)
— = —ekmiW,

0T, oxy,

we can justify the equality

aw](}f‘) 6(ukw(-¢11’A) - ujw,gl’A))

. =0 3.9

o " D, ’ (3.9)

which is an analog of equality (3.3) used in the above analysis of Eqgs. (2.8). In particular, it follows from (3.9) that
A)

if the right sides are zeros and all w](i are equal to zero at the initial time, then this equality will be preserved
subsequently. Reduction of Egs. (2.11) with zero right sides (I!!) to the form of a symmetric hyperbolic system is
carried out under the assumption that w(Z’A) = 0. This equality makes it possible to transform the equations of the

J
law of conservation of momentum

7 s (LA (1,4)
8Lui 8(UkLui + 0L 5quja Lq;i,A) + q;, qu(il,A))

=0
ot + 8xk
to a nondivergent but more convenient form:
aL’U«z + a(ukL)"—h + L aq/(CZA) _ L aqgi,A) —
ot oz, ain ™ Oxy, g, Oxy, -
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As a result, we arrive at the following equations equivalent (under above the assumptions) to system (2.11):

OLgy  O(ukLy,) OLu, | O(urlL)u, dq%y " dagy™
ot + 9 =0, ot + 9 + LqQ,A) P — Lq(},A) Oz =0,
T T ia Tk ka €T (310)
anﬁi’A) a(uquﬁ-i’A)) Ouy OQuy, OLr  O(uxLr)
+ +L aa=——L a.4—=0, —+ ——==0.
ot oxy, ha  Oxy, 9a 8xj ot oxy,

Equalities (3.10) are now easily reduced to a quasilinear form with symmetric matrices of coefficients at the deriva-
tives with respect to t and xj, whence symmetric hyperbolicity follows in the case of a convex generating function L.

In conclusion, we give an overdetermined system of conservation laws which is similar to (3.7) and is equiv-
alent to Eqgs. (2.11) supplemented with one more equation for the unknown n:

1,4 1,4
0Ly | duly) _, 0Ly, | O0but0a(l g g 0) v a Mg m]l
ot " om0 ot T Frn =5
an;i,A) N 8(Uqul(;.A>) e A 8qu(ct.A) B anﬁiZLA) Lo LA
ot (r“)l'j FImUIWma 7> axm axk kmjWigq P
1,A 1,A 1,A
8w](,a ) a(ukw](,a ) _ uj'wl(m )) o OL,, N O(ugLy) _
ot oxy, ’ ot oxy, ’
(1,A) (1,A)
oLy . d(uxLr) nv OF . Olux(E+ L —q;, Lq_gim) Fuigi, " L] Y
815 ka B T7 8t 8xk o

Specific examples from mathematical physics containing equations constructed from the elements described
in this and previous sections will be given in Sec. 4.

4. Two Concrete Examples. In this section we shall show how rather complex equations of mathematical
physics can be obtained from the simplest Galilean-invariant thermodynamically consistent conservation laws using
the modifications described in Secs. 2 and 3. The present study was carried out with the aim to systematize the
widest possible class of such equations and is a continuation of a series of studies on standardization of formulas
contained in various monographs on physics such as [6-8] and in a number of papers. The results of this work are
described in papers [2-4], which give equations written in generating potentials. In the present work, we confine
ourselves to generating potentials of special form and describe in detail the “constructions” of equations using those
potentials.

In Sec. 2, a modified system (2.11) is described. We dwell on the version that differs from (2.11) by

specification of the tensor variables qj(.i’A); namely, we set ql%,o) =j; (i =0,%1). Then, the system is written as
8LQO + 8(uqu0) -0 8Lui + 6[(ukL)uz - 6i7€ijjm +jiij] -0
ot oxy, ’ ot oxy, ’
8Lj, 8(uij.) 8uk 3uk (9LT 8(ukLT) vn
; J_p, 9 g G o 2or Okbr) _vn 4.1
ot omn om0 ot T om T (1)
OLn , Oukln) _ -~ OE  Ou(E+ L= jmbn) + tminli] _ o
ot 8wk ot 8xk
We also assume that
L:A(qO+Uiui/2,j—l7j07jlvnaT)7 E= QOqu +ukLuk +ijjm +nLn+TLT *L (42)

It was shown in Sec. 3 that Eqgs. (2.11) (with zero right sides) can be reduced to a symmetric hyperbolic system.
This reduction is based on additional relations that follow from the equations and in the version (4.2) have the form

ow,  O(ugw, — urwy)

