ON THE UNIQUENESS OF ENERGY MINIMIZERS
IN FINITE ELASTICITY

JEYABAL SIVALOGANATHAN AND SCOTT J. SPECTOR

ABSTRACT. The uniqueness of absolute minimizers of the energy of a compressible, hyperelastic
body subject to a variety of dead-load boundary conditions in two and three dimensions is herein
considered. Hypotheses under which a given solution of the corresponding equilibrium equations
is the unique absolute minimizer of the energy are obtained. The hypotheses involve uniform
polyconvexity and pointwise bounds on derivatives of the stored-energy density when evaluated
on the given equilibrium solution. In particular, an elementary proof of the uniqueness result of
Fritz John [Comm. Pure Appl. Math. 25 (1972), 617-634] is obtained for uniformly polyconvex
stored-energy densities.

1. INTRODUCTION

In this manuscript we consider the uniqueness of absolute minimizers of the energy of a
compressible, hyperelastic body under dead loads. Although one does not always expect such
uniqueness, for example, when a thin rod is subjected to uniaxial compression there should be
more than one buckled minimizer, a result of Zhang [48] for the displacement problem shows that
there is exactly one absolute minimizer of the elastic energy for certain boundary displacements.

In addition to the displacement problem we also consider both the traction and the mixed
problem for energy functions that are uniformly polyconvex, that is, when n = 3, stored-energy
densities of the form

w(x)
W(x,F) = 7]F|p + &(x,F,cof F,det F),
where w(x) > w, > 0, p > 3, N — &(x,N) is convex, det F denotes the determinant of the 3
by 3 matrix F, cof F its cofactor matrix, and |F| the square-root of the sum of the squares of
the elements of F. Our main result, Theorem 4.2, shows (using elementary methods) that for
such energies any (weak) solution of the equilibrium equations that satisfies a certain pointwise
bound will be the unique absolute minimizer of the energy. Moreover, there can be no other
solution of the equilibrium equations that satisfies this bound.

We note, in Remark 4.3, that our proof of Theorem 4.2 is also valid when @ is not globally
convex. If instead a weak solution of the equilibrium equations lies at a point of convexity
of @ (see (4.16)) and satisfies the required pointwise bound, then that deformation must be a,
potentially nonunique, absolute minimizer of the energy. Theorem 4.2 therefore has implications
for stored-energies that admit phase transitions (see Ball and James [5] or, e.g., Grabovsky and
Truskinovsky [19] and the references therein).
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2 J. SIVALOGANATHAN AND S. J. SPECTOR

In the special case when the stored-energy density W of a homogeneous body £ C R",
n =2 or n =3, is given by
W(F) = “2|F|" + &(F, det F), (1.1)
n
where w, > 0 and @ is convex, then our results show that if u. is a weak solution of the
equilibrium equations that satisfies (see (4.6)—(4.8) and Remark A.2)

d
14(Ve, det Vuo)|| o) < wo/(2n = 3),  A(F,detF) = Scd(BN)|

then u, is the unique absolute minimizer of the elastic energy. Moreover, no other solution of

(1.2)

the equilibrium equations can satisfy (1.2);. Furthermore, for the pure-displacement problem,
Theorem 4.2 also shows that the same results are valid if (1.2); is replaced by

| A(V e, det V) — || oo () < wo/ (20 — 3),

where v € R denotes an arbitrary constant.

For the displacement problem we obtain additional results. We first show, in Theorem 5.1,
that a result of Zhang [48] is a simple consequence of our main theorem; we prove that if an
equilibrium solution, ue, is sufficiently close to a homogeneous deformation (in the Sobolev space
W) then u, is the unique absolute minimizer of the energy and there are no other equilibrium
solutions nearby.

We also consider, in Theorem 5.3, a uniqueness result of John [26], who proved that there is
at most one equilibrium solution with (sufficiently) small strain: E := 1[(Vu)TVu—1I]. We use a
recent result of Silhavy [37], which produces a polyconvex representative that is invariant under
rotations, to show that John’s result is a direct consequence of our proof of the above-mentioned
result of Zhang. We thus provide an elementary proof of a version! of the result in [26] that
does not require the use and properties of BMO [27].

In §6 we present some examples of classical equilibrium solutions that satisfy the hypotheses
of our theorems. In particular we construct two explicit examples in 2-dimensions, one for a
mixed problem and one for a pure-traction problem, of homogeneous solutions that are each
the unique absolute minimizer of the energy when the stored-energy density is compressible neo-
Hookean. In §7 we briefly mention a recent alternative approach to the uniqueness of minimizers
due to Gao, Neff, Roventa, and Thiel [16].

Most of the prior literature on uniqueness in finite elasticity considers the uniqueness of equi-
librium solutions rather than energy minimizers. For example, results of Gurtin and Spector [23]
imply that there is at most one solution of the equilibrium equations that lies in any convex set
where the second variation of the energy is strictly positive. Knops and Stuart [28] (also see
Bevan [8] and Taheri [45]) have shown that, for a star-shaped body, a homogeneous deforma-
tion is the unique smooth equilibrium solution that satisfies a homogeneous pure-displacement
boundary condition whenever the energy is strictly quasiconvex at that deformation and globally
rank-one convex.

Alternatively, there are a number of results that establish the nonuniqueness of equilibrium

2

solutions for compressible materials.” For example, Post and Sivaloganathan [32] (verifying a

lour hypotheses on the stored-energy differs from that in [26]. See Remark 5.4.

2For interesting examples of nonuniqueness for both compressible and incompressible materials see, e.g., [2,
891, [9, §5.8], [1, 7, 21, 22, 23, 32, 33], and the references therein.
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conjecture of John [25, 26]) proved that there are (at least) a countably infinite number of equi-
librium solutions for certain pure-displacement problems for an annulus. Antman [1] has shown
that, for the pure-traction problem, a thick spherical shell without loads has a second equilib-
rium solution corresponding to an everted deformation. Simpson and Spector [38] have proven
that, in addition to the homogeneous equilibrium solution, there are indeed two distinct buckled
equilibrium solutions for certain 2-dimensional isotropic bars subject to uniaxial compression.

We mention that there is an interesting result of Spadaro [42] for the pure-displacement
problem in 2-dimensions for constitutive relations of the form (1.1) with n = 2. Spadaro shows
that there must be at least two absolute minimizers of the energy to a certain boundary-value
problem when the body is a disk. However (as he notes), his construction is not compatible
with finite elasticity, since it requires negative Jacobians.

Finally, we note that a possible interesting extension, which we have not addressed, is a
uniqueness result for live loads.?

2. PRELIMINARIES; THE NONLINEAR PROBLEM

2.1. Preliminaries. We consider a body that for convenience we identify with the region Z C
R™ n = 2 or n = 3, that it occupies in a fixed reference configuration. We assume that
B #+ @ is a connected, bounded, open set whose boundary, 94, is Lipschitz* (see, e.g., [15]). A
deformation of % is a mapping that lies in the space

Def := {u € W"!(%;R") : det Vu > 0 a.e.},

where det F' denotes the determinant of F € Lin,, (the space of linear maps from R" into R")
and for 1 < p < oo, WIP(%;R") denotes the usual Sobolev space of (Lebesgue) measurable
(vector-valued) functions u € LP(#;R™) whose distributional derivative, Vu, is also contained
in LP. We write d;; for the Kronecker delta: thus,

0 ifi#y
0ij = e
1 ifi=yj.

