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NONLOCALLY RELATED SYSTEMS for the Euler and Lagrange systems of two-
dimensional dynamical nonlinear elasticity are constructed. Using the continuity
equation, i.e., conservation of mass of the Euler system to represent the density
and Eulerian velocity components as the curl of a potential vector, one obtains the
Euler potential system that is nonlocally related to the Euler system. It is shown that
the Euler potential system also serves as a potential system of the Lagrange system.
As a consequence, a direct connection is established between the Euler and Lagrange
systems within a tree of nonlocally related systems. This extends the known situation
for one-dimensional dynamical nonlinear elasticity to two spatial dimensions.
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Notations

20,82 the Lagrangian and Eulerian volume elements, re-
spectively,

s, t the Lagrangian and Eulerian times, respectively,

vy =(y1,y2)", x = (z1,22)" = (¥, s) the material and spatial position vectors, respec-

dzq1 9z tively,
F:=V,x= (ayl 8y2) = <:c1,1 1:1,2) the first-order transformation gradient, with Jaco-

g_ﬁ g_?:j; T2.1 22,2 bian J := det(F) = X1,1T2,2 — T1,2%2,1,
B=FF" the left Cauchy—Green strain tensor (symmetrical),
v(x,t) = % =v(p(y,s),s) the Eulerian velocity,
p the Eulerian density,
fo, £ the referential and spatial body forces, respectively,
T the first Piola—Kirchhoff (nominal) stress,

oc=J'TF the Cauchy stress tensor (symmetrical).
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1. Introduction: Review of the one-dimensional situation
and preliminary discussion of the extension
to the two-dimensional situation

A MAJOR LIMITATION IN THE APPLICATION of symmetry methods to systems
of partial differential equations (PDEs) is the inability to find useful symme-
tries and/or conservation laws for a problem posed for a given PDE system.
Until recently, symmetry analysis was limited to the use and computation of
local symmetries (Lie point symmetries, higher-order symmetries) as well as the
calculation of local conservation laws. Local symmetries can be used to map so-
lutions to other solutions, to calculate the corresponding invariant solutions; to
determine whether a given PDE system can be mapped invertibly to some PDE
system, belonging to a target class of PDEs that is completely characterized by
its local symmetries as well as determine an explicit mapping when one exists.
But often for a given PDE system of physical interest, no local symmetry exists
and even if one exists, it may not be useful for a given posed problem.

In general, a symmetry of a PDE system is any transformation of its so-
lution manifold into itself, i.e., a symmetry transforms (maps) any solution of
a PDE system to another solution of the same PDE system. Hence the continuous
symmetry transformations (which are essentially deformations of solutions) are
defined topologically and thus are not restricted to local transformations acting
on the space of independent and dependent variables and their derivatives (even
if this space is infinite-dimensional as is the case for the global action of higher-
order symmetries). So, in principle, from this point of view any nontrivial PDE
system has symmetries. The problem is to develop systematic procedures to find
and use continuous symmetries beyond the local ones, obtained through a direct
application of Lie’s algorithm. In particular, a direct application of Lie’s algo-
rithm only allows one to calculate local symmetries whose infinitesimals depend
at most on a finite number of derivatives of the dependent variables. A natural
way to extend the calculation and use of continuous symmetries to include non-
local symmetries of a given PDE system, is to embed the given PDE system in an
augmented PDE system. In such an embedding, it is important that each solution
of the augmented system projects onto a solution of the given PDE system and,
conversely, that each solution of the given PDE system yields a solution of the
augmented system. Consequently, the solution of any boundary value problem
posed for the given PDE system is embedded in the solution of a boundary value
problem posed for the augmented system and the converse also holds. Moreover,
in order to be able to calculate further conservation laws and/or symmetries of
the given PDE system, it is necessary that the relationship between the given
PDE system and such an augmented PDE system is nonlocal, i.e., there is not
a 1:1 local transformation connecting the solutions of the given PDE system and
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the augmented system. Within such a relationship, it follows that a local symme-
try or local conservation law of the augmented system could yield, respectively,
a nonlocal symmetry or nonlocal conservation law of the given PDE system.
Conversely, a local symmetry or local conservation law of the given PDE sys-
tem could yield, respectively, a nonlocal symmetry or nonlocal conservation law
of the augmented system. More importantly, such nonlocal symmetries can be
found through a direct application of Lie’s algorithm to the calculation of local
symmetries of such augmented PDE systems and, similarly, nonlocal conserva-
tion laws of a given PDE system can be calculated through any local procedure
such as the direct method |2, 3, 18, 19] applied to such augmented PDE systems.

A natural way to find such nonlocally related augmented PDE systems is
through the use of local conservation laws of a given PDE system. In the case of
two independent variables, say x and ¢, a local conservation law of a given PDE
system directly yields an augmented system consisting of the given system and
a pair of PDEs with a potential variable w, arising from the conservation law.
Satisfaction of the integrability condition w,; = wy, leads to the relationship
between the solution sets of the given and augmented PDE systems.

