FINE PROPERTIES OF FUNCTIONS OF BOUNDED
DEFORMATION - AN APPROACH VIA LINEAR PDES
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ABSTRACT. In this survey we collect some recent results obtained by the authors
and collaborators concerning the fine structure of functions of bounded deforma-
tion (BD). These maps are L!-functions with the property that the symmetric part
of their distributional derivative is representable as a bounded (matrix-valued)
Radon measure. It has been known for a long time that for a (matrix-valued)
Radon measure the property of being a symmetrized gradient can be characterized
by an under-determined second-order PDE system, the Saint-Venant compatibil-
ity conditions. This observation gives rise to a new approach to the fine properties
of BD-maps via the theory of PDEs for measures, which complements and par-
tially replaces classical arguments. Starting from elementary observations, here
we elucidate the ellipticity arguments underlying this recent progress and give an
overview of the state of the art. We also present some open problems.
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1. INTRODUCTION

In this survey we review a PDE approach to the study of fine properties of func-
tions of bounded deformation (BD), which was recently developed by the authors.
In particular, we will show how this approach allows to characterize the structure
of the singular part of the symmetrized derivative and also to recover some known
structure properties of these functions in an easier and more robust way.

Functions of bounded deformation are fundamental in the analysis of a large
number of problems from mechanics, most notably in the theory of (linearized)
elasto-plasticity, damage, and fracture; we refer to [3,41,49,50,55,70,71,74,75] and
the references contained therein. A common feature of these theories is that the
natural coercivity of the problem only yields a-priori bounds in the L'-norm of the
symmetrized gradient

_1 T
Eu = 2(Vu+Vu )

of a map u: Q € R* - R% As L! is not reflexive, such L'-norm bounds do not
allow for the selection of weakly converging subsequences. This issue is remedied by
enlarging L' to the space of finite Radon measures, where now a uniform bound on
the total variation norm permits one to select a weakly* converging subsequence.

Given an open set Q C RY with Lipschitz boundary, the space BD(Q) of functions
of bounded deformation is then the space of functions u € L'(€2;R?) such that the
distributional symmetrized derivative

1
Eu = 3 (Du + DuT)
is (representable as) a finite Radon measure, Fu € M(2; ngxn‘f), where R‘Si;rg denotes

the space of d x d symmetric matrices. The space BD(2) of functions of bounded
1
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deformation is a (non-reflexive) Banach space under the norm

lullBp(e) = llulli @rey + [Eul($2),

where |Eu| denotes the total variation measure of Eu.

One particularly important feature of BD-maps is that the symmetrized derivative
Fu may contain a singular part, i.e., a measure that is not absolutely continuous with
respect to Lebesgue measure. This may, for instance, correspond to concentrations
of strain in the model under investigation. As we will show in the sequel, the allowed
“shapes” of these concentrations are quite restricted, merely due to the fact that they
occur in a symmetrized gradient. These rigidity considerations play a prominent
role in the analysis of a model, for instance, in the integral representation and lower
semicontinuity theory for functionals defined on BD and in the characterization of
Young measures generated by symmetrized gradients.

Fine structure results. The study of the fine structure of BD-maps started in
the PhD thesis of Kohn [49], and was then systematically carried out by Ambrosio—
Coscia-Dal Maso in [3]; further recent results on the fine properties of BD can be
found in [10, 22,43, 68] and the references therein. Classically, the analysis of the
space BD(€2) has been modelled on the analysis of the space of functions of bounded
variation, BV(Q;RY), i.e., those functions u € L!(£; RY) such that the distributional
derivative Du can be represented as a finite Borel measure, Du € M (Q; R*%), where
R is the space of ¢ x d matrices. The theory of BV-maps in multiple dimensions
goes back to De Giorgi [23] and has become a fundamental tool in the Calculus of
Variations and in Geometric Measure Theory.

Starting from the seminal works of Federer, [33], we now have a complete under-
standing of the fine structure of BV-maps, which we summarize in the following,
see [5] for details and proofs. For a vector Radon measure p € M(R%R™) we
write p = pu® + p® for its Lebesgue-Radon—Nikodym decomposition with respect to
Lebesgue measure. Denoting by |u| the total variation measure of u, we call

Uy P
dld = b (B (@)

the polar vector, whose existence for |u|-almost every x is ensured by the Besicov-
itch differentiation theorem (see [5, Theorem 2.22]). We then have the following
(amalgamated) structure result in BV:

Theorem 1.1. For u € BV,.(R% RY), we can decompose Du as
Du = D% + D*u = D% + D7u + D¢u.
Here:
(i) D*u = VuL? is the absolutely continuous part of Du (with respect to
Lebesgue measure). Its density Vu € Li (Q;RZXd) is the approximate gra-

loc
dient of u, which satisfies for L%-almost every x that

. uly) — w(x) = Vu(z)(y —=)|
lim ]é,,(z) dy = 0.

r—0 ly — z|

(i) D’u is the jump part of Du. It is concentrated on a countably rectifiable
HI= o-finite set J,, where it can be represented as

Div=(u"—u)@uv;, HILJ,.
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Here, vy, is normal to J, and u* are the traces of u on J, in positive and
negative v, -direction, respectively (note that the product (vt —u™) ® vy,
does not depend on the choice of the orientation), and (a ®b);; := a;b; is the
tensor product of the vectors a and b.

(iii) D is the Cantor part of Du. It vanishes on every H™' o-finite set.
Furtheremore, for | Du|-almost all z there are a(x) € RY and b(z) € R? such

that D
D] (x) = a(z) @ b(x).

In particular, |Du| < H*™Y, that is, |Du| is absolutely continuous with respect to
the (d — 1)-dimensional Hausdorff measure He™'. Furthermore, if one denotes by
C, the set of approximate continuity points of u, i.e., those x for which there exists
a \(z) € RY such that

lim lu(y) — Az)| dy =0,
r—0 B,«(a:)

and by S, := R?\ C, the set of approximate discontinuity points, then
HITN(S, N\ J) =0  and  |D*ul(S,\ Ju) = 0. (1.1)

The above structural results are fundamental in the study of many variational
problems involving functions of bounded variation. In particular, (iii) above is known
as Alberti’s rank-one theorem, a key structural result for BV-maps first proved in [1]
(see also [54] for a recent, more streamlined proof). It entails strong constraints on
the type of possible singularities for Du, see Corollary 3.1 below.

The proofs of all these properties of BV-maps rely heavily on the connection
between functions of bounded variation and sets of finite perimeter and on the fine
properties of such sets [5,53]. This link is expressed by the Fleming-Rishel coarea
formula [34]: For all u: R? — R it holds that

400 o0
Du= [ " Drgyd D= [ D)
o

oo _
where both equalities are to be understood in the sense of measures.

Clearly, BV C BD, but it has been known since the work of Ornstein [61] that
the inclusion is strict (however, see [18,22,38,39] for interesting recent results on
partial converses under additional assumptions). More precisely, one can show that
for all N € N there exists a map u € Wé’oo(Bl;Rd) (where By := B1(0) is the unit
ball in R%) such that

Du + Du”
2

see [20,48,61] and also [67, Theorem 9.26]. This implies that a Korn inequality of
the form

inf |Du— F|dx > N

dz,
FeRdxd [p B

IVullg, < llullfs + lI€ulf,,  ue C*(ByRY), (1.2)

fails for p = 1 (while it is true for all p € (1,+00), see [74]). Furthermore, no
analogue of the coarea formula is known in BD and this prevents the application of
several techniques used to establish Theorem 1.1. Nevertheless, several results have
been obtained and the analogues of the first two points of Theorem 1.1 have been
known for many years [3,49]:
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Theorem 1.2. For u € BDy,.(R?) we can decompose Fu as
Fu = F% + E*u = E% + F'u + Eu.
Here:
(i) E% = EuL? is the absolutely continuous part of Eu. Its density Eu €

L%OC(Q;ngXH‘f) is the approximate symmetrized gradient of u, which satisfies

for L%-almost every x that

Ll ) — (@) (=) — Eule)y =) - (1= o))
=0 J B, (x) ‘y_JU‘Q

=0.

(ii) E’u is the jump part of Eu. It is concentrated on a countably rectifiable
HIL o-finite set J,, where it can be represented as

Elu=(ut —u")ovy, HTL T,

Here, vy, is normal to J, and ut are the traces of u on J, in positive and
negative v, -direction, respectively, and (a ® b);; == 3(a® b+ b® a) is the
symmetric tensor product of the vectors a,b.

(iii) E°u is the Cantor part of Eu. It vanishes on every H™! o-finite set.

In particular, |Eu| < H1.

Concerning the trace, we remark that there exist two bounded linear trace oper-
ators onto H? -rectifiable sets, giving the one-sided traces u®, see Theorem II.2.1
of [75] and also [10, 16].

Despite the clear similarity between Theorem 1.1 and Theorem 1.2, some parts
are missing. The analogue of the first statement in (1.1) is currently unknown and
only partial results are available. This is one of the major open problems in the
theory of BD-maps:

Conjecture 1.3. For all u € BDjoo(R%) it holds that H1(S, \ J,) = 0.

We remark that the following weaker statement was proved in [3]: If u € BDjo(R%),
then |Ev|(S, \ J.) = 0 for all v € BDj,(R%); in particular, |ESu|(S, \ Ju) = 0.

On the other hand, the analogue of Alberti’s rank-one theorem has recently been
established by the authors [28]:

Theorem 1.4. Let u € BDyo(RY). Then, for |E%ul-almost every x there are
vectors a(x),b(z) € R such that

dEu

m(:ﬂ) =a(z) ® b(x).