We assume that the body is composed of a hyperelastic material whose stored-energy den-
sity W : % x Lin,, — [0,00] with x ~ W(x,F) (Lebesgue) measurable’® for every F € Lin,,.
W (x,Vu(x)) gives the elastic energy stored at almost every point x € Z of a deformation
u € Def. We assume that the response of the material is invariant under a change in observer
and hence that, for a.e. x € 4,

W (x,QF) = W(x,F) for every F € Lin], and Q € Orth], (2.1)
where Lin; denotes those F € Lin,, with det F > 0 and Orth;, denotes those Q € Lin/, that

satisfy QTQ =1 (I € Lin}; denotes the identity, i.e, Ia = a for all a € R").

3See, e.g., [31, 34, 43], [9, §2.7], or [36, §13.3].
4This assumption allows for a piecewise C' boundary, for example, a rectangle.
SIn particular, the stored-energy density may therefore be piecewise continuous.
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We further assume that, for a.e. x € 4,
F — W(x,F) € C(Liny,; [0, 00]) N C!(Lin} ; RZ),

lim W(x,F) = W(x,F) = +o0,
|F|—o00 +

W(x,F) = 400 if and only if detF <0,
where R= := [0, ). The (Piola-Kirchhoff) stress is then the derivative
S(x,F) := ;FW(X,F) : B x Lin], — Liny,
for a.e. x € . We call the body homogeneous if the stored-energy function W is independent

lim
det F—0

of x. We call the reference configuration stress free if, for a.e. x € A, S(x,I) = 0.

2.2. The Nonlinear Problem. We assume the body is subject to dead loads. We take
0% =20 with 2 and . relatively open and 2 N .7 = @.

If 2 # @ we assume that a function d € C(Z;R") is prescribed; d will give the deformation of
9. If ¥ # @ we assume that a function s € L'(.#;R") is prescribed; for J#" 1-a.e. x € .7,
s(x) will give the surface force (per unit area, when n = 3, and per unit length, when n = 2)
exerted on the body, at the point x, by its environment. Finally, we suppose that a function
b € LY(%;R") is prescribed; for a.e. x € 4, b(x) will give the body force (per unit volume, when
n = 3, and per unit area, when n = 2) exerted on the body, at the point x, by its environment.
Here, and in the sequel, % denotes k-dimensional Hausdorff measure. The set of admissible
deformations will be denoted by

o :={u e Def NW'"(%;R")NC(%;R") :u=d on Z}.
Remark 2.1. A result of Vodop’yanov and Gol'dshtein [47] (see, also, [44, Theorem 4]) implies

that each u € W1"(%;R") with strictly positive Jacobian has a continuous representative.
Thus, discontinuities such as cavitation (see, e.g., Ball [3]) are not allowed in this manuscript.

The total energy E of a deformation u € o is defined by
E(u) = / (W (x, Vu(x)) — b(x) - u(x) dx - / s(x) - u(x) dA . (2.2)

Under suitable additional hypotheses on W one might hope to show that any u that is a mini-
mizer (local in an appropriate topology or global) of E has first variation zero, i.e.,

0= /% [S(x, Vu(x)) : Vw(x) — b(x) -w(x)}dx — /y s(x) - w(x)dsgn ! (2.3)

for all variations w € Var, where
Var := {w € WhH"(%;R") N C(%;R") : w = 0 on 9},

F: G :=tr(FG"), tr M denotes the trace of M € Lin,, and M denotes its transpose.
Moreover, one would then want to show that u is a classical solution of the equations of
equilibrium, that is,% u € C?(%;R") N C'(%;R™) N o satisfies

DivS(x,Vu(x)) + b(x) =0 forx € # (2.4)

O1f .7 = @, then u € C*(%;R"™) N & suffices.
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and the traction boundary conditions
S(x, Vu(x))n(x) = s(x) for x € .7. (2.5)

Unfortunately, such results” have not been obtained for arbitrary minimizers. In general, in this
manuscript we will therefore assume that one or more solutions of (2.3) are given.

Remark 2.2. There are a number of well-known classical equilibrium solutions that are of
interest. Among these are:

(1) Homogeneous solutions (see Remarks 2.7 and 4.6, Proposition 4.5, and §6.2);

(2) Solutions obtained using the implicit function theorem (see Remark 5.2); and

(3) Radial solutions when the body in its reference configurations is an annulus or a thick
spherical shell (see §6.1).

Definition 2.3. We say that u. € &7 is a weak equilibrium solution if E(ue) < +00,
x — S(x, Vue(x)) € L™ (%; Lin,,), n = (2.6)

u, satisfies (2.3) for all w € Var, and if 2 = &,

Lg [ue(x) — x]dx = 0. (2.7)

If 2 = 0% we will call u, a weak solution of the (pure) displacement problem. If ¥ = 0B we
will call u, a weak solution of the (pure) traction problem. Otherwise, we will refer to such a ue
as a weak solution of the (genuine) mized problem.

Remark 2.4. When .¥ = 0% any translation of a weak equilibrium solution u, will satisfy
both (2.3) and (2.6). Equation (2.7) eliminates this nonuniqueness.

Remark 2.5. Our assumption that S € L" is, in general, more stringent than expected for
an absolute minimizer u € Wb of E. However, it is necessitated by (2.3) which requires
S : Vw to be integrable for w € Var ¢ W'". As will become evident, our conditions for
uniqueness, e.g., (4.6) and (4.7), may sometimes require a weak equilibrium solution ue to
satisfy u, € WH°(%;R"). See Remark 4.4.

Remark 2.6. Any classical solution of (2.4) and (2.5) is also a weak equilibrium solution.

Remark 2.7. Let the body be homogeneous and ¥ # @. Fix F, € Lin},, a € R", and define
U(x) := Fex +a for all x € A. Then uy(x) = d(x) := Fex+a forall x € 2. If .¥ # @ assume,
in addition, that s(x) := S(Fe)n(x) for " 1-a.c. x € ., where, for such x, n(x) denotes the
outward unit normal to the boundary. Then u, is an admissible deformation that satisfies both
the equilibrium equations (2.4) (with b = 0) and the traction boundary conditions (2.5); thus

U, is a classical equilibrium solution.

Although it is not known if an arbitrary minimizer of the energy is a solution of the equi-
librium equations, it will be if the mapping happens to satisfy certain additional conditions. In
order to illustrate this we first formally define what we mean by a local minimizer.

"In general, one can only prove that a minimizer is a weak solution of alternative forms of the equilibrium

equations. See [4, Theorem 2.4] and the references therein. However, Lemma 2.9 shows that additional hypotheses
may imply that a minimizer is in fact a weak equilibrium solution.



