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Introduction

This thesis is dedicated to two types of “rigidity properties” occurring in certain
PDEs. These rigidity notions are rather complementary — the first originating from
the study of controllability, the second appearing in the context of material sciences.
While the first notion of rigidity is typical of elliptic (and parabolic) equations, the

second one is mainly associated with hyperbolic equations and systems.

Before describing precisely the setting of our problems, we recall two prototypes of

the rigidity properties we have in mind:

e The first rigidity property we deal with is associated with the unique continu-

ation principle. Here the model operator is given by the Laplacian. Due to its
analyticity, a solution which vanishes of infinite order at a point must already
vanish globally.
Thus, a naturally arising question is whether this extends to more general
operators and, in the case of a positive answer, to which ones. In this thesis
we deal with two problems of such a flavour: The first is concerned with a
parabolic “unique continuation problem at infinity”, while the second treats
the unique continuation problem for the fractional Laplacian. In the second
problem we put a particular emphasis on requiring as little regularity as pos-
sible.

e The second rigidity problem we investigate concerns a system of PDEs and
is related to the notion of characteristics (in first order equations). Although
we are confronted with a system, this type of “rigidity property” is already
present in scalar (hyperbolic) equations: A toy problem would, for example, be
the transport equation for which the characteristics of the system are straight
lines. A more elaborate (toy) model is, for instance, given by the following

two-dimensional gradient inclusion problem:

Vue {(l 0 ) , (—1 0) } + Sheu ).
0 —1 0 1

Using the discreteness of the symmetrized gradient and the compatibility con-
ditions, one finds that solutions, u, either satisfy e(Vu) := (Vu + (Vu)t) =
f(z1—22) or e(Vu) = g(a1 +x2). Thus in both examples, the scalar transport

iv
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equation and the differential inclusion, the solutions are necessarily of the form
of waves propagating along certain characteristics. In this sense the solutions
are very rigid. We remark that although solving a PDE with the method of
characteristics is not uncommon when dealing with scalar equations, it often
poses problems in the context of systems as the resulting equations are not
closed.

In this thesis we deal with the classification of all possible solutions of a certain
(vector-valued) differential inclusion which arises in the study of phase transi-
tions in certain shape-memory materials such as CuAINi. For this transition
we prove two complementary results: On the one hand, one cannot hope for
rigidity for a too weak notion of a solution. On the other hand, adding regular-
ity constraints, the problem becomes rigid and only very specific, essentially

two-dimensional patterns occur.

Keeping this brief description of the different notions of rigidity in mind, we present

the problems which are discussed in this thesis in greater detail:

The backward uniqueness property in conical domains. This problem deals

with the controllability of the heat equation (and perturbations thereof):

Ou — Au = Wiu+ Way - Vu in Qg x (0,7),
u=1ug in Qp x {0},

Here g is a cone with opening angle 6.

We aim at understanding the interplay of the strong diffusivity and the unbounded
underlying geometry. As is known since, for example, the work of Zuazua and Micu
[MZ01a], [MZ01b], there is a major discrepancy between bounded and unbounded
domains. While the heat equation is null-controllable, i.e. by choosing adapted
boundary data it is possible to drive any L? (initial) datum to zero in an arbitrarily
short time interval, in bounded domains, this is no longer the case in unbounded do-
mains. On top of that depending on the “degree of unboundedness of the domain”,
the heat equation is not only not null-controllable but even displays the backward
uniqueness property, i.e. in conical domains with sufficiently large opening angles

the only solution which can be driven to zero is the trivial solution.

In the first part of the thesis we provide a quantitative description of the large angle
regime in two spatial dimensions. In this context, it is known that the backward
uniqueness property can only hold in angles larger than 90° which is a consequence
of the Phragmen-Lindelsf principle [ESS03], [SS02]. Furthermore, it is conjectured
that the backward uniqueness property actually holds in all angles larger than 90°,
reflecting the fact that the diffusivity is not strong enough to drive any nontrivial
L? datum to zero. However, the furthest previous result in this direction only shows
that the backward uniqueness property holds in all angles down to approximately
109° [LS10).
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Motivated by understanding a related elliptic “unique continuation problem at infin-
ity”, we aim at improving this bound in two spatial dimensions via a more detailed
phase space analysis. As in the paper by Sverdk and Li [LS10], the core of our

approach relies on Carleman estimates, i.e. exponentially weighted estimates of the

type
lemull2 S €@+ A)ad o, 72

Here, the main novelty in dealing with the backward uniqueness problem is the
identification of a necessary pseudoconvexity condition for a large class of two-
dimensional weight functions. Working with a product ansatz for the Carleman
weight, we obtain an ordinary differential inequality on the characteristic set. Using
solutions of this, we can prove the backward uniqueness property in conical domains

with opening angles down to approximately 95° in two dimensions.

The unique continuation property for fractional Schrédinger operators.
The unique continuation problem for Schrédinger operators is by now well-under-
stood, c.f. [JK85], [KT01a]. Motivated by dealing, for example, with the absence
of positive eigenvalues, c.f. [KT06], [[J03], the main task was to understand up to
which “degree of roughness” of the potentials and metrics, the unique continuation
principle persists. Here, the threshold is provided by the respective scaling-critical
LP and Lorentz spaces.

Thinking about unique continuation, an interesting question concerns the inter-
play of the local property of infinite order vanishing and non-local operators: How
strongly does the local property interact with non-local operators such as the frac-
tional Laplacian? Does the fractional Laplacian mirror the behaviour of its “local

relative”, the Laplacian? More precisely, does
(=A)°u =Vu in R,

with v € H?

loc

(R™), s € (0,1), limr~=™ [ w?dz =0 for all m € N and V being in
r—0 BT(O)
an appropriate class of potentials, already imply v = 07

In the chapter dedicated to the unique continuation properties of the fractional
Laplacian we deal with these questions via Carleman inequalities and thus comple-
ment and extend results from the literature.

Here, the furthest previous results concerning unique continuation properties of the
fractional Laplacian are in the article [FF13] by Fall and Felli. The authors approach
the unique continuation property for the fractional Laplacian via frequency function
methods. They prove that for C1(R™\ {0}) perturbations of certain scaling-critical
Hardy potentials the strong unique continuation property holds. We extend and
complement these results in several aspects, of which two of the most important

are:

e “Rough” potentials. It is possible to weaken various assumptions: If s € [%, 1)
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we, for example, prove the strong unique continuation property for potentials
V(y) = |y|725f(|Z—|) + Va(y), [Va(y)] < |y|=2°T¢ which, in particular, include
scaling-critical potentials. However, these need neither be of Hardy type nor
small. Moreover, in one-dimensional settings and if s > % we show an analogue
of a result of Pan [Pan92] by proving the strong unique continuation property
for |V (y)| < cly|=*".

o Flexibility. Our Carleman methods carry over to more general settings of
unique continuation at the boundary of a domain. In particular, it is possible
to treat perturbations of the metrics under consideration. Hence, we can deal

with “variable coefficient” fractional Schrodinger operators.

In dealing with the unique continuation principle, we argue via a combination of
Carleman estimates and a blow-up analysis. In particular, the Carleman estimates
imply doubling inequalities from which we obtain compactness. These allow to
reduce the strong unique continuation problem to the weak unique continuation

problem.

As already pointed out, the second part of the thesis is dedicated to capturing a
different rigidity property. Motivated by pictures of experimental configurations
of the cubic-to-orthorhombic phase transition, we investigate this phase transition

which occurs in certain shape-memory alloys. Here we proceed in two steps:

Non-rigidity properties of the cubic-to-orthorhombic phase transition. As
a first step we prove that sufficiently weak solutions (u € W1P(Q), p € (1,00)) of
the partial differential inclusion associated with the so-called cubic-to-orthorhombic

phase transition, i.e.

t
(V) = w e {eD, .. e®), (0.0.1)
16 1 -5 0 0
Wl s 1 @ =cl-s 1 o], ®=c| 0 —2 ;
0 0 -2 0 0 -2 5 0
1 0 - 20 2 0 0
eW=¢l 0 =2 of, e®=c¢] 0 1 5|, e€9=¢|l 0 1 -],
50 1 0 4 0 -6 1

are not rigid. We illustrate that, on the contrary, a very large set of boundary values
can be accommodated without causing stresses (e.g. for affine boundary data Mz
we only require e(M) € intconv(e(), ..., ().

Using the framework of convex integration as developed by Miiller and Sverak
[MS99], we construct a sequence of functions which comes closer and closer to being
a solution of the differential inclusion by successively adding increasingly high oscil-

lations. Working in the framework of the linear theory of elasticity, the differential
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inclusion involves an unbounded component. Thus, in order to obtain sufficient
compactness properties for the sequence of “almost solutions” to yield a solution in

the limit an additional tool is needed. This is provided by Korn’s inequality.

Non-rigidity phenomena in models describing shape-memory alloys as such are not
new: In the framework of nonlinear elasticity already the simplest toy model, the
two-well problem, displays non-rigidity for weak solutions. A similar behaviour is
known for the cubic-to-tetragonal phase transition: Again, in the nonlinear theory,
weak solutions are not rigid. However, for all these examples the linear theory of
elasticity differs dramatically: For the linearized versions of the discussed problems,
there are very strong rigidity properties. In this sense, the cubic-to-orthorhombic
phase transition can be considered as one of the simplest (real-life) transitions in
which this lack of rigidity can already occur in the framework of the linear theory

of elasticity. This is due to the presence of “sufficiently many” different phases.

Rigidity properties of the cubic-to-orthorhombic phase transition. Intro-
ducing regularity constraints (i.e. surface energy), we prove a rigidity result for
solutions of the cubic-to-orthorhombic phase transition. If the solutions are piece-
wise affine, i.e. the support of the different phases consists of an arbitrary but finite
number of polygonal domains, then the solutions are locally very rigid for generic
parameters of §: Formulated in the whole space setting, we prove the following

proposition (c.f. Chapter [6] for the notation):

Proposition 1. Let § ¢ {£3,4£3}. Then, any configuration such that the support
of each phase consists a union of only finitely many different polygons (also infinitely
extended polygons are allowed) and which satisfies (0.0.1]) in R™ is either a twin or

a crossing-twin pattern.

This phenomenon of complementing a non-rigidity result has been observed both in
the nonlinear two-well problem and the nonlinear cubic-to-tetragonal phase transi-
tion. However, both of these differential inclusions exhibit much clearer structures
than our problem: Whereas the first can be reduced to its linearized version (for
which one has rigidity) if the solutions are in BV, the second one is “sufficiently
small” to handle its rank-one connections combinatorially. As our model contains
21 different symmetrized rank-one connections and as it displays non-rigidity al-
ready in the linearized setting, none of these strategies can be applied.

Instead, we argue via a classification of zero-homogeneous configurations which are
obtained by a mixture of combinatorial and analytical arguments. In a second step
these local constructions are used in order to deduce a characterization of global

solutions. Again, this involves strong combinatorial elements.
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Rigidity Properties in
Inverse Problems and Unique
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Chapter 1

Introduction

In this first part of the thesis we are concerned with two “rigidity properties” origi-
nating from the field of “inverse problems”. In general, these are problems in which
certain data are given or measured from which one tries to reconstruct certain un-
known parameters of the model A typical problem from applications would, for
example, be to measure currents at the boundary of a material and deduce prop-
erties (inclusions, fractions, conductivities etc.) of the given sample. This allows
to use non-invasive strategies in the investigation of materials but also in medicine

(e.g. tomography).

Mathematically, problems from this field are “inverses” to the “usual” questions in
the sense that one “reverses” the dependences with respect to the “usual” treat-
ment of an equation. Instead of starting from initial and boundary data, ug, ui,
from some space X, and asking how this influences the equation (e.g. in terms of
well-posedness), one begins with a (well-posed) equation from which one would like
to recover certain information (e.g. boundary data, initial data, conductivities), c.f.
[Isa06].

In the sequel we will be confronted with such a problem in treating backward unique-
ness properties of the heat equation. Here, we pose the question whether for given
initial data it is possible to find boundary data such that in certain conical domains
with sufficiently large opening angles the solution of the heat equation with these
data is driven to zero at the final time (this is the so-called null-controllability prob-
lem). In this context a typical feature of inverse problems is displayed: Whereas
the original problem, i.e. in our case the heat equation, is a well-posed and well-

understood problem, the inverse question turns out to be highly ill-posed. This

IThe term “inverse problem” is not defined very precisely; in the sequel we refer to it in the
sense of Isakov, [[sa06]: “An inverse problem assumes a direct problem that is a well-posed problem
of mathematical physics. In other words, if we know completely a “physical device”, we have a
classical mathematical description of this device including uniqueness, stability, and existence of
a solution of the corresponding mathematical problem. But if one of the (functional) parameters
describing this device is to be found from (additional boundary/experimental) data, then we arrive
at an inverse problem.”



