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An extended Kovalevskaya form is derived for the two-dimensional incompress-
ible Mooney-Rivlin nonlinear hyperelasticity equations and is used to compute a
complete set of local conservation laws of the model through the direct method.
Conserved densities and fluxes of the conservation laws are derived, and their
physical interpretation is discussed. Since the model admits a variational formulation,
the equations are rewritten in the self-adjoint form. Computation of local conserva-
tion laws through the direct method applied to the self-adjoint form, as well as a
conservation law computation through the local symmetry analysis and the Noether’s
first theorem, is performed. A correspondence between local variational symmetries
and conservation law multipliers is illustrated. It is argued that even though it leads
to more complicated forms of multipliers, the direct conservation law construction
method applied to the Kovalevskaya form of the equations is a preferred systematic
way of conservation law computations for complicated physical models of the type
considered in this work, since it yields complete results, and naturally avoids singular
multipliers. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937756]

. INTRODUCTION

Conservation laws of differential equations (DE) contain fundamental, coordinate-invariant
information about the properties of the system and are employed in analysis, computations, as well
as exact and numerical solution of DE problems (e.g, Ref. 6 and references therein). For a system of
partial differential equations (PDEs) R: { R [u] = O}(Ile with independent variables z = {z’ }, and

dependent variables u = {uk(z)}]’:’:l, local conservation laws are given by divergence expressions

D;®[u] = 0, (1.1)

where differential functions @[] are the conservation law fluxes, and summation in the repeated
index is assumed. If one of the variables is time, the conservation law takes the form

D,0[u] + D;®[u] = 0,

with the conserved density ®[u]. The operators D; and D, stand for total derivatives by z' and ¢,
respectively. If the fluxes @ vanish on the boundary of the spatial domain D or at infinity, as well as
in the periodic case, a global conserved quantity follows:

_ aJ _
j—///@dv, =0, (1.2)
D

Characteristic forms of local conservation laws (1.1) and the related direct (multiplier-based)
conservation law construction method are discussed in Section II.

In the current paper, we consider (2+1)-dimensional incompressible dynamic nonlinear hypere-
lasticity equations. After a brief introduction, the PDE system of interest is presented in Section III.
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It consists of two coupled second-order nonlinear wave equations and a first-order nonlinear differ-
ential constraint, the incompressibility condition. Even with the presence of the latter, hyperelas-
ticity equations without viscous/dissipative effects are known to arise from a classical variational
principle.'*

In Section IV, we disregard the variational property of the hyperelasticity system and seek its
local conservation laws using the direct method. We show that the equations admit extended Ko-
valevskaya forms with respect to both spatial coordinates, rewrite them in such a form, and derive
all local conservation laws involving second-order multipliers. Conserved densities and fluxes of the
conservation laws are presented, and their physical meaning is identified.

In Section V, we turn to the variational structure of the hyperelasticity equations. We first
compute first-order local symmetries of the system and identify the variational ones. The conserva-
tion law multipliers computed in Section IV through the extended Kovalevskaya form are matched
with multipliers of the system in the self-adjoint writing. Both the PDEs and the multipliers in the
latter case turn out to have much simpler expressions than those for the extended Kovalevskaya
formulation. A correspondence between the variational symmetry components and local conserva-
tion laws following from the Noether’s first theorem is outlined. It is shown for the current example
that for the sake of completeness, it is essential to work with a Kovalevskaya form of a PDE system
when its conservation laws are computed through the direct construction method. Computationally,
the direct method is also superior to Noether’s theorem since it results in simpler determining
equations.

The paper is concluded with a discussion in Section VI.

The symmetry and conservation law computations were performed using GeM software package
for Maple.®

Il. SYSTEMATIC COMPUTATION OF LOCAL CONSERVATION LAWS

Consider a PDE system R with independent variables z = {z’ }"., and dependent variables
u = {uk(2)} . given by

R7[u] = R°(z,u,0u,...,09%u)=0, o=1,...,N, (2.1)

where ¢ is the highest derivative order in the system, and du, . .., d9u are sets of partial derivatives
of u of corresponding orders. Let R) denote a maximal set of algebraically independent differential
consequences of R of order less than or equal to k. Then equations R correspond to a system
of algebraic equations in the jet space J*(x|u). PDE system (2.1) is totally nondegenerate, if it is
locally solvable and is of maximal rank in every point of R (for details, see, e.g., Refs. 20 and
22). Most physical systems are totally nondegenerate. For such PDE systems, it follows from the
Hadamard lemma that every local conservation law (1.1) can be written in an equivalent character-
istic form

D,®[u] = Ay [u]R[u] = 0, (2.2)

where {A(,[u]}g:1 are the conservation law multipliers (characteristics), and D;(®/[u] — ®'[u]) = 0
is a trivial conservation law (see, e.g., Refs. 6, 20, and 22).

In practice, one is interested in computing the complete set of independent, nontrivial local
conservation laws of a given PDE system. An addition of a trivial conservation law to a given one
yields a conservation law equivalent to the given one. Conservation law computations are therefore
done modulo trivial conservation laws, i.e., one is interested in obtaining one representative of each
conservation law equivalence class.