6 J. SIVALOGANATHAN AND S. J. SPECTOR
Definition 2.8. Let u,, € 7. We say that uy, is a weak relative minimizer® of the energy F
provided that there exists a 6 > 0 such that
E(uy) < E(uy +w)
for all variations w € Var N W1>°(%; R™) that satisfy ||[w||pc(z) + |[|[VW|| Lo (z) < 6.

The next lemma then illustrates a circumstance where such a u,, does indeed satisfy
the equilibrium equations. The proof follows from the mean-value theorem together with the
bounded convergence theorem (see, e.g., Ball [4, §2.4] or [12, §3.4.2]).

Lemma 2.9. Let uy, € o N WL (%;R") be a weak relative minimizer of E that satisfies
det Vu > € a.e. (2.8)
for some € > 0. Suppose, in addition, that either
S € C(# xLin™) or S is bounded on compact subsets of % x Lin” . (2.9)

Then uy, is a weak equilibrium solution.

3. UNIFORM POLYCONVEXITY

Let n =2 or n = 3. Define
(9@2 = Ling, (9@3 = Lin3 X Ling,
& :=Linj, & :=Linj x Linj .
We assume that the stored-energy density is uniformly polyconvez,” that is, there is a constant
p > n and functions w : & — R™ and & : B x &, x R~ — R, R™ := (0, 00), that satisfy, for
all F € Lin~ and a.e. x € 4,
P2 (x,F,det F), if n =2,
W F) = XX pp ( ) (3.1)
p o0 (x,F,cof F,det F), if n =3,
where |F|:= VF : F,
(1) w € L>®(A) satisfies w > w, for some constant w, > 0;
(2) x (1) (x, M, \) is measurable for every M € &), and A > 0; and, for a.e. x € £,
(3) (M, \) — &) (x, M, \) is convex on its domain and differentiable on & x R”.
Moreover, if the body is homogeneous we assume that both w = w, and ™ are independent of
x. Here, and in the sequel, cof F € Lin], denotes the tensor of cofactors of F € Lin/; thus,

cof F = (det F)F~T  for all F € Lin],.

In general, invariance under a change in observer, (2.1), does not imply that the function
&™) must satisfy”

M (x,QM, \) = & (x, M, \) for every M € &, Q € Orth;, A € R™, (3.2)

8See7 e.g., Del Piero and Rizzoni [13] and the references therein for results concerning weak relative minimizers
in Elasticity. See Grabovsky and Mengesha [17, 18] for results concerning the relationship between such minimizers
and strong relative minimizers, although not for Elasticity.

9This terminology for (3.1) has previously been used in [40].

OFor K € Lin and M = (F, A) € & we write KM := (KF, KA).
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and a.e. x € 4. In fact, &) is not uniquely determined by (3.1) (see, e.g., [12, p. 158]). A
particular choice of (™ may satisfy (3.2), while another does not. However, a recent result
of Silhavy [37] identifies a particular ¢(™ that satisfies (3.2). In §5.2 we will have occasion to
require that this ) be used in (3.1).

Let n = 2. For such stored-energy functions the Piola-Kirchhoff stress is given by

S(x,F) = w(x)|FP%F + B(x,F) + A(x,F) cof F
for a.e. x € # and every F € Linj, where
(2 (2)
_ 09 (x,F, \) ’ A%, F) = 0P (x,F, \)
OF A=det F 2 A=det F

Let n = 3. For stored-energy functions that satisfy (3.1)2 it follows that the Piola-Kirchhoff
stress satisfies, for a.e. x € &, every F € Linj, and every H € Lins,

B(x,F) : (3.3)

S(x,F):H=H: {w(x)]FV’_QF + B(x,F) + A(x, F) cof F} +D(x,F) : K(F)[H], (3.4)

where
3) 3)

B(x.F) = 99" (x, F, A, \) . DF) = 998) (x,F, A, det F) |

OF A=cof F O0A
A=cof F

A=det F (35)
093 (x,F, cof F, \) d(cof F)
Ax,F) := o . tF, K(F)[H] := 5 [H]

4. UNIQUENESS OF MINIMIZERS

4.1. Equilibrium Solutions. In this subsection we consider the displacement, traction, and
mixed problems and obtain a uniqueness result that is valid for all of them. For the pure-
displacement problem 2 = 0%, Var = Wol "(%B;R™) N C(%;R™), and we have the following
identities (see, e.g., [2] or [30, pp. 28-31]), for all z € W1 (%;R") and w € W, " (%;R"),

/ Vz : cof Vwdx = 0, / det Vwdx = 0. (4.1)
B B

For the mixed and traction problems (4.1); is satisfied by all w € Var and z € Trac,, where!!
Trac, {{z e W (#,R"): z=0on .} if S #0@
whn(%;R") if 2 =042,
i.e., those mappings that are equal to zero on the portion of the boundary where dead-load

tractions are prescribed.

Lemma 4.1. Assume that W is uniformly polyconvex. Let ue be a weak equilibrium solution.
Then, for any v € <7, z € Trac,, 0 € L>®(%4;[0,1]), andv € R (v =0 if ¥ # 0A8)

1 K
E(v) 2E(ue) + | wx)( 51— o(x)][Vuex)P2[Vw(x)* + Lo (x) Vw(x)” dx
/% <2 g ) (4.2)
+ /gg [A(x, Vue(x)) — y] det Vw(x) dx + dy3 /@Xe,z(x) : cof Vw(x) dx,

Hhe equality on the boundary is to be taken in the sense of trace.
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where W 1=V — Ue, kp > 0 is given by Proposition A.1, and
Xez(x) := D(x, Vue(x)) + A(x, Vue(x)) Vue (x) — Vz(x). (4.3)

Proof. We prove the result when n = 3. The proof for n = 2 is similar. Suppose that W is
uniformly polyconvex. Let F,G € Linj and define H := G — F. For clarity of exposition we
suppress the x in our calculation. We note that the convexity of #®) yields (for a.e. x € %)

3 (G) > 3O (F) + B(F) : H+ D(F) : [cof G — cof F] + A(F)[det G — det F], (4.4)

where #3)(G) := #3)(G, cof G,det G). If we now multiply (A.1), with a = G and b = F, by
w/p and add the result to (4.4) we find, with the aid of (3.1)2, (3.4), (B.2), and (B.3), that, for
any o € [0,1],
1 K
W(G) > W(F) + S(F :H+w< l-o Fp_2H2+paHp>
(G) = W(F) + S(F) 51— ol PP HP 4 "2l s
+D(F) : cof H+ A(F)(det H+ F : cof H).

Next, let ue be a weak equilibrium solution, v € &/, and define w := v — u.. Suppose that
o € L™(%;[0,1]). If we now take G = Vv(x), F = Vue(x), and H = Vw(x) in (4.5) and then
integrate the result over # and subtract (4.1);, we conclude, with the aid of (2.2), (2.3), and
(4.3), that (4.2) is satisfied with v = 0. Finally, if 2 = 0% then (4.2) follows upon subtracting
v times (4.1)2 from (4.2) with v = 0. O

We now make use of Lemma 4.1 in order to establish the uniqueness of an energy minimizer
subject to certain constraints. We first recall that a mapping u, € WbH*(%;R") N C(%;R")
is a weak equilibrium solution if det Vu, > 0 a.e., u, is a weak solution of the equations of
equilibrium (2.4) (see (2.3) on p. 5), and u, satisfies ue = d on 2.