The Cauchy Problem for the Heat Equation

[ initial & boundary data ] [ well-posedness in appropr. spaces ? ]

The Boundary Controllability Problem for the Heat Equation

[ initial & final data ] B — [ existence of appropr. boundary data? ]

Figure 1.1: A schematic comparison of the Cauchy and the boundary controllability
problem for the heat equation. While the first is well-posed in the standard spaces,
the inverse problem is highly ill-posed.

ill-posedness is reflected in the fact that, in general, there are no solutions (in L?)
of the backward heat equation with zero final data and given initial data in L? in
conical domains with sufficiently large opening angles.

This can be interpreted as a rigidity result for solutions of the heat equation in “suf-
ficiently unbounded” domains: Via L? initial and boundary data it is not possible
to introduce sufficiently high oscillations into the evolution of the heat equation so

as to create strong cancellations.

The second problem treated in this first part of the thesis can also be regarded as a
rigidity property. In studying the fractional Laplacian, it is natural to ask whether
(and to which extent) it shares the strong rigidity properties of its local “relative”
— the Laplacian. Thus, we discuss the (strong) unique continuation problem for the
fractional Laplacian. This corresponds to the following uniqueness question: If a
solution to an appropriate fractional Schrodinger equation vanishes of infinite order
at a given point, does this already imply that it vanishes globally? As this property
holds true for (local) Schrédinger equations with appropriately chosen potentials,
it seems plausible that this property is shared by its non-local analogue. However,
a key challenge consists of relating the local information of infinite order vanish-
ing and the non-locality of the operator. As in the first problem, mathematically,
the main task is the derivation of appropriate lower bounds — i.e. ruling out (too

strong) oscillations.

Proving these lower bounds requires strong techniques which can, for instance, deal
with possible oscillations and which utilize the given local information (boundary
data, infinite order of vanishing) in a highly efficient manner. For that purpose we
rely on a relatively abstract approach first introduced by Carleman [Car39] in the
context of uniqueness issues of certain Cauchy problems. As this constitutes the
central mathematical tool in our analysis of both problems, we briefly point out its

key ideas.
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Figure 1.2: The (strong) unique continuation problem: In the upper box a general
unique continuation principle is illustrated schematically. In the lower box this is
applied to the unique continuation problem for the fractional Laplacian. We aim at
finding appropriate conditions on V' which ensure the strong unique continuation

property.

The Backward Uniqueness Property, Unique Continuation and

Carleman Estimates

Both properties which we seek to understand in this part of the thesis can be
phrased in a broader common framework. In both cases we aim at characterizing
solutions of certain equations by making use of their structure (which is determined
by the equation which they satisfy). Additionally, very specific information is given
at certain parts of the domain: In the unique continuation setting this information
is evidently the vanishing of infinite order at a given point. In the investigation
of the backward uniqueness property the information appears to be of a different
type. At first sight it seems to be restricted to the knowledge of the initial and
final state. However, it encodes more. In a sense, it is possible to interpret the
backward uniqueness property as a unique continuation property at infinity: The
null-controllability condition implies Gaussian decay at infinity. From this point of
view, both problems are closely related, which also explains the similarity in the

tools which we use to approach them.

The techniques, which we employ in dealing with the problems, originate from the
field of unique continuation. Thus, these are designed to replace more delicate tools
such as power series expansions or Holmgren’s theorem. One of the key methods
are so-called Carleman estimates. These are inequalities using weights of extremely
high concentration in certain parts of the underlying domain. As a consequence,

they are very popular and successful tools in proving unique continuation results,



for which one can create concentration close to the points at which information on
the function under consideration is given (e.g. close to a zero of infinite order),
c.f. for example the articles [JK85], [KRS87], [KT01b], [CK10], [KT09], [Ken89],
[Wol93], [KT01a], [Tat96], [Tat99b]. In their simplest form, Carleman estimates are
inequalities of the following type

2
<

2
La) D @M P (g, D)uH for all 7 > 79, (1.0.1)

L2 ()

e(b(sz)u}

for all u € C§°(Q). Here, in its easiest form, ¢(x,7) can be thought of as T¢(z),
and P(z, D) represents an operator which is controlled in the desired applications.
Thus, up to an error term, the right hand side of the inequality is very small, while

the left hand side explodes as 7 — oo.

At first sight such an inequality might appear to be a standard estimate, say, for
an elliptic operator P(z, D). As, however, the inequality is supposed to hold for
arbitrarily large parameters of 7 > 79, it turns out to be more challenging. In fact,
the parameter 7 plays the same role as a derivative (microlocally this can be made

rigorous).

Let us describe the general strategy of proving an (L2-) Carleman estimate, in order

to get a feeling for these inequalities. It consists of three key steps:

1. Conjugation: As it is difficult to prove an exponentially weighted estimate,
it is more convenient to switch to the function w = e?@ ™y, Thus, the right
hand side of the inequality turns into

H (e?@T) P (x, D)e_‘b(:”’T))w‘

L2(Q)

Hence, it becomes necessary to understand the conjugated operator

Ly := ed’(z’T)P(:c, D)ef‘ﬁ(m’ﬂ.

2. Pseudoconvexity Analysis: Even for elliptic operators, after conjugation,
the operator Ly = e?@7) P(z, D)e=?®7) loses its ellipticity properties in
general. Hence, it is not immediately clear how to obtain the desired lower
bounds. In order to understand the origin of these lower bounds, we separate
the symmetric and antisymmetric parts of the operator. Since the charac-
teristic set of these is non-empty in general, a phase-space analysis demon-
strates that on this set positivity — which is necessary for the existence of lower
bounds — can only be achieved via the commutator (or in microlocal language:
the Poisson bracket). Hence, it is necessary to show that this contribution is
positive/ non-negative (for limiting Carleman weights) on the respective char-
acteristic sets. This leads to a so-called pseudoconvexity condition that has to

be satisfied on the intersection of the characteristic sets of the symmetric and
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N N -

P(z,D)u =0

Figure 1.3: A (weak) unique continuation problem. For a general differential oper-
ator P(z, D) one tries to transport information across a surface X. If the surface is
strongly pseudoconvex with respect to the operator, it is possible to deduce u = 0
globally. There is an intimate relation between pseudoconvex surfaces and the no-
tion of pseudoconvexity of the corresponding weight functions.

antisymmetric parts of the operator.

3. Choice of a Pseudoconvex Weight Function: The analysis of the com-
mutator/ Poisson bracket implies conditions on the weight function ¢. Hence,
the final step consists of finding an appropriate weight satisfying these condi-

tions.

In the sequel, we carry out such an analysis for both elliptic and parabolic, local

and non-local operators.

Results of the Thesis

In the following two chapters we present our main results on the previously presented

questions. The main novelties here are an

e Improved understanding of the “large angle regime” for the two-
dimensional backward uniqueness problem for the heat equation.
In two dimensions we give a microlocal analysis of the backward uniqueness
problem based on Carleman estimates. Here, we extend the minimal angle
up to which the backward uniqueness property holds significantly (reaching
opening angles of approximately 95°). We derive a simplified pseudoconvexity
condition for one-dimensional Carleman weights which we evaluate numeri-
cally. This suggests that as far as one-dimensional Carleman weights are
concerned, the angles which we reach are (nearly) optimal. Under additional
vanishing assumptions we prove the backward uniqueness property for conical

domains with opening angles larger than the critical 90°.

e Improved understanding of unique continuation properties for frac-
tional Schréodinger operators. Via a Carleman based approach we prove
the strong unique continuation property for fractional Schrodinger equations,
thus complementing and improving various previous results from the litera-

ture. We rely on an argument in the spirit of Koch and Tataru [KT01a]. In



this way we can treat arbitrarily large scaling-critical potentials (with lower
order perturbations) under low regularity assumptions. Furthermore, in the
one-dimensional case we give a full characterization of the spectrum of a cer-
tain (degenerate) elliptic operator which allows to treat arbitrary potentials
which are bounded by scaling-critical Hardy-potentials. Thus, we prove a
result in the spirit of the work of Pan and Wolff [PW98].

Let us finally comment on the organization of the remainder of this first part of
the thesis: In Chapter 2| we will deal with the backward uniqueness property of
the heat equation while Chapter (3]is dedicated to the understanding of the unique

continuation property of the non-local fractional Laplacian.



Chapter 2

Backward Uniqueness
Properties of the Heat
Equation in Unbounded

Domains

2.1 Introduction

In the sequel we will be concerned with controllability properties of the heat equa-
tion. More precisely, we will focus on the so-called “backward uniqueness property”
for the heat equation. This deals with the question of whether the prescription of

final data determines a solution of the heat equation uniquely. Does

(O —A)u=Vu+W-Vuin Q x (0,1),

(2.1.1)
u(t=1,2) =0 in £,

already imply v = 0 in Q x (0,1) for appropriate choices of the potentials V' and
W? The validity of the backward uniqueness property would, in particular, entail
that there are no nontrivial initial and boundary data such that w satisfies .
Due to the linearity of the heat equation such a phenomenon can be interpreted
“causally”: Only a single choice of data can lead to a specific final state of a system
if it is evolved by the heat equation. In other words, the “final state determines
its past”. This would, for example, effect that if the temperature distributions of
two objects agree at a given time, the history of the temperature distributions must
have been identical at all previous times. From physical experience, e.g. heating a
plate, one would not expect such a behaviour (for objects of finite size).

The “opposite” extreme situation is given by (boundary) “controllability”: Here,
one poses the question whether it is possible to enforce a specific desired final tem-

perature distribution (for instance u(t = 1,2) = 0) starting from a given initial
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temperature distribution (in appropriate function spaces) via adapted boundary
data. Examples of situations in which such a behaviour would be desirable are,
for instance, the heating of a room so as to obtain a particularly comfortable tem-
perature distribution or the heating of a chemically reacting substance from the
boundary so as to control the respective reaction.

As we will see these properties strongly depend on the (un-)boundedness of the

underlying domain.

In bounded domains these issues have been investigated thoroughly, c.f. [LRL11],
[Zua07], [Zua06], [FR71], [Rus78|, [TT11]. Choosing appropriate function spaces, it
is possible to derive (boundary) null-controllability in this situation. This strongly
agrees with our physical intuition. Mathematically, these results build on various
approaches relying on Carleman estimates, spectral estimates, the method of mo-

ments and observability inequalities.

In the case of unbounded domains the situation is less transparent. In searching for
controllability properties of the heat equation in unbounded domains, one might be
tempted to recall the infinite speed of propagation of the heat equation as well as its
strong diffusivity as indicators in favour of null-controllability. As a consequence,
one might hope for null-controllability in spite of the unboundedness of the domain.
On a second thought, however, this impression might be reversed by thinking of the
finite “mean speed of propagation” — i.e. the finite speed with which a Gaussian
diffuses in time. Whereas bounded domains do not “feel” this effect, it presents a
serious issue in the case of unbounded domains.

In fact, it turns out that the unbounded setting differs qualitatively from the
bounded one. We concentrate on unbounded, conical domains. There are two

regimes:

e In the case of “small” angles (f < 90°) there are initial data which can be

driven to zero (“null-controllable initial data”).

e For large angles, it is impossible to diffuse the information from the boundary

into the interior sufficiently fast.

Although reasonable heuristics suggest that the critical angle which distinguishes
between these regimes should be given by exactly § = 90°, there are no rigorous
proofs for this. In the sequel we are mainly concerned with the “large angle regime”,
pushing the upper bound closer to the conjectured 90° in the two-dimensional sit-

uation.

Mathematically, this regime is particularly interesting as most of the known techni-
cal tools break down: At first sight it seems impossible to obtain an expansion into
a basis of eigenfunctions for the underlying elliptic operator, observability inequali-
ties fail in general and Carleman estimates become much more restrictive as growth

assumptions at infinity have to be satisfied. Yet, there are various partial results
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on the “large angle regime”, c.f. [LS10], [MZ01a], [MZ01b], [Mil05]. The strongest
previous result can be found in the paper by Li and Sverak [LS10] who employ Car-
leman techniques to derive the backward uniqueness property for heat equations
with lower order terms in domains with opening angles of down to approximately
109°. However, the underlying Carleman weight does not have sufficient convexity

properties in order to carry the estimate beyond this number.

In this chapter, we present two approaches dealing with the control problem in
the “large angle regime”: While the first approach is very direct and highlights
the difficulties in treating the backward uniqueness problem in conical domains, it
mainly serves as a motivation for our main, more abstract approach via Carleman

inequalities:

e Exponential Estimates. Our first approach is related to the papers [MZ01a],
IMZ01b] by Zuazua and Micu and provides some intuition on the interplay
between strong diffusion and possible cancellations. Its central tool consists
of the method of moments. As in the articles by Zuazua and Micu, we derive
a family of exponentially weighted estimates for the (L?) boundary controlled
heat equation. However, instead of obtaining the estimates via spectral prop-
erties of the operator in exponentially weighted spaces, we choose a direct
approach via the Fourier transform. Although the approach is limited to cer-
tain very specific lower order perturbations, it provides good intuition for the
problem and indicates that one can expect a continuum of exponential bounds
and not only countably many as the spectral approach suggests. For “separa-
ble” boundary data this approach “explains” the special role of the angle of
90°.

e Carleman Estimates. In our second — and main — approach, we rely on the
more abstract method of Sverdk and Li [LS10] and prove Carleman estimates,
c.f. also [ESS03]. Motivated by limiting Carleman weights for the Laplacian
in two-dimensions, c.f. [KSUQ7], we carry out a pseudoconvexity analysis of
the problem. Hence, we are able to improve the angular dependence in the
two-dimensional situation: Investigating the necessary properties of Carleman
weights, it is possible to give a condition guaranteeing pseudoconvexity —
i.e. admissibility — for a larger class of weight functions in two-dimensional
domains. With these it is possible to reach angles of (slightly) less than 95°

in two dimensions.