Another natural way of obtaining nonlocal symmetries of a given PDE system
is to calculate local symmetries of a nonlocally related subsystem. An example
of such a nonlocally related subsystem is the system yielding a potential system,
i.e., the ‘given’ system is a nonlocally related subsystem of the potential system.

The situation for PDE systems with three or more independent variables is
more complex. Here, in order to obtain an interesting potential system (e.g., one
that yields nonlocal symmetries and/or nonlocal conservation laws) from a local
conservation law of a given PDE system, one must append gauge constraints that
relate the potential variables resulting from the local conservation law. To date
it is not obvious, a priori, which gauge constraint is of value for a particular ap-
plication. However, local symmetries of nonlocally related subsystems can yield
nonlocal symmetries of a given PDE system with three or more independent
variables.

Furthermore, for n local conservation laws of a given PDE system, one ob-
tains n sets of potential variables (each set contains one potential variable in
the case of two independent variables, up to %kz(k‘ — 1) potential variables with
appended gauge constraints in the case of k independent variables). In turn, one
could obtain a tree of up to 2" nonlocally related PDE systems by considering
the obtained potential systems one-by-one (n singlets — each with one set of po-
tential variables), in pairs (3n(n — 1) couplets — each with two sets of potential
variables), ..., and all together (one n-plet containing the n sets of potential
variables). Moreover, for any PDE system contained in such a tree of nonlocally
related systems, one can use its local conservation laws to obtain further potential
systems and their combinations. As a consequence, one can obtain an extended
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tree of nonlocally related PDE systems for a given PDE system. Note that the
given PDE system could be any PDE system within such an extended tree!

For details on the above, see [5, 9, 10, 16, 17] and the references therein.

Most importantly, for the situation of gas dynamics equations in 1 + 1 di-
mensions, one can construct a tree of nonlocally related systems (including sub-
systems) that have the Euler and Lagrange systems as two nonlocally related
subsystems, as well as other systems. Through the calculation of point symme-
tries of such a nonlocally related system, one systematically obtains nonlocal
symmetries for both the Lagrange and Euler systems (see [5] and the references
therein).

Dynamical PDE systems for one-dimensional nonlinear elasticity were consid-
ered in [6] within the framework of nonlocally related PDE systems. In particular,
the equations of the Euler system

pr+ (pv)z =0,
(1.1) E1D{x,t;v,0,p}: { ou + pf(z) = p(vs + vvy),
o= K(p),

respectively, include conservation of mass, momentum and a constitutive law
relating stress and density. The independent variables in E1D (1.1) are the
absolute time ¢ and spatial position z, while the dependent variables are the
density p = p(z,t), the Eulerian velocity v = v(x,t) := x4, and the Cauchy stress
o = o(x,t) in the Eulerian configuration. The body force field is described by the
forcing function f(z,t) = f(x), assumed to be conservative (hence independent
of time). Since the first equation in E1D (1.1) is in the form of a conservation law,
one can introduce a corresponding potential variable w to obtain the nonlocally
related potential system:

Wy = —pv,

(1.2) EW1D{z,t;v,0,p,w} : Wz =P
oz + pf(x) = p(ve +vvg),
o =K(p).

In (1.1) and (1.2), the constitutive law is given in terms of a general scalar-valued
function K (p).

As shown in [6], a local 1:1 point transformation involving an interchange of
dependent and independent variables of the system EW1D (1.2), with w = y
and t = s treated as independent variables, and x, v, 0, ¢ = 1/p treated as
dependent variables, yields the Lagrange system of equations given by

v = Tg,
) L) 4= 2y,
1.3 L1D{y,s;v,0,q,z} :
(1.3) {y ¢, v} vs = 0y, F(2),

o= K(p).
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Observe that the same stress measure o is involved in both L1D (1.3) and
E1D (1.1) in the 1D formulation. This point transformation relates Eulerian
and Lagrangian derivatives through the correspondence

(1.4) Ty = —Ty.Ys.

The systems EW1D (1.2) and L1D (1.3) are locally related to each other
by this point transformation, but are nonlocally related to the Euler system
E1D (1.1).

Through Lie’s algorithm applied to such a nonlocally related system, one can
systematically construct further invariant and nonclassical solutions of a given
PDE system beyond those obtained through a direct application of Lie’s al-
gorithm to the given PDE system. Focusing on nonlinear elasticity, this is of
significant importance since it is well-known that very few closed-form solutions
of BVPs for compressible elasticity have been obtained in the literature (contrary
to incompressible elasticity), due to the absence of the kinematic incompressibil-
ity constraint [12].

