Convergence of adaptive finite element methods for
a nonconvex double-well minimisation problem
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The relaxation of the two-well model problem in the analysis of solid-solid
phase transitions leads to a variational problem with a quasiconvex energy
density which fails to be convex if the phases are not compatible. This paper
presents an adaptive algorithm for the computation of minimizers for this
functional in finite element spaces with Courant elements and with successive
loops of the form SOLVE, ESTIMATE, MARK, and REFINE. Convergence
of the total energy of the approximating deformations and strong convergence
of all except one component of the corresponding deformation gradients is
established. The proof relies on the decomposition of the energy density into
a degenerate convex part and a null-Lagrangian, some convexity control of
the degenerate convex part, and some refined estimator reduction compatible
with the translation energy.

Subjclass 66N12, 65N30

Keywords: adaptive finite element methods, nonconvex minimization, degenerate con-
vex problems, translation energy, convergence, adaptive mesh-refining, a posteriori error
estimates, error estimator reduction, convexity control, reliability-efficiency gap

1 Introduction

Mathematical models in the framework of nonlinear elasticity for phase transformations
in solids lead to variational problems for which the existence of minimizers cannot be
obtained by the direct method in the calculus of variations, see [1, 10, 2] and the literature
quoted therein. In particular, infimizing sequences tend to develop oscillations on finer
and finer scales and converge only weakly but not strongly. Typically the weak limit is
not a minimizer of the problem and has to be replaced by a generalized minimizer, the
gradient Young measure associated to the sequence of deformation gradients [16, 24].
The numerical simulation of problems of this kind is a challenging task and a direct
minimization of the nonconvex energy in a finite element space leads to strongly mesh
dependent effects [21, 9]. An alternative approach is based on a minimization of the
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associated relaxed variational problem [13]. It is obtained by replacing the energy density
W by its quasiconvex relaxation W9, that is, one minimizes

I(v) := / W (e(v))de — / f-vdzr among all vin A:=up + HJ(QR?). (1.1)
Q Q

Here the function up € H'(Q;R?) defines the Dirichlet boundary conditions for the prob-
lem and e(v) denotes the symmetric part of the deformation gradient Du. In Section 5
we comment on the analogues of our results in the case that the energy density depends
on the full gradient and not only on its symmetric part. The original and the relaxed
variational problem are closely related. Since the energy density in the relaxed minimiza-
tion problem satisfies the necessary convexity conditions in the vector-valued calculus of
variations, it has a minimizer. Moreover, any minimizer u characterizes a macroscopic
deformation of the original problem in the sense that there exists a sequence (u;);en
which infimizes the energy of the original variational problem and converges weakly to
u. If this convergence is also strong in H'(Q;R?), then the minimum of the energy is
attained and u is a classical minimizer of the original problem.

This approach is very appealing, in particular if an explicit formula for W9 is known.
In this case one can construct for a given deformation gradient F' a corresponding
gradient Young measure v with center of mass F' which realizes the relaxed energy,
WAI(F) = (W, v), and provides at the same time a representation for the stress variable
o(F) = DW(F) = (DW,v); see [3] and [6] for a discussion of the regularity of the
stress variable. In this way one obtains the associated stresses which are of fundamental
importance in engineering applications. A successful example of this approach in the
numerical analysis of a relaxed problem can be found in [7].

From the point of view of numerical analysis, one striking advantage of the relaxed
minimization problem is that the macroscopic deformation w can, in principle, be com-
puted with a strongly convergent sequence of minimizers in suitable finite element spaces.
The reliability-efficiency gap [5] does not prevent the convergence proof of the associ-
ated stresses for a large class of variational problems with energy densities that fail to
be strictly convex [4].

In this paper, we carry out the convergence analysis for the relaxation of the classical
model energy, which we also refer to as two-well energy with linear kinematics,

W(E) = min{ 5 (C(E — A1), B~ A) +wr L (C(E~ 4). B~ ) +wr}  (12)

N |

in a two-dimensional setting for which the relaxation was obtained in [19, 20, 25]; see (3.2)
below for the precise formula with given symmetric matrices A1 and As. It turns out
that the quasiconvex relaxation is in fact the convex relaxation if and only if the two
preferred strains A; and As are compatible, i.e., if A1 — Ay = cRd+d® ¢ for two vectors
¢, d € R? [19, Lemma 4.1] for necessary and sufficient conditions for compatibility. The
case of compatible wells was analyzed in [4] and therefore we focus on the incompatible
case in this paper. Moreover, we assume that the matrix A; — Ay is not proportional
to the identity matrix since in this case the uniqueness of minimizers may be lost [27,



Remark 2.2]. Hence we assume that the eigenvalues 7, and 72 of the matrix A; — Ay
satisfy

0O<m<mn. (1.3)

We refer to the problem as nonconvex since the relaxation is not convex but quasiconvex.
See Remark 3.3 for a short discussion of uniqueness of minimizers and counterexamples
to uniqueness in the case n; = .

Our first main result shows strong convergence for three out of four components in the
deformation gradient. The fact that the last component cannot be controlled is related
to the degenerate convexity of the relaxed energy. We refer to Section 2 for the definition
of the notation used below.

Theorem 1.1 Suppose that W is given by (1.2) with assumptions (1.3), that u € A 1is
a minimizer of 19°, and that uyp is a minimizer of

ch(vh):/QWqC(e(vh))dm—/Qf-vhdx

in a finite element space up + Vy o with up € Vy and Courant finite element method
with respect to some shape-reqular triangulation Ty. Then there exist constants Cv and
Cy which depend on the triangulation only through the constant k* defined in (2.1) such
that, in a suitable coordinate system with Ay — Ay = diag(n1,n2),

101 (u — up)1llm-1(0) + > 1Ok (u — un)jl|L2(0)
j:k:172§(j7k)¢(171)
<C i I — I .
<, cmin, (1) = (W)

