THE FRANK TENSOR AS BOUNDARY CONDITION IN INTRINSIC
LINEARIZED ELASTICITY
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ABSTRACT. The Frank tensor plays a crucial role in linear elasticity, and in particular in
the presence of dislocation lines, since its curl is exactly the elastic strain incompatibility.
Furthermore, the Frank tensor also appears in Cesaro decomposition, and in Volterra theory
of dislocations and disclinations, since its jump is the Frank vector around the defect line.
The purpose of this paper is to show to which functional space the compatible strain e belongs
in order to imply a homogeneous boundary conditions for the induced displacement field on
a portion I'g of the boundary. This will allow one to define the homogeneous, or even the
mixed problem of linearized elasticity in a variational setting involving the strain e in place
of displacement w. With other puposes, this problem was originaly treated by Ph. Ciarlet
and C. Mardare, and termed the intrinsic formulation. In this paper we propose alternative
conditions on e expressed in terms of e and the Frank tensor Curl® e only, yielding a clear
physical understanding and showing as equivalent to Ciarlet-Mardare boundary condition.

1. INTRODUCTION

1.1. The intrinsic formulation of elasticity. One the one hand, Pysicists and mechanical
Engineers mostly consider strain and stress as their basic model variable in Elasticity, both for
theoretical and computational reasons. Indeed, given the stress tensor, the strain is then well
defined as soon as a constitutive law is provided, here a linear homogeneous and isotropic law.
Thus strain-stress constitutive law reads e = Co, with C the compliance tensor, i.e., fourth-rank
(inverse) tensor of elasticity.

On the other hand, Mathematicians working in Elasticity, prefer the displacement as model
field, from which the strain is defined by the kinematic relation € = VSu, and then the stress
by a constitutive law. This choice presumably comes from the study of elliptic boundary-
value problems, where the elasticity system is seen as a vector-valued variable extension of the
elliptic equations in divergence form. Moreover, weak and variational formulations are most
easily derived by means of the displacment, and show a convenient and elegant way of solving
problems in Elasticity.

There are profound theoretical arguments to refrain from taking the displacement as main
model variable. For instance, its possible multivaluedness, which is not to avoid from a Phys-
ical standpoint, since multivaluedness may have a meaning, but which must be addressed in
an adequate manner in the chosen mathematical formalism. Another example is the reference
configuration issue: while natural in finite elasticity as soon as an undeformed body is defined,
it becomes difficult to aprehend in linearized elasticity, since the deformed and undeformed
configurations are said to coincide, thus questioning the definition of the displacement field
as a variation between the current and the reference positions. Let us also mention plastic-
ity or defective bodies, where stress and defect-free reference configurations might not exist
(simultaneously, as intended), not to mention the possible use of intermediate configurations,
which induce a plastic and an elastic deformation (in whatever favorite order, but as such, de-
pending on the choice of this intermediate configuration), whose Physical meaning is far from
clear. In fact, what is a plastic distortion (i.e., the gradient of a plastic displacement) if no
constitutive law exist for the rotations (i.e., its skewsymmetric part)? Not to mention the fact
that in principle any rigourous model should be proven independent of the choice any reference
configuration.
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For these reasons, the intrinsic approach in linearized elasticity by Ph. Ciarlet and C.
Mardare [5] constitutes an extremely valuable attempt to reconcile in an elegant manner the two
aforementioned approaches and Scientific communities. In their presentation, the strain is the
main model variable, while variational formulations are sought. The displacement only appears
in a second step if the Riemannian curvature tensor associated to the elastic metric vanishes
(for the use of differential geoemtry concepts in Elasticity with defects, see e.g. [9, 10, 18]).
These strains are said compatible, as it is immediately remarked [14] that the above geometric
differential condition is equivalent, to the first order, to requiring that the strain has vanishing
incompatibility. In Ciarlet and Mardare approach a differential geometric setting is chosen (see
also [3]), where the boundary under analysis is defined by means of smooth enough immersions,
from which the curvilineat basis, the metric, the symmetric connexion and the curvature tensors
are derived. It should be emphasized that such derived curvilinear basis are indeed defined in the
body itself as well as on its boundary, but are not mutually orthogonal, and have no particular
Physical meaning.

In contrast, in the proposed approach our wish is to define orthonormal basis in the body,
which have a Physical meaning, that is, are in some sense intrinsic to the body, while also
considering an approach of differential geometry in a first step. Only in a second step, the
appropriate functional spaces with Hilbertian structure are introduced and proved well suited
to study the Elasticity problem in intrinsic terms. Moreover, since our curvilinear basis is chosen
orthonormal the associated metric (in the body and on its surface) reduces to the identity. In
particular, the notions of covariant and contravariant components of a vector /tensor do coincide.

Our model variables will be the strain end the Frank tensor, that is the transpose of the
strain curl, which also bear a clear physical meaning. Our aim is thus to determine a well-
posed variational problem in terms of the strain only and with prescribed conditions of these
two quantities on a connected subset 'y of the boundary. In our approach, the displacement
also appears in a second step, as one of a two-field strain decomposition, and is to be considered,
by this procedure, as a mere mathematical object, whose interpretation as displacement is made
for conveniance, and obvisously coincide with the classical displacement field in the special case
of compatible strains.

1.2. Notations and conventions. Let Q be a bounded domain of R3 with smooth boundary
09, i.e., the body € is embedded in a Euclidean manifold. By smooth we mean C°°, but this
assumption could be considerably weakened. Let M? denote the space of square 3-matrices, and
S? of symmetric 3-matrices. Curl, incompatibility and cross product with second-rank tensors
are defined componentwise as follows with the summation convention on repeated indices. Let
the Cartesian base be denoted by {e‘} and the associated Cartesian coordinates by z;. In
the following definiton, E represents a second-rank tensor, N is a unit vector (which will be
extended from the boundary to the domain), and € is the Levi-Civita symbol. Furthermore 0,
stands for partial derivative with respect to x; (further in the paper 9; will mean a curvilinear
derivative). In the Cartesian basis, one has:

(Curl E)ij = (V X E)” = €jkmazkEim7
(inc E)” = (Curl Curlt E)z] = kaejlnazkaszmna
(N X E)ij = —(E X N)ij = ijmeEim~

Note that the expression of the incompatibility in a general curvilinear basis is a difficult issue
addressed in [19].

1.3. Origin of our approach: the Frank tensor and Cesaro-Volterra identities. As a
first step, let us recall the problem of reconstructing a displacement from a given symmetric
tensor (see, e.g., [13] for this classical topic). In linearized elasticity, if all the functions involved
are smooth enough, we prove that the displacement field u is completely defined in terms of
the linearized strain tensor e by a recursive integral formula (cf. (1.8)), which we compute
explicitly.