Theorem 4.2 (Uniqueness of Energy Minimizers). Assume that W is uniformly polyconver.
Let ue be a weak equilibrium solution.

(a) If n = 2 suppose that v, satisfies, for some v € R (v =0 if P # 0AB) and a.e. x € B,

|A(x, Ve (x)) — v| < w(x)|Vue(x) [, (4.6)

(b) If n = 3 suppose that ue satisfies, for some z € Trac,, v € R (v =0 if ¥ # 0A) and
a.e. X € B,

2T, (%) + Bp|A(x, Ve (x)) — || Vue(x)| < w(x)|Vue(x)[P2. (4.7)

Then ue is an absolute minimizer of E. Moreover, if, in addition, (4.6) or (4.7) is a strict
inequality on a set of positive measure, then ue is the unique absolute minimizer of E. Further,
there are no other weak equilibrium solutions that satisfy (4.6) or (4.7) with strict inequality on
a set of positive measure. Here I, 5 is the largest principal stretch of X, given by (4.3), kp is
given by Proposition A.1, and

1/(p-2)
] (4.8)

2 | p
ﬁp'_s?’/?[%p

Proof. We will prove the result for the pure-displacement problem. The result for the mixed
and traction problems will follow from the same calculations with v = 0. We first show that
E(v) > E(ue) for all v € &. Fix z € Trac, and v € R. We first note that, in view of Lemma 4.1,
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it suffices to show that there exists a measurable function o : 8 — [0, 1] such that, for every
H € Lin, and a.e. x € 4,
w|H]? (1_26’)qu6|?—2 + ’%"ymﬂ + (A= v) det H+ 355 (Xey  cof H) 2 0. (4.9)
If n = 2 then (4.9) follows from (4.6), Hadamard’s inequality:
2|det H| < [H|?,

and the choice 0 = 0. If n = p = 3 then (4.9) follows from (4.7), (4.8), Hadamard’s inequality
(see, e.g., [41, p. 408]):

33/2|det H| < [HJ?,
the cofactor inequality (B.5), and the choice

|A(x, Vue(x)) — v
o(x) =
w(x)k3v/3
Now assume that n = 3 and p > 3. Then Hadamard’s inequality and (B.5) reduce (4.9) to
showing that there exists a measurable function o : Z — [0,1] such that, for every H € Ling
and a.e. x € A,

[A—v|
a 33/2

1—
W[ L= g2 ¢ %|H|p*2 H| - T., >0, (4.10)

o
2
where I, , > 0 is the largest principal stretch of X, , given by (4.3).

Before we determine o such that (4.7) implies (4.10), we first consider the implications of
0(x,) = 0 at some x, € #. We note that (4.10) with o(x,) = 0 is satisfied for every H € Ling
if and only if

‘A(Xo, Vue(xo)) — V! =0 and 2Fe,z(Xo) < W(Xo)’vue(xo)’piz'
We therefore conclude that:
(i) If [A(xo, Vue(x,)) — v| = 0 at some x, € H, then (4.7) yields (4.10) with o(x,) = 0.
(ii) If |A(xo, Vue(x,)) — | # 0 for some x, € 4, then o(x,) # 0.

Next, since w(x) > w, > 0 and det Vue > 0 a.e., we can fix x, € Z and assume that
w(xo)|Vue(x,)| > 0, |A(x0, VUue(x0)) — v| > 0, and (hence) o(x,) € (0,1]. (4.11)
Define t := [H| > 0. Then (4.10) can be viewed as
f(t):=atP™® —bt+¢>0 forall t >0, (4.12)

where, in view of (4.7), ¢ = f(0) > 0, b > 0, and a > 0 (since 0 > 0). A necessary and
sufficient condition for (4.12) to be satisfied is that f be nonnegative at the unique ¢, that
satisfies f'(tm) = 0, i.e., a(p — 2)tE 3 = b. If we substitute t,, into (4.12) we find that (4.10) is

a consequence Of
p—3 b 1Y @0-3)
) —c—b ( ) [ } >0
f(t) p—2/ la(p—2)

or, equivalently,

< w|VueP72(1 - o), (4.13)

1A - V‘pr 1/(p—3)
wo }

S
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where

2(p — 3) { D }1/(17—3)‘

Op = —
p [33/2 (p o 2)] (p—2)/(p—3) Kp

(4.14)

Next, define

oo w|Vue[P~2 — 2T, >0, {—o— 2oy, + (p — 3)w|Vue|P2

(p = 2)w|Vu[P~? (p = 2)w|Vue|[p~?

where o € (0,1) follow from I, , > 0, (4.7), and (4.11). With this choice of ¢ inequality (4.13)
becomes

>0,

(p = 2)|Vue /=2 A = vP27 P73 9T, + (p - 3)w|Vue P2

oT., + 6
ezt p[ oVup2 2Ly, = p—2) ’

which, after some algebra, reduces to
(p—2) (p—3)/(p—2)
[ "y - 3)}
However, (4.8) and (4.14) yield

(p = 2)YPD|Vu||A — v| < w|Vue P72 — 2T, ,. (4.15)

(p— 2)1/(13—2) {5}3(19_2) =8,

(p—3)
which shows that (4.15) and (4.7) are identical.
We next note that it is clear that if (4.6) or (4.7) is a strict inequality on a set of positive

} (p—3)/(p—2)

measure then (4.2) and the above proof yield E(v) > E(ue) unless Vv = Vu, a.e. Since &£ is
open and connected it follows that v = u, + a a.e. for some a € R". If ¥ # &, thenu, =v=d
on the nonempty, relatively open set &, while if 2 = @, then (see (2.7))

/Q?(ue—v)dX:O.

In either case a = 0.

Finally, if we suppose that v, # u, is a weak equilibrium solution that satisfies (4.6) or
(4.7) with strict inequality on a set of positive measure (and with u, replaced by ve), then the
above argument yields E(ue) > E(ve), which is a contradiction. O

Remark 4.3. Suppose we replace the assumption that (M, \) — & (x, M, \) is (globally)
convex with the weaker assumption that, for a.e. x € £,

(Mc(x),det Vue(x)) is a point of convexity of (M, \) — &M (x, M, \), (4.16)

where Me(x) = Vue(x) if n = 2 or Me(x) = (Vue(x), cof Vue(x)) if n = 3. Then it is clear
from the proof of Theorem 4.2 that any weak equilibrium solution u, that satisfies (4.16) and
either (4.6) or (4.7) is an absolute minimizer of E. Theorem 4.2 therefore has implications for
stored-energies that admit phase transitions (see Ball and James [5] or, e.g., Grabovsky and
Truskinovsky [19] and the references therein); while one would not expect uniqueness of mini-
mizers for such constitutive relations, Theorem 4.2 yields conditions under which an equilibrium
solution is an absolute minimizer of the energy.
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Remark 4.4. (a) Suppose that p = n and, for a.e. x,
|A(x,F)| > ¢(F), where ¢(F)— o0 as |F|— oo. (4.17)
Then any admissible deformation u € </ that satisfies (4.6) or (4.7) must have additional
regularity, i.e., u € Wh>®(%;R").
(b) Suppose that p > n and, for a.e. x,

|A(x,F)| > ¢(F), where ¢(F)— oo as detF — 0. (4.18)

Then any u € o/ that satisfies (4.6) or (4.7) will satisfy, for some € > 0,
det Vu(x) > € for a.e. x € A.