Note that for the jump part the above theorem is already contained in Theo-
rem 1.2 (ii) and the real difficulty lies in dealing with the Cantor part of Fu. Like
Alberti’s rank one theorem, Theorem 1.4 allows to deduce some quite precise in-
formation on the structure of the singularities of Eu, see Section 3.2 below. The
picture is however still less complete than in the BV-case, see Conjecture 3.4.

A new approach to study singularities. The failure of a coarea-type formula
makes the approach used in [3] unsuitable for the proof of Theorem 1.4. The strategy
followed in [28] is instead based on a new point of view combining Harmonic Anal-
ysis techniques with some tools from Geometric Measure Theory. This approach
is heavily inspired by the ideas of Murat and Tartar in the study of compensated
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compactness [59,60,72,73] and has been introduced in this context for the first time
in the PhD thesis of the second author [63].

The core idea is to “forget” about the map w itself and to work with Eu only. This
is enabled by the fact that symmetrized derivatives are not arbitrary measures (with
values in ngxrff) but that they satisfy a PDE constraint, namely the Saint- Venant
compatibility conditions: If the measure p = (uji) is the symmetrized derivative of
some u € BD(Q), i.e., u = Fu, then, by direct computation,

d
Z Oikttij + Oijpik — Ojipvii — Osipje =0 forall jk=1,....d.
=1

For d = 3 this constraint can be written as the vanishing of a double application of
the matrix-curl, defined as the matrix-valued differential operator

3
(Curl A); Zem ke 4,J €{1,2,3},

where e;;;, denotes the parity of the permutation {1,2,3} — {i,l,k}. Hence, we will
write the above equations (for all dimensions) in shortened form as

CurlCurlpy =0

and say that p is “Curl Curl-free”. This PDE-constraint furthermore contains all the
information about symmetrized derivatives, as Curl Curl-freeness is both necessary
and sufficient for a measure to be a BD-derivative locally, this is (a modern version
of) the Saint-Venant theorem, see for instance [6].

Once this point of view is adopted, it is then natural to try to understand the
structure of the singular part of PDE-constrained measures. More precisely, given
a linear homogeneous operator

A=) A0,

|a|=k

where 4, € R™" o = (ay,...,aq) € (NU{0})? is a multi-index, and 9% :=
ot --- 03¢, we say that an R"-valued (local) Radon measure pu € Mioc(€;R") is
A-free if it satisfies

Ap =0 in the sense of distributions.

Note that since A, € R™*" this is actually a system of equations. A natural question
is then to investigate the restrictions imposed on the singular part p® of u by the
differential constraint.

To answer to this question, we first note that there are two trivial instances: If
A = 0, then no constraint is imposed. Conversely, if A is elliptic, i.e., if its symbol

A = 2mi)F Y Aut® e R™ (1.3)
|a|=k

is injective, then by the generalized Weyl lemma, p is smooth and thus no singular
part is possible.

In view of the above considerations it is natural to conjecture that the presence
of singularities is related to the failure of ellipticity. This failure is measured by the
wave cone associated to A, first introduced by Murat and Tartar in the context of
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compensated compactness [59, 60,72, 73]:
Aai= | kerA(g).
£esd—1
The main result of [28] asserts that this cone is precisely what constrains the singular

part of u, see also [26] and the surveys [25,30] for other applications of these results.

Theorem 1.5. Let p € M(Q;R"™) be an A-free measure, i.e.,

Ap = 0.
Then, for |u®|-almost all x,
dp
——(x) € Ayq
!

In the case A = CurlCurl we obtain by direct computation, see [37, Example
3.10(e)], that for M € REX4, ¢ € RY,

sym
—(4m) PAM = (ME) ® € +€® (ME) — (trM)E® & — [ M,
which gives
ker A(&) = {a®§+§®a : aERd}.

Thus,

Acwicun ={a®b : a,be R} (1.4)
Hence, Theorem 1.5 implies Theorem 1.4. We remark that in the two-dimensional
case [ € MlOC(RQ; RQXQ) we moreover have

Curl Curly =0
0 (15)

curl curl it = Ogapio2 — O12p012 — Or2pt21 + Or1 122 = 0,

where curl (11, 15) 1= dov1 — 011 is the classical (scalar-valued) curl in two dimen-
sions, applied row-wise.

Note also that if A: R*4 — RE¥4%d is the d-dimensional row-wise curl-operator
defined via

(curlA)Z-jk = @Azk —@kAij, 1= 1,...,6, ],k‘: 1,...,d,
one easily computes that
Acurl = {a®b : a,bERd}.

Hence, Theorem 1.5 also provides a new proof of Alberti’s rank one theorem.

Furthermore, we mention that in [7] similar (more refined) techniques were used
to recover the dimensional estimates and rectifiability results on the jump parts of
BV- and BD-maps; we will discuss these results in Section 3.3.

Outline of the paper. In Section 2 we start by showing some rigidity statements
for maps whose symmetrized gradient is constrained to lie in a certain set. Parts
of these result will be used later, but most importantly, we believe that they will
give the reader a feel for how the differential constraint characterizing Eu can be
used to understand BD-maps. In Section 3 we give a sketch of the proof of Theo-
rem 1.4 and we outline how the improvements in [7] give (optimal) dimensionality
and rectifiability estimates. We also investigate the implications of Theorem 1.4 on
the structure of singularities of BD-maps. Finally, in Section 4 we present, mostly
without proofs, some applications of the above results to the study of weak* lower
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semicontinuity of integral functionals, relaxation, and the characterization of Young
measures generated by sequences of symmetrized gradients.

Acknowledgements. This project has received funding from the European Re-
search Council (ERC) under the European Union’s Horizon 2020 research and inno-
vation programme, grant agreement No 757254 (SINGULARITY).

2. RiGgipity

Before we come to more involved properties of general BD-maps, we first inves-
tigate what can be inferred by using only elementary rigidity arguments. Besides
being useful in the next section, these arguments are also instructive since they show
the interplay between the Curl Curl-free condition and some pointwise properties,
which is the main theme of this survey. Furthermore, the rigidity theorem, The-
orem 2.10, will be used to study tangent measures later. Much of the discussion
follows [64, Section 4.4]. To make some proofs more transparent we start presenting
the results in the two-dimensional case, where, however, all interesting effects are
already present. At the end of the section we deal with the general case.

A rigid deformation is a skew-symmetric affine map w: R — R, i.e., u is of the
form

w(z) = uo + Zx, where ug € R%, = € RE?
The following lemma is well-known and will be used many times in the sequel, usually
without mentioning. We reproduce its proof here because the central formula (2.1)
will be of use later.

Lemma 2.1. The kernel of the linear operator E: BDjoo(R?) — Mo (R% RET)
given by

Fu:= (Du + DuT)

| =

is the space of rigid deformations.

Proof. 1t is obvious that Fu vanishes for a rigid deformation u. For the other
direction, let u € BDjyc(R?) with Fu = 0. Define

Wu = %(Du — DuT).

Then, for all 7,5,k =1,...,d, we have, in the sense of distributions,
1
8k(Wu)zj = E(ak]ul — szuj)
1 1
=3 (9jrui + Ojiun) — 3 (Bijur + Diruy)
9i(Bu)ik — 0;(Bu)g; (2.1)
0.

As Du = Eu + Wu, this entails that Du is a constant, hence u is affine, and it is
clear that it in fact must be a rigid deformation. O

It is an easy consequence of the previous lemma that any u € BDlOC(Rd) with
Eu = SL% where S € ngﬁg is a fixed symmetric matrix, is an affine function. More
precisely, u(z) = ug + (S + E)z for some ug € R? and = € RE? .

Next, we will consider what can be said about maps u € BDjo.(R?) for which
Eu= Pv (2.2)
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with a fixed matrix P € deyxn‘f and a measure v € Mo.(R%R). As we already
saw in (1.4), a special role is played by the symmetric rank-one matrices, a ® b
for a,b € R%. We recall that those matrices can be characterized in terms of their

eigenvalues:

Lemma 2.2. Let M € R‘Siyxnil be a non-zero symmetric matrix.

(i) Ifrank M = 1, then M = +a ® a = +a ® a for a vector a € R%.
(ii) If rank M = 2, then M = a ® b for vectors a,b € R? if and only if the two
(non-zero, real) eigenvalues of M have opposite signs.
(iii) If rank M > 3, then M cannot be written as M = a ® b for any vectors
a,b e R?,

Proof. Ad (i). Every rank-one matrix M can be written as a tensor product M =
¢ ® d for some vectors ¢,d € R?\ {0}. By the symmetry, we get ¢;d; = c¢;d; for all
i,j € {1,...,d}, which implies that the vectors ¢ and d are multiples of each other.
We therefore find a € R¢ with M = +a ® a.

Ad (ii). Assume first that M = a®b for some vectors a,b € R?. Clearly, M maps
span{a, b} to itself and it is the zero map on the orthogonal complement, hence we
may assume that d = 2.

Take an orthogonal matrix Q € R2*? such that QM Q" is diagonal. We compute

QMQT: %Q(a@b—kb@a)QT: %(Qa@@b—k@b@@a) = Qa ® Qb,

whence we may always assume without loss of generality that M is already diagonal,

o (M
()

where A1, Ay # 0 are the two eigenvalues of M. Writing this out componentwise, we
get
arby = Aq, asby = g, a1by + ashy = 0.