If u € H?(Q;R?) then
min  (19(vy) — 1%(u)) < Coh||D?ul|12(q)-

vaUD-FVh’()
Our second main result concerns the design of an adaptive scheme of Section 4.2 which

allows the computation of a sequence of triangulations 7; and minimizers uy € up +V(()£)
and so generalises [4] to some nonconvex minimisation problem.
Theorem 1.2 Suppose that the assumptions in Theorem 1.1 hold. Then the sequence
(ug)pen with up € up + V((f), { € Ny, computed by the adaptive scheme converges with
respect to the weak topology of H'(2;R?) to the unique minimizer u of the variational in-
tegral 19° in the class of admissible functions A. Moreover, the energies 19°(uy) converge,
1.€.,

lim I19wu,) = I9%wu) = min I9(v),

{—00 ( Z) ( ) vEup+HE (R?) ( )
and, in a suitable coordinate system with Ay — As = diag(ni,n2), all components of the
deformation gradient except the (1,1)-component converge strongly L*(Q), i.e.,

‘|31(U—W)1HH—1(Q)+ Z ||ak(u_uZ)jHL2(Q) — 0 as £ — oo.
jak:112;(j’k)7é(111)



One key ingredient in the proof is the observation [19] that the relaxation of the
energy (1.2) can be written as the sum of a convex and a polyaffine function which in
the case at hand is a multiple of the determinant. This special structure has, e.g., been
used in [27, 28] to obtain uniqueness results and regularity of phase boundaries while
our approach is in the spirit of the translation method which has been widely used
in homogenization theory to separate nonconvex terms with special structure, usually
polyaffine functions, from others terms, see the discussion in Section 5 in [19] for more
details and references. The crucial observation in this paper is that the convex function
® allows a convexity control in the sense of [7, 6, 17, 4], i.e., some suitable constant A
satisfies

M| D®(A) — D®(B)|]> < ®(A) — ®(B) — (DP(B), A — B) for all A, B € M**2. (1.4)

The structure of the remaining parts of this paper is as follows. We introduce in
Section 2 standard notation including our assumptions on shape regular triangulations.
Section 3 reviews the necessary results on the relaxation of the two-well energy which
are used in our proofs. The first key feature is the decomposition of the relaxed energy
density in the form WI¢ = &+~ det. The convexity control (1.4) of the translated energy
® is presented in Section 4.1. Section 4.2 states the adaptive algorithm, presents the
error estimator, and introduces the refinement scheme. The proofs of Theorem 1.1 and
Theorem 1.2 are presented in Section 4.3. The second key observation is a refined error
estimator reduction introduced in the proof of Theorem 1.2 which allows one to relate
errors in the approximation of the pseudostresses D® and the true stress DW9°. The
concluding Section 5 presents the analogous results in the case that the energy depends
on the full deformation gradient.

The results presented in this paper are the first affirmative convergence results for a
non-convex minimization problem in the spirit of [15, 8, 29, 4].

2 Notation

Throughout this paper, Q@ C R? denotes an open and bounded domain with polygonal
boundary and up € H'(Q;R?) is piecewise affine and belongs to all finite element spaces
V@ and V.

Standard notation for respective Lebesgue and Sobolev spaces applies to the norms
like ||| o) = Illne = Il and - llysg) = I-lles = I-llp- The domain is neglected
if it is clear from the context. The space of real 2 x 2 matrices is denoted by M?*? and
the symmetric part of a given matrix F e M>2 by E=F = (F+ FT)/2 ¢ M2x2. The
inner product between two vectors a and b reads a - b while that of the two matrices A
and B reads A : B; the symbol (-, -) abbreviates the inner product in any dimension.

Generic constants may change from line to line. Unless indicated otherwise, all con-
stants are independent of the underlying triangulation.

A triangulation 7 of a domain Q C R? is a finite set of closed triangles which partitions
Q in the sense that

Ur=2a.

TeT



Moreover, if Ty, To € T, 11 # Ts, are two triangles, then Ty NTy, = 0 and if the
intersection of two triangles Ty, To € T, T1 # Tb, is not empty, then it is either a
common edge, called interior edge, or a common vertex, also called node. The set of all
nodes (resp. edges) reads N (resp. &) and the set of all interior nodes (resp. interior
edges) by N (resp. & ). A family of triangulations 7y, £ € N, is said to be shape regular
in the sense of [11] if there exists a universal constant x* with 0 < £* < 1/2 which is
independent of the level ¢ € N such that the area |T'| of each triangle T' € 7Ty satisfies a
two-sided bound in terms of the diameter hy = diam(7") in the sense of

K*h3 < |T| < h/k*. (2.1)

We write 7, if hp is bounded by h for all T' € T,. Throughout this paper, we use
Courant elements at each fixed refinement level £ € Ng. Let P;(T) denote the set of all
real-valued polynomials of total degree at most k on the triangle T' € T, and let

Pi(Te) = {ve € L*(Q) : VT € To, vilr € Pr(T)} .

Finally we define the corresponding vector-valued functions Py (7;; R?) = Py(T¢) X Pi(Ty)
and introduce the finite element spaces (plus the analogous definitions for triangulations

Tn)
V(To) = PL(Ti; RO NHY QR and  Vo(Ty) = Py (Te; R?) N HE(Q; R?) .

3 Review of fundamental properties of the relaxation of the
double well problem

The starting point is the nonconvex energy density W for a two-dimensional model
in linear elasticity with linear kinematics for a phase transforming material with two

preferred elastic strains A; and Ay € ngxn% and elasticity tensor C for which

W(E) := min{W;(E), Wo(E)} forall E € MZ2

sym
with suitable constants w; € R and

1
W](E) 2:§<(C(E—Aj),E—Aj>—|—wj forj=1, 2.
The attention in this contribution lies on the classical case of an isotropic Hooke’s law

with bulk modulus £ > 0 and shear modulus i > 0, i.e.,
1
CE =r(trE)I+2u(E — 3 (tr E)I) .

