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Higher dimensional problems with volume constraints—
Existence and /"-convergence
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We study variational problems with volume constraints (also called level set constraints) of the form

Minimize E (u) ::/ f(u, Vu)dx,
2
HxeR:ulx)=all=a, |{xe€R:ulx)=0>b} =24,

on 2 C R", where u € H! (£2) and o + B < |£2|. The volume constraints force a phase transition
between the areas on whichu = a and u = b.

We give some sharp existence results for the decoupled homogeneous and isotropic case
f, Vu) = ¥ (|Vu|) + 6(u) under the assumption of p-polynomial growth and strict convexity
of . We observe an interesting interaction between p and the regularity of the lower order term
which is necessary to obtain existence, and find a connection to the theory of dead cores. Moreover,
we obtain some existence results for the vector-valued analogue with constraints on |u]|.

In the second part of this article we derive the I"-limit of the functional E for a general class of
functions f in the case of vanishing transition layers, i.e. when o + 8 — |§2|. The limit problem we
obtain is a nonlocal free boundary problem.

1. Introduction

We consider variational problems with level set constraints of the type

Minimize E (u) ::/ fu(x), Vu(x)) dx, (L
2 .
fx € 2 :ulx)=all=a, |{xe2:ulx)=>}=04,

where u € H'(2) and « + B < |£2|. The difficulty of this problem is the special structure of
its constraints: A sequence of functions satisfying these constraints can have a limit which fails to
satisfy the constraints.

Such minimization problems but with only one volume constraint have been studied by various
authors (see e.g. [3]]). In the last years problems with two or more constraints have caught attention
[4, 19, 18} 14} 13, 117, [7, [15]]. This interest was partially motivated by physical problems related to
immiscible fluids [11] and mixtures of micromagnetic materials [1, 2]. We will briefly discuss this
relation below.

Problems with two (or more) volume constraints have a very different nature than problems
with only one volume constraint: In the case of one volume constraint, only additional boundary
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conditions or the design of the energy can induce transitions of the solution between different values.
Two or more volume constraints, on the other hand, force transitions of the solution by their very
nature. Ambrosio, Marcellini, Fonseca and Tartar [4] studied this class of problems for the first
time and proved an existence result for the problem of two (or more) level set constraints with an
energy density f = f(|Vul). Moreover, they derived the I"-limit for a vanishing transition layer in
the special case f = |Vu/|?. It turned out that unlike usual variational problems, lower order terms
pose serious difficulties for the analysis and can lead, even in very easy examples, to nonexistence
[[14} [13]]. However, under certain regularity assumptions on the energy density the existence results
were extended to energy functionals depending on Vu and u [14]. For the special case of one
space dimension a more or less complete analysis of existence, uniqueness, local minimizers and
the I'-limit has been given in [13]]. It turned out that there is a strong link between existence and
the regularity of the lower order term. One of the goals of this paper is to investigate this link in
higher dimensional problems. We prove an existence result for a special class of energies under
minimal regularity assumptions. The proof is based on the use of a maximum principle for solutions
of elliptic equations recently established by Pucci and Serrin [16]] and draws some interesting
connection to the theories of dead cores. We also consider extensions to vector-valued problems
of the form

Minimize E (i) = Vul|) + 6 dx,
inimize E (1) /Q[lﬂﬂ ul) +6(ju]dx (1.2)

Hx e 2:lux)|=all=a, [{xe:lul)|=>b}=54.

Such problems are related to the analysis of mixtures of micromagnetic materials [1 2], where the
vector-valued variable u# describes the magnetization. The absolute value of u is prescribed on every
material by the so-called magnetic saturation m*®, but only the amount of each material, and not its
location, is given, so that the constraints of the minimization problem read as

{x € 2 :Ju@)| =mi}| = o, (1.3)

with fixed numbers ¢;. The three main difficulties when studying existence for this problem are

e the volume constraint,
o that u is vector-valued, and
o that the energy functional involves nonlocal terms.

The first of these problems has helped to motivate the recent interest in volume constraints. In
the first part of this article we extend some previous existence results (Theorems [2.1] and 2.2).
The second difficulty has also been addressed previously, but only with a simplified constraint that
prescribed u, rather than |u|. We study in this article the full constraint involving |«#| and provide an
existence result for (see Theorem[2.3)).

