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1. Introduction.

Calculus of variations is the framework where energy minimization and equilibrium
notions find a precise language and formalization by means of variational principles.
Image segmentation is a relevant problem both in digital image processing and in the
understanding of biological vision.

Roughly speaking, segmenting an image means to find regions of interest in a picture,
so that these regions can be parcelled out for further analysis: the process cuts the
picture into the simplest shaped pieces possible while keeping the color or luminance
of each piece as slowly varying as possible.

In the book [BZ] a variational principle for image segmentation was introduced in the
context of visual reconstruction: the Blake & Zisserman functional which depends
on second derivatives, free discontinuities and free gradient discontinuities of the
intensity levels.

The Blake-Zisserman model faces the segmentation as an energy minimization prob-
lem. It takes an image and produces two outputs: a boundary process map which
indicates the location of boundaries (jump and creases of luminance), and a surface
attribute map which indicates the smoothed (interpolated) luminance values on the
surface of objects in the field.

We introduced the formalized weak version of this principle and proved the existence
of weak minimizers and the corresponding optimal segmentation in [CLT3], [CLT2],
[CLT9]. Then we showed regularity properties, energy and density estimates for
optimal segmentation in [CLT3], [CLT4], [CLT5], [CLTg], [CLT10].

Here we derive many necessary conditions about extremals by performing various kind
of first variations: these delicate computations are performed by taking into account
the differential geometry of free discontinuity set in several dimensions. Some of the
results were announced in [CLT7]. In particular we develop here the full analysis of
crack-tip and crease-tip (boundaries of free discontinuity set), whose properties were
stated in [CLT7] only for the flat case.

We recall the strong formulation F' of Blake & Zisserman functional ([CLT4)), say

F(Ko, K1,u) :=/ (ID?ul?® + plu — g|?) dy
Q\(KoUK7)

+oH" N KoNQ)+ BH" (K1 \ Ko)NQ),

to be minimized over triplets(Ky, K1, u) in order to achieve an optimal segmentation,
and label the main part E of functional F' as follows

(1.1)

(1.2) BE(Ko, K1, u) ;:/ D2uf2 dy+ oM "L (Ko NQ) + BH ™1 ((K1 \ Ko) 1<) |
O\ (KoUK}1)
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where Q C R™ is an open set, H" ! denotes the (n — 1)-dimensional Hausdorff
measure, and «, 3, u,q € R, with

(1.3) g>1, u>0,0<p<a<28,geLi(Q),

are given; while Ky, K; C R™ are Borel sets (a priori unknown) with Ky U K;
closed, u € C%(2\ (Ko U K1)) and it is approximately continuous on Q \ K.

If Ko, K1,u is a minimizing triplet of F' and n = 2,3 then KyU K7 can be interpreted
as an optimal segmentations of the monochromatic image of brightness intensity g.
Existence of minimizers of (1.1) was proved by regularization of solution of the weak
formulation (1.4) for n = 2, provided the additional assumption g € Li?c(Q) is
satisfied.

When n > 2 and g ¢ L;2(2) then the infimum cannot be achieved in general (see
[CLT5], section 5).

We recall that the weak functional F is defined by ([CLT3])
(1.4) Fv) := /(|V2v|2 + plv — gl dy + aH " H(S,) + BH™ H(Svs \ Sy),
Q

for any v € L1(Q) N GSBV (Q) with Vv € (GSBV (2))" (for the precise setting of the
functional framework we refer to Definition 2.1). The main part £ of the functional
F will be denoted by

(1.5) E(v) = /Q|v2v|2dy+aw1(sv)+ﬁw1(Sw\sv).

Due to the dependence on second derivatives D?u the Blake & Zisserman functional
detects both jump and crease sets. Moreover second order functionals avoid the
inconvenient of ramp effect due to over-segmentation of steep gradients: that is the
appearing of one or more spurious discontinuities in the output image u determined
by Mumford & Shah model ([MSh],[MoSo],[Ma]), when the datum g is a continuous
ramp with gradient steep enough.

The Blake & Zisserman functional (1.1) depends both on bulk energy and a lineic
(or surfacic) discontinuity energy; their coupling is rather intriguing. Moreover the
discontinuities of u and of Du take place respectively on the sets Ky, K; which
are “a priori” unknown, hence the associated minimization problem turns out to
be essentially non-convex, and non uniqueness of minimizers may develop for some
choice of data.

Notice that uniqueness fails due to lack of convexity of functional F' (see [BoT] for
explicit examples of multiplicity), nevertheless generic uniqueness of minimizers (with
respect to data «, 3, g) is proven in the 1 dimensional case in [BoT].

3
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Another difficulty in the mathematical analysis of the BZ functional is the fact that
(1.1) does not control the intermediate (first) derivatives, moreover truncation of
competing functions does not reduce the energy, while in case of functional MS trun-
cation reduces energy.

Here a deep analysis of first variation is done.

First (by performing suitable smooth variations of a function v minimizing F) we
find the Euler partial differential equation satisfied by u in Q\ (S, U Sv.) (see
Theorem 3.4) and jump conditions for natural boundary operator evaluated on u in
Sy U Sy (see Theorems 4.3 and 4.4).

Second (by performing smooth variations of the sets S, and Sy, around a minimizer
u for F) we find integral and geometric conditions on optimal segmentation sets
(Theorems 5.1, 5.3, 5.4, 5.5 and 5.6). More precisely we evaluate the first variation
of the energy functional (1.4) around a local minimizer u, under compactly supported
smooth deformation of S, and Sy, and we get the complete integral Euler equation
(5.1); in order to obtain additional information on local minimizers, it is useful to
perform a careful integration by parts of the volume integral of Euler equation (5.1)
independent of the forcing term, hence deduce a relationship between the curvature
of S, and the square hessian jump (Theorem 5.3) and a relationship between the
curvature of Sy, and the square hessian jump (Theorem 5.4). Then we perform a
qualitative analysis of the "boundary” of the singular set, by assuming it is manifold
as smooth as required by the computation of boundary operators: the strategy is a
new choice of the test functions in Euler equation (5.1.): a vector field n tangential to
Sy (or Sy,) and we obtain quantitative information about crack-tip and crease-tip
(Theorems 5.5, 5.6).

All the results listed above hold true also for the strong functionals F' and E, as
stated in Remarks 5.7 and 6.7.

A Caccioppoli inequality holds (Theorem 6.2): as a consequence local minimizers of
£ in R" cannot have both nonempty compact segmentation set Ky U K7 and finite
energy (Theorem 6.3). We recall that neither an infinite wedge nor a 1-dimensional
uniform jump are local minimizers of £ in R? ([CLTS]).

We extend here a Liouville type property (proven in [CLTS8] for n = 2) for Blake &
Zisserman local minimizers to any dimension n (Theorem 6.4): bi-harmonic functions
in R™ are local minimizers of £ if and only if they are affine.

We prove an Almansi decomposition property in 2 dimensional ball B,(0) with a cut
up to the origin (Theorem 7.2) and analyze asymptotic expansion of a bi-harmonic
function in a disk with a cut (more precisely functions in the space V'): see Definitions
7.3, 7.6 and Lemmas 7.4, 7.7.

The huge amount of information around a crack-tip or a crease-tip leads us to restrict
severely qualitative and quantitative behavior allowed to extremals: in Theorem 7.9
the generic asymptotic expansion of any local minimizer of £ with jump discontinuity
along the negative real axis is exhibited, together with the fact that the main part
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of the expansion around the origin has homogeneity 3/2 in r (Lemma 7.8).

If in addition equipartition of energy around the origin (among the volume integral
and the segmentation length) is imposed, then the coefficients of the main part of a
local minimizer are fixed and we can evaluate them explicitly (Theorem 7.11).
Eventually, in Section 8 we can show a nontrivial function, with jump discontinuity
along the negative real axis,

(1.6) N i (V2Tw() + w(®))

explicitly

e o (]~ i) (o] - T

193 7 2 3 2 2 3 2

satisfying in R? all the extremal conditions proved for functional £: hence such
function is a natural candidate to be a local minimizer.

Such function has jump set on the negative real axis and empty jump discontinuity
set of the gradient.

All these facts lead us to formulate the following statement.

Conjecture - The candidate (1.6) is a local minimizer of € in R?, and there are no
other nontrivial local minimizers, up to (possibly independent in each mode w and
w) sign change, rigid motions of R? co-ordinates and/or addition of affine functions.

In this paper we prove that the presence of a non-vanishing 3/2 homogeneous term is
necessary and has prescribed modes and coefficients in any asymptotic development
of a local minimizer (see (7.26) in Lemma 7.8): such term is then the archetype of
the admissible candidate.
Moreover we emphasize that the admissible candidate (1.6) fulfills equipartition of
absolutely continuous and free discontinuity lineic energy in a strong form: say they
coincide on each ball centered at the origin.

o
193 7
candidate (1.6) is uniquely defined (up to sign change) as soon as crack-tip extremal
condition (of Theorem 5.6) and equipartition of energy (Definition 7.10) are fulfilled.
We emphasize that the above value of S.I.LF. is also the only admissible value of
leading coefficient in the expansion of any local minimizer of £ (Theorem 7.11).

in the

Notice that the leading coefficient (S.I.F. : Stress Intensity Factor)

Some of the very long computation of Section 7 (Lemma 7.7, Theorems 7.9, 7.11)
were checked also by symbolic computation routines with software MATHEMATICA
5.0 (© : the Notebook with essential labelled instructions about computations and
plots of the candidate are contained in the Appendix (Section 10: whose formulas
are labelled by (10.xx) in the paper).
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Referring to a forthcoming paper we claim the non existence of minimizers of £ in
R? whose singular set is a crease along the negative real axis.

The outline of the paper is the following.
1. Introduction.
2. Notation and preliminary results.
3. Euler equations I : smooth variations for F (n > 2).
4. FEuler equations II : boundary-type conditions on the singular sets for ex-
tremals of F (n > 2).
Euler equations III : singular set variations for F (n > 2).
6. Local minimizers of £ in R™ (n > 2): Caccioppoli inequality and Liouville
property.
7. Asymptotic expansions of bi-harmonic functions in a disk with a cut and non
trivial local minimizers of £ in R2.
8. A candidate for minimality of £ in R2.
9. References.
10. Appendix - Notebook BZEE.NB (MATHEMATICA 5.0 ©)

o

We refer to the enclosed bibliography and to the web-page of the Research Group
in Calculus of Variations and Geometric Measure Theory http://cvgmt.sns.it where
several additional references are available.

2. Notation and preliminary results.

From now on we denote by 2 an open set in R", n > 2. Given two vectors
a=(ai,...,an),b=(b1,...,by), weset a-b=>", a;b;.
Given two matrices A = (A;5), B = (Bi;), we set (AB)i, = >, A;jBjr and A: B =
> y A;;jB;j. By A' we denote the transposed matrix.

For a given set U C R™ we denote by OU its topological boundary, by U its topological
closure, by H"~}(U) its (n — 1)-dimensional Hausdorff measure and by |U| its n-
dimensional Lebesgue outer measure; xy is the characteristic function of U. We
indicate by B,(z) the open ball {y € R";|ly — z| < p}, B, = B,(0) and we set
St = 9B1(0) and w, = |B1(0)|. If ,Q are open subsets in R", by Q cC ' we
mean that Q is compact and Q C .

We say that a subset E of R™ is countably (H™ !,n — 1) rectifiable if it is H™ !
measurable and E (up to a set of vanishing H "1 measure) is the countable union
of C! images of bounded subsets of R"~!; if in addition H" 1(E) < +oo then we
say that F is (H" 1, n — 1) rectifiable.
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For any Borel function v :  — R and for z € Q,2 € R := RU {—00, +00}, we set
z = aplim,_,, v(y) (approximate limit of v at x, denoted by o(x) ) if

g(2) = lim g(v(z +§))dg
P=0 JB,(0)

for every g € C°(R) ; if z € R this definition is equivalent to 2.9.12 in [F]. If there
exist v € S""! and z € R such that

9(z) = lim glv(z +&)d¢é  Vge C'R),
r=0 JB,(0)n{¢-v>0}

we set z = tr*(z,v,v). Analogously we define z = tr—(z,v,v) if z = tr*(z,v, —v).
Let = € Q such that o(z) € R; we say that v is approximately differentiable at x if
there exists a vector Vu(z) (approximate gradient of v at x) such that

mﬂmgmm—a@»—vw@-@—xn
y—w ly —

=0.

The set S, = {x € Q : aplim,_, v(y) does not exist} will be called the singular set
of v; S, is a Borel set and it has null Lebesgue measure (see e.g. [F], 2.9.13).

In the following with the notation |Vv| we mean the euclidean norm of Vv and we set
Vv = (e;- V)v, where {e;} denotes the canonical basis of R™. When the right hand
side is meaningful, we set Vv = V;(V;v); moreover we set Av = 2?21 D;(D;v) and
A%y = A(Av) (distributional laplacian and distributional bilaplacian respectively).
If A is an open set and k € N then W**(A) denotes the Sobolev space of distributions
v € L*(A) such that all weak derivatives of v up to order k are in L*(A).

We recall the definition of the space of real valued functions with bounded variation
inQ : BV(Q) ={velL(Q);Dve M)}, where Dv denotes the distributional
gradient of v and M () denotes the space of vector-valued Radon measure with finite
total variation. We denote by [, |Dv| the total variation of the measure Dv in .

For every v € BV (Q) the following properties hold ([F]):

1) S, is countably (H™ 1 ,n — 1) rectifiable and H " !-a.e. an approximate unit
normal vector v is uniquely defined (up to the orientation);
2) Vv exists a.e. in Q and coincides with the Radon-Nikodym derivative of Dv
with respect to the Lebesgue measure;
3) for H" !-a.a. x € S, there exists a unique (up to the sign) v(x) € S~ ! such
that tr*(z,v,v) exist (finite and not equal); once v(z) is fixed we put v¥(z) =
tr¥(z, v, v(z)).

We list the definitions of functional classes related to first derivatives which are
De Giorgi special measures, and we refer to [DA],[AFP], [CLT1,2,3,4] [P] for their
properties.
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Definition 2.1. SBV (2) denotes the class of functions v € BV (2) such that

/|Dv|:/|Vv|dy+/ vt — o7 [dH L
Q Q S,

SBVioe(Q) = {ve SBV(QY): vQ' cc Q},
GSBV(Q) := {v:Q — R Borel function; —k V v A k € SBVjo.(Q) Vk € N}.
GSBV?(Q) = {ve GSBV(Q), Vv e (GSBV(Q))"}.

We emphasize that GSBV (2), GSBV?2(Q) are neither vector spaces nor subsets of
distributions in Q ([AFM],[FLP]). Nevertheless smooth variations of a function in
GSBV?2(Q) still belong to the same class GSBV?(Q) .

Notice that, if v € GSBV (), then S, is countably (H ™~ !,n — 1) rectifiable and Vv
exists a.e. in €. Moreover we can define the tangential derivatives of a C'!' function
along the singular set of a function in GSBV as follows.

Notice that Dv # Vv in GSBV?(Q); moreover we set Sv, = i, Sv,v.
For simplicity of notation we set

(2.1) K, =5,USv,.

We remark that the set S, U Sy, is not closed in general and its closure may be the
whole set ().

Definition 2.2. Ifv € GSBV(Q), ¥ € C'(Q) and v is the approximate normal
vector to S, we set for H" ! a.e. x € S,,i=1....,n,

oy = Dip — (DY - v)v;
0;1 are the tangential derivatives, say the components of the tangential gradient d1).