See Section 5 for comments on the situation with nonlinear kinematics W = W (F)
instead of W = W(E) in an isotropic model. Since A; and Aj are symmetric matrices,
we may relabel the matrices in such a way that the eigenvalues n; and 7y of A1 — A,
satisfy 11 > |n2| and after a suitable change of coordinates we may suppose that the



eigenvectors are parallel to the coordinate axes, i.e., A1 — Ay = diag(n1,n2). It is well-
established (see, e.g., Lemma 4.1 in [19]) that A; and As are incompatible as linear
elastic strains, if and only if 72 > 0. The relaxed energy density W9°(E) was computed
by Kohn [19], Lurie and Cherkaev [20] and Pipkin [25]. As mentioned, e.g., in [19],
Section 4, the relaxation is piecewise quadratic and globally C!, and in the notation of
this reference given by the expression below. In order to simplify the formulas, set [19]

Pr = {E € MZ2: W\(E) — Wa(E) +% <o},
Py = {E € M2 Wi(E) - Wa(E) - § > 0},

Pra = {E € MZ2: |[Wi(E) — Wa(E)| < g},

sym
as well as, for j =1, 2,

2 2 _
71 — 71 ’ V= K % ) (31)
K+p o p(v+2) I

v = (k — p)tr(Ar — Ag) +2un;, g=

With this notation the quasiconvex envelope of the two-well energy is given by

W1 (E) if EePy,
W (E) = Wa(E) if £ € Py, (3.2)
1 1
WQ(E)—%(WQ(E)—Wl(E)%—ig)z if £ € Pral.

For future reference we note that in the case 173 > 0 of incompatible tensors,
1< (= (u+1)—(u+2)%<1. (3.3)
1

Moreover, ¢ = —1 if and only if 7 = 2 and ¢ = 1 if and only if 3 = 0. In order to
verify the upper bound, one uses that for 7o = 0 the expression simplifies to

ot rtn (F—mwm
I po (k= p)m 4 2pm

and that the derivative 9¢/0n; is less than or equal to zero on [0, n2].
Following [27] we define

H(E) = % (CE, E) 219<E, C(A; — Ap))?  for E € M2X2. (3.4)
Note that H is the quadratic part of the energy in the relaxed phase where the relaxation
does not coincide with one of the two functions W; and Wy. The relaxed energy is non-
convex due to a term proportional to the determinant in the relaxed phase. The key
observation is, that this energy is given by a nonnegative quadratic form after a suitable
translation with a term proportional to the determinant.
The next lemma is a crucial ingredient in the proof of the convexity control.



Lemma 3.1 (see [27]) Lety:=pu(v— (v+ 2)%) and F € M**% with symmetric part
E:=F. If E € Py, then the quadratic part T of the translation of the relaxed energy

WI(E) — vy det F' satisfies

T(F)=H(E)—ydetF = % (CE,E) (CE,A; — A3)®> —~ydet F>0.  (3.5)

1
2
ProOOF. We include a sketch of the proof for future reference since we will need the
nonnegativity of certain terms. The explicit expression for H follows immediately from
the definition of the relaxed energy in (3.2). Since C(A; — A2) = diag(v1,72) we can
evaluate the quadratic form H and find that

2

H(E) = g 2+v)(1- %)FQZQ +ulv— v+ 2)%)17111722 + 2uE3,
1
2 ~
:g(2+u)(1—%)F§2+Q(F)+u(V— (y+2)%) det F (3.6)
1

with ¢o = co(y1,72) > 0 and

Q(F) = gFlQ? + gFQQl +ulv+1-(v+ 2)%)F12F21
1

_M(F12>T 1 v+l-(w+2)2 (F12> (3.7)

2 F21 V+1—(V+2)% 1 F21 ’
> co(Fia + F3)).

Indeed, up to a factor of ;%/4, the determinant of the matrix in the last formula equals

o2y QAN IN 4 2) 02

71 71 B4

(v+2)(1-

In fact, ¢g > 0 if 52 > 0 and 9 < ~1; the former inequality holds if the two linear strains
are not compatible and the latter if A; — Ay is not isotropic, that is, not proportional
to the identity matrix. O

Under the foregoing assumptions, a minimizer of the relaxed functional exists in the
class of admissible functions A and is unique. We include a short proof of the theorem for
the convenience of the reader and in order to emphasize that existence and uniqueness
follows in the finite element space Vj, as well. Moreover, we will follow the same outline
in the case of models with nonlinear kinematics.

Theorem 3.2 ([27], Theorem 2.1) Suppose that W is given by (1.2) with assump-
tions (1.3) and that up € H'(Q;R?) and f € L*(Q). Then there exists a unique mini-
mizer of the variational problem: Minimize 19° with

I€(v) = /Qch(e(v))d:c - /Q f-vdx among all v € A.



Moreover, any solution of the Fuler-Lagrange equations coincides with the minimizer.
Finally, if u € A is a minimizer of I and v € A, then the difference e = u — v satisfies

% / (046%72 + 6%72 + e%yl + 561726271>dx = / H(e(z))dz < I%w) — I(u)
Q Q

with ai= 2+ v) (1= 3) >0 and =2 < =20 =2((1 +v) - 2+ ) 2) < 2.

1

Note that § = —2 if A7 — Ay is isotropic and 8 > 2 if A; and Ay are compatible as
linear strains.

PrOOF. The existence of a minimizer follows from the direct method in the calculus of
variations. To prove the remaining assertions, we follow the arguments in [27, Section 3.
Since the relaxed energy is globally C! (see Section 4 in [19]), any critical point u satisfies
the Euler-Lagrange equations

/ DWW (e(u)): e(v)de —/ f-vdz=0 forall v € H}(Q;R?). (3.8)
Q Q
For all A,B € ngxnzl’ the Taylor expansion about A implies

W (B) — W(A) — DWE(A): (B — A)

1
_ ;/ D2W(A + s(B — A))[B— A, B — A ds. (3.9)
0
Note that (3.4) implies
1
H(E) < 3 D*W(C)[E,E] forall C,E € MZ5:. (3.10)

We set A = e(u) and B = £(v), and use this estimate with C' = A + s(B — A) and
E = A — B to obtain a lower bound for the right-hand side in the Taylor expansion.
After integration over € one obtains in view of (3.8)

/QH(E(’U —u))dz < 1%(v) — I9(u).