The next result, which is an immediate consequence of Remark 2.7 and Theorem 4.2,
shows that, for the genuine mixed problem on a homogeneous body with @™ continuously
differentiable, the set of homogeneous deformations that satisfies (4.7) with strict inequality and
z = 0 or (4.6) with strict inequality is an open subset of Lin,".

Proposition 4.5. Let both 9 and . be nonempty. Assume that the body is homogeneous and
that W is uniformly polyconvez with ™ continuously differentiable.

(a) If n =2 suppose that F. € Linj satisfies

|A(Fo)| < wo|FelP™2. (4.19)
(b) If n = 3 suppose that F € Linj satisfies
2T, + Bp| A(Fe)|[Fe| < wolFe["~? (4.20)

where Ty is the largest principal stretch of Xe := D(F¢) + A(F¢)Fe.
Suppose further that b = 0, d is given by d(x) := Fex +a for some a € R™ and all x € 2, and
s is given by s(x) := S(Fo)n(x) for x € ., where n(x) denotes the outward unit normal to the
boundary (for #" 1-a.e. x € 7). Then the weak equilibrium solution ue(x) := FexX + a is the

unique absolute minimizer of the energy E. Moreover, there does not exist a weak equilibrium
solution ve Z e that satisfies (4.19) or (4.20) with Fe replaced by Vve(x).

Remark 4.6. Proposition 4.5 can be viewed as a simple analogue, for the mixed problem, of the
well-known result of Knops and Stuart [28]. Consider a homogeneous star-shaped body 7. Fix
F. € Lin,,” and consider the pure-displacement problem: . = @ with d(x) := Fex for x € 9T .
Then results in [28] show that, in the absence of body forces, there is at most one deformation
u, € C2(T;R")NCY(T;R™) N .o/ that satisfies the equilibrium equations (2.4) provided that the
stored-energy function W is strictly quasiconvex at F, and (globally) rank-one convex. Similarly,
Bevan [8] has shown that there is at most one weak relative minimizer u,, € C!(7;R") N« for
certain stored-energy functions W(F) = ¥(F) + h(det F) with h convex, ¥ strictly quasiconvex,
and both functions having appropriate growth.

4.2. Weak Relative Minimizers. We now assume that we are given an admissible deformation
u;, that is a weak relative minimizer (see Definition 2.8) rather than an equilibrium solution.
Then the additional hypotheses of Lemma 2.9 allow us to conclude that uy, is a weak equilibrium
solution and so we can then apply the results from the previous subsection. The next result
follows directly from Lemma 2.9 and Theorem 4.2.
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Proposition 4.7. Let uy, € o N WH°(%;R™) be a weak relative minimizer of E that satisfies
(2.8) and either (4.6) or (4.7) with strict inequality on a set of positive measure. Suppose,
in addition, that S satisfies (2.9). Then uy, is a weak equilibrium solution that is the unique
absolute minimizer of E.

Remark 4.4 together with the above proposition then gives us the following result.

Corollary 4.8. Assume thatp = n. Let uy, € o be a weak relative minimizer of E that satisfies
(4.6) or (4.7) with strict inequality on a set of positive measure. Suppose, in addition, that S
satisfies (2.9) and that A satisfies (4.17) and (4.18). Then uy, is a weak equilibrium solution
that is the unique absolute minimizer of E.

5. FURTHER RESULTS FOR THE DISPLACEMENT PROBLEM: A THEOREM OF ZHANG AND A
THEOREM OF JOHN

5.1. A Theorem of Zhang. We now present a result of Zhang [48] who showed that, in 3-
dimensions for the pure-displacement problem, there is at most one equilibrium solution u, that
is uniformly close, in W, to a given homogeneous deformation and, moreover, that u. must
then be the minimizer of the energy obtained by both the direct method of the calculus of
variations and the implicit function theorem.

Theorem 5.1 (Zhang [48]). Suppose 9 = 0% and that W is homogeneous and uniformly
polyconvez.'? Fiz F, € Lin™. Assume that (M, \) — & (M, \) is continuously differentiable
at (Fo,det Fy) if n =2 or (Fo,cof Fo,det Fy) if n = 3. Then there exists a 6 = §(F,) > 0 such
that any weak equilibrium solution ue that satisfies

[Vae = Fol oo () <0 (5.1)

is a strict absolute minimizer of E. Consequently, there is at most one weak equilibrium solution
that satisfies (5.1).

Remark 5.2. The main difficulty is showing that there are any weak equilibrium solutions,
especially solutions that satisfy (5.1). However, in this instance and with suitable additional
assumptions one can make use of the implicit function theorem to get classical solutions of the
equations of equilibrium (2.4) (see Zhang [48]). In particular, if one assumes that the boundary
is sufficiently smooth, and one replaces b with eb and the boundary condition u = d with

u(x) =Fox +ed(x) for x € 0%,

where b and d are sufficiently smooth, then results of Valent [46] (see, also, [9, Chapter 6] or
[36, §20.9]) yield the existence of a classical solution of the equilibrium equations for small e.

Proof of Theorem 5.1. We prove the result when n = 3. The proof for n = 2 is similar. For
clarity of exposition, we suppress the variable x as well as the “almost every x” that should
accompany most of our inequalities. Fix F, € Lin” and assume the hypotheses of the theorem.
We will show that, if § < 3|F,| in (5.1), then the right-hand side of (4.7) is bounded away from

127hang [48] instead assumes that W(F) = a|F|? + b| cof F|? + &(F, cof F,det F) with a > 0, b > 0, p > 2,
g >p/(p—1), and @ convex.
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zero, while the left-hand side of (4.7) goes to zero as § approaches zero. This will allow us to
apply Theorem 4.2 to obtain the desired uniqueness.