Moreover if n € C1(Q,R"), we define the tangential gradient 61 = (611, ...,0,%)
and the tangential divergence of n H"~! a.e. on S, by

divg n= Z 5’
i=1

We will write shortly div™ 17 whenever there is no risk of confusion.
We recall the following definition (see [Giu], Remark 10.6):

8



12/12/2006

Definition 2.3.  Let M be a C? hypersurphace in Q0 and n € C}(Q, R™) a vector
field such that n(x) = var(x) on M, where vy (x) € OBy is a normal vector to M at
x. The mean curvature of M at x is defined by

(M) () = — ! Cdivfn(n)  weM

Again we will write shortly div™ n whenever there is no risk of confusion. We notice
that, if n = 2, then M is a C? arc and, by setting v = (v1,v2), T = (12, —11), We get
for every x € M,

T-DnT = 0int 4+ 6n? = K(M).

We recall the precise statement of the weak minimization.

Definition 2.4. (Weak formulation of Blake & Zisserman functional)
For Q C R™ open set, under the assumption (1.3), we define F : X () — [0, +o00] by

(2.2) f@)?:/ﬂV%F+MW—ngM+MW“W&%+mW“W&m\&%
Q
where X (Q) := GSBV?(Q) N L4(Q2). We will use also localization of functional F

F(w.4) = [ (9% -+ ulo = gI7) dy
+aH " (S, NA)+ BH" ' ((Svw \ Su) N A)

(2.3)

for every Borel set A C ().

We notice that the subset of GSBV?2(Q) where F is finite is a vector space (see
Corollary 4.5 of [AFM]) while GSBV?2(Q) is not a vector space.

We proved the following results in [CLT3], [CLT4] and [CLT5].

Theorem 2.5. (Existence of weak solutions)
Let Q C R™ be an open set and assume (1.3). Then there is vy € X (2) such that

F(vg) < F(v) Vv € X ().

We recall that assumption g < a < 273 is necessary for lower semicontinuity of F.
Definition 2.6. (Strong formulation of Blake & Zisserman functional)

9
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For Q) C R" open set, Ko, K1 C R™ Borel sets with KyU K closed, u approximately
continuous on Q\ Ko and u € C?(Q\ (Ko U K1)), under the assumption (1.3), we set

F(Ko, Ki,u) := / (ID?ul?® + plu — g|?) dy
Q\(KOUKl)

+aH" N (KoN Q)+ BH" (K1 \ Ko) N Q).

(2.4)

We write F(Ky, K1,u, A) when the previous functional is localized on a Borel set
A C .

Theorem 2.7. (Existence of strong solutions)

Let n = 2, Q C R? be an open set. Assume (1.3) and g € legc(Q). Then there
is at least one triplet among Ky, K; C R? Borel sets with Ky U K; closed and
u € C?(Q\ (KoUK))) approximately continuous on 2\ Ko minimizing the functional

(2.4) with finite energy. Moreover the sets KoN§ and K1 N are (H!, 1) rectifiable.
Theorem 2.8. Letn =2, Q C R? be an open set. Assume (1.3), g € LZQC?C(Q) and

« = 3. Then there is at least one pair among K C R? closed set and u € C%(Q\ K)
minimizing the functional

| D2+ ulu = gl7) dy + bt (5 )
Q\K

with finite energy. Moreover the set K N Q) is (H!,1) rectifiable.

Definition 2.9. (Strong minimizing triplet of F’)

A triplet (Ty, Ty, u) such that, Ty, Ty C R™ are Borel sets, Ty U T} is a closed set,
u e C? (Q \ (To U Tl)) and approximately continuous in Q\ Ty, is a strong minimizing
triplet of the functional (2.4) if

(To,T1,u) € argminF' .
Remark 2.10. Ifn=2 g¢ LZQgC and (Tp,T1,u) is a strong minimizing triplet of
F then u is a weak minimizer of F and F(7p,T1,u) = F(u) = min F .
Definition 2.11. (Essential minimizing triplet of F)
Given a strong minimizing triplet (Ty, Ty, v) of the functional (2.4), there is another

triplet (Ko, K1,u) , called essential minimizing triplet, uniquely defined by

10
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where K is the smallest closed subset of Ty U Ty such that © € C%(Q\ K).

Theorem 2.12. (Density upper bound for the functional F')

Let (Ko, K1,u) be a strong minimizing triplet for the functional (2.4) under assump-
tions (1.3). Then for every 0 < p < 1 and for every x € § such that B,(x) C 2 we
have

(2.5) F(Ko, K1,u, B,(x)) < cop™ .
n=1
where ¢y = wn," /‘Hquan(Bp(x)) + anwy,.

If =2 and g € L>®(Q2), then ¢y = WnUHQH%oo(Bp(a:)) + anwy,.

Remark 2.13. We notice that the density upper bound of Theorem 2.12 holds
true, by substituting F' with F, also for the minimizers of the weak formulation.

Additional and more precise informations are available in the two dimensional case:
we list below some quantitative geometric properties about optimal segmentation
which were used in the approximation of the 2 dimensional Blake & Zisserman energy
by elliptic functionals ([AFM], [CFS]).

Theorem 2.14.  (Density lower bound for the functional F' and for the

segmentation lenght) ([CLT4],[CLT5])

Let n =2 and (Ky, K1,u) be an essential minimizing triplet for the functional (2.4)

with g € nggc(Q). Then there exist g > 0,09 > 0 and €1 > 0, 01 > 0 such that
F(KO7K17U7BQ(:U)) Z €00 Vo S KOUK17 VQS 00,

Hl ((K()UKl)ﬂBQ(CL')) > €10 VQ?EK()UKl, VQSQl

Theorem 2.15. (Elimination Property) ([CLT4},[CLT5])

11
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Let n = 2 and let (Ko, K;,u) be an essential minimizing triplet for the functional
(2.4) with g € L} (Q) and let &1 > 0, 01 > 0 as in Theorem 2.14 and p < p;. Ifx € Q
and .

H (Ko U K1) N By(x)) < %p
then

(KO U Kl) N Bp/g(.T) = @

The elimination property states that, when an optimal segmentation has length, in
a small ball, less than an absolute constant times the radius of the ball, then such
segmentation does not intersect the ball with half the radius.

Theorem 2.16. (Minkowski content of the segmentation) ([CLT5])
Let n = 2 and let (Ky, K1,u) be an essential minimizing triplet for the functional
(2.4) with g € L*%.(Q). Then the following equality holds for every €' cC

loc

lim {z € Q; dist(z, (KoUK)NQ) <p}

_ 1 /
lim o =H (KoUK;p)NQ) .

Roughly speaking, the above theorem says that a uniform fattening of an optimal
segmentation is a reasonable approximation of the segmentation itself.

We notice that the various constants cg, g, €1, po, p1 depend on the data n, o, 3, u, g.
3. Euler equations I : smooth variations for F (n > 2).

In this section we obtain some regularity properties of the minimizers of the functional
F outside of the closure of the singular sets. First we recall the definition of local

minimizer of F.

Definition 3.1.  (Local minimizer of F)
We say that u is a local minimizer of the functional F if

u € GSBV?(A), Flu, A) < +o0

and
Flu, A) < F(u+ ¢, A)

12
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for every open subset A CC Q and for every ¢ € GSBV?(Q) with compact support
in A.

We say that u is a local minimizer of the functional £ in 2
E(w) = /[V%\de + oM TL(S,) + BH (Svu \ )
Q

if, by denoting £(-, A) the localization of &,
u € GSBV?(A), E(u, A) < +o0, E(u, A) < E(u+ p, A)

for every open subset A CC Q and for every ¢ € GSBV?(Q) with compact support
in A.

Remark 3.2.  If u is a local minimizer of £ in € then also the function u(z)+a-x+b
is a local minimizer in € for every a € R",b € R. Moreover, if B,(xg) C €, then the
re-scaling

uplz) = o= (o + p)

defines a local minimizer of £ in By(0) and we have

E(u, B, (20)) = p" & (u,, By (0)).

We recall that the subset of GSBV2(2) where F is finite is a vector space (see [AFM],
[AFP]) and moreover the following property holds:

Proposition. 3.3. If v € GSBV?%(Q), B C Q is an open ball, F(v,B) < 400
and H""1((S, U Svy) N B) =0, then v € W*?(B).

Proof - V?v € L? and H" 1(Sy, N B) =0 entail (in B) V?v = DVuv, hence
DVuv € L?, Vv e L?, H" 1 (S,NB)=0.
Then we have Dv = Vv and D?*v = V2. Moreover
10202y + 0180y < (1 +2007) F (v, B) + 27 gl|%, ) -
We now show that each local minimizer u solves a fourth order elliptic equation in

the interior of '\ K, and has (internal uniform) 3-Holder continuous derivatives in
every ball contained in Q \ K, (see (2.1) for the definition of K,,).

13
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Theorem 3.4. If w € GSBV?(Q) is a local minimizer of F in Q@ C R™ (n > 2),
g € L1Q) (¢ > 1), then

(i) A’u=—Zplu—gl"%(u—g) nQ\Ky;

(i) uw e WD\ K,) ;

oc

(iii) there exists a constant ¢ > 0 (depending on n, «, 3, i, g) such that for every open
ball B € Q\ K,

wup [Du() = Du(y)

euen |z — y|1/2

<.,

1,1/2
say u € CLM?(Q\ K,).
Here ¢ = ¢y cq where c¢q is the constant in density upper bound (2.5) and cq is the

Poincaré inequality constant:
AR A
B B

Proof. (i) For every open set A CC Q\ K, for every € € R and for every ¢ € C§°(A)
we have

2

dr < cQtf|LwF VYo e WH3(Q), VB C Q.
B

0< Flu+ep,A) — F(u,A)
2 . 2 q q—2
=2e(/A<D w: (%) de+ S [ u—g <u—g>sodx)+o<e>,

where o(¢) is an infinitesimal of order greater than . Hence

[ 020 ) s =~ [ a2 =g ds

for every ¢ € C3°(A). The thesis follows integrating by parts.

(ii) Since u is a local minimizer, then u € L} (). By (i)

A%Fz—gmu—gmﬂukqﬂeLgf in 0\ K,
Fix a ball B C Q\ K, then by elliptic regularity
uwe Wa1(B).

14
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(iii) Let B C 2\ K, be a ball; then u € W22 (B) by Proposition 3.3 and, for every
xro € B, by Poincaré inequality, density upper bound (Theorem 2.12) and Remark
2.13 we have

/ |Du — (D), p|2dr < cq p2/ |D?u|*dr < cqcopt,

A(zo,p) A(zo,p)

where A(xg,p) = B N B,(xp) and (Du)g,,, is the mean value of Du in A(zo, p).
Since |A(zo, p)| > (g)n, the thesis follows by a well known characterization of Holder
spaces (see for instance [Gia],Th. 1.3, Ch. 3). B

Remark 3.5.  The fact that increasing ¢ (integrability of g) implies decreasing
regularity of the solution w is a paradox only at a first glance: actually this is due
to the fact that ¢ is also the exponent in the forcing term of the functional, hence
the right-hand side of the equation belongs to L9/ (q_l)(Q), say it has a summability
which is decreasing in q.

To avoid this ambiguity and to focus the consequences of higher integrability of g,
we introduce the parameter s > ¢ to denote the summability of g, and we get better
regularity results under the restriction s > n(q — 1).

Theorem 3.6. (Further regularity)
Let Q C R", n > 2, q¢ > 1, u € GSBV?(Q) is a local minimizer of F in €, and
g € L*(Q?) with s > max{q,n(q — 1)}, then

u e WO\ K,) ¢ 3O\ K,

loc loc

where v = 1—@.

Proof - By Theorem 3.4(iii) the function u is locally bounded in 2\ K, and
A2y — —gum—gwdukﬁﬁEL#% in 0\ K,.

loc

Hence for every ball B ¢ Q\ K,, we have u € W*7-1(B). By Sobolev embedding
theorem we get the thesis. B

4. Euler equations II : boundary-type conditions on the singular sets for
extremals of F (n > 2).

We recall a Green formula for the bi-harmonic operator A2. Here and in the following
we assume the involved functions regular enough to have all the traces that are
needed.

15
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Let A be an open subset of  C R™. For every u,p € W22(A) we set
(4.1) as(u, @) = / (D*u) : (D) dx .
A

The form a4 is bilinear and symmetric on W22(A).

Lemma 4.1. (Green formula.) Assume A is a C? uniformly regular open set
and (4.1). Denote by N = (Nj...., N,) the outward unit normal to A and denote by
{th =tF(z); k=1,...,n—1,2 € DA} a system of local tangential coordinates. Then
for every ¢ € W22(A), r > 1,7 > (2n)/(n+2) andu € W*2(A)Nn{u; A?u e L"(A)}
the following Green formula holds true:

aa(u,p) =
(42) = /A(Azu)godx + /6A (S(u) — %Au)@dHn_l + /8A T(u)g—;@ dH "™

where the natural boundary operators T'(u) and S(u) are defined by

T(u) = Y ViuNN; =N-(V*uN),
i,5=1
LI, otk
i,j=1k=1 ¢

Proof - See [Li], pp. 75-76 for » = 2. The same proof works in the general case too.

Remark 4.2. If n =2, in Lemma 4.1 we can choose 7 = (71, 72) the unit tangent
vector to 0A which orients A counter-clockwise defined by 71 = —Nsy, 7 = N;
(where N = (N1, Ns) is the outward unit normal vector to 0A) and we get (4.2)

where
0

_a(

moreover in a flat portion of A parallel to the x; axis, we get the identities:

0%u 0 (0%*u
T(U) = W = D22U, S(U) = _(‘)_N (W) = —Duzu.

T(u) := N - (D?*uN) , S(u) := T-D*uN);

Now we want to evaluate the first variation of the energy functional (2.2) around a
local minimizer v under compactly supported deformations of u, which are smooth
outside K.

16
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Theorem 4.3. (Necessary conditions on S, for natural boundary oper-
ators) Assume (1.3), n > 2, ¢ > 1 and u is a local minimizer of F, B CC ) an open
ball such that S, N B is the graph of a C* function and (Sy, \ S.) N B = ). Denote
by BT, B~ the two connected components of B\ S, and by N the unit normal to
S, pointing toward Bt. Assume that u € C*(B+)NC*(B~). Then, by defining v,
v~ the traces of any v on S, respectively from BT and B~, we have

(4.3) <T(u)>i =0 onS,NB .
(4.4) (ﬂ@—é%A@i:O on S, NB,

More explicitly, if n =2 and S, N B is a segment, (4.3) becomes

u\ "
- (72 - o
and (4.4) becomes
Ou 0 (0%u\\"
" (22402 (F) 2o

Proof - Let ¢ € C?(BT) N C?(B~) be a function such that spteo C B. Then
© € GSBV?(B) and for every ¢ € R we have

(Sutep USy(uiepy) NB C S,NB.
By (4.2) we have:

0< ‘/,T(u_'_gSO?B) _‘/T(uvB)
=« (H ”_I(Squw NB)—H" (S, N B)) + BH" ! ((Sv(u+w) \ Sutep) N B) +
2e (aB+ (u, ) +ap-(u, p) + %u/ lu— g|? 2 (u—g)p d:z:) + o(e)
B
< BH et ((SV(u—I—ego) \ Su+sgo) A B) +

% ( [ @wgdes b [ Jum g - oo+
BtuB— 2 B

/SuﬂB |l(5(u) - %Au> 90]] dH" !+ /SumB |lT(U)g—;\O[]] dH "_1> + o(e),

17
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where for a function w we have set [w] = w* — w™.
Up to a countable set of values of &, we have H"'(S,1., N B) = H""!(S, N B)
so that (by taking into account of Sy,4., C Sy) we can choose arbitrarily small ¢
satisfying also

Hn—1(<SV(u+€cp) \ Su+€<.0) A B) =0.

