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Abstract. We consider the equations describing the dynamics of radial motions for isotropic
elastic materials; these form a system of non-homogeneous conservation laws. We construct a varia-
tional approximation scheme that decreases the total mechanical energy and at the same time leads
to physically realizable motions that avoid interpenetration of matter.
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1. Introduction
The equations describing radial motions of nonlinear, isotropic, elastic materials
take the form

Wyt (1.1)

1 0 5 0P wow 1~ 0P wow
= o (R0 i 1))~ 7 o

Here, y stands for a radial motion y(z,t)=w(R,t)%, R=|z|, z€R?, and (1.1) mon-
itors the evolution of its amplitude w(R,t). A necessary condition for y to represent
a physically realizable motion is det F' >0 with F'=Vy. In the radial case, it dictates

wr(w/R)*>0, (1.2)

and is also a sufficient condition for avoiding interpenetration of matter.

The constitutive properties of hyperelastic materials are completely determined
by the stored energy function W(F):M?3?*®—[0,00), which — due to frame in-
difference — has to be invariant under rotations. For isotropic elastic materials
W (F)=®(v1,v9,v2), where ® is a symmetric function of the principal stretches
v1,v2,v3 of F; see [14]. Convexity of the stored energy is, in general, incompati-
ble with certain physical requirements and is not a natural assumption. For instance,
in order to avoid interpenetration of matter the stored energy should increase without
bound as det F — 0% so that compression of a finite volume down to a point would
cost infinite energy. This behavior is inconsistent with simultaneously requiring con-
vexity and invariance of the stored energy under rotations. As an alternative, the
assumption of polyconvexity [1] is often employed, which postulates that

W(F)=0(F,cof F,detF),
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88 VARIATIONAL SCHEME FOR RADIAL ELASTICITY

with o a convex function of the null-Lagrangian vector (F,cof F,det F'), and encom-

passes certain physically realistic models (e.g. [5, Sec 4.9, 4.10]). In this work, we

employ a specific form of polyconvex stored energy,
W(F)=®(v1,v2,v3)

= (02) - 9(v2) - 6(v3) + g(vavs) + g(v1v3) + g(0nva) +h(vrvava), )

where ¢, g, and h are convex functions and h(d) — +oo as § — 0+.

Equation (1.1) may be recast as a system of inhomogeneous balance laws,

Ut

_ L0 (0% wwy 1 ww
~R2OR (R B (“’R’R)> R & oo "R R)

Ut =VR,

wt =",

where u=wg, and v=w;. The system admits the entropy-entropy flux pair

2
20 (7 o ) o (B2 w oy _
R&g(Q—i—q)(u,R,R)) 8R(Rvavl(u7R,R)> 0, (L5)

which expresses the conservation of mechanical energy along smooth solutions. For
polyconvex stored energies, the “entropy”

2

n=gv +<I>(u, 7 R)

is not convex, which causes various difficulties in applying the general theory of con-
servation laws. Nevertheless, for three-dimensional elastodynamics there are available
nonlinear transport identities for the null-Lagrangians [11] which allow us to view the
equations of elasticity as constrained evolution of an enlarged symmetrizable system
[8, 6] equipped with a relative entropy identity [10]. The enlarged system suggests
a variational approximation scheme for polyconvex elasticity that dissipates the me-
chanical energy [8], and which, in the one-dimensional case, produces entropy weak
solutions [7]. Conceptually similar structures are available in models of electromag-
netism leading to augmented symmetrizable hyperbolic systems [4, 12, 13].

The above results do not take into account the constraint of positive determinant,
necessary to interpret y as a physically realizable motion. In this article, we consider
the equations of radial elasticity (1.1) and proceed to devise a variational approxi-
mation scheme that on one hand preserves the positivity of determinants (1.2) and
on the other produces a time-discretized variant of entropy dissipation. As in [8], the
scheme is based on transport identities for the null-Lagrangians. Null-Lagrangians
are potential energies W(vy,vq,v3; R) for which the functional

1 w w
I[w]:/o U ((wn, %, ) R)dR (1.6)

has variational derivative zero. They satisfy

—0p(V 1)+ R (Vo4 W 3)=0 for all functionsw(R), (1.7)
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computed to be the functions v, vivaR, vivsR, or vivevsR2. Along solutions of the
dynamical problem, each null-Lagrangian satisfies the transport identity

where W ;: 1=1,2,3, stands for the partial derivative. The null-Lagrangians are

(9,5\1/:81{(\1/’11)), (18)

with ¥ and ¥ ; are evaluated at I'=(wg,w/R,w/R,R). The identities (1.8) allow us
to embed the system (1.4) into the symmetrizable first-order evolution (3.6) in Section
3.2.

The enlarged system, in the form (3.6), cannot handle the positivity of determi-
nants constraint. For this reason we follow an alternative strategy, combining a change
of variables suggested in Ball [3] (for the equilibrium problem) with the idea of exten-
sions based on null-Lagrangians, and carry out an alternative extended system. We
set p=R3, a=w3, f=wr/R?, y=w? and let

== (5,23 L X 0 3 23 3V sz a3 1.9
2 <ﬁp i g Py P ) (1.9)
The second extension has four actual unknowns v, «, 3, and -, and is the symmetriz-
able system listed in (3.26) of Section 3.3 endowed with the entropy pair

2 .
0, <“2+G(E)> ~0, (30*G4(2) 04 (T)v) =0, (1.10)
where G is defined in (3.12) and is (assumed) convex and I is as in (3.14).

The extended system (3.26) is discretized in time using an implicit-explicit
scheme. It is the Euler-Lagrange equations of the variational problem: given wvg

=0

and =Y defined via ap, By, and g as in (1.9), minimize

I(e, B,7,0) = / 1 {iwvo)?w(z)} dp (L11)

over the set of admissible functions

Ay = {(a,ﬁ,’y,v) €EX:a(0)=0,a(l)=\a" >0a.e. and

I(a,ﬂ,%v)<oo,(ﬁ_Tﬁ°):3v’, (1.12)

(a —h%) — 30,23, 1 —h%) :20[01/31}}.

The differential constraints in (1.12) are affine, the condition «(1)= A\ corresponds to
the imposed boundary condition y(x) = Az, © € B, while &’ >0 secures the positivity
of determinants (1.2). We prove the existence and uniqueness of a minimizer for the
functional I over Ay and that the minimizer is a weak solution to the corresponding
Euler-Lagrange equations, that is, a solution of the time-discrete scheme. The anal-
ysis of the minimization problem (1.11)-(1.12) uses direct methods of the calculus of
variations, in the spirit of [3], with the novel element of accounting for the evolutionary
constraints in (1.12).

In continuum physics, weak solutions of a system of conservation laws are required
to satisfy entropy inequalities of the form

941+ 0aga < 0. (1.13)
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Such inequalities reflect irreversibility and originate from the second law of thermo-
dynamics. For instance, admissible shocks of the elasticity equations are required to
dissipate the mechanical energy. Accordingly, approximating schemes are expected
to respect such behaviors and produce entropy dissipating solutions in the limit. The
variational scheme studied here turns out to satisfy a discrete version of the entropy
inequality

<§+G(E)) —h(“g +G(EO)) _%(3&/3&1‘(5)93@0)”) <0 (1.14)

(see Section 4). In addition, the approximants satisfy c,>0 — the transformed
version of (1.2). Finally, if the constructed approximants converge pointwise as the
time-step h — 0, then the limit will satisfy the mechanical energy dissipation inequality

) <f+G(E)> -0, (3,)2/3(:,2-(5)9?1@)@) <0. (1.15)

The paper is organized as follows. In Section 2 we outline the derivation of the
equations of radial elasticity and list various mechanical considerations relevant to
this work. Section 3 contains a discussion of null-Lagrangians and the properties of
the two symmetrizable extensions of (1.4) pursued. Section 4 introduces the time-
discrete scheme and its relation to a variational problem. In Section 5 we consider the
minimization problem (1.11) and prove Theorems 5.4 and 5.5 regarding existence and
uniqueness of minimizers. The Euler-Lagrange equations associated to the minimiza-
tion problem are derived in Theorem 6.1 of Section 6, and the regularity of minimizers
is discussed in Section 7. The fact that minimizers satisfy the time-discretized version
of the entropy dissipation inequality (1.14) is proved in Section 4.