Let us comment a little bit further on the Carleman approach. The guiding intu-
ition behind these estimates is provided by the time-independent setting: For lower
order perturbations of the Laplacian, Carleman estimates hold down to an angle of
90° in the two-dimensional case. Thus, these estimates provide backward unique-
ness for the heat equation if additionally «(0,-) = 0 is assumed (c.f. Proposition
[8). In particular, this proves that if certain initial data for the parabolic equation

were null-controllable, then the corresponding (boundary) control would necessarily
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be unique. However, the general case — i.e. the full proof of the backward unique-
ness result — is much more difficult to handle, as the very convenient orthogonality
relation on the characteristic set in the spatial variables is lost: While in phase
space the characteristic set of the elliptic symbol is given by the intersection of a
circle with the plane normal to V¢, in the full parabolic setting it is given by the
intersection with the same circle and arbitrary (time frequency) translations of the
described plane. This causes new challenges in understanding the combination of
the underlying geometry and convexity conditions.

Our choice of the weight function is essentially one-dimensional. We believe that for
this class the weights we use are (nearly) optimal. In order to improve the angle fur-
ther (towards the conjectured 90°), one would have to find a new two-dimensional

class of functions. However, it is not immediately clear how this might be achieved.

We briefly indicate the organization of the remainder of the chapter: In the next
section we recall some basic notions from control theory. With this background, it is
possible to review the previously existing results, indicate certain central arguments
and explain their relation to our problem (Section[2.2). In Section[2.3]we present the
derivation of exponential bounds. These can be interpreted as heuristics indicating
that the critical angle should indeed be given by 90°. We state our main results in
Section The proofs are then presented in Sections and Here, we prove
the elliptic (Section and parabolic (Section Carleman estimates which

imply the backward uniqueness property.

2.2 Review: (Non-)Controllability — Definitions,
Basic Properties and Examples from the Lit-

erature

In this section we briefly recall some of the central notions used in control theory.
As the equivalence of the observability and null-controllability properties presents
a key element of control theory (for the heat equation), we include a short proof.
We only formulate the results in the setting of the linear heat equation. However,
generalizations to lower order perturbations can be treated along the same lines.

We follow the review article of Zuazua [Zua07].

Different Notions of Controllability

In the sequel we recall some of the most commonly used notions of controllability.

Definition 1 (Notions of Controllability). Let @ C R™ and let u : 2 x [0,T] — R

be a solution of the heat equation

(8 — A)yu=0in Q x (0,T). (2.2.1)
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e The equation is (boundary) null-controllable if for all initial data ug :
Q — R, up € L?(Q), there exist boundary controls f : 9Q x [0,T] — R,
f e L2099 x [0,T)), such that u(T,x) = 0 for all x € Q.

e Initial data ug(z) € L2() are (boundary) null-controllable if there exist
boundary controls f : 0Q x [0,T] — R, f € L?*09Q x [0,T]), such that
w(T,z) =0 for all x € Q.

Remark 1. e Due to the smoothing effect of the heat equation it is not possible
to reach arbitrary final data ur € L2(Q) via L?(9S2) boundary controls, in

this sense the equation is “not controllable”.

e As a consequence of the linearity of the equation, the null-controllability prop-

erty implies controllability for any other datum in e”2L? (that is the image

under the heat semi-group with zero boundary data).

Definition 2 (Adjoint System). Let ¢ : Q x [0,T] — R. It satisfies the adjoint
problem to the heat equation with final data o1 if it solves

(Or+A)p=0inQx[0,T],
© =0 on 90 x [0,T], (Adjoint)
©=r on Qx{T}.

Remark 2. As can be seen from the definition, the adjoint heat equation is well-
posed in L?: By a reflection in time it turns into the standard heat equation with

zero boundary data.

Definition 3 (Approximate Controllability). The equation (2.2.1) is approximately
controllable if for any initial datum ug € L?(Q) the set of reachable states is dense
in L2(Q), i.e. {ue L2(Q)| 3f:00%x[0,T] = R, fe L?*(0Q x [0,T]) such that u =
e?Auo} is dense in L2(2), where the subscript f denotes the heat semi-group with

boundary data f.

Remark 3. The approximate controllability property can be related to unique con-
tinuation properties of the adjoint problem. Thus, there is an intimate relation to

Holmgren’s theorem, c.f. [Zua06].

Definition 4 (Backward Uniqueness). The heat equation satisfies the backward
uniqueness property (BUP) in the domain Q if all solutions u: Q x [0,T] — R of
(2.2.1) with w(T,z) = 0 and ||ul|pe oo,y < 0© already vanish identically, i.e.
u=01nQ x[0,T].

It is interesting to observe the different degrees of “controllability”. Whereas the
heat equation is only null-controllable in bounded domains, it is only approximately

controllable in any (sufficiently regular) domain, c.f. [DT98].

Last but not least, we recall the following quantitative characterization of null-
controllability, [Zua07]:
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Proposition 2 (Equivalence of Null-Controllability and Observability, [Zua07]).
The heat equation is (boundary) null-controllable (in L?) iff an observability in-
equality holds, i.e. for any solution ¢ : Q x [0,T] — R of the adjoint equation
associated with an arbitrary final datum @ € L*(Q) the inequality

T

0.y < Cr [ [ 1ontt. )P @) 222)
0 0Q

holds.

It is important to note that in the observability inequality the initial data of the
adjoint equation are controlled by boundary contributions. Hence, the estimate is
highly nontrivial in general. In particular, it is not merely a consequence of the

regularization provided by the heat equation.

In demonstrating that null-controllability cannot hold (for general L? data), it there-
fore suffices to prove that the observability inequality does not hold true.
However, this does not rule out controllability in weighted spaces. Furthermore, it

also does not exclude the possibility of specific data being null-controllable.

Review of the Literature on the (Non-)Controllability Prop-

erties of the Heat Equation in Unbounded Domains

In this section we briefly review the literature on (non-)controllability properties
of the heat equation in certain unbounded domains. We focus on conical domains.
As these are obtained as blow-ups of (bounded) Lipschitz domains, it is of special
interest to understand the behaviour of the heat equation from a control theoretic

point of view on these.

e The whole space. The whole space situation is a classical result. For the
heat equation without lower order terms, the backward uniqueness property
can be proved by a reduction to an ODE in Fourier space. Via Carleman esti-
mates or alternative forms of convexity estimates, e.g. logarithmic convexity
[ANGT], it is possible to extend this to the case of general uniformly elliptic

operators with lower order terms, c.f. [Fri64].

e The half space. The controllability properties of the heat equation in the
half space were considered by Micu & Zuazua [MZ01a], [MZ01b] in the con-
text of control theory. Using the method of moments, the authors prove the
backward uniqueness property in arbitrary (negative) H® spaces. They com-
plement this with the observation that in spaces with exponentially growing
(generalized Fourier-) modes it is possible to find null-controllable (initial)
data.

As certain uniqueness questions for the Navier-Stokes equations can be re-

duced to a backward uniqueness statement for the heat equation, c.f. [SS02],
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Seregin and Sverdk began to investigate the backward uniqueness properties
of this equation. Together with Escauriaza [ESS03]|, they employ techniques
originating from the field of unique continuation in order to derive the back-

ward uniqueness property in the half space.

e Conical Domains with Opening Angles 6§ > 109°. The ideas from
[ESS03] were further pursued in a paper by Sverdk & Li [LS10], who deal
with conical domains with opening angles strictly less than 180°. Again, the

main results are based on Carleman estimates.

As discussed in Section our results rely on similar techniques as the ones of
Sverédk et al. However, we make stronger use of the microlocal interpretation of
Carleman estimates which allows us to deduce necessary conditions for the Carle-
man weight. Via pseudoconvexity conditions we obtain a phase space differential
inequality. Hence, it becomes easier to derive appropriate weight functions via

“educated guesses”.

Characteristic Examples from the Literature

Last but not least, we review four examples in order to obtain an intuition for the
control problem in unbounded domains. Furthermore, we recall an elliptic non-
existence result which serves as a model situation for the backward uniqueness

property of the heat equation.

e The first example recalls a fundamental result of Lebeau and Robbiano, c.f.
[LR95], stating that in bounded domains the heat equation is null-controllable.
In briefly outlining a possible proof of the argument — we follow the presenta-
tion of Lebeau and Le Rousseau [LRL11] — it is possible to identify the strong
diffusivity of the heat equations as a key reason of the null-controllability prop-
erty in bounded domains. The techniques of the proof indicate the relevance

of the boundedness of the domain.

e With the second example, which is an argument due to Zuazua and Micu
IMZ01a], [MZ01b], we demonstrate that the difference between bounded and
unbounded domains is not merely an artifact of the techniques, but an intrin-
sic property. In unbounded domains the observability inequality fails.
Therefore one cannot hope for null-controllability properties (in unweighted

spaces).

e Moreover, we present Escauriaza’s example of a caloric function which is null-
controllable in a conical domain with a sufficiently small opening angle. This
shows that for small angles it is not possible to extrapolate from the whole
space situation: In domains with small opening angles the backward unique-

ness property is not satisfied.

e Finally, we prove that there is no harmonic function with Gaussian decay

in an angular domain with an opening angle § > 7. Combined with the
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decay properties of caloric functions which are assumed to be null-controllable
(c.f. Lemma [5)), this indicates that the elliptic equation provides the “right”

intuition for its parabolic analogue.

These examples highlight that for the “small angle regime” neither controllability
(in unweighted spaces) nor the backward uniqueness property holds in unbounded
conical domains. However, the elliptic non-existence result suggests that in the
“large angle regime” — the Phragmen-Lindel6f principle provides the threshhold —

the backward uniqueness property is satisfied.

Null-Controllability of the Heat Equation in Bounded Do-

mains

In bounded domains we have the following central result due to Lebeau and Rob-
biano [LR95]:

Theorem 1 (Lebeau, Robbiano, [LR95]). Let Q C R™ be a bounded domain. Then
the heat equation is null-controllable from the boundary, i.e. for any ug € L*()
there exists a boundary control f € L*(0Q x [0,T]) such that

(O —A)u=0in Qx(0,T),
u=f on 0Q x [0,T],
u=uwug on Q x {0},
u=0 onQx{T}.

We briefly sketch the argument following Lebeau and Le Rousseau [LRL11]. The
proof relies on two key ingredients: A spectral estimate for the Dirichlet Lapla-
cian as well as a resulting observability inequality for a “finite-dimensional” control

problem. For a finite number of eigenfunctions, one has the following sharp bound:

Theorem 2 (Lebeau, Robbiano, [LR95]). Let Q C R™ be bounded. Let ¢; be an
eigenfunction of the Dirichlet Laplacian on €1, corresponding to the eigenvalue p;.

Then we have

2 2

Y o < KefVEIS " 0000, . (2.2.3)

HiSh L2(Q) HiSH L2(59)

The crucial observation here is that the boundary data — i.e. functions whose
support lies in a set of lower Hausdorff-dimension — control the bulk contributions.
Hence, there cannot be “too bad” cancellations on the boundary. Although the
original full orthogonality of the ¢; is lost, part of it is “inherited” by the boundary
contributions. The sharpness of this estimate can be observed by considering the
flow of eigenfunctions with the heat semi-group and using Weyl’s law.

Arguing via duality, it is then possible to prove a partial control result, i.e. a control

result in a finite-dimensional space spanned by a finite number of eigenfunctions
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associated with the Laplacian, and an exponential estimate on the L? norm of the
boundary control. As a consequence of (2.2.3)), the exponential factor involved in
the estimate only grows with the square root of the highest frequency.

Finally, this implies the desired controllability property, as it is now possible to
iteratively “project away” eigenmodes for any given initial datum. Combined with
a “relaxation phase” in which the strong diffusivity of the heat equation serves to
control the loss in the constant of the observability inequality, this entails the de-

sired result.

The detailed discussion of this (central) proof is instructive in highlighting mecha-
nisms that distinguish the bounded and the unbounded situation. The crucial in-
gredient, estimate (2.2.3), does not have an appropriate analogue in the unbounded
situation. Although it is possible to understand the notion of eigenvalues and eigen-
functions in an appropriate sense, such a strong bound cannot be obtained. In a
sense, the diffusivity is not strong enough to counteract the unboundedness of the

domain.