In [6], conservation of mass and other conservation laws were used to con-
struct systematically potential systems for nonlinear elasticity in 1D. As dis-
cussed above, the conservation of mass equation was used to derive a potential
system locally related to the Lagrange system by a pointwise transformation
involving an interchange of independent and dependent variables. In particular,
this system is nonlocally related to the Euler system.

The main thrust of this paper is to extend the results in [6] to include non-
locally related systems of dynamical nonlinear elasticity in higher dimensions
(the 2D spatial case will be considered; results will be similar for the 3D case).
In particular, the eventual aim is to find a tree of nonlocally related systems
that includes the physically important Lagrange and Euler systems. As in the
1D case, through the calculation of point symmetries of such nonlocally related
systems, an aim is to find the nonlocal symmetries and the corresponding new
solutions for both the Lagrange and Euler systems.

As can be seen from the above discussion, for PDE systems with two
independent variables (e.g., the 1D case for dynamical nonlinear elasticity),
the construction, properties and uses of nonlocally related PDE systems are
relatively well understood. In the case of three or more independent variables,
a conservation law gives rise to a vector potential subject to gauge freedom
through the addition of an arbitrary gradient term. The corresponding
potential system is under-determined. As mentioned above, additional equa-
tions relating potential variables, i.e., gauge constraints, are needed to make
such potential systems determined. In [1], it was shown that only deter-
mined potential systems can yield nonlocal symmetries of a given PDE sys-
tem through Lie’s algorithm applied to a gauge-constrained potential system.
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Nonlocal symmetries have been obtained for time-dependent linear wave and
Maxwell’s equations (in two and three spatial dimensions), as well as nonlin-
ear MHD equilibrium equations in three spatial dimensions for particular gauge
constraints [1, 4, 8, 11]|. For a comprehensive discussion and further examples,
see [9, 10].

As will be shown, unlike the situation for the Euler system of dynami-
cal nonlinear elasticity equations in one spatial dimension, that in two spa-
tial dimensional (2D) situation, the Euler potential system arising from conser-
vation of mass for the Euler system has more dependent variables than the
Lagrange system. It will be shown that this Euler potential system is also a po-
tential system for the Lagrange system. In particular, both the Euler and La-
grange systems are nonlocally related subsystems of the Euler potential system.
Consequently, a direct application of Lie’s algorithm to the FEuler potential sys-
tem cannot yield nonlocal symmetries of either the Euler or Lagrange systems,
without appending appropriate gauge constraints to the underdetermined Euler
potential system. However, since a point symmetry of either the Euler or La-
grange systems could yield a nonlocal symmetry of the Euler potential system,
it follows that one might obtain a nonlocal symmetry of the Euler (Lagrange)
system from a point symmetry of the Lagrange (Euler) system through their re-
lationship within a tree of nonlocally related systems. As a consequence, one can
build a tree of nonlocally related systems for the dynamical nonlinear elasticity
equations in 2D that includes the Euler and Lagrange systems, as previously
shown in the one spatial dimensional (1D) situation.

The rest of this paper is organized as follows. In Sec. 2, for systems of non-
linear elasticity in two spatial dimensions, we establish the Euler system, the
Euler potential system arising from conservation of mass, and the Lagrange sys-
tem. The set of conservation laws is obtained for a Mooney—Rivlin material. In
Sec. 3, we show the relationship between the Euler potential system and the
Lagrange system, and illustrate the construction of the potential functions in
the case of simple shear of a Mooney—Rivlin material. It will be seen that the
one-dimensional situation arises as a subcase. In Sec. 4, an extended tree of non-
locally related systems is exhibited which shows an extension when the spatial
body force is constant. The presented work is summarized and future directions
are discussed in Sec. 5.

Regarding the notations, vectors and tensors are denoted by boldface sym-
bols. A comma or subscript denotes a derivative, so that for instance

_ Og(x)
Ea = ox

represents the derivative of the vector-valued function g with respect to x. The
transpose (adjoint) of any tensor A is written as A*.
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2. Two-dimensional systems of nonlinear elasticity

In order to set the stage, a few words regarding the kinematics are in order.
We consider the point mapping from the reference (Lagrangian) configuration {2
with coordinates y = (y1,%2)* and Lagrangian time s, to the actual (Eulerian)
configuration 2 with Eulerian coordinates x = (1, x2)* and time ¢, chosen equal
to the Lagrangian time, hence t = s. Let x = ¢(y, s) denote the point mapping
relating both coordinate systems, with tangent mapping F = F(y,s) := V,x,
represented as a two-by-two matrix in Euclidean space. The Jacobian of this
transformation is the scalar J := det(F).