2. Preliminaries
We consider the equations of nonlinear elasticity

yre =divS(Vy), in Bx (0,00),
y(x,t) = Az, on 9B x [0,00), (2.1)
det Vy >0, (z,t) € B x[0,00),

on the unit ball B={x €R": || <1}, subject to uniform stretching at the boundary
and initial conditions

y(x,0)=yo(x), y(z,0)=vo(z), z€B. (2.2)

In order for the geometric mapping y: B x [0,00) —R™ to correspond to a physically
realizable motion we have to exclude interpenetration of matter. As a minimum
requirement the condition detVy >0 is imposed.

Let M™*™ be the real nxn matrices, M}*" ={F e M"*": det >0}, and let
SO(n) denote the set of proper rotations. The Piola-Kirchhoff stress is a mapping
S:MP*™ — M"™ ™ and for hyperelastic materials it is defined by the formula

S(F)=0W (F)/F, (2.3)

where W : M} —R™ is the stored-energy function of the elastic body.
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We assume that the stored energy function W satisfies the physical requirement
of frame-indifference and that the elastic material is isotropic. Then,

W(QF)=W(F)=W(FQ) YFeM ", QeSO(n) (2.4)
and (see Truesdell and Noll [14, pp 28, 317]) there exists a symmetric function
®:RY ={zcR":2;>0Vi} =R
such that
W(F)=®(v1,...,0n) VE e MP*", (2.5)

where v1,...,v, are the singular values of F, i.e. the eigenvalues of (FTF)l/Q. We
note that the symmetry of ® implies

0P 0P
aivi(a,b,...,b)—aivj

(a,b,...\b), i,j>=2,a,bER,. (2.6)
It is easy to check that for hyperelastic, isotropic materials, frame-indifference implies

S(QFQ™Y=QS(F)QT, forallQeSO(n). (2.7)

2.1. Radial elasticity. A function f:B\{0} —R" is called radial if

T

f@)=w(R) 5, R=lal,

where w:[0,00) — [0,00). The space of deformations of B is denoted by
Def?(B)={feW? (B,R") :detV f>0a.e. }.
LEMMA 2.1 (J. Ball [3]). Let f be a radial function. Then f € Deff(B) if and

only if w is absolutely continuous on (0,1) and satisfies wr(w/R)"~1 >0 almost ev-
erywhere, and

1
/(|w'|”+ lw/RIP) R*1dR < oc.
0

In this case the weak derivatives of f are given by

w w\ TRT

Our next goal is to consider the problem (2.1) and to recast it for radial motions

y(x,t):w(R,t)% for z#0, (2.8)
where w:[0,1) x [0,00) — R satisfies w(R,t) > 0. Lemma 2.1 implies
w w\ TRQT
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and hence the eigenvalues of Vy are expressed as
V] =wWR, V3 =...=v, =w/R.
The requirement
detVy=wg(w/R)" ' >0 (2.10)

dictates wg, 5 >0. Since Vy is symmetric and positive definite, the singular values
of Vy coincide with its eigenvalues, the stored energy takes the form

W(Vy)z@(wR,%,...,%>,

and property (2.7) implies that the Piola-Kirchhoff stress can be expressed as (see
e.g. J.Ball [3])

S(Vy)=® 2 (wgr,w/R,...,w/R)I
TR

+[®1(wgr,w/R,...,w/R)—® 5 (wr,w/R,...,w/R)] R

where ® ; := %, j=1,2,3. For radial motions, the system (2.1) then takes the form
J

a n
R 10w= R (R"'® 1 (wg,...,w/R)) = R">> " ® ;(wg,...,w/R)
=2

(2.11)
w(l,t)=X, wr(w/R)" >0, (R,t)€(0,1)x[0,00)

of a second order equation describing the evolution of w(R,t) subject to the constraint
(2.11)5. The latter expresses the requirement that matter cannot interpenetrate unto
itself.

2.2. Polyconvex stored energy for n=3. From now on we fix the number of
dimensions to n =3 and assume that the stored energy W : Mf_xg —R3 is polyconvez,
that is,

W(F)=G(F,cof F,det F)

for some conver function G : MPPx MPP xRy —R.

By the polar decomposition theorem any matrix F EMiX?’ is expressed in the
form F=RU with R€SO(3) and U=+VFTF. Further, U=Q%diag(vy,v2,v3)Q
where @ is the orthogonal matrix of eigenvectors and v1,vs,v3 are the eigenvalues of
U. The properties (2.4) of isotropy and frame-indifference imply

U1 V203
W(F) =G V2 y V103 ,V1V2V3
V3 V1V2

=: G (v1,V2,V3,V203,V1 V3, V1 V2,01 U2U3)

where G(Z) is a convex function of 2= (£);—;. 7 €R".
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For radial motions the singular values are vi =wg, vo=v3= %. For reasons re-

lated to the null-Lagrangian structure of an associated variational problem (outlined
in the following section) the stored energy will be expressed in the form

0= ()

=G (wn . (5) wn()un()un()) @12
=G (2((wr 5.5 ):R):R).
where 2 and G are inhomogeneous functions defined by

Q(V;R):= (’Ul,UQ,1}3,’U2’U3R,1}1’03R,U11}2R,’01U2’U3R2) , (2.13)
G(EHR) = G (517627§3754/R7€5/R7§6/R7£7/R2) ; (214)

V=(v;)i=1. 3€R3 and E=(¢);=1..7€R7. The convexity hypothesis on G implies
that G(Z;R) is convex as a function of =€ R”. In summary,

W(Vy)=a (wR,%,%) = G(Q(T;R):R), (2.15)
where I'= (wR,%,%) . (2.16)

For simplicity of notation, we henceforth suppress the dependence on R and write
Q(V)=Q(V;R) and G(E)=G(Z;R).
Equation (2.11) can be expressed in the form

w w

2 7& 2 o' D
R 5{0— (R (P,l(va R,R), (217)

OR
Oyw =v.

%,%)) —R(®2+®3) (wr,

The latter formally satisfies the conservation of mechanical energy identity

o (B2 (”; +®(wp,w/Rw/R)) ) =05 (B0, (wr,w/R,w/R)). (2.18)

The mechanical energy and the associated energy flux provide an entropy-entropy
flux pair for (2.17), but the entropy is not in general convex. Using (2.15)-(2.16), the
derivatives @ ; are expressed as

0 oG 00!
5 GO = 5 OV F(V),

P ;(v1,v2,03) =

and (2.17); is written as

R?*0,v=0p <R2 oG o1 (r))

2, Mg

oG o0’ o0’
- REC (@) ( o <r>) .