In the second part of this paper we study the I"-limit of for general energy densities f as
the two phases o and $ tend to saturate the whole domain. This limit is of physical interest as it
corresponds to the case where the transition layer between the phases is negligibly small—as is the
case, e.g., in immiscible fluids. It turns out that the limit problem that we obtain is nonlocal, hence
a standard extension of the I"-limit in the one-dimensional problem (see [13]) by a simple slicing
argument is not possible. Instead our proof has to rely on methods from geometric measure theory.
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2. Sharp existence results

In this section we present some new existence results partially extending the sharp results of [[13]]
to the higher dimensional case. As in [[13]] we consider for simplicity only decoupled functionals of
the form f(u, Vu) = ¥ (|Vul) + 0(u), where ¥ is strictly convex and takes its minimum at zero.
We define

/

v |
H(1) 1=/0 W)™ (w) dw,

where (¥')~! denotes the inverse of ', which is well-defined since ' is strictly increasing. H
is by definition strictly increasing, hence its inverse H~! is well-defined. We prove the following
result:

THEOREM 2.1 (Existence) Let§ > 0. Let £2 be a bounded open setin R", o, 8 > Owith + 8 <
|£2] and 60 € C%1((0, 1), R>(). Assume the existence of Lipschitz continuous functions 6 and 6,
with 6] > 6" on [0, §) and 6, < 6" on (1 — &, 1]. Moreover, let 6; be strictly convex on (0, §) and 6,
be strictly convex on (1 — &, 1), and let 61 and 6, satisfy the integrability conditions

8 du
- 2.1
/()H—l(el) +00, (2.1)
1 du

" . 2.2
fl_a H Gy 22

Let ¥ be locally Lipschitz continuous and strictly convex with ¥(0) = ¥’(0) = 0 and Cit? <
Y (t) < Cot? for some constants Ci, C» > 0. Then the volume-constrained minimization problem

Minimize/[¢(|Vu|)+9(u(x))]dx,
Q

Hx e :ux)=0}=a, |{xe2:ulkx)=1} =8,

2.3)

admits a solution u € WP (2, [0, 1]).

An immediate consequence of this result is the following existence theorem which gives easier
sufficient conditions on 6 for the special case of quadratic growth:

THEOREM 2.2 (Existence) Let £2 be a bounded open set in R", o, 8 > O witha + 8 < [§2] and
0 € C%1((0,1),Rxp), locally C"! at 0 and 1 with 6’(0) < 0 and 6’(1) > 0. Let ¥ be locally
Lipschitz continuous and strictly convex with ¥ (0) = ¥'(0) = 0 and quadratic growth. Then the
volume-constrained minimization problem

Minimize/[¢(|Vu|)+9(u(x))]dx,
Q

Hx e :ux)=0}=a, |{xe:ulkx)=1} =84,

2.4)

admits a solution u € W'2(£2, [0, 1]).

Theorem [2.2]is sharp in the following sense: If 6 ¢ C!:! locally, but instead is in C'* for some
o < 1, there are cases of nonexistence.
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Before we prove these results, we would like to mention the connections to earlier results for
the one-dimensional case. A sharp characterization of functions that yield existence for a volume-
constrained problem of the form (2.3) was given in [13]. Theorem 2.1 comes close to this, but its
conditions are slightly stronger:

The integrability condition for 6 is the same as in the one-dimensional case (see [13]) but we
have to assume the existence of the functions 8; and 6, since we need the local convexity condition
in order to apply a maximum principle (see below). However, this condition is not very strong, as
can be seen in Theorem Without the sign condition on 6’ it seems possible that a local minimum
of 6 at O or 1 leads to nonexistence if the domain §2 is chosen appropriately. This was not possible in
the one-dimensional case, where only global minimum of 6 at 0 or 1 could lead to nonexistence: if
there is a global minimum at A € (0, 1), then it is easy to see that a solution exists (for an illustration
of the main idea see Fig. El, where £2 = [0, 1]) [L3L[17].

N\

AN

o

o o+

FIG. 1. Left: Assume the solution of the relaxed problem is zero on the interval [«, & + 8], hence violating the constraint.
Middle: Shift the interval [o, @ + 8] to the right. Right: Insert a constant piece with the optimal value A at xg such that the
resulting function is continuous and in W1-2,

In the higher dimensional case we cannot argue like this, since the shape of the domain might
make it energetically preferable to violate the constraint, even when the absolute minimum of 6
is in (0, 1); for a hypothetical situation in which such a phenomenon may occur, see Fig. [2| This
motivates us to believe that the additional condition on 6 is not a mere technical problem, but in fact
needed.