2.1. Lagrange, Euler and Euler potential systems for 2D elastodynamics

We now consider the (2+1)-dimensional Euler, Euler potential and Lagrange
systems for nonlinear elasticity.
Here the Euler system is given by

(2.1)  E2D{z1,22,t;v1, 02,011,022, 012, p} :
Pt + Vx(pv) = 07
V.0 + pf(z1,22) = p(vi + (v.V)v),
o = o(B).
The Eulerian velocity field is defined in terms of the point mapping ¢ (y, s) by
the vector

P R )

Y

(2.2)

The last equation in E2D (2.1), expressing the constitutive law with B = F.F*
(the left Cauchy—Green strain tensor), involves (due to the symmetry of the
Cauchy stress) three independent constitutive functions for the three indepen-
dent stress components 011, 092, 012 = 09271.

Each conservation law of E2D (2.1) yields a potential system. In partic-
ular, since the first equation of E2D (2.1) is written as a conservation law
(conservation of mass), in terms of the curl of the vector potential function
w = (wg, w1, ws) one obtains the Euler potential system given by

(23) EW2D{$17$27t;U17’U270-1170-2270-12 = 0217p7w07w17w2} :

w2 — W20 \ . w10 — Wo,1
vV=\——"""|; vu=|—T7--7--7-),
wWwa 1 — W12 W1 — W12
p = w21 — W12,

V.o 4+ pf = p(vi +v.V,v),
o =o0(B),
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where w9 = Ow; /0t and wy g = dwy/0t. The Euler potential system EW2D
(2.3) is nonlocally related and equivalent to the Euler system E2D (2.1). In
particular, it is easy to see that each solution of EW2D (2.3) projects onto
a solution of E2D (2.1); conversely, each solution of E2D (2.1) yields a so-
lution of EW2D (2.3) with the gauge freedom w — w + (@,9,P,1,P,2) for
any differentiable function @(x1,x9,t). This gauge freedom is intrinsic to the
chosen representation of the kinematic variables in EW2D (2.3). Consequently,
gauge fixing conditions (i.e., gauge constraints) for the potential variables can
be additionally imposed.
On the other hand, the (2 + 1)-dimensional Lagrange system is given by

(2.4) L2D{y1,y2, s;v1,v2, T11, T2, Th2, To1, q, 1, 2}
V1 = T1,s, V2 = T2,
q=711%22 — 22,1712,

vi,s = T1y, + for(y), va,s = Toy, + fo2(y),
T.F* = F.T*,

with material variables y;,y2 and time s as independent variables. Recalling
that ¢ = 1/p in (2.4), the Lagrangian stress is the first Piola-Kirchhoff stress T
which is a solution of the static equilibrium equation V,.T+fy = v, (initial mass
density can be set to unity), written in index form in L2D (2.4). The Lagrangian
body force vector in L2D (2.4) is given by fo(y) = (fo1(y1,vy2), fo2(y1,y2))*, such
that fy(y) = f(x), due to the equalities

V.QQ, /prdQ() = /pofngO and J = 1/p
2 2
which are valid for an arbitrary initial density and hold for all regions £29. The
last equation in L2D (2.4) results from the Cauchy stress being symmetrical in
E2D (2.1). It expresses the coaxiality of T and F [15].
The conservation of momentum in E2D (2.1) is obtained from its Lagrangian
counterpart in L2D (2.4), using the derivative rule

0 0
g—aﬁ‘V’vx.

In particular, from the third set of equations in (2.4), one obtains
VyT+1fy=vy= V., TF+1fH= (Vt +v.Vyv) =
JIWVLT.F + pf = p(vi +v.Vov) = Vo (J'T.F) + of = p(vi + v.V.v),

using the classical identity V,.(J ~LF) = 0. Next, since the Cauchy stress is
related to the Lagrangian stress by o = J'T.F, one obtains the second set
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of equations (conservation of momentum) in the Euler system E2D (2.1). Con-
versely, starting from the conservation of mass and momentum in the Eulerian
framework as expressed in EW2D (2.2) or E2D (2.1), yields the Lagrangian
counterpart of these conservation laws, using the same relationships in reversed
order.

The Lagrangian stress T may be expressed from the setting up of a strain
energy density function W (F) in the framework of hyperelasticity [15], depending
upon the transformation gradient, the variable F' (omitting here, for the sake of
simplicity and as representative of homogeneous media, the possible explicit
dependence of W upon the Lagrangian variable), as T := OW (F)/0(F).

Further conservation laws can be constructed from specific conservation law
multipliers, either for an arbitrary constitutive law or for specific choices of the
constitutive function. Conservation laws are of particular interest in fracture
mechanics, since they lead to path-independent contour integrals that charac-
terize the singularity of the stress field around the crack tip. Conservation laws
have been expressed in the 1D case for specific constitutive functions W (F)
in |7]. Mathematically, conservation laws can be systematically calculated, both
for variational problems (Noether’s theorem) and, more generally, for non-varia-
tional problems (see |2, 3] and references therein). If a field equation is already in
the form of a conservation law, the introduction of potential variables is straight-
forward. One can obtain a tree of nonlocally related systems of nonlinear elastic-
ity equations through finding additional conservation laws and considering po-
tential systems of the related PDE systems. Since the resulting potential systems
have additional dependent variables, in principle one can find further conserva-
tion law multipliers that yield additional conservation laws. These additional
conservation laws in turn yield further potential variables and consequently, ad-
ditional potential systems in an extended tree of nonlocally related systems.
But as mentioned in the Introduction, in the case of three or more independent
variables, in order to find further symmetries of the Euler system or Lagrange
system through the computation of local symmetries of such a nonlocally related
system, one must append gauge constraints relating the potential variables (or
consider the subsystems).