Taking into account Theorem 3.4(i), for small €, by the arbitrariness of the two traces

_|_
of ¢ and 8%‘% on the two sides of S,, we can choose ¢ with ¢ =0, (%%) = 0 and
_ +
(%%) arbitrary or viceversa to get (4.3). Similarly, choosing ((%%) =0, ot =
and ¢~ arbitrary or viceversa, we obtain (4.4). B

Theorem 4.4. (Necessary conditions on Sy, for jumps of natural bound-
ary operators) Assume (1.3),n > 2, ¢ > 1 and u is a local minimizer of F, B CC )
an open ball such that Sv, N B is the graph of a C* function and S, N B = (). Denote
by BT, B~ the two connected components of B \ Sy, and by N the unit normal
vector to Sy, pointing toward BT. Assume that u € C*(BT) N C*(B~). Then,
by defining v, v~ the traces of any v on Sy, respectively from Bt and B~, and
[v] = vt — v, we have

(4.7) (T@Q)izd) on Sy, N B,
0
(4.8) |lS(u) — 8_NAu]] =0 on Sy, NB .

If « = 8 we have also

a :t
(4.9) (S(u) - a—NAu) =0 on Sy, NB .

More explicitly, ifn = 2 and Sy, NB is a segment, (4.7) and (4.8) become respectively

0%u =
w0 (Zey* 2
o3u 0 [0%u
(4.11) WGNB'FQaAf<&ﬂ)ﬁ = 0.

18
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If, in addition, o = [ , then(4.9) becomes

u o [02u\\~T
w2 (20002 (7)) <

Proof - Let ¢ € C?(BT) N C?(B~) be a function such that spt ¢ C B and S, = 0.
Then ¢ € GSBV?(B) and for every € € R we have

Sutee NB = 0, SY(utep) VB C SyuNB.
Moreover, by (4.2):
0< Flutep,B)— F(u,B)

=0 (H n-l (SV(u—H:@ N B) — (Svu N B)) +

26(a3+@u¢)+a3—@u¢0+-gu/;ML—gW_Wu—wﬂwdw)-%0@)

< 2 (/ (A2u)pdr + g,u/ lu—g|" 2 (u—g)pdr +
B+tuB— 2 B

/Sva |l (S(u) N %Au) w]] dH" ™+ /3me |lT(U)g—K,]] dH n_l) + o(e).

Taking into account Theorem 3.4(i), for small £ and by the arbitrariness of ¢ and of

+
the two traces of (%“\3, on the two sides of Sv,, we can choose ¢ with (%%) =0,
Jr
¢t = o~ arbitrary, to get (4.8). Analogously by choosing p* = 0, (%%) = 0 and

<§—Jf,> - arbitrary or viceversa, we obtain (4.7).

Now, let ¢ € C?(B¥)NC?(B~) be a function such that spt ¢ C B and () # S, C Sy..
Then ¢ € GSBV?(B) and for every € € R we have

(Sutep UST(utepy) NB C SvuNB.
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By (4.2) and Theorem 3.4(i) we have

0< F(u+ep,B)— F(u,B)
=aH" ! (Sutep NB)+ (H n-l ((SV(HE@) \ Sutep) N B) —H" 1Sy, N B))

+ 22 (apep) +an-(u) + B [ gl g)eds ) + ofe)
= aHn_l(Su+€¢ NB)—pH"™ 1(Svu NB)+pH"™ ! ((SV(u+a<p) \ Su+€<p) N B)

+2€</) (A%U¢¢v+—u/Iu—gﬁ*%u—mwdw+
BtuB— 2 B

/5me |l(5(u) a %Au) 90]] dH" T + /sme |lT( )gff]l dH ™ 1) o(e).

= aH" N(Sutep N B) — BH™ (Svu N B) + BH" ™ ((Sv(utep) \ Sutep) N B)

+2e (/Sme|l(5(u) - 8%@) go]l dH"‘1+/Sva|lT( )gﬂldw 1) +o(e).

If @ > 8 then the inequality is fulfilled for ¢ small enough, hence we do not obtain
further information. On the other hand, when o = (3, by taking into account the
inclusion Sy 4¢, U (Sv(uﬁ@) \Su+w) C Svu, we get

0 < Flu+ep, B) - Flu, B) =

+2¢ (/Sva|l(s<u) - aiNAu) 4] dH ”1+/Sva|lT( )g;@]l dH "™ 1) +o(e)

and the coefficient of 2¢ must vanish, hence by (4.7) and by the arbitrariness of the
two traces of ¢, we get (4.9). B

5. Euler equations III : singular set variations for F (n > 2).
Now we want to compute the first variation of the functional (2.2) with respect to
some directions which are different from those considered in Theorems 4.3 and 4.4.

We evaluate the first variation of the energy functional (2.2) around a local minimizer
u, under compactly supported smooth deformation of S, and Sv,,.
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Theorem 5.1. (Euler equation) Assume (1.3), ¢ > 1, g € C}(Q) and u €
GSBV?2(Q) is a local minimizer of F in  with V?u symmetric. Then for every
n € C3(Q,R") the following equation holds true:

/ (|V2u|2 divn — 2(D77 Vu + (Dn)t Vu + VuDQU) : V2u) dz
Q
(5.1) +u/"0u—gﬁﬁvn—qw—gw2@wwanw>dx

Q

+ a/ div§ ndH iy divi_ \s, ndH =l — 0,
Su SVu\Su

where (Dnv2u+(Dn)tV2u—|—VuD2n) = (kaViju + DmkViju + Vkungnk)

1] ?
and the tangential divergence is given by Definition 2.2.

Proof - Let n € C3(2,R") and let ¢ € R small enough, so that the map 7.(z) =

x+en(x) is a diffeomorphism of  onto itself. Set u.(7.(x)) = u(z) i.e ue = uor.~1;

ATt =(ATY; (D7o)a = Di(7e)i; (Dn)a = Dimi; Viu=V;Vu.
Then (Dn) o 7. = Dn + eD?*nDn + o(e) and

Dr.(z) =1 +eDn(z), D?*r.(z) = eD*p(z), (D1.(z))”" = I—eDn(z)+ole),

(Dre(2))™" = I —e(Dn(x))" +o(e) , (Dre(x))™ = I—2eDn(x)+ole) ,

where o(¢) is an infinitesimal of order greater than ¢ uniformly in z, we compute
gradient and hessian of u. by the chain-rule

(Vus)ot. D1 = Vu

(Vue)or. = Vu(Dr)™?
((VQU,E)O’Tg) D7. Dr. + ((Vue)or.) D*r. = Vu

Ngw, by seztting (2D7'5)7;j 2= O(7:)i/0x; (Dﬁll Te)j =
Dijn = Djﬂ% Vijn = ij, (D72 (DTa)lj = 0y
summation convention over repeated indices:

0?(12);/0zkOx; , we exploit
(Kronecker delta) and the
(Viue) ome Di(12); = Viu

(Viueg)ote = Viu (DTE)I_Z»I
((V?jua)ors) Dy(12); Di(1e)i + ((Viue)o1e) (D]%hTE)Z, = Vi u
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and, by right-multiplying the last identity times (DTE);i (DTE);lr ,

(vinus) OTe =
= Vinu(D7e) o (D12)5y — Viu (D7)t (DR 7e), (D7e)yy (D7) =
= (DTE);ltz (V%ku(DTg)E; - VlU(DTE)l_il (Dih 7'6)7; (DTE)E;)
say
(V2u)or, =
= (D7) (VPu(D1)™') = (D) " (Vu (D)™l (D? 1 (D7) 7)) =
= (I —e(Dn)")V?u(I — eDn)
—e(I —e(Dn)")Vu(l - 5D77)D277(I —eDn) + o(e) =
= V?u — ¢ ((Dn)'V?u + V*uDn + VuD?n) + ofe)
(Viue)ote = Viu — e ((Dn)m Vigu + Viu(Dnys + ViuDZm) + ofe)
which entail
(V2 0) o[ = (VEue) o) ((VEue)om) =
= ViuViu — e ((Dn)en ViuVau+ Vau(Dn)m Vi ut
+ Vi (Dn)is Vayu + Va,u Vi (Dn)gs+
VD2 Vi + ViV Dl ) +
+ o(e) =
= |V2u|? = 2¢(V?uDn + DnV?u + VuD?n) : V2u+o(e) =
= |V2u|® — 2¢ ((Dn + (Dn)") Vu + VuD?n) : Vu + ofe).
By taking into account that
det(I +eDn) =1+¢edivn+o(e) ,
and by using the change of variables y = 7.(x), for small ¢ we get
(5.2) 0 < Flue) — Flu)

= [ VuwPdy- [ V@) da
+MLUWMD—9@WWy—MAJM@—g@WWw
+aH " (Su) + BH" (Svu. \ Su.) — aH " H(Sy) = BH"H(Svu \ Su)
= E/Q (IV?ul? divy — 2 (DnV?u + (Dn)* V?u + VuD?n) : V?u) dx
[ o) =gy = [ Jute) = gla) do
+aH " H(Sy) + AR (Svu, \ Su) — aH"TH(Sy) = AH"TH(Svu \ Su) + ofe).
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On the other hand, as in [S], pg.80, we have

(5.3) HH(S,) —H™ _5/ Zajn%m“ L+ o(e).
u ] 1

and

(5.4) HWJSW%M%Q—TN“W&M\&Jza/ > 6 dH" ! 4 o(e).
Svu\S

u j=1

By taking into account g(7.(z)) = g(x) + € Dg(z) - n(z) + o(e), the variation due
to the contribution of the forcing term is given by p times the following value

/|u€ gyl dy — /|u )7 de

/|u g(r-(2))|?] det(I + D) dw—/ lu(z) — g(x)|? dz
/|u (2))]9 (1 + e divy + o dm—/ u(z) — g(x)|? dx
- f (q|u<x> ~ 9@ (ule) — a(r=(x)))(~Dy(x)) - n(x)
+ |u(@) — g(r.(2))|"divn ) dz + of<)
=t e [ (alut@) = a@)"* (uta) = gla) ) (~Dg(a)) - n(a)
+ Ju(z) —g(x)\q(nvn) dz + O(e%) + O(e™) + o(e).
And the thesis follows by (5.2)-(5.4) and ¢ > 1. m

In the next Theorems we shall require some regularity conditions on .S, USv,. These
will enable us to speak of the normal derivatives of u and of the traces of |V2u| on
both sides of K,,, which we shall denote by (%)i, |V2u®|.

In order to obtain additional information on local minimizers, it is useful to perform a
careful integration by parts of the volume integral of Euler equation (5.1) independent
of the forcing term.

Theorem 5.2. (Integration by parts) Assume A C ) is Lipschitz and piece-

wise C® open set, N = (N',..., N") its outer normal, u € W4T (A) withr > 1,
then we have, for every n € C?(A,R"),
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/ <|V2u|2 divn — 2(DnV*u+(Dn)'Vu+VuD?n) : V2u> dr = —2 /Azu n-Vudx+
A A

+/ (|v2u|2N—2V2uv2uN+2vuiAu)-ndHH—z Vu-DnV2uNdH "}
DA ON 0A

where, by assuming the summation convention over repeated indexes and denoting
distributional partial derivatives by subscripts and components of vectors by super-

scripts, we have set 77,’; = Dyn™ and
V2ul? divy = (ulk)2 ne
(Dn V2u) c Vi = wg ) ugk
<(Dn)tv2u> P ViU = wi ) ung
(VuD?n) : Vu = upnl u

/ (|V2ul>N — 2V2uV2uN+2VuiAu) pdH " -2 Vu-DnViuNdH" ! =
DA ON DA

d:ef/ (uik)zNh — 2uikuihNk + 2uhuk;ﬂ-Ni)77hdH =l _ / 2uthkanZhdH n—l‘
0A 0A

Proof - We evaluate separately the various terms in the left-hand side:

(5.5) /(uik)zn,}fda::/ (uik)ZnhthH”_l—/ 2u¢kuikhnhdaz
A A A

/ uihnﬁuikda} = / uikuihnhdeH n-l —/ (uihuik)knhdx

(5.6) A A A

/ wipn" ugp N dH "1 — / (winkuirn” + winuiern”) dz
A A

0A A

ukhnhukiNidH n-l_ / (Uiikuhknh + Uihkuikznh) dx
A

/Uz’kmhuhkdw=
(5.7) 74

a
/ UiknhuhkNidHnl_/ (wirunk); n"dz

A
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/Auhnl-hkuikdx = / uhn?uikadH =l _ /A (unuik)y, nihdx
- /3 uptug N dH 1 — /A (uhkuz‘kmh + uhukkmih) dx
= / (unnfuie N — (ungui, + upupe:) 0" NY)dH !

+ / (upruik + uhukki)i nhda:.

hS

By subtracting twice (5.6),(5.7),(5.8) from (5.5) we get the thesis. W

It is possible to derive additional necessary conditions on a local minimizer, provided
that the variation 7 in (5.1) is suitably chosen.

Now we perform a qualitative analysis of the singular set by assuming enough regular-
ity to perform integration by parts of Theorem 5.2. We will use compactly supported
vector fields that are normal to S, or Sy, as test function in (5.1).

Theorem 5.3. (Curvature of S, and squared hessian jump) Letu be a
local minimizer of F in ). Assume (1.3), ¢ > 1, g € C*(Q) and B cC U C Q two open
balls, such that S, NU is the graph of a C* function and BT (resp. B~ ) the open
connected epigraph (resp. subgraph) of such function in B. Assume Sy, \ S.NU = 0,
(Su\S,)NU =0, andu € WH"(BHYNW*"(B~), r > 1, r> (2n)/(n+2). Then

M|V2u|2+u|u—g|q}l = (n—1)ak(S.) on S, NB,

where we denote by |[w] the jump of a function w on S,, say the trace of w in BT
minus the trace of w in B~ and K is evaluated (see Definition 2.3) with the orientation
on S, induced by the normal pointing toward B™. In particular

(u+—|—u_) =g onS,NB.

N =

if |l|v2u|2}l = K(S,) =0, then

Proof. The plan is to exploit equation (5.1) by a suitable choice of test function 7.
The assumptions entail the existence of a vector field v € C'(B,R") such that v
on S, N B is the unit normal to S, pointing toward U™*. For instance we may set
v(z) = D (dist(x,U~) — dist(x,U")) for every z in a neighborhood of S, N U (see
[Giu]), so that v points toward B*.