Let e € C(Q,M3) be a symmetric tensor field such that inc e = 0 on Q. Let us fix
zo,x € £, and let v € C*([0,1],9) be a curve in Q such that v(0) = x¢ and (1) = z. We
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define the following quantities:

wi(z;7) = wz‘(fUO)Jr/Eipnapemn(y)dym (L.1)

wil@y) = uilwo) + / (eirly) — eaxwn(y)) dyi. (12)

Let us now prove that the quantities w(z) and u(x) defined in (1.1) and (1.2) do not depend
on the choice of the path from xy to . We will show that this is a consequence of the fact
that inc e = 0. In such a case the quantities w and u define two C*° functions on 2 that will
be called the rotation and the displacement vectors associated to the strain e, respectively. In
order to prove this fact, we compute the jump of w and u between two arbitrary curves with
the same endpoints, and observe that this quantity is zero if and only if the incompatibility
tensor vanishes. These are exactly the well known Saint-Venant compatibility relations.
The rotation and displacement jumps are defined as

[wi](x; zo) := wi(x;y) — wi(x; ), (1.3)
[ui (25 20) == wi(z;y) — wi(w;7), (1.4)
respectively. Here, v and 7 are two distinct curves with start- and endpoints zy and x. Therefore
the jumps will be non-vanishing as soon as v — 4 encloses at least ones a dislocation line, by

Stokes theorem (cf. [14]). In particular [w;] defines the Frank vector, associated to the Frank
tensor by (1.1), while [u;] defines the Burgers vector, associated to the Frank tensor by (1.2).

Theorem 1.1 (Rotation and displacement jumps [14]). Let Q C R? be a simply-connected
domain, let xy € Q be prescribed, and let w,u € C>(2,R3) be the functions defined in (1.1)
and (1.2), respectively. Then the following formulae hold:

[will(z; 7o) = /S (inc €(1))imdSm(y), (1.5)

[odian) = [ (= )i ine e(u)ucdSy o). (16)

for all z € 2, and where Sy_5 is a surface enclosed by the the closed path v —7. In particular,
[w;], [ui] = 0 for each couple of curves v, ¥ <= inc e =0.

Remark 1.2. As a consequence of inc e = 0, (1.1) and (1.2) do not depend on the choice of
the curve v € €1([0,1],92) connecting zo to x. In particular, the vector fields w € C*° (), R3)
and u € C*°(2,R?) are univoquely defined. Thus, in (1.1) and (1.2), one can use the notation

L1

It is straightforward to prove the following result:

Corollary 1.3 (Saint-Venant compatibility conditions in C*°;[14]). Let Q) be a simply-connected
and bounded open set in R3 and let e € C(Q,M?) be a symmetric tensor field. Then there
ezists u € C(Q,R3) (given by (1.2)) such that e = V*u, if and only if

inc e = 0. (1.7)
Now, the following classical quantities can be introduced:
Definition 1.4 (Strain and Frank tensor). Let u : 2 — R3 be a smooth displacement field, i.e.,
it writes in the Cartesian base {e'} as u = w;e*. Let us introduce the following quantities:
(i) the linear elatic strain e;; := (Vu) - €' ® e/ = L (9y,4; + 04,4;5);
(i) the Frank tensor €;jpr0pejr, = (Curl® €);;,
where z; stands for the ith Cartesian coordinate.
The term Frank tensor comes from the fact that its integration on a closed curve around a

dislocation, yields by (1.1), the jump of the rotation vector, which is known as the Frank vector
11, 12].
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Remark 1.5. Let x € 0 and v, be a smooth curve joining xo to x. Let y € v, and vy, be a
smooth curve joining xo to y. By Fqs (1.1) and (1.2), the displacement writes as a recursive
line integral involving the strain and the Frank tensor, i.e.,

i (15 9,) = ui(xo) + /I (eiz(y) — €ilk (wi(l’o) +/v

1.4. Motivation of our approach and purpose of the paper. It is seen by (1.8) that the
assumed smooth displacement in linearized elasticity can be expressed by means of the strain,
here a general symmetric tensor e, in practice a tensor derived from the stress tensor by a con-
stitutive law, and of the transpose of the curl of the strain, called the Frank tensor. On the one
side, this classical formula is at the basis of the intrinsic, strain-based formulation of elasticity,
on the other, it directly provided the Frank and Burgers vectors in terms of the strain and its
curl. Hence, it appears that the Frank tensor plays a crucial role in elasticity with dislocations.

(Curl' 6)¢m(§)d§m> (y)> dyi. (1.8)

y

Based on these considerations, the purpose of this paper is to show to which functional space
e belongs in order to imply a homogeneous boundary conditions in terms of the displacement
field on a connected subset I'g of 0€2. This will allow one to define the homogeneous, or even
the mixed problem of elasticity in a variational setting involving e in place of w. This problem
was originaly treated by Ph. Ciarlet and C. Mardare, and termed the intrinsic approach [5],
where they determined in differential geometric terms which conditions e shoud satisfy on the
boundary. In this paper we present a alternative conditions on e expressed in terms of the
Frank tensor only, thereby providing a Physical understanding of the boundary condition. We
also show that it is equivalent to Ciarlet-Mardare condition. Moreover, we believe that this
intrinsic approach is mandatory when dislocation lines are present, since the displacement, being
multiple-valued by (1.2), is an uncomfortable model variable (a rigorous manner of introducing
the displacment as a main variable, though, is for instance to consider torus-valued maps as
done in [15]). In the presence of dislocations, the Frank tensor is a model variable, beside the
elastic strain, and its curl is precisely the strain incompatibility as related to the dislocation
density. For these reasons our belief is that it is worth modelling linearized elasticity in terms
of these two tensors. In fact the classical setting will appear as soon as the dislocation density
vanishes (and thus the strain incompatibility). This paper treats a particular such aspect as
related to the relation between a strain/Frank tensor-based and a displacement-based boundary
condition.

2. EXTENSION AND DIFFERENTIATION OF THE NORMAL AND TANGENT VECTORS TO A
SURFACE

The aim here is to construct a curvilinear basis on the boundary which should be smooth
and also orthonormal, starting from the vector Nyq normal to the boundary and defining two
tangent vectors perpendicular to Ngq. This basis is then extended to the whole body. The
natural moving frame sought is close in spirit to the Darboux frame of surfaces, though in
principle the latter may only be defined at non-umbilical points. As a matter of fact, in order
to achieve a certain level of generality, we will not consider principal lines of curvature with
their associated principal curvatures, and hence the gradient of the normal vector will be given
by a symmetric matrix with possibly non-zero extradiagonal components.