As A, A2 # 0, also a1, a9,b1,b2 # 0, and hence
a a
0=aibs + ash; = —1)\2 + —2>\1
a9 al

Thus, A1 and A2 must have opposite signs.
For the other direction, by transforming as before we may assume again that M
is diagonal:

d
M=) " \v;®uv;,
i=1
where {v;}; is an orthonormal basis of R?. Since rank M = 2, we know that only

two of the \; are non-zero. Hence, we can assume d = 2 and M to be diagonal, M =
()‘1 o ), and that A; and Ay do not have the same sign. Then, with v := \/—A1/\,

we define )
(7 _ (M
(). (7).

For Ay > 0, Ay < 0 say (the other case is analogous),

_ A
MY+ Xy =M ’)\—2‘—I>\2\
1

A

-0,
Azl
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and therefore

Lo o\, 1/ ! A1
b — _ — = = M
GO0=3 (Aw_l ) T2 00y N A2
This proves the claim.
Ad (i4i). This is trivial. O

In the remainder of this section, we will investigate in more detail two-dimensional
BD-maps with fixed polar. First, note that if u € BDjo(R?), the map (x) :=
QTu(Qx), where Q € R¥™ 9 satisfies

Eu = QTEuQ.

Hence, without loss of generality we may assume that P in (2.2) is diagonal.

In the case d = 2, according to Lemma 2.2 we have three non-trivial cases to
take care of, corresponding to the signs of the eigenvalues A1, Ao; the trivial case
A1 = X2 =0, i.e., P =0, was already settled in Lemma 2.1.

First, consider the situation that A1, Ao # 0 and that these two eigenvalues have
opposite signs. Then, from (the proof of) Lemma 2.2, we know that P = a ©® b

(a # b) for
A1
Vo

— (7 _ (! .
a = (1), b.—< o >, where v
The result about solvability of (2.2) for this choice of P is:
Proposition 2.3 (Rigidity for P = a ©® b). Let P = (/\1 )\2) = a ®b, where
A1, A2 € R have opposite signs. Then, there exists a map u € BDjo(R?) solving the
differential equation

Fu = Py, Ve MIOC(RQ; R)7
if and only if v is of the form
v(dz) = i (dz - ) + iz - b),
where py, p2 € Mioc(R). In this case,
uw(z) = Hi(z - a)b+ Ha(z - b)a + w(x), (2.3)
with w a rigid deformation and Hy, Hy € BVoc(R) satisfying Hy = p1 and H) = ps.

Here, the notation p(dz - a) denotes the measure vy € Mi,.(R?) that acts on
Borel sets B C R? as

~v(B) = /R,ul (BN (sat + Ra)) ds,

1 1

where a— is a unit vector with a - a—~ = 0 (which is unique up to orientation).
Likewise for us(dx - b). Notice also that, since a and b are linearly independent, we
could absorb the rigid deformation r into H; and Ho.

Proof. By the chain rule in BV (see [5, Theorem 3.96]), it is easy to deduce that all u
of the form (2.3) satisfy (2.2) with P = a®b, that is, Eu = Pv with v € Mj,.(R?; R).
For the other direction, we choose @ to be an invertible matrix sending {ej, ez}
to {a,b} and instead of u work with @(z) := QTu(Qz), for which
Ei = V2(e; ®eg)i

with 7 € Mio.(R?;R). In the following we write simply u in place of .
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We will use a slicing result [3, Proposition 3.2], which essentially follows from
Fubini’s theorem: If for ¢ € R?\ {0} we define

Hg::{$€R2 : x-sz},
ug(t) = &l u(y + t€), where t € R, y € H,

then the result in loc. cit. states

‘ETEug‘ = /H ‘Dug‘ dH! (y) as measures. (2.4)
3

We have Eu = v/2(e; ® e2)v, so if we apply (2.4) for £ = e;, we get

0= \/i‘e{(el ®62)61} |1/’ = / lﬁtm(y%—tel)’ d?—ll(y),
He

where we wrote u = (u1,uz2). This yields dyu; = 0 distributionally, whence u;(x) =
Hj(z2) for some Hy € Ll (R). Analogously, we find that us(z) = Hj(x1) with
Hy € L] _(R). Thus, we may decompose

u(x) = <H1?1»‘1)> + (HQE)@)) = Hi(z - e1)ez + Ha(x - e2)eq,

and it only remains to show that Hy, Hy € BV,.(R). For this, fix n € CL(R;[-1,1])
with [ dt =1 and calculate for all ¢ € C!(R;[—1,1]) by Fubini’s Theorem,

2 [ondEun=— [ end- [uper d

:—/chp' dml-/ndmz—/u1(<p®n’) dx.

So, with K := supp ¢ X suppn,

/Hl(p/ dx

for all p € CL(R) with ||¢[lec < 1, hence Hy € BVioe(R). Likewise, Ho € BV},c(R),
and we have shown the proposition. O

< 2|Bu|(K) + [[ualli k) - [17'lloo < 00

In the case A1 # 0, A2 =0, i.e., P = A\i(e; ® e1), one could guess by analogy to
the previous case that if u € BDj,.(R?) satisfies Eu = Pv for some v € Miy(R),
then u and v should only depend on x1 up to a rigid deformation. This, however, is
false, as can be seen from the following example.

Example 2.4. Consider

1 473
Pt ) = (M) a2t

Then, u satisfies Eu = Pg L%, but neither « nor ¢ only depend on z.
The general statement reads as follows.

Proposition 2.5 (Rigidity for P =a®a). Let P= (" ;) = Ai(e1®e1). Then,
there exists a map u € BDjoc(R?) solving the differential equation
Eu = Pv, v € Mige(R%R),
if and only if v is of the form
v(dz) = p(dzr) + y(dar) ® (22 L1 (d22)),
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where p,y € Mioc(R). In this case,

u(z) = M (H (“)_7*)51()"“)“2) + (@),

with w a rigid deformation and H € BV,.(R), P € Wllogo(]R) with P" € BVioc(R)
satisfying H' = pu and P" = 7.

Proof. The necessity is again a simple computation.
For the sufficiency, assuming by a mollification argument that u is smooth, there
exists g € C*°(R?) such that
Eu=A(e1®er1)g and Efu =0.
We have from (2.1) that
Ox(Wu)ij = 0j(Eu)i, — @(Eu)kj fori,5,k=1,2.

Thus,

V(Wu)iz = (A102g,0).
This gives that (Wu)12 and hence also d2¢ depend on the first component z; of z
only, d2g(x) = p(x1) say. Define

h(z) := g(x) — p(z1)z2
and observe that 0xh = 0. Hence we may write h(z) = h(z;) and have now decom-
posed g as

9(@) = h(z1) + p(z1) 2.
This gives the claimed decomposition in the smooth case. The general case follows
by approximation. O

Finally, we consider the case where the eigenvalues A1 and Ay are non-zero and
have the same sign. Then, P # a ® b for any a,b € R? by Lemma 2.2. Define the
differential operator

Ap = A2011 + A\1022
and notice that whenever a function ¢g: R> — R satisfies Apg = 0 distributionally,
the function g(z1,x2) := g(\/|A2|z1, \/|A1]z2) is harmonic (recall that Aj, A2 have
the same sign). In particular, by Weyl’s lemma, g is smooth.

Proposition 2.6 (Rigidity for P # a ©b). Let P = (Al /\2), where A\, Ay € R
have the same sign. Then, there exists a map u € BDyo.(R?) solving the differential
equation
Eu = Pv, v € Mige(R%R),
if and only if v satisfies
Apr = 0.
Moreover, in this case both v and u are smooth.

Proof. First assume that g € C*°(R?) satisfies Apg = 0. Define
F = (=A\102g, A2019)

and observe
curl F' = —)\1822g — )\28119 - _.Apg =0.
Hence, there exists f € C*°(R?) with Vf = F, in particular

O f = =My, O2f = A20hg. (2.5)
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(M0 0 -1
Z”'_<0 A2>9+<1 o)f'
We calculate (we apply the curl row-wise), using (2.5),

curl ()\19, —f) A102g + O1 f
11U = = =
curl ¢ < curl (f, /\Qg) Oaf — A201g 0

Let u € C*°(R?;R?) be such that Vu = U. Then, as distributions, Eu = Pg.

For the other direction, it suffices to show that Fu = Pv for some v € ./\/110C(R2)
implies Apr = 0. The smoothness of u, v then follows from Weyl’s lemma as re-
marked above. Since d = 2 we can exploit (1.5) to get that

Put

0 = curl curl(Eu) = curl curl K)(\)l ;] > 1/] = Apv, (2.6)
2

so that the claim follows. O

Remark 2.7. Note that the key point in the above lemma, is that whenever Fu =
Pv with P # a ® b for any a,b € R?, the fact that Eu is curl curl-free implies that
the measure v is actually a solution of an elliptic PDE, namely (2.6). This is also
the key fact underlying the proof of Theorem 1.4 in the next section.

Remark 2.8 (Comparison to gradients). Proposition 2.6 should be contrasted
with the corresponding situation for gradients. If u € WI’I(RQ; R?) satisfies

loc

Vu € span{ P} pointwise a.e.,

and rank P = 2, then necessarily w is affine, a proof of which can be found, for
instance, in [65, Lemma 3.2] (this rigidity result is closely related to Hadamard’s
jump condition, also see [11, Proposition 2|, [24, Lemma 1.4], [58, Lemma 2.7] for
related results). Notice that this behavior for the gradient is in sharp contrast to the
behavior for the symmetrized gradient, as can be seen from the following example.