For variational PDE systems, that is, when all equations R“[u] = 0 arise as Euler-Lagrange
equations of some action functional, the Noether’s first theorem establishes a one-to-one correspon-
dence between conservation law multipliers and variational symmetries of the given system. The
necessary and sufficient conditions (the Helmholtz conditions) for a DE system to be variational
are that its linearization operator (Fréchet derivative) is self-adjoint. (In particular, it follows that
for variational PDE systems, the number of equations equals the number of unknowns, N = m.)
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Relatively few models arising in modern applications turn out to be variational. Moreover, the
property of a PDE system being variational is heavily dependent on the choice of variables and on
the representation of a PDE system (e.g., Ref. 5). Generally, the “inverse problem of the calculus of
variations,” that is, the problem of determining whether or not a given DE system is equivalent to a
system of Euler-Lagrange equations, remains open. For a detailed discussion including a literature
review, see Ref. 20, p. 378.

For many classical, variational and non-variational PDE systems, conservation laws have been
found by ad hoc, or somewhat systematic, methods, including the Noether’s first theorem. An
interesting review devoted to comparison of several methods of computation of conservation laws
is found in Ref. 25. For non-variational systems, it is well-known that sets of local conservation
laws and local symmetries can be quite different. A rich example is provided in Ref. 7, where local
symmetries and conservation laws of a non-variational system of nonlinear telegraph equations
were classified and compared.

A rather general systematic and practically efficient direct construction (multiplier) method of
local conservation law construction, applicable to both variational and non-variational PDE sys-
tems, appears in Ref. 20, p. 330, and in a detailed fashion, in Refs. 2—4. The method consists in the
application of Euler differential operators Eye to seek sets of local multipliers {A,[U]}Y_, yielding
divergence expressions

D;®[U] = A, [UIR7[U], (2.3)

where U = {U "(z)},’Z‘:1 is an arbitrary vector function. Then on solutions U*(z) = u*(z) of the PDE
system, local conservation law (2.2) holds. Though the properties of Euler operators and conser-
vation law characteristic form (2.2) have been known for a long time, the important aspect of the
method is the consideration of the conservation law multiplier determining equations,

Eye (AL[UIRC[U]) =0, a=1,...,N, 2.4)

off of the solution space.

The direct construction method has been successfully applied to a large number of linear and
nonlinear PDE systems arising in applications (see, e.g., Ref. 6 and references therein). The direct
method and related methods of flux computation have been implemented in the symbolic pack-
age GeM for Maple (see Refs. 9 and 10). Other symbolic software packages for conservation law
computations exist; see, e.g., Refs. 10 and 25.

Within the direct method, one obtains a linear overdetermined system of determining equations
for the unknown multipliers, in many ways similar to symmetry determining equations arising in
local symmetry analysis. Solution of such systems proceeds by usual techniques and software for
differential elimination (see, e.g., Ref. 9 and references therein). In computations using symbolic
software, the multiplier determining equations arising from (2.4) are solved more efficiently than,
for example, determining equations for the unknown fluxes that one would get trying to directly
solve (1.1). Indeed, the solution of the latter would involve arbitrary functions corresponding to
trivial conservation law fluxes.

In computations that use the direct method, singular multipliers that vanish on all solu-
tions of the given system may arise. Such multipliers correspond to no conservation laws of
the original system, and should be excluded. For example, taking A[U] = (D;F[U])/R'[U] and
Ag+1[U] = 0 yields a divergence expression A, [U]R[U] = D;Fi[U] for a arbitrary differential
functions { F/[U]}; yet D;Fi[u] = 0 is generally not a conservation law of the given PDE system.

In practical computations with the direct method, the main two related questions are as follows.
(a) How does one compute a full set (or a largest possible set) of conservation laws for a given PDE
system? (b) How does one avoid singular conservation law multipliers?

In order to obtain a larger set of conservation laws, one naturally allows the multipliers
{As[U]} to depend on independent and dependent variables of the system, as well as on derivatives
up to some highest order. (For some classes of PDE systems, the highest possible conservation law
order is known theoretically.) However, in order to exclude singular multipliers that are singular
functions on the solution manifold of R, some set of leading derivatives and their differential
consequences have to be excluded from the multiplier dependence.
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A simultaneous answer to the above two questions is available for PDE systems written in
a general Kovalevskaya form. The latter is a solved form with respect to leading derivatives of
all dependent variables by a given independent variable, say z", such that the right-hand sides of
the PDEs do not involve leading derivatives, as well as derivatives of orders higher than those
of the leading derivatives. For PDE systems written in a general Kovalevskaya form, every local
conservation law has equivalent characteristic form (2.2) with multipliers independent of the lead-
ing derivatives and their differential consequences.?’ (Another important result for systems written
in the general Kovalevskaya form is the local existence and uniqueness of an analytic solution of a
Cauchy problem with analytic initial data, e.g., Refs. 20 and 21).