Define
wWo|Fo|P~2

€:= ,
2071[(2+ Bp)|Fo| + 1]
where [, is given by (4.8). Then in view of the continuity of D and A at F, there exists a
§ = §(Fo,¢) > 0 such that, for G € Linj,

IG-Fo|<d — |A(G)—A(F.)|<e, |D(G)—D(F)| <e. (5.3)

(5.2)

Without loss of generality, we assume that
26 < |F,. (5.4)

Let ue be a weak equilibrium solution that satisfies (5.1) with ¢ given in (5.3)—(5.4). We
note that by the triangle inequality, (5.1), and (5.4)

2IF,| < 2[Fo — Vue| + 2|Vue| < [Fo| + 2| Ve,
2\Vue| < 2|V, — Fo| + 2|F,| < 3|F,, (5.5)

and hence, in particular,
Wo|FolP™2 < we2P 2|V, P2 (5.6)
Next, by the triangle inequality, (5.1), (5.3) with G = Vu,, and (5.5),

‘[D(Vue) + A(Vue)Vue] — [D(F,) + A(F,) V]

< [D(Vue) — D(Fo)| + [[A(Va) — AF,)|Vue| < (1 +2|F, ).
Finally, define
v:=A(F,), z(x) ;= D(Fo)x + A(Fo)ue(x) (5.8)
and note that (5.7); is the norm of X, , given by (4.3). Therefore, (5.1), (5.3) with G = Vu,,
(5.5), (5.7), and (5.8), together with (B.5) (It < |Xe ), yield
2z + Bp| A(Vue) — v||[Vue| < 2e[(2 + 6,)|Fo| + 1]. (5.9)
The desired uniqueness now follows (5.2), (5.6), (5.9), and Theorem 4.2. O
5.2. A Theorem of John. We next show that our results also imply a result of John [26] who
showed that, in 3-dimensions, there is at most one solution of the pure-displacement problem
with small strain E := [(Vu)TVu —1I].
We first recall that Silhavy [37] identifies a particular ) that satisfies (see (3.2))

&M (QM, \) = &™) (M, \) for every M € &, Q € Orth), A € R™, (5.10)
when W is homogeneous. Suppose that this &™) is used in (3.1). It follows from (5.10) that the
derivatives of & (see (3.3)2 and (3.5)32) satisfy, for every F € Lin}; and Q € Orth?;,

A(QF) = AF),  D(QF) = QD(F).
Standard representation theorems (see, e.g., [9, Theorems 3.3-1 and 4.2-1] or [20, §25, §27] and
[36, Theorem 8.3.3]) then yield functions!® A* : Psym,, — R and D* : Psymy; — Symj that

1BWe write Sym,, for those H € Lin,, that satisfy H = HT; Psym,, denotes those H € Sym,, that are strictly
positive definite.
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satisfy, for every F € Lin7,
A(F) = A*(F'F),  D(F)=FD*(F'F). (5.11)
John’s theorem then follows from (5.11) and our proof of Zhang’s theorem.

Theorem 5.3 (John [26]). Let 2 = 0% and let W be homogeneous and uniformly polyconvez.
Suppose that A satisfies (5.11)1 with A* continuous at I. If n = 3 suppose, in addition, that D
satisfies (5.11)9 and that D* is continuous at I with D*(I) = &I for some £ € R. Then there
exists a 0 > 0 such that there is at most one weak equilibrium solution u. that satisfies

[(Vue)" Ve = I oy < 6. (5.12)

Moreover, if such a e exists it is a strict absolute minimizer of E.

Remark 5.4. The corresponding theorem in [26] does not assume polyconvexity.!? Instead,
John assumes that the stored-energy function W € C3(Lins; R) satisfies'®

W(F) = p|E[* + IA(tr E)* + O(|E%), (5.13)

where 4 > 0 and A > 0 denote the Lamé moduli and E := [FTF —I]. The proof in [26] makes
use of the properties of BMO developed by John and Nirenberg [27] rather than the elementary
techniques used herein.

Remark 5.5. Let n = 3 and suppose that W is isotropic. Then results of éilhavy [37] yield a o)
that is isotropic. It follows that the corresponding D is isotropic and hence, by the representation
theorem for isotropic tensor-valued functions, D(F) = ¢1(B)I + ¢2(B)B + ¢3(B)B?, where
B := FF' and ¢; : Psymy — R. Thus, D*(I) = D(I) = £I follows from isotropy. Whether
or not W is isotropic, one can show that the assumption S(I) = 0, which is implicit in (5.13),
yields B(I) — D(I) = nI for some n € R.

Proof of Theorem 5.3. We prove the result when n = 3. The proof for n = 2 is similar. Assume
the hypotheses of the theorem. We will show that, if § < % in (5.12), then the right-hand side of
(4.7) is bounded away from zero, while the left-hand side of (4.7) goes to zero as § approaches
zero. This will allow us to once again apply Theorem 4.2 to obtain the desired uniqueness.

Define
fim 0
2(4+ Bp)’
where (3, is given by (4.8). Then, in view of the continuity of A* and D* at I and the fact that
D*(I) = I, there exists a § = d() > 0 such that, for C € Psyms,

IC-1<§ = |A*(C)—A*A)|<e, |D*(C) £l <e. (5.15)

(5.14)

Without loss of generality, we assume that

25 < 1. (5.16)

14The proof in [26, Eqns. (8)-(11)] is also not compatible with W (F) = 400 when det F = 0.

5\ ore generally, it is not difficult to show that the results in [26] are valid for any W € CS(Linn;R) with
S(I) = 0 and C(I) strongly elliptic, where C(F) := 9S/JF here denotes the elasticity tensor. In particular, for
a W that satisfies (5.13), 4 > 0 and p + X > 0 suffice. See, e.g., [9, Theorem 4.10.2] for examples of polyconvex
energies that are consistent with (5.13).
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Let u. be a weak equilibrium solution that satisfies (5.12) with ¢ given in (5.15)-(5.16). We
note that, by the triangle inequality, (5.12), (5.16), and the Cauchy-Schwarz inequality,

2v/3 = 21| < 2|T — (Vue)TVue| + 2|(Vue) TVue| < 14 2|Vue|?,
IVu|? =1: [(Vue)"Vue — I+1] < V3|(Vue) ' Vu, —I| +3 < 4, (5.17)

and hence, in particular,
Wo < Wo|Vue|P~2. (5.18)
Next, by the triangle inequality, (5.12), (5.15) with C = (Vue)TVu,, and (5.17),

|[VueD* (V) 'Vue) + 4*((Vue) " Vue) Vue] = [€Vu, + 4*(1) Vu,]

(5.19)

< | Ve [D* (Vo) 'Vue) — 1] + | [4%(Vie) 'Vae) — 4*(1)] V| < 4e.

Finally, define
v = A*(1), z(x) := [£ + A" ()] ue(x) (5.20)
and note that, in view of (5.11) and the fact that D*(I) = I, (5.19); is the norm of X, , given
by (4.3). Then (5.11), (5.12), (5.15) with C = (Vue)TVu,, (5.17), (5.19), and (5.20), together
with (B.5) (Tug < [Xea]), yicld

20 7 + Bp|A(Vue) — v||Vue| < 2e(4+ 5p). (5.21)
The desired uniqueness now follows (5.14), (5.18), (5.21), and Theorem 4.2. O

6. EXAMPLES

6.1. An Application of Theorem 5.1 to an Annular Region. Fix b > a > 0 and let
#B = {x € R":a < |x| < b}, where n = 2 or n = 3. Suppose that the deformation u is
prescribed on both the inner and outer boundary, i.e., u(x) = vx when |x| = a and u(x) = A\x
when |x| = b, where 0 < va < Ab. Then for a large class of homogeneous, isotropic, stored-
energy functions it has been shown (see [3, 39]) that there is a unique minimizer of the energy
among all radial deformations, i.e., deformations that satisfy

u,(x,v,\) = Mx, R := [x|
R
for some absolutely continuous, strictly increasing function R +— r(R, v, \). Moreover, it turns
out that u, is a classical solution of the equilibrium equations. In addition, the continuous
dependence of a solution (and its derivative) of a second-order ordinary differential equation on

its initial data can be used to show that
u, (v, \,x) = vx uniformly in C'( Z;R?) as A\ — v.