As an example, conservation laws of system L2D (2.4) are computed, adopt-
ing a Mooney—Rivlin constitutive behavior given by the strain energy density
function

(2.5) W = a(Il — 3) + b([g - 3).

W is dependent on the two strain invariants, the scalar-valued functions of the
two-dimensional right Cauchy Green tensor B = F.F?, given by

(2.6) I, =Tr(B) = Fipu Fipy I = %(Tr(B)Q — Tr(B?)) = %(112 — Bk ki),
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The nominal two-dimensional stress is then evaluated as

(2.7) T := ow =2(a+b)F +2bJC.
OF
We seek conservation law multipliers of the form A; = A;(t,y,x,x¢, F),

i = 1,2 and the corresponding conservation laws involving fluxes ¥[x], ¢![x],
??[x] (see [5, 11]) that satisfy

oV [x] n 0! [x] n 02 [x]
ot oyt Oy?

The fluxes depend on the variables (¢,y,x,x;,xy).
From the obtained multipliers

{ A = Ot — Cyxg + C3$17t + Cy,

Ay = Cst + Cozq + C3$27t + Cs,
with {C;}, i = 1,...,6 arbitrary constants, the following six conservation laws
are obtained using the GeM software [12].

1. Conservation of momentum: The equilibrium equations in absence of the
body forces are conservation laws as they stand, corresponding to the two mul-
tiplier pairs (A1, A2) = (1,0) and (A1, A2) = (0,1):

V15 = T11,4 + T12,y,
V2,5 = To1,y; + T2y,

2. Conservation of energy arises from the multiplier pair (A, As) = (x}, z?)

with conserved flux density

1
Vi) = (@) + @),
3. Conservation of angular momentum arises from the multiplier pair (A1, A2)

= (—2?, '), with conserved flux density ¥[x] = x'2? — 22z}, corresponding to

the projection on the 3% axis of the conservation of angular momentum vector
M =x A Xy

4. Conservation of average velocity: For the two multiplier pairs (Ay, Ag) =
(¢,0) and (A1, A2) = (0,t), a kind of time-translation invariance of x involving
an average velocity is obtained. This yields the fluxes successively given by

(2.8)  V[x] =tz —

-ty dMx] = —22'ylt(a+b); PPx] = —22'y*t(a +b),
(2.9) U] =tz? -

2 dlx] = —22%y't(a + b); D[x] = —22%*t(a + b).

8

8

Next, an analytical solution of a problem for L2D (2.4) is constructed.
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2.2. Example: analytical solution for the Lagrange system L2D (2.4)

Consider a solid body occupying the square domain y; € [0,1], yo € [0,1]
in the reference configuration. We adopt a neo-Hookean constitutive behavior
given by the strain energy density function

1
(2.10) W= 3(L - 3).
This is a specific case for the Mooney—Rivlin function in (2.5) with the choice
b =0, a = 1/2. The nominal two-dimensional stress is then evaluated as

oW
(2.11) Ti= o0 =

The initial conditions for the particle positions and velocities are selected as
follows:

F.

:El(yl)y%o) = Y1,
1c) - v1(y1,Y2,0) = VCasin(v/Cayz), C2 > 0,
' xZ(yhy??O) = Y2,

v2(y1,¥2,0) = v/Casin(v/Cayr).

Conservation of momentum is written in terms of the following set of decoupled
PDEs for the displacement functions z1(y1,y2,t), x2(y1, y2, t):

(S) . L1t — (x17y1y1 + xl,yzyz) =0,
Tout — (2,14, + T2,40y,) = 0.

We seek a displacement field solution of (S) of the form

u(y1,92,t) == 21(y1,¥2,t) — y1 = ha(y2)p1(2),
u2(y1,Y2,t) == x2(y1,y2,t) — Y2 = ha(y1)p2(t).

A specific solution of system (S) satisfying the given set of initial conditions (IC)
is obtained as

(2.12) { z1(y1,y2,t) = y1 + sin(v/Cayz) sin(v/Cat),

z2(y1, Y2, 1) = yo + sin(v/Cayy ) sin(v/Cat).