We deduce from (3.6) and the fact that the determinant is a Null-Lagrangian that

2
10) = 1) 2§ [ (2401 2) @afo2 — )’

1
+ (81(1)2 — UQ))2 + (82(1)1 — ul))2 (3.11)
+ 2[(1/ + 1) — (I/ + 2)%]81(1}2 — ’U/2)82<'U1 — ul))dx >0,

as asserted. Finally suppose that v is a minimizer and that u is a critical point.
Then (3.11) implies 92(vy — ug) = 0 and, by Poincaré’s inequality, that ve — uy van-
ishes identically. We then conclude that da(v; — u1) = 0 and hence v; — u; = 0 as well.
This establishes the proof of the theorem. O



We conclude this section with an example which demonstrates the loss of unique-
ness in the isotropic case [25, 27]. The question of uniqueness is an open problem for
general boundary conditions, [18] contains some affirmative results in the case of strict
quasiconvexity and affine boundary conditions.

Remark 3.3 Suppose that the material is isotropic, i.e., that n; = 7y and that

— 1
Ay —As=ml, Ay =As+ml, A:§(A1+A2):A2+%I

with diagonal matrices A; and As. For simplicity we assume that k = p = 1/2. In this
case, C is the identity tensor and the relevant constants are given by v1 = vo =n1, v =0
and g =72 > 0, see (3.1). Moreover,

_ 1,— 1 — — 1
WiA) =S [A-af =S| D1 and Wo(A) = 5 [A- 4" = S |21,

N | =

Hence A is a matrix in the interior of the relaxed phase P, which is an open set in
the space of all deformation gradients. On this subset, the quadratic part of the relaxed
energy reads

H(E) (Fig — Fp)? —det F.

1
!
Fix any ¢ € C2°(Q2) with compact support in Q. For ¢ small enough, the deformation
gradient of the deformation us(x) = Az + §D¢(x) is symmetric and lies in the open set
Prel- Thus the total elastic energy of the affine function up(x) = Az and the functions us
(which satisfy the same boundary conditions) are equal. This establishes nonuniqueness
for constant applied forces f. To obtain forces which are not constant one can choose
f = curly with ¢ € C*°(Q). In particular, the stress fields of the deformations are
different. Thus our results cannot be extended to the case of isotropic materials.

4 Kinematically linear models

We begin our analysis with the case of linear kinematics.

4.1 Convexity control of the translated energy

One key observation is that the translated energy allows for convexity control in the
sense of [4, 17].

Theorem 4.1 Let v := pu(v — (v + 2)%) and define the translation of the energy W9
as ® : M?*2 5 R for all X € M?*? by

~

O(X)=WE(X)—vdet X for X := % (X +Xx7). (4.1)

Then ® allows convexity control in the sense that there exists a constant A1 with 0 <
A1 < 0o such that

AM|D®(A) — D®(B)|> < ®(A) — ®(B) — (D®(B), A — B) for all A, B M**?. (4.2)



Note that the energy ® depends on the full deformation gradient and not only on its
symmetric part.
The proof requires a useful observation on nonnegative quadratic forms.

Lemma 4.2 Given any nonnegative quadratic form @ : M™" — R there exists a
constant Ao > 0 such that, for all A, B, X € M™*",

NIDQ(X) < Q(X)
and
M[DQ(A) — DQ(B)|* < Q(B) — Q(A) — (DQ(A), B— A) = Q(B— A). (4.3)

PROOF. The identification of M™*™ with R™" shows that one needs to prove the lemma
for m = 1 and any n € N and may identify the bilinear form with some matrix M € R™*",
ie., Q(X)=X-MX for all X € R". Without loss of generality we may and will suppose
that M is symmetric.

The terms Q(X) = X - M X and |DQ(X)|? = 4|M X |? are invariant under orthogonal
transformations and the spectral theorem shows that it is sufficient to prove the assertion
for any diagonal matrix M. The latter follows immediately form the scalar case with
Ao = 1/(4Amax) for the maximal positive eigenvalue of M (when M # 0 and else for any
Ao)- This concludes the proof of the first assertion.

Since @ is quadratic, the Taylor series expansion of @) at A in terms of X = B— A up
to the quadratic term equals Q(B). Furthermore, the second derivative 1 D?Q(A)[X, X]
equals Q(X). Hence, the Taylor series expansion proves the equality in (4.3). That
equality plus the first assertion imply the claimed inequality in (4.3). O

Proof of Theorem 4.1. By definition, @ is the translation of W9 by a multiple of the
determinant which is (in two dimensions) a quadratic form. In particular, if we collect

all terms involving the translation on the right-hand side in (4.2), we obtain, for all
A, B € M?*2 that

—7(det(A) — det(B) — Ddet(B): (A— B)) = —ydet(4A — B). (4.4)

Recall that the energy W9 in (3.2) is given by three distinct expressions in the three
domains Py, P2, and Pre with W9 = W; on P; for j = 1,2. To simplify the notation
we set Wie = W9 on Py . It follows from the chain rule that

9 1 9 19
E)=. L
oy V) =555, WE TS 55,

W (E)

and hence OpW is the symmetric part of OgW. However, since the derivative of W with
respect to F is symmetric, we may write DW without indicating whether the derivative
is with respect to E or F'. The same applies to W9 and the three distinct parts in the
formula for W and W4°.

10



We need to check all combinations of arguments A and B lying in each of the three
domains Py, P2, and Pe. Suppose thus that Ac P; and B € P}, with J, k € {1,2,rel}.
Then

RHS =®(A) — ®(B) — D®(B): (A— B)
=W;(A) = Wi(A) + Wi(A) — Wi(B) — DWi(B): (A~ B) — ydet(A - B).
Since W}, is a quadratic polynomial we obtain for all symmetric arguments X that
D*Wy(B)[X, X] = D*W,,(B)[X, X] = C[X, X] > 2H(X)
for B € Pr and k = 1,2 while
D*Wia(B)[X, X] = D*W,a(B)[X, X] = 2H(X)

for B € Prel, see (3.4). Hence the right-hand side is equal to
N ~ 1 A
RHS = W;(A) = Wi(4) + 5 D*W,(B)[A— B,A — B] —ydet(A — B). (4.5)

The assertion follows for j = k from (4.3) and Lemma 3.1 since

%DQWk(E)[E— B,A—B]—ydet(A— B) > H(A— B) = vdet(A— B) > 0.
The strategy in the remaining cases is to rearrange the terms in such a way that they are
equal to T (A — B) plus some nonnegative terms where 7" was defined in (3.5). Then the
expression D®(A)— D®(B) on the left-hand side is transformed to DT (A — B) plus error
terms. Finally one notes that in all cases the squares of the error terms are bounded by
the additional nonnegative terms.