(2.19)
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3. Null-Lagrangians and extensions of polyconvex radial elasticity

3.1. Null-Lagrangians. An alternative approach to derive (2.18) proceeds
by considering the extrema of the action functional

T iy ,
[y]:/O /0 <2wt wR,RR)>R dRdt

and deriving (2.11) (for n=3) as the associated Euler-Lagrange equations. This
provides a connection with the calculus of variations.
Consider the functional associated to the equilibrium problem

Iw] = / U (wp,w/R,w/R; R)dR.

We ask for which integrands U (v1,v9,v3; R) : R* =R the functional I admits zero
variational derivatives, 2 5o L —0; such integrands are called null Lagrangians and they
satisfy the Euler-Lagrange equation

—0p(V 1)+ R (VU o+ W 3)=0 for all functionsw(R). (3.1

If w=w(R,t) also depends on time, the evolution of a null Lagrangian ¥ is described
by

0¥ =0r (¥ 10,w), (3.2)
where ¥ and ¥ ; are evaluated at (wg,w/R,w/R,R).
It is easily verified that ¥(v1,v2,vs;R), selected by
v1, v102R, vivgR, or ’011)2’[)3R2,
are null-Lagrangians. Applying (3.1) to Q¢, i=1,5,6,7, defined by (2.13), we get
—0r (4 (D)) + R (Q5(T) +Q%5() =0, i=1,5,6,7, (3.3)
with I'=(wg,w/R,w/R) defined by (2.16).

3.2. A symmetrizable extension. The null-Lagrangian structure is used
in [8] to embed the equations of 3-d elastodynamics to a hyperbolic system endowed
with a convex entropy, and to construct a variational approximation scheme for the
problem. We follow this procedure in order to achieve an augmented system for radial
elastodynamics. The evolution in time of

QD) = (wg,w/R,w/R,w?/R,wrw,wrw,wrw?) (3.4)
gives
8t(21(F):6t(wR) BRv—ﬁR( 1( )1)),
0, (M) =08, (w/R)=v/R=R" ( ,D)+Q5(0))v  for i=2,3,
2, QYT) =0, (w2/R)_2 w/R QLT+ Q%)) v, (3.5)
0 QY (T) =0y (wrw) = Op(wv) = ( L (T)) for i =5,6,
9, Q"() =0 (wrw?) = R(w%) (Q7l(F)v)
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Note that (3.5)1,56,7 are precisely the equations (3.2) describing the evolution of null
Lagrangians. By contrast, (3.5)2 34 describe the evolution of lower-order terms and
do not have the structure of (3.2).

Equations (3.5) and (2.19) motivate an extension of radial elasticity:
oG _. o0 oG 00! 00!
200 = (2 r)) - r r
R0 aR(R AR )> R, (auz( )+ B0t )>’
Orw=v, (3.6)
0i&i=0r (4 (D)v) i=1,5,6,7,
06 =R~ (D) + () v i=2,3,4,

W

where I'= (wr, %, %), subject to the constraints
52753 >07 €7>Oa (R,t)E(O,l)X(0,00), (37)

and the boundary conditions w(1,t) =&2(1,¢)=E&3(1,t)=A. System (3.6) describes
the evolution of the vector (v,w,Z), with Z€R7, and is provided with initial data
(Uo,’LUQ,Eo).

The extension has the following properties:
(i) IFZ(-,0) = Q(T°) where I'° = (w},wo /R, wo/R), then E(R,t) =Q(T'(R,t)), where ' =
(wg,w/R,w/R). In other words, radial elasticity (2.17) can be viewed as a constrained
evolution of (3.6).

(ii) The enlarged system admits an entropy pair

o | R? £+G(E) —0r R2aq(5)mi(r)v =0, (3.8)
2 & duy

with strictly convex entropy

02

T](U,E):?+G(E). (3.9)
The identity (3.8) holds for general solutions (v,w,Z) of (3.6) and is derived upon

using the property (3.3) for the null Lagrangians (2.13).

3.3. An alternative extension with a convex entropy. System (3.6)
provides an extension of radial elasticity that is endowed with a convex entropy.
Concerning the objective of achieving a variational approximation, it has the drawback
that the constraint (3.7) of positivity for the variables £5,&3, and &7 is not preserved
at the level of time-step approximations. Although one can control the positivity of
&7 (the augmented variable standing for the determinant), it is not possible to control
the positivity of &;,£3. There are also difficulties in proving that minimizers satisfy
the corresponding Euler-Lagrange equations, the time-discretized system associated
to (3.6).

For this reason, we develop an alternative extension by combining the evolution
of null-Lagrangians with a change of variables used in Ball [3] for the equilibrium
problem. This extension induces a variational approximation scheme that preserves
the positivity of determinants.

The stored energy @ is expressed in the form

P (v1,v2,v3) = G (v1,V2,V3, V203, V1 V3,01 V2, V1 V203)
o (3.10)

(QUV3p);p),
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where €2 and G are nonhomogeneous functions of p that are redefined so that

/3

Q(V;p):= (’Ul,U2,U3,’02U3p 10303 010903 010003 /‘3) (3.11)

G(E;p) = (61, ), §/3,54/p1/3,£5/p1/3,€6/p1/3,57/,02/3). (3.12)

It is now assumed that G(Z;p) is a convex function of Z; this is a somewhat stronger
hypothesis than polyconvexity (which is convexity of GG) because of the definition of
Q4V;p), i=2,3,in (3.11). In the sequel any explicit p-dependence will be suppressed.

3.3.1. A change of variables. Following [3] we perform the change of
variables

p=R?® and a=w’ (3.13)
Then I'=(wg,w/R,w/R) is expressed as
L= (ay(p/a)??,(a/p)"? (a/p)'/?) (3.14)

and the stored energy reads

W (Vy) = (ay(p/a)** (a/p)/? (a/p)/*)

(3.15)
=G(QT;50);p),
where 2 and G are defined in (3.11), (3.12), and G(-;p) is convex.
The system (2.17) takes the form
oG o0
- 2/377 -
ow=0, (30 3¢ ) (1))
3 0G o 00!
P VA Rl

p G0 ( G+ 5o (3.16)

A (a3 =,
a(l)=Xa>0,a,>0, (R,t)€(0,1)x[0,00),

with the last inequalities encoding the constraints for solutions to represent elastic
motions. In the new variables, by (3.11),

2/3
= (22 2/3 g g @ ®p 2/3 X 2/3 2/3
Q(F)i <O{2/3p p p pl/g 1/3p 7a1/3p 3app (317)

and, using (3.16)5, we compute

8,0 () =0, <3p2/38p(0¢1/3)) =3p2/30,0,

V(M) =0, (a)p)=30*3v/p  i=2,3,

0, Q4 (T) =0, (az/‘j/p”‘s) 203 /p'?, (3.18)
() at(3/2 )p?/30),( 2/3))=3p2/38p(a1/3v) i=5,6,
()=,

() =8, (a,p 2/3) 30230, (a?/3v).