FIG. 2. Anexample of a domain £2 where it might be energetically preferable to violate the constraint, in order to concentrate
most of the energy into the small “bottle neck”. Increasing the area where u = A would therefore probably not reduce the
energy.
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The second major difference is that we now consider only functions with values in [0, 1]. In the
one-dimensional case this was not necessary, we only had to assume that 6 (defined on R rather
than on [0, 1]) has a minimum in [0, 1]. In higher dimensional situations it is not at all clear that
this condition would be sufficient, since again the shape of £2 might make it attractive to violate the
constraint. However, it is possible to give slightly more general conditions than above:

REMARK 2.3 If 0 € C(R, Rx) satisfies 6(z) > 6(0) for z < 0 and 6(z) < (1) for z > 1 then
any solution u € W1P((0, 1), R) of the minimization problem

Minimize / [ (Vu(x)]) + 6 (u(x))] dx,
2
Hxe 2 :ux) =0} =a, |{xe€2:ulkx)=1} =48,
satisfies u € [0, 1].

Proof. Assuming the contrary, the function v(x) := min(max(u(x), 0), 1) would have lower energy
than u. O

Proof of Theorem[2.1] ~ Our proof relies on a maximum principle for the Euler—Lagrange equation
associated to[2.3] which corresponds to a recent result by Pucci and Serrin [16].
First we extend 6 to a function 6 by

i 22 —26'(0) + 6(0), z<0,
0(z) = §0(2), 0<z<1,
Z—D2+@—DO'M)+6(), z>1.

By standard variational methods the relaxed problem

Minimize / [W(IVux)]) + 6(u(x))]dx,
2
fxe2:ux)=0}>a, |{xeQ: ukx)=1}|>8,

admits a solution u € W17 (2, R). By a general regularity result of Mosconi and Tilli [14, Theorem
3.3] the function u is continuous, and by Remark [2.3] which can be applied also to the relaxed case,
u takes only values in [0, 1].

Now assume that u does not solve problem (2.3). Then either [{x € £2 : u(x) = 0}| > « or
{x € £ : u(x) = 1}| > B. We consider the first case, i.e. |{u = 0}| := [{x € 2 : u(x) = 0}| =
o + & with & > 0. Now choose > 0 such that an n-dimensional ball with radius n has volume less
than ¢, i.e. | B(0, n)| < ¢. Take x € §2 such that

Bx,n) N{u =0} #0,
B(x,m) N{u € (0,0)} # 0, (2.5)
B(x,n) N{u =38} = 0.
(This is possible for n small enough since u is continuous and hence {u# € (0, §)} is open.)

Now consider variations u + t¢ with ¢ € CSO(B(x, n)). Since u is a minimizer of the relaxed
problem it satisfies

d / [V (Vu+1tVe) +0u+tp)ldx| =0.
dr I?) =0
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This leads to the Euler-Lagrange equality
div A(|Vu|)Vu — 6'(u) = 0, (2.6)

where A(|Vu|) := ¥'(|Vul)/|Vu|.

By the integrability conditions (2.I)—(2.2) and the local convexity of 1 and 6, we deduce that
9{ (0) < 0and 92’(1) > 0. We consider the first of these inequalities and distinguish the two cases
where 6 (0) < 0 and 0;(0) = 0:
CASE 1: 0{(0) = 0. We can apply the regularity theory for degenerate elliptic equations of p-
Laplacian type (see e.g. [10} 8.9]) to to deduce that the solution « has C'-regularity. Moreover,
6" < 67 on [0, §), hence we can apply the maximum principle in [16, Theorem 1] with 6; on the
domain B(x, n). This gives u = 0 on all of B(x, n), contradicting (2.5).

CASE 2: 6{(0) < 0. Choose n > 0 such that |B(0, )| < ¢. Take x € §2 such that
|[B(x,n)N{u=0} >0, Bx,nN{u=1}=42a. 2.7

On the set B(x,n) N {u = 0} we have 6'(u) = 6'(0) < 6;(0) < 0. But since on the same set
div A(|[Vu|)Vu = 0, we get a contradiction to the Euler—Lagrange equality (2.6).

Hence we have proved in both cases that [{# = 0}| = «. Using the function 6, we can prove in
the same way that |{u = 1}| = B. Thus we have proved existence for the original problem (I.1)). U

Theorem [2.2]is now an easy consequence:

Proof of Theorem Let L := Lip5u_s.1) ¢ Choose 6(z) := 6(z) — 6(0) + Lz,
02(z) == 0(z) —0(1)+L(1—2%and s > 0 sufficiently small. These functions satisfy the
conditions of Theorem @ First, both functions are strictly convex, because their derivatives are
strictly monotone. Moreover, they satisfy the integrability conditions (2.T) resp. (2.2). We prove this
for 01, the proof for 8 is symmetric:

Due to the quadratic growth of vy and the condition v/ (0) = v'(0) = 0 we have v/ (¢) > Ct for
a certain constant C; > 0. This implies a bound on (") ~!, namely (')~ (w) > w/C. Applying
this to the definition of H gives

1

vz PO
H(®) =/ W) (w) dw > f Y qw > o,
0 0 C 2

Using this estimate for the inverse function of H we deduce

2
H™ (1) < 0.

Cy

Hence
L 17 e
T 2 ———du,
o H=(0:1w) = Jo 2401 (u)

and it is therefore sufficient to prove that the latter is infinite. To see this we first have to distinguish
three cases:

CASE 1: 6(u) < 6(0)on (0,8). Here we have

VO1(u) =) —6(0) + Lu? < Cslul,

where C3 := +/L.
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CASE 2: 6(u) > 6(0) on (0, 8). Here we use the estimate

VO w) = Vo) —6(0) + Lu < /0u) — 0(0) +Llul,

and because of the regularity of 6 and the assumption that 6'(0) < 0

VO @) —6(0) < Calul

with some constant C, > 0.
Combining both we get again /01 (1) < C3|u/, this time with C3 := C, + VL >0.

CASE 3: remaining situations. This case can be excluded provided we choose § > O sufficiently
small, since locally 6 € C L1

Using the estimates proved above we obtain (2.1)), since

8
= +400.
/(‘) 2«/61 (u 2C3|u|
Thus Theorem [2.T]can be applied, and a solution u exists. O

It is remarkable that the necessary regularity for 6 depends on the growth properties of ¥. In other
words, the growth of the leading order term prescribes the necessary regularity for the lower order
term! This is not only a technical problem of the proof, very much to the contrary: Theorem [2.1]is
sharp, i.e. there are counterexamples to existence if one of the integrability conditions 2.I)—(2.2)
is violated—even if & € C, although in the case of quadratic growth & € C!! is sufficient as we
have seen in Theorem [2.2] The following corollary prov1des such an example. It can be proved by
copying the methods used in [13]. (The function H~! of Theorem .becomes in this case simply

¥

COROLLARY 2.4 The one-dimensional volume constrained minimization problem

1
Minimize / [ [* + 256 |u|?] dx
0
Hxe O D:ux)=0=a |[{x€ (1) :ukx)=1} =8,

with « = 8 = 1/10 does not admit a solution.

The results obtained so far can partially be extended to vector-valued problems of the form

inimize E (u) /QWU ul) +6(u)]dx (2.8)

x € 2:jux)|=all=a, [{xeQ:|ul)|=>}=048,

where now u: 2 C R" — R™. In fact we have the following theorem:

THEOREM 2.5 (Vector-valued case) Let §2 be a bounded open set in R?, p > 1, o, 8 > 0 with
a+ B < |£2|, and let ¢ be locally Lipschitz continuous and strictly convex with ¥ (0) = ¥/(0) =0
and C1t? < ¥ (t) < CatP for some constants C1, Co > 0. Let 6 € CO1(R™, R>0) satisfy one of
the following conditions:
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(i) The function 6 is isotropic, i.e. there exists 6 such that (P) = 6(|P|) for all P € R™ with
a <|P|<b. )

(ii) There exists v € R™ with |v| = 1 such that 6(P) > 6(|P]| - v) =: 6(|P]) for all P € R™ with
a<|P|<b.

Moreover, let § satisfy the analogous conditions of either Theorem or Theorem Then there
exists a solution u € W7 (£2, R™) which solves the vector-valued minimization problem (2.8)).

Proof. First, we remark that the conditions (i) and (ii) are not equivalent, for instance (in polar
coordinates) 6(r, o) := |r|?(2 4 sin @) satisfies (ii), but not (i). However, condition (i) is obviously
a special case of (ii). Hence we assume (ii) is satisfied. We also remark that i is increasing on R,
since it is convex and ' (0) = 0.

The existence of a solution to the relaxed problem follows as in the scalar case. We denote this
solution by v. Now we define w := |v| - v. From the isotropy of ¥ and condition (ii) we derive that
the energy of w cannot be larger than the energy of v: first, we see that

2

0
IVol? = [Vw|* + ‘a_f” > |Vuwl?,

where d/dt denotes the partial derivatives orthogonal to the radial direction. From this estimate
using the monotonicity of ¢ we obtain ¥ (|Vv|) > ¥ (|Vw]|). Finally, condition (ii) ensures that
O0(v) = 0(Jv| - v) = 8(w). Thus, we have proved that the energy of w is not larger than the energy
of v. (This trick is due to B. Dacorogna and I. Fonseca, personal communication.) We have thus
reduced the problem to the scalar case. An application of Theorem[2.T|or[2.2] respectively, concludes
the proof. O

We would like to mention that the general vector-valued situation with the constraint as given in
(2.8) is much harder. One reason for this is that the solution does not have to be constant on the
constraint volumes. Another reason is that continuity for the solutions to the relaxed problem has so
far only been obtained for the scalar case using methods that are difficult to apply to the vectorial
situation.