The existence of a general Kovalevskaya form for a given PDE system is equivalent to the
normality condition, in particular, the existence of a non-characteristic direction.!*? However,
many examples of non-normal physical systems exist, for example, mechanical systems involving
an incompressibility constraint. An extension of the above result, namely, the existence, for every
local conservation law, of an equivalent conservation law with a characteristic form involving multi-
pliers independent of the leading derivatives, has been proven for a wider class of PDE systems
in Ref. 1 (see also Ref. 22). It is formulated as follows.

Definition 1. PDE system R (2.1) consisting of N = m equations and involving m dependent
variables u = {uk(z)}Z‘:1 is in the extended Kovalevskaya form {R”[u] = 0}_, with respect to an
independent variable, say, 7", if each equation of R has the form

e 6 ro—ua'

g — (o8 — —

R [M]—W—H [M]—O, a'-l,...,m, (25)
where the functions H?[u] may involve z, u, and derivatives of u with respect to z up to some
maximal order p, and moreover, each u? is differentiated with respect to z" at most r, — 1 times,
b=1,....m.In2.5),r, < p.

In other words, a PDE system in extended Kovalevskaya form is solved for the leading deriva-
tives

6 r oy

a(zm)’
and the right-hand sides H“[u] of the equations involve neither the leading derivatives nor their
differential consequences. The form of PDE system (2.5) is broader than the general Kovalevskaya

form, since the derivative orders in right-hand sides H? [u] of the equations in (2.5) are not restricted
by the orders r, of leading derivatives (2.6). The following theorem holds.'

oc=1,...,m, (2.6)

Theorem 1. Suppose R (2.1) is a locally solvable system of differential equations written in
extended Kovalevskaya form (2.5). Then the divergence expression of every local conservation law
(1.1) of R has an equivalent form

a"o-U(r

D;0'[U] = Z AslU] (W
o=1

- H7[U ]) ,
where the multipliers {KU[U 1}_, are independent of the leading derivatives (2.6) and their differ-
ential consequences.

Said differently, this means that every conservation law of a PDE system satisfying the require-
ments of Theorem 1 can be obtained (up to conservation law equivalence) through the direct
construction method, and singular multipliers will not arise.

In a practical conservation law computation, if the PDE system of interest admits an extended
Kovalevskaya form (2.5), one would normally use that form for the sake of completeness. On the
other hand, for an initially complicated PDE system, its extended Kovalevskaya form can turn out
significantly more complicated. This can result in more involved expressions for the multipliers

{K(T [u]}_, compared to those for the original form of the equations.
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We note that for a PDE system to admit a general or extended Kovalevskaya form, it is
necessary that the number of dependent variables and the number of equations coincide. A num-
ber of physical models, such as Maxwell’s equations, admit neither a general nor an extended
Kovalevskaya form. A discussion of the nature of such examples can be found in Refs. 19 and 20.

lll. THE INCOMPRESSIBLE DYNAMIC MOONEY-RIVLIN HYPERELASTICITY MODELS

Consider a spatial region Q C R? in the reference (Lagrange) configuration, Q, being an
open bounded connected set having a Lipschitz boungary.12 The actual (Eulerian) domain occupied
by that body is Q = #(Qp) C R. The position x € Q of a material point depends on Lagrangian
coordinates (initial conditions) X = (X', X% X?) € 50 at time ¢ according to

x=¢' (X,1), i=12.3.

Sufficient smoothness of the mapping ¢ is assumed. The deformation gradient is given by

i _ 0¢'
F(X,1) = Vg, F = axi - Fij, (3.1
and the Jacobian determinant satisfies the orientation-preserving condition
J =detF > 0.

In the current work, we restrict our attention to incompressible materials with J = 1, encompassing
a wide class of models.

The stress in the reference configuration is described by the first Piola-Kirchhoft tensor P. For
hyperelastic materials, a scalar volumetric strain energy function W = W (X,F) in the reference
configuration is prescribed, defining the material behavior. For incompressible models, the first
Piola-Kirchhoff tensor is given by

P=—pF '+ Po(;—vl:, PY=—p(F 'Y+ pogTvi/j, (3.2)

where p = p(X,1) is the hydrostatic pressure,'>!® and py = po(X) is the (time-independent) body

density in the reference configuration. The actual density in Eulerian coordinates,

p = pX,t) = po(X)/J = po(X),

is also time-independent for incompressible materials.

A constitutive relation for an isotropic homogeneous hyperelastic material is an expression for
the strain energy function W stated in terms of invariants of the (left and right) Cauchy-Green strain
tensors

B = FF’, C =F'F. (3.3)

The three principal invariants of the Cauchy-Green tensors are given by

. 1 1 . .
I, =TiB =FFiy, L= E[(TrB)2 - Tr(B?)] = 5(112 - B*Bk) L =detB=J% (3.4)

where I3 is constant for incompressible motions. The strain energy density function therefore has
the form W = W(I,, ;). In the current paper, we restrict our attention to the Mooney-Rivlin mate-
rials, a subclass of Hadamard materials,'>!'® for which the constitutive relation is commonly written
as

W = a(l, - 3) + b(I, - 3), 3.5)

with W = 0 corresponding to the unperturbed equilibrium x = X. Model (3.5) with b = 0 is referred
to as the neo-Hookean model. The Mooney-Rivlin model (3.5) is being successfully used for the
description of a large number of materials in practical applications. The constants a,b > 0 are
experimentally determined material-dependent constitutive parameters.
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The full system of equations of motion of an incompressible hyperelastic material in three

dimensions is given by
i 6Pij+ G, i=1,23 J=detF=1 (3.6)
X = = , 1=1,23; =detF =1. .
POX;s 5X7 PO

The first equation expresses the balance of momentum for an infinitesimal volume in the reference
configuration; G = G(X,t) is the total body force per unit mass.