Example 2.9. Let
Tl o3
P (1 1)» u(x) =( Sm(%))a g(x) 1= % sin(s).

—e™1 cos(z2)

Then, one can check that ¢ is harmonic (corresponding to Apg = Ag = 0) and u
satisfies Eu = Pg. So, the fact that P cannot be written as a symmetric tensor
product does not imply that any solution to the differential inclusion u € span{P}
must be affine. However, as noted in Remark 2.7, ¢ is still “rigid” (in a weaker
sense) since it has to satisfy an elliptic PDE.

We conclude this section with the following general version of the rigidity state-
ments in every dimension; the proofs of (i), (ii) follow the same (elementary) strategy
as above, whereas in (iii) we see the first instance of an approach via the Fourier
transform.

Theorem 2.10. Let u € BDy,.(R?) and assume that
Eu = Pv
for a fized matriz P € R4 and a (signed) measure v € Mioo(R%R). Then:

Sym
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(i) If P =a®b for some a,b € R? with a # +b, then there exist two functions
Hy,Hy € BV,(R), a vector v € span{a,b}’, and a rigid deformation w
such that

u(z) = a(Hl(m b))+ (z-b)(x- v)) + b(Hg(x ca)+ (z-a)(x- v))
—v(z-a)(z-b)+w(x).
(ii) If P = +a®a for some a € R?, then there exist a function H € BV,.(R), an

orthonormal basis {v,...,v;} of span{a}*, functions P; € W}OSO(R) with
73]’- € BVioc(R) (5 =2,...,d), and a rigid deformation w such that

d d
u(z) = a<H(1: ca) + Z(az -vj)Pj(x - a)) - Zvjpj(az -a) + w(x).

Jj=2 Jj=2

(iii) If P # a ® b for any a,b € R?, then u and v are smooth.
Proof. Ad (i). By regularization we can assume that u is smooth and that
Eu=2(a®b)g, g € C*(RY).
Recall from (2.1) that for Wu := $(Du — Du”’) we have
Ox(Wu)ij = 0j(Eu)i — 0;(Eu)g;, fori,j,k=1,...,d.
We assume without loss of generality that a = e; and b = es. Then,

V(WU)IQ = —V(W’U)Ql = (_8193 62,9’ Oa s 70)>

V(Wu)lj = —V(Wu)jl = (0, 8jg,0, . .,0) for all j > 3,
V(Wu)gj = —V(Wu)jz = (ajg,(), oo ,0) for all j > 3,
\Y% Wu)ij =0 for all i,j Z 3.

From this we readily deduce that 0;g = const for j = 3,...,d and, applying the curl
to the first equation, that

d129 = 0.
Hence, we can write
o) = LR () (2.7)
where hy, ha € C*°(R) and v is orthogonal to span{e;,es}.

We may compute that for the u given in (i) with H; defined via H] = h;, ¢ = 1,2
(the shift of H; is arbitrary and can later be absorbed into the rigid deformation
r) and a := e, b := ey, we have that u = 2(a ® b)g with the g above. Thus,
by Lemma 2.1, we conclude that our u must have this form (we absorb a rigid
deformation into w).

Ad (ii). We assume that P = e; ® e; and we argue as above to deduce that

V(Wu)y; = =V(Wu)i; = (959,0,...,0) for all j > 2,
and V(Wu);; = 0 if i, j > 2. This implies that
d;g(x) = pj(x1)  forall j >2

for suitable functions p; € C*°(R). Hence,

d

29(x) = h(z1) + Y jpj(a1) (2.8)
j=2
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for some i € C*°(R). Again, defining H via H' = h and P; via P} = p;, we obtain
for the u given in (ii) that Eu = 2(e; ® e1)g with g as above. We conclude as before

via Lemma 2.1.
Ad (iii). Let L := span{P} and denote by P: R%*4 — RZX? the orthogonal

sym sym
projection onto the orthogonal complement L+ of L. For every smooth cut-off
function p € CX(R%;[0,1]) with p = 1 on a bounded open set U C R?, the function
w := pu satisfies
Ew = pEu+u® Vp.
So,
P(Ew) = P(u® Vp) =: R € LP(R%; R¥X9) (2.9)

Sym

with p = d/(d — 1) by the embedding BDjoc(R%) — LYV (Q; RY) [75)].

loc
Applying the Fourier transform (which we define for an integrable function w via

W(€) := [w(x)e?™®¢ dzx) to both sides of (2.9) and considering P to be identified
with its complexification (that is, P(A +iB) = P(A) +iP(B) for A, B € R‘Siyxnﬁl), we
arrive at - X

P(Ew(£)) = (2m1) P(w(£) © &) = R(E)-

Here, we used that for a symmetrized gradient one has
Ew(§) = @m)w(§) ©¢,  £eR%

The main point is to show (see below) that we may “invert” P in the sense that
if

P(fw)=R (2.10)
for some w € WP(R%:R™), R € LP(R?; L1), then
Ew(€) = M(RE), R\ {0}, (2.11)

for some family of linear operators M(£): REX? — REX? that depend smoothly and
positively 0-homogeneously on .
We then infer from the Mihlin multiplier theorem (see for instance [44, Theo-
rem 5.2.7]) that
[€wllr < CIMlgrasze1 | Rl < Cllullie.

So, also using pfu = Ew — u ® Vp, we get the estimate
[€ullLr@) < IEW|Lr@) + lu © VollLr@) < CllullLey o)

for some constant C' > 0. In particular, by Korn’s inequality (1.2), u € Wllfg (R C
LP"(Q;RY) for p* := dp/(d — p) if d < p and p* = oo if p > d). We can now iterate
(“bootstrap”) via (2.9) (which we also need to differentiate in order to get bounds
on derivatives) to conclude that u is smooth.

It remains to show (2.11). Notice that P(a ® £) # 0 for any a € C™ \ {0},
¢ € R?\ {0} by the assumption on P. Thus, for some constant C' > 0 we have the
ellipticity estimate

a0 ¢ <CP(a®¢)|  forallaeC™ & eRY

The (complexified) projection P: C™*4 — C™*4 has kernel L := spanc L (the
complex span of L), which in the following we also denote just by L. Hence, P
descends to the quotient

[P]: C™*/L, — ranP,
and [P] is an invertible linear map. For £ € R%\ {0} let

{F7e1 ®§7 . 7ed®§7Gd+1(§)7"‘7Gd2—1(§)}
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be a C-basis of C™*¢ with the property that the matrices Ggy1(€),...,Gg_1(€)
depend smoothly on £ and are positively 1-homogeneous in ¢, that is, Gg11(af) =
aGgy1(€) for all @ > 0. Furthermore, for ¢ € R?\ {0} denote by Q(¢): C™*4 —
C™*4 the (non-orthogonal) projection with

ker Q(§) = L,

ranQ(f) = Span{el © ga S g © 57 Gd+1(§)7 s 7Gd27k(§)}'
If we interpret e; ©®&,...,e4©& Gay1(§),...,Ga2_1(§) as vectors in R% and collect
them into the columns of the matrix X (¢) € R¥*(@~1) and if we further let Y €

R¥*(@*-1) he a matrix whose columns comprise an orthonormal basis of L', then,
up to a change in sign for one of the G;’s, there exists a constant ¢ > 0 such that

det(YTX(€)) >¢>0,  forall & e S

Indeed, if det(Y7 X (¢)) was not uniformly bounded away from zero for all £ € S%1,
then by compactness there would exist a & € S with det(YTX(&)) = 0, a
contradiction. We can then write Q(&) explicitly as

Q&) =X©"X(©) YT

This implies that Q(&) depends positively 0-homogeneously and smoothly on £ €
R?\ {0}. Also Q(€) descends to the quotient

[Q(&)]: C™¢/L — ran Q(¢),

which is now invertible. It is not difficult to see that £ — [Q(&)] is still positively
0-homogeneous and smooth in £ # 0 (by utilizing the basis given above). Since
w(€) ® ¢ € ranQ(&), we have

[Q(O)](w(¢&) © &) = [w(¢) ® &,
where [(£) ® €] designates the equivalence class of W(£) ® € in C™*¢/L. This fact
in conjunction with gﬂ;(ﬁ) = (271) w(§) © £ allows us to rewrite (2.10) in the form
(271) [PIIQ(O] ™ ((&) © §) = R(S),

or equivalently as

Ew(€) = (2mi) w(€) © € = [QO)][P] T R(&).
The multiplier M(¢): R¥X4 — REX4 for ¢ € R\ {0} is thus given by

sym Sym

M(¢) := QI[P

which is smooth and positively 0-homogeneous in £. Consequently, we have shown
the multiplier equation (2.11). O

3. SINGULARITIES

In this section we sketch the proof of Theorem 1.4 and present some of its im-
plications concerning the structure of singularities that can occur in BD-maps. We
will also outline how this type of argument allows one to recover the dimensionality
results in Theorem 1.2.
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3.1. Proof sketch of Theorem 1.4. To simplify the proof and to expose the main
ideas as clearly as possible we assume again that we are working in dimension d = 2.
Our argument for BD-maps here is a bit more direct than the original one in [28]
and does not use Fourier analysis. We also make the connection to the rigidity
results of Section 2 explicit. This stresses the crucial argument, namely to exploit
the ellipticity contained in the condition %(mo) ¢ Ay. Let us also note that by
using the slicing properties of BD-maps [3, Proposition 3.4] and by arguing as in [1]
(see also [24, Section 2]) one can recover the theorem in any dimension from this
particular case.
We assume by contradiction that the set

dEu
=z eR? : z) #a®b for any a,b € R?
satisfies |E*u|(E) > 0. We now want to zoom in around a generic point z¢ € E.
To this end we recall the notion of tangent measure: For a vector-valued Radon
measure 1 € Mioe(R%:R?) and z¢ € RY, a tangent measure to p at xg is any (local)
weak™® limit in the space Mj,.(R% R™) of the rescaled measures

proTE = CkT;OJ‘kM

for some sequence ri | 0 of radii and some sequence c; > 0 of rescaling constants.
The definition of the push-forward T;io’r"’,u here expands to

[T;O’T’“p] (B) := p(zo + riB) for any Borel set B C R?.