3. The I"-limit of vanishing transition layers

In this section we compute the limiting functional for the case where the transition layer vanishes.
We perform this computation in two steps: first, we assume that the energy function is isotropic
and homogeneous; then we extend our result to a large class of nonisotropic functions. The key
idea of the second step will be to transform the problem into an isotropic problem, therefore we
start with this case. The main method we use is I'-convergence. A I"-limit is essentially a limit
of functionals that is chosen in such a way that sequences of minimizers for the approximating
functionals converge to a minimizer of the limit functional. For a precise definition and further
background on this topic we refer the reader to the books by Braides or Dal Maso (6, 18]

3.1  The isotropic and homogeneous case

To study the I"-convergence for the case where |§2| — o — 8 — 0 we need the following lemma on
the one-dimensional problem, which can be found in [13, Lemma 4.1].
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LEMMA 3.1 Let f : R x Ry — R, be a continuous function satisfying the following conditions:

(i) forevery u, f(u, -) is convex and increasing;
(i1) there exist ¢ > 0 and p > 1 such that

1
;Iél”—0< f, &) <c(&l”+1),

forall u, & € R.

Then the function P defined for every ¢ > 0 by

t
P(t) := min{f f,v)dx:ve whho,1), v(0) =0, v(r) = 1} (3.1)
0

is convex. Moreover, the function ¢(¢) := ¢ P(1/t) is increasing and convex.

Let £ C RY be an bounded open set. For fixed «, 8 € (0, |£2]), we define the following
functional:

1
—/f(u,y|Vu|)dx ifu e Aqp,
B =1V /e

+0o0 elsewhere in L (£2),

Fy

where y := |2| — (o + B) and
Agp = {u e WP(2): [{u =0} >eand |u=1}| > p).

This constraint is the relaxed version of the original constraint in (I.2)). Therefore the I"-limit of this
functional will coincide with the I"-limit of the original problem.

THEOREM 3.2 Let f : R x Ry — R, be a continuous function satisfying the conditions of
Lemmal[3.T]and

£(0,0) = f(1,0) = 0.
Leta € (0, |§2]). Then
r(LY)-lim Fyp = Ga,
o—>o
p—121-a

with G4 given by

G o [eertu=0p itue BY(2.(0.1) and |l = 0} = &,
R RO elsewhere in L1(£2),

where ¢ is defined as in Lemma[3.1]

Estimate of the I'-limit from above. To derive a I'-limit it is necessary to check two conditions:
an estimate from above (for a suitably constructed approximating sequence) and an estimate from
below (for arbitrary approximating sequences of functions). We will start with the estimate from
above (the “limsup-inequality”’). Our general idea is to define the approximating sequence as
minimizers of the one-dimensional problem applied to the distance from the boundary. In other
words, we construct equal-sized layers around the boundary on which we define the approximating
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sequence as a function of the distance to I". An application of the coarea formula for the case where
the boundary of the level sets is smooth provides us then with the desired estimate. Finally, we prove
the case of general level sets by an approximation argument.

Let oy, — @ and B, — |£2| — «. Define y, = |£2| — oy, — B,. Let us first assume that
I := 0*({u = 0}) is smooth. We write d(x) := dist(x, I") and define £(y,,) such that

5(7)1)
/ HN " ({x € 2 :d(x) = 1}) dt = yy.
0

Let v,, be the minimizer of

) /¥n
P(S(;n)> = min{/o o S, ju')dx cu(0) =0, u(e(yn)/vn) = 1}.

Define u, (x) := v,(d(x)/yn). By using this definition and the coarea formula we get

1
Fanvﬂn = _/ Sup, vaVu,)dx
Vn J@2

1 &(yn) _
)/_/0 Fnt/yn). o /yd)DHY T ({x € 2.d(x) = 1)) dr.