2 QYT
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These identities are summarized in two groups as
2, (T) =3p*%0,(Q(T)v), i=1,5,6,7,
0 (1) =p~ 2 (2 () + Qs (D)v, i=2,3.4,

(3.19)

the former representing the evolution of null-Lagrangians and the latter the evolution
of lower order terms. The identities (3.3) satisfied by null-Lagrangians become
(3.20)

30220, (')(1)) +p~ /2 (Q(T) + Q'5()) =0, i=1,5,6,7.
3.3.2. The augmented system. Next, consider the augmented system

=0, (30*PG(2)Q4(T) ) —p~ /3G 4() (Qa(T) +2'5(D))
(3.21)

a3 =,
6t§i = 3p2/38;0 (Q,,Ll (F)U) ) 1= 1) 5a67 77
0i&i=p P (D) +Q5(T)) v, i=2,3,4,

where T" is given by (3.14), subject to the boundary conditions and constraints, re-

spectively,
a(l)=Xa>0, a,>0, (p,t)€(0,1) x (0,00). (3.22)

The system (3.21)1-(3.21)4 is a second-order system describing the evolution of the
vector (v,q,2) and is assigned initial data (vo,a,Z0). It has the following properties:

(a) IfZ(-,0) =) with T° = (aé(p/ao)2/3,(ao/p)1/3,(a0/p)1/3), then 2=Q(T) for
all times. In other words, radial elasticity (2.11) can be viewed as a con-

strained evolution of (3.21).
(b) The enlarged system admits an entropy pair

2
) <”2 + G(E)) -0, (3p2/3 G,i(E)Qfl(F)v) ~0 (3.23)
with (for convex G) convex entropy 7(v,E) = % +G(B).
At this point we set
BZQP/O(2/3, 72052/37
(3.24)

ppp

and proceed to simplify the extended system working with «,3,7y,v as the independent

variables.
Taking a closer look at the extended system we see that £, =3 by construction

and hence equations (3.21)q, ¢ =2,3 are identical. Moreover,

&2 =3a*3v/p = 86 =p*30,(p0i&2),
(3.25)

3
0¢§a= 2041/371/[’1/3 = 0165 =016 = 502/38/7 (01/33t§4> .
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Hence (3.21) is overdetermined and extra equations (3.21)s, i=5,6,7 and (3.21)5,¢=3
can be excluded. In explicit form the extension is written as

Orv=0, (3p2/30,i(3)ﬂf1<1“)) —p PG L(E) (D) +Q5(I)),

08 =0,(3v),
v =303, (3.26)
Ay =2a' 0,

a(1)= A, a>0, a, >0, () € (0,1) x [0,00),
where from (3.26)3 and (3.26)4 we can derive the excluded equations
D, =0, (30 %0),

3.27
Dyp=0,(2a3v). (3.27)

4. Variational approximation scheme

In this section we introduce a variational approximation scheme for the radial
equation of elastodynamics. The general approach is to discretize the extended system
by use of implicit-explicit scheme.

Successive iterates are constructed by discretizing (3.21) as follows: Given the
(7 — 1)t iterate (avo,B0,70,v0) With ag(p) =0 and af(p) >0, p€(0,1), we define =0 =

(59)3:1 by

=00\ _ 2/3 Q0 Q0 70 390 2/3 390 2/3 1 273 41
‘—‘(IO) (60/) ’p’p’pl/?” 2)0 ) 2p y &P ()
and construct the j iterate («,(3,7,v), with corresponding == (&;)7_, defined by
v (5,23 @@ O 3 2337 o oo
‘—‘(p) (5/’ 7p7p7p1/37 2 ,0 9 2 p ,Olp I (42)
by solving
_d 2/3 (=\(yi (T0
(v=wo)/h=p (357G ((2)2 (1))
—p 3G i(E) (912 (%) +Qf3(FO)) )
(& —§?>/h=3p2/3d% (@ (T%)0), i=1,5,6,7, (4.3)
(gl_gzo)/h:p_l/g (9?2(110)—"-9?3(110))1}’ 22273a47
52(1)253(1):)‘7 52753207 §7>07 pe (07]-)7
where
I'=(a/(p/a)*’® (a/p)"/?, () p)'?), (4.4)
= (06(,0/040)2/37 (ao//))l/g’ (ao/P>1/3)~ (4.5)

As in the continuous case the discrete system (4.3) is overdetermined with extra
equations

4
dp
ki (4.6)
dp
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corresponding to (4.3)2, i=5,6,7. Excluding them from the system above we get

(v- vo>/h——(3p2/3G (2)04(1")

—p BG(E) (2 (T0) + Q1 (T0)),
(3= o) I = (30), (47)
(a—ag)/h 3a0 v,

(Y=70) /h=200"",
a(l)=\,a>0, a' >0, pe(0,1).

Note that Equation (4.6) can be derived from (4.7)3 4.

Time-step approximations capture a subtle form of dissipation associated with
the underlying variational structure and the convexity of the entropy [7, 8]. Indeed,
solutions of (4.7) satisfy a discrete entropy inequality; to see that, consider a smooth
solution (Z,v) of (4.3) associated to smooth data (2°,vg) given by (4.1). Multiplying
(4.3)1 by v we get

v(v—v _ i dv  _ i i
L) (2 (35790 (1) G4 (0%) - (0

. (4.8)
_ 9% (2.2/3~ (=\Oi (T0
4, (3@ ).
Then denoting
_ d . _
A¢:3p2/39f1(F0)dfz+p71/3 (1) + Q5 (1) v, i=1,....7, (4.9)
we claim
. _¢0
A; & h£Z ] (410)

Indeed, for i=2,3,4 we have Q, =0 and hence (4.3)3 and (4.9) imply (4.10). For
1=1,5,6,7, by the properties (3.20) of null Lagrangians and (4.3), we get
d . .
Ao (3215 2 (%) + 3 (%) 00, (1)))

d
3p2/3 %
+ dp

(4.11)
(Q4(T%)0) = (& —€2) /h, i=1,5,6,T.
Thus (4.8) and (4.10) imply

(v(v—0) +Gi(E) (&—s?))zd%(3p2/3G,z-<E>Qf1(r0)v).

S

Now, we denote © = (v,Z) and 0% = (v9,Z%). Then n=1/2v%+ G(ZE) satisfies

1 o_0%_ 2 (3,23¢ (2ai (M) —
~Dy-(0-6") dp<3,0 Gi(2)Q (T )u)_o.
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For G convex the following identity holds:

_ 0 .
OO 2 (32562100, (0)0) <0. (4.12)

REMARK 4.1. We have not studied in this article the convergence as the time-step
h— 0. For the three-dimensional elasticity equations this process produces measure-
valued solutions [8] while for one-dimensional elasticity it gives entropy weak solutions
[7]. In the present case we would expect to obtain weak solutions, but the compactness
properties of (1.4) are not at present sufficiently understood. There are two differ-
ences of (1.4) relative to the well understood compactness theory of one-dimensional
elasticity: the dependence of the stress on lower order terms, and the singularity at
R=0. Nevertheless, if the iterates u”, v" converge strongly, the discrete entropy
inequality (4.12) gives a weak solution dissipating the mechanical energy.