We denote by Tan(u,xg) the set of all possible tangent measures of p at xg. It is
a remarkable theorem of Preiss [62] (see, e.g., [67, Proposition 10.5] for a proof in
our notation) that for every measure p, Tan(u,z) contains at least one non-zero
measure for |pu|-almost every xg. Furthermore, at |u|-almost all points zg,

d|“|<:co> - Tan(|, 20), (3.1)

dip

see [67, Lemma 10.4]. If one assumes that |E®u|(E) > 0, it then follows by elemen-
tary arguments from measure theory, see, e.g., 28, Proof of Theorem 1.1] that there
exists at least one point xg € F and a sequence of radii r | 0 such that the following
properties hold:

| Eul(Bry (70)) _

Tan(:uv 'TO) =

(®) k—oco |E5u|(By, (z0))
dEu dFEu
(i) Tim (2) — ~ (o) d|E*ul(x) = 0:
k—o0 Brk(ﬂf»‘o) d‘E’U,‘ d\Eu!

(iii) there exists a positive Radon measure o € Tan(|E*ul, z9) with ol_B; /5 # 0
(B1/2 := By/2(0)) and such that
T;;O’Tk ‘ESU’

*

— 0 in MIOC(R2);

O 1=
| Eul(Bry (20))
dE
(iv) P:= (HTZ|<$O) #a®b for any a,b € R%
Define
d—1
"k

ve(y) = m u(zo + riy), y € R
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We have the following Poincaré-type inequality in BD, proved in [75]:
inf lu +w|Bp S |Eul|(£2), u € BD(Q).

w rigid deformation
Thus, we conclude that there exists a sequence of rigid deformations w; and a map
v € BDjoc(R?) such that
(Vg + wi) = v in BDjoe(R?)
and v satisfies
Ev=Po with P+#a®bfor any a,b € R?,

and o = |Ev| is a positive measure. By Proposition 2.6, o is smooth. Unfortunately,
this is however not in contradiction with o € Tan(|E®u|,zo) \ {0}, since there are
purely singular measures having only Lebesgue-absolutely continuous measures as
tangents at almost all points, see [62, Example 5.9 (1)]. In order to prove the theorem
we thus have to exploit the ellipticity mentioned in Remark 2.7 in a more careful
way.

Let us assume without loss of generality that P = (1 1), so that Ap defined in
Proposition 2.6 is the Laplace operator. By recalling that

Curl Curl Bv, =0
we can use (1.5) to get, cf. (2.6),
Aoy, = curlcurl (Poy,) = curl curl (Poy, — Evy). (3.2)
Furthermore, by combining (i) and (ii) above it is not hard to check that
lim ]Evk - PO’k‘(Bl) =0.
k—o0
We now take a cut-off function ¢ € CZ°(By; [0, 1]) with ¢ =1 on By /5. Exploiting
the identity (in the sense of distributions)
0ii(pv) = 0iiv + 20;(0ipv) — v0;ip,
which is valid for any smooth function ¢ and any measure v, we get, using (3.2),
that
A(poy) = @ curlcurl Zy, + div Ry, + Sk

where Zg, Ry, and Sy are measures supported in By and satisfying

| Zx|(B1) — 0, sup (IRk|(B1) + Skl (B1)) < 1.

We apply A~! to both sides of the above equation to get
o = A (pcurleurl Zy) + A~ div Ry, + A™LS,,
=K1 *xZp + Ko x R, + K3 x S},
where L
Kj(x) = p log |z|, Ky = DK,

and K; is a constant-coefficient polynomial in the second derivatives of K3. In
particular, K is a Calderén—Zygmund kernel and (see [44,69])

[Ka|(z) S l=[7h, |Ks[(2) S [zl

By this and standard estimates [44,69], one easily sees that the sequences (Ko x Ry
and (K3 * Ry)i are strongly precompact in L!, and that

(K1 * Zk]1,00 = iu};)\ H{a o [(Ki*Zp)(@)| > A} S 1Zkl(B1) — 0.
>
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Furthermore, one easily checks that Ki x Z; — 0 in the distributional sense. It is
then straightforward to combine the above facts with the positivity of oy (see [28,
Lemma 2.2] for details) to deduce that also the sequence (¢oy)i is precompact in
L', whereby

lpor — @o|(B1) — 0.

This is, however, in contradiction with o being absolutely continuous (which follows
from Proposition 2.6) and oy being singular. Indeed, if we let Gy be the null set
where oy, is concentrated, we obtain that

0 <|o|(Biy2) = |o|(Bi/2 \ Gk) = |0 — ok|(Bj2 \ Gi) < [o(ox — 0)[(B1) =0,

which is impossible. O

3.2. Local structure of singularities. As we mentioned in the introduction, Al-
berti’s rank-one theorem, Theorem 1.1 (iii), implies a strong constraint on the pos-
sible behaviors of singularities of BV-maps. In particular, even at points xg € €
around which v € BV(€; R™) has a Cantor-type (e.g. fractal) structure, the “slope”
of u has a well-defined direction. This is made precise in the following important
consequence of Alberti’s theorem.

Corollary 3.1. Let u € BVioo(R%GRY).  Then, at |D*ul-almost every xo every
tangent measure o € Tan(D*u,xq) is b-directional for some direction b € S¥1 in
the sense that

o(B +v) = o(B)
for all bounded Borel sets B C R? and all v € R? orthogonal to b.

For the proof see for instance [67, Corollary 10.8].

Combining Theorem 1.4 with Theorem 2.10 one can obtain some structural infor-
mation on tangent measures for BD maps. In fact, also exploiting the decomposi-
tion (3.1), which involves only positive measures after the fixed polar, the structure
results of Theorem 2.10 can be improved for tangent measures.!

Theorem 3.2. Let u € BDjo(RY). Then, at all point such that |E*u|-almost every
xg the following holds: for all ¢ € Tan(|E*u|, zq) there exists w € BDjyc(RY) such
that

Ew=(a®b)o,
where a,b € R are such that
dE%u
—_ = b.
A B W0 =0 ©

Moreover:
(i) If a # £b, then there exist two functions Hy, Ha € BVioe(R) such that

w(x) = aH(z-b) +bHa(z - a).
(ii) If a = +b, then there exist a function H € BVi,.(R) such that
w(z) =aH(x - a).

Wwe gratefully acknowledge Adolfo Arroyo-Rabasa for pointing this out to us.
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Proof. Given a tangent measure o € Tan(|E®u|,zp), by arguing as in the proof of
Theorem 1.4, one gets a sequence r; J 0 and a sequence of rigid deformations wy,
such that the maps

d—1

vg(y) : i

= mu(ﬂﬂoery) + wi(y), RS Rd7
Tk

converge to a map w € BDjoc(RY) with

By Theorem 1.4,
dEu

m(%)

for some a,b € R Thus, case (i) or case (ii) of Theorem 2.10 applies. Assume for
instance a # +b. Then,

w(z) = a(Hi(z-b)+ (z-b)(z-v)) + b(Ha(z - a) + (z - a)(z - v))
—v(x-a)(z-b)+w(x)

=a®b

and, by (2.7),
o= H|(dz - b) + Hy(dx - a) + 2(x - v) LY(dx).

First, we observe that we may assume w = 0 since we may just subtract it from w.

We claim that since ¢ is a positive measure and v € span{a, b}L, this implies
that v = 0, so that the conclusion holds. To prove the claim, assume without loss of
generality that a = e3, b = e and that v = ae; with a > 0. Let ¢ € CY(R?~1;[0,1]),
Y € C2[0,1];]0,1]) and let + € R. By integrating o against p(z')¢(z1 —t) (v =
(x1,2")) we get

0< /cp(x')lﬁ(:cl —t)do

< (/w d£1> : (/gp dH] (x2) ALt —l—/cp dHY(x3) d£d1>
t+1
dcdt. dct(y).
+2a/s0 /t y dL (y)

Since the first term on the right hand side of the above equation is independent of ¢,
by letting ¢ — —oo we get that a = 0, which is the desired conclusion. In the same
way, if @ = £b, one uses Theorem 2.10 (ii), (2.8), and the positivity of o to conclude
in a similar way. O

Note that according to the preceding result the structure of possible tangent BD-
maps can be quite complicated. However, if we additionally know xy € J,, as a
consequence of the structural Theorem 1.2 we obtain that the tangent map at this
point has a much simpler structure, namely

w=w"1 {z-n>0} +w 1 {z-n<0}

for some w* € R? and n € S41 (in fact, n = vy,); in particular, w is one-directional.