Now we use the fact that

lin(l)HN’l({x eR:dx)=1) =H"N"I) (3.2)
t—

(see [12, Lemma 4]). From this and a change of variable we get, for every § > 0 and for n large
enough,

1 e(yn)
Fap p, < 7(1 + 8 HNTN ) fo F@nt/vn), Lo (t/ya))) dt

e(yn)/vn

—a +8)HN’1(1‘)/ F@n(s). [0, ()]) ds.
0

By 1| and since y;, /e(vy) — HN=1(I") (which follows from ), we get

limsup Fy,.p, < lim (1+8) P(e(y)/ya) HY ') = (L +8)pHY(I)). (3.3)
n—oo
Since § > 0 is arbitrarily small the I"-limsup inequality is proved for I" smooth. The general case
follows from a standard density argument based upon the following lemma [4, Lemma 4.3]:

LEMMA 3.3 Let E C £2 be a set with finite perimeter such that 0 < £N(E) < £V (£2). There
exists a sequence of bounded open sets D, C RY with smooth boundaries such that £V (E) =
LN(D, N 2), xp, converges to xg in L>(£2), and

lim HYN '@ D, N Q) =HY "1 O*(E N R)).

n—oo
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Estimate of the I -limit from below. The general plan to prove the limit from below (the “liminf-
inequality”) is to approximate the boundary of the level sets by piecewise smooth manifolds (which
can be done thanks to a theorem by De Giorgi). On each of these smooth pieces we can then estimate
the energy of the transition layer by a one-dimensional transition.

We start with the following measure-theoretical result whose proof is based upon a standard
recovering argument and De Giorgi’s structure theorem. We will sketch the argument for the reader’s
convenience and illustrate it in Fig. [3]

u=1

FIG. 3. Tllustration of the sets Nis’n, partially covering 3*{u = 0}.

LEMMA 3.4 Letu € BV(£2,{0, 1}) and set I" := 3*{u = 0}. Then for every &, n > 0 we can find

a decomposition of I of the form
ke,

r= U N UM,
i=1
with the following properties:

(i) HN N (Me ) < &;
i) N/ N Nj’" =Qifi # j;
(iii) foreveryi € {1,..., ke ,} the set Nl.s’" is a compact subset of a C 1_manifold; more precisely,
there exists v; € $”~! such that Nf’” is contained in the graph of a C!-function g; defined on
the plane I1,, orthogonal to v;;
(iv) forevery x € Nig”7 we have [v(x) — v;| < n.

Proof. We recall first that by De Giorgi’s structure theorem (see e.g. [9]) the reduced boundary
9*{u = 0} is (n — 1)-rectifiable and so, in particular, we can find a decomposition of the form

ke
r= UNf U M,,
i=1

where HVN~1(M,) < /2 and the N have the following properties:
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) NfﬂNf =0ifi # j;
(i) foreveryi e {1,...,k.} the set N/ is a compact subset of the graph of a C'-function.

Using the compactness of N7, we can find a § > 0 (independent of i) such that for every x, y € N

with |x — y| < 8 we have [v(x) — v(y)| < min{n, ~/2}. For x € I' \ M, and for 0 < s < 8 we
can consider the set A(x, s) := B(x,s) N Nf, where i is the (unique) index such that x € Nf. The
family {A(x,s) : x € I', 0 < s < §} forms a fine covering of I" \ M. Therefore we can apply the

L . . ke e
Besicovitch theorem to extract a finite subfamily {A(x;, s;)},2] of pairwise disjoint sets such that

ke.y
_ P
H 1((F\M&«)\Z_szlA(x,-,si)) <3
Setting N;" := A(x;, s;) and v; = v(x;), we see that the family {Nf"”}f.(;”l meets all the require-
ments. |

We are now in a position to prove the I"-liminf inequality. Suppose that u,, — u in L'(£2) and
a.e., where u € BV (82, {0, 1}). We only need to consider functions with finite energy, thus u, €
WP (). We may assume without loss of generality that Fy, g, (u,) admits a finite limit. If u,
takes values outside [0, 1], we can apply the following truncation argument: define S := {x € 2 :
U, (x) > 1} and v := max{u, 1}, then the energy on S is zero (due to the assumption that (0, 0) =
f(1,0) = 0) and hence minimal (since f maps to R ). We then repeat the same argument for zero
instead of one. In the following we can therefore assume that 0 < u, < 1 ae.
We fix ¢ > 0 and we find n = n(e) > 0 such that

vz € 8" =l < = () > - 3.4
We can now find a decomposition of I" of the form

key

r= U NSO M.,
i=1

with the properties stated in the previous lemma.
CLAIM. Thereexist I C I" \ M, , and a subsequence u, (not relabelled) such that

@) HN NI\ M)\ T) < &
(ii) for every n large enough there exist two positive functions s, and ¢, such that for x € Nf’n nr’
we have u, (x + t,,(x)v;) = 0 and either

up(x + (G (X) + Yusn (X)vi) =1 or upy(x + (t,(x) — YuSn(x)v;) = 1;

(i) [ 50 dHN 71 < 1/(1 — &) forevery n > ii;
(iv) yuSp — O uniformly in I,

Set (see Fig.[)

In, ={xe2:u,(x)=0} and I,:={x€ 2 :u,(x)=1}
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FIG.4. A set Nf’" with v; and ry; x.