5. Existence of minimizers
Henceforth, we consider stored-energy functions (3.10) of the form

®(v1,v2,v3) = G(v1,v2,V3,2V3, V103,012, V1 V2V3) (5.1)
=(v1) +p(v2) +p(vs) + g(v203) + g(v1v3) +g(v1va) +h(vivavs).
Then, the function G defined in (3.12) reads
G(E;p)=p(&1) +¢ (65/3) +¢ ( §/3)
(5.2)

+9(€10*) +9(€50"*) +9 (€60 +hlgrp).
Now, define 1)(x) = p(2/3). Then, with = defined in (4.2), the above is expressed by

G(2) = (B +20(afp) +9 (/) +29 (37012 /2) +h(e).  (53)

We place the following assumptions on the functions ¢, ¥, g, h appearing above:
(A1) lims o4 n(0) =lims—. o0 h(5) /0 =~+00;
(A2) ¢,,g€ C?(R) and he C%(R,) satisfy

@, 0,9,h,¢" ¥",g" >0 and h">0; (5.4)

(A3) For 1<p,q<oc and some constants c1,ce >0,

i P _ o Y@ o 9(@)

T—00 |gj|3p _w—>oo |x|1’ -

(A4) For 1<p,g<oo as in (A3) and Cy,C5,C5>0,

¢'(2)
oot =

! /
v (@)] <Oy, limsupM < Cs; (5.6)

Pt~

C1 limsup

r—00

limsup

T—00 T—00 |1'|q

In particular, G is convez.
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We define spaces of functions on the interval p € (0,1)

{f(p)eW"0,1): f/peLP(0,1)},

F(p) € Ligc(0,1): fp?* € 17(0,1) },
{f p)EWSL(0,1): fEL2, [P e L% (0,1)],

loc

()
o) €Wk (0.1): f/p** e L0, f/p P e L1(0.1)
(

and
X=X1Xo0X3RY.

We fix a parameter A >0 and for the initial data («g,50,%0,v0) € X we require

ap(l)=X, ap=0, a;>0,a.e.pe(0,1),

1
1 5.7
/§v02+G(EO)dp < 0. (5.7)
0
Consider the problem of minimizing the functional
i 1
Hapo)= [ {30-wp+6E) |4
0
([ 2 2/3 (5.8)
= [{ 3=+ o8+ 20ap)
0
+g (v/pw) +2g (37’p1/3/2) + h(a’)} dp
over the admissible set
Ax={(a,8,7,v) € X :2(0) > 0,(1) =\, &’ >0a.e.and
I(a, B,7,v) <00, @ =30, (5.9)
(v _haO) — 30023, (v —h’YO) :2%1/3@}.

We note that I is well-defined for («,3,v,v) € X with o/ >0 a.e. p€(0,1), though T
might be equal to oco.

LEMMA 5.1. The admissible set Ay is nonempty.

Proof. Take (a,f3,7,v) = (0,50,7%,0) € X. Then (5.7) implies «(0) >0, (1) = A,

o' >0 a.e., and
1
@, 3,7,v) /{Uo +G(E )}dp<oo.
0

Moreover the following holds: (58— 3y)/h=0=3v', (a —ag)/h=0=3a0>/3v, and (y—
Y0)/h=0=2a0"3v. Hence (a,(,7,v) € Aj. O
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LEMMA 5.2 (I-bounded sequences). Let {(n,Bn,7n,Vn)} ey CAx and

Mzsugl(anaﬂn;’)/n;vn) < o0. (510)
ne

Then 3 (o, ,7,v) € X and a subsequence {(a, By, Yu,vu)} s.t.

a,—a inWht,  a,/p—alp  in LP,

Yl PP =)o in L9, Al et =y pt in LY,
2 /23 2/3 3 (5.11)

v, in L, vp/évp/ in L°P,

5,u102/346ﬁ72/3 in L3p.

Proof.  First, a,, >0, >0 a.e. and a,(1)=X imply that |a,|<A. Second,

from (5.10) it follows that fo 1 )dp < M, Vn. By the de la Vallée Poussin criterion
there exists a € W1 and a subsequence {as} such that oy — a weakly in W11,

By (A3) there exist constants C1,Cs s.t. ¢(z) = C1|z[3P — Oy, 1 (z) = Ch|z|P — Ca,
and g(x) > Cq|x|?—Cs, and thus

M>I(Oés7ﬁsa’7/syvs)

[
(5.12)

This implies, for 1 < p,q < oo, that a/p € LP and there exist 3 € Xo,v€ X3, ve€ L?, and
a subsequence {a,,3,,7,, v} of {a,Bs,7s,vs} such that (5.11)2 3 4,56 hold.

Finally, as (ou,Bu,7u,vu) €Ax we have 3vj, p?3=(B,—B0)p*3/h. Then by
(5.11)3 we get 3vgp2/34(ﬂ—ﬁo)p2/3/h in L3P, It follows from (5.11)g that for each
feCge(0,1)

s—0) dp+01/\ﬂs 21332 42| ag / plP + s /07 7+ |W§Pl/3|qd/’—402~

l\.’)\r—\

1 1
/ vf dp= lim v f'dp
0 n=Jo

X - (5.13)
— i ' fdp=— | —(B—Bo)fd
g [ vufdp /0 57, (8= Fo)fdp,
and hence v' = (8—0y)/3h. Therefore ve€Y and v;p2/3 — o p?/3, O

THEOREM 5.3 (Lower semi-continuity). Let {(an,Bn,7n,0n) nen C Ax,
(o, B,7v,v) € X satisfy (5.10) and (5.11). Then (o, B,7,v) € Ax and

I{a, B,7v,v) <Uminf I (an, Br, Yn,vn) = 8 < 0. (5.14)

Proof. By hypothesis 0< 1T, =I(an,Bn,Yn,vn) <M, YneN and thus s< oo.
Recall that a,, —«a weakly in W' and (along a subsequence) uniformly on C10,1].
Since ay (1) = A we obtain a(1)=A\. Moreover,

1 1
lim ) X{ar<0} dp:/ o' X{ar <0} dp- (5.15)
0

n—oo 0

Since o, >0 a.e. we obtain fol @' X{a'<0ydp >0, and thus m{a’ <0} =0.
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Now, denote A={p€(0,1): &’ =0} and show that m(A)=0. We will argue by
contradiction. Assume that m(A)=¢e>0. Then (5.11) implies

1 1
lim o/nXAdp:/ a'xadp=0. (5.16)
0

n—oo 0

Then, as o, >0 a.e., lim, . fol |l xaldp=0. Hence al,x4 —0 in L'. We extract a
subsequence {a/, } such that o/, x4 —0 a.e. p€(0,1). Now, by Egoroff’s theorem
there exists a measurable set B C A such that m(B)>¢/2 and a;,, — 0 uniformly on
B. Next, observe that

/Olh(a;k)dp>/Bh(a%k)dpm(B)(inf h(a;““)) .

pEB

Since puy,, — oo this contradicts (5.10). We conclude that m(A)=0.
Next we prove >0 a.e. pe(0,1). Again (5.11); implies
1 1
lim AnX{a<0} dp:/ aX{a<oydp >0, (5.17)
0 0

n—oo

and thus m{a <0} =0. This concludes that « satisfies all restrictions of membership
in Ay.
Next, by (A2) we get

Q(Bnp*®) = (B %)+ ¢ (Bp**)(Bn — B)p*2,
Y (an/p) =9 (a/p)+9' (o) p) (tn — )/ p,

(
9 (1/0*?) 2 9 (1/0°) +4 (1/0**) (i =) /07 (5.18)
g (37;”1/3/2) >9 (37/”1/3/2) +g (377’1/3/2) (v, —7)3p"/? /2

a.e. pe(0,1). As (a,8,7,),(On,Bn,Vn,vn) € X, from (A3) it follows that the right
hand side of each of the inequalities in (5.18) are integrable and

@ (57" € LW, W (afp) € L7,
and ¢’ (v/p2/3> g (37;01/3/2) eLvT.

Take an arbitrary 0<d <1 and set As={p€(0,1): < a’<1/6}. Then by (A2)

(5.19)

h(ai,) =2 h(a")xa; + 1 () (o;, —a')xa; a.e. pe(0,1). (5.20)
Moreover, (A1) and (A2) together imply

0 h<0/)XA5 +|hl(a/)|XA5

<

< 2max(h(8), h(1/6), [N (5)], |1 (1/)])-

Hence

h(@')xas, W' (@')xa, € L%, (5.21)

and we conclude that the right hand side of (5.20) is integrable.
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Finally,
(Vn —10)? = (v—10)? +2(v —v0) (v, —v) a.e. p€ (0,1), (5.22)

where right hand side is integrable as v,v,,vo € L?.