Lack of Null-Controllability

In the literature there is good reason indicating that the behaviour of solutions
of the heat equation in unbounded domains has to differ strongly from that in
bounded domains. In an unbounded domain it is not possible to expect that the
heat equation satisfies an observability inequality. As Micu and Zuazua [MZ01a]
point out, a simple translation argument proves that this cannot be possible without
an additional weight: Our starting point is the equivalence of the null-controllability
property (in L?) with an observability inequality for the adjoint system. In the half-

space, R"}, this amounts to

T
2 (%
IOy <€ [ [ |22
0 Rn—1

where ¢ satisfies the adjoint heat equation with final data ¢p. Considering ¢ €

2
dx'dt,

C§° (), or > 0, we define translations ¢r ;(x) := ¢ (z—ke,). Then the boundary
integral decreases exponentially, while the L? norm of the initial data does not
decrease for a sequence of sufficiently large k. As a result the observability inequality
cannot hold in general.

This heuristic argument (which can be adapted to an arbitrary cone) suggests that
the heat equation behaves differently in unbounded domains; yet it does not prove

the non-existence of (boundary) null-controllable initial data.

Escauriaza’s Example

We briefly recall Escauriaza’s example, c.f. [LSlO]: It proves that in cones with

sufficiently small opening angles it is possible to find null-controllable initial data.
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Considering the remaining variables as dummy variables, it suffices to provide an
example in two dimensions only. For that purpose we introduce the Appell trans-
form. This is a symmetry transform of the heat equation in conical domains: It
allows to switch from a solution, u(z,t), of the forward heat equation to a solution,
v(y, s), of the backward heat equation. In particular, it can be employed in order
to transform a harmonic function into the desired example.

Assume that v is a solution of the backward heat equation
(O + A)v =0 in Q¢ x (0,7),

where Qp is a cone with opening angle 6. Then the (two-dimensional version of the)

Appell transform is given by

1 _ =2 z 1
U(Z',t) = 4_7'(16 E ) ?,Z .

It turns the backward caloric function v into the caloric function v and vice versa.
In particular, starting with a harmonic function, &, it becomes possible to associate a
backward caloric function, v, to it via Appell’s transform. We consider the harmonic

function
h(z) = R(e~ @) o > 9,
An application of Appell’s transform yields a solution of

0w+ Av =01in Qg x (0,1),
v=01n (Q x {0})\ {(0,0)}.

Explicitly, it is given by

Away from the (spatial) origin, this function is uniformly bounded in any cone

of angle § € [0,Z). Thus, translating in space and reflecting in time yields a

e

counterexample to the backward uniqueness property of the heat equation, i.e.
u(z,t) =v(ry + 1,20+ 1,1 —¢).
satisfies

(9 — A)yu=0in Q x (0,1),
UZOinQQX{l},
lu] < C in Qg x [0, 1].

Remark 4. We point out that Escauriaza’s example of the failure of the backward
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uniqueness property is limited to cones with opening angles strictly less than 7.
This follows from the growth condition imposed on complex analytic functions by
the Phragmen-Lindel6f principle. As we will see in the next section, there are no
nontrivial harmonic functions with a Gaussian decay rate in cones with opening

angles greater than or equal to 7.

Excursion: Non-Existence Results for Harmonic Functions

with Gaussian Decay Rates in 2D Cones

The non-existence of harmonic functions with Gaussian decay in 2D cones can be
derived via various methods such as elliptic Carleman inequalities or comparison
principles in unbounded domains (Phragmen-Lindelof principles). In the sequel
we present a first proof of this non-existence result in cones of an opening angle
greater or equal to 5 in two dimensions. We employ the complex Phragmen-Lindelof
principle; later we provide a more stable proof via Carleman estimates (c.f. Section

.

Proposition 3. Let Qg C R? be a conical domain. Then there exist (nontrivial)

harmonic functions decaying with an at least Gaussian rate if and only if 6 < 3.

For our proof we argue similarly as in Li [Lill]. As Li, we rely on the holomorphic
Phragmen-Lindel6f Theorem which is considerably stronger than the analogue for

harmonic functions (as both real and imaginary part have to satisfy the theorem):

Theorem 3 (holomorphic Phragmen-Lindelof, [Mar77]). Let G be the interior of
a cone with opening angle of am radians (0 < a < 2) with boundary T, and let f(z)
be a complex analytic function in G, continuous up to the boundary. Suppose f(z)

satisfies
(i) f(z) <C <o0onT,

(ii) lim inf 220 < 0 where M(r)= sup |f(2)]
T—00

T
ra |z|=r,z€G

Then |f(z)| < C.
With this, we can carry out the proof of the non-existence proposition.

Proof of Proposition[3. Existence follows from choosing the real part of the holo-

morphic function which was already used in Escauriaza’s example:
u(x1,$2) = %(e(mﬂm)a)a

where o > %.

Thus, it remains to prove the non-existence of harmonic functions with a Gaussian
™
5
to argue that no such function exists in a cone of angle precisely 7, as this implies

decay rate in cones with opening angles larger than or equal to Here, it suffices

the result on cones with larger angles by restriction.
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We argue by contradiction. Assume that we had a harmonic function with Gaussian
decay in Ry x R;. By an even reflection this can be extended to a function on the

whole space solving

Au = (z=0y f(y) + d1y=019(2), (2.2.4)

— 92 lim 2 = 921lim 2 i
where f = Qilg%) gy u(@,y) and g = 2313%) 5z u(r,y). From the Gaussian decay we

deduce that the Fourier transform of v and Vu is bounded exponentially:
Fu(k) < CeSH*, (2.2.5)

Therefore, it can be extended as a holomorphic function in each of its variables.

The same is true for Ff and Fg. Furthermore, in Fourier space the equation reads
(K} + k3)Ful(k, k) = Ff (ko) + Fg(ka).

On the real axis both functions F f, F¢ are bounded and decay to zero. In order to
derive decay along the imaginary axis, we set k1 = ik = tko. Inserted into (2.2.4),
this leads to

0= Ff(ik) + Fg(k).

Thus Ff and Fg are also bounded on the imaginary axis. Now, we would like
to apply the Phragmen-Lindel6f theorem, the bound e‘k‘z, however, is insufficient
in the cone of angle 7. Nevertheless, with an idea of Li [Lill], it is possible to
uniformly apply the Phragmen-Lindel6f theorem in smaller angles tending to the

full angle. More precisely, consider the function Ff on
™
Gy := {zG(Cs.t. 0<0<arg(z) < 5}

For any 6, it is possible to find o(f) > 0 with o(8) — 0 as 8 — 0, such that f=
eio®)=* f is uniformly (independently of the angle ) bounded on the boundary of
Gy. This follows from the bound in terms of the imaginary part only. As this
auxiliary function further satisfies | f(k)| < Cel*’ | the Phragmen-Lindel6f theorem
on the smaller conical domain Gy implies | f | < C uniformly in 6 — 0. In the limit
6 — 0 and o — 0, this reduces to |Ff| < C in the first quadrant. Analogously, the
statement holds in any quadrant. Therefore, Liouville’s theorem yields F f, Fg = 0.
Finally, this also implies Fu = 0.

O
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2.3 Heuristics for the Backward Uniqueness Prop-
erty and Derivation of Exponential Bounds for
Null-Controllable Solutions

In this section we recover the results of Zuazua and Micu [MZ01a], [MZ01b] in the
setting of the heat equation without lower order perturbation terms via very direct

methods. This serves a two-fold purpose:

e On the one hand, the behaviour of the heat equation becomes more transpar-
ent than in the relatively abstract Carleman approach which is pursued in the
later sections. In choosing this direct approach via the explicit form of the
fundamental solution, the difficulties in dealing with the backward uniqueness
property are clarified. In this sense, the direct approach can be considered as

heuristics for the later, more abstract treatment.

e On the other hand, the results as such are already interesting. Although we use
similar techniques as Micu and Zuazua [MZ01a], [MZ01b] the crucial estimates
— our exponential bounds — are derived in a more direct manner than theirs
(which is also due to the fact that Micu and Zuazua aim at understanding
very rough solutions). The restriction to a special class of boundary data

highlights the critical role of the angle 6 = 7.

In terms of the backward uniqueness property, the main result of this section is
the following null-controllability result for “separable data” (which is an intrinsic

feature of the unbounded situation):

Proposition 4. Let g1(x1,t) = g11(21)g12(t) € L2(Ry x [0,7]) N LY (R x [0,T])
and go(z2,t) = g21(x2)g22(t) € L*(Ry x [0,T]) N LY (Ry x [0,T]). Assume that
ug € LQ(]R+ X R+) N Ll(]R+ X R+) and that

(0 — A)u=0in (Ry xRy) x(0,7),
u=g; on Ry x {xe =0} x[0,T7,
u=gs on {x; =0} x Ry x [0,7T], (2.3.1)
u=1up on Ry x Ry x {0},

u=0 on Ry xRy x {T}.

Then u =0 (and in particular g1,g2 =0).

In their articles on the backward uniqueness properties of the heat equation, Micu
and Zuazua [MZ01a], [MZ01b] argue via an expansion into an eigenbasis of a “mod-
ified Laplacian”. Their method of proof can be summarized in two fundamental

steps:

e The derivation of bounds for sufficiently many exponentially weighted
integrals. The use of weighted norms compactifies the underlying elliptic op-

erator after a suitable change of coordinates. Hence, it is possible to consider
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an evolution driven by a self-adjoint, compact operator. In this setting the
spectrum of the (spatial) operator can be determined explicitly. This allows

to phrase the backward uniqueness question as a moment problem.

e A Titchmarsh-like theorem (c.f. Lemma [3]). This second step implies
that the boundary data and hence the function itself must already be identi-
cally zero. The argument leading to the desired claim can be interpreted as a
quantification of the statement that if all moments of a function vanish, then

this function is identically zero.

However, this approach seems to be restricted to the half-space setting or to classes
of boundary data with additional structure (e.g. product structure), as otherwise

oscillations play a relevant, not easily controlled role.

In the sequel the exponential bounds are derived as a consequence of the repre-
sentation formula for the fundamental solution of the heat equation in the half-/
quarter-space. This allows to recover Micu and Zuazua’s bounds on exponentially
weighted integrals of the boundary data. Although this ansatz is restricted to the
unperturbed heat equation as well as a very limited scope of perturbations, com-
pared to the original approach of Zuazua and Micu it has the advantage of providing
a continuum of exponential bounds as one is not restricted to work with the discrete
eigenvalues. Furthermore, the structure of the fundamental solution indicates that

the case of an opening angle of 90° plays a special role.

Before proceeding with the proof of Proposition [4] we derive analogous statements
for the one and higher-dimensional control problems in the half space. Thus, we

recover the results of Zuazua and Micu.

The 1D case

Without invoking the decomposition into eigenstates, the argument of Micu &
Zuazua [MZ01a] can be recovered by using the explicit form of the fundamental
solution in the half-space case. We carry out the corresponding calculations in 1D
first.

Lemma 1. Let ug : (0,00) — R, ug € L?((0,00)) N L'((0,0)), g : [0,T] — R,
g € L*([0,T)) and let u : (0,00) x [0,T] — R satisfy

(Or — A)u =10 in (0,00) x (0,7),
u=g on {0} x [0,T],
u=wug in (0,00) x {0},
u=0in (0,00) x {T}.

(2.3.2)
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Then the following exponential bounds hold:

T
/ekQSg(s)ds < % for all k € R. (2.3.3)
0

Remark 5. As we will see from Lemma [5] the condition on the integrability —
up € L?((0,00)) N L((0,00)) — can be significantly relaxed.

Proof. Using the method of reflection (mirror charges), the Green’s function, G ¢ ) (7, y, ),

of the one-dimensional heat equation in the half-space can be computed explicitly:

1 —z|? 2|2
G (0.00) (@, Y, 1) = N (e‘% B e_wT) _

As a consequence, the solutions of can be represented as

u(z,t) = ((9yG(0,00)) ly=0 *¢ 9)(, 1) + / G (0,00) (2, 9, t)uo (y)dy.
(0,00)

Extending the initial data by zero, this can be rephrased in terms of the standard
heat kernel, G(z,y,t) = G(z — y,1):

u(z,t) = 2((9yG)ly=0 *¢ 9)(x, 1) + (G % (Puo))(x, 1),
where P is a reflection operator defined by
(Pw)(z) = w(x) — w(—x).
This yields a function which is caloric in (0, 00) x (0, 7] and belongs to L*(R)NL* (R)

for almost every ¢ € [0,7]. Thus, it is possible to carry out a spatial Fourier

transform:
¢
Fu(z,t) = etk FPug(k) — k/ekZSg(s)ds ,
0

Evaluating the expression at time ¢ = T" and using the assumption that u(z,T) = 0,

we obtain
T
FPug(k) = k/ekzsg(s)ds. (2.3.4)
0

As Pug € L2(R) N LY (R), we have
|FPug(k)| < C < 0.