Fix T = t(e, n) > 0 so small that the sets

NP i={x 4ty ix e NO e (=21,20)),  i=1,... ke, (3.5)

L

are pairwise disjoint. We denote by r,, , the straight line segment parallel to v; with center at x and
length 27. Let G, C Nf’" be the set on which I'y , N ry, x and I , Nr,,  are both nonempty. On
G;., we define
[
Sp(x) == y—dlst(Fo’n N ryxs T N1y x)-
n

From this definition it is clear that we can define a function ¢, such that
Un(x + 1, (x)vj) =0
and either
un(x + (tn(x) + s (X))v)) =1 or  up(x + (tn(x) — s, (x)vi) = 1.

For simplicity we will discuss only the first case. (Due to the symmetry of f the latter case can be
handled in the same way.)

The closedness of 1y, and I, and the smoothness of Nf M imply that G; , is closed and hence
measurable, and s, is also measurable over G;,, \ M ,. Property (ii) is satisfied by construction
almost everywhere in G; , \ M, ,. Using the fact that u, — u, we obtain

=0.

i\ U
1
Denoting by 7, the orthogonal projection on I1,,, we have
ke
/ Yusn ARV
izl Yy (NPT\Q8)

i

Yoz l{x € 2:0 <up(x) <1} =2

ke n

= / . Yasn (V(x), vi) dHNTH > (1 — ) Yusn dHNL (3.6)
i=1 NiYU\QS’n I\(Me,, UQ*M)

where the last inequality is a consequence of (3.4)). This proves (iii).
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Using (3.6) and Egorov’s theorem we can find a subsequence u, and I C I" \ M, , with all the
required properties.
Now set
ks‘n
U= Jtx + 10 :x e NPTO T 1€ (10(0), 10 () + yusn (1)),
i=1

and choose n € N so large that U, C Uk‘? I N7 (see (B:3)) with T chosen as before. Then, using

Fubini’s theorem and the monotonicity of f we can estimate

1 1
1 f Fln Vi) dx > — [ Fluns yaViun) dx
yl’l Q Un

1 tn(gi (y))+yn5n (gi (y))
. —(/ S un(gi(y) + tv),
izl Jmy (NDTOE) Vi \d 1 (8i (7))

VOt (81 (9) + 117)) dz) dHY " (y)

ke,n

ke.n

sn (8 ()
=y / ey / fi@), ) @) dedHN M) =11, 3.7)
i1 I, Wm ’

i

where we set v, (7) := un(gi(¥)+1,(gi(y)) + vutvi) (g; is the function appearing in (iii) of Lemma
[3-4). Recalling the definition of P (r) and (3-4) we can continue our estimate as follows:

ke n

>y / . P(sn<g,-<y>)>dHN*‘(y)
=1 Jmy, (NInr

> (1—¢) / P(Sn(z))dHN_l(Z);
F/

kg,;

/ P(sn(@)(v(), vi) dHN ()

using the convexity and monotonicity of P (see Lemma([3.T)) and property (iii) of the previous claim
we get

1 > (1 _S)HN_I(F/)P(’]_(N—I([‘/)/ Sn(Z)dHN I(Z))

_ N—1,pv 1
>(1—e)H (1“)P((1 —s)HNl(F’)>' (3.8)

Since ¢ is arbitrarily small and the measure of I'’ is arbitrarily close to the measure of I", by
combining (3.7) and (3:8) we complete the proof of the I"-liminf inequality. O

3.2 Anisotropic energies

In this section we extend the result from the previous section to a class of anisotropic functionals
where the energy density g is given by

gu, &) = fu, ¥(§)) (3.9)
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where 1 is a norm given by

V(&) = /(LE &) (3.10)

with L: R"” — R" a symmetric positive definite linear operator.
For fixed «, B € (0, |£2]), we define the functional

1
—/ g, yVu)dx ifu € Ay,
Y Je

Fyp =
+00 elsewhere in L'(£2),

where y and A, g are defined as above.
The main result of this section is the following I"-convergence theorem:

THEOREM 3.5 Let f satisfy the same conditions as in the previous section, and let ¥ be as in
(B.10). Let & € (0, |£2[). Then
r(LY-lim F, 5 = G,
a—o
B—182|—a

with G given by

B w((detL]/z)
= 8 {u=0}

+00 elsewhere in L! (£2),

- w(v(x))dHN](x)> if u e BV(£2,{0,1}) and |{u = 0}| = &,

where ¢: (0, 00) — R is a monotone function defined by below.