At a generic point we can still prove that there is always at least one one-
directional tangent measure. Indeed, one has the following result, proved in [29,
Lemma 2.14]:
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Theorem 3.3 (Very good singular blow-ups). Let u € BD,.(R?). Then, at
R4

| ESul-almost every x there exist o € Tan(|E%u|, z¢) and w € BDjoe(R®) such that
FEw=(a®b)o
where a,b € R% are such that
dFE°u
= b
qE] 70 = 2O,

and
w(z) =nG(x - &) + A(z).
Here, {¢€,m} = {a,b}, G € BV}o(R), and A: R? — R? is an affine map.

Sketch of the proof. The idea of the proof is to start with a tangent map w as in
Theorem 3.2 and to take a further blow-up in order to end up in the above situation
and to appeal to a theorem of Preiss that tangent measures to tangent measures are
tangent measures, see [56, Theorem 14.16]. One needs to distinguish two cases:

In the case where Hf(x -b) and H)(z - a) do not have singular parts, one simply
takes a Lebesgue point of both of them and blows up around that point. Thus one
finds an affine tangent map. In the case where H/(x - b) has a singular part, one
easily checks that D*H;(x - a) is singular with respect to Hj(x -a) and hence, taking
a suitable blow-up, one again ends up with a w of the desired form.

We refer to [29, Lemma 2.14] for the details. O

Note that in the above theorem one cannot decide a-priori which of the two
directions a, b will appear in the second blow-up. Furthermore, it can happen that
the roles of a and b differ depending on the blow-up sequence. In view of the analogy
with the rectifiable part, where only one-directional measures are seen as possible
tangent measures, one might formulate the following conjecture:

Conjecture 3.4. For |E*ul|-almost all xq, the conclusion of Theorem 3.3 holds for
every tangent measure o € Tan(Eu, x¢).

Note that if verified, this statement would imply that the structure of the Can-
tor part (which can be thought of as containing “infinitesimal” discontinuities) is
essentially the same as the jump part (which contains macroscopic discontinuities).

3.3. Dimensionality and rectifiability. In [7] it was shown that the approach
used to prove Theorem 1.5 can be extended to recover some information about
dimensionality and rectifiability of A-free measures. Indeed, it turns out that if an
A-free measure p charges a “low-dimensional” set, then its polar vector % has

to satisfy a strong constraint at |u|-almost every point in this set. To state this
properly, let us introduce the following family of cones:

A= ) U kerA(§), h=1,....4
7€Gr(h,d) Eem\{0}

where A(¢) is defined in (1.3) and Gr(h,d) is the Grassmannian of h-planes in R?.
Note that

Ay= ] kerA() A cAycAy=A4 1<j<h<d
¢€R\{0}
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We also recall the definition of the h-dimensional integral geometric measure, see [56,
Section 5.14],

h = 0 oiz (z hig T
() = /G » / HO(E N proj ! (x)) dH"(x) dupa),

where 7y, 4 is the Haar measure on the Grassmannian. The main result of [7] is the
following, see [7, Theorem 1.3]:

Theorem 3.5 (Dimensional restrictions on polar). Let p € M(Q;R™) be
A-free and let E C R? be a Borel set with T"(E) = 0 for some h € {1,...,d}. Then,

dp h
—(z) € A for |u|-a.e. x € E.

Note that for h = d this theorem coincides with Theorem 1.5. The following is a
straightforward corollary, see [7, Corollary 1.4]:

Corollary 3.6 (Dimensionality). Let A and p be as in Theorem 3.5 and assume
that A" = {0} for some h € {1,...,d}. Then,
E C R? Borel with T"(E) =0 = |u|(E) =0.
In particular,
p< I < H"

and thus

dimq.[u::sup{h>0 : u<<7-[h} > hg,
where

ha=max{he{l,...,d} + A% ={0}}.

By combining the above corollary with the Besicovitch—Federer rectifiability crite-
rion, see [33, Section 3.3.13], one obtains that for an A-free measure its h-dimensional
parts are rectifiable whenever Aiﬁ\ = {0}. Recall that for a positive measure o its
h-dimensional upper density at a point x is defined as

" . o(B,(x
0; (o) (z) = hr:lj(l)lp w

We then have, see [7, Theorem 1.5]:

Theorem 3.7 (Rectifiability). Let A and p be as in Theorem 3.5 and assume
that A" = {0}. Then, the set {0;(|u|) = +oo} is |u|-negligible and pl_{0; (|ul) > 0}
18 concentrated on an h-rectifiable set R, that is,

pLAG(|pl) > 0} = AH LR,

where A: R — R™ is H-measurable.

The above results also imply a new proof of the rectifiability of the (d — 1)-
dimensional part of derivatives of BV-maps and of symmetrized derivatives of BD-
maps. Indeed, it suffices to notice that, by direct computations,

A(ciljr% = {0}7 Acéiu%l(]url = {O}

This recovers item (ii) in Theorems 1.1 and 1.2. We refer the reader to [7] for a
more detailed discussion.
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4. INTEGRAL FUNCTIONALS AND YOUNG MEASURES

In this section we consider integral functionals of the form
Flu] :== / f(z,Eu(x)) de, u € LD(Q), (4.1)
Q

where Q) is a bounded Lipschitz domain, f: Q x R‘siyxrff — [0,00) is a Carathéodory
integrand (Lebesgue measurable in the first argument and continuous in the second

argument) with linear growth at infinity, that is,

flz, A) < C(1+|A)]) for some C' > 0 and all A € R¥Xd

Sym?

and the subspace LD(2) of BD(2) consists of all BD-maps such that Eu is absolutely
continuous with respect to Lebesgue measure (i.e., E°u = 0).
Recall that a sequence (u;) is said to weak*-converge to u in BD(2), in symbols

wj = u, if u; — u strongly in L'(Q;RY) and Fu; = Eu in M(Q;Rgfn‘f). Moreover,
(uj) converges strictly or area-strictly to w if u; X uin BD(2) and additionally
|Eu;|(©2) — |Eul(Q) or (Eu;)(2) — (Eu)(R), respectively. Here, for u € BD(),
we define the (reduced) area functional (Eu)(2) as

(Eu)(Q) ::/Q\/l—l—lgu(:r)P da + | E*u|(Q).

Since LD(R2) is area-strictly dense in BD(2) (by a mollification argument, see, e.g.,
Lemma 11.1 in [67] for the corresponding argument for the density of WH1(€2) in
the space BV(2)), one can show the following result, whose proof is completely
analogous to the BV-case; see, for instance, Theorem 11.2 in [67].

Proposition 4.1. Let f: Q x ngxncf — [0,00) be continuous and such that the
(strong) recession function

/ A/ .
1 (z, A) :m’hjg f(x;t), ref, Ae ngxn‘f, (4.2)
A=A
t—00

exists. Then, the area-strictly continuous extension of the functional F defined
in (4.1) onto the space BD(Q) is

S
Flu] == / f(z, Eu(x)) dﬂz—}—/ [ (x, dE;u(x)> d|Eful(z), u € BD(Q).
Q Q d[E*ul

Note that, clearly, f> is positively 1-homogeneous in A, that is f>(z,aA) =
af*(xz,A) for all &« > 0. Moreover, the existence of f°° entails that f has linear
growth at infinity.

While the above result gives a way to extend F to all of BD(£2), at least for some
integrands, in general neither F nor F admit a minimizer. Usually, this occurs if F

is not weakly* lower semicontinuous. In this situation we define the relazation F,
of F onto BD(Q2) as

Filu, ] == {li}gg}f}'[uj,(l] ¢ (u;) C LD(Q), uj = u in BD(Q) }

Our first task is to identify F, as an integral functional, which will entail a suitable
(generalized) convexification of the integrand.
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4.1. Symmetric-quasiconvexity. The appropriate generalized convexity notion
related to symmetrized gradients is the following: We call a bounded Borel function
f: Rg;rr‘f — R symmetric-quasiconvex if

f(A) < ]i FLA+EY(y))dy  for all p € Wy™(D;RY) and all A € REY,
where D C R? is any bounded Lipschitz domain (the definition is independent of the
choice of D by a covering argument). Similar assertions to the ones for quasiconvex
functions hold, cf. [13,31]. In particular, if f has linear growth at infinity, we may
replace the space Wé’oo(D;Rd) in the above formula by Wé’l(D;Rd) or LDgy(D)
(LD-functions with zero boundary values in the sense of trace), see Remark 3.2
in [13].

Using one-directional oscillations, one can prove that if the function f: R&4 — R

Sym
is symmetric-quasiconvex, then it holds that
F0A+(1—0)B) < 07(A) + (1 - 0)f(B) (4.3)
whenever A, B € ngxrff with B — A = a ® b for some a,b € R% and 6 € [0,1],
cf. Proposition 3.4 in [37] for a more general statement in the framework of .A-
quasiconvexity.
If we consider R%%? to be identified with RU41/2 and f: R4 5 R with

Sym Sym
f: RU+D/2 5 R then the convexity in (4.3) implies that f is separately con-
vex (i.e., convex in every entry separately) and so, f is locally Lipschitz continuous,
see for example Lemma 2.2 in [12]. If additionally f has linear growth at infinity,
then loc. cit. even implies that f is globally Lipschitz continuous.

Notice that from Fatou’s lemma we get that the recession function f°°, if it exists,
is symmetric-quasiconvex whenever f is; this is completely analogous to the situation
for ordinary quasiconvexity. Hence, f°° is also continuous on R‘S‘%‘f in this situation.