2.1. Signed distance function and extended unit normal. We denote by Nsq the outward
unit normal to 02, and by b the signed distance to 01, i.e.,
bz) = dist(z,00) if x ¢ Q,
T —dist(z,0Q) ifze Q.
We recall the following result.

Theorem 2.1 ([7], Chap. 5, Thms 3.1 and 4.3). There exists an open neighborhood W of 02
such that

(1) b is smooth in W;
(2) every x € W admits a unique projection pgo(x) onto 0€;
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(3) this projection satisfies poo(z) =z — $Vb?(2), xeW;
(4) it holds Vb(x) = Nag(poa(z)), x€W.

In particular, this latter property shows that Vb(x) = Naq(z) for all x € 9Q and |Vb(z)| =1
for all x € W. Therefore, we define the extended unit normal by

N(x) := Vb(x) = Naa(psa(z)), xeW. (2.1)

2.2. Tangent vectors and orthonormal frame on 9. For all x € 99, we denote by Thq ()
the tangent plane to 02 at x, that is, the orthogonal complement of Nyq(x). As 052 is smooth,
there exists a covering of 9 by open balls By, ..., By; of R? such that, for each index k, two
smooth vector fields 7'549,7'59 can be constructed on 92 N By where, for all x € 0Q N By,
(t45(z), 75, ()) is an orthonormal basis of Tho(x). In all the sequel, the index k will be
implicitly considered as fixed and the restriction to By will be omitted. In fact, for our needs,
global properties and constructions will be easily obtained from local ones through a partition
of unity subordinate to the covering.

Using that the Jacobian matrix DN (x) = D?b(z) of N(x) is symmetric, differentiating the
equality |N(x)|? = 1 entails OyN(x) = DN(z)N(x) = 0, z € W. In other words, N(z) is an
eigenvector of DN (z) for the eigenvalue 0. For all x € 09, the system (145,(z), 75, (%), Noq(z))
is an orthonormal basis of R3. In this basis, DN (x) takes the form

Kho(r) Eoa(r) 0O
DN(z) = | on(z) k5,(x) 0], x € 08, (2.2)
0 0 0

where k5, k5, and ¢ are smooth scalar fields defined on 9. If R € {A, B}, we denote by R*
the complementary index of R, that is, R* = Bif R=A and R* = Aif R = B.

2.3. Extended tangent vectors and the parallel curvinormal frame. Let d be defined
in W by

d:=(1+0 Kha o poa) (14 b Kby o paa) — (b &an o paa)” .
Possibly adjusting W so that d(z) > 0 for all x € W, we define in W:

™ =1 opaq, KFP=d! <(1 +b k5o 0 poq) (Kb 0 paa) — b (San OPBQ)Q) ; (2.3)
£ =d '¢qopsa, k=r*+kE, AP = div 7E. (2.4)
Obviously, for each z € W, the triple (TA(ac), 8 (2), N(x)) forms an orthonormal basis of R?,

which we call the the curvinormal (parallel) frame. Next, we compute the normal and tangential

derivatives of these vectors. We denote the tangential derivative 0. by dr for simplicity, i.e.,

Oru = Dur®, where Du stands for the differential of u, and Opu its value in the direction 7%.

Theorem 2.2 ([1]). The following holds in W :
ONTR = 0,0gN = k"1 4+ &7 Oprf = —kN — 7 77 O rR = 4R7 7 —¢N,
div N = tr DN =Ab=k. (2.5)

In this paper we make use of a orthonormal frame parallel to the boundary. The induced
coordinates are non-holonomic in the following sense.

Corollary 2.3 (Non-holonomic curvinormal frame [1]). If f is twice differentiable in € it holds
ORONf — ONORf = K"ORf + EOR- f. (2.6)
3. DIFFERENTIAL GEOMETRY ON THE BOUNDARY WITH CURVINORMAL BASIS

At each point z € 91 the curvinormal basis (gi(x))izA BN = (4(2), 7B (2), Noa(z)) is
orthonormal and differentiable by Theorem 2.2. Remark that indices P,Q, R will stand for A
or B, and denote one of the two orthogonal tangent vectors on the boundary, whereas index
N will always be associated to the normal Nyn. In some sense, the chosen curvilinear basis
is a generalization to general surfaces of the spherical or cylindrical basis. We recall that 0;
means the differential in the direction g’. Let u be a scalar. Then, d;u = dgu = 7 - Vu for
R=A,B,or Oyu= N -Vu for i = N, with V = €'9,, the Cartesian gradient operator, where
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e! stands for the ith Cartesian basis vector. Recall that partial curvilinear derivatives do not
commute, as shown in Corollary 2.3. For instance, the gradient in spherical coordinates reads
Vu = 0,ue, + %(%ueq) + mﬁgueg and hence 04 = %3(1, and (?B = rsiﬁ@g.

Furthermore, let x = x;e’ denote the position vector, and g* = g,@e’C be the ith curvilinear

basis vector. Then by definition, d;z = g.0,,x = gie* = g'.

3.1. Christoffel symbols and Riemannian curvature. A vector such as the displacement
field will write as u = u;¢* with wu; its covariant components. Moreover, the extrinsic metric
is Euclidean, since g% := ¢g* - ¢ = 6. Let g; := g"?¢’ be the dual of the basis vector. The
Christoffel symbol of second kind I'” ; is defined as the linear operator such that [3]

9;9" = -T7,9", (3.1)
called the Levi-Civita connection. In other words,

%) = —9:- 9;9".
Remark that the body manifold in this paper is Euclidean and hence the associated connection
is symmetric. However, the associated Christoffel symbols are not symmetric due to the choice
of a non-holonomic frame, since Ffj = —g; - 0jg° = —0;(gP - 9;) = g7 - 0j¢9" = ¢P - 0;0;x where
0;0;x # 0;0;x by our choice of an non-holonomic frame, see Lemma 2.3.
As a consequence of (3.1), it holds

Bju = 9j(uig") = (Bju; — THjup)g" = uqy;9°, (3.2)
where the covariant derivative of the covariant component of u reads
wq|j = Ojui — Tfjup. (3.3)

By Theorem 2.2, it is easily deduced by identification with (3.1) that the only nonvanishing
components of l"fj read (with no sum on repeated indices)

Tipe ==& Ppp=—k"Tp=¢ Thp= 7, g =k Thepe = =" (3.4)

. . . . . 1 . . R _ 1
As an ef(ample, in a spherical coordinates/components system, it holds™ i,j € {¢,0}, k™ = —,

¢ = g’ 7% =0, and hence

0 0 0 0 0 o0 2

ro_ 1 ¢ _ 0 _ 1
=0 - 0o |,r5=|00 0 =100 mg |- (39)

0o 0 -1 0 0 —ifng 00 0

Moreover, it is observed that T'}; is not symmetric, i.e., T'}; # I'};. This Euclidean metric is
therefore associated with a nonvanishing “anholonomicity torsion” (as opposed to the connec-
tion torsion, which here vanishes),
Ti’; = Ffj — F?i.