The transformation gradient is evaluated as

(2.13) F(y1,y2,t)
_ 1 V/Cs cos(v/Cays) sin(y/Cat)
V/Cs cos(v/Cayy ) sin(y/Cat) 1 '
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For this specific constitutive law, the nomimal stress is simply given by T(y1, y2, t)
= F(y1,y2,1t), and the Cauchy stress by

(2.14) O'(ZEl,:EQ,t) = J_1F2
with the Jacobian of the transformation given by
(2.15) J(y1,y2,t) = Cacos(y/Caya) cos(v/Cayr ) sin?(y/Cat).

Since the Cauchy stress is an Eulerian field, it has to be expressed in terms
of the spatial coordinates (x1,x2,t). Hence one has to substitute the inverse
kinematic relations yi(x1, xe,t), ya(z1,x2,t), obtained by inverting the solution
from (2.12), into the right-hand side of (2.14).

3. Relationship between the Euler potential system EW2D (2.3)
and the Lagrange system L2D (2.4)

Solutions of a boundary value problem (BVP) in nonlinear elasticity exist for
suitable boundary conditions (uniqueness is not always ensured). The Lagrange
system L2D (2.4) and the Euler potential system EW2D (2.3), for suitable
boundary conditions, have solutions of the same BVP, but expressed in terms
of different independent variables (s,y1,y2 and t,x1, x9, respectively). However,
the Euler potential system EW2D (2.3) has one more dependent variable than
the Lagrange system L2D (2.4), unlike the situation in the 1D case, where both
systems have the same number of dependent variables.

3.1. Relationship between systems EW2D and L2D

Now consider an invertible point transformation (hodograph-type) transfor-
mation of the Lagrange system L2D (2.4) that interchanges its independent
variables yi1, yo with its dependent variables x1, xs. The transformed Lagrange
system L2D (2.4) now has s, x1, o as its independent variables with y1, yo,
playing the role of two of its dependent variables.

In order to relate the Euler potential system EW2D and the Lagrange system
L2D, we now show that the Euler potential system is also a potential system
for the transformed Lagrange system L2D (2.4). In particular, first note that

al’z 8%,

(31) dl’, = ’Uidt + 8—%dyj = ?}idt +

;s 4y, i

dzy|.
8yj ot &Tk Tk

From (3.1), it follows that, in terms of the Kronecker symbol d;x, one obtains

Or; 9y;

2
(3 ) E?yj &Tk

= TijY5k = ik
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and
_Oxidy;
ay] at - Z?]ijo'

From (3.2) and (3.3), it follows that each solution of the Lagrange system L2D
(2.4) yields a solution of the Euler potential system EW2D (2.3) provided that
the three potential variables wq, wy, we of EW2D solve the system

W21 — W12 = Y1,1Y2,2 — Y2,1Y1,2,
(3-4) Wo,2 — W20 = Y2,091,2 — Y1,042,2,
w1,0 — Wo,1 = Y1,0Y2,1 — Y2,0Y1,1-

It is easy to check that the identity

(3:5)  (W11v2,2 — ¥2,191,2).0 + (Y2,0012 — Y1,0¥2.2) .1 + (Y1,092,1 — Y2,091,1) 2 = 0

holds for any functions y; (21, z2,t), y2(x1, x2,t). Consequently, it follows that:

1. Each solution of the Lagrange system L2D (2.4) yields a solution of the Euler
potential system EW2D (2.3).

2. Conversely, the Euler potential system EW2D (2.3) is a potential system for
the (transformed) Lagrange system L2D (2.4). In particular, the potential
system arises from the conservation law (3.5) satisfied by two of its dependent
variables y1, ya.

REMARK. In the one-dimensional context, one can set wy = 0 = ws so that
w := w; is the sole potential variable. With the identification 2 < x; 0 < ¢,

system (3.4) yields the system
Wy = 1//)7
Wt = —Wg . Tt.

Consequently, system EW2D (2.3) directly projects to the 1D system EW1D
(1.2).

3.2. Construction of the potential functions: example

The general strategy for expressing the partial derivatives of the potential

functions in terms of the Lagrangian coordinates consists of two steps:

1. Find a specific solution of this problem denoted by wy,, for instance by im-
posing some gauge constraint on the potentials.

2. Consider another arbitrary solution for the same gauge constraint, denoted
by wg. The right-hand side of the gauge system GC is a given vector, called Y,
such that curlw, =Y and curlw, = Y. Taking the difference of these two
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equalities gives curl(w, — w,) = 0, from which it follows, using the Helmholtz
decomposition theorem, that the difference w;, — w, is the gradient of an
arbitrary scalar-valued function of the Eulerian coordinates, say L(t, 1, x2).
This results in the general solution of (3.4) expressed as

Wy = Wp(Y1,0,Y2,0,Y1,1, Y22, Y2,1, Y1,2) + grad gy, 4oy L(t, 71, 72).