We choose 1 = (v, with ¢ € C§°(B), hence n € C§(B,R").
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Referring to Definition 2.2 of tangential derivatives along S, we set § = (1, ..., 0y).
Then (6v) - v =0 Vv and (én) = (v on S, N B. Hence

divy ((v) = ¢divy v = (n—1)(K(S,) on S,NDB,

(5.9) a/ divi ndH" " = (n— l)a/ CdH™ L.
S.NB S.NB

We integrate by parts in BT and B~ the volume integrals due to the forcing term g
in the Euler equation (5.1):

M/i(W—ﬂwﬁvn—mu—mwau—ngw>“7:

(5.10) B

~na [ Ju—gl -9 Dunds % u [ Ju-glrcan
B+ OB=

By applying the integration by parts of Theorem 5.2 with the choices A = BT and
A = B™, we have Ng- = v = —Npg+ and (with summation convention from 1 to n
over repeated indexes)

(5.11) / (yv2uy2 divry — 2(DyV2u + (Dn)'V2u + VuD?) : V2u> dr —
B*

= —2/ nhuhAQUdac F
B+

</ (ufkuh — Qupui v + 2uhukkiui)cyhdﬂ n=l_ / 2uhuikukn?d7{ ”_1> )
OB+ oB*

By substituting (5.9), (5.10) and (5.11) in (5.1) and taking into account Theo-
rem 3.4(i), we get

(5.12)
— / |[ — 2u¢kuihyk + 2uhukkil/l}] Cyhd'H n-l + / [2uhuik]] I/kmhd')‘[ n—1
S.NB Su.NB

— / |[|V2u|2—|—,u|u—g|q]]§d7i”_1 +(n—1)a/ CKdH™ 1 =o0.
S.NB S.NB
We claim that the first line in (5.12) vanishes. Then
/ (%V%P+MW—Mﬂ-%n—DaK@w)MH”4:Q
S.NB
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and by the arbitrariness of ( we get the thesis of the Theorem.

Eventually we prove the claim.

We choose a smooth system {t?P = tP(x) ; p=1,...,n— 1,2 € S, N B } of local
tangential coordinates on S,,NB and we perform an integration by parts (with respect
to tangential coordinates t*) over S, N B in the term of (5.12) containing n. Since

o _ oo ot

ox; — otP Ox; ov
then
(5.13) 2/ |[uhuik1/k]l nrdH"t =
S.NB
2/ |[Uhu'k7/ku a_nhyi dHn—l o 2/ nil i (VkUhU‘k (9151’) 7’]h dHn_l
S.NB ov S,.NB =1 otp 8£ILL
Hence

1
= ( first line of (5.12) ) =

= / <|l— Wik, Wi, V™ Up Ukks Vi]] vl - |luhuzk]] vk 77?) dH" ! =
S.NB
ou 0
= —Nwpuin® | 0" + | == =—Au| ¢+
/m3< w e v O
k on" i iy’ k otr ) g n1 (4.3)
— | upUu;pV El/ + ;% 14 uhuikaxi n =
ou 0
= — |uwiruwan® | 0" + | 5 Ao Aul (+
/sm< w e v O
tp a'U/h h s 8 k 8-[/-]3 h n—1 (4_3)
|lzv Uik g atp]]n + |L§1%<y uika_wi up || n" dH =

::/’ ¢[UMumﬂvﬂﬁcdH"‘l+l/ [Qg<fzau-5@o)ﬂ§dﬂn—l%f>o.
S.NB S.NB ov \ Ov

If [[V2ul?] = K(S.) = 0, then [ut —g| = |u™ —g| and u" # u™ giveu™ +u~ =2g.M
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Theorem 5.4. (Curvature of Sy, and squared hessian jump) Let u
be a local minimizer of F in Q. Assume (1.3), a = 3, ¢ > 1, g € C(Q) and let
B cc U C Q two open balls such that Sy, NU be the graph of a C* function and
BT (resp. B™) be the open connected epigraph (resp. subgraph) of such function in B.
Assume S, NU =0 and u € W™ (BHYNW4"(B™),r > 1, r > (2n)/(n+2). Then

wWﬂmw = (n—1)BK(Sva) on Sy,NB,

where we denote by |[w] the jump of a function w on Sv,, say the trace of w in
B* minus the trace of w in B~ and K is evaluated (see Definition 2.3) with the
orientation on Sy, induced by the normal pointing toward B™.

Proof. The plan consists in exploiting equation (5.1) again by a suitable choice of
test function 7.

The assumptions entail the existence of a vector field v € C1(B,R™) such that v on
Sv. N B is the unit normal to Sy, pointing toward U*. For instance we may set
v(z) = D (dist(xz,U™) — dist(x,U™)) for every z in a neighborhood of Sy, NU (see
[Giu]), so that v points toward B*.

We choose n = (v, with ( € C3°(B) as like as in the proof of Theorem 5.3, hence
n € C}(B,R"). The properties of v entail

(5.14) 3 divi, ndH" ™' = (n—-1)p CKdH™ .

Sv.NB Sv.NB
We integrate by parts in BT and B~ the volume integrals due to the forcing term g
in the Euler equation (5.1). We recover again (5.10) with the present choice of B*.
By applying the integration by parts of Theorem 5.2 with the choices A = B* and
A = B, we recover again (5.11).
By substituting (5.10), (5.11) and (5.14) in (5.1) and taking into account Theo-
rem 3.4(i), as like as in the proof of Theorem 5.3, but using (4.7) and (4.9) of
Theorem 4.4 instead of (4.2) and (4.4) of Theorem 4.3 and exploiting the identity
(0Au/Ov — S(u))* = 0 (valid on Sy, \ S, since a = 3) in the last line of (5.13) we
deduce

%v%ﬁ+um—mﬂ = (n—1)BK(Svu) on Sy, NB.

Since both u and g are continuous on Sy, \ Sy, the last identity entails the thesis. B

Now we perform a qualitative analysis of the “relative boundary” of the singular set
(crack-tip and crease-tip), by assuming it is a manifold as smooth as required by
the computation of boundary operators. The strategy is a new choice of the test
functions in Euler equation (5.1): a vector field n tangential to S, (or Svu).
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Theorem 5.5. ( Crack-tip)

Assume (1.3), ¢ > 1, g € C1(Q). Let u be a local minimizer of F in 2, and U C
an open ball, such that (Sv, \ Su) NU = 0 and S, N U is an (n — 1) dimensional
oriented C* manifold without boundary, the orientation is given by a normal vector
field v € C3(U). Assume = := (S, \ S,) NU is a non-empty connected oriented
(n — 2) dimensional C* manifold (a point if n = 2) and uw € W4"(U \ S,) with
r>1,r>(2n)/(n+2).

Choose xy € =, an open ball B = B(xy) CC U, smooth tangential coordinates tP on
Su N B and label the associated unit vectors by t¥ , p=1,...,n—1.

Then, assuming the summation convention from 1 to n over repeated indices (different

from p), we get

0
lim (/ {(|V2u|2+u|u—g|q)n-n€—2T€(u)—77 -Vu
< 9=, on,

n—1 p
-2 <Ss(u) — 3?1 Au) n - Vu}dH"_1> = [(ag — ZI[uh uik]yknh th . n?);) dH" 2
€ = p:1 (2

for every n € C3(B,R") s.t. n = (1, ( € C(B), 7 € C3(B,S™ '), such that
n-v=0onS, and 7-n =1 on E, where:

n is a vector field on Z, normal to =, tangent to S, and pointing toward S;

Ze ={x € B:dist(x,Z) < e}, with e s.t. 0 < e < radius of B (hence 2. CC U );
the natural boundary operators T¢ and S® are defined as like as in Lemma 4.1, but
using n. instead of N (which is not defined in 0Z.): n. is the unit vector field on
J0(B \ Z¢) pointing outward from B\ Z..

Explicitly, when S, is contained in an hyperplane and the natural choices for tan-
gential coordinates tP and associated unit vectors tP are made, then OtP /0x; = 0, for
p=1,....n—1, ¢=1,...,n, hence:

0=,

g nE

—Q(S%uw—ai Au)U'Vu}cﬂi”4> = a

ifn =2 and S, is flat, then = = {x¢} and for any n as above

(5.15)
CdH" 2,

T

0
lim / {(|V2u|2+u!u—g|q)n.n€—2T€(u) T vy
8B€(IO) an€

€

(5.16)

—2(?@)—§1A4%rVu}ﬂ#) = o ((x) .
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Proof - Fix ¢ as required by the assumptions and § s.t. 0 < < €.
Set S0 :={z € B : dist(r,S,) <6} , Qc:=B\Z. , Qc5:=B\(2.US?) ,
O0=; shortly denotes 0=. N B in the proof, and n.; is the outward normal to Q. 5.

Figures 1, 2 and 3 illustrate the relevant sets in a neighborhood of =.

In the Euler equation of Theorem 5.1 we choose a test function n = (7 as required
in the statement: then equation (5.1) holds true with Q). s in place of 2.
We integrate by parts on 5, , by exploiting the assumption 7 normal to = ,

(5.17) a/ﬁ dw&ndHnlzz—w{/CdH”2.
S.NB =

By absolute continuity of the integral and (5.17) we get

(5.18)  lim lign (/ <|V2u|2 divy — 2(DnV?u+ (Dn)'V?u + VuD?p) : V2u> dz
€ Qa,é

+u/ (W_m”mW—qW—mW%u—wD@”%m>_Q/CﬂW”:=0,
Qs,é

where (DnV2u+(Dn)tV2u+VuD2n)ij = Z(kaViju + DmkViju + VkuD?jnk) .
k

The integration by parts of Theorem 5.2 holds with the choice A = Q. , which is
a piecewise C® open subset, hence we get (the summation from 1 to n over repeated

indexes is understood, the distributional partial derivatives are denoted by subscripts
and components of vectors by superscripts)

/ (]V2u|2 divy — 2(DnV?u+ (Dn)'V?u + VuD?p) : V2u) dr =
Qs,é
=— 2/ nrup Aude +
(5.19) Qe
+ / ((ui)*nls — 2uuinnl 5 + 2upuppnl 5)n"dH "
8@5,6
—/ 2uhuikn§5n?d7{”_1 .
8@5,5
We pass to the limit as 6 — 0% in (5.19), hence by (5.18) we get
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Fig.1 - A neighborhood of
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Fig.2 - The set Q.5 .
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Fig.3 - A neighborhood of = for n=3.

n
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(5.20) lim {—2/ N unA2udz +

—/ |[(uik)2uh — Quuin® + 2uhukkiyi]]nhd7-l n-l +/ |[2uhuik]lykmhd7'( n=lg
SuNQe SuNQe

/ ((um)zn? — 2uikuihn§ + 2uhukkini)nhd7{ -l / 2uhuikn§n?d7{ n-l 4
0=, 0=,

+“/](W_gwﬁvn—ﬂu—gﬁﬂhr—mlw-@dm}_a/de”*:=0.

1>

All along the proof we set [v] = v — v~ where v™ is the trace of v on S, from the
side where v points.

By arguing as like as in (5.13), taking into account that { vanishes on S, N 0B
but does not vanish on S, N 0=, we integrate by parts with respect to tangential
coordinates t to find a first equality

2/ [[uhuik}lyknlh dH" ! =
S.NQe

h
= 2/ [uhu,k]aiykyz dH ™!
5.NQ. v
n—1
0 ot
- 2/ TS <V h Uik ) n"dH" T +
5.NQ- |l; otp Ox;

(5.21)
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and a second equality (without n — 2 dimensional contribution)

2/ uhuikn’;n?d?{n_l =
0=,

377h ki -
= 2/855 uhuik%nen;aﬂ-{" 1

€

n—1
8 k atp h n—1 __
R () e

=e p=1

5.22
( ) 377h k. .1 n—1
= 2 upUik =——n.n. dH
9=, 3n8
n—1
Ouy, OtP
k,, h h n—1
_.2/; E:(nﬁm?%gaa)n dH

Se p=1

+2/ upn™ S (u) dH L.
0=,

By taking into account Theorem 3.4(i) and that n = {7, and n. is the outward normal
from ()., we integrate by parts the volume integral depending on the forcing term g

—2/ nup A2ude =

1>

zpm/ lu—g|?*(u—g)Du-ndx =

g

zpw/ lu—g|?*(u—g)Dg-ndx +

1>

(5.23) 4 [ =gl g) (Du- Dy)-nde —

£

_ 0
ZAW/)W—QWQW—QNM'ﬁd$+M/Pn%yﬂu—mﬂwz
Q- Q- Th

= ,uq/ lu—g|* *(u—g)Dg-7¢dx — /L/ lu — g|?divndx

£ g

+ u/ i —gl7n, - 7CdH !
0=,

By substituting (5.21),(5.22) and (5.23) in (5.20) we have cancellation of all the
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volume integrals and we are left with the following:

h

. 0
lim / |[2u7;kuihuk —2uhukki1/1]77hd7'l"_1 + 2/ [uhulk]iu vidH
€ S.NQ. SuNQ. v

— 2/ [ykuikuih}]nh dH™ 1 + 2/ [uhS(u)] v dH !
SuNQe SuNQe

h

; - 0 % n—
+ /_ ( — 2uikuihn]§ + Quhukkinz)nhdH" L 2 / Up Uik a—zsn’;ns dH 1

e

+ 2/ Uik Uik nlgnh dH™ ™t — 2/ upn™ S€(u) dH ™!

= e

- / [V2ul?]n-vdH" ! + /
SuNQ. =

—g

n—1
_/<C—2uhuzk at)Hn_2=0.

By the definitions of S,T,S5%,7T¢ , by using - v = O on S, N B and Theorem 4.3
on S, we get the thesis. We emphasize that Theorems 4.3 and 4.4 do not hold for
operators T° and S° on 0=, (which is not a subset of S,,).

Notice that in above formula and in the thesis of the theorem, whenever an integrand
f depends on two-sided values, by [ fdH""? we mean lim, [ o fdH" 2. &

GV%42+¢4u—9P)n-nadH“‘1}

Theorem 5.6. ( Crease-tip)

Assume (1.3), ¢ > 1, g € C1(Q). Let u be a local minimizer of F in Q, and U C ) an
open ball, s.t. S,NU = () and Sy, NU is an (n— 1) dimensional oriented C* manifold
without boundary, the orientation is given by a normal vector field v € C3(U).
Assume A := (Svy,, \ Sv.) NU is a non-empty connected oriented (n — 2) dimensional
C* manifold (say a point ifn = 2), and u € W*"(U \ Syy), 7 > 1, r > (2n)/(n+2).
Choose xg € A, an open ball B = B(xy) CC U, smooth tangential coordinates tP on
Svw N B and label associated unit vectors by t¥ , p=1,---,n — 1.

Then, assuming the summation convention from 1 to n over repeated indices (different
from p), we get

9,
lim (/ {UV%F+MW—m%n-m—QT%w I vy
OA. on,

-2 <Sa(u) — 8(31 Au) n - Vu} dH "_1> =

otP
h§ : n—2
/A (ﬁ( — 2|[uh uzk Z ltp nal‘l) H
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for every n € C3(B,R"™) s.t. n = (7, ¢ € C§°(B), T € C3(B,S"!), such that
n-v=0on Sy, and 7-n =1 on A, where:

n is a vector field on A, normal to A, tangent to Sy, and pointing toward Sv;

A. ={zx € B:dist(x,\) < e}, withe s.t. 0 < e < radius of B (hence A, CC U );
the natural boundary operators T¢ and S® are defined as like as in Lemma 4.1, but

using n. instead of N (which is not defined in OA.): n. is the unit vector field on
d(B\ A.) pointing outward from B \ A..

Explicitly, when Sv,, is contained in an hyperplane and the natural choices for tan-
gential coordinates tP and associated unit vectors tP are made, then OtP /0x; = 0, for
p=1,....n—1, 1 =1,...,n, hence:

0
lim (/ { (IV2ul? + plu — g|?) n - ne — 27 (u) U vy
€ OA, 8n5

-2 (Sa(u) — 8(1?15 Au) - Vu} dH"_1> = f /A CdH" %,

if n =2 and Sy, Is flat, then A = {x¢} and for any n as above

(5.24)

%,
lim / {(|V2u|2+u!u—glq)n-n5—2T€(U)—n-W
OB (xo) Z

€ nE

(5.25)

—2 (ss(u) - aig Au) n- Vu} d?—l1> = B C(x) .