In the curvinormal basis, it is easily computed that the only nonvanishing components of Ti’}
are

Tq;}j% = kROiNOiR + E0indine + (VT —vR)0ir-0;R.
In particular in spherical coordinates one has

0 1o 0 0 -
R I P I R (3
0 0 0 “r T rtang
The Riemann curvature tensor is defined as [8]
Riemgjk = 8kl"gj - oy + Ffjfgk — I‘ka‘Zj. (3.7)
Accordingly, the Ricci curvature tensor is defined as its jg-trace, viz.,
Ricy := Riemqu = 6kF§q — 0,1, + qung - T (3.8)
Lastly the scalar curvature is the trace of Ric, i.e.,
R := Ricy := 0T, — 0,T, + T}, T% — T}, T4, (3.9)

1Here7 ¢ denotes the polar, and 6 the azimuthal coordinate, respectively.
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In the curvinormal basis, it is easily computed from (3.9) and (3.4) that (with sum on R),
R =20yk + 207" +2 (€2 + (v1)?), (3.10)

which for a spherical surface or radius r (for which ¢ = 0, v%® = m and k% = 1/r),

yields R = 4/r2 — 2/(r?sin? ¢) + 2/(r? tan? ¢) = 2/r?, that is twice the Gaussian curvature, as
expected.

Remark 3.1. Let us emphasize that Eq. (3.10) yields a relation between the scalar curvature
and the normal derivative of the mean curvature H = k/2.

3.2. Some identities in the curvinormal basis. Recall that if u is a vector, u = u;¢* = ﬁjej,
then (Vw)my = Oy, Ui, and we write

gradu := (V) mpe™ @ e” = u;;9' ® ¢ = 0ju® g’ (3.11)

Let qr be the curvilinear coordinate associated to g% in the sense that ¢f* = Ogx = ﬁ&mx,

with hg := |0y, 2|, and where z stands for the position vector of a point. Otherwise said, gr
is the curvilinear abcissa of the curve with tangent vector 7. Indeed,

8.’Ei
dqr
Remark that by Lemma 2.3 the Or derivatives do not commute, contrarily to d,,, because of
the factors hg. This object of anholonomicity (cf. [17, 18]) reflects itself in the non-symmetry
of the Christoffel symbols. As an example, consider the spherical base system, where hy =

Ogptt = Oz, 1 = hrgl0,,u = hrdgu. (3.12)

hr =1,ha = hy = %,hB =hy = m, and g4 = ¢ (polar angle), g = 6 (azimuthal angle).
One has

1 1
(040, — 0:04) = 04, (00, — 0,0B) p sin¢8a’ (0p0a — 040B) = sin¢tan¢69(3 3)

Partial derivative in curvilinear coordinates might be defined in a weak sense by means of
surface integrals and (3.12) as follows:
1
/ Oru - pJdqadqp = —/ u - hrOR (hgoJ) dqadqp, (3.14)
wAXwB wAXwB R

with J the surface Jacobian and ¢, a test function with compact support. Here w’® stands for
a subset of the domain of ¢p.

Setting
1
eij = eij(u) = 5 (wiy +uype); (3.15)
one has by (3.2) that
1
€ij = 5(3& ~gj + 0ju- gs), (3.16)
and in particular,
6NN=uN”N=(aNu>~N. (3.17)
In general, for the covariant components of a second-rank tensor A it holds [§]
Aj = Ok Aij — Tip Ay — TipAur. (3.18)

Let A;j = u;);. Then by (3.18) one has u;| ;5 := (u;);)|» and hence
wirg' = Oty — (Dhpuyy; + Thuan)g’
= O (Uingl) + “il\jmkgl - (Fikull\j + Fék“i\ll)gl
= O (uy39") — Thpuipg’,
where (3.3) and a change of dumb indices have been used. Therefore,

O (05u) = (wipje + Thpuip) 9" (3.19)
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In particular, it follows by (3.2) that
O(0ju) - N = upyjp + (T50u) - N. (3.20)
Moreover, one has
O (05u) - T8 = 0k (Bju - 1) — Oju - Opt™ = Ok(Ojur) — On(u- 0y7R) — Oju - 1
= ug|kx + (Fékalu) TR (3.21)
Remark also that
Wik — Wik; = (Ond; — 0;0k)u - g — Tjjua, (3.22)

where we recall that T stands for the anholonomicity torsion. Note that in spherical coordinates
and by (3.6) and (3.13) reads (with a slight abuse of notations, since one writes ¢r instead of
R as covariant differentiation indice)

Uillrg = Wil|pr = Uillrg — Uil|or = Uiy — Uillgo = 0, (3.23)

that is, the second covariant derivatives commute in spherical coordinates/components. In
particular, one has €;;pu;|;x = 0 in spherical coordinates/components.

Some identities are most easily derived for the contravariant components, and only expressed
in covariant components in a second step. Let u? be the contravariant coordinate of the vector
u = u'g;. Then it is well known that the covariant derivative of vector v and tensor A are
expressed as (cf. [8]), uj; := 0ju’ + T} juP and (A}) := 9 Aj + T}, AY — I} A . Moreover,
uj;y, == (uf;)k, and the Ricci identity for contravariant components u’ then reads (with sum
on ¢ and p)

i i _ Riami o4 p i
Uik — Uy = Riemggu® + T uj,

which is an alternative formula to (3.22) which shows only the value of u and of its derivative
in the RHS. Therefore,

Q Q _ sam @ Q

Ufng — Ufpy = Riemy pu? + Tﬁmu”p,

which reads in the curvinormal basis (with sum on ¢ but not on R),

Q Q _ Q P Q _ Q R, Q Q
UiNg — WrN = 8NFqRuq+TNRu”P—8NFqRuq+f<¢ g+ &u g

(ONT G + KT, + €T ) u? + R Opu? + €0p-uO
= E%R;quq + kBORpu® + £0R-u”, (3.24)

where ¢ is the expression inside the parenthesis of the RHS. Setting apart the linear parts in
u?, and in dru?, we have expressed (3.24) as

6uﬁ2NR = u\chR - uliQRN = E%R;quq +InrORU? + Iy pOp-u, (3.25)

where ¢ depend on k and £. It is obvious that the covariant differentiation of the curvinor-
mal metric g;;, vanishes, since the metric is the identity tensor. Thus, lowering indices and
covariant differentiation mutually commute [8] and the counterpart of (3.25) for the covariant
components reads