In the current work, we assume a two-dimensional setup with zero body forces and constant
mass density in the Lagrangian frame,

XM= X2 (X X%, =X, G =0, po = const. (3.7)

Without loss of generality, by re-scaling the pressure, one may take po = 1, which is done below.
For the brevity and simplicity of notation, we will denote partial derivatives that appear in PDE
system (3.8a)—(3.8c) and related computations with subscript symbols, e.g.,

9%x! 1 ox! 1 %x? 2 o0°p
T2 =M 3y X Syviav: S Y12 oyoa;
or’ 0X? dX'9X? 0X?%0t

and so on. In the above assumptions and notation, the two-dimensional equations of motion (3.6) of
an isotropic, homogeneous, incompressible hyperelastic solid are given by

Epzh

R'[x,pl =1—-J=1-(xlx3-x)x?) =0, (3.8a)
Rz[x,p] = x;t - [a (x}1 + xéz) - plxg +p2xﬂ =0, (3.8b)
R3[x,p] = xft - [a (x%1 + x%z) - pgx} +p1xé] =0, (3.8¢)

where @ = 2(a + b) = const > 0 is a material parameter. Model (3.8) includes two semi-linear wave
equations with nonlinear first order coupling in p, and the incompressibility condition J = 1 in the
form of first-order PDE (3.8a) representing a differential constraint.

PDE system (3.8) is a variational system arising from a classical variational principle, with the
Lagrangian density having the form

L=-K+W-p{J-1), (3.9)
where
1
K =3 () + (x)?) (3.10)
is the kinetic energy density, and
a 2 2 2 2
W= 2 (G () ()7 + () G.11)

is the potential (strain) energy density (3.5). It follows that PDEs (3.8) are self-adjoint as written. A
Lagrangian density equivalent to (3.9) up to a total divergence can be obtained from the homotopy
formula

N 1
L =/ u- R[Au] dA,
0

where, in the notation of Section I, the variables of PDE system (3.8) are denoted by u(z) =
(p.x'.xD); 2= (1, X", X?).

Mooney-Rivlin equations (3.8) arise as Euler-Lagrange equations under the action of the corre-
sponding Euler operators, as follows:

E,L=R'[x,p], E.L=R}x,pl, EnL=Rxp] (3.12)
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Equations (3.8a)—(3.8c) admit extended Kovalevskaya form (2.5), which is derived in Sec. IV
and is used in the direct construction of conservation laws.

IV. THE EXTENDED KOVALEVSKAYA FORM AND THE DIRECT CONSERVATION LAW
CONSTRUCTION

PDE system (3.8) consists of equations of different orders and therefore does not admit
a classical or a general Kovalevskaya form.”® However, they can be shown to admit extended
Kovalevskaya form (2.5). Assume 0x*/0X? # 0. The PDE R' can be solved for the derivative
0x'/0X', which is substituted into R?> and R>. The PDE R? is subsequently solved for 0°x%/d(X")?,
which is substituted into R>. Finally, one obtains a PDE system

R'[x.p] = x| - (x%)flS[xl,x2] =0, (4.1a)
= _ |
R*[x,p] = x%l - (—x%2 +a! [x,t p1x2 + pz(xz) S[xl,xz]]) =0, (4.1b)

RoLx.p] = pr = MIx' ] {(5) (x3x7, = x3el,) + (61N L ] +) 22

x
4.1c
+a [x3x5,N[x"', x7] = x3x7, — (XN [x', ] + x7) x3, } =0, @10

where
N[xl,xz] = (xé)2 + (x%)z, M[xl,xz] = N[xl,xz]’l(xg)_z, S[xl,x 1= (1 + x1 2)

PDE system (4.1) is equivalent to the original PDEs (3.8) when dx?/0X? # 0. The leading deriva-
tives are given by

{x1, 3., pi}. 4.2)

As required, neither these derivatives nor their differential consequences are present in the right-
hand sides when the PDEs (4.1) are solved for the leading derivatives.

From Theorem 1 it follows that every local conservation law of Mooney-Rivlin equations (3.8)
and (4.1) has a characteristic form

-
>
g
T
=,
=
3
3
=,
1
-
>)

o[x.p] R7[x,p] = D,¥ + D41®' + D1®* = 0, 4.3)
X X

where the multipliers {Kg[x, p]}zr:1 of the system in the extended Kovalevskaya form involve
neither leading derivatives (4.2) nor their differential consequences.