Proof - Fix ¢ as required by the assumptions and § s.t. 0 < d < €.

Set SS., :={x € B : dist(z,Sv.) <8} , M.:=B\A. , M.s:=B\(A:US%,),
OA. shortly denotes OA. N B in the proof, and n. s is the outward normal to M, 5.
In the Euler equation of Theorem 5.1 we choose a test function n = (7 as required
in the statement: then equation (5.1) holds with B in place of €.

We integrate by parts on Sy, , by exploiting the assumption 7 normal to A |

(5.26) Ié; divi, ndH™ ' = —ﬁ/cdH“—2.
A

Sv.NB

By absolute continuity of the integral and (5.26) we get

5.27) limlim V2ul? divny — 2(DnV2u + (Dn)'V?u + VuD?n) : VZu )dz
(5.27) ; <| n n n n
€ M8,6
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i “/ (Iu— gl"divny — alu— g1**(u — ) Dg - n) dx) B 5/CdH”—2 =0,
Ms,é A

where (DnV2u+(Dn)!V2u+VuD?n) ;= o (kaViju + Dini Vi ju + VkuD.ank).

7 ?
The integration by parts of Theorem 5.2 holds with the choice A = M, 5 , which is
a piecewise C® open subset, hence we get (the summation from 1 to n over repeated
indexes is understood, the distributional partial derivatives are denoted by subscripts
and components of vectors by superscripts)

/ <|V2u|2 divy — 2(DnV?u+ (Dn)'V?u + VuD?p) : Vzu) dr =
Ms,é

=— 2/ nhup A%ude +

(5.28) Mes

+ / ((uik)2n25 — 2uikuihnf5 + 2uhukkin25)nhd7'( n-l
oM. 5

—/ 2uhuikn§517ihd7'l”_l .
oM. s
We pass to the limit as § — 0 in (5.28), hence by (5.27) we get

(5.29) lim {—2/ 0 up Aude +
€ M

€

—/ |[(uik)21/h—2uikuihyk+2uhukkwi]nhdH "_l—f—/ |[2uhuik]luk'r)2hd7'£ n-ly
SVumME SVume-:

/ ((uzk)2n? — 2uikuihnlg —+ 2uhukkiné)nhd7{ n=l / 2uhuiknfnihd7'( n—1 +
OAc OAc

+“/‘(W_m“mw—ﬂu—mW%u—ngm>M}—B/CmW4::0.
M A

£

All along the proof we set [v] = v™ — v~ where v is the trace of v on Sy, from the
side where v points.

By arguing as like as in (5.13), taking into account that { vanishes on Sy, N 0B
but does not vanish on Sy, N JA., we integrate by parts with respect to tangential
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coordinates t to find a first equality

2/ [uhuik}luknf dH" 1 =
SVunMa

onh ,
= 2/ [uhuik]il/kul dH™ !
SVumMs a]/

n—1
9 k ) otp h n—1
2 /SvumME |lz % <V UhUik a.’L’Z) ]l n dH +

p=1

- P

) k _h |2
SRS

(5.30) . =

on" i -1
— 2/ UpWik | ——V V'dH™
SVumME ﬂ: ]] 81/

n—1
auh otP
o[ (w2 2) ]
SvuNMc |l —1 & 6tp (9%2 "

p

n—1 875”
—1—2/ [uhuzk]] 1/’“7]}7’2:1:73-nE
SvuNOA. = Ox;

and a second inequality (without n — 2 dimensional contribution)

2/ uhuikn};nzhd'H”_l =
OAe
h

on k. i
= 2 up Uiy ——nrnt dH ™1
[;AE h ’Lk}an€ £ £

n—1
a k atp h n—1
_ 2/@/\ Zatl’ (nguhuzkax)n dH

5 p:l 1

(5.31) .

om"
— 9 ) i n—1
/31\ uhuzk—an n_n, H

€

n—1
Ouy, OtP
. E : k,, _h_ h 7!n—1
2/8/\ (nsuzk otp 8xi) " d

5 p:1

+2/ upn S (u) dH 1 .
OA.
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By taking into account Theorem 3.4(i) and that n = (7, and n. is the outward normal
from M., we integrate by parts the volume integral depending on the forcing term g

-2 / " u, A%ude =
M.

zpw/ lu—g|? *(u—g)Du-ndz =

€

=p@/ lu—g|?*(u—g)Dg-n dx +

€

(5.32) +ug/|u—m*QW—gMDu—Dw-an=

€

_ 0
ZAW/ W—QWQW—QHM~idx+u/ "a ju—g|? doz =

€

::MQ/ W—gwdm—gﬂh~%dx—-g/ lu— g|9divn dx
M M,

£ £

+ ,u/ lu—g|ing - 7¢ dH™?
OAc

By substituting (5.30),(5.31) and (5.32) in (5.29) we have cancellation of all the
volume integrals and we are left with the following;:

h

. 0
lim / |[2uikuihyk — 2uhukkivz}]nhd7{ n-l 4 2/ [uhulk]iy vidH ™!
€ SvuNM, SvuNM. aV

— 2/ [ykuikuih]]nh dH" ' + 2/ |[uh5’(u)]] nhdH "1
SvwNM, SvuNM,
h

. P .
+ / ( — 2uikuihn’; + 2uhukkiné)nhd7-( n=l _9 / UpUik ain';nz dH "™t
oA OA. ne

+ 2/ Wik Wik, n]gnh dH™ ! — 2/ upn” S (u)dH ™
BA. OA.
- / [V2ul?ln-vdHrH"™ ! + / (|V2u|2+u|u—g|q)n-n5d7'{”_1}
SvuNM, OA.

— otp
/{\(ﬁ( 2|['Uzh,U/¢k‘”” E t na%)d?-( 0 .

By the definitions of S,T,5¢,T¢ | by using n-v =0 on Svu N B and Theorems 4.4
on Sy, we get the thesis. We emphasize that Theorems 4.3, 4.4 do not hold for
operators T° and S on OA. (which is not a subset of Syy,).

Notice that in above formula and in the thesis of the theorem, whenever an integrand
f depends on two-sided values, by [, fdH""? we mean lim, vauﬂaAg fdH" 2

40



12/12/2006

Remark 5.7. All the statements proved in the sections 3, 4, 5 for local minimizers
of the functional F hold true also for local minimizers of &£, provided all the terms
containing (u — g) are dropped.

All the statements proved in the sections 3, 4, 5 for local minimizers of the functionals
F and & hold true also for local essential minimizing triplets respectively of F, F.
We define a local essential minimizing triplets of F' as a triplet (Ko, K1, u) such that

Ko = ToN K\ (Sve \ Su), K, = ThinK\S,, u =0

where K is the smallest closed subset of Tp U Ty such that ¢ € C*(Q\ K), and
(To, Ty, v) satisfies ToUT} closed, v € C%(Q\ (ToUT})), v is approximately continuous
in Q \ To,

F(Ty,T1,v,A) < +o0 VA Borel set , A CC €2,

F(Ty,Th,v,A) < F(Hy, H,w,A) YA Borel set ;A cC Q

where (Hy, Hy,w) is any triplet such that HyU H; closed, w € C?(Q\ (Ho U Hy)), w
is approximately continuous in 2\ Hy and

(HoATo) U (HlATl) U {w 7& ’U} cC A.

The local essential minimizing triplets of E are defined by analogous procedures.

6. Local minimizers of £ in R” (n > 2): Caccioppoli inequality and
Liouville property.

So far we have found many necessary conditions for local minimizers of the functional
F. Now we focus the main part £ of the functional F in R™ , which is a natural
procedure in the study of regularity properties of F .

In this section we recall some properties of a local minimizer of the main part £ of the
Blake & Zisserman functional (proved in [CLTS|): an energy estimate, a Caccioppoli
type inequality and the following facts: local minimizers in R”, with finite energy
and bounded singular sets, are affine, a 1-dimensional step or an infinite dihedral are
not local minimizers of £ in R”. Eventually we prove a Liouville type property for
bi-harmonic functions which are local minimizers in R™: in the case n = 2 it was
showed in [CLT8] (Th.3.5) with a different proof.

Theorem 6.1.  ([CLTS], Th.3.1.) Let Q@ C R™ be an open set and let u be a local
minimizer of £ in Q. Then (denoting by w,, the volume of the unit ball in R"™, and
hence nw,, is the area of its boundary) for every ball Br C §) we have

Ep,(u) < anw, R"1.
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Theorem 6.2. (Caccioppoli inequality [CLTS8], Th.3.2.) Assume 2 C R"™ and
w is a local minimizer of £ in ). Then, for every a € R, b € R™ and for every p > 0
such that By, C §2, we have

/ \V2u|2dx§% |Vu—b|2dm+£4 lu—a—b-z|?dr,
B, P~ JB2,\B, P~ JB2,\B,

where c is a constant independent of u and p.

Theorem 6.3.  ([CLTS8], Th.3.3.) Let u be a local minimizer of £ in R™ such that
S, and Sy, are bounded and

/ IV2u|? do < +oo.

Then u is affine.

Theorem 6.4. (Liouville property) Bi-harmonic functions in R™ are local
minimizers for £ in R™ if and only if they are affine.

Proof - If u is affine then £(u) = 0, hence u is a local minimizer of £ in R".

For a bi-harmonic function the following inequality holds

/ |D?u|?dz < ¢, <£> / |D?ul?dz  Vp< R
B,(0) R/ JBro)

where ¢, is an absolute constant depending only on the dimension n (see [Gial,
Chapt.3,Sect.2). Let R > p > 0. By Th.6.1 we have

P\ 2,12 p"
(6.1) / |D?udx < ¢, (= / |Dul*dr < anwyc,—.
5,(0) <R> Br(0) R

By the arbitrariness of R we have

/ | D?u|?*dx = 0.
B, (0)

Since p is arbitrary we get the thesis. B

Theorem 6.5. ([CLTS], Th.3.6.) Set x = (x1,2') for v € R™. Then, for any
¢ # 0, the function u(z) = c sign(x1) is not a local minimizer for £ in R™.
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Theorem 6.6. ([CLTS], Th.3.7.) Set x = (x1,2') for x € R™. Then, for any
¢ # 0, the function d(x) = c|z1| is not a local minimizer for £ in R™.

Remark 6.7. All the statements proved in this section 6 for local minimizers of
the functionals £ hold true also for local essential minimizing triplets of E (we refer
to (1.2), (1.5), Definitions 2.9, 2.11 and Remark 5.7).

7. Asymptotic expansions of bi-harmonic functions in a disk with a cut
and non trivial local minimizers of £ in R2.

In this section we look for a description of all functions v which are defined almost
everywhere in B, (where 0 < ¢ < +o00 and, for simplicity, n = 2 ), are bi-harmonic
in B, \I' (where I' = K, is the closed negative real axis) and fulfill all properties of
local minimizers of £ in B, proved in the previous sections. These properties are so
many that, at a first glance, this set must be very small (if not empty!).
Nevertheless at the end of the analysis we will be able to exhibit functions fulfilling
all of them and, in addition, the equipartition between absolutely continuous part
and lineic part of £ energy.

From now on we assume

(7.1) n=2 and T is the half line (=00, 0], x {0},

and we denote respectively by Dy, divy, Ay the distributional gradient, divergence
and Laplace operator with respect to the cartesian coordinate x = (x,y).

Since it is not possible to perform complete separation of variables in the bi-harmonic
operator A2 the achievement of the formal expansion requires some care. For com-
pleteness we write the details to avoid repetition of mistakes present in the literature.
We look for a suitable expansion strongly convergent in L?(B,) of functions v €
L?(B,) satisfying, in case I' = S, :

(AX2U:O OnBQ\F’
0?v '
(7.2) aN? 0 from both sides of T,
3 2
\ aaNq; +2 aiN (%) =0 from both sides of I'.

If in addition v € H?*(B, \ I') we will show an expansion strongly convergent in
H?(B,\T) and built with elementary functions vy, z (see Definitions 7.3, 7.5, 7.6,
(7.23) and Lemma 7.7), such that S,, =5, =T\ {(0,0)}.
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Following some classical ideas by E.Almansi, we rewrite (in modern language for
reader convenience) a statement from his paper ([Al]) about the decomposition of
poly-harmonic functions, then we weaken his topological assumptions on the domain.
This provides us some heuristic about the correct expansion of v in B, \ I

Theorem 7.1.  ([Al]) - Let n > 1, Q C R" open set, §) star-shaped with respect
to the origin, u € C*(Q) then

Al2u=0 inQ iff

Jo0: ulx) = ¥+ [xPe(x),  Aepx) = Aclx) =0 x€Q.
For our purposes we adapt the above statement to 2-dimensional domains with a cut.

Theorem 7.2. -Letn=2,0< R < +o0, u€ CBgr\T). Then

A*u=0 in B \T iff

(7.3) T, v+ ux) = Px) + [x[*o(x), Axp(x) = Axtp(x) = 0, x € Br\T.

Moreover for any u s.t. Ay*u = 0 in Bg \ I and Ay u in C°((Br \T)U{0}) the
decomposition (7.3) is unique.

As it will be clear from the proof, in the last statement the assumption Ay u in
C°((Br \T) U {0}) can be dropped whenever (9/0p) [ Axu(r,9)dr = Axu(o,V),
and this is exactly what happens (by computations (10.20) in the Appendix) if u is
one of the candidates W and ® defined in the next section ((8.2),(8.3)):

AxW(0,9) = 2+/a(V21sin(9/2) + cos(9/2)) / /1937 0.
Ay ®(0,9) = 2\/5(\/5 sin(9/2) — cos(9/2)) / /1937 0.

Proof - - We use the identities

(74)  Ax(pg) = pAxq + qAxp + 2Dxp- Dxgq Vp,q € C*(Br \T),

(7.5) Ax(P-q) = P-Axq + q-Axp + 2(divyp) (divxq) Vp,q € C*(Bg\T).
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(if part) - If 3¢, ¢ : u(x) = (%) + [|x[Pe(x), Axp = Axp =0, xe BR\T,
then by (7.4),(7.5), with p = ||x[|%, ¢ = ¢, 0 = ||x]| , we get Dxp = 2x , Axp = 2n,
and by Axp =0

O

(7.6) Ax (|x]IP¢) = [Ix[?Axp + 2n¢ + 4x - Dyp = 4¢%—4@55

(7.7) A2 (HXHQQO) = 2nAxp +4x - (DxAxp) + 4 Dyxp - Axx + 16 Axp = 0.

(only if part) - If A *u = 0 then there are ¢, satisfying (7.3). In fact the
harmonic function v = u — ||x||?¢ will match the thesis thank to (7.6), once ¢ is
chosen (provided such ¢ exists) as the solution in Br \ ' of

(7') Ax(p =0

(i7) Q§%§<+-¢ =0

where we set 0 = 1 Axu .
The thesis follows by showing that both (i),(ii) are satisfied by

0
(7.8) 0(0,9) = o * / o(r,0)dr 0<po<R, V<7
0

where o and 6 denote the polar coordinates in R? \ I and such ¢ has a continuous
extension up to the origin.