5um|‘jR = Up||jR — Um||Rj = 5QmE%R;quq + ENRaRum + ZNR* OR* Uy, (3.26)
where K%NR;(I = 5Q,,L€%R;q. Now, it is easily deduced from (3.15) and (3.25) that
1
eQN|R T erN|Q ~ €QRIN = un|Qr + 5 (0uqINR + 0UR|NG);
which by (3.3) and (3.20) yields
1
CQNIR T erN|Q ~ €QRIN = un|Qr + 5(0uQNr + Sur|NG)

1
= (8R8Qu — FZQR@U) -N + 5(5uQHNR + 5UR||NQ)-
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Hence, by (3.17),
€QN||IR T €RN||Q — €QR|N T FgReNN = (833@71 — FSRapu) -N
1
+ 5(5UQHNR + 5URHNQ)~ (3.27)

3.3. Restatement of Ciarlet-Mardare results in [5]. Basically, the differential geometry
on the boundary by Ph. Ciarlet and C. Mardare [3, 5] is defined by means of a holonomic
non-orthogonal frame, whereas our choice of basis vectors on the boundary, suitably extended
in the domain, are orthonormal, but non-holonomic, thereby inducing a non-vanishing anholo-
nomicity (non-symmetry of the Christoffels symbols).

Let Ty be a connected subset of 9. Let u € €2(2) and let ur, denote the boundary trace
of u on I'y. Set

X 1 , A
e=ce(u):= gradsu = (Vsu)mnem Qe = §(ui”j + ujHi)gl ® g’

1 , o ,
= 50u-g'+0u-g)g ®g,  (3.28)

and let ep, be the boundary trace of e on I'g. Let us define the operator v : €2(I'y,R?) —
%1 (f‘07R3)7

(ury) == 1gr(ur,)g® @ g™ € € (Lo, R?), (3.29)
called the linearized change of metric induced by ur, [5], whose components read
1
’yQR(uFO) = 5(8QUF0 'gR + aRuFo : gQ)' (330)
Furthermore, we introduce the operator v* : €*(Q) — ¢*(Io, R?)
Y (e) = vhr(e)g? @ g" € €1(To,R?), (3.31)
where
Yor(e) = (er,)qn- (3.32)
It is immediate from (3.28) and our curvinormal frame approach that
Yor(e) = vor(ur,). (3.33)
Definition 3.2. Let the linearized change of curvature induced by ur, be given by
plury) = por(ur,)g? © g" € (o, R?) (3.34)
with the components given by
PQR(UFO) = (838Qup0 - FSRaquO) - N. (335)
Let
pFe) = anR(e)gQ ® g® € €(Ty,R?), (3.36)
with the components given by
ngR(e) = (GQNHR + €RN|Q — €QR|N + FgReNN)FO . (337)

The main preliminary results of [5] are restated in the curvinormal basis as follows:
).

Theorem 3.3 (Ciarlet-Mardare [5]). One has

pt(e) = plur,) + dp(ur,) on T, (3.38)
where

(3p)ar(u) = 3 (Bugunn + Suring). (339)
Moreover, there exist positive constants Cy,Cs,C3 and Cy such that

I ()lla=10o) + I (€)ll-2(ro) < O (u+7)rollz2(r) < CollellL2@),  (3:40)

inf ||
ER(Q)
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with R(Q) the set of rigid displacements in ), and

Tegl(fm [(w+7r)rollz2wey < Cs (I (urg)lz-10g) + llo(ure) | H-2(ro)) (3.41)
< Cy (Iv(ur)lla-1(rg) + (0 + 6p) (ury ) zr-2(ro))  (3-42)
< Cs (W @Nla-1(ro) + 1A% ()]l r-2(r)) - (3.43)

with R(To) the set of rigid displacement in T'y.

Note that (3.43) stems from (3.42) by Egs. (3.33) and (3.38). Note also that in Ciarlet-
Mardare original formulation of this result, dp = 0 because their connection is symmetric
(i-e., their frame is holonomic). The proof of (3.38) is basically Eq. (3.27), here proved in the
curvinormal basis. By inspecting the original proof in [5], Eq. (3.40) is also easily demonstrated,
since by formulae (3.25) and (3.14) one has

| Golontw) - ¢ds@| < | [ u-wda*da”] < Clurylacey.

for some positive constant C, some vector ¥ with compact support independent of u, and
with w® the domain of (¢4, ¢®) associated to I'g. Lastly, to prove (3.41), scrutating again
the original proof in [5], it suffices to bound the terms drdg(up)r, in H2(w°) in terms
of |2(0r(ury)q + 9g(ury) )|l #r-1(woy and |lur, | zr-1(w0), then use an argument of Necas [2],
noting that the extra terms appearing due to the nonsymmetric property of the connexion
are also bounded by |3 (r(urg)q + 9q(ure)r)|la-1(w0) and by [Jur, |l g-1(w0), from formu-
lae (3.21) and (3.25). Note that the bound (3.42) is obtained by writing ||p(ur,)||g-2(r,) <
l(p + 6p)(ury) | r—2(ro) + [0p(ury)| a2~ *(o) and using the fact that by (3.39) and (3.24) one

bounds [|6p(ur, ) || sr-2(ry) by means of ||3(9r(ur,)q + 9g (ury) r)|l -1 (woy and [Jur, || -1 (wo)-
The main result in [5] is now stated in the curvinormal basis. Its proof basically follows from

(3.38)-(3.41) and standard extension operators.

Theorem 3.4 (Ciarlet-Mardare Main result [5]). Let u € H*(Q) and let e = e;j(u)g' ® g/ with

1 . .
eij(u) = 5(8iu -g" +0ju-g"). (3.44)

Then the following conditions satisfy (i) = (it) = (4i3):
(1) Ur, = 0
(i1) 5¥(e) = () = 0
(iii) ur, € R(Ty),
where % and p* are suitable extensions of ¢ and p.

4. FUNCTION SPACES FOR THE INCOMPATIBILITY OPERATOR

4.1. Definitions and basic properties. Let I'g be a connected subset of 2. Define

Heomp(Q) = {E€H*Q,S%): inc E=0inQ}
Hicomp(R) = {E € HZnp(Q): E= Curl® Ex N =0onTI}
Hine(Q) = {FecL*Q,S%:inc E € L?(Q,S?)}
Heomp(Q) = {F € L*(Q,S*) : inc E=0in Q}
Hrpcomp(Q) = {E € Hine(Q) : inc E=0in Q, E= Curl* Ex N =0 on I'p}.

The spaces H (), Ho(2) and the above affine spaces are naturally endowed with the Hilbertian
structure of H%(,S?). Note that in order to define Hin.(2) we should precise that inc E €

~2(2,S?) and that the boundary traces in the space Heomp(£2) are defined in a weak sense,
whose exact meaning is the object of Corollary 4.5 (see Egs. (4.18) and (4.19)).