A. Local conservation law multipliers

For the system (4.1) in the extended Kovalevskaya form, we use the direct method to seek
local conservation laws (4.3). We find all conservation laws involving second-order multipliers
{Ao[x, pl}}_, which may depend on #,X’,x",p, and all derivatives of x’,p up to second order,
excluding leading derivatives (4.2) and their differential consequences, i.e., on the 24 variables,

i1 i 1.2 i 2 2 i i >
t’X 5-x 9p9pt’p29x[’x2’xiiptt5p229p2hx2t9x12s-x]t5-x”’x227 1= 152

The following theorem holds.
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Theorem 2. The complete set of second-order conservation law multipliers admitted by
Mooney-Rivlin system (4.1) is given by

-~ 0
A= foxt | 50 () - 07

_ 0 -2
== s () st )
C 252 4 52 0 ( 2)*1 2
+Cyax'py - Xt x o () X

-2 - 0 -1

(7 (64 a2 ) = ()7 a0k - D)
+Cy 3 xhy —a'x}, - 0 ((xz)_zsz[xl xz]) —C5i ((xz)_1(1+2x1x2))

22 tt 6X2 2 1 ’ 3X2 2 2741

A7 ((xz) ! 2) 0 a2
+(Op2 + £5(t) X*x5 + f3(t)x5, 4.4)

+ X - (x%)zfo[xl,xz]}

A =Ca ( 2) 2N[xl,xz] [Xlxéxé XzS[xl,x2]] -G a/_lxz(x%)_lN[xl,xz]
-Cya'x 1( 2) N[xl,xz] - Cy a_](xg)_zN[xl,xz]S[xl,xz]

Ox! - 4.5)
—Cs a_la—;z(xgl) 1N[xl,xz]
+f1(t) @' (x3) N[x', ¥?],
K3 =C {— 1(x%)_lN[x1 X+ Xz()cz)_2 ()czN[x1 X2+ xé)}
-G (x%) (x'x3 - ¥*x) + G (xz) (x! x2 + x7x3) 4.6)

+Cy (x%)_ (3N[x', x*] + x) + Cs (x3)” N[x ,x7]
-1
+h1(0) (x3) xy = falt) .
In (4.4)—(4.6), {Cx }2=1 are arbitrary constants, and {fl-(t)}?:1 are arbitrary functions of t.

Theorem 2 is proven by direct computation, which involves a solution of a linear overdeter-
mined system of 2869 determining equations. The computations are performed in Maple software
(version 17) using the GeM symbolic package (version 32.02)° for the conservation law analysis
(for details, see Ref. 8). In particular, multiplier determining equations (2.4) are generated and

split using the GeM routine gem_conslaw_det_eqs, and simplified using the Maple differential
elimination routine rifsimp.?

B. The conserved forms and the physical meaning

The corresponding conserved densities and fluxes can be computed from multipliers (4.4)—(4.6)
through formula (4.3) via the direct flux computation method,'” to yield the following conservation
laws.

(1) Conservation of generalized momentum in the x' direction. For arbitrary f;(¢), we obtain the
conservation of generalized momentum in xh

D, (fi(t)x; — fi(t)x")
Dy (a fi)x] = pfi(t)xs - % f{'(t)(xl)zxg) 4.7)

D w0+ prI + L0 =0
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(2) Conservation of generalized momentum in the x> direction. For arbitrary f,(¢), we obtain the

conservation of generalized momentum in x2,

D, (f2()x7 = f5(1)x?)
Dy (a/ F(Ox2 + pfa(t)xh + fz"(z)(xz)zx;) (4.8)

1
D a0 - phaod - 00 =0

Note that one has the conservation of regular linear momentum in x' and x? direction for
f1.2(t) = const, respectively.

(3) Conservation of angular momentum in the x> direction. From the multiplier set with coeffi-
cient C,, we obtain the conservation of angular momentum in the direction of X3, transverse to the
motions,

D, (x'x? - x}x?)

+Dy1 (@ (x})c2 - xlxz) px x2 pxzxg)
+Dya2 (e (xéxz - xlx%) + px xl + pxzxz) 0. 4.9)

(4) Conservation of energy. For the multiplier set corresponding to the coefficient Cs, we obtain the
conservation of energy. A simplified form of this conservation law (modulo an equivalence relation)
can be written as follows:

D ( (06 (6 G+ () + 5307+ 502

Dy (a (x}x] + x2x}) - px] x2 + pxix?)

—sz( (x x2 +x x2) +px x1 pxlxz) 0. (4.10)
Here the kinetic energy and the potential energy are given by (3.10) and (3.11), respectively.
(5) Generalized incompressibility condition. The multiplier set with the function f3(¢) corre-

sponds to a generalized version of the incompressibility condition, which has divergence conserva-
tion law form

D, ( / f3(1) dt) — Dyt (f3(6)x'x3) + Dy2 (f3(0)x'x?) = 0. 4.11)

Expansion and simplification of the above expression, assuming f>(¢) # 0, yields the usual incom-
pressibility condition (3.8a).

Momenta in the material frame. There are three additional conservation laws for the two compo-
nents of linear momentum, and one component of the angular momentum, in the Lagrangian frame,
corresponding to the multiplier sets with coefficient C;, Cy, and Cs.