(ii) By (7.8) and the continuity of o up to the origin, we get

Dip -1 —Q/Q
—- = o(0,0) — o o(r,0)dr
5o = o ole) o)

hence 0
_§0+90 = o(p,0) F Q_l/ o(r,0)dr = o.
0

(i) In order to verify (i), by recalling that ¢ is harmonic, let x = (x,y), and S(z+iy) =
o(x,y) +in(z,y) be an holomorphic function (defined in the simply connected open
set Br \ I') whose real part is 0. Then, by z = g | w = re?? | dw = e?dr | the
following function is holomorphic in Br \ T

1 [ 1 [ .
d(z) = ;/0 S(w)dw = E/o S(re?) dr Vze C\T: |z] <R.
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The above integration is performed on the segment joining 0 and z.
Then Re® = | J3 o(r,0) dr is harmonic and coincides with ¢.

About uniqueness, if ¢ = 0 then the linear problem (i)(ii) has only the trivial solution:
in fact (ii) entails ¢ € C! up to the origin hence, by (ii), ©(0,60) = 0 V9 and (ii) has
only one solution. W

Now we seek an asymptotic expansion compatible with Almansi decomposition for
functions v which are defined almost everywhere in B,, are bi-harmonic in B, \ I'
and fulfill all properties of local minimizers of £ in B,: the idea is to write an explicit
formal expansion in terms of eigenfunctions of the operator AZ with conditions (4.5),
(4.6) on I' (see (7.2)) and Dirichlet boundary conditions on 0B,.

If we look for bi-harmonic functions p homogeneous in the radial coordinate, say

v=uv(r,9) =rPyd) , pE€R,

we get the following indicial equation for the function :
(7.9) P 200 — 2p+ 29" + p*(p — 2% = 0.

If p # 0, and p # 2 then the characteristic roots are +ip, +i(p — 2), hence the related
solutions are 77 cos(pd) , rPsin(pd) , 1 cos ((p — 2)9) , rPsin ((p — 2)9) .
If p = 0 then the characteristic roots are 0 with multiplicity 2 and £2¢, hence the
related solutions are 1, ¢, cos(29) , sin(29).
If p = 2 then the characteristic roots are 0 with multiplicity 2 and +2¢, hence the
related solutions are r% | r29 | r?cos(29) , r?sin(29) .
The functions

9, cos(29) , sin(29)

do not have distributional hessian in L*(B, \ T).
The conditions (4.5),(4.6) on both sides of I' read

indicial equation in case (7)) +pip(£m) = 0
r=35, " (£m) + (2p* = 3p +2) Y’ (£m) = 0

By imposing indicial equation on

2(r,9) = r?(dy + dg¥ +dscos(20) + dysin(29)) p = 2
we get dy =0, dy =dz say 2z = r?(d; + djcos(209) + dysin(29)) and, by setting
vp(r,9) = 1P (¢1 cos(pd) + cosin(pt) +c3 cos((p—2)09) + casin((p—2)9)) p # 0,2
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we notice (see (4.1)) that ap,(vp,vp) < oo iff p > 1.
Now we take into account only the p > 1 and impose the indicial equation. We obtain
the system Mc = 0, where ¢ = (c1, ¢2,c3,¢4)t and M is the tridiagonal matrix

p(p — 1) cos(pm) 0 (p—1)(p —4) cos(pm) 0
0 p(p — 1) sin(pm) 0 (p—1)(p — 4) sin(pr)

p(p —1)(p — 2) sin(pr) 0 (p — 1)(p* — 4) sin(pm) 0
0 p(p —1)(p — 2) cos(pr) 0 (p — 1)(p* — 4) cos(pm)

whose determinant is 9p?(p — 1)*(p — 2)2(sin(2pm))?. Since we look for non trivial

solutions ¢, we solve det M = 0 taking into account p # 0, p # 2, p > 1. We find
p= 1+%Withh: 1,2,..., hence p > %

At this point we have some heuristic about the expansion of bi-harmonic functions
in B, \ I', therefore we are looking for:

v = A+ Brcosh +Crsinf + Dr> + Elnr + Fr2lnr+

+ 73/2 (010 cos (29) + €20 sin (;9) + 3o cos (g) + cdosin (g)> "

(7.10) +o0
5213 (Clycon (24 h/2)) + Cousin (24 h/2) 9) +

h=0

+ O3y, cos ((h/2)0) + Cdy sin ((h/2)9) ) .

Actually the expansion (7.10) is redundant: not all the terms are compatible with
Euler equations; moreover some terms do not belong to H?(B,\ I'), and some pairs
may be not orthogonal in H?(B,\T).

We look for an essential (in {z € L?(B,) : (Ax)?2 = 0 in B,\ I'}) expansion with
respect to a suitably chosen orthogonal (in H%(B,\T)) set. Now we proceed aiming
to precise statements about such expansion.

On one hand an expansion of the following kind (only integer powers of )
v =A+ Brcos +Crsinf + Dr? + Fr?lnr+
(7.11) + f rh (d1j, r* cos (RY) + d2p, r? sin (h9) +
h=2
+ d3p, cos (hd) + d4y, sin (h?))
describes any bi-harmonic function in H?(B,) with strong convergence in H?(B,).
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On the other hand we are going to show (Lemma 7.7) that an expansion of the
following type (only semi-integer powers of r)

v = /2 (010 CoS (20) + ¢2¢ sin (20) + ¢3¢ cos (g) + c4p sin (g)) +

+o0o
Zrk+3/2 (clk cos ((k +3/2)9) + ¢2; sin ((k 4+ 3/2)9) +
k=1

(7.12)

+ 3y cos ((k — 1/2)9) + 4y, sin ((k — 1/2)9) )

describes (with strong H2(B,\I') convergence ) any bi-harmonic function in H2(B,\I')
which is also in the H?(B,\ I') orthogonal complement of H?(B,) (closed subspace
of H?*(B,\T)).

The coefficients cly, 2k, 3k, c4y in (7.12) are given explicitly in Lemma 7.7 via
formulas (7.19’) and (7.22).

Moreover, since expansion (7.12) strongly converges in H2(B,\ I'), then (7.12) con-
verges uniformly to the two-sided values of v, up to both sides of the cut T'.

As it will be clarified in Lemma 7.4, for any function v in H?(B,\T") and bi-harmonic
in B,\ I', an expansion of type (7.12) can be found such that (if added with a
suitable logarithmic term) it converges in L?(B,) to v (the expansion refers to a non
L? orthogonal basis).

Definition 7.3. We introduce two relevant subspaces
Ay = {v e L*(B,) s.t. Axv =01in B,\T },

A2 = {2 € L*(B,) s.t. (Ax)?2=01in B,\T },

and we label two complex sequences (and the real counterpart) which are relevant in
the expansion we are looking for (here r > 0, [J| < 7):

v, 0) = plFI=1/2ik=1/2)9 ke 7

oe(r,0) = plRl+3/26i(k=1/2)0 LeZ
flp(r,0) = r*5 32 cos((k + 3/2)0) k=0,1,...
9) = r* /2D gin((k 4 3/2)0) k=0,1,...
) = D cos((k—1/2)9) k=0,1,...
) = r* 3 Dgin((k - 1/2)9) k=0,1,...
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We emphasize that the logarithmic-type terms listed below must be taken into ac-
count only in the L? framework. In fact the functions

vo(r,d) == (1/2—Inp+1nr) P12 e i0/2
z5(r ) = (1/2—Ing+1Inr) r?/2e /2
f1E(r,9) = (1/2—Ino+Inr) 3% cos(39/2)
f285(r,9) = (1/2 —Ing+Inr) /2 sin(39/2)
£35(r,9) == (1/2 —=Ing+1Inr) r3/2 cos(9/2)
fas(r,9) = (1/2—=Ing+Inr) /% sin(9/2)
are neither harmonic nor bi-harmonic in B,\ I', while

1
ve*(r) = ln(gr) = <§—1ng+1nr) is harmonic in B,\ T,

1
r2og*(r) == r? In (ﬁr) = r? (5 — lng+lnr) is bi-harmonic in B,\T'. B
0

Lemma 7.4.  Referring to definition 7.3, for any o € (0, 1], the system
(7.13) {vdn@,kez}

is orthogonal in L*(B,). Moreover system (7.13) together with v* is L?(B,) complete
in Ay = {veL*(B,) st. Axv=01in B,\T }.
The system

(7.14) {%&ﬁ%kez}

is orthogonal in L?(B,). Moreover system (7.14) together with r?v}* is an L?(B,)
complete system in A2\ A, = {z € L*(B,) s.t. (Ax)’2=0# Ayz in B,\T}.
The system

(7.15) { 13h, {f4h }

k=0,1,2,...

is orthogonal in L?(B,).
Moreover (7.15) together with r*v§* is L?(B,) complete system in A2\ Ay .
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The system

(7.16) { e, (120 |

k=0,1,2,...

is orthogonal with respect to the norm L?*(B,).
Moreover (7.16) together with v}* is an L? complete system in the closed subspace

v E Aé s.t. / v 2 emi0/2 :/ ori/2e?/2 =0} .
B,(0) B,(0)

All the above systems lead to a unique representation of coefficients.

The whole system formed by (7.13) and (7.14) together with vi* and r?vi* is a
complete (but not orthogonal) system in A2 .

The whole system formed by (7.15) and (7.16) together with v}* and r?v3* is a
complete (but not orthogonal) system in A2 .

Proof - We use polar coordinates (r,§) in both balls By and B,.

All the orthogonality statements easily follow by integrating with respect to 6 since
the variables are separated. We have only to show the completeness in each case.
The system of unit vectors

Kl +1 ko ikl 2 (1
\ ¢ ke — (= +1
{ - e rty € 4; Jr 2+ nr

is orthonormal in L?(B;) and L?(B;) complete in Al.
By, dilation, the system

, 1
{wk(rﬂ) =Rl L ez <§—lng+lnr)}

is orthogonal and complete in Aj.
We claim that the system

{ vg(r,0) = et (k=1/2)0 [kl =1/2 ke Z}

is orthogonal and together with vg* is complete in Aé. The orthogonality is a straight-
forward consequence of integration with respect to the angular coordinate; about
completeness property: if f € Aé, and (f,r‘k‘_l/Qew(k_l/m)Lz(BQ) = 0 Vk and
(f,v6*)L2(B,) = O then (r'/2e2 f wg)r2p,) = (f,v3")2(,) = 0 Vk, hence f =0
by completeness of the previous system. Then {{vj}rez,vs*} is an L? complete

system in Aé, hence (7.16) together with v3* is an L? complete system in Aé too.
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By Almansi characterization in the form of Theorem 7.2 all the functions z, = r%v;,
are bi-harmonic in B,\ T, hence zj, € A2 for any k; moreover, given f € A2\ A1 the
properties (f, Zk)Lz(B y = 0 Vk and (f,r v5*)12(B,) = 0 entail (by completeness of
(7.13) in Al) the identity r*f = 0 in B,, say the system (7.14) is L?(B,) complete
in A2\ A}, and hence (7.15) is complete too (both together with r2v§*).

Let us cons1der the statement of completeness in A2 :take any f € A2 éU(AZ\Aé),
notice that A2 is a (not orthogonal) direct sum: Ag (A2\ Al) & Aé Then we can
choose either f € Aé or f € Ag \ Aé.

If fe A} and (f,v5*)r> = (f,vx)r2 = 0, VE, then f = 0 by completeness in A} of
(7.13) with vg*.

If fe A2\ A, and (f,7*v5*)r2 = (f,2k)r2 = 0, VEk, then f = 0 by completeness in
A2\ A} of (T. 14) with r2vj*.

Then the last two statement easily follow since the systems (7.15),(7.16) correspond
to the real form of (7.13),(7.14): f3x = Re 2z, f4r = Im zy, for the first system and
flg = Revgqo, f2;r = Imuvgse, k=0,1,2,... for the second one. R

We emphasize the algebraic direct sum

A2 = AL @ (A2\ALu{0}),

e

nevertheless the two terms in the (algebraic) direct sum are not orthogonal in L?(B,).
We proceed to show that A} and A2\ A} are mutually orthogonal in H?*(B, \T).
Then any function in A2 can be expanded in the explicit redundant form (7.10) as
it will be clarified by Lemma 7.7, which refers to the right topology ( H*(B, \T)),
moreover the splitting allows us to get rid of redundancy related to functions Without
jump in I'.

Definition 7.5. Define the bilinear form

(0, 9)e = apyrlp,d) = /B D D% dedy.

which induces a semi-norm in H?(B,(0) \ T'):

]2, = (v,0)/%.

Set
(7.17) HU“%JQ(BQ\F) = HUH2L2(BQ) + HDQUHZL?(BQ) = HUH%%BQ) + (v,v),
Definition 7.6. Let V' be the space of bi-harmonic functions which are orthog-

onal to the smooth functions in B, with respect to the scalar product in H?(B,\T)
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associated to the semi-norm |- |3 , and orthogonal to affine functions with respect to
the L?(B,) scalar product; precisely we set:

= A2 N { H*(B,) }LHQ(BQ\F) N {affine functions}LLz(BQ),

(7.18) ;
where {HZ?(B,)}*H# (B\D) — {veV: (v,w),=0vwe H*(B,)} .

Notice that, thank to the completeness of systems proven in Lemma 7.4, V C Az is
a subspace orthogonal to affine functions with respect to the L? norm too.

Lemma 7.7. V' is a Hilbert space when endowed with the natural norm | - |2 ,,
which turn out to be equivalent to (7.17) in V.

The two sets
{ { vk trez, k0,41, {2k }keZ }

and

{ { ks 26, f3u 4k, bpmon,. }

are (separately) both orthogonal with respect to the scalar product (-,-), in V and
are H*(B,\ I') complete in V.

Therefore we can eliminate the redundant part in (7.10). Say, for any v in V there is a
unique expansion, convergent to v in H?(B,\T), respect to the two sets: either (com-

plex form) {vg, zk } ez \ {vo,v1,v_1} or (real form) {fly, f2k, f3k, f4k, }lc:O,l,..J
as follows

(719) v o= Z (Chvh + Ehzh)

heZ
Cp=0 if |h|<1

or equivalently, in real form, the complete expansion of any v € V is given by

v o= EZW”%(dham<(h+;>ﬁ)+c%sm<(h+g)ﬁ>%—
et (1= 1)) ctin (- 1) )

where for any v € V' all coefficients Cy,, By, cly, c2p, ¢3n, ¢4 are uniquely defined by

(7.19')

1 -
(720) Ch = (‘/Uh’—2)2 / D2U : D2Uh dx h € Z7 |h| > ]_,
0 B,
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1

(7.21) E, = —2/ D%y : D2z, dx helZ,
2,9) B,

(J2n

1
wm)cﬁzzaﬁmrﬁ/‘p%:pﬁhmc h=0,1,2,..., j=1,2,3,4.
,0 B,

Both expansions (7.19) and (7.19°) are strongly convergent in H*(B, \T).

We emphasize that all the coefficients are independent of the radius p.

Proof - If ¢, € V and ), — ¢ strongly in H?(B,\ T') then A, %p = 0 in B,\ T';
moreover (pn,w)r2p,) = 0 for any affine w, ¢, € V and ¢, — ¢ strongly in
H?(B,\T) then (p,w)2(p,) = 0 for any affine w. Hence V' is complete with respect
to the norm induced by the scalar product (., .),.

Notice that vi* & H?(B,\TI'), r*vi* € H*(B,), and vy, does not belong to H?(B,\T')
when h = 0, £1, hence neither of them belong to V. Then, thank to Theorem 7.4 we
have only to show orthogonality and completeness of the two sets.