Dividing both sides of by k, yields the desired result. O
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This central bound being established, we proceed along the lines of Micu & Zuazua
IMZ01a], using the following statements. For the convenience of the reader we

include the proofs.

Lemma 2 (Micu & Zuazua, [MZ01a]). Let g € L*(0,T), 0 <t <T. Then we have

k 1 T t
ka(t— u)
s > [ tu= [ gy
k=1 0 0

Proof. The result follows from an application of the dominated convergence theorem

combined with the identity
S (_1)k_1 z(t—u —elt—wz
> Tek t=u) — (=1)[e —1)].
k=1 ’

O

Lemma 3 (Micu & Zuazua, [MZ01a]). Let g € L*(0,T) be such that there exist
constants § > 0,Cs > 0 with

T
/g(u)em“du < Cse™ for all m > 1. (2.3.5)
0

Then supp(g) C [0, d].

This lemma explains the term “method of moments”: By having sufficiently strong
estimates on “generalized moments”, i.e. on scalar products with a sufficiently large

family of weights, it is possible to deduce the desired uniqueness property.

Proof. For any 0 <t < T — ¢ the previous lemma implies the identity

t T
yh-1
/g(T—u)du = lim /ekm(t V(T — u)du.

m—>oo
0 0

This expression can be bounded due to (2.3.5

- )t I ke (t—u) N r
m(t—u dul < = km
> R [t - < 3 gm0 | [ oty
k=1 A k=1 s
1
< Z Eekm(th)Céeka
k=1
= Cs(exp(e™t=T+9) _ 1),
However, the last expression vanishes as m — oo. O

Combining the observations of Lemma [2] and [3] it is possible to deduce backward

uniqueness of the one-dimensional heat equation in the half-space:
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Proposition 5. Let ug : (0,00) = R, ug € L*((0,00)) N L*((0,0)), g : [0,T] = R,
g € L2([0,T]) and let u : (0,00) x [0,T] — R satisfy

(0 — A)u =0 in (0,00) x (0,7),
u=g on {0} x [0,T],
u=wug in (0,00) x {0},
u=0 on (0,00) x {T'}.

(2.3.6)

Then u=0.

Proof. Due to the bounds (applied to k = v/n, for n € N\ {0}), it is possible
to apply Lemma [3] for any § > 0. Due to the integrability of the solution of ,
this implies the result. O

The Case R’}: Reduction to the 1D Case

As in the argument of Zuazua and Micu [MZ01b], the case of the half-space can
be reduced to the one-dimensional situation. With our strategy this turns out to
be significantly easier than the original argument of Zuazua and Micu. Indeed, we
may employ the simple one-dimensional strategy as presented above.

As before, the Green’s function can be computed explicitly:

1 _ly—ax|? _ly—a)?
G(x7y,t) = (47Tt)% <€ y4t —e y4t ) ,

where T = (21, ..., Tn—1, —Tn).
Going through the same arguments as in the previous section, one obtains the

following identity:

T
FPug(k) = kzn/ekZS.Fg(kl,...,kn_l,s)ds.
0

Fixing (k1, ..., kn—1) and considering a sequence {k7* },en, k" — 00, again yields ex-
ponential bounds comparable to those in . By an application of the Titchmarch-

like result of Lemma [3] we infer the backward uniqueness property.

The Case R, xR, : Uniqueness in the Class of Product Bound-
ary Data — Proof of Proposition

In the sequel we investigate the (two-dimensional) control problem involving bound-

ary data which separate in the temporal and spatial variables, i.e.

gi(wi, t) = gi1(x:)gi2(2),

with ¢ € {1,2}. Similar to the results in [MZ06], this additional restriction allows

to prove the backward uniqueness property for the heat equation restricted to this
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class of boundary data in Ry x Ry. In order to prove Proposition [4] we derive a

representation formula for solutions of :

Lemma 4. Let u: (R x Ry) x [0,T] — R be a solution of (2.3.1). Then it has

the representation

w(x, t) = (G *g (Pug))(z,t) +2(0,,G » kg, ¢ Pg1)(z,t)

(2.3.7)
+2(9y, G o Foat Pgs)(z,1),
Yyi1=

where G denotes the standard whole space fundamental solution and P denotes the
reflection operator (Pu)(x1,x2) = u(x1, x2) —u(—2x1,x2) —u(r1, —22)+u(—21, —T2).

Furthermore, we obtain the Fourier representation

T ~
Fulkt) _ / (e S>< (sz)(kw) +f(P92)(k2,S)> o
1k2 J 1 2 (2.3.8)
—t|k|2 ]:(P’U/O)(k/’l,k?Q)

e ks

where P denotes the reflection operator P(f)(r,s) = —2f(r,s) + 2f (=7, s).

Proof. The fundamental solution of the heat equation in the two-dimensional quar-

ter space can be computed with the help of the method of reflection. It yields

t
uet)= [ Gaptuwis+ [ [0,06 - ntns)|  dnds

Y2=
Ry xRy 0 Ry

+ //8yzé(x,y,t - s)gg(yg,s)}y :Odygds =:uy(z,t) + ua(z,t),

0 Ry

where u; and wus represent the respective influence of the initial and boundary
data. G(x,y,t) — the Green’s function (in the 2D quarterspace) — can be computed
explicitly:

1 ly—=|? lyt+z|? ly—3|2 ly—=|?

G’(xvy,t):T(e_ T e @ —e A —e W),

Here & = (z1, —x2), T = (—x1,x2).
As above, this can be rephrased in terms of the whole space fundamental solution.

Extending ug by 0, the initial data are, for example, propagated according to
ur(e.0) = [ Glay huol)dy = [ Glav.OPuoly)dy,
R2 R2

where G is the standard Green’s kernel for the heat operator and P is the reflection

operator defined above. A similar argument yields the expression for us. Thus,
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evaluating at time t = T, leads to

T T

e_Tk2]-'(Pu0)(k:) — ¢~ T¥ k1 /ekzs]:(ng)(k:g,s)ds + k2/6k25.7-'(1391)(k1, s)ds
0 0

Dividing by k1, k2 finally implies the claim. O

With this preparation, we can finally attack the proof of Proposition

Proof of Proposition[4. Again, we strongly rely on the representation formula, .
Without loss of generality, we may assume that there exist ki, k2 € R\ {0} such
that

F(Pgi1) (k1)
ky

F(Pga)(k2)

# 0 and o

# 0,

as due to the representation formula, (2.3.8)), the situation would otherwise reduce
to the one-dimensional case treated in the previous statements, e.g. Proposition
In order to prove the claim of the proposition, we distinguish two cases. In
the first case, we assume that, asymptotically, the weighted integrals of g12(s) and
g22(s) differ. Without loss of generality (and by passing to subsequences which we

suppress in our notation), we may assume that

T T
/e‘k‘nglg(s)ds > /elklzsggg(s)ds ) (2.3.9)
0 0

as |k| = oo. By virtue of the representation formula, , this implies

TLIR /Temf(ﬁgl)(kl,s)ds . /Te|k|zsf<1592><k2,w>d8

k1ko k1 ko
0 0
FPa)k)|| [ F(Pga)(ka)|| [
_ |2 (Pg1) (k1) 91;1)( ) /elklzsgm(S)ds — >7( g]j;)( 2) /elklzsgm(S)ds .
0 0

(2.3.10)
As
e the left hand side of (2.3.10) vanishes in the limit |k2| — oo,

e the assumption (2.3.9) implies that the second term on the right hand side
is asymptotically strictly smaller than the first term (along respective subse-
quences and for an appropriately chosen fixed k; € R\ {0}),

FP(g21)(k2)
. |z

— 0 as |ka| — oo,

Lemma [3] implies g1 = 0. As a consequence of and Lemma [3] this also

induces go2 = 0. Thus, u = 0.
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Hence, we proceed with the second case. Here, we assume that

T T
2
/e‘k‘ 912 / Ik|"s 922 5 (2.3.11)
0 0

‘ FP(g11)(k1)
k1

asymptotically. Fixing k; such that # 0, taking the limit ko — oo

and noting | FP(g21)(ks)| < C, this again amounts to an inequality that cannot be
satisfied unless g12 = 0. Hence, ©v = 0. Combining the two cases, yields the full

claim. 0

Remark 6. e The argument strongly relies on the product structure of Ry x R
and the separation of variables in g1(z1) and g2(x2). A similar argument for
smaller angles (e.g. the case of § = 45°) fails as this orthogonality property
is lost: From a technical point of view, the separation of variables in
does not work any more. This can be interpreted as an indication of the

criticality of domains with an opening angle of 90°.

e The argument generalizes to arbitrary dimensions, i.e. domains of the form

]R+ X ... X R+.

Discussion

We conclude this section with a brief discussion of the limitations of the direct ap-
proach. Although the direct approach is very tempting and provides good intuition

for the optimal angular dependence, it suffers from several drawbacks:

e Similar to the methods employed by Zuazua and Micu, the presented tech-
niques are restricted to a very narrow class of equations where explicit Green’s

function control (in Fourier space) is possible.

e Furthermore, it is not clear how to pass from the case of separable boundary
data (of Proposition [4) to the general case, as this might entail oscillations

which cannot be controlled with the aid of the presented tools.

Therefore, a more abstract approach appears inevitable. This is pursued in the next

sections.

2.4 Statement of the Main Results

In this section we present the main results on the backward uniqueness property for
the heat equation in two spatial dimensions. These will be derived as consequences

of certain Carleman estimates. Using the notation

2]
561’

Qp = {(,7:1,,7:2) Cc R? tan(0/2) > T > 0} c R?,

we have:
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Proposition 6 (Carleman Estimate). Let u € C5°([0,T] x (% \ Br(0))), R>1
sufficiently large, 8 > 95°. Then there exists a Carleman weight ¢(t,x), |o(t, z)| <
C@ such that

R e+ Tl S @+ Al 24

L2

T ||€e u

T2

1

Figure 2.1: The domain 2.

The difficulty in proving this estimate stems from the loss of convexity of the weight
function. Due to the restrictions on its radial growth (which is necessary if the
inequality is to be applied to the backward uniqueness problem), it cannot be easily
convexified in the radial direction which would simplify the proof of the Carleman
inequalities significantly.

As in [LS10], the backward uniqueness property is a direct consequence of the

Carleman estimate:

Proposition 7 (Backward Uniqueness of the Heat Equation in Angular Domains).
Let 6 > 95° and assume that u : [0,1] x Qp — R satisfies

(0 + A)u| < C(lul + [Vul) in [0,1] x O,
u(0,2) =0 in Qg, (2.4.2)
lu| < M in [0,1] x Q.

Then u=0.

Remark 7. The angle 6 > 95° is not optimal. Various numerical experiments sug-
gest that evaluating the one-dimensional pseudoconvexity condition, i.e. expression
, it is possible to reach angles of less than 95°. However, the gain seems to be
marginal (one reaches angles of ~ 94.8°); in fact, it seems not easy to reach angles

of less than 94° (via one-dimensional weight functions).
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Under the additional assumption that both the initial and final data vanish, it is
possible to prove the backward uniqueness property in angles strictly larger than
90° in two dimensions. This is a nontrivial result depending strongly on the un-
boundedness of the underlying domain. In fact, in any bounded domain it would be
possible to find a large variety of boundary controls satisfying the initial and final
condition.

As in the dissertation of Li [Lil1], this (conditional) uniqueness statement is a conse-
quence of decay properties of the underlying elliptic problem: In domains of opening
angles greater than or equal to 90° there are no harmonic functions decaying with a
Gaussian rate. Instead of employing the Phragmen-Lindel6f theorem for harmonic
functions (as Li does), we argue via an elliptic Carleman estimate for which we use
a limiting Carleman weight in the sense of Kenig et al. [KSUQ07]. Compared with
the Phragmen-Lindel6f-Ansatz this strategy seems to be more stable and allows to

include lower order perturbations (with time independent coefficients).

Proposition 8 (Uniqueness of the Control Function in L?). Let § > 5, =7 and

assume that u : [0,1] x Qg — R satisfies

(O + A)u = c1(x)u + c2(x) - Vu in [0,1] x Qg,

lea(z)] < C in Qg,

L
FER
u(1,x) = 0 in Qy,
u(0,2) = 0 in Qp,

|u] < M in [0,1] x Qq,

(2.4.3)

where b(f) > 2% and ¢; € L>. Then u = 0.

Remark 8. Proposition 8] demonstrates the uniqueness of the possible control func-
tion for the heat equation in an unbounded, conical domain of opening angle 6 > 7.
This is in sharp contrast with the results for the heat equation in bounded domains,

in which case there are infinitely many possibilities for such controls [LR95].

Remark 9. Matsaev and Gurarii [GM84] claim that the backward uniqueness result
for the pure heat equation can be reduced to an existence result for the Laplacian
even if no additional assumption on the behavior of u(1, z) is made. However, there

seems to be no proof of this statement in the literature.