We include a sketch of the calculations for the four relevant cases and omit the re-
maining two (symmetric cases) for brevity.

Case 1: B € Py, A € Py. The right-hand side is given by (4.5), i.e.,

N ~ 1 ~ o~ o~~~
RHS = W1(4) = Wra(4) + 5 D?*W,o((B)[A — B, A — B] —vydet(A — B)

N2 +1(A-B). (4.6)

= o (Wa(A) - Wi (A) - §

29
The relevant expression on the left-hand side (under the square) is equal to
DW,(A) — DWyo(B) — yD det(A — B)

= DT(A— B) + ;(Wg(ﬁ) — Wy (A) — 5)(:(Al — Ay).

We conclude that

‘le A) rel(B) - ’YD det<A - B)|
3 (v + 72)(W2(2) — Wi (A) - g) +2|DT(A - B)|*. (4.7)

11



The first term in (4.7) is estimated by the first term in (4.6) (up to constants, recall that
T > 0) and the second term in this expression is estimated by (4.3). Thus there exists
a constant Ay with the asserted properties.

Case 2: B € Prei, Ae Ps. In this case the right-hand side is given by

~ ~ 1 ~ o~ o~~~
Wa(A) — Wit (A) + 3 D*W,o(B)[A — B, A — B] — ydet(A — B)

_ L

3 (Wo(d) = Wi(A) + 5)* + T(4 - B)

while the left-hand side is equal to
DWy(A) — DWyo(B) — D det(A — B)
= DT(A— B) + ;(WQ(Z) — Wi (A) + %)C(Al — Ay).
The assertion follows as in the previous case.
Case 3: B € Py, A € P,e. The right-hand side is equal to

— B] — vdet(A — B)

— L () - @A) - 9)?

~ ~ 1 ~ o~ ~
Wrel(A) — Wi(A) + 3 D?*W1(B)[A - B,
9
2g 2

(C(A—B), A — A)> + T(A— B).

+
NS

Note that in the situation at hand

[Wa(A) - Wi(A)] <

N[

,wum—wu®+gso

and that the first two terms can be rearranged to

~ 50 (Wald) = WA (@) = §)? + 5 (C(A— B). Ay — A
= = (M) = i) ~ ) (Wa(B) = Wa(B) = §) + 5 (Wa(B) ~ Wi(B) — ).

In particular, the first term is nonnegative and the right-hand side is bounded from
below by

219 (Wa(B) ~ Wi (B) ~ )* + T(A~ B).

On the left-hand side we obtain
DW,a(A) — DWy(B) — vD det(A — B)

= ; (Wa(B) — Wi(B) — g)C(Al — A) + DT(A - B)

and the assertion follows as before.
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Case 4: Be Py, Ae Ps. In this case,

Wi(B) — Wy(B) + % <0, Wi(A)—Wy(A) - g >0
and the right-hand side is equal to
- ~ 1 o~ N A
Wa(A) = Wi(4) + 5 D*Wy(B)[A — B, A — B] — ydet(A — B)
1

= Wy(A) — Wi (A) + % (C(A—B), A, — A3 +T(A—B).

We focus on the first three terms which we rewrite as

-~

Wa(A) — Wi (A) + 219 (C(A— B), Ay — Ay)?

:219 (Wa(A) — Wi(A) + g)2 _ ; (Wa(A) — Wi (A) — g)(%(g) —WA(B) - g)
+ 219 (WQ(B\) — Wl(ﬁ) _ g)2

Note that the middle term is by assumption nonnegative. The terms on the left-hand
side are

DWy(A) — DWy(B) — yD det(A — B)

1 ~ ~ ~ ~

=2 [(Wa(A) — Wy (A) + g) — (Wa(B) — Wi(B) — g)]C(Al — Ay) + DT(A - B).

If we square the right-hand side we obtain three squares which are all balanced on the
left-hand side. The proof is complete. O

4.2 Adaptive Algorithm

This section describes the adaptive algorithm. Given an initial shape-regular triangula-
tion Tg, this scheme generates a sequence of triangulations 7, and corresponding finite
element spaces V) which all satisfy the estimate (2.1) with a constant x* determined
form the initial configuration. In particular, all constants are independent of /.

4.2.1 INPUT

The input required by the numerical scheme is a shape-regular triangulation Tg of the
bounded domain Q C R? with polygonal boundary 02 into closed triangles, the associ-
ated finite element space V(©) = V(7q) of continuous functions which are on all elements
affine polynomials with values in R?, and a fixed parameter © with 0 < © < 1 for the
m(algking strategy. Moreover, we assume that the Dirichlet condition up is contained in
v,

13



4.2.2 SOLVE and the discrete minimization problems

Given the triangulation 7y, ¢ € Ny, with the corresponding discrete spaces VIO = V(Te)
and Véz) = Vo(7T¢) on the level ¢, compute the discrete solution u; € up + Vge) as the
unique minimizer of the energy functional 19 on up +Vé£), see Corollary 4.3 below. For
simplicity, we suppose that the discrete solution is computed exactly. Then, the discrete
stress is given by

op = DW(e(uy)) € L*(Te; ME50).

sym
Note that DW9° is piecewise affine and globally continuous and hence globally Lipschitz

continuous. Since e(uy) € Py(Ty; Mg;nzl) is piecewise constant, so is oy € L?(Ty; ngXH%)

4.2.3 ESTIMATE

Suppose that T, and T_ are two distinct triangles in 7, with a common edge F =
ITy NOT- € &(N) of length |E|. The unit normal vector

Vg = I/T+’E = —vr_ |g along F

is defined up to the orientation which we fix as the orientation of the outer normal vz, of
T, along E. Given the discrete stress op = DW%(e(uy)) € L*(Tg; M2%2) of the previous
subsection, the jump of g, across the edge is defined as

[O’g]EVE = O’z|T+I/T+ + O'g‘T_VT_ = (Ug’T+ — O'g‘T_) Vg along E.