By performing very long computations, checked also with software Mathematica
5.0 ©(see (10.32) (10.33)), we evaluate the hessian matrices and find that the bi-
harmonic functions v, for k € Z\ {0,£1}, |9| < 7, and the bi-harmonic functions
2, for k € Z, |9| <, fulfil:

; 1
9%vy, ot (k=3)0 k|-3
- — X
O0x? 4

X (—4k™ + (4k* —4k™ — 4|k| + 3) cos(29) — (4k|k| — 4k — 4k™ + 3)i sin(20) )

aQ’Uk ei (k_%)ﬁ r“ﬂ‘%
v = X
0y? 4

x (4k™ + (4k* — 4k — 4|k| + 3) cos(20) — (4k|k| — 4k — 4k™ + 3)i sin(20) )

aZ’Uk. ei (k_%>19 r'k‘_%
oxdy 4 %

x ((4k|k| — 4k — 4k™ + 3)i cos(20) + (4k” — 4|k| — 4k™ + 3) sin(29) )

. 1
922, ot (k=%)0 Llk|—1
= X
Ox? 4

x (4(1+ k" +|k|) + (4k* + 4k~ — 1) cos(29) — (4k|k| — 4k~ — 1) sin(29))
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2, i (k=3) 0 Ik}
- — X
0y? 4

x (4(L+ kT + |k|) — (4k* + 4k~ — 1) cos(29) + (4k|k| — 4k~ — 1) i sin(29) )

a?zk ei(k_%)19 r|k|_%
= X
0xdy 4

x ((4k|k| — 4k~ — 1)i cos(209) + (4k* + 4k~ — 1) sin(29))

moreover flp, 2k, f3r, fdr, for k=0,1,..., |9 <7, (see (10.35)-(10.38)) fulfil

02 f1y, (3+8k+4k?) = (3)+k cos(2=2E2)

Ox? 1
92f1,  (3+8k+4k?) rm(3)7k gin(2=2k9)
o, (B 8k k) (D)F cos(2=2k0))

oy2 1
82f2k B - ((3+8k+4k2) T_(%)"_k Sin(ﬁ—gkﬁ)>
ox2 1
02F2 (34 8k+4k?) rm(3)¥E cog(0=2k0)
9 f2y, (3+8k+4k?) () +k sin(? 31“9)

Oy? 4

*f3,  (1+2k) r(3)+k ((—1+2k) cos((2 — k) 9) +4 cos((— (3) + k) 9))

Ox2 4

2f3,  (—1+42k) (1 +2k) 7~ sin((3 - &) 9)
oxdy 4

9213, —((1 +2k) r(3)+k ((—1+2k) cos((2 — k) 9) — 4 cos((— (3) + k) 19)))
0y? 4
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214, (1+2k) v (1= 2k) sin((3 — k) 9) + 4 sin((— (3) + k) 9))

0x? 4

02f4,  (—142k) (1+2k) r~ () cos((3 — k) )
oxdy 4

2fa,  (1+2k) r G (14 2k) sin((3 — k) 9) + 4 sin((— (3) + &) 9))

0y? 4

Notice that all the second derivatives of { f1x, 2k, f3k, f4x } are linear combinations
of {fli—2, f2k—2, f3k—2, f4k—2 }, when k > 2. Moreover, by performing integrations
with Mathematica 5.0 (©)(see (10.34) and (10.39)) the following list of orthogonality
properties hold true.

( (vk,vh)g =0 ]{J#h, h,kaZ\{O,:l:l},
(zk,zh)g =0 k#h, k,h € Z,
(vk,zh)g =0 kGZ\{O,:I:l}, h eZ,

fir,fii)o = 0 if, eitheri #jork#1,4,5=1,2,3,4, k,1=0,1,...,
fle Fl)e = = (1+2k) (3+2k) 42,

( )
(7.23) ( )
(f2k: f2) =
( )

( )

(14 2k) (34 2k)? o' +2*,
f'?’kafgk o =

fai, f4r)o =

(L42k) (9 — 4k + 4k?) o' T2,

N I I I TS

(1+2k) (9 — 4k + 4k?) o' +2%.

\

Then the sets {vg, 2k }rez and {flk, f2k, f3k, f4k, }r_o,  are built with indepen-
dent and (.,.), orthogonal functions. -

By recalling that r?vi* € H?(B,) and v3* ¢ H?(B, \T), hence neither of them
belong to V, due to Lemma 7.4, an expansion of type (7.19) exists (with possibly
different coefficients not necessarily evaluated by (7.20)(7.21)) and is strongly con-
vergent at least in L? for any v € V C Ag. Orthogonality relationship (7.23) entails
pairwise orthogonality in V' of terms in the expansion hence uniqueness of expan-
sion (7.19) (if it exists); so we are left to show the existence of such expansion for
any v € V, or equivalently the H?(B, \ T') completeness in V of the joint system

{{ vk trez, kzo,+15 {2k treg }
It will be enough showing

(7.24) {z€V, (v,u1)p, =0V ke Z\{0,£1}, (v,2),=0,VkeZ} = 2=0.
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For any fixed v € V| by uniqueness of projections and Parseval inequality there are
coefficients Cy,, Ej, and a function w € H?(B, \ I') such that

w = Z (Chvn + Ep 2zp) strongly convergent in H*(B,\I') hence in L?
h€Z, Cr=0if |n|<1
where )
Cn = —2/ D?*v : D2y, dx heZ, |hl>1,
(lonl2,0)* JB,
1 9 .
E, = —— D7v : D2z, dx heZ.
(Iznl2,0)* JB,

So that (7.19) is strongly convergent in H?(B, \ I'). Now we show that w = v.

Both systems {vn},cz |5>1 5+ {#n}pez are orthogonal in L?(B,); moreover the two

systems joined together with v5* = r?Inr are L?(B,) complete in A2 (by Lemma
7.4) and neither of them contains the affine functions; V' does not contain neither vg*
nor r2v3*. Then, by Lemma 7.4, every v € V is represented by an expansion which

is uniquely defined and strongly convergent in L?:

(7.25) v o= Z (chvn + epzp) -

heZ,
ep=0 if |h|<1

In the above expansion (cp v + e, 25) is the unique L?(B,) projection of v on 2
dimensional spaces V}, := span{vp, zp}, h € Z, |h| > 1, and on 1 dimensional spaces
Vi, := span{z,} h = 0,%1. The orthogonality V;, L V; holds true both with respect
to both scalar products (-,-)r2(p,) and (-, -),. Notice that the coefficients ¢, ey, are
not obtained by scalar products with vy, and zj, since vy, 2z, are not L2 (B,) mutually
orthogonal.

Eventually we show that the expansion (7.25) is strongly convergent also in H?(B, \
F), that is Ch = Ch, €p = Eh.

We recall that (vn,z1)r2(B,) = (vn,vi)r2(B,) = (20, 21)12(B,) = 0, h # [, so that
v is obtained as an infinite sum of terms belonging to a sequence of 2 dimensional
complex subspaces V}, (each one spanned by vy, 2z, for any fixed h € Z, |h| > 1, or
spanned by zp, if h = 0,+1 ). These 2 dimensional spaces V}, are pairwise orthogonal
in L?(B,).

If v € H*(B, \T) then every finite truncated sum from (7.25) belong to H?(B, \T),
by subtraction the residual series belongs to H?(B,\TI'), too. Notice that the residual
series is a priori convergent only in L2.
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We claim that all the expansion (7.25) converges also in H?(B, \ T') : this property
follows from uniform boundedness in H?((B,\T')) of finite truncated sums of (7.25):

2
N

3C st. VN Z (chvp + enzp) <C < 400

h=—N
cp=0 if |h|<1 2,0
b

since this boundedness, together with V;, L V; in H?(B, \ I'), entails

N
3C st. VN Z len vn + e, zh|§,g <C < 40

h=—N
ep=0 if |h|<1

hence exists w € H?(B, \T) s.t.

w = Z (chvp + enzp) with strong H?(B, \ ') convergence
ch=ohi€fz’|h|g1
and this w must coincide with v for uniqueness of limit in L2.
Otherwise, assuming by contradiction that uniform boundedness in H?((B, \ I')) of
truncated sums of (7.25) does not hold true, we would obtain

Z |chvh+ehzh]§’g = +o0,

hezZ,
ep=0 if |h|<1

from the L? convergence we obtain (up to subsequences) the following convergence

Z (chvn + enzp) = v a.e in B,

hez,
cp=0 if |h|<1

and applying Parseval inequality to this last relationship together with V} 1 V) in
H?(Bo\T) we get a contradiction with v € H?(Bp\T) :

w3, > Z lchon + enznls, = +oo.

hez,
ep=0 if |h|<1

Then we have proved that (7.25) strongly converges in H?(Bg\T') and hence for any
fixed k€ Z\ {0,£1} and N € N, N > k, we have
1

Cp = ——
(|vrl2,0)?

(’U, vk)@ =
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1
= W Z (Ch’Uh + ehzh) , Vg +
k12,0 heZ, h<N

1

+ Z (chvn + enzn) , Uk = Ci

(vrl2.0)® \ e Ton .

the last equality is due to the fact the first sum is a finite sum of H?(B,\I') functions
so we can exploit (7.23), while the second one (infinite sum, a priori convergent only
in L?) is an H? function belonging to the H?(B, \ T') orthogonal space to Vj.

In the same way one gets Fj = e for any k.

So (7.24) is proved, hence the system {{ vk }rez, kzo,+15 {2k }reg ;i complete
and has no redundancy.

The completeness and non redundancy of {1y, f2x, f3k, f4r} follows by considering
real and imaginary parts of { {vk Ykez, k20,41, {2k Yeez } .l

Now we obtain information about coefficients in the asymptotic expansion (7.19) in
the particular case of a local minimizers with jump set on I, by choosing an horizontal
vector field n pointing toward the crack in the crack-tip condition of Theorem 5.5
(n=2).

Lemma 7.8. Assume u = rPy)(¥9) is a local minimizer of €& in R? such that
K, =S, is the closed negative real axis.
Then p = % and there are constants ci, ¢z, c3,cq4 such that u = Wy in R? \ T, where

Wy is expressed in polar co-ordinates (r > 0, |¥| < ) by

30) 5 casn (20) + cacos (2 - cosin (2
€1 COS 5 Co Sin 5 C3 COS 5 4 ¢4 sin 5 .

Even without assuming homogeneity in r we can say a lot about local minimizers:
if u is a local minimizer of € in R? such that K, = S, is the closed negative real
axis, then in the expansions (7.19) and (7.19°) the terms at level h = 0 cannot vanish
altogether, that is referring to (7.26) the local minimizer has the following form

(S

(7.26) Wy(r,9) :=r

(7.27) u(r, ) = Wo(r,9) + o(r®?) = Wy(r,9) + 0O@*/?).

The coefficients ¢y, co, c3,c4 cannot vanish altogether neither in (7.26) nor in (7.27).
Proof - Assume first u = rP¢(J). By taking into account Remark 5.7, in Theorem
5.5 we can choose n =2, == {0}, n = (—1,0) and ( =1 in a neighborhood of 0.
In 0B:(0) we have n = (1,0), n. = —(cos ¥, sin?)) and 887" =

Moreover, if s = €9, then for suitable ¢ = p(¥) and £ = £(V))
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dH(s) =

|V2u(e, )| ( )e2P=4,

|V2u(e,9)]? cosd dH (s ) (1) cos e ~3 dv,

=2 ($5(u) = - Au) - Vu = £(9) >,

( £(u) — 52 Au> - VudH!(s) = £(9) 23 dv.
We set

kl = kl(O) = —/7r 90(19) cos I dv 5 kz = k‘Q(O) = ! 6(19) dd .

—Tr —Tr

Then for € small enough we get

us

/ IV2ul?n-n.dH'(s) = — €2p3/ (V) cosVdy = ky P73,
0B (0) —

on
T* Vu dH! = 0,
/83(0) (W) - (s)

—T

/ -2 (Ss(u) — 86 ) n-VudH'(s) = 73 W) dY = kye?™3
0B (0) n.

By (5.16) we must have k1 + k2 = a # 0 and 2p — 3 = 0. Hence (7.26) holds true
and the coefficients cq, co, c3, ¢4 cannot vanish altogether.

By substituting Wy = r3/21(19) in the relationship AWy = 0, in R?\ T', and by
taking into account Lemma 7.7 and Wy € V' we get (7.27).

Assume now v is a (not necessarily homogeneous) local minimizer of £ in R? such that
K, = S, is the closed negative real axis. Then by Lemma (7.7) there are (unique)
expansions of type (7.19),(7.197) convergent to u in H?(B, \ T), for any ¢ > 0.

By contradiction, assume c¢; = c3 = c¢3 = ¢4 = 0, then there is h > 0 :
cjr =0, 7=1,2,3,4, Vh: h < h, in (7.19’); set

wp = 7 (etoos (7ot 3) 0) e capoin (R4 ) 0) +
sam (5 3)) (1))

Then we have the following splitting between the ( (h + 3/2) homogeneous) leading
term and the remaining part of the expansion

“+oo
3 3 3
— ht5 2 ; 2
u = uy + Z r (clhcos(<h+2>ﬁ)+62hsm<(h—l—2)19>+
h=h+1
1 . 1
+c3hcos(<h—§>z9)-I—c4hsm<(h—§)19))
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still convergent to u in L?(B, \T)) and in H3/2(0B,). Hence by standard argument
the expansion (and, respectively every term-wise partial derivative of the expansion)
is uniformly convergent to u (respectively to the related term-wise partial derivative
expansion) in 0B; for any 0 < € < g.
So we can repeat the above computations (in the previous case p homogeneous meant
h + 3/2 homogeneous): by taking into account Remark 5.7, in Theorem 5.5 we can
choose n =2, n = (—1,0) and ¢ =1 in a neighborhood of 0.
In 0B.(0) we have n = (1,0), n. = —(cos ¥, sin?)) and a” =
Moreover, if s = €, for suitable ©5s 57; then
dH(s) = edd,
V20 (e, )2 = oy (9)e2 T,
[V2us (e, 9)|? cos ¥ dH' (s) = 5 (9) cos ) di) e,

<Sa(u~ — —Au~) n-Vu = &(0) g2h—1,

)
h
( @%)———Aw)n Vus dH(s) = & (9) di 2.

We set

ky(h) = — ' - (9) cos 0 ) ko (h) = ’ &(9) dY

—T

Then for £ small enough we get

—Tr

t/ IV2ul2 - . dH (s) = —5ﬁf/‘¢Z@%<msﬁdﬂ+wxéﬁ>::kﬂ%)éﬁ4-qsﬁj
8B.(0)

877 1
T° -Vu dH (s) = 0,
/83(0) (W) - (s)

T ~

e 9 iy _ -2k _
/8B (0)—2 (S (u)—an6 )n-VudH (s) = ¢ &(0) di + o(e®h) =

—T

= ky(h) e2h + 0(52}:).

By (5.16) we get hm (kl (h) + ks (E)) " = o 0 and this contradicts h > 0. W
e—0 +

So the leading term of expansion for any minimizer is always of type Wy as in (7.26).

In the following the notation ki, ko will always be referred to k1(0), k2(0).

Notice that both k; and k3 depend on the c¢; and nothing else.

We do not know yet wether the equation £y 4+ k2 = «a can be solved or not for any
choice of the c;. Actually this can be done only for precise choices of the coefficients
c1,C2,c3, and c4.
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In the subsequent statements we perform the computation of admissible coefficients
c1,Co,c3, and ¢4 of Wy and related values of kq, ko entailing k1 4+ k2 = «, and show
that they are uniquely defined: multiples of W fail to be admissible, that is ¢t Wy is
not a minimizer for any t # 1.