2.5 Proofs of the Elliptic Carleman Estimates and

Consequences

The Elliptic Pseudoconvexity Analysis

As indicated in Chapter[I]a key step in proving a Carleman estimate consists of the

analysis of the conjugated operator. In choosing our weight, we consider a general
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ansatz of the form 7¢ with the aim of proving an inequality of the type with
P(z,D) = A. Calculating the conjugated operator yields

Ly=€%Ae™ ™ = A 27V -V +7%|Vo|? — TA.
The symmetric and antisymmetric parts of this operator are given by

Se = A+ 72|Vo[,
Ap =217V -V —1Ap.
We remark that although the original operator was elliptic, the resulting symmet-

ric and antisymmetric parts of the conjugated operator are not elliptic anymore.

Expanding the L? norm of L, we thus infer
2 2 2
HLdﬂU”p(Q) = HS¢U’”L2(Q) + HA¢U’”L2(Q) + /([S¢,A¢]w,w)d:c,
Q

for w € C§°(2). Hence, on the intersections of the characteristic sets of the sym-
metric and antisymmetric parts, the necessary amount of positivity has to originate

from the commutator:

/([S¢, Aglw, w)dz = /47‘3V¢ -V2pVow? 4+ 47Vw - V2opVw — 1A% pwdz.
Q Q

In order to understand the behaviour of this expression, it is helpful to switch to a
microlocal point of view. The principal symbols of the symmetric, antisymmetric

and commutator part turn into

P =—lEP + Vel
p' =21V ¢,
{p",0'} = 4’V - V29V + 7€ - V25).

Therefore, the intersection of the characteristic set of the symmetric and antisym-

metric parts of the operator is given by
{le]* = m*IVel*} n{Ve- & =0}
In the two-dimensional setting this leads to simplifications in the Poisson bracket:
{p",0'} = 47 A¢| Vo[ in {|¢]* = 7*|Ve|*} N {V¢- & = 0}.

Hence, the corresponding pseudoconvexity condition for the weight turns into sub-

harmonicity:

A¢ > 0in {|¢]* = 73|V} N {Ve- & =0}
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In the sequel we will construct weights satisfying this property with sufficient de-
cay in infinity. These are exactly the “limiting Carleman weights” of Kenig et al.
[DSFKSU09], [KSUOT].

Carleman Inequalities for the Laplacian in Conical Domains

Before turning to the proof of Proposition[8] we first focus on Carleman inequalities
for the Laplacian on conical domains. For this purpose, we use weights which are
concentrated in the interior of the domain and vanish on the boundary — the ne-
cessity of this stems form the lack of control of the boundary and initial data. The
explicit choice of the weight is motivated by the requirement of satisfying the elliptic
pseudoconvexity condition — which amounts to a considerably easier condition than

the corresponding parabolic analogue.

We prove the Carleman estimate by rescaling a local estimate. As the weight which
we use satisfies a strict pseudoconvexity condition on Qg \ By, the symbol calculus

directly implies the estimate

Proposition 9. Let Qy C R? be the conical domain defined above with 7 <0<m.
Let ¢(x,y) = R((x +iy)*) + ex®, with a = 7, € > 0 arbitrary. Then for T > 79 >0
it holds
soa 112
3 ‘ eT¢|x|3—24u’
L2(Q¢N(B2\B1))

eT¢|x|aTJVu‘

+ T‘ L2(QpN(B2\B1))
. 2
S He ¢AUHL2(QQH(B2\B1))

for all u € C§°(Q N (B2 \ By)).

Proof of Proposition[9. This follows immediately from a pseudoconvexity analysis,
see for example [Tat96], [Tat99a]. O

With this and the scaling properties of the weight, the global estimate can be

obtained via a decomposition and rescaling procedure.

Proposition 10. Let Qy C R? be the conical domain defined above with 5 <0<m.
Let ¢(x,y) = R((x +1iy)®) + ex®, with a = F, € > 0 arbitrary. Then for T > 19 >0

we have

.2
73 eT¢|:c| sept u’

2
A < ™ Aull?
L2(Q6\B1) € |:C| : VU‘ He AuHLZ(Qg\Bﬂ

L2(Qe\B1)

—+ 7

(2.5.1)
for all u € C§°(Q \ B1(0)).

Proof of Proposition[10. Using a decomposition of space, a scaling argument yields
|z| 2"
21

the claim: We decompose u = > u;, u;(z) := (un;)(z) = u(x)n(
ieN
supp(n) C (0.5,2.5), i.e. 7 is a cut-off function normalized so as to provide a

), where
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partition of unity. Setting v;(x) := u;(2'x), we obtain

3 —4 ‘2 <
T u - Z
L2(Q\B1) ™ ~ L2((QNByip1)\By: )
=7 ig| 25 eTo(2') i ’2 in
= 2 5 2
T ZH| x| e (nu)(2'z) B )
ieN
2
< "‘32 44 ‘r ) ; ‘ in
Z vil@) L2((Q29NB2)\B1)
i€N
Pro @
< 22*41' e%d’(z)Avi(x)‘ 2 in
T L2((QNB2)\B1)
ieN
2
S er)(z)Aui(:c)‘
ieN L2((29NByi+1)\Byi)
T 2
S ||e AuHL?(Qe\Bl)

_ 2 -2,11%
+ el TVl 2 ) + €720 2005,

where we used the notation 7 = 2“7, In this estimate the last terms are error terms
originating from the partition of unity. These will be absorbed in the left hand side
for sufficiently large .

Analogously, the result for the gradient term can be derived:

o 2
T eT¢|z|TZVu’ e T |Vu1|
LQ(QQ\Bl) L2 (290321+1\B21)
=T eT9(2'2) |91 47 | (4 )(2'x ’ gin
Z\ 22 T ) @), o
€N
<7 24 (|oTo(@) |y, Vo, ‘ 2in
Z | | | | L2((20NB2)\B1)
€N
Propl9]
Tgp Z 2—41' e‘T’(ﬁ(w)sz(x)‘ 2 2zn
~ s L2((Q¢NB2)\B1)
€N
< ’ T‘i’(w)Au ‘
zeZN L2((Q20NByi+1)\Byi)
d) 2
S HeT AUHLQ(QQ\Bl)
|1 2 ¢l ~2ull?
+||e?|x| |V“|HL2(99\31) + [le7?a] UHLQ(QQ\Bl)'
Adding both inequalities and noting 30‘ ) QT_Q > —1 for a > 0, the error
terms can be absorbed. This yields the des1red estimate. O

Proof of Proposition 8 and an Alternative Non-Existence Proof

of Harmonic Functions with Gaussian Decay Rates in Cones

with Opening Angles Larger than 7

In the sequel we assume a > 3 , which translates into a condition on the opening

angle of the domain: § < 2%, The backward uniqueness result for conical domains
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with larger opening angles immediately follows from this by restriction. It is deduced
from the elliptic Carleman estimates by an application of the Laplace or a one-sided
Fourier transform. Indeed, the ¢-independence of the coefficients of equation (2.4.3

and Sverak’s decay result, Lemma [5] lead to

sLu(s,x) + ALu(s,z) = cr(x)Lu(s,x) + ca(x) - VLu(s, ) in R x Qp,
|[Lu| < Ce Pl in R x Q.

The backward uniqueness result is derived as a consequence of a Carleman estimate
— more precisely, of the elliptic estimate . Keeping s fixed and rescaling in ,

it is possible to assume the “smallness” condition:

[ALu(s,x)| < A(|é1(z)||Luls, z)] + |c2(z)||VLu(s, z)|) in R X Qq,

o (2.5.2)
lu| < Ce PN in R x Q,

with A < 1 and ¢; = ¢; + |s|. Using (smooth) cut-off functions which satisfy the

following limiting behaviour

07 1'1§R, ( ) 07 TS*%, ( ) 1; TSLv
wolT) 1= r)i=
, T1 Z2R; ? 13 TZ _%a " 0; T22La

we insert vg,,(x) := Lu(x)wr, g(x1)w2(@)nL (|z]) into the Carleman inequality .
Recalling the decay condition on the function Lu and invoking the dominated con-
vergence theorem, we can pass to the limit L — oo. For vg := Luw; rwa(¢) we

then obtain

2

(¢—C) |z| o

ef(¢fc)|$|“§2vUR‘

73 ‘ e ’UR‘ +7 ‘
L2(Q2\B1) L2(Q\B1)

< ‘ eTW’—C)AvR‘ 2

L2(Q0\B1)

Defining @ := w1, rw2, we inspect the right hand side of the inequality:
Avg = WALY + 2V - VLu + LulAw.

Combining this with inequality and choosing R > 1 sufficiently large, yields

3a—
2

|Avg| < CA(|2| ™% |og| + 2| ™= |Vor|) + 2|V@||[VLu| + |Lul|Ad].  (2.5.3)

Thus, the first term on the right hand side can be absorbed into the left hand side
of the Carleman inequality. The remaining right hand side terms in (2.5.3) are only
active close to the boundary as well as at a spatial scale ~ R. With R ~ 1 and

choosing C > 0 in dependence of R, this leads to a right hand side term of the form

<
L2(Qe\B1)

e OOV VLul + | Lul| A

efT%efﬁmQPd)(z)’

L2(Q\B1)
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where P, denotes a function with at most polynomial growth. As a consequence,
the right hand side term vanishes in the limit 7 — oco. Thus, the function Lu must
vanish on some open domain. By unique continuation this therefore implies that
Lu = 0 in the whole domain. As this holds for all Laplace modes s, we obtain the

desired result Lu = 0, hence u = 0.

Remark 10. The Carleman estimate dictates the decay assumption on the
potential c5. Comparing exponents, we obtain

a—2

b(o) =

for the exponent in Proposition

As an alternative to the complex analytic argument presented in Section[2.2] we can
now present a second, more stable proof of the non-existence of harmonic functions

with Gaussian decay rates in cones with opening angles greater than Z via our

2
Carleman inequality :

Proposition 11. Let 0 > 5. Let u: Qy — R be a solution of

Au = ci(z)u + ca(x) - Vu in Qy,

mn Qg, ¢ € L™,

Then u=0.

Proof. This follows along the lines of the proof of Proposition[8] (after having carried

out the Laplace transform). O

2.6 The Parabolic Situation — Pseudoconvexity Ana-

lysis and Weights for the Anisotropic Operator

The Pseudoconvexity Condition

As we are interested in proving an anisotropic Carleman inequality, we treat the
temporal and spatial variables according to the parabolic scaling in the usual con-
jugation procedure, c.f. [Tat97], [Tat03]. Using an arbitrary weight, ¢, and setting

u = e~ %w, this leads to the following expression

(A +Bull}, = [[(A+|V =2V -V — Mg+, — a)ul,
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Separation into the symmetric and antisymmetric parts yields

(A + Vo> =2V -V — Ad + 0, — dpd)w||
= (A + |VoI? = dpp)w|[5. + 1(9; — 2V - V — Ag)wl|32

+ /([A + Vo[> — 019,01 — 2V - V — Adlw, w)dz.

Taking the anisotropy of the equation into account (and assuming ¢ ~ 7), the

principal symbols of these expressions read

ph =&+ Vol
pi =S5 2V¢§a

(in a bounded domain). As for all Carleman inequalities, it suffices to derive the
estimate on the characteristic set of the principal symbol. Here, the positivity has
to originate from the commutator expression. On the characteristic set the leading

order terms of the spatial commutator turn into

<
€]

. v2¢£

{p".p'}e = 4V - V?¢V¢ + 4|Vo|? Tk

while the temporal commutator is of the following form

{p",p'}e = —20,| V|,
As we will see in the sequel, both terms play an essential role for our analysis:

e Decay of Null-Controllable Solutions. An equilibrium condition for the
temporal and spatial commutators allows to deduce Gaussian decay for null-
controllable solutions of the heat equation. This was proved by Sverik et al.
[ESS03], c.f. Lemmal[5, and can also be extended (with appropriately adapted
exponents) to higher order diffusion equations. The key idea here is to employ
non-convex weights in the z-variable which are not weighted by the (large)
prefactor 7, combined with convex weights in the temporal variable which are
weighted by a factor of 7. Although this implies that the spatial commutator
does not induce positivity on the intersection of the characteristic sets of the
symmetric and antisymmetric parts of the operator, positivity can be obtained
from the temporal part of the commutator. The uttermost, still controllable
amount of non-convexity in the spatial part is determined by an equality of
the scaling of the most negative commutator contributions, V¢ - V2¢V ¢, and
the strongest positive commutator contributions, —9;|V¢|?. Thanks to the
strong 7 weight in time, the temporal commutator provides enough positivity

in this case, c.f. Lemma

e Backward Uniqueness Property. The spatial terms dictate the necessary

conditions for Carleman weights which can be used in proving the backward
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uniqueness property. In order to treat arbitrary boundary terms, we have to
truncate the weight function on the respective spatial and temporal bound-
aries. This, however, implies that the weight must be very small at the bound-
ary, while it has to become very large in the (spatial and temporal) interior of
the domain. This is achieved via weights with a factor 7 both in their spatial
and their temporal components. From this we infer the existence of a spatial
regime in which the spatial commutator dominates over the temporal one due
to its scaling with 73 (the temporal part only scales with 72). Therefore, it

becomes necessary to study the spatial weight in detail.