We mention that non-convex symmetric-quasiconvex functions with linear growth
at infinity exist. One way to construct such a function (abstractly) is the following:

We define the symmetric-quasiconvex envelope SQf: R4 — RU{—oo} of a locally

Sym
bounded Borel-function f: ngxngl — R as

SQf(A) := inf{ fA+EY(2)dz = e W(l)’OO(Bl;]Rd) }, (4.4)

By

where A € ngxn‘ni. Clearly, SQf < f. Furthermore, if f has p-growth, we may replace
the space Wé’oo(Bl; R%) by W(l]’p(Bl; R?) via a density argument.

Just as for the classical quasi-convexity one can show the following, cf. [37, Propo-
sition 3.4]:
Lemma 4.2. For a continuous function f: ngxn‘f — [0,00) with p-growth, p €

[1,00), the symmetric-quasiconvex envelope SQf is symmetric-quasiconver.

We then have the following class of symmetric-quasiconvex, but not convex, func-
tions:

Lemma 4.3. Let F' € Rglyﬁg be a matriz that cannot be written in the form a ® b

for any a,b € R and let p € [1,00). Define
h(A) :=dist(A, {—F,F})’,  AcR&4

sym *



24 G. DE PHILIPPIS AND F. RINDLER

Then, SQh(0) > 0 and the symmetric-quasiconvex envelope SQh is not convez (at
zero).

We sketch here the proof since it is quite illuminating and shows a connection to
the wave cone of the Curl Curl-operator.

Proof of Lemma 4.3. The key point is to show that SQR(0) > 0. Then, if SQh were

convex,

SQ(0) < (h(=F) + h(F)) =0,

DN |

(SQh(~F) + SQA(F)) <

N | =

a contradiction.
To prove that SQh(0) > 0 we argue by contradiction and assume the existence of
a sequence of maps (1;) C Wé’oo(Bl; R?) such that
h(&pj) dz — 0. (4.5)
B
In particular,
dist(Eyj, {—F,F}) = 0 in LP(By). (4.6)
By mollification, we can assume that the 1, are smooth and we extend them by

zero to R%. This allows one to employ the Fourier transform like in the proof of
Theorem 2.10 (iii). Recall that for a symmetrized gradient one has

Ew(€) = 2m)w(E) 0,  ¢eRL

We let L := span F and we denote by P the orthogonal projection onto L' (identified
with its complexification). We have already seen in (2.11) that we may “invert” P
in the sense that if

P(Ew) =R
for some w € W'P(R%:R™), R € LP(R?; L1), then

Ew(€) = M(R(E) = M(OP(Ew(€)), €€ R\ {0},

for some family of linear operators M(&): RZX4 — RI%d that depend smoothly and

Sym sym
positively 0-homogeneously on £. Then we conclude as follows:
For p = 2, Plancherel’s identity ||g||;.2 = ||g||12 together with (4.6) implies

€51z = 1Ed5IL2
= [IM(&)P (E;(€))Ir2
< M| [P (E15(€)) 2
= M| [P(E5) 12
— 0.

But then h(Ev;) — |F| in LY(By), contradicting (4.5). Thus, SQk(0) > 0.
For p € (1,00), we may apply the Mihlin multiplier theorem (see for instance [44,
Theorem 5.2.7]) to get analogously that

1€¢5llLe < ClIMlgrarzs+1 [P (E45) [l — 0,

which is again at odds with (4.5).
For p = 1, we only have the weak-type estimate

[EVjl1,00 < ClIM||razes+1[[P(E))|[Lr — 0,
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see [44, Theorem 5.2.7]. This in particular implies that, up to a subsequence, it
holds that £¢; — 0 almost everywhere. On the other hand, by the trivial estimate

[Exj(w)] < C(1 + dist(E;(w), {~F, F}))

in conjunction with (4.6) we deduce that |£1);] is equiintegrable. By Vitali’s theorem,
EYj — 0in L' and we conclude as above. ]

An alternative way to show that SQh(0) > 0 would be to rely on the following
generalization of the Ball-James theorem [11] on approximate rigidity for the two-
state problem.

Theorem 4.4. Letp € [1,00) and A, B € R2X2 be such that B— A # a®b for any

Sym

a,b € R Let (1) C Wé’oo(Bl;Rd) be a sequence of maps such that
dist(Ey;,{A,B}) =0 in LP(By).
Then, up to a subsequence, either E; — A or Ev; — B in LP.

Indeed, applying the above lemma to {A, B} = {—F, F'}, one obtains that either
EY; — For EY; — —F in LP, in contradiction with the fact that

51[13' =0.
By

which follows from the zero trace assumption on ; € Wé’oo(Bl; RY).

Theorem 4.4 can in fact be proved in the more general context of A-free measures;
we refer the reader to [27] (which is based on the techniques of [28]). For the case
of first-order operators A, this result is also proved in [19].

Let us also remark that recently there has been a detailed investigation into
symmetric polyconvexity, see [15].

4.2. Relaxation. We now consider the question raised at the beginning of this
section, namely to identify the relaxation F,. of F. First results in this direction
for functions in BD(Q2), but without a Cantor part (i.e., the singular part E°u
originates from jumps only and does not contain Cantor-type measures), were proved
in [13,14,32,42].

The first lower semicontinuity theorem applicable to the whole space BD(£2) was
proved in [64] by employing the results of Section 2 together with a careful analysis
of tangent measures and (iterated) tangent Young measures (see Section 4.5 below).
That work, however, left open the question of relaxation, where more information on
the structure of the singular part is required. In this context, we refer to [4,36], where
this question is treated for BV-maps via Alberti’s rank-one theorem (and Corollary
3.1), and to [65], which shows that Alberti’s rank-one theorem is not necessary to
prove weak™ lower semicontinuity in BV (without a full relaxation theorem). In BD,
a first intermediate relaxation result was obtained in [8] and an essentially optimal
version was finally proved in [51], see Theorem 4.5 below.

A challenge in the formulation of a relaxation theorem is that it involves passing
to the symmetric-quasiconvex hull SQf of the integrand (defined in (4.4)), but in
general the (strong) recession function (SQf)> does not exist; in this context, we
refer to [57, Theorem 2] for a counterexample. Thus, we need a more general notion

of recession function: For any f € C(Q x ngxrﬁl) with linear growth at infinity we
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can always define the generalized recession function f#:Q x ]R‘sjyxlfll — R via
. f(‘r,a tA/) e}
f#(z,A) = lnlnsup — reN, Ae Rg;rg,
T —x
A'—A
t—o0

which again is always positively 1-homogeneous and the linear growth at infinity
of f suffices for f# to take only real values. In other works, f7 is usually just
called the “recession function” (and denoted by “f°°”), but here the distinction to
between f# and f* is important. It is elementary to prove that f#(z,.) is upper
semicontinuous. For a convex function f, always f# = f>. We refer to [9] for a
more systematic approach to recession functions and their associated cones.
As mentioned before, the following relaxation result is proved in [51]:
Theorem 4.5. Let Q C R? be a bounded Lipschitz domain and let f: ngfg —
[0,00) be a continuous function such that there exist constants 0 < ¢ < C, for which
the inequality
Al < FA) OO +1A), AR
holds. Then, the weak™® relazation of the functional F in BD(Q) is given by
dE%u
Pl = [ (sQp(Eut) do+ [ (sQn*(§Emi@) diEue). ue BD@)

0 0 d|Esul

In particular, Fi is weakly™ lower semicontinuous on BD(€2).

The proof of this theorem proceeds by the blow-up method, see e.g. [35,36], and
exploits Theorem 1.4 as well as the existence of very good blow-ups from Theo-
rem 3.3.

We also note that [17] establishes a general integral representation theorem for
the relaxed functional F..

We conclude this section by noting that the previous discussion applies to func-
tionals whose integrand depends only on the symmetric part of the gradient. How-
ever, it is not hard to construct an integrand f: R%*¢ — R, which depends on the
full matrix, but for which

A+ AT| S fA) S1+]A+ AT, AeR™

In this case the corresponding integral functional F will be coercive only on BD and
one would like to study the relaxed functional F,. This has been achieved in some
specific cases when Eu = 0, see [21,40], but in the general case not much is known,
see the discussion in [21, Section 7).

4.3. Generalized Young measures. In the remainder of this survey we consider a
more abstract approach to the theory of integral functionals defined on BD, namely
through the theory of generalized Young measures. These objects keep track of all
oscillations and concentrations in a weakly™ converging sequence of measures; here,
we will apply this to the symmetrized derivatives (Eu;) of a weakly*-converging
sequence of BD-maps (uj) C BD(€2). Our presentation follows [2,29, 52, 64, 67],
where also proofs and examples can be found.

Let, as usual, Q C R? be a bounded Lipschitz domain. For f € C(Q x RY) and
g € C(Q x BY), where BY denotes the open unit ball in RY, we let

(Rf) (. A) = (1 |A|>f(a:

A

,7A>, reQ, AeBV.
1—|A]
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Define
E(Q;RY):={f e C(QxRY) : Rf extends continuously onto Q x BV }.