The vectors for the linear momentum p and the angular momentum m in the Lagrangian frame
are defined as follows:'®

p= poFTx,, m=X Xp. 4.12)
These momenta are also referred to as material momenta.' In our notation, they have the form

p = (xix] + x2xD)i + (xlx) + x? x2)J, (4.13)
= (X! ()c,)c2 + xtxz) - X%(x! x1 + X x2))k (4.14)

where i, j, and k are the standard Cartesian basis vectors in the Lagrangian frame. The specific
forms of local conservation laws of the material momenta are given below.
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(6) Conservation of the material momentum in the X' direction. This conservation law corre-
sponds to the constant C4 in the multipliers (4.4)—(4.6) and has the form

D, (x}x} + x2x3)
2 2 2 2 1 2 1 2
Do (7 3= (a1 = () 2= 56 - )
~Dy2 (e (xjx} + x1x3)) = 0. (4.15)

(7) Conservation of the material momentum in the X? direction. This conservation law corre-
sponds to the constant Cs, and is given by

D, (+hx} + 323) = Dy (o (s} + x3)
2 2 2 2 1 2 1 2
D o (7 (= 18- 03 = 50 - 367) =0 @19

(8) Conservation of the material angular momentum in the X3 direction. The density of conser-
vation law corresponding to the constant C; in (4.4)—(4.6) is the k-component of (4.14). The local
conservation law is given by

Dt(Xz(x,lx} +x2x7) — X'(x, x5 + xfx%))
a 2 2 2 2
#Dx (537 (1) = ()4 () + ()

caxX! (xlxd+ x3ed) + X2 - LX) - L))

2
1% 2 2 2 2
D X () = () + (xd)” + (3
—aX? (x}x% + x%x%) - le + %Xl()ctl)2 + %Xl(xtz)z) =0. “4.17)

V. LOCAL SYMMETRIES OF THE MOONEY-RIVLIN EQUATIONS AND THEIR
RELATIONSHIP WITH LOCAL CONSERVATION LAWS

Since 2D Mooney-Rivlin equations (3.8) are self-adjoint as written, the Noether’s first theorem
holds, establishing a one-to-one relationship between the local variational symmetries and local
conservation laws of the model.

We now compute local symmetries, identify the variational ones, and relate the symmetry
generators with local conservation law multipliers of the PDEs (3.8).

A. First-order local symmetries

Local symmetries of the two-dimensional Mooney-Rivlin model can be computed using any
suitable representation of the governing equations (3.8). We apply the Lie’s algorithm to extended
Kovalevskaya form (4.1), seeking symmetry generators in the evolutionary form

0
ouk’
with z = (£, X', X?), u = (p, x',x?), and Ou representing all first-order partial derivatives of u. First-
order symmetries (5.1) include point symmetries

X = %(z,u, 0u) (5.1

) 0 0
Y = &(z,u)— + n*(z,u)—, 5.2
f(zu)az,+n(zu)auk (5.2)
in particular,

=t - e
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On solutions of the model, leading derivatives (4.2) are represented by the right-hand sides of the
PDEs (4.1). Therefore, instead of these leading derivatives, symmetry generators (5.1) are sought
as functions of other derivatives appearing in the right-hand sides of PDEs (4.1). The following
result is obtained by a direct Maple-based computation using the GeM symbolic software package.®?
Symmetry determining equations are generated and split using the GeM routine gem_symm_det_eqs
(see also Ref. 24).

Theorem 3. Two-dimensional Mooney-Rivlin equations (3.8) and (4.1) are invariant under an
infinite-dimensional group of Lie point transformations given by the infinitesimal generators,

e N S
ot’ ox!’ 0x2’
) ) ] )
Yi=x?— - X'— | Y == —xl—, 53
ax! 8 X2 Yo T a2 (5-3)

9 9 9 9
Y= F(t)— — F'()x' =, Y = F(t)— - F/(t) x* —,
1()ax1 1(1) x p 2()ax2 5 (1) x o

0 0 0 0 0 0
YSZFI—, Y9:t—+X1—+X2_+ 1_+ 2_’
W g, at ax1 axz TV gxt T Y g2
where Fi(t), F>(t), and F5(t) are arbitrary functions of time. No additional first-order symmetries
(5.1) arise.

The symmetries Y', Y2, Y? correspond to time translations and space translations in the
Lagrangian frame; Y* and Y? correspond to rotations in the material and the actual frames; Y° and
Y7 are generalized Galilei transformations, which include translations in x! and x? and the usual
Galilei transformations; Y3 is the translation of the pressure by an arbitrary function of time; Y°
is a generator of a scaling group. The basis of the Lie algebra of point symmetries (5.3) is in the
agreement with Ref. 17, where the commutator table of generators (5.3) is also computed, and
invariant solutions are considered.