We proceed with the analysis of the second observation. For that purpose, we
consider weights of the form 7¢ instead of ¢. Therefore, a necessary and sufficient
condition for the positivity of the commutator on the characteristic set is given by

{p",p'}e > 47V - V29V + 473 |V | * Anin (V2 9) > 0, (2.6.1)
where Apin(V2¢) is the smallest eigenvalue of the Hessian V2¢. As a consequence,
the weight function has to be chosen such that this property is satisfied. For convex
functions ¢ this is always true. However, in order to prove the Carleman estimate,

the weight has to be “small” at the boundary of the domain and “large” in the

interior. In fact, our Carleman weight has to satisfy the following conditions:

1.) The weight function has to vanish on the boundary of the domain (both
spatially and temporally on the time slice on which the function itself is not
already vanishing), and has to be strictly positive in the (spatial and temporal)
interior of the domain. This can be slightly relaxed by asking for weight
functions which are “small” (instead of vanishing) on the boundaries of the
domain. As a consequence, the weight function has to be concave in the
angular variable ¢ (at least partially). As the pseudoconvexity condition is
strictly weaker than the standard convexity notion, it is still possible to find a

non-empty class of weights in domains with sufficiently large opening angles.

2.) As observed by Escauriaza, Seregin and Sverak [ESS03| null-controllable so-

lutions of the heat equation have Gaussian decay at infinity:
Lemma 5 (Gaussian Decay, [ESS03]). Let u : [0,T] x Br(0) — R satisfy
|Owu + Au| < e1(JVul| + |u]) in (0,T) x Br(0),

u(0,2) = 0 in Bg(0),
|u| < M in (0,T) x Bgr(0),

for some constant ¢y < oco. Then there exist constants (3,7, such that for
te(0,7)
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where ca = ca(c1), v =v(c1,T).

Microlocally, the estimate of Escauriaza, Sverdk and Seregin uses an equilib-
rium between a relatively weak, non-convex spatial weight and a very strong,
convex temporal weight.

Lemmal5limplies that the growth of admissible Carleman weights is restricted:
Any Carleman weight, which is constructed with the aim of proving the back-
ward uniqueness property, has to have a subquadratic growth behaviour in

unbounded conical domains.

The Ansatz for the Weight Function: Necessary and Sufficient

Conditions

In analogy to the weight function of Sverak and Li [LS10], we make the ansatz

B(r, ) =1 f (),

for a two-dimensional (spatial) weight function in polar coordinates. In this case
the pseudoconvexity condition, (2.6.1), can be rephrased as a homogeneous cubic

ordinary differential inequality:

(a—=1)a’ f(9)® + a2a = 1) f(0) ' (©)* + f'(9)* " (¥)
+5 (@1 + 1 6P) (0 F(0) + 1)

V(@ =222 (@) —2(a — Daf()]" (@) + o — 12F P + I 2 0.
(2.6.2)

Lemma [5] however, implies a restriction on the possible radial dependence of the
weight function: o < 2. Difficulties in choosing appropriate weights therefore stem
from the fact that we cannot convexify the weight in the radial variable in an

arbitrarily strong manner.

Sverak’s Weight Function and a Modification

In order to analyze possible Carleman weights, we briefly review Sverdk’s ansatz:

The weight function

sulre) =1 (o) — cos® (3 ) (2.6.3)

satisfies the pseudoconvexity condition as long as the opening angle 6 remains large
enough: 6 > arccos(%). The necessity of this condition can be verified by ana-
lytically checking the pseudoconvexity condition at the boundary of the domain.
Indeed, Sversk’s weight function degenerates at the boundary although it displays
robust pseudoconvexity properties in the interior (c.f. Figure . A limitation

of Sverak’s weight certainly consists in choosing only a one parameter family of
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L 1 1 1 1 L 1 1 1 1 L 1 1 1 1 |
-05 05 1.0

Figure 2.2: The pseudoconvexity condition is satisfied for Sverdk’s weight func-
tion: The z—axis depicts the angle in radians while we plot the values of the
pseudoconvexity-expression (2.6.2) on the y-axis. We note that the pseudoconvex-
ity properties of the weight function degenerate at the boundary.

weights. If instead the same weight is considered with a second parameter [, e.g.

balrp) =17 (c05’(9) - o (§))

the angle can be reduced significantly.

This ansatz has the advantage that although there are restrictions on the growth
of a there are none on the size of 3, in particular 5 > 2 is an admissible exponent.
Here the weight suffices to prove the backward uniqueness property in opening
angles of up to approximately 95.4°. The drawback of this ansatz, however, is that

the pseudoconvexity condition can become fragile in the interior of the domain as

well (c.f. Fig. 2.3).

I . . . . . . I
-0.5 05

Figure 2.3: For the angle 8 ~ 95.4° the pseudoconvexity condition is satisfied for
@a,p With a = 1.999999, 5 = 2.474917. For this weight function the pseudoconvexity
condition deteriorates at the boundary as well as in the interior.

This two-parameter family of weight functions is certainly not optimal. A more
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general ansatz for a weight function could consist of making a power series ansatz
and optimizing the coefficients so as to preserve pseudoconvexity in the domain.
With the weight

B(r, @) := r199999(0.987609 — 1.22053% + 0.562108p"* — 0.162117¢°

(2.6.4)
40.0481833¢®% — 0.000001'7),

for example, it is possible to reach angles below 95°.

The Numerical Analysis of the Pseudoconvexity Condition

Instead of trying to guess a suitable weight function, it is possible to numeri-
cally analyze the pseudoconvexity condition. As the ODE which encodes the one-

dimensional pseudoconvexity condition is invariant under the reflection

flp) = f(=w),

we expect the solution to be symmetric if the boundary conditions are prescribed
in a symmetric way. Unfortunately, the system seems to be numerically stiff; using
Mathematica calculations it seems impossible to reach an angle smaller than ap-
proximately 94.8° in the case of an equality in (2.6.2]). Therefore, it would be very
interesting to understand the symmetric boundary value problem for from
an analytical point of view. Due to the nonlinearity and square root in the equation
this seems to be challenging.

Apart from these (technical) difficulties, we believe that the fundamental problem of
determining admissible weights via the described one-dimensional approach is lim-
ited to approximately 95°. In other words, the major drawback in reaching angles
closer to the conjectured 90° is caused by restricting to essentially one-dimensional

weight functions.

Proof of the Carleman Estimate (2.4.1

Using the explicit weight ¢1.999999 2.474917, it is possible to deduce a Carleman in-
equality and thus to prove backward uniqueness of the heat equation in conical
domains with angles down to approximately 95.4°. As the computations for other
weights such as are of a similar flavour but algebraically more complicated,
we concentrate on ¢1.999999,2.474917-

Once an admissible, improved weight is found, the techniques of the proof of the
backward uniqueness property are not new; in fact we argue along the same lines as
Sverdk and Li [LSlO]. As already indicated by the phase space considerations the
proof has to use the pseudoconvexity properties of the weight. Although the proof
will not be a phase space argument but will instead rely on a direct argument, the
previous considerations form the basis of the result. Having ensured pseudocon-

vexity in the spatial variables, the final weight function can be chosen to have the
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following time dependence:

B(t,r,0) = ¢1(t, 7, 0) + H2(t),

¢1(7’,t,§0> = Lt

$1.999999,2.474017 (1, @), B2(t) = (1 — )%,

for a sufficiently small constant 0 < € < 1 to be chosen later.

Proof of Proposition[6. Let u € C§°((0,T) x (29 \ Br)), R > 1. Conjugating the

heat operator gives

Lyu=(A+7°|V¢|* —27V¢ -V — 7A¢ + 0 — 7O, $)u,
Agu= (0 =27V -V = TAd)u, Spu = (A+7°|Vg|* — 70:0)u.

Therefore the L? norm of the operator turns into

/|L¢u|2d:cdt:/|A¢u|2d$dt+/|S¢u|2d:13dt+/([S¢,A¢]u,u)d$dt.

The idea is to derive the lower bound by using a combination of the commutator

and the symmetric part of the operator. A short calculation yields
/ ([Sg, Aplu, u)dzdt = 4 / (T°Vé - V2oV u? + 7Vu - V2¢Vu)dxdt

+ /(—2720t|v¢|2 + 702 — TA*P)uPdxdt.

As in the case of Sverdk and Li [LS10], the difficulty originates from the fact that
the Hessian of the weight function is not globally positive-definite (which, however,
still suffices for our purposes as pseudoconvexity is a strictly weaker condition than
the usual notion of convexity). Nevertheless, the numerical analysis of the pseu-
doconvexity properties of this weight function suggests that on the characteristic
set of the symmetric and antisymmetric parts the commutator provides sufficient
positivity for the Carleman inequality to hold true. In real space, this condition
can be realized by deducing positivity from a combination of the commutator and
the symmetric part. As Sverak and Li, we introduce an auxiliary function F(t,x).

An integration by parts gives
/(S¢u, Fu)dzdt = /—F|Vu|2 + (%AF + T F|Vé|* — 100 F)udxdt.
Hence, by the binomial formula
/(S¢U,S¢u)dxdt > — /(S¢U,Fu)d$dt — E/FQUdedt
> /F|Vu|2 — (%AF + T2F|V | — 10,0 F)udxdt

1
— Z/F2u2d:cdt.
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As in the paper of Sverak and Li [LS10], the combination of the commutator and

the symmetric part yield
/ ([Sg, Aplu, w)dzdt + / |Spu|?dxdt > / 413V - V2oV ou? — 12 F|V¢|?u?)dxdt
+ /(F|vu|2 + 47V - V2¢Vu)drdt
+ /(72728t|v¢|2 + 707 — TA*p)udxdt
1 1
- /(EAF — 70, pF ) udxdt — 1 /F2u2d:cdt.
In order to derive positivity for the gradient term, we set
9 2
F = —47-)\min(V ¢1) + g

We remark that for our choice of ¢ the smallest eigenvalue of the Hessian of ¢,
Amin (V29), is a smooth function of both the angular and the radial variables if
r > 0 (c.f. Figure[2.4). Thus, no additional mollification is necessary in order to

deal with expressions as for instance AF'.

10l
05
Il L L L L [ L L L L Il
~05 L 05
_05 |-
10 /

Figure 2.4: The eigenvalues of the Hessian of the weight function ¢; depending on
the angular variable ¢ for fixed radial and temporal variables. Due to the concavity
along the angular and the convexity along the radial directions, the eigenvalues have
a fixed sign and do not cross. In particular, no mollification is needed in order to
deal with the derivatives of the auxiliary function F.

The choice of F' immediately implies
2
/F|vu|2 + 47V - V2¢Vudzdt > s / |Vu|?dxdt.
As the weight function satisfies the pseudoconvexity condition, we also obtain

47° / Vo - V2V ou? + Amin(V29)|Vo|2u?dzdt > 0.
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As a consequence, it remains to prove the positivity of the following terms
2 2 2 2 27? 2y, 2
(—27°0¢|V | + 707 p — TA P — T|V¢| Yu“dzdt

1 1
— / (FAF - TOpF ) u?dodt — I / F2u2dzdt.

We begin with the terms of order 72 and treat the terms involving ¢; and ¢2
separately: We start by estimating the ¢; contributions. Moreover, we note that
by choosing R > 1 sufficiently large, the scaling of Ayin (V@) in the radial variable
implies that the 72 contribution coming from the % J F?u2dxdt integral can be
considered small with respect to the other terms of 72 scaling. Thus, it will be
ignored in the sequel. Due to the homogeneity of the remaining terms in the radial
variable (—2728;|Vo|? — 47201 Amin (V20) — 22 |V g| ~ 12272 o = 1.999999) and

the multiplicative temporal dependence of the weight, the lower bound

2 _
/(—2T2at|v¢>|2 — 47281 Amin (V2 6) — 2%|V¢|2)u2dzdt > cr? / (115—2’5)u2dzdt
(2.6.5)

follows, once it is established in an (angular) cross-section of the domain. In order

to deduce this estimate, we observe

B a2
Amin(V20) 01 = _%¢a,ﬂ($))‘min(v2¢aa5) £ t3t)
1 (1-1)?
3

(ba,ﬂ)\min (v2¢o¢,5);

-1
7 Voasl” =2

| Vo|* = —2 -

|v¢a,5|2’
where av = 1.9999999, 5 = 2.474917. Thus, it suffices to prove the positivity of
3.6|Voasl* + 4Amin(VZha,3)da,s-

As this expression attains a positive local minimum at ¢ = 0 and as this is a global
minimum on our domain of definition, the desired positivity follows, c.f. Fig.

In order to estimate the full contribution in 72, it remains to bound

SN T /N

\ as- /

Figure 2.5: The figure depicts the term 3.6|Va 5% + 4 min(VZPa,3)Pa s With o =
1.9999999, 8 = 2.474917 in an angular cross-section of the domain. The numerical
evaluation shows that this expression is positive.
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—47? / Ot P2 min (V2 P)udzdt = —87%€ / (1 — ) Amin (V@) uPdadt.