Let £(T) denote the set of the three edges of a triangle T € T; and &(T)) = £(T) \ £,(09)
the subset of interior edges. To each triangle T € T, with area |T'| we associate the error
estimator contribution n,(7T') given by

W) = |T| | + divorl e + 17172 32 Mlodevel2em): (48)
Ecé(T)

The sum

mo=>_ m(T)

TeT,

is indeed an error estimator for the accompanying pseudostress approximations from
the translated energy minimization problem, see the proof of Theorem 1.2. However,
the upper bound 7y of the pseudostress error is not sharp, the reliable error estimator
ne is not efficient. This dramatic difficulty in the a posteriori error control is called
reliability-efficiency gap in [5] and is caused by the degenerate convexity which is fre-
quently encountered in relaxed variational problems in the modelling of microstructures.

4.2.4 MARK and REFINE

Suppose that all element contributions (n7(T') : T' € T;) defined in the previous subsec-
tion are known on the current level £ with triangulation 7,. Given the input parameter

14



© € (0,1) select a subset My of Ty (of minimal cardinality) with

On; < > n(T) =:m; (M) (4.9)

This selection condition is also called bulk criterion or Dorfler marking [15, 22] and is
easily arranged with some greedy algorithm.

Any marked element is bisected according to the rules in Figure 1 and further mesh
refinements may be necessary (e.g., via newest vertex bisection) such that Ty is a
refinement of 7, with My C Ty \ Tps1.

Theorem 1.2 does not need the refinement with five bisections to obtain the interior
node property and may focus on green-blue-red or green-blue refinement strategies.

green blue (left) blue (right)

red 3 bisections 5 bisections

Figure 1: Possible refinements of a triangle (up to rotations).

4.2.5 QOUTPUT and convergence result

For a given triangulation 7, the adaptive scheme generates the triangulation at the next
level T;11 by a successive completion of the subroutines

SOLVE — ESTIMATE — MARK — REFINE (4.10)

Based on the input triangulation 7y, this scheme defines a sequence of meshes 7y, 71, T2, . . .
and associated discrete subspaces

v - v G- G v - v+ G- G V = H'(Q; R?) (4.11)

with discrete minimizers uy € up + V(()K), ¢ € Ny. The main properties of this sequence

of solutions are formulated in Theorem 1.1 and Theorem 1.2, see also the steps in the
proof in Section 4.3 for approximation of the pseudostresses associated to .

4.3 Proofs of Theorem 1.1 and Theorem 1.2

This section presents the proofs for our main results which involve additional approxi-
mation estimates for the pseudostress .

15



4.3.1 Preliminary Remarks

Theorem 3.2 implies the existence and uniqueness of minimizers in our finite element
spaces.

Corollary 4.3 Suppose that up € H'(;R?), that Ty, is a shape regular triangulation
with associated finite element space Vy, with Courant elements and that up € Vy,. Let
f € L?(Q). Then there exists a unique solution u, € Vj, with up, = up on OQ of the
variational problem: Minimize 19°(vy,) among all admissible functions vy, € up + Vp .

We begin with a brief discussion of the relations between the original and the translated

~

energy density ®(X) = WI°(X) —~ydet X. The first observation is that the determinant
is a Null-Lagrangian, that is, for all u € A defined in (1.1) the identity

/detDudx:/detDuDdx
Q Q

holds, see, e.g., [23, Theorem 2.3]. This implies that the relaxed functional 79° and the
energy functional with the translated energy E9°¢ differ on A by a constant,

E%¥(v) := / ®(Dv)dx —/ frvde =1%w) — ’y/ det Dupdz for allv e A.
Q Q Q

Moreover, u is a minimizer for 19° if and only if w is a minimizer for F9°. Note that ®
depends on the full deformation gradient while W9 depends only on its symmetric part.

An important consequence is that any minimizer of E or 19 is a weak solution of the
corresponding Euler-Lagrange systems,

/QDWqC(s(u)) :a(v)dx—/gf-vdx:/ga:5(v)dx—/9f-vdx:0 (4.12)

for all v € H}(;R?) as well as

/Qch(Du):Dvdx—/ﬂf-vdx:/ﬂr:Dudx—/gf.vdxzo. (4.13)

Here and throughout the paper, ¢ := DW9(e(u)) denotes the true stresses, 7 :=
D®(Du) denotes the pseudostress, i.e. the stress associated to the translated varia-
tional problem.

4.3.2 Proof of Theorem 1.1

The bound in terms of the energy difference follows from the algebraic estimates in
Theorem 3.2, since for all v, € V}, the estimate

2 —
: /Q<O‘€%’2 + 257 (o + ) < 1) = I*(a) < 1%(un) ~ ()
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holds. The weaker estimate for d;(u — uy) follows with Poincaré’s inequality from

Ou —unlly-iy = sup / (u — up)1rwde
weH(Q), [|w]|1,2<1 /2

< sup 102(u — up)1lp2(q) [[Dwl| 20

~

weH (), [lwl|1,2<1
S 02(u — up)il| 20

Moreover, the fact that W9 is piecewise quadratic implies in view of the Taylor expan-
sion (3.9) and the Euler-Lagrange system (4.12) for the minimizer u that

0 < I%(vy) — I9(u) —/Q(ch(g( W) — W (e da:—/f on — w)d
Z/Q(WqC(E( 1) — We(u)) — DW(e(u)): (e(vp) — e(u)))da
SC’/Q‘DU;,,—DuFdx.

If uw € H?(2;R?) then the error estimate follows if one chooses for vj, the usual nodal
interpolation operator of u and uses the standard error estimates.

4.3.3 Proof of Theorem 1.2

We divide the proof in several steps. Let uy be the finite element minimizer in V.
Since the discrete spaces are nested, see the inclusions in (4.11), it follows that the
sequence (19°(uy))pen is monotone decreasing and bounded from below by I9¢(u), hence
convergent. In the following H(div = 0) denotes the subspace of all matrix fields in
L?(£2; M2*2) for which the divergence of the rows vanishes in the sense of distributions,

H(div = 0) := {7 € L*(;M**?) : divr = 0 in D'(Q; R?)}.