In particular, f € E(Q;R"Y) has linear growth at infinity with growth constant
C = ||Rf”Loo(_§2><BN). Furthermore, for all f € E(Q;RY), the (strong) recession
function f©: QxRN — R, defined in (4.2), exists and takes finite values. It can be
shown that in fact f € C(Q;RY) is in the class E(Q;RY) if and only if f*° exists in
the sense (4.2).
A (generalized) Young measure v € Y (£; RY) on the open set Q C R? with values
in RY is a triple v = (v, A, v2°) consisting of
(i) a parametrized family of probability measures (v)zcq C M1 (RY), called
the oscillation measure; _
(ii) a positive finite measure A, € M (Q), called the concentration measure;
and
(iii) a parametrized family of probability measures (v5°), .5 C M1(SV 1), called
the concentration-direction measure,
for which we require that

(iv) the map x — v, is weakly* measurable with respect to £%, i.e., the function
z — (f(z,.),v;) is L%-measurable for all bounded Borel functions f: Q x
RN - R;
(v) the map x — v2° is weakly™ measurable with respect to \,; and
(vi) > {(|+],ve) € LYQ).
The duality pairing between f € E(Q;RY) and v € Y(Q;RY) is given as

(1) = [ (g dot [ (5205 ah
::/Q/RNf(a:,A) dv,(A) dx—i—/g @A) v (A) (o).

The weak* convergence v; — v in Y(Q;RY) c E(Q;RN)* is then defined with
respect to this duality pairing. If (v;) C M(Q;RN) is a sequence of measures with

sup; [7j](2) < oo, then we say that the sequence (v;) generates a Young measure
v € Y(;RY), in symbols ~; X v, if for all f € E(Q;RY) it holds that
dv; d dr;
— LQ+4 f> H
(o g2@) cLas (o 2@ ) b
= <f(x7')7yw>£d|—9+<foo(x7')7ygo>)‘l/ HlM(ﬁ)

Also, for v € Y(€;RY) we define the barycenter as the measure
] = (id, v, ) LY Q + (id,1°) A, € M(LRY).
The following is the central compactness result in Y (€; RY):
Lemma 4.6 (Compactness). Let (v;) C Y(Q;RY) be such that
sup; (1 ® [+|, ;) < oc.

Then, (v;) is weakly* sequentially relatively compact in Y (Q;RYN), i.e., there exists
a subsequence (not relabeled) such that v; = v and v € Y(Q;RYN).
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In particular, if (7;) € M(Q; RY) is a sequence of measures with sup; |v;](€2) < oo
as above, then there exists a subsequence (not relabeled) and v € Y (£;RY) such

that ; X 0.

4.4. BD-Young measures. A Young measure in Y (€2; Rgfn‘f) is called a BD-Young

measure, v € BDY (), if it can be generated by a sequence of BD-symmetrized
derivatives. That is, for all v € BDY (2) there exists a (necessarily norm-bounded)

sequence (u;) C BD(Q) with Eu; Y ». When working with BDY (2), the appro-
priate space of integrands is E(£2; ngxnff) since it is clear that both v, and v2° only
take values in R9X¢ whenever v € BDY(Q). It is easy to see that for a BD-Young

Sym
measure v € BDY () there exists u € BD(2) satisfying Eu = [v|LQ; any such u
is called an underlying deformation of v.

The following results about BD-Young measures are proved in [52, 64, 67] (the

references [52,67] treat BV-Young measures, but the proofs adapt line-by-line).

Lemma 4.7 (Good generating sequences). Let v € BDY ().

(i) There exists a generating sequence (uj) C BD(Q2)NC*(Q; RY) with Eu; 0.
(ii) If additionally A, (0?) = O, then the u; from (i) can be chosen to satisfy
ujlon = ulaq, where u € BD(Q) is any underlying deformation of v.

The proof of this result can be found in [52, Lemma 4].

4.5. Tangent Young measures. In order to carry out blow-up constructions in-
volving Young measures, we will need localization principles for these objects, one at
regular and one at singular points. These results should be considered complements
to the theory of tangent measures and thus the Young measures obtained in the
blow-up limit are called tangent Young measures.

Define BDY 1o (R%) by replacing Y (Q; RZX9) and BD(Q2) by their respective local

Sym
counterparts. When working with BDY o (]Rd), the appropriate space of integrands
is B.(R?; ngﬁg), i.e., the set of all functions in E(R%; ngxn‘f) with (uniformly) compact
support in the first argument.

The following two results are proved in [64]:

Proposition 4.8 (Localization at regular points). Letv € BDY (Q2) be a BD-
Young measure. Then, for L%-almost every xo € Q there exists a regular tangent
Young measure o € BDYo.(R?) satisfying

[0] € Tan([v], xo), Oy = Vg, a.€.,
dA,
Ao = 1 (z0) £ € Tan()\,, o), 0, =vg a.c.

In particular, for all bounded open sets U C R? with LYOU) = 0, and all h €
C(R¥4) such that the recession function h™ exists in the sense of (4.2), it holds
that

dA,
<<I]U®h,a>>: <h,uw0>—|—<h°°,vgg d—ﬁd(aro) |U].

Proposition 4.9 (Localization at singular points). Let v € BDY () be a
BD-Young measure. Then, for A\ -almost every xo € 2, there erists a singular
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tangent Young measure o € BDY,.(R?) satisfying

[o] € Tan([v], xo), oy =10 a.e.,
Ao € Tan(AJ, zp) \ {0}, 0, =V Ag-a.e.

In particular, for all bounded open sets U C R? with (LY + \o)(OU) = 0 and all
positively 1-homogeneous g € C(REXD) it holds that

(1o ®g,0) = (g,v2) Ao (V).

4.6. Good blow-ups for Young measures. By exploiting the results in Section 3,
in particular Theorem 3.3, one can show that for almost all singular points of a
BD-Young measure there is a tangent Young measure such that the underlying
deformation has a one-directional structure, see [29, Lemma 2.14].

Theorem 4.10 (Very good singular blow-ups). Let v € BDY(Q2) be a BD-
Young measure. Then, for \J-almost every xo € €1, there exists a singular tangent
Young measure o € BDY ,.(R?) such that [0] = Ew for some w € BDyoo(RY) of the
form

w(z) =nG(z-§) + Az).
Here, £,n € R\ {0}, G € BVioc(R), and A: R? — R? is an affine map.

We remark that the previous result also holds for (possibly non-BD) Young mea-
sures v € Y (Q; REXY) with the property that []L.Q = Eu for some u € BD(Q2).
Using the previous theorem, the main result of [29] characterizes completely all
BD-Young measures:
Theorem 4.11. Let v € Y(Q;ngxrg) be a (generalized) Young measure. Then, v
is a BD-Young measure, v € BDY (Q2), if and only if there exists u € BD(Q)) with
[V]LQ = Eu and for all symmetric-quasiconvex h € C(REX) with linear growth at

Sym
infinity, the Jensen-type inequality
h <<id, V$> + <id, V§°>

holds at L%-almost every = € Q.

dX, o dX,
dﬁd(‘r)> S <h’ V95> + <h#’V$ dﬁd(x)’

This result is the generalization to BD of the so-called Kinderlehrer—Pedregal the-
orem characterizing classical Young measures (i.e., A, = 0) generated by sequences
of gradients [45,46] and the characterization of generalized sequences generated by
BV-derivatives, first established in [52] and refined in [47,66].

We remark that the use of the generalized recession function A can in general
not be avoided since, as discussed above, not every symmetric-quasiconvex function
with linear growth at infinity has a (strong) recession function (and one needs to
test with all those; but see [48, Theorem 6.2] for a possible restriction on the class
of test integrands).

Note that the above theorem does not impose any constraint on the singular part
(i.e., AJ and the corresponding vg°) of the Young measure v, except for the fact
that the barycenter [v]’s polar is of the form a ® b at almost every singular point
(which follows by the existence of an underlying deformation and Theorem 1.4). It
is a remarkable fact that this is enough to also ensure the validity of the following
singular Jensen-type inequality:
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Theorem 4.12. For all v € BDY(Q) and for all symmetric-quasiconver h €
C(REXD) with linear growth at infinity, it holds that

sym
W ((id,v5°)) < (h#,15°)
at A\ -almost every x € Q.

The key step to proving the preceding theorem is a surprising convexity property
of 1-homogeneous symmetric-quasiconvex functions at matrices of the form a ® b
proved by Kirchheim—Kristensen in [48]:

Theorem 4.13. Let h™: R‘siyxnﬁl — R be positively 1-homogeneous and symmetric-
quasiconvex. Then, h™ is convex at every matriz a ® b for a,b € R?, that is, there

exists an affine function g: ngxnff — R with

h*®(a ®b) = g(a®b) and  h™ >g.

Proof of Theorem 4.12. We first establish the following general claim: Let p €
Ml(ngxn‘f) be a probability measure with barycenter [u] := (id,u) = a ® b for
some a,b € RY, and let h € C(RZX9) be positively 1-homogeneous and symmetric-

Sym
quasiconvex. Then,
h(a ® b) = h([u]) < (h, ).
Indeed, by the preceding theorem, h is actually conver at matrices a ® b, that is,
the classical Jensen inequality holds for measures with barycenter a ® b, such as our

p. This shows the claim.
If v = (vg, A\, v°) € BDY (), then there is a w € BD(Q2) such that

Eu = [v) £2 4 [v°] (A, LQ)(dz),

so at AS-almost every x € © we have by Theorem 1.4 that [v5°] = a(x) ® b(z) for
some a(x),b(z) € RY. Thus, applying the claim above to 2 immediately yields the
singular Jensen-type inequality. O

Together, Theorems 4.11 and 4.12 have the following remarkable interpretation:
While there are constraints on the oscillations and concentrations making up the ab-
solutely continuous part of a BD-Young measure v, the concentrations in the singular
part are totally unconstrained besides the requirement that [v2°] (AJLQ)(dz) = E*u
for some u € BD(f2). In particular, any probability measure u € M(R%X9) with

Sym
barycenter [pu] = (id, ) = a ® b for some a,b € R? occurs as the concentration-
direction measure of a BD-Young measure.
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