Mass conservation in the Eulerian configuration can be satisfied by a representa-
tion involving only two potential functions wq, we, acting as independent degrees
of freedom. A specific solution is first found after setting wy = 0. A general so-
lution of the potential functions satisfying these constraints is constructed as
follows after introducing the quantities

A

- y1,oy2,2/(y1,1y2,2 - y2,1y1,2),
B = y20y1,2/(y1,192,2 — ¥2,191,2),
C = y10y21/ (Y1122 — Y2,191,.2),
D = —y20y11/ (Y1122 — Y2,191,2)-

Integration of the second and third equations of (3.4) gives

37) w :—/dtj(C—i—D)—l—cpl(a:l,xg); wgz/dtj(A+B)+<,02(x1,x2)
t

with j=1/J and in which the otherwise arbitrary functions ¢1 (21, 2), @2(z1, x2)
have to satisfy the constraint resulting from the first equation in (3.4), i.e.,

902,1(1131, $2) - 901,2(11317 !L"2) =Y1,1Y2,2 — Y1,2Y2,1-

Any pair of functions ¢ (21, 2), w2(x1, 22) satisfying the previous equation pro-
vides a solution for the potentials. For example, one may select the specific
solution

pi1(z1,22) =0= wy = /(—y1,0y2,1 + y2,01,1)ds,
t

(3.8)
wy = / (Y2,091,2 — Y1,0Y2,2)ds + / (Y1,1Y2,2 — Y1,2Y2,1)dx1.

t x1

Note that one has the freedom to add to the components wi, ws, the gradient
of an arbitrary function of the Eulerian coordinates.
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The general expression for the gauge constrained potentials involving an ar-
bitrary function L(t,x1,z2), is then given by

8L(t7$17$2)
ST
OL(t,x1, 29
(3.9) W= /(_917092,1 + y2,091,1)ds + %,
8L t7 X 7$
Wy = /(y2,0y1,2 - y170y2’2)d8 + /(y1’1y272 — y172y2’1)d$1 + %

t x1

This can be further transformed, expressing the right-hand side of (3.9)
fully in terms of Lagrangian coordinates. For this purpose, one differentiates
L(t,x1,x2), accounting for the mapping between the Lagrangian and Eulerian
coordinates. Since the gradient transforms as a contravariant vector under the
change of basis, system (3.9) becomes

( _ aG(SayhyZ)
ST
wy = /(—y1,0y2,1 + y2,0y1,1)ds,

s

L 9G(sy1,y2) O 9G(s. y1,y2) Oy2

(3.10) oy 01 0yo oz’
wy = /(yz,oyl,z — Y1,0¥2,2)ds + /(y1,1y2,2 — Y1,2Y2,1)dT1
S 1
L 9G(sy1,y2) O 9G(s. y1,y2) Oy2
\ oy 0z 0o Oy’

with G(s,y1,y2) being an arbitrary function of the Lagrangian coordinates. The
multiplicative factors of the partial derivatives of G(s,y1,y2) yield an inverse
Jacobian matrix. This specific solution for the potential function provides a one-
to-one mapping between the potential functions wy, we and the Lagrangian co-
ordinates y1, ys.

In order to exemplify the construction of the potential functions from the
partial derivatives of the Lagrangian functions y;(x1,x2,t), y2(z1, 2, t), relying
on system (3.4), a second model problem is considered. Here the initial square
domain in the (y1,y2)-plane with unit edge lengths has the following imposed
displacements on its boundary:

y1=0:u=0,
Yo =0:u=0,
y1 =1, y2 € [0,1] : u = k(t)yze,

(3.11) .
y2:17y1€[071]:u 07
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with k(t) being a given function of time, and e; a unit basis vector along the
y1 axis. Consider a Mooney—Rivlin constitutive behavior given by the strain
energy density function in (2.5). It is straightforward to obtain the solution of
system L2D (2.4) satisfying the initial conditions (3.11) as the following mapping
relating the Lagrangian and Eulerian coordinates:

T2 = Y2.

This mapping results in the transformation gradients

e (1K@ w1 k(t)
(3.13) F_F(t)_<0 ) >:>C_F.F_<k(t) 1+k2(t)>'

The Jacobian is evaluated as J = 1, corresponding to an incompressible simple
shear motion. The Lagrangian stress is then obtained as

1 k(t)
(3.14) Ti=20+30) | 1y 14 <a ib:ab)kz(t)

The inverse transformation gradient is given by

(3.15) F—l(t):<(1) _ki(t)>

oy I oY1

Oyr _ . 9y Oy2 0: ya
8$1 a$2

22 =0, = =1.
axl ’ 8$2

= —k(t);

The construction of the potentials wy, we through (3.10) yields the inverse ve-
locity with components 41,0, ¥2,0, obtained from the following lemma.

LEMMA 1. The Lagrangian (inverse) velocity

-1

0 _
V(y,t) = gt |m:V(cp L(x, ), 1),

obtained from the inverse mapping @~ 1(x,t), with components (p~1); = Vi =
v14; (9™ Y2 = Vo = you and the Eulerian velocity v(x,t) are related by the
kinematic constraint

v+ F.V=0.