Following the discussion above, (5.18)-(5.22) imply
!
I, >/ {2@ —v0)>+0(Bp*%)+2¢ (a/ p)
0
1
+9 (7/,02/3) +2g (37’p1/3/2) } dp+/ h(a')xasdp
0

1
+ [ {w=m)on =)+ (628,
+20 (a/p) (=) 9 (7/0*) (lu =)0
' (37'0"%/2) (=130 1 (@ )xa, (0~ ) } dp
=J+Js+ J,.
Then, letting n — oo, we obtain

oo > s = liminf I,, > J+ Js+liminf J,,.

n—oo

Now from (5.11), (5.19), (5.21), and v—wvo € L? it follows that lim, . J, =0 and
hence

1
00 > s =liminf I, > J+/ h(a")x a, dp. (5.23)
0

n—oo

Now, as @/ >0 a.e. p€(0,1) and o’ € L!, the set {o/ =0}J{o/ =0} is of measure
zero, and hence

SJm A(a)xa; =h(a)Xjo<ar<oc) =h(a) ace. p€(0,1). (5.24)

Finally, let § —0+4. Then from (5.23), (5.24), and the Monotone Convergence Theo-
rem it follows that

n—oo

1
o0 > s = liminf 7, > J+/ h(a"Ydp = 1(a, 3,7,v)
0

and hence (5.14) holds. Since (p, B, Vn,vn) € Ax, and the other constraints are linear,
one easily checks that the limiting («,3,7y,v) € Aj. d

THEOREM 5.4 (Existence). There exists (a,[3,7,v) € Ay satisfying

I(a,ﬁ,mv)z%f](@ﬁﬁ,@). (5.25)

Proof. As A, is nonempty, we can set s=inf 4, I(a,3,7,7). Then by definition
of Ay we have I(a,[3,7,7) < oo for each (&,(3,7,7) € Ax. This implies that s is finite.
Next, by definition of s there exists {(an,Bn,7%,Vn)},cn €A such that
lim,, oo In =5 with I, =I(an,Bn,Vn,vn). Then, as {I,,}, oy is bounded, Lemma 5.2
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and Theorem 5.3 imply that 3(«, 3,7,v) € Ay satisfying I(«,3,7v,v) <liminf,, o I, =
s. In this case the definition of s implies I(«,3,7,v) =s. |
THEOREM 5.5 (Uniqueness). The minimizer (a,(3,7v,0) € Ax of I over Ay is
unique.
Proof.  We will argue by contradiction. Assume (a,3,7,v),(a,3,7,0) € Ay are

two distinct minimizers. Then we consider (#,#,%,”—g@) and notice that it
also belongs to Ajy.

Define A={p€(0,1): &’ #a'}. Then mA>0. Indeed, if o’ =a’ a.e., then a(1)=
@(1) =\ implies @ =a. In turn, this implies v = v’, 3=, and v =7, which contradicts
to the assumption that («,3,v,v) and (&,3,7,0) are distinct.

Now, as h” >0, we have

h ! h*l !/ =/
(a); (a)>h(a -ga) e,

and thus, as mA is positive,

1 / ~/ 1 / =1
/‘h®ﬁ+h@0dp>/"hCl+a>dp
0 2 0 2

Let s=inf 4, 1 (d,B,’y,f/). Then by the inequality above and convexity of ¢,1 and
g we obtain

(5.26)

I(a,B,7,v)+1(a,3,7,0) a+a B+ y+7 v+0
5= 2 PSS )

2 0 2
(. 8,7,0) = (a,53,7,0). O
6. Euler-Lagrange equations
Next, we show that the minimizer of I satisfies the system (4.3) a.e. p€(0,1). To

this end, in addition to (5.7), we assume that the initial iterate (cv,B80,70,v0) satisfies
for each § €(0,1)

which, since (%,ﬁ%,u,”ﬁ) € Ay, contradicts the definition of s. Hence

ap € L¥(5,1)(|L(5,1). (6.1)

THEOREM 6.1 (Weak Form). Let (a,(3,7v,v) € Ay be the minimizer of I over
Ay and the initial iterate (oo, Bo,v0,v0) satisfy (5.7) and (6.1). Let also

Gi(p) =G :(2)Q(I°) (6.2)
and
Ga(p) =G i(E) (V5 (T°) +Q%5(T7)). (6.3)
Then, for each § € (0,1),
P*PGi(p) eWHL(8,1), pPGa(p) € LY(8,D),

and for a.e. p€(0,1)

323G (p) = /P <3_1/3G2 (s)+ U(s)—hvo(s)) ds+ const. (6.4)

1
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Moreover, for each § € (0,1),
o/ € LPP(5,1)(|L9(5,1). (6.5)

Proof. Fix k€N and define Sy={pe[l/k,1): 1/k<a’<k}. Let fe€L>* with
fSk fdp=0. We denote xx =X, , Ik =0ao(1/k), and set

u(p) = / k(3£ (s) ds. (6.6)

Before proceeding further we make the following remark. Let t€R and F(x)=
rt,x€R,. Take §€(0,1). Then, as ag € WH!, ap>0, and af >0 a.e. p€(0,1) we
must have 0 < ag(6) <ag <A for all pe (6,1). Hence |F’(ag)| <t(ap(8)+ )" for all
p€(0,1). Therefore we conclude that for each t€R and é € (0,1)

d
Ol(]t € Wl’l(é,l) with dip (aot) :tagt_laf). (67)

(i) Step 1. Definition of the variation. For |e| < m we define (¢, B, Ve, ve)
by

- H
Ve —v+57ha02/3 s
a.=ag+h (3050402/3) =a+3eu,

) (6.8)
5sﬂo+h(3v;)ﬁ+3s(aog/3) ,

’ng’Vo-i-h(staol/S):’y-i—Qs 73
(&%) /3

Due to (6.7), (ae,Be,7e,ve) is well-defined. We next prove:
LEMMA 6.2. The variation (ae,Be,ve,ve) € Ax.

Proof. First, we notice that
(e, Be,7e,0:) = (@, 8,7,0) if pe(0,1/k). (6.9)
Then we check that

a:(1)=a(l)+3c [ f(s)ds=A.
Sk

Next, we see that a. =o' +3exy f and therefore

Ck; = O/v P ¢ Skv
1, (6.10)
%gaegk_Fla Pesk
This implies that o >0 a.e. p€(0,1) and hence (6.9) implies a. > 0.

Now we make the following estimates. First, we see that

K23 1
</l 1+k+l1ﬁ+w
k k

I
p2/3a1/3

7!
+’ha02/3

Iu’|+‘“‘+
p
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M /
‘(Oéoj/3)

Thus we conclude that there exists C such that Vpe (1/k,1)

and, for j=1,2,

—-3/3 —(1+5/3
<l (577410597 o).

ol —o/|+|ac/p—a/pl+ e/ p*> =7/ 0?3+ [v—v.| <eC (6.11)
and
180> = Bp* 2|+ Lp"? = p' 3| <eC (14 ]ag)). (6.12)

As (o, 8,7,v) € X, the last two inequalities imply (e, fe,7e,v:) € X.