Therefore such solutions satisfy (5.1) with F, = vI. Consequently, Theorem 5.1 implies that
when the radial minimizer of the energy, u,, is sufficiently close (in C!) to vx, it is the unique
absolute minimizer of the energy among all admissible deformations, not just the radial ones.
For compressible neo-Hookean materials (see (6.1)) in 2-dimensions, a more general result
has been obtained by Iwaniec and Onninen [24] (see also [41]) who proved that the radial min-
imizer, u,, is the unique absolute minimizer of the energy among all admissible deformations,
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whether or not u, is close to a homogeneous deformation. However, results of Post and Sivalo-
ganathan [32], which verified a long standing conjecture of John [25, 26], demonstrated that, for
compressible neo-Hookean materials in 2-dimensions, there are (at least) a countable number of
distinct, nonradial, classical solutions of the equilibrium equations. The solutions in [32, §4] are
of the form

u(x) = 7(R) [cos(O(R)) —sin(O(R))
R [sin(©(R)) cos(O(R))

x, R:=]x|,

where r(a) = va, r(b) = Ab, ©(a) = 0, O(b) = 2nw for any nonzero integer n (n = 0 yields the
radial solution). An extension of this result to all even dimensions can be found in [35].

6.2. Examples in 2-Dimensions. Let n = 2. We will herein restrict our attention to com-
pressible neo-Hookean materials, i.e., constitutive relations of the form:

W (F) = %yFP +h(detF),  S(F) = woF + i/ (det F) cof F, (6.1)
where w, > 0 denotes a constant and h € C?(R~; R™) satisfies
h'(1) = —wo., n"(1) > 0, n" >0, lim h(t) = +oc. (6.2)
t—0+

We will use Proposition 4.5 to construct two explicit examples, one for a mixed problem and
one for a pure-traction problem, of homogeneous equilibrium solutions that are each the unique
absolute minimizer of the energy when the stored-energy density is given by (6.1) and (6.2).

Let the body, in its reference configuration, occupy the rectangle = (—R, R) x (—L, L)
for some R > 0 and L > 0. Fix A > 1 and consider homogeneous deformations of the form

oz
) = 5 6.3
we.y) = |30 (63
where o > 0. Consider the functional
Ela) = %(oﬁ +A2) + ha). (6.4)

Our hypotheses on h imply that £ € C(R™; R™) blows up at 0 and 400 and hence that £ achieves
its infimum at some o = () > 0. Since

E'(a) = woar + AW (aX) =0,  E"(a) = wo + N2h"(a)) > 0, (6.5)

we conclude from the strict convexity of £ that @ = a(\) is unique and satisfies (6.5); (which
is the condition that the sides of the rectangle x = +R are free of tractions). We now have the
following result.

Proposition 6.1. Let A > 1, = (-R,R) x (—L, L) C R?, and

= [ [ w(vute) dedy,

where W is given by (6.1)—(6.2). Then the unique absolute minimizer of E among deformations
u € o/ with

d(z,—L) := [_O;ﬂ d(z,L) := B‘ﬂ ~R<uz<R, (6.6)
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is the homogeneous deformation uy given by (6.3) with o = a(X) given by (6.5)1. Moreover,
there are no other weak equilibrium solutions ve that satisfy

|h' (det Vve)| < wo ae.

Remark 6.2. The existence theory of Ball and Murat [6] can be applied to (6.1)—(6.2). Thus,
their minimizer is uy.

Proof of Proposition 6.1. It is clear that uy, € &7 is a classical equilibrium solution that satisfies
the displacement boundary condition uy = d, where d is given by (6.6). Therefore, in view of
Proposition 4.5, (6.2)1, and (6.5); all we need to show is that

a(\) <A forall A> 1. (6.7)

If we differentiate (6.5); with respect to A we find, with the aid of (6.1)—(6.2), that
da  K(aA) + el (a))

dA T we + A2h(aN) (6:8)
Consequently,
d [« 2a\h" (a))
O(N) = N> — {}:—<0 6.9
() dA [ A Wo + A2 (aX) — 7 (6.9)

where we have made use of (6.1)—(6.2) and (6.5);. Moreover, when A = 1 it follows that o =1
and so, in view of (6.1)—(6.2) and (6.9), 6(1) < 0, which together with (6.9) yields (6.7). O

Next, instead of the displacement boundary condition on the top and bottom of the rectangle
we apply tractions. For the deformation uy (with a = a())) we will specify (cf. (6.4))

S(A) = woA + b’ (Aa(N)) > 0. (6.10)

We note that S(1) = w, + A'(1) = 0. Then we differentiate (6.10) with respect to A and make
use of (6.8), (6.5)1, and (6.7) to conclude that

ds _ 211 Oy "
o = Wo T ath+ d/\[h + aAn”]
(wo +a2h”)(wo + )\Zh”) _ (h' _|_a)\h//)2
- wo + A2R

w2(A2 — a?) + woA?(3a2 + A?)n"
- )\2(000 + >\2h”)
where we have written b’ for h/(a\) and h” for h”(a)). Thus, we can consider A as a function
of S, i.e., for each S > 0 there is a unique A = A(S) > 1 that satisfies (6.10). Proposition 4.5
and the proof of Proposition 6.1 then yield the following result.

>0,

Proposition 6.3. Let S >0, = (—R,R) x (—L,L) C R?, and
/ / W (Vu(z,y)) dedy — S/ [ug(x, L) + ug(z, —L)] dz,

where W is given by (6.1)—(6.2). Then the unique absolute minimizer of E among deformations

u € o that satisfy
/ / u(z,y)dedy =
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is the homogeneous deformation uy given by (6.3), where o = «(\) is given by (6.5)1 and
A = X(S) is the unique solution of (6.10). Moreover, there are no other weak equilibrium

solutions v that satisfy

|h/ (det Vve)| < wo a.e. (6.11)

Remark 6.4. There is a second homogeneous equilibrium solution, which does not satisfy (6.11),
to this traction problem. The solution can be obtained by starting with the homogeneous
deformation vy, (z,y) = [—ax, —\y]*, where a = «()) is still given by (6.5)1, but A € (0,1)
instead satisfies

—8 = woA + ah/(a)) < 0.

There may also be equilibrium solutions that exhibit buckling.

7. AN ALTERNATE APPROACH

Recently, Gao, Neff, Roventa, and Thiel [16] have established an interesting alternative
approach to uniqueness. Assuming the stored-energy density, W, is homogeneous and invariant
under a change in observer, a standard result yields a function'® We C!(Psym,,) that satisfies
W(C) = W(F), where C := FTF. The second Piola-Kirchhoff stress tensor K : Psym,, — Sym,,
is defined by

dw

K(C) := 2@(0) =F!S(F).

The proof in [16, Proposition 2.1] implies'” the following:

Proposition 7.1. Let ue € &7 be a weak solution of the equilibrium equations. Define Cq(x) :=
[Vue (x)]T[Vue(x)]. Suppose that, for a.e. x € B,

(1) Ce(x) is a point of convexity of W; and
(2) K(C.(x)) is positive semi-definite.