B. The form of local conservation law multipliers for the variational formulation

Consider a local conservation law of a PDE system of maximal rank. A characteristic repre-
sentation (2.2) of this conservation law, and therefore the form of multipliers, clearly depends on
the writing of the PDE system. One can employ the formula (4.3) to derive multipliers {/\(,}fr:l for

the variational formulation (3.8) of the governing equations, using the known multipliers {T\U}g:l
(4.4)—(4.6) for extended Kovalevskaya form (4.1). It is straightforward to show that the multipliers
{A(,}?T _, have a rather simple form,

Ay = Ci(X'pa— X?p1) + Cap; + Capy + Cspa + f1/(0)x" + f3/(0)x" + f5(0),

Ay = Ci(X%x] = X'x}) + Cox® — Csx) — Cux} — Csxy + fi(1), (5.4)

Az = Ci(X°xT = X'x3) — Cox! = C3x? — Cyx} = Csx3 + fo(1).

Remark 1. 1t is important that for completeness of the conservation law computation, one has
to use extended Kovalevskaya form (4.1) of the Mooney-Rivlin model. The form of the multipliers
(5.4) for original equations of motion (3.8) is determined post factum, after having performed the
computation on the extended Kovalevskaya system. The normal application of the direct method
to original equations (3.8) would fail to produce the full set of conservation laws. Indeed, in order
to avoid multipliers singular on solutions of first PDE (3.8a), one would need to exclude from
{A(,}?T _, at least one derivative appearing in the PDE (3.8a). Yet doing so would clearly lead to the
loss of the conservation law corresponding to the multipliers with C; # 0.

Remark 2. In the direct conservation law computation for extended Kovalevskaya system
(4.1a)—(4.1c), one gets a linear overdetermined system of 2869 linear determining PDEs for the
multipliers {K(, }3:1 (4.4)—(4.6). In a similar computation for the original equations of motion (3.8),
one has 5711 multiplier determining PDEs for the multipliers {Ag}fr:1 (5.4). The simplification
times using Maple rifsimp routine are comparable in both cases.
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C. Comparison of symmetries and conservation laws

According to Noether’s first theorem, for the variational formulation (3.8) of the incompress-
ible Mooney-Rivlin equations, there is a one-to-one correspondence between local symmetries in
evolutionary form (5.1) and local conservation law multipliers. Rewriting point symmetries’ (5.3) in
the evolutionary form and comparing them with multipliers (5.4), one arrives at the correspondence
presented in Table 1. Clearly, all symmetries (5.3) except for the scaling symmetry Y? are variational
symmetries. In particular, symmetry components for the hydrostatic pressure correspond to the
multiplier A; symmetry components for x!, x> correspond to the multipliers A,, As.

VI. DISCUSSION

In the current paper, the nonlinear PDE system of equations of motion of incompressible hy-
perelastic Mooney-Rivlin material (3.6) was considered in a two-dimensional Cartesian framework.
The system involves a coupled set of semi-linear wave equations, and a first-order differential
constraint, corresponding to the incompressibility condition. The model involves three independent
variables X!, X2,¢ and three dependent variables xbx2 p and admits a classical variational formula-
tion with the Lagrangian given by (3.9). The equations of motion can be represented in a variational
form (3.8) arising as Euler-Lagrange equations (3.12).

The main goal of this paper is to illustrate the optimal procedure for systematic construction of
local conservation laws on an example of a highly nontrivial physical PDE system that admits an
extended Kovalevskaya form. As per Theorem 1, all local conservation laws of such systems arise
from nonsingular multipliers independent of leading derivatives and their differential consequences.

In Section IV, the governing equations were rewritten in extended Kovalevskaya form (2.5)
with respect to X', and the direct method was applied to seek second-order conservation law

TABLE I. Comparison of Lie point symmetries (5.3) in the evolutionary form and local conservation law multipliers (5.4)
of the variational form of incompressible Mooney-Rivlin equations (3.8).

Symmetry generator

Conservation law multipliers

o) 2
Ix +Xx;

[time translation]

v, 0 1 9
Y =Pigp X x2

V2_,, 0 1_0 2.9
Y =Pigp tX g atXiga

[translation in X ]

el 2_0
ax! +x2¢')x2

[translation in X?2]

V3_ 0 1
Y =P2g, +x,

Y= (X' pa-X2p1) &

o a9
+(X'x;—X2x]1)ﬁ +(X1x§—X2x|2)ﬁ
[rotations in X '-X? plane]

J5_.2.08 _ .10
Y_x8x1 x[)xz

[rotations in x!-x2 plane]

Yo=-F{(t)x' &+ Fit) 725

[translation (F7 = const)/generalized Galilean boost in x1]
Y7 =—FJ(1) x? 35 + Fa(t) 525

[translation (F> = const)/generalized Galilean boost in x2
8 _ 173(4) 0

Y°=F>(t) 3

[time dependent translation in p]

V9 _ o

Yo =(x!-X"x] —szzl—tx})ﬁ +
(xz—X]x%—szg—lxtz)ﬁ +(—le1—X2p2—lp,)a%)
[scaling]

Ai=p, Ao=xl, Az=x?

[conservation of energy]

Al=p1, A=x], A3=x?