Lemma 4.1 (Amstutz-Van Goethem [1]). For all E € H*(Q,S?) it holds an open neighborhood
W of 02

¢
CurltExN——(aNExN)th—i—(ZTRX83E> x N on 0fL.
R
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In particular, if (ONE X N)t x N =0=FE on 09, then
Curl'l ExXN =0 on 0N.

Lemma 4.2. Let E € H*(Q,S?). If (Curl® E) x N =0 on on Ty, then (i) OrErn = OnEgg,
(’L’L) 8RER*N = 8NERR*, and (m) 8RER*R* _8RERR* = 0, on on Fo andforR =AorR=B8B.
In particular, if E =0 on on Ty then OnErr = ONFEgrgr- =0 on on Iy.

Proof. Let us compute ( Curl® E) x N in the local basis (14,78, N). From
(Curl® E) X N)im = €mjp€iniOp Eji Np,

one has N, = §,n and statement (i) follows from (with R = A, B)

(Curl® E) x N)g+p- = €p-jner-k10kEji = (OrkOn, — OriONk) Ok ERl = ORErRN — ONERR-
Statement (ii) follows from
(Curl' E) x N)gp+ = er-jn€ruiOnEj = ¢r-rnerrOrEj = ONErp- — Op-Ern,
and (iii) by
(Cwl' E) x N)ng = €rjNenuOpEji = enuOkErey = OrER-p+ — Or- ER-r,
with R = A, B, proving the result, since 9g E = E =0 on on I'y if E =0 on on I'y. O

The central contribution of the present work is the following Theorem, whose proof follows
from the preceeding discussion.

Theorem 4.3. Let e € €1 () NH2 (). The following conditions are equivalent:

T'g;comp
(1) e= Curl* ex N =0 on g
(2) #(e) = p*(e) =0 on T,

Proof. This is a direct consequence of Eqs. (3.33) and (3.37), Eq. (3.18), and items (i) and (ii)
of Lemma 4.2. O

4.2. Green formula and weak trace operators. Denote A% = (A + AT)/2 the symmetric
part of a tensor A.

Theorem 4.4 (Green formula for the incompatibility[1]). Suppose that E € C%(Q,S?) and
n € H*(Q,S3). Then

/E'incndx = /incE~77dx
Q Q

+ Ti(E)-n dS(x)+ [ To(E) - OnndS(z), (4.1)
o0 o0

with the trace operators defined as
To(E) = (ExN)' xN, (4.2)
Ti(E) = (Curl' (ExN) +((On +K)Ex N)' x N+ (Curl' Ex N)*,  (4.3)
where we recall that k stands for twice the mean curvature (cf. Section 2.3).
It is crucial to note that, by (4.2), only the tangential components of Oyn are to be consid-

ered in the right-hand side of (4.1).

As we have seen, the two Dirichlet boundary conditions imposed in the space ’H%O;wmp(Q)
read 21(F) = Er, (i.e., the trace of F on I'g) and Z(F) = (Curl® E x N)r, (i.e., the trace of
Curl® E x N on 'y, where N is a suitable extension of the normal). In particular, let

Geomp(Q) == {Vu:u € €%(Q,R?)} Cc €10, S?).
One has
D61 (Q,S?) — €HTy) (4.4)
E € Eeomp(Q) = Z1(E) = Er, € € (L), (4.5)
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and
Dy - €1 (Q,S?) — € (To) (4.6)
E € &eomp(Q) = Zo(E) = (Curl" E x N)r, € € (). (4.7)
In the following result, trace operators will be introduced in a weak form. While 7o and 7

are extensions of (4.2) and (4.3), respectively, the operators %, and %, stand for the traces of
Curl® £ x N and E on 09, respectively.

Corollary 4.5 (Weak trace operators). Let ® € H?(Q,S%), with vo(®) € H3/?(05,S?) the
boundary trace of ®. Let vi(®) € HY/?(0Q,S?) (i = 1,2) the boundary traces of V® - N and
Curl® ® x N fori=1 ori=2, respectively. Let E € Hinc(Q).
Then there exists® To(E) € H™1/2(09Q) = (Hl/Q(aQ,S?’))/ such that

<70(E)a71(q))> = <Ea inc (I)> - <i1’1C Ea (I)>7 (48)
for all ® such that vo(®) = 0. Moreover, there exists T1(E) € H3/2(0Q) := (H3/2(8Q,S3))/
such that

<7—1(E)370(q))> = <Ea inc (I)> - <inc E, (I)>7 (49)

for all ® such that 71 (®) = 0.
Furthermore, there exists 95(E) € H3/2(0Q) such that

(Do(E),70(®)) := (E, inc ®) — (inc E, d), (4.10)
for all @ such that y2(®) = 0. Moreover, there exists 91(F) € H='/2(0) such that
(D(E), 15(®)) = (inc E,®) — (E, inc @), (4.11)

for all @ such that vo(P) = 0, respectively.
Here symbol (-) stands for the of duality product in appropriate spaces.

Proof. By the Green formula (4.1), let us define the linear functional on H/2(9) by
(To(E),v1) = (E, inc ®) — (inc E, ®),

where ® € H?(Q,S?) satisfies 7o(®) = 0 and v, (®) = v, for a given v, € H3/2(99); define also

the linear functional on H3/2(9%) by
(T1(E),v) = (E, inc ®) — (inc E, ),

where ® € H?(Q,S%) satisfies 7,(®) = 0 and (®) = 7o for a given 7o € HY/?(99Q). First

observe that 7;(E) (i = 0,1) does not depend on the chosen extension. If ®;, 5 are two such
extensions, then their difference has zero trace and

0= <E, inc ((I)l - @2)) - (inc E,(I)l — (I)2>,
by (4.1), since vo(®1 — P3) = 1 (P1 — P2) = 0. It has been proved in [1] that a lifting operator
Loq : HY2(09,S%) x H3/2(09,S?) — H?(Q,S?) exists and can be chosen so that by its linearity

and continuity (note that in Lemma 3.11. of [1] such a lifting can be taken solenoidal on the

boundary), it holds (i = 0, 1)
(T (B),v)l < CIBl2 + [linc Bl2) [ Loa (i)l 2 (0)

< C(|E]lLz + [linc Bl r2) 1Vill g3/2-: (a0)

achieving the proof of the first two statements.