Further, by (A3), (6.11), and (6.12) we conclude that there exists C' such that for
all pe(1/k,1)

(la/pl”+1),
(180227 +]ap P +1),
(n/e*?7+1),
(

[ 4|7+ 1).

Y(az/p) < C
e(Bp*?) < C
<C

<C

9(31! pl/ 3/ 2
y (6.10) we also have

h(al)=h(a"), p¢ Sk,
; _ (6.13)
h(al)< max |h(d)|=My, p€ Sk,
L <5<k

2k X0

and hence
h(az) <h(a')+ My, pe(0,1). (6.14)

Now, similarly to (4.2), set

= _ 2/3 Qe Qe e 372 2/3 % 2/3 o p2/3
—e — </65p 9 p 9 p 7p1/37 2 14 5 2 14 5,0 (615)
Then, by the discussion above, it follows that
ve — )2 v—1p)?
6@+ — o)+ U e .a/m), (6.16)

2
and there exists C such that for pe (1/k,1)

Ve — )2
G2+ D <0 (L1802 P+ + ol + 1y 2

2 (6.17)

I 29+ o |7+ o2 + Juo | 4+ () ).

As I(«,,7,v) <oo, (6.16) and (6.17) imply I(ae,B:,7e,ve) <oo and hence by con-
struction and the above discussion we get (ae,c,7e,ve) € Ax. d
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Step 2. The next objective is to validate the formal identity

Lot vee)

dp=0. (6.18)
e=0

d
disl(asaﬁEaFYEy’UE)

This will require several detailed estimations presented below.

At this point, let us make estimates of the following difference quotients on the
interval p€ (1/k,1). First, by (6.11) we get

1 1

g\(vg —vg)? = (v—1p)?| =g|v6 —l|ve +v —2up| (6.19)
<C(Jv|+|vol +1).

Further, by the Mean Value Theorem

1

1
Zlo(8:0%) = (8% )] = L1 (7) 1% = B™),

where min (3, 5.)p*? < 7. <max(f,6.)p**.  Hence from (6.12) it follows [r|<
|3p%/3|+eC(|Jaj|+1) and therefore (A4) implies

¢/ ()| < C (18527 + o~ +1).
Thus
1
—lp(B-p>*) = 0(B*)]
€ (6.20)
<C (8o 4 a1 1) (lag | +1).

Similarly,

Zolac/) = wlafo)l =2 ()llac/p—alsl,
where min(a.,a)/p< 7. < max(a.,a)/p. Hence || <|a/p|+cC and (A4) implies
[0/ () <C ((la/pl+ 1P 1+ 1),
and hence
Lo0e/p) (/)| <C ((Jafpl+ 1P +1). (6.21)

Next,

1 1 [
Zl9Cie/ %) =90/ *) = Z1g' (e 07 =1/,

where min(7v.,7)/p%? < |7.| <max(7y.,7)/p?® and hence || <|y/p*/?| +eC. Then by
(A4)

19/ (7l <C (/o2 + 1)1 1),

and hence

Lol o)~ g <€ ((f o 41y 1) (6.22)
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Further,

1
“la3aLp'2) = g(37' 0" /2)| = )||lp? =~ p ),

2219 g'(
where %min(’yé,’y) 1/3<|7'5| maX(’y e 1/,

2 (P31 +2C(|lah|+1)). Then (A4) implies

Hence we must have |7.|<

1971 <C (10 +lag | +1)77 1 +1),
and hence
1
—lg(34p"?/2) = 9(37'p'/? /2)]
€ (6.23)
C (021 +lapl+1)77 1) (Jap |+ 1).

Finally, if p¢ Sy, then 1|h(al) —h(a’)|=0, and if p€ S we get
1
2 h(af) ~ ha!)| = 2K (7)o, — o,

where min(a/,a’) < 7. <max(a’,). Then by (6.10); we get 57 <7 <k+1 and hence

|n (1e)| < | Wax |h'(8)].
2 <o<k+1

Thus by (6.11) we conclude that for p€ (1/k,1)
1
g|h(0/s) —h(a)|<C. (6.24)

Thus (6.16),(6.19)-(6.24) and the assumptions on the initial iterate (5.7) and (6.1)
imply that

Ve —g)? v—1g)?
G(EE) + ( € 0) —G(E) _ ( 0)
2 2
is bounded on (0,1) by an integrable function. Letting e — 0, and using the Dominated

Convergence theorem, (A2) and the fact that (a,3,7,v) is the minimizer, we obtain
the identity (6.18).

Step 3. Conclusion of the computation. The last step is to compute the right
hand side of (6.18). Note first that

,—1 /
az:, _ a H 2/3
d6 ﬁt’f - <a02/3> p bl
dEg _ dEg’ _ i e\ 37;1

de  de  de o’

:4 d Te \ _ 2u

de dE p1/3 - a01/3p1/3’

:5 Eg d 37'p2/3 _3 H /p2/3
de ~ de  de apl/3 ’

EZ: d ( /p2/3> 3/ p 2/3,
de  de \7¢
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and

dv, H

de B ha02/3 .

Then the integrand in (6.18) is expressed by

dv. d=t
_ (2 = bu',
(v—2v0)— 7 (&) | Tantbn
where
= 2ag 2/3 = =
a(p) ==G1(E)— zp” " +G2(5)~+G3(5)-
0 P
2 ay 975, (V—o) (6:25)
+G,4(‘:‘)a 1/3p1/3 (G,E)(‘:‘)—’_GG(‘:‘)) 04/3 + han2/3
and
3p2/3 — =\ 1/3 -, 1/3 =\ 2/3
b(p)*W(GJ(:)wLGﬁ(:)ao +G (Do +Ga(E)ac¥?).  (6:26)
Thus by (6.18) we have (au+bp') € L' and
1
/ (ap+bp')dp=0. (6.27)
1/k

Now, we claim a€ L'(1/k,1). By (A3) and definition (5.2) of G it follows that
for pe(1/k,1)

¢ (Bp*3)ay’ <

o
‘GJ(E) 0 2/3

C (18o%271 +1) i

/3 [77°
1 1Ga(2) +Ga(@)| <2010 (0/p) <C (oo 1),
and
1 B3,
= /3 2/31q—1
6@ i < o1 |<0 (g0 1)

As the right hand sides of the inequalities above are integrable on (1 / k,1) we have ac
L'(1/k,1) and this, in turn, implies by’ € L'(1/k,1). Now, we set z(p) = [ a(s)ds for
p€(1/k,1). Then z is absolutely continuous and so is pz. As (,U,Z)|p71/;€ = (uz)|p 1=0

we get
1 1 P
0:/ (,uz)’dp:/ <u’/ a(s)ds+ua> dp.
1/k 1/k 1

Then (6.27) becomes
/ (—/pa(s)d8+b> fdp=0. (6.28)
Sk 1
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By the properties of f we obtain that for some constant cy

b— / s)ds=cy, a.e.p€ Sk.