[conservation of momentum in X ']
A1=p2 A=x), A3=x3

[conservation of momentum in X 2]

A =X'p,-X’py,

Ar=X'x]-X2x],

A3= Xlx%—sz%

[angular momentum in Lagrangian frame]

A1=0, Ar=x% Az=-x!

[angular momentum in Eulerian frame]
Ar=—f](t)x", Ay = fi(1),A3=0

[momentum (f; = const)/generalized momentum in x1]
Ar=—f5()x% Aa=0,A3=f(1)

[momentum (f, = const)/generalized momentum in x3

Ar=f31), A=0, A3=0
[generalized incompressibility condition]

[No corresponding conservation law]
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multipliers. The conserved densities and fluxes were consequently derived in Section IV B. The
set of conservation laws includes classical ones such as energy, momenta, and angular momenta
in material (Lagrangian) and actual (Eulerian) configurations, as well as extended conservation
law families involving arbitrary functions of time: the generalized momenta and the generalized
incompressibility condition. Interestingly, to the infinite families of generalized linear momentum
conservation laws (4.7) and (4.8) in the Eulerian frame, there correspond single conservation laws
(4.15) and (4.16) in the Lagrangian frame. This latter result seems somewhat counterintuitive, given
the formal equivalence of the two frames, and the invariance of conservation laws with respect to
local coordinate transformations (e.g., Ref. 6). It would be of interest to investigate this question
further, rewriting incompressible Mooney-Rivlin equations (3.8) by interchanging dependent and
independent spatial variables and studying the resulting PDE system.

Mechanical models of compressible and incompressible elastic solids without dissipation are
known to admit classical variational principles (e.g., Ref. 14). Due to the presence of the special
property, namely, the variational structure, of the equations at hand, it was of interest to attempt
the conservation law construction with the help of the Noether’s first theorem. It is normally done
through the computation of local symmetries, identification of the variational ones, and the use of
the evolutionary forms of the latter as conservation law multipliers (e.g., Ref. 5). A complete set
of first-order symmetries (5.3) was computed in Section V A (only point symmetries were found).
All symmetries but the scaling symmetry Y? are variational symmetries. The correspondence be-
tween these symmetries and the conservation law multipliers of the Mooney-Rivlin equations in
variational form (3.8) was established and listed in Table I.

We now turn to the question most important from the practical point of view: for a given
PDE system, what is the preferred way of local conservation law computations? For a PDE sys-
tem without a variational structure, admitting a Kovalevskaya form, the conservation laws can be
computed using the following approaches:

(a) Direct construction method applied to the system as it stands, or in some other preferred form.

(b) Direct construction method applied to the system in the Kovalevskaya form (standard, general,
or extended).

(c) “Brute force” computation of conservation law fluxes/density from the local form (1.1).

If a given PDE system has a variational formulation, there is an additional approach:
(d) Computation of local variational symmetries and application of the Noether’s first theorem.

For the example of the Mooney-Rivlin equations considered in this paper, the analysis presented
above clearly hints that (b) is the method of choice.

e On comparing (a) and (b), one observes that even though multipliers {Aa}ff _; (5.4) have a

much simpler writing than the multipliers {Kg}g _, (4.4)—(4.6) for the Kovalevskaya form of
the system, one would not be able to compute the former without an a priori knowledge of
their structure (see Remark 1).

e On comparing the approaches (b) and (c), we note that (b) is clearly preferred for symbolic
computations. It is so because generic unknown fluxes/density following from (1.1) are defined
up to arbitrary dependence on trivial divergence expressions; this freedom leads to a substan-
tially increased complexity of, and freedom in, the flux/density determining equations.

e Finally, we compare the approaches (b) and (d). In order to use Noether’s theorem, one needs
to compute the variational symmetries. Symmetry generators arise as solutions of symmetry
determining equations on the solution manifold of the given PDE system. To compute a com-
plete set of point or local symmetries, one needs to use the Kovalevskaya form of the given
equations. On the solution space, leading derivatives present in symmetry generators must be
replaced by the corresponding derivatives from the right-hand sides of the equations, leading
potentially to complicated forms of symmetry generators, which can be simplified on the
solution space. After the computation of the local symmetries, non-variational ones need to be
excluded. The variational symmetries subsequently yield conservation law multipliers. None
of these complications arises when one computes conservation law multipliers through the



121505-14 A. F. Cheviakov and S. St. Jean J. Math. Phys. 56, 121505 (2015)

direct method. Indeed, the multiplier determining equations are solved off the solution space of
the given PDE:s.

In practical conservation law computations for PDE systems that admit a standard, a general,
or an extended Kovalevskaya form, it is important to use such a form for the computations, even
though it might lead to more complicated multiplier forms. The use of the Kovalevskaya form
ensures that no conservation laws are missed when one poses a general form of non-singular
multipliers depending on derivatives up to some fixed order.

When a given PDE system does not have a Kovalevskaya form, or when the completeness
of conservation law computations is not a requirement, the direct method can be applied to any
preferred form of the equations at hand. Numerous examples of such computations exist in the
literature, including Refs. 11, 15, and 16, where rather complicated dynamical models arising in
fluid and solid mechanics are considered.
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