As for the last one, take E € C2(€2,S%) and n € H?(£2,S?) such that v2(n) = 0 and compute
by a series of integrations by parts,

/ E . incndx = / Curl E - Curl® ndz :/ Curl® E - Curl ndz
Q Q Q

= / inc E - ndstr/ Curl® E x N -ndS(z). (4.12)
Q I9)

2There is no need to write Hé/Q(BQ, S®) since the boundary is a closed surface and this space is defined by
density of smooth functions with compact support.
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By (4.7), one has

(P5(E),v0) = (E, inc ®) — (inc E, D), (4.13)
where ® € H?(£2,S3) satisfies vo(®) = o and 72(®) = 0. Now, let E € H;n(Q) and define
(D5(E),v0) := (E, inc ®) — (inc E, ) (4.14)

where ® € H?(Q,S?) satisfies 79(®) = 7o and 72(®) = 0. By the above lifting operator Laq
and provided Lemma 4.1 (which states that given the curl transpose and the value of E on the
boundary yields the tangential components of Oy E), one obtains

(Z2(E),70)| < C(IElz2 + |l inc Ellz2) [1v0ll s/ a0 (4.15)

whence linearity and continuity of , in H—3/2(9Q).
Inverting the roles of F and 7 in (4.12), and defining

(D1(E),v2) := (inc E,®) — (E, inc ®), (4.16)

where ® € H?(Q, §%) satisfies 7o(®) = 0 and y2(®) = 72, also yields linearity and continuity of
9y in H=/2(0Q), achieving the proof. O

Obviously (4.17) holds for any vy € €°(I'g) and hence
(Z2(E),70)| < C (I Ellz2 + |l inc Ellz2) [1v0ll /2 (1) (4.17)

for any v € Hg/Q (T'o). A similar reasoning can be made for %; and hence (4.5) and (4.7) can
be extended as follows:

D1 oHine(Q) — H_1/2(Fo) (4.18)
Dot Hine(2) — H_3/2(F0)~ (4.19)

4.3. Saint-Venant conditions and Beltrami decomposition. The following result is given
for the sake of generality in LP(Q) with 1 < p < oo but should here be considered for p = 2.

Theorem 4.6 (Saint-Venant compatibility conditions in LP [14]). Let Q C R? be a simply-
connected domain, let 1 < p < +o0, and let E € LP(,S?) be a symmetric tensor. Then

inc E=0in W 2P(Q,$%) < E=V°u
for some u € WHP(Q,R3). Moreover, u is unique up to rigid displacements.

The following result is again given for the sake of generality in LP(2) with 1 < p < co but
should here be considered for p = 2.

Theorem 4.7 (Beltrami decomposition in L? [14]). Assume that Q is simply-connected. Let
€ (1,+00) be a real number and let E € LP(Q,S?). Then, For any ug € WYPP(9Q), there
exists a unique u € WHP(Q,R3) with u = up on Ty C 9N and a unique F € LP(Q,S?) with
Curl F € LP(Q,R3*3), inc F € LP(Q,S?), div F =0 and FN =0 on 9Q such that
E =V + inc F. (4.20)
We call Vou the compatible part and inc F the (solenoidal) incompatible part of the Beltrami
decomposition.

Observe that if inc F =0 in Q and ug = 0 on I'g then « is uniquely determined such that
E = V¥u, (4.21)
since F' = 0 is the unique solution of the decomposition. Indeed, u is the unique solution of
—div (Vo) =—divE in Q,
with as boundary conditions, u = 0 on Ty and (VSu)N = EN on 9\ T'y. Now, if there were
two solutions Fy and F; satisfying (4.20), then inc (Fy — Fy) = 0, which by Theorem 4.6 implies

that Fy — F, = V5v for some v, whence Fy = F, since div (V5v) =0 in Q with (VI0)N =0
on 0N).
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5. THE INTRINSIC APPROACH WITH A ANHOLONOMIC CURVILINEAR FRAME: STATEMENT OF
THE MAIN RESULTS

Definition 5.1 (Equivalence class). We write u=uy on 'y to mean that there exists a rigid
displacement r € R(To) in Lo, such that u —r = ug.

Lemma 5.2. The following conditions are equivalent:
(1) €c Cgl(Q) N ng‘o;comp(Q)! _ ) )
(ii) there emists a unique u € C*(Q) N H3(Q,R3) such that e = Vou and u = 0 on Ty. It
also holds
u=0 on Ty <= e=0= Curl' e x N on T\.

Proof. 1f e € €1 (Q) NHE, . comp(€), then inc e = 0 and by Theorems 4.6 and 4.7, there exists
a unique u € C%(Q) N H3(Q,R3) such that e = VSu and u = 0 on I'\g. Moreover, e = 0 =
Curl® e x N on I'y and hence Theorem 4.3 entails that v*(e) = p#(e) = 0. Hence Theorem 3.4
yields u=0 on T'g. Now, u € R(Ty) implies by (3.40) and Theorem 4.3 that e = 0 = Curl® ex N
on Fo. O

Now, for e € Hry.comp(£2) Theorem 4.6 yields e = VSu, where uniqueness of u follows as
soon as H1([y) > 0 [4]. Moreover, Corollary 4.5 provides an extension sense to the traces,
since from (4.16) it follows that e € H~/2(9Q) and from (4.17) that Curl® e € H=3/2(9Q). In
particular for any e € Hr,.comp(£2) there exists a sequence e,, € €*(Q) N H%ogcomp (€2) such that
en — e strongly in L?(,S?). Of course by Korn’s inequality, it also holds u,, — u strongly in
HY(Q,R3).

By the above considerations (in particular the weak traces of Section 4.2) and classical
density arguments, we are now in position to state and prove a general form of Lemma 5.2.
The following theorem is a restatement of Theorem 3.4 without appealing to the change of
metric and curvature tensors as in the original version of [5], rather by letting e belong to a
specific function space.

Theorem 5.3 (Intrinsic version of the homogeneous condition). The following conditions are
equivalent:

(i) ee HFo;comp(Q)>
(ii) there exists a unique u € H*(Q) such that e = V5u and uw =0 on T'g. It also holds

u=0 on FO <~ @1,0(6) = @270(6) = 0,

where 9; are the boundary operators given by (4.18) and (4.19) fori =1 and i = 2,
respectively.

Let us remark that the non-homogeneous problem could be considered in this setting, too.
In contrast with Theorem 5.4 it is not clear how the nonhomogeneous boundary condition may
be handled by means of the change of metric and curvature tensors as in the original version
of [5]. Within our formalism, it is immediate, as stated in the following result.