= 4.
ot oxy, 0, (4.3)
dL;, 0L, oL; , 0L, oL, OL;
_ = —1 —_ —0 = = — —1 = = —O — = . 44
w-t (9560 81‘1 0’ wo (91‘1 8$_1 07 Wi 8$_1 8x0 0 ( )
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Using new variables w,,,, we can rewrite equations of the third group from system (4.1) in the form
OL,, n O(umLyj,,)
ot ox;
We recall that exactly these equations were used to derive relations (4.3).
We now subject Egs. (4.5) and the penultimate equation of system (4.1) to one more modification, which,
in essence, coincides with the simplest version of modification of (2.7) from Sec. 2. We give its result:
oL, N O(ur Ly, + ji) oL;,  O(umLj, +n)

a1 B Y, a T o 0 (4.6)

We note that the additional terms n and ji, which, during modification, were brought under the symbol of
the derivatives 0/dzy, do not violate the validity of Eqgs. (4.3), which follow from (4.5) as well as from (4.6).
At the same time, as was noted in Sec. 2, the modification performed leads to the appearance of additional
terms in the energy fluxes. The energy equation becomes
OFE  Oug(E+ L — jmLj,,) + umimLj, + nji
— +
ot oxy,
Thus, as a result of the modifications described above, we come to the following overdetermined but compatible
system:

— e;ruw, = 0. (4.5)

=0.

ano a(uquO) OL,. 8[(ukL)u — 6ikijj, +jiij]
— O k2 K2 Jm — O
at | oan Tt D ’
ot oxy, 0xm Oxy, (4.7)
8Ln + 8(ukLn —|—jk) -y 6LT + 8(UkLT) E
ot oxy - ’ ot oxy T
0L  Olur(E+ L = jmL,) + wmjmLy +nje] _
ot 8xk '

The first two equations in system (4.7) model the laws of conservation of mass and momentum. The last
but one equation is the compensating equation for entropy, and the equation which precedes it is the equation for
the “chemical potential” n, whose gradient gives rise to superfluid flux j. The last equation in the system is the
law of conservation of energy.

System (4.7) is close to the formalization of the equations for superfluid helium described in [8] and schema-
tized in [4]. An additional equation for the “chemical potential” n is included in Eqs. (4.7), whereas in [8] its role was
played by go. Unfortunately, in this case, the superfluid flux j enters in the first equation (the law of conservation
of mass), and one of the postulates underlying our investigation is thus violated. The justification of the Galilean
invariance in our work is based on this postulate.

We now turn to the compatible overdetermined system (3.7), which was constructed in Sec. 3 with the help
of one modification considered there. We again confine ourselves to the simplest version, setting A = 0 and using
the compact notation by for the variables q,%o). At the same time, instead of system (3.7) we consider its simple
generalization to the case where the medium is characterized by two temperatures and terms describing viscous
dissipation and heat conduction are included in the momentum flux and in the energy equation:

a§§° + a(lg;i%) —0, ag;” + a%ﬁ (ukLm + 6L — biLy, + pt g;‘k) —0,
8§tbi n 3(ukLbé.a;uiLbk) ~0, % Ly, =0,
T+ A = e e R T (),
aa—f + %[uk(E+L)+ummebk - K Z—i —Kgg—fi+uia%€( ggk)] =0
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The viscosity p, thermal conductivities K7 and Ko, and the coefficient of thermal relaxation Ki5 are assumed to be
positive. Here we do not discuss the well-known facts concerning the consistency of the dissipative terms included
in the equations, which were discussed in [1] for a similar case. A detailed description of all possible versions of
account of dissipative processes in arbitrary systems of Galilean-invariant equations should be the subject of further
investigation.

In order to render the system of compatible conservation laws (4.8) specific, we specify the equation of state

&€= E(pv 51752) = 8(1)(p, Sl) + 8(2)(p7 SQ)
and set

do = E(p, S1,52) + p€,(p, 1, 52) + S1€) (0, 51) + S26S) (p, S2) — upup/2,

T=¢ey, T=¢eY,  L=p,p51,5)+biby/2.
In this case, it turns out that

qu =P Lui = pPUi, LTj = pS]a

E = qoqu + ukLuk + TjLTj + bkLbk — L= p(g(p, S, 52) + ukuk/Z) + bkbk/Q

and equalities (4.8) are specified in the form known as the equations of two-temperature magnetic hydrodynamics
(the version describing a collisionless plasma in a certain range of parameters; see [9]). Summing up two penultimate
equalities in (4.8), we obtain

8[/)(51 + SQ)] 0 K, 0T, Ky 0Ty
—_ = — (S1+852) — —/— — — — —}
ot + 8:ck pUk( 1+ 2) T1 8$k T2 8(Ek
LK O K 0T 0T, | (1= T? | o ou,
o T12 8xk axk T22 8xk axk 12 T2T1 T1 al'k 8xk ~
Thus, we arrive at the statement that can be formulated as the law of increase of total entropy.
This work was supported by the Russian Foundation for Fundamental Research (Grant No. 01-01-00766).
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