Proof. The key idea of the proof is a change of variables that transforms the problem back to the
class of isotropic problems. To perform this change of variables we need the following lemma that is
a consequence of the so-called generalized area formula (see Theorem 2.91 in [3]]). For the reader’s
convenience we give here a simple direct proof based on the divergence theorem.

LEMMA 3.6 Let L : RY — RY be a symmetric positive definite linear mapping. Let I" be an
(N — 1)-rectifiable set. Then for every H™ ~!_measurable set A C I" we have

HYU(L(A)) = (et L) fA L) dHY ().

Proof. Using the definition of a rectifiable set we can assume without loss of generality that I” is a
C'-manifold (cf. Lemmal3.4). We consider the pull-back measure LEHN " defined on RY as

L*HN=V . B — HN-Y(L(B)).

It is easy to see that its restriction to I', denoted by L*HN~!| I, is absolutely continuous with
respect to HN-1 L I". We claim that for all xg € I,

d(LYHN- )

ANy ) = @et DIL v(xo)l (3.11)

Let r > 0 be so small that B(xg, ) \ I" has two connected components By and B_. Define D :=
B(xg, r) N I'". Define
@ :={n € Co(L(B),RY) : [Inlloc < 1)
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Using the divergence theorem we see that

HN-Y(L(D)) = sup/ div n dx. (3.12)
neP JL(By)

Given n as above, for every y € B we set
1(y) :=n(Ly).
Note that for every x € L(B) we have
divn(x) = div(L~'H) (L x). (3.13)

Therefore, using (3.12) and (3.13)), we can compute

HNH(L(D))

sup/ div(L™'H) (L~ 'x) dx = sup(det L) [ div(L™'H)(y)dy
ne® JL(B) ned B

sup(det L) | (L™'A(y), v(y)) dHN ™! = sup(detL) [ (7i(y), L™ v(y)) dHN ™!
D

ned D ned
_ —1 N—1 __ —1 N-—1
= s (detl) f (). L~ v(y)) dHY ! = (det L) f L) ldHY (),
neC'(B,RN) D D
oo <1

where the last equality follows by taking 1, := L~'v/|L~'v| as maximizing sequence on D, CC
D, with D, increasing to D. This concludes the proof of (3.11)) and therefore of the lemma. O

We now prove the I"-liminf inequality. Let &, — & and 8, — |§2|—a. Define as before y,, := |2|—
oy — By and I' := 0*({u = 0}). Suppose that u,, — u in L'(£2) and a.e. where u € BV (£2, {0, 1}).
We may assume without loss of generality that Fy, g, (1,) admits a finite limit.

We now change variables by setting, for every y € L™1/282,

v (y) = un(Ll/zy) and v(y) ;= u(Ll/zy)_
Note that v, — v in L! and that for x € £2,
an(L—l/zx) — Ll/zVun(x),

which yields

[Vun (L™20)| = V(LVuy (x), Vi (x)).
Thus we have
1 1
— / gy, yaVuy) dx = — f Fa(L7Y2x), v | Vo, (L2 x) ) dx
Yn J2 Yn JQ

det2!”?
Vn

/ S @n, vnlVunl)dy. (3.14)
L1120

Let us now define

h(u, €) := f(u, (det L'/?)).
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Since f is isotropic, we can write £ as a function of u and |£|, and we define
t
P(t) := inf{/ h(u,u')ds :u e H'(0,1), u(0) =0, u(t) = 1}.
0

Since the measure of the transition layer of v, is given by

W
Y= et L2

and since f is isotropic we can use the results of the previous section to estimate

_ . detL!/?
limin Fn, vulVup]) dy
n—o0o )/n L1209
1
= liminf — h(vp, YulVug]) dy
n—o00 Y, Jr-1/20
- 1
S yN-17-1/2 .
>H (L ryr HN-1 (L—I/ZF)
- 1
= dtL_l/Z/ L2y dHN-1p . (3.15
(de )F| V| (det L=1/2) [ |L1/2p| dHN-! G19

where in the last equality we have used Lemma 3.6] Defining
(1) = 1P(1/1), (3.16)

we deduce finally

n— oo

- / ( -1/2 / N-1 )
liminf — | g(u,, y»Vu,)dx > ¢| (det L ) | v(vx))dH x) ).
n J2 r

This concludes the proof of the I'-liminf inequality. The I"-limsup inequality can be proved in an
analogous way. O
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