P r o o f. Apply the differentiation rule

0y Ay’ [9(p~ 1)k O~
T TP W R T Wy

dx’ da’?



EULER AND LAGRANGE SYSTEMS AS NONLOCALLY RELATED SYSTEMS. .. 379

and use the relation

0 0

— == +Vv.V,,
which is the tensorial generalization of the 1D derivative rule ds = 0; + v.0,,
from the mapping s = s(z,t). Hence, we get

_ 0y

i A(p~ 1)k
do’ = ot |z

A’ [9(p~ 1)k :
AS A PRI AN DA
af | "ot LT T

= o'dt + Fi [VEdt + (F~Y)Lda?).

dt + (v.V)dt +

Cancellation of the factor of the differential dt gives v’ + F i[{VK = 0, ie.,
v + F.V = 0 in tensorial format (the cancellation of the factor of the differ-
ential dz’/ has not been used).

Using (3.12) and (3.15), the inverse velocity is calculated as

V=)o ) ()
_ (k(t)xf;z_t 3:17t> _ (k(t)fi; v1> _ (—k’(()t)y2> '

Hence, the potentials are finally expressed in terms of Lagrangian coordinates by

( wo = 0,
wy = aG(87y17y2)
! oy ’
(316) Wy = /—k‘/(u)ygdu—l—/dxl _k(s)aG(S7ylay2) + 8G(37y17y2)
o Y2
8G(37y17y2) aG(SayhyZ)
= — —k .
k(s)y2 + 1 — k(s) En + 9 -

4. An extended tree of nonlocally related systems arising
for a constant spatial body force

Suppose that the spatial body force f = (fi, f2) is constant. Then one obtains
a second conservation law for the Euler system E2D (2.1):

(4.1) (pfiva — pfavi) o + (pfivive — pfavi + fao11 — fio12) 1
+ (pf1v5 — pfoviva + faoia — f1022) 2 = 0.
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Consequently, in terms of the curl of the vector potential function = (g, g, av2),
one obtains another Euler potential system given by

(4.2) Ea2D{x1, x2,t;v1,v2,011,092,012 = 021, p, g, 01, Q2 }

pi + V- (pv) =0,

Qg1 — a1z = p(five — fav1),

apo — o = vi(ae1 — oa2) + faon — fioie,

a0 —ap1 = va(ae1 — o 2) + faoia — fioae,
| 0 =o(B).

Furthermore, by combining the potential systems EW2D (2.2) and Ea2D (4.2),
one obtains the additional nonlocally related couplet system EaW2D. The re-
sulting tree of nonlocally related systems is presented in Fig. 1. A tree that
includes the Lagrange, Euler and Euler potential systems is included within this
tree. The importance of such trees is discussed in Sec. 1.

EaxW2D

Eo2D EW2D

E2D L2D

Fi1G. 1. Tree of nonlocally related systems when the spatial body force is constant. Note that
the tree would consist of the three nonlocally related systems E2D, L2D and EW2D when
the spatial body force is not constant.

5. Summary and future directions

Nonlocally related systems of equations of two-dimensional dynamical nonlin-
ear elasticity, including the Euler and Lagrange systems, have been constructed
in the present contribution, using conservation of mass to represent the physical
density and the Eulerian velocity components as the curl of a vector of three po-
tential functions for the Euler system. The corresponding Euler potential system
of differential equations has the same set of solutions as the Lagrange and Euler
systems. After a point transformation that interchanges the two Lagrangian



EULER AND LAGRANGE SYSTEMS AS NONLOCALLY RELATED SYSTEMS. .. 381

material (independent) variables with the two Lagrangian (dependent) spatial
position variables to obtain the transformed Lagrange system, one sees that the
Euler potential system is also a potential system for the transformed Lagrange
system. Hence the Euler potential and Lagrange systems are nonlocally related
to the Euler system of equations.

Additional conservation laws may arise in two spatial dimensions for specific
constitutive functions, as has been shown in the one-dimensional case in [7].
For each conservation law, three potential variables can be introduced, allowing
a rewriting of a posed BVP in terms of a BVP for a potential system. As shown
in Sec. 4, an additional conservation law arises in the case of a constant spatial
body force.

In nonlinear elasticity, the finding of closed-form solutions for new BVPs and
additional conservation laws is of great importance, especially for compressible
materials. Very few closed-form solutions have been obtained in the literature
(contrary to incompressible elasticity), due to the absence of the kinematic in-
compressibility constraint [14].

The search for extended trees of nonlocally related systems for 2D and 3D
dynamical nonlinear elasticity and for useful gauge conditions connecting poten-
tial variables to yield nonlocal symmetries and useful invariant solutions for the
Lagrange and Euler systems, requires further investigation.
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