As k was arbitrary, the above equality is valid for all k€N. In this case Si C Skt1
implies that ¢y =cpq1. As [, Sk={p€(0,1):0<a’ <oo} and m((0,1)\U, Sk)=0,
we conclude

p
b—/ a(s)ds=const. a.e.p€ (0,1). (6.29)
1

Now, let us fix € (0,1). By the above argument a€ L'(§,1) and (6.29) implies
be WhH1(8,1) with the weak derivative b’ =a. Moreover, by (6.7) we have ao?/®¢€
WH1(6,1) and hence bay?/3 € Wh1(8,1). At this point, we compute

1

o

0 0 apt/? apl/3 ag?/3
2/3 1/3 app  _agpp
po(r)=[03(2) 0 't 0 29 ow
0 0 3(%)2/3 agl/? e o o

ao2/3 apl/3

and notice that definitions (6.25) and (6.26) of @ and b imply
bao®/? =3p*3G () (T°) =3p*3G1 (),
while its weak derivative is expressed as

d
—bay?? =acp??+b
dp

2a,
3a01/3

— p 3G (E) (1 (T0) + Qi (T0)) + -

UV —79
h

— g

=p 3Gy (p)+
We conclude that, for § € (0,1),
p?3G(p)eWhL(8,1), p~Y3Ga(p) e L(5,1), (6.30)

and for almost every pe (0,1)

1

323G (p) :/P (5_1/3G2(s) + v(s)—hvo(s)> ds—+ const. (6.31)

Finally, to prove (6.5), we compute

(afao)/:h<3ao ) < 1/3v+3a 2/31/)
/
@

+ (8= Bo)a*?,

=(a— a0)3

and hence

o = /<1+20‘> (8- fBo)ao?/3. (6.32)

(&%)
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Similarly,
"2 a—ap\’
B r 1/3 _“ 0
(v="0) *h<2040 U) =3 < aol/g)
2 , Qg a
_ 094 =
30&01/3 (Oé 3 < +C¥0>>
and hence
/ a6 «a 3 / l 1/3
o= 2—!——0 —|—§(7 =y )ag 7. (6.33)

Now, take 6 € (0,1). Then from (6.32) and (6.33) it follows that for all p€ (4,1)

oy 2\
<8 (14 25 ) +1- b (6:34
and
‘ A 3
/<M e PV A 1/3. )
| <5 (24 7 ) + 51 =0 (6.:35)

Since ¢ is arbitrary and 38— 3y € L3P(8,1), v/ —~, € L(5,1), the assumption (6.1) and
last two inequalities imply that for each 6 € (0,1)

o/ € LP(5,1)(|L9(5,1). (6.36)

This completes the proof. 0

7. Regularity

First, we claim that for each representative of the minimizer (a,,7v,v) € Ay in
the theorem (6.1) we can alter o’ on a set of measure zero such that functions G; and
Gs defined in (6.2) and (6.3) satisfy

P —
323G (p) :/ sTH3Gy(s) + Mds—l—Co, for all pe (0,1].
1

Indeed, let us fix representatives («,3,v,v) and (ao,B0,70,v0). Define

Z(p):3/)12/3)/1/38_1/3GZ(S)+”(S)_}1“0(‘9)L15+00 (7.1)

and let A={p€(0,1]: G1(p) # z(p)}. Take any py € A and define
vo= (2(0) = ¢/ (89'*) =24/ (37'p"*) a0/ ) /*) ‘p:p

Then by (Al) and (A2) it follows that there exists a unique z( such that h'(xg)=
Yo (po/ao(po))2/3. Now, by definition of G; we have for all p € (0,1]

G1(p)=¢'(Bp*/*)+29'(37'p"/% /2) (a0 /p) > + 1/ (o) (a0 / p)*2. (7.2)

Thus assigning o’ (pg) =z we get G1(po) =z(po). In the end, after altering this way
o’ on the set A, we get that G1(p)=z(p) for all pe (0,1]. Moreover by (6.4) we have
mA=0 and this finishes the proof.
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The following regularity lemma requires a smoother initial iterate than before. In
particular we prove:

LEmMMA 7.1 (Regularity). Let («,f,7y,v) €Ay be the minimizer of I over Aj.
Assume that the initial iterate (ag,Bo,v0,v0) satisfies (5.7),

0,70 € C1(0,1] and By € C(0,1]. (7.3)

Then
a,y,v€C0,1] and B€C(0,1]. (7.4)
Proof. Clearly, we can pick a representative («,3,v,v) such that a,v,v € C(0,1].

Proceeding as in (6.32) and (6.33), the constraints 259 =330, 15200 =2a41/30,
and B_—hﬁo =3¢’ imply for a.e. p€(0,1)

Bp* =0 (p/a0)** + f1(p) (7.5)

and
3
v pP=a (p/ao)* + falp), (7.6)

where

. alhp?/3 2c
fl(ﬂ):ﬂop”‘tLQ/3 (1+>,
g

ao
3 /13 p'/ o

== ~ 2+ —).
f2(p)=570P e o

We note that (7.3) implies that f; and f; are continuous on (0,1] functions.

First, we alter 8 and 4’ so that equality in (7.5) and (7.6) holds for all p€(0,1).
Hence by (7.2) we have for all p € (0,1]

G1(p)=¢' (o (p/a0)*’* + f2(p) )
+2¢/ (o (p/a0) 3+ f1(p)) (/) ? (7.7)
1 (@) (ao/p)**.

and this suggests to define f:R; x (0,1] =R by

I (@.p) = (w(p/a0)** + f2(p))
+2g' (2(p/20)/* + F1(p)) (c0/p)/* (7:8)
+ 1 (2)(ao/p)?.

Now, define A={p€(0,1]: G1(p) #z(p)}. Clearly, mA=0 and note that from (7.7)
it follows that

Gi(p)=f(d',p)=2(p), p¢A. (7.9)
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Take pp€ A. Then, as po>0 and ag(pg) >0, properties (Al)-(A3) imply that
fu(z,p0) >0 for all x € R, ; moreover, lim, o4 f(x,p0) =—00 and limy—, o0 f(x,p0) =
+o0o. Hence there exists a unique o € Ry such that f(zo,p0)=2(po).

At this point we are ready to assign new values for o/, 3, and /. Define

To_ J1(po)
aolpo)” " pi*

o (po) =m0, B(po) =

and

s I
V) =3 <ao<;§>l/3+ ZE%))'

This implies that (7.5) and (7.6) hold at p=pg, and hence by (7.2)

Gl(Po):f(l’o,f)o)Zf(@/(Po)vpo)Zz(Po)- (7.10)

As pg € A was arbitrary (7.9) and (7.10) imply

Gi(p)=f(d',p)=2(p), p€(0,1]. (7.11)

Hence G is continuous on (0,1] and therefore o/ >0 for all p € (0,1].

Now, let us assume p, — po and o' (pi) — 1 € [0,00] with pg,po € (0,1], k €N. First,
we claim that [ € (0,00). Indeed, assume that =0 or | =+o0. Then by continuity of
we have ag(pr) — ao(po) > 0 and hence properties (A1)-(A3), together with continuity
of f1 and fo, imply limyg_,o0 f(&/(pr),pr) = Foo respectively. Thus by continuity of
G1 and (7.11) we have

Gi(po) = lim G (px) = lim f(a’(pr),pr) =Foo, (7.12)

which is a contradiction. Therefore we assume [ € (0,00). As f1, f2 are continuous on
(0,1], we must have limy_,o f(&/(pr),px) = f(l,p0), and therefore by (7.11) we get

f(@(po),po) =G1(po) = Jm Gi(px)

o (7.13)

:kliﬂgof(a (pr)pe) = [, po).
By the strict monotonicity of f(-,p9) we get ag(pp) =1 and conclude that o’ is con-
tinuous on (0,1].

Finally, from the discussion above it follows that equalities (7.5) and (7.6) hold
for all p€(0,1]. The continuity of f1,f2, and o imply 5,7 € C(0,1]. Moreover, as
2590 =30 %/30 for all p€ (0,1], we obtain v € C'(0,1]. This finishes the proof. 0
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