Then u, is an absolute minimizer of E. Suppose, in addition, that 9 # @, for a.e. x € A,
C.(x) is a point of strict convezity of W, and u, € C'(%;R") satisfies det Vu, > 0 on B, then
U, 15 the unique absolute minimizer of E.

In particular, when W is convex on its entire domain, Psym,, then one only needs to
consider the sign of the eigenvalues of the second Piola-Kirchhoff stress tensor K. The main
difficulty with Proposition 7.1 is the required convexity of the function C W(C) Such an
assumption is independent of the polyconvexity of W; it is neither necessary nor sufficient for
the existence!® of minimizers. A minor additional problem is the smoothness assumption on ue
that is required for uniqueness. However, when W is in fact convex, Proposition 7.1 may yield
results that are better than those produced by Theorem 4.2.

16Recall that Psym,, denotes the set of strictly positive-definite, symmetric C € Lin,,.
1TThe uniqueness of the absolute minimizer also requires a result of Ciarlet and Mardare [10, Theorem 2.1].
18However, see [11] where the implicit function theorem is used to obtain existence for small data.
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APPENDIX A. AN OPTIMAL CONSTANT
We have made use of a variant of a result of Evans [14, pp. 248-250].
Proposition A.1. Let p € [2,00). Then there exists a constant k, € [227P, p2'=P] such that
|al? > |b[P + p|b|P?b - (a — b) + gryla — bJP 4 (1 — a)§|b|p_2|a — b|? (A.1)
for all a,b € R™ and o € [0, 1].

Remark A.2. If p = 2 then (A.1) reduces to |a|]?> = |b]? +2b - (a — b) + |]a — b|?; thus sy = 1.
Also, it follows from [29] that k3 = 2 — /2.

Proof of Proposition A.1 (cf. the proof of Proposition A.1 in [29]). In view of the previous re-
mark we assume that p > 2. We note that when o = 1 this result can be found in Miiller
et al. [29, Appendix]. We will prove the result when o = 0. Inequality (A.1) will then follow
upon taking a convex combination of the resulting inequalities.

Let 0 =0 and p > 2. If b = 0 then (A.1) is clear. By homogeneity we may assume |b| = 1.
Therefore, (A.1) will follow if we show that, for all a,b € R™ with |b| =1,

alP > 1+pb-(a—b)+g\a—b|2. (A.2)
Suppose now that n = 1 and define ¢ := sgn(b)(a —b). Then (A.2) reduces to the inequality
G(t) == |t+ 1P =1 — pt — th >0, (A.3)

If we differentiate ¢ we find that, for ¢t # —1,
¢'(t) = p(t+ 1)[sgn(t + )|t + 1772 —1].
The only possible solutions of ¢'(t) = 0 are t = —1 and ¢t = 0. Since ¢(0) = 0, ¢(—1) =
(p—2)/2 >0, and ¢ is a continuous function that blows up at +oo inequality (A.3) follows.
Next, let 0 =0, p > 2, [b| =1, and n > 1. We write a = b+te and o = e-b, where |e| =1
and «a € [—1,1]. Then (A.2) reduces to

O(t,a) := [1+2at +12]”% — 1 — pat — %&2 >0 (A.4)

forall t € R and @ € [—1,1]. When a = %1 the vectors a and b are colinear; (A.4) then follows
from the above argument with n = 1. For fixed ¢t we differentiate 6 with respect to a and set
the result equal to zero to conclude that o = —t/2. However, 6(t, —t/2) = 0, which establishes
(A.4) and completes the proof of (A.1). O

APPENDIX B. DETERMINANTS AND COFACTORS

B.1. The Determinant of a Sum. A standard identity'? is for every F,H € Lin,,

det(H + F) — detF + H : cof F 4+ det H, %fn:Z, (B.1)
detF+H:cof F+F:cof H+detH, ifn=23.
In particular, the choice H = G — F yields
F —F]: cof F —F if n =2
det G — detF + [G — F] : cof F + det(G — F), 1 n=2, (B.2)
detF 4+ [G —F]:cof F + F : cof[G — F] + det(G — F), if n=3.

19866, e.g., [9, p. 51]. Alternatively, one can derive (B.1) from the characteristic polynomial.
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B.2. The Derivative of the Cofactor in 3-Dimensions.

Lemma B.1. Let F,H € Ling. Then
d(cof F)
dF
Proof. Fix F,H € Ling. Then a simple computation shows that cof(F + ¢tH) is a quadratic

polynomial in ¢ € R, i.e., there exist A, B, C € Ling such that, for all t € R,

cof (F + tH) = A + Bt 4+ Ct2. (B.4)
At t = 0 we get cof F = A. If we divide (B.4) by t? and let ¢t — oo we find that cof H = C. If
we differentiate (B.4) with respect to t and then let t = 0 we conclude that
d(cof F)
dF
The desired result follows from (B.4) at ¢ = 1 together with our formulae for A, B, and C. O

K(F)[H] := [H] = cof(F + H) — cof F — cof H. (B.3)

[H] = B.

Remark B.2. It is clear from the definition that K(F) : Ling — Ling is a linear map for every
F € Lins. If we interchange F and H in (B.3) we find that K(F)[H] = K(H)[F]; consequently,
F — K(F)[H] : Ling — Ling is also linear. Thus, (F,H) — K(F)[H] is bilinear.

B.3. An Upper Bound on the Cofactor in 3-Dimensions.

Lemma B.3. Let X,H € Ling. Then
X : cof H| < ~[H|* < |X||H|?, (B.5)
where v denotes the largest eigenvalue of VXTX.

Proof. We first note that V := vVXTX is symmetric and positive semi-definite and hence, by
the spectral theorem, has eigenvalues v > 8 > « > 0. Thus,

X[P=|V]?=a®+ 5%+ > 77,

which establishes the second inequality in (B.5).

We now apply the polar decomposition theorem to conclude H = QU and X = RV, where
U and V are symmetric and positive semi-definite and Q and R are orthogonal. Next, by the
spectral theorem, there exists an orthonormal basis {f}, f, f3} and real numbers \; > A9 > A3 >
0 such that

H=QU = \Qf; ®fi + 2Qf; ® f + \3Qf3 @ f3,
cof H = Qcof U = MoA3Qf1 @ 1 + MA3Qfs @ f2 + A\ 1aQf; @ f3,
HI> = |QU|* = [U]> = A\ + A3 + A%. (B.6)
Consequently,
(cof H) : X = MoA3Qf; - RVE; + A\ A3Qf: - RVE + A\ \2Qf; - RVEy
= oAzer - Vi 4+ A Azeq - VE 4 A\ A\ges - Vi, (B1)

where e; := RTQf;, i = 1,2, 3, denote unit vectors. However,

le; - VEi| < e;] [VEi| <, (B.8)
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where v denotes the largest eigenvalue of V.= vXTX. The desired result, (B.5), now follows
from (B.6)—(B.8), together with the inequality 2A;A; < A? + )\12., O
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