Theorem 5.4 (Intrinsic version of the non-homogeneous condition). Let ug € H3/?(I'y, R?).
If e € Heomp(R2), there exists a unique u € HY(Q) such that e = Vu and u = ug on Ty. It also
holds

u=ug on Ty <= P 9(e— Vo) = Daole — Vi) =0,

where @ = £ (ug) is a H'-boundary lifting of uq.
Proof. The first part of the statement follows from Saint-Venant compatibility condition and

Beltrami decomposition in L? (Theorems 4.6 and 4.7) where the rigid displacement is fixed by
the condition u = ug on I'g. The second part is an obvious consequence of Theorem 5.3. Il

Definition 5.5. We introduce that following quotient space with respect to the equivalence
relation of Definition 5.1:

HE (Q,R%) = HE (Q,R?)/R(To) = {u € H'(Q,R?) : u=0 on Io}.
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Corollary 5.6. The map
F* : Hrgreomp(Q) = HE (Q,R?) s e— F*(e) = u s.t. e = Viu (5.1)
is well defined, linear and continuous with respect to the L?-norm.

Proof. Well-definedness and linearity follow from Theorem 5.3, and continuity from Korn in-
equality [14]. O

It is now obvious that the strong form of linearized elasticity may be rewritten as a variational
problem in terms of the compatible strain e = e(u) = VSu.

Theorem 5.7 (Intrinsic version of linearized elasticity). The variational problem

inf @ﬂ(e):;/Q(C_le-ed:c—/Qf-F*(e)dyc—/{m\mg-F*(e)clS(az:)7

e€Hrg;comp ()
achieves its minimum e*, which satisfies the strong form
—div (C’le*) =f n Q
e*=Curl® e*xN=0 on Ty ,
(Cle)N=y on 00\ Ty
where the traces are intended in a weak sense. Furthermore u* := F*(e*) satisfies
—div ((C_lvsu*) =f in Q
u*=0 on Ty
(CIVSu*)N=g on 0Q\Iy

Proof. By Korn inequality, it is easily computed that 0 > &(e) > C|le||p2 — B for some C > 0
and § > 0. Existence follows by the direct method, since e — &(e) is continuous by Corollary
5.6. O

Remark that the non-homogeneous case can also be written as a variational problem in e,
by a simple boundary lifting, and change of variables.

Theorem 5.7 is the counterpart of Theorems 7.1 and 7.2. in [5]. However, instead of a
condition on the variations of metric curvature, which we believe is unease to give a clear
phiscal meaning, here we give a condition on the strain and on the Frank tensor on I'y, where
both bear a precise physical meaning. Moreover, our formalism also allows one to write the
problem in a variationla manner, since the boundary condition on the compatible strain is
included in the function space Hry:comp(2)-

6. DISCUSSION AND CONCLUDING REMARKS

6.1. Application to multiscale analysis of dislocations. A mesoscopic dislocation is a
loop £ in a crystal € which renders the strain field singular, because it implies a behaviour
of the strain € (1/d(-, L)), with d(z, L) the distance from = € Q to £. This is due to the
constrain ng VudH! = B, where B is the jump of the displacement vector, called the Burgers
vector, constant on £ and C, a circuit around the line £. Furthermore, Vu is the absolutely
continuous part of the distributional derivative Du = Vu.2® + B ® NH%_, with S; a surface
enclosed by C [16]. By Stokes theorem, one has Curl Vu = —AL = B ® 7H} which implies
(as proved in [20]) that

—inc e = Curl (Ag — 11étr Ar),

where e := V9u € L'(Q) is the symmetric incompatible strain. As a consequence of the strain
being &' (1/d(-, L)) the potential energy

1
&(e) ::f/(C_le-edx—/f-F*(e)da:—/ g- F*(e)dS(x)
2 Jo Q OO\T
is unbounded, because so is the stored elastic energy

W (e) = %/Q(Cflaedx.
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Let L. be a finite family of dilute dislocations, whose number is bounded by N.. Let e. be
a symmetric strain satisfying inc e, = Az, in Q and é. their cut-off, i.e. é. = 0 in a tubular
neighourhood of L. of a certain radius dependent on . Let us consider the rescaled stored

elastic energy
Hileihe) = g [ 5C e e

We wonder whether the functional #; do converge in an appropriate sense, as for instance of
Gamma-convergence [6]. A crucial step when dealing with Gamma-convergence, is to determi-
nate the topology involved, and hence to know the functional spaces inherent to the problem.
Here, A;_ is a bounded Radon measure, and the strains é. belong to L?(9,S?). Thanks to
our formalism we could consider the case in which the displacement is prescribed on I'y, as in
Therorem 5.7, that is, we take é: € Hry.comp(2) C L*(Q,S?). The problem is thus to compute

r- il_I}I(l) We(ée; Ar,).

There are good reasons to believe (but is hard to prove, and will be the aim of a future work)
that this limit writes as

»(e) + / w(%)dluh

— € € Hry.comp() weakly in L?, and Az. — p in the Radon measure sense,

é

£
v/ Nelloge]

and for some ¢ to be determined. Now, let Az be fixed and set

(6o Ar) = %(éE;Ag)—/Qf~F*(é5)dw—/m\F g+ F*(6.)dS(z).

where

Then the above postulated Gamma-convergence result together with Corollary 5.6 and Theorem
5.7 yield

I' — lim inf E(bcsAp) p = E(e*) + / o(B®T)dH!,
=0 | éc€Mr(;comp () r
inc e=Ap

where ¢ is interpreted as a line-tension functional accounting for the core regularization of the
dislocations, i.e., related to the self energy of the dislocation network.

Summarizing, our formalism of the intrinsic approach will allow us address the aforemen-
tioned homogenization problem, where one passes from a singular elasticity problem at the
mesoscopic scale, to a regularized macroscopic elasto-plastic model, where the macroscopic
plasticity is modelled by means of the limit measure u. Note that it is important in disloca-
tion modeling to be able to consider a complete boundary-value problem of mixed type, since
typical crystals, in particular in industrial crystal growth processes, show force-free portion of
their boundary together with interfaces subjected to an imposed displacement.

6.2. General conclusion. The motivation for this work was the study of dislocations where
the displacement must be replaced by the strain as model variable. This work represents the
first step towards a systematic use of the Frank tensor in various contexts, and in particular
in the study of dislocations, where it most naturaly appears in the form of its curl as the
incompatibility tensor, that is, by Kroner formula [12], as a measure of the dislocation density
in the body:
inc e = Curl &,

with k the contortion tensor as related to the dislocation density A by k := A — % tr A, and
€ the elastic strain, related to the Cauchy stress o by the constitutive law ¢ = Co. For this
reason, this work will permit various contributions in dislocation modelling, in particular for
deaqling with homogenization, as briefly exposed in Section 6.1.

The original intrinsic formulation by Ph. Ciarlet and C. Mardare is also at the origin of the
present work. The authors have in mind various applications in shell and plate theories, and
the definitive impact of such a novel presentation will certainly appear clear in the near future.
Therefore, also the role of the Frank tensor, related to the rotation gradient,

Curl® € = Vw,

will presumably play a role in variational formulations of low-dimensional, membrane theories.
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