For sufficiently small e this can be absorbed into the right hand side of .
We proceed with the terms of 7-scaling. Due to the positivity of 97¢;, the estimate
|02¢;| > |0¢i], i € {1,2}, and the scaling in the radial direction, the last term,

-1 2 2
T /(a§¢ — A2 TTAF 206+ Awin(Von))ududt,

is positive in the spatial interior of the domain (which in particular includes the time
slice t = 1) if a sufficiently large ball around the origin is excluded. Close to the
spatial boundary the scaling of the involved terms allows to absorb the (potentially)

negative parts, i.e.
2 ! 2 2
T [ (A% — 5 AF + gx\min(ngl))u dxdt,

into for sufficiently large 7 > 7 (here it is possible to ignore the also po-
tentially negative contribution %Qt(,b as it can always be absorbed into the larger
positive term 97¢).

Furthermore, a small amount of the 9?¢; contribution suffices to control the nega-

tive 0;¢1 derivative. Hence, we obtain a further positive contribution of the form
2 2 2 2
T [ (956 + gat¢)u dadt > 7 | u’dxdt.

For sufficiently large 7, this contribution can then be used to absorb the last negative
term: —5= [ uldadt. O

Proof of the Backward Uniqueness Result

Due to Lemma [5] null-controllable solutions of the heat equation have exponential
decay: For solutions of the estimate of Sverédk, Seregin and Escauriaza yields
|u| < Ce_cdist(mt,BQ)Z

deteriorating close to the boundary of the domain. Considering angles strictly larger

— which is, at first sight, only a non-uniform decay estimate,

than 90°, it is possible to reduce the angle slightly while still remaining arbitrarily
close to the original angle. In this case Sverdk’s inequality implies a uniform decay

estimate:
lu| < Ceelzl®.

In order to deduce the backward uniqueness property, we use the following strategy

of proof:

e In the first step the angle is reduced slightly, so as to obtain the Gaussian
decay estimate globally.

e Secondly, with the aid of a cut-off function, which is active at the boundary
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of the domain as well as close to the (spatial) origin, the Carleman estimate

can be applied.
e Finally, carrying out the limit 7 — oo provides the desired conclusion.

Proof of Proposition[7. Step 1:  Decay estimate, rescaling and choice of the test

functions.

We choose € > 0 such that § := 0 — e > 0y where 0y is the angle down to which our
Carleman inequalities hold (e.g. 6y = 95.4°). Lemma [5]implies Gaussian decay:

dist(x,029)2 sin2(e/2)|z|?
t ¢ t

|u] < Ce™® < Ce™

Due to the assumptions, we have to deal with the differential inequality
(0 + A)u| < C(Ju] + [Vul).

Rescaling u parabolically and translating, i.e.

ux(z,t) == u </\2 <t %) ,/\:E> ,

we obtain a “small” right hand side:
[(Dr + A)un| < CA(Jur| + |Vual) in [0,1] x s,

1 (2.6.6)
ux(t,x) =0 in (0, 5) X Q.

With slight abuse of notation, we will work with u satisfying in the sequel

without changing notation.

In order to apply the Carleman estimate, it is necessary to cut off the solution of

the heat equation. Due to this, we introduce the cut-off functions

0, z1 <R, 0, s<—
wy, g(z1) = { ! wa(s) := { o>

ISRV N

3
3

1,

which are chosen to be smooth interpolations in the intermediate regime. Further-

more, we define

w($7t> = wl,R(xl)w2(¢(t7$) - C)v
v(x,t) = w(x, t)u(x, t).

Although v does not have compact support, an additional limiting argument com-
bined with the Gaussian decay rate of this function, implies its admissibility in the

Carleman estimate.
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Step 2: Application of the parabolic Carleman inequality and limit T — oco. An

application of the Carleman inequality leads to
eT(0=C)y

T% eT(¢7c)VU

+
L2

<
L2

e~ (9, + A Lo

(2.6.7)

Estimating the right hand side results in
(0 + A)o| < CA(Jo] + [Vo]) + C(Ju] + [Vu))(|0sw] + [Vw| + [Aw]);

Due to the smallness of A, the first part of the expression can be absorbed in the left
hand side of (2.6.7). For the remaining part, i.e. C(Ju|+|Vul)(|0:w|+|Vw|+|Aw]),
we use the definition of w. Indeed, in the set on which C(|0;w|+ |Vw|+ |Aw|) # 0,
we have ¢ — C < —%. Consequently,

C

e Jul + [ Vul) (9| + V| + [Aw])| |
< C e % (jul + [Val) (O] + [Tu] + [Aw])] .
< CHe_%_BlllzP(b(x)‘

2’

where Py(x) has at most polynomial growth. In the limit 7 — oo the right hand

side of the inequality vanishes. Hence,

1
T2

eT(d’*C)UH +
L2

eTW*C)VUH <C "6*53*ﬁ|x|2P¢(5E)H — 0 as 7 — oo.
L2 L2

As a result,

u=0in QsN{p—C >0}

Now unique continuation across spatial boundaries implies the desired result. [l



Chapter 3

Unique Continuation for the

Fractional Laplacian

3.1 Introduction

In this chapter we encounter another rigidity property — the unique continuation
principle. In the last decades, unique continuation has been a very active field
of research. In its strong form, it states that if a solution of a certain differential
equation vanishes of infinite order at a certain point, it must already vanish globally.
This property and its “relative”, the weak unique continuation principle, are of

particular interest due to several reasons:

¢ Rigidity and Uniqueness. The unique continuation property is a natural
extension of the “identity principle” for harmonic functions: Two harmonic
functions which agree up to infinite order at a certain point are identical. As
this is a very strong rigidity property of harmonic functions, it is a natural
question to ask whether and which other operators possess similar rigidity
properties. In particular, it is interesting to investigate up to which extent
Schrodinger operators inherit the unique continuation properties (from the

Laplacian).

e Absence of Positive Eigenvalues. Apart from the intrinsic interest in
understanding the rigidity properties of solutions of certain classes of equa-
tions, an additional motivation for studying the unique continuation prin-
ciple is provided by understanding the absence of positive eigenvalues for
Schrodinger operators (with potentials). In its simplest form, the absence
of positive eigenvalues follows from a theorem of Rellich [Rel43|, combined
with the weak unique continuation property for Schrédinger operators with
bounded potentials. Following the survey article of Kenig [Ken89], we briefly
sketch the argument relating the spectral properties of Schrodinger operators,
P(D,z) = —A+V, to a (weak) unique continuation result:

Assume that V' is a compactly supported potential, supported, say, on Br(0).

46
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Suppose a positive eigenvalue E associated to an L? eigenfunction existed.
Then Rellich’s theorem states that w = 0 on R™ \ Bg(0), i.e. the eigenfunc-

tion is compactly supported. If the operator
-A+V —-FE

has the weak unique continuation property, this implies that v = 0 on R”.
Hence, there can be no positive eigenvalue.

In general, it is of interest for which kind of potentials such a statement holds.
Here, the limiting behaviour of the potential, both in compact sets and at in-
finity, plays a decisive role. For example, in quantum mechanical applications
a naturally encountered potential consists of the Coulomb potential which is
singular at the origin but also displays long range effects. In order to deal with
this and similar situations, it is necessary to investigate unique continuation
properties under LP integrability assumptions for the potential.

More elaborate arguments — and in a sense optimal ones — for the non-existence
of positive eigenvalues for Schrodinger operators can, for example, be found
in the papers of Jerison & Ionescu [1J03] and Koch & Tataru [KT06]. In par-
ticular, the support condition on the potential can be dropped and replaced

by appropriate growth bounds at infinity.

e Connection to (Nonlinear) Elliptic Problems. Unique continuation
statements can be used to deduce uniqueness of solutions to linear and non-
linear problems. This is similar to the reduction of the uniqueness of certain
solutions of the Navier-Stokes equations to the backward uniqueness property
of the heat equation, which was mentioned in the previous chapter. A re-
cent example in which strong unique continuation results were used to deduce
uniqueness of radial solutions of certain nonlinear equations is, for instance,

contained in the article of Frank, Lenzmann and Silvestre [FLS13].

By now, an extensive literature on unique continuation properties has been devel-
oped. However, instead of reviewing all of these contributions, we focus on the
local model case, i.e. the standard Laplacian, and the non-local family of fractional
Laplacian operators with s € (0,1). Considering the fractional Laplacian instead
of the standard Laplacian is a natural extension as many models describing phys-
ical, economic or geometric situations are based on this non-local operator rather
than on the local analogues, e.g. [BS02], [Vaz12], [CG11], [SV09]. Examples from
physics are relativistic Schrodinger equations involving the half-Laplacian or certain
approximations of the Navier-Stokes equations [Sil07]. An example originating from
economics are so-called American options [Sil10].

In the context of unique continuation properties this non-local, elliptic pseudodiffer-
ential operator poses an interesting challenge, as one has to find appropriate means
of exploiting the local information, i.e. the local high order of vanishing. More

precisely, in the sequel we will consider the following problem: Let u : R" — R,
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u€ H?, s €(0,1), be a (weak) solution of
(—A)°u = Vu,

where u vanishes of infinite order at a certain point z¢ (which we choose to be 0 in
the sequel). Does this already imply that u vanishes identically?

Here, the infinite order of vanishing means that for any n € N we have

lim r—" / w?dz = 0.
r—0

B, (0)

In order to tackle this problem, we crucially rely on the Caffarelli-Silvestre extension.
This allows to interpret the fractional Laplacian as a (generalized) Dirichlet-to-
Neumann map of a certain degenerate elliptic operator. As a result, the problem

becomes tractable via Carleman inequality techniques.

The remaining part of the chapter is organized as follows: In the following two
sections we briefly review the literature on unique continuation properties for (stan-
dard) Schrédinger equations and recall important properties of the fractional Lapla-
cian. Section is dedicated to the statement of the central Carleman estimates.
In Sections[3.543.7 we prove the decisive Carleman estimate and show how it implies
the strong unique continuation principle if s € [i, 1). Here, the methods of deducing
the estimates strongly rely on the ideas of [KT01a]. If s < i, we prove the strong
unique continuation property under differentiability conditions on the potential. For
this we use a slightly modified strategy of proving the crucial Carleman inequality,
c.f. Section Moreover, we study the one-dimensional situation in detail, as
one can hope for stronger results in this case, c.f. Section Last but not least,
Sections and[3.10]deal with generalizations of our main estimates: In Section[3.9]
we reduce the integrability assumptions in the case of the half-Laplacian, whereas
Section is dedicated to the discussion of variable coefficient operators.

3.2 Review: Unique Continuation and Carleman

Estimates

Previous Works on Unique Continuation for Second Order

Elliptic Operators — Results

As unique continuation properties play an important role in understanding the
underlying (elliptic) operator, there has been a huge effort to obtain the strongest
possible conditions on the respective metrics and potentials in order to secure unique
continuation. Here one has to distinguish between the strong and the weak unique

continuation properties:

e The weak unique continuation property (WUCP) deals with the question of

whether vanishing in an open set already leads to global vanishing for solutions
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of a given PDE.

e The strong unique continuation property (SUCP) is concerned with the prob-
lem of whether vanishing of infinite order at a point already implies global

vanishing for solutions of a given PDE.

As far as (divergence form) perturbations of Schrédinger equations are concerned,
the picture is quite complete by now. As this serves as our model case, we briefly

review the positive and negative results for the equation
Au=Vu+W - Vu.

e Heuristics. In order to understand in which settings unique continuation
might hold, it is instructive to consider the case of a high but finite (polyno-
mial) order of vanishing (c.f. [Wol93]): Assuming that u € C§°(B1(0)), u ~ r*
for r < 1, k> 1, we would expect Au ~ r*=2. This implies that % ~ 72
which just fails to be in L2 (B,.(0)) (where n denotes the space dimension). As
a consequence, one expects that potentials V, lying in spaces of L 2-scaling,
are the critical ones for unique continuation. An analogous argument suggests
that for gradient potentials, W, the scaling invariant (critical) space is given
by L"(B,(0)).

e The Potential V. Considering functions of the form v = e~ 1“(‘””‘)‘1+E, one
finds that, in general, the strong unique continuation property does not hold
for potentials V' in LP-spaces with p < 3.

As a complementary result, the seminal paper of Jerison & Kenig [JK85]
demonstrated that it is possible to reach all Sobolev potentials with critical

scaling by proving the estimate

2=l S |||l 7 Aul|,,

where 1% -2 = % and u € C§(R™\ {0}). Moreover, an appendix of
Stein [Ste85] illustrated that even potentials in certain scaling-critical Lorentz
spaces can be controlled under an additional smallness assumption. More
precisely, Stein showed that the unique continuation property holds for po-
tentials in Lg with small norms. The necessity of this smallness was later
demonstrated by Wolff [Wol92a].

Considering only radial potentials, much more can be said [PW98|. Indeed,
unique continuation properties hold in all