Step 1: True stresses and pseudostresses. The key to the proof is the analysis of the
convergence of the pseudostress 7, = D®(Duy) which is piecewise constant. Since the
derivative of the determinant as a map from M?*2 to R is the cofactor matrix, and since
divcof Du = 0 in the sense of distributions, i.e., cof Duy, € H(div = 0), the true stress
o¢ = o(Duy) and the pseudostress 7y are related by

= D®(Duy) + 7 cof Duy € 7y + H(div =10).

Step 2: Error estimator reduction. There exist two constants 0 < p <1 and 0 < A <
oo (which only depend on © and 7p) such that, for any two consecutive levels ¢ and
¢+ 1 with corresponding finite element solutions uy and u,11 and discrete stress (resp.
pseudo-stress) approximations oy and oy (resp. 7y and 7p41),

i1 < P+ Allrers = 7ell72(0) (4.14)
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When ||7041—7¢|[72 o) 1s replaced by l|ogr1—0y] \QLQ(Q), the error reduction property (4.14)
is a well-established tool in the convergence analysis of adaptive finite element methods
and can be found in [4, 8] for elliptic problems in a very general setting. The proof
employs the triangle and trace inequalities but no particular property of the piecewise
polynomial approximations. Since the true stress and the pseudo-stress approximations
differ merely by some piecewise constant divergence free cofactor matrix, the error esti-
mator 7, in terms of oy is identical to the one with oy replaced by 7. This establishes
(4.14).

Step 3: Bounds on the difference of successive pseudostresses. For any £ € N the
L?-norm of the difference of stresses at successive levels is estimated by

Mlmesr = 1ol 22(q) < B (ue) — BY(upia).

To prove this estimate, we evaluate the convexity control estimate in (4.2) for x in the
interior of an element in Tp41 in A = Duy(x) and B = Duy41(x) and integrate on  to
obtain

Mllress = 7el20) < /Q (®(Dug) — O(Dugsy)) dr — /Q ren: Dy — upa)de . (4.15)

(+1)

Since ug41 minimizes E in up+V, we may use the discrete Euler-Lagrange equations
which are analogous to (4.13); that is,

/ Tew1 - Dvpprde = / fvep1de for all veqq € Vé”l) .
Q Q

Since V) C V(“l), Vpt1 = Up — Upy1 € V(()Hl) is an admissible test function and hence

/QTéJrl : D(ug — ugqr)de = /Qf - (up — upyr)de.

We substitute this identity in (4.15) and obtain the assertion.

Step 4: Convergence of the error estimator. The error estimators 7y, £ € N, converge
to zero, that is, limy_, ., 7y = 0. In fact, the error estimator reduction (4.14) and the
discrete stress control of Step 3 imply

Nie1 < pmg + A (BE%C(ug) — E(ugy1)) forall £ € N.

Mathematical induction shows, for m, n € N, that

e < Py 3 Z U EC (umyr) — B (ums k1))
k=0

( Eq (uern)) .
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For m = 0 we obtain uniform boundedness of the sequence (7, )nen, and since (E(uy))een
is a Cauchy sequence and 0 < p < 1 we conclude limy_,,, ¢ = 0.

Step 5: Error estimates for the pseudo-stress. Let £ € N, then
Mlr = 7ol < E%(ur) — E*(u)

and
M7 = 7ol 0y < () — E%(ug) + / (7 — 1) : Dlu— ug)de (4.16)
Q
The first assertion follows as in Step 3 by replacing usy; with u. To prove (4.16), let x
be a Lebesgue point of Du which lies in the interior of an element in 7;. For such an x
we evaluate the convexity control estimate (4.2) in A = Du(x) and B = Duy(x). Since
almost all points are Lebesgue points, we may integrate on ) and obtain

Ml = 7el2a0) < / (®(Du) — B(Duy)) dz — / 2 D(u — ug)da.
Q Q
The pseudo-stress 7 satisfies the Euler-Lagrange equations (4.13) and the assertion fol-

lows in view of the definition of the energy.

Step 6: FExplicit residual-based reliable error control I. There exists a constant Cl.¢
such that, for all £ € Ny,

Ml = 7ell22 () + B (ug) — EY(w) < Crernel | D(u — )| 120 -

To prove this, let e, := u — uy € HE(Q;R?) denote the error on the ¢th level of the

scheme and let J; be a quasi-interpolation of H} onto V(()Z) in the sense of [12, 26]. We
denote by hy the mesh-size function of 7, which is constant on the elements in 7;. Then
there exists a constant Cyp, which depends only on 7Ty such that [30]

1hi (e = Jee)|[Faiy + D |EI lle = JeellFamy < Capall el - (4.17)
Ee€&(Ty)
We use (4.16) and the Euler-Lagrange equations for the solutions u and wuy to obtain for

all vy € up —|—V(()£),

Ml = 7ol + E¥(ug) — B (u) S/Qf-(u—vg)dx—/QTg:D(u—w)dx.

Let vp = up + Jy(u — ug) € up + Vég) so that u — vy = ey — Jyey. In the second integral
we use integration by parts on the individual triangles. In order to simplify the notation
we do not replace integrals over 2 by a sum over all triangles. Instead we denote by
divy the local divergence on all elements in 7,. A careful rearrangement of the boundary
terms shows that

/Qf'(u—ve)dx—/ﬂﬂg:D(u—vg)dx

= /(f + divy7) - (e — Jpep)dax — Z / (e¢ — Jeep) - [Te]gvE ds.
Q - E
Ee&(Ty)
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Cauchy’s inequality and the approximation error estimate (4.17) lead to the upper bound

) 1/2
(Hhé(f + divy TZ)H%?(Q) + Z £ H[TAEVEH%Q(E)> C;;/JQ%HDWHLZ(Q)-
Ee&(Te)

The equivalence of local mesh-size and the square root of the area of the elements (which
follows from the shape-regularity) implies the existence of a reliability constant C.; and
the corresponding upper bound 1,C.;|| Dey|| 12(Q) - This verifies the asserted estimate.