We start with Theorem 7.9, by imposing natural boundary conditions (4.5) and (4.6)
at I', and we deduces some links between ¢y, co, c3, and ¢4, and, for any h =1,2,...,
between clj,, c2p, c3n, and c4y. So that only two sequences of coefficients are enough
to describe any local minimizer. The achievement of the leading coefficient of the
main part of expansion (the so-called S.I.F., stress intensity factor) will follow in
Theorem 7.11 by forcing crack-tip condition and equipartition of energy (Definition
7.10) together.

Theorem 7.9. Assume there exists a local minimizer u of £ in R? such that
K, = S, is the closed negative real axis.
Then there are constants A, B s.t. (A, B) # (0,0) and
(7.28)
7

u(r,0) = r3/2 (A < sin (g) — g sin (g@)) + B ( cos (g) — g cos (g@)))—l—
+ +§rh+% (clh cos <(h + ;)ﬂ) + ¢2p, sin ((h + ;)ﬁ) +
h=1

2h + 3 1 2h + 3 . 1
BT cly, cos ((h — 5)19) ~ 97 c2p, sin ((h - 5)79))

when expressed in polar co-ordinates in R? with 6 € (—n,7) and r € (0, +00).

More explicitly, referring to (7.26), the first term (h = 0) in the expansion (7.27)
must have the following form

Wo = (Aw(®) + Bw(v)) r*/? B,\T,

for two suitable modes w, w,

Mode 1 (Jump):  w(d) = (sin (g) _ gsin (gﬁ» 9 e (—mm),

Mode 2 (Crease):  w(9) — (cos (g) - gcos (gﬁ)) 9 e (—mm),

and constants A, B, satisfying
(7.29) 3542 + 37B? = — .nm
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Proof - Since the set S, coincides with the negative real axis I, referring to Defini-
tions 7.3, 7.5, 7.6 and Remark 5.7 the local minimizer u belongs to the vector space
V = A2 n { H*B,) JLHX(BAD) 0 {affine functions} = (Be) |
Then by Lemma 7.7 u can be expanded in the real form (7.19):

u = §§Th+%<Fhﬂms(<h%—g>ﬁ)4qﬁh$n((h4_g>ﬁ)4_
(7.30) -+c&ﬂms<(h——%)ﬁ)—%@hsh1((h—-%)ﬁ)) —

+oo
== Z T’h+% ¢h(§) .
h=0

To establish a relationship with parameters in Lemma 7.8, when h = 0 for sake of
simplicity, we choose

cp = clg, co = C2p, c3 = c3p, cy = —c4y.

The Euler conditions in Theorem 4.3 on Sy, (uyy = 0, 0 = £m, wyyy + 2Uzay, 6 =
+7) entail an infinity (h € N) of mutually uncoupled 4-tuples of conditions on
the coefficients cly,, ¢2, €3y, c4p,, which actually reduces to an infinity (h € N) of
mutually uncoupled pairs of conditions on the coefficients cly,, c2y, ¢3p, ¢4y, due to
the change of sign of the two branches of the complex square root along a cut of
the associated Riemann surface and the fact that they correspond to a homogeneous
relationship.

Some of the following computations are performed with the help of software Mathe-
matica (© (see the Notebook in the Appendix: (10.3)-(10.6) and (10.12)-(10.15) ).
The most interesting are related to the first 4-tuple (say, for h = 0: ¢; = clg,c2 =
20,3 = c3p,c4 = —cdp): by setting

(7.31) Wy = r3/2 <C4 sin (g) +co sin <29>> + 7r3/2 (03 cos (g) + ¢1 cos (g@)) .
Let us solve this system
(Wo)yy =0 0 = =+,
{ Wo)yyy +200W0)azy, 6 ==Em.

We find twice (see (10.3),(10.4))
(5cy + 3¢2)/(4r) = 0,
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by the first equation at £+, and twice (see (10.5),(10.6))
(Tes 4+ 3¢1)/(81%%) = 0,

by the second one at +r.
Set, for h =0,1,2...,

W, :7ﬁ+wzQﬂhsm(Up_%yﬂ +cmban«h4—gwl)+
+ 32 (C?)h cos ((h — %)9) + clp cos ((h + ;0)) '

Let us solve this system

(Wh)yy =0 0 = =+m,
Wh)yyy + 2(Wh)aay, 0==m

We find twice (Notebook (10.12),(10.14))
1
Zr”4ﬂ(1+2m(@h—5yﬂh+(wr+$c%» =0,
by the first equation evaluated at ¢ = +7 of I', and twice (Notebook (10.13),(10.15))

1
—gr" YRR = 1) (2R ) e3n + (2h+3))ely) = 0,

by the second one at +7. So

2h + 3

3, = — 1

“Oh oht7 Ch
2% + 3

4, = — 2, .

“*h oh—5 "

By taking into account Remark 5.7, in Theorem 5.5 we can choose n = 2, n = (—1,0)
and ¢ = 1 in a neighborhood of 0. Then for ¢ small enough, since in 9B (0) we have
n = (1,0), n. = —(cos ¥, sin¥) and 867" =0, by Lemma 7.8 we get

/ IV2ul*n-n.dH(s) = ki + O(e)
9B:(0)

on 1
T (u -Vu dH (s) = 0,
/ o T g (s)
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/ -2 <Sg(u) — 86 Au) n-VudH'(s) = ko + O(e),
8B.(0) ne

and, by the proof of Lemma 7.8,

—T

/ IV2Wol?n - n. dHY(s) = —/ o) cosIdi = ky
9B.(0)

/ e (Wo) 2 Wy dHl(s) = o,
9B, (0) on,

a ™
/ —2 <SE(WO) — AWO) n-VWodH(s) = EW)dY = ky.
9B.(0) on, -
We deduce by Euler equations at h = 0 that c3 = =3¢l /7, ¢4 = —3¢2/5.
We emphasize that ¢3, = — (3+2h) cly, /(T+2h), c4p = +(3+2h) 2;, / (5—2h), h > 1

while ¢; = clg, co = 2y, c3 = c3g, ¢4 = —cdg, entail <3 = —=cl, c4 = —=c2.
By referring to the two modes w and w we get (7.27) and, for suitable A, B (with

(A, B) # (0,0) by Lemma 7.8), referring to (7.26), the first term (h = 0) in (7.27)
must have the following form

Wo = (Aw(®¥) + Bw(®)) /2 B,\T.

By (5.16) we must have k; + k2 = a # 0, this identity adds a condition only on
cl,c2,¢3,c4 (h = 0) (and not on cly, c2p, 3y, and ¢4y, h > 0) because of the different
weights of e powers: by imposing k1 + ko = « we get (by (10.10) and by taking into
account A = 3a, B = 3b in the Notebook )

35 37 !
7.32 — A4+ =B = —.
( ) 4 * 4 T u
We introduce a definition in order to describe the situation when the localization of
absolutely continuous part of £ and of its surface (lineic if n = 2) part coincide on
each dilation of By(0).

Definition 7.10. ( Energy equipartition for £) We say that an admissible
function v (with Sy, = () fulfills equipartition of energy (around the origin) in R"™ if

(7.33) / V2u|?dx = aH"" (S, N B,) Vo>0.

BQ
Theorem 7.11. Assume there exists a local minimizer u of £ in R? such that
K, = S, is the closed negative real axis and u fulfills the equipartition of energy

around the origin. Then
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(7.34) Wo = £/go5= ™ (V2Lw@) £ w(@)) + o(r*?)

where modes w, w and the main part Wy of u are the ones introduced by Lemmas
7.8, 7.9. Moreover the coefficients A, B, k1, ko related to Wy (and defined in the
proofs of Lemmas 7.8, 7.9) take the values

21 a o 20 213
735) A = +,/ , B =+, Dk = —a, ky = 24,
(7.35) 1037 1037 1 193¢ ™ 7 193¢

Proof -
Referring to (10.9) in the Notebook we have

/ IV2Wo|* dx = 77—29 (174% + 29B?) |
BQ
then the equipartition for Wy reads

e (17A2 + 29B2) = ap

We summarize crack-tip condition (7.29) and equipartition of energy (7.35) in the
following system

(7.36) 4
17 g2 + Bp @
2 2 T

Then, by referring to (10.11) in the Notebook taking into account A = 3a, B = 3b,
there are only four admissible solutions:
(7.37)

2l 2]l o 2l o 2l o

193 7 193 7 193 7 193 7

B = o B = — o B = @ B = — @
193 7 193 7 193 7 193 7

For everyone of the above four choices of A and B we get the same values of ky, ko:
by imposing k1 + k2 = « (due to crack-tip conditions) and equipartition of energy
we can evaluate k1, k2 (see (10.10) in Notebook Appendix):

kil = 7'('(32 — AQ)

7.38
(739 ke = Zw (13A% + 11 B?)
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20
kl = —@a
(7.39) T
27 193%

Remark 7.12. By arguing as in the proof of Theorem 7.11 we can show that any
local minimizer u of £ in R?, fulfilling the equipartition of energy 7.10 around the
origin and such that K, = S, is the closed negative real axis, has an expansion of
type (7.28), where only one sequence of coefficients is free, for h > 0, say there is an
explicit relationship between c2; and cly,.

Remark 7.13. The asymptotic energy equipartition for &
( a weaker assumption than energy equipartition (7.33)) :

lim (V20|?dx /| (aH" (S, NB,)) = 1
E— BQ
would entail the exact computation of all coefficients of Wy too, but would not provide
any relationship between sequences of coefficients c¢j,, 7 = 1,2, h > 0. In that case
previous remark fails and asymptotic energy equipartition allow two independent
sequence of coefficients cjy,.

8. A candidate for minimality of £ in R2.

On one hand Theorems of Sections 3, 4 and 5 prove the Euler conditions announced
in [CLT7], [CLT8], and make explicit a lot of new and strong geometric constraint at
crack-tip and crease-tip on local minimizers of F and &.

On the other hand, by results and computations in section 7 we know the existence
and structure of an expansion for any (admissible) local minimizer of £ in R? with
K, = S, = negative real axis, with respect to an H?(B, \T) orthogonal set complete
in V' (see Definition 7.6 and Theorem 7.7 and (7.28)), and the unique admissible choice
(see (7.34)) for the coefficients of the leading term when equipartition of energy is
fulfilled. In the leading term of the expansion the following two angular modes times
the natural homogeneous term 73/2 are mixed (by introducing polar co-ordinates 7, 9
inR?,0 € (—m,7) and r € (0,+00) ) :

jump on I 32 u(0) = r3/2 (sin (g) - gsin (%19)) :

v 7 3
continuous with crease on I': 2 w@) = r3/? (cos (—) — = oS (519>) .
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The leading term is obtained by a weighted sum of the modes times the Stress

Intensity Factor 4/ 196; (S.LF. evaluated in Theorem 7.11) in such a way to produce
7r

functions with jump on I' = negative real axis and empty crease set:

W(r9) = ,/% 2 (VaLw() + w(@)) -
o(r,9) = ,/% r3/2 (\/ﬁw(ﬁ) . w(19)> .

We emphasize that (by Theorem 7.11) S.I.F. is uniquely defined (up to sign change)
as soon as crack-tip extremal condition (of Theorem 5.5) and equipartition of energy
(Definition 7.10) are fulfilled.

Then the candidate minimizer is expressed by the sum or difference of two modes,
as follows:

(8.1) 4 /%7»3/2 (V21w(@) £ w(®)) ,

more explicitly, up to the + sign in front:

(8.2)

W(r,0) = 19(;% r3/2 (\/ﬁ(Sing — gsin (g@)) + (cosg — gcos (;«9)))
= B @ 32 (ot ( s 0 5 . /3 6 7 3
O(r,0) = o3 " ( 21(81115 — g sin (50)) — ((3055 — 3 cos (59)>)

Fig.4 - Graph of W (a=1)
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v ,

-0. 5}

-1 -0.5 0 0.5 1

Fig.5 - Level lines of W
(picture gray levels correspond to candidate gray levels).

Candidate W, expressed by cartesian co-ordinates in R? with x = (z,y) , reads:

(0%

W) =\ 3567
X<¢5f(ﬁgﬂwxﬁﬁ+y2¢v%2+y”—w+
(8.4) —gy\/m+x—gxsign(y)\/m—x)+

+ Va2 +y? \/\/x2+y2+x+

3 (WETE v - W VET -0 )
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1

Fig.6 - Graph of W (a=1)

Analogously, ® expressed by cartesian co-ordinates in R? with x = (z,y), reads:

o0 = [T x

X<¢ﬁf(wm@%¢ﬂ+w”¢¢ﬁ+w2—w+
(8:5) —gy\/\/m—f—x—gmsign(y)\/\/m—x)—f—

— a2 42 \/\/a:2+y2+x+

+ (e Vet 4a - \yl\/\/m—x)> .
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Fig.7 - Graph of ® (a=1)

/7

-1 -0.5 0 0.5 1

Fig.8 - Level lines of ¢
(picture gray levels correspond to candidate gray levels).

70



12/12/2006

1

Fig.9 - Graph of & (a=1)

Notice that the candidates W, ® are invariant (see Remark 3.2) with respect to the
self-similarities W (-) — 0732 W (p-), ®(-) — 0732 ®(p") :

W(x) = o % ?W(ex),

®(x) = 0 ¥ ®(o0x).

Functions (8.1) exhibit the only homogeneity in p (3/2 due to Lemma 7.8) compatible
with minimality and fulfil the following requirements: being bi-harmonic outside the
singular set, scaling invariance of the energy, all the necessary conditions on the jump
set, local finiteness of energy and the proper decay rate of energy around the origin
(tip of the crack) .

The following list of properties shows that W fulfills the necessary conditions of
Theorems 3.4, 4.3, 5.3, Euler condition at crack-tip (Theorem 5.5) and in addition
fulfils a variational principle of equi-partition of bulk and surface energy:
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Sy = negative real axis, Svyw = 0,
A’W =0 onR?\ Sy,
Wyy =0, Wyyy +2Wysy = 0,  on both sides of Sy,

8 [2lanrd

(8.6) W(r,£7) = + 3\ 7037 on Sy,
2 2 o 420 o
| VW (r,+m)|” = 198y on Sw
|HV2W‘2]]:O on Sy ,
l/ IV2W|2dxdy = ao = aH' (Sw N B,(0)) Yo>0.
. B,(0)

Properties identical to (8.6) hold true for ®.
Moreover, due to orthogonality relationship (7.23) we have

(8.7) EW, Q) = £(2,9Q) for any bounded open set €.

Here the analysis of Section 7 provides strong motivation for the conjecture an-
nounced in [CLT7], [CLT8] and leads to a refinement of its statement, since (8.1)
must be the leading term in the asymptotic expansion of any local minimizer (see
(7.34)).

As far as we know neither the calibration techniques of [ABD] nor the method used
in [BD] (both successfully applied to Mumford & Shah functional to test non trivial
minimizers) seem to apply to the present context of second order functionals.
Nevertheless analogously to the case of I'm+/z, (in the first order case [CLPP]), we
announced explicitly W as an admissible non trivial candidate (with non empty jump
set) to be a local minimizer for the main part £ of Blake & Zisserman functional F
in R? (see [CLTT]).

Here we refine the conjecture as follows.

Conjecture ([CLT7]) - Functions (8.1) are local minimizers of £ in R?, and there
are no other nontrivial local minimizers besides W, up to (possibly independent in
each mode w and w ) sign change, rigid motions of R? co-ordinates and/or addition
of affine functions.
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