Step 7: Explicit residual-based reliable error control II. Let uy be the sequence of
functions computed by the adaptive finite element scheme. Then

lim E%(uy) = E%(u) and  lim |7 — 7|20 = 0.
{—00 l—o00

Note that the energy density W9 satisfies two-sided growth conditions of the from

cl|E|? —co <WE(E) < c3(|[E]* +1)  for all E € M2

sym

with positive constants ¢, co, c3. Thus the symmetric parts of the deformation gradients
of the minimizers u and wu, are uniformly bounded in L? and since u — u, € HE(Q) we
obtain from Korn’s inequality that ||[Du — Duy||2 is uniformly bounded. Step 4 shows
ne — 0 as £ — oo and Step 6 implies that

. 2 (¢ (¢ —
Jim (M7 = 7ela(g) + E%(ur) = E(w)) = 0.

This estimate implies the assertion of the Theorem 1.2.

Step 8: Convergence of the deformation gradient. This follows from Theorem 3.2 and
the convergence of the energy from Step 7. O

5 Kinematically nonlinear models

In this section we extend the foregoing results to the case of energies which depend on
the full deformation gradient and not only its symmetric part. The analysis for the
relaxation of the double-well energy in the kinematically linear case can be performed
in the nonlinear case as well and leads to the same formula (3.2), see Section 7 in [19].

5.1 Results

In the special case of an isotropic material with
1
W(F) = 3 min{|oF — A2 +wy, |oF — Ayl? +wa}, a>0,w,w€R

the constant g reads (see Formula (7.1) in [19])

a)\max((Al - AQ)T(Al - AQ))
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By a change of coordinates we may assume that A2 = —A4; = A = diag(a;, a2) with
a1 > |ag| > 0 and o = 1. In particular, the two matrices are not compatible in the sense
that the rank of the matrix A; — Ay is bigger than one and that the matrix AT A is not
proportional to the identity matrix. These assumptions lead to

1
W(F) =5 min{|F — A +wy, |F+ AP +ws} with g = Amax(4A?) =4af. (5.1)

In this situation we have the following uniqueness result which parallels [27, Theo-
rem 2.1] or Theorem 3.2 from this paper; the case w; = wo was already noted in [14].

Theorem 5.1 Let Q@ C R” be a bounded and open domain with Lipschitz boundary,
let A € M™*™ be a matriz with rank(A) > 1 and let W be given by (5.1). Given
f € L2Q;RY) and up € H (;R™), consider the variational integral

I = /QWqC(Dv)dx - /Qf ~vdx for allv € H'(Q;R™) (5.2)

in the class of admissible functions
A={ue H'(QGRY)u=up on 990} .
Then, I19° has a unique minimizer u in A.

The analysis in Section 4 can be performed for the nonlinear setting as well. The
corresponding results are summarized in the next theorem.

Theorem 5.2 Let 19 be the functional given in (5.2) with the energy density given
in (5.1).

1. A priori estimates: Suppose that up € Vi, for some h > 0, that u is a minimizer of
the functional 19€ in the class of admissible functions A, and that uy, is a minimizer
of 19° in the finite element space up 4V, o based on Courant finite elements on an
underlying shape-regular triangulation Tp. Then there exists a constant C1 such
that, in a suitable coordinate system with A1 — Ay = diag(ni,n2),

> 106 (u = un)jllr2@) < Cr | _min  (I(vn) = I*(u)) .
J.k=1,2;(4,k)#(1,1) REUDFVh 0

Moreover, the (1,1)-component satisfies the weaker estimate

|01 (u — Uh)lHHfl(Q) <Ci; min (ch(vh) — ch(u)) )

vheuD—i-Vh,O
If u € H?(2;R?) then there exists a constant Cy such that

min (ch(vh) - ch(u)) < 02h||D2u||L2(Q) .

vp€up+Vip o
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2. Convergence of the adaptive scheme: Let (ug)oeny with uy € up + VE)E), ¢ € Ny, be
the sequence computed by the adaptive scheme described in Section 4.2. Then this
sequence converges with respect to the weak topology of H'(Q;R?) to the unique
minimizer u of the variational integral 19° in the class of admissible functions A.
Moreover, the energies I9°(uy) converge, i.e.,

lim I19(up) = I9%(u) = min I9°(v),
ELOO (ue) () vEup+H (R2) )

and all components of the deformation gradient except the (1,1)-component con-
verge strongly L?(2), i.e.,

101 (v — ue)1 | g-1(0) + > 10k (u — u) |l 2() — 0 as £ — oo
k=127, k)£(1,1)

In the following sections we sketch the proof of this theorem.

5.2 Convexity control of the translated energy

The key idea in Section 4.1 was the definition of the quadratic form H which was the
quadratic part of the energy in the phase Po. This motivates to define

1 2 1
H(F) =5 |F|? - Z(F, A)? < 3 D?*W9(G)[F,F] for all F, G € M?*2. (5.3)
g
We define v = —as /a1 € (—1,1) and note that

1 1
T(F)=H(F)—~ydetF > 3 (1—’72)F222+5 (1—~%)(Fh+ F3)

defines a nonnegative quadratic form. In analogy to Theorem 4.1 one obtains convexity
control for the translated energy.

Theorem 5.3 Suppose that W is given by (5.1). Let ® : M?*2 — R be given by
B(X) =WEL(X) —ydet X, X € M?*2, (5.4)

Then the translated energy ® allows convexity control in the sense that there exists a
constant A\ with 0 < Ay < oo such that

A|D®(A) — D®(B)|> < ®(A) — ®(B) — (D®(B), A — B) for all A, B € M**%. (5.5)

The proof is identical to the proof of Theorem 4.1.
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5.3 Convergence analysis and proofs of Theorem 5.1 and Theorem 5.2

The proof of Theorem 5.1 is with minor changes identical to the proof of Theorem 3.2.
We now obtain for any stationary point v € A of I19° and any v € A the estimate

19(v) — I%() > /QH(D(u —v))da

> 20 [ [t~ w0) + 00— 1)+ (303~ )l
Q

In particular, all stationary states are minimizers and uniquely defined. This estimate
implies immediately the a priori estimates in Theorem 5.2. The convergence analysis
follows the lines of the one for the case of linear kinematics in Section 4.3 with the true
stresses oy = DW9°(Duy) and the pseudostresses 7 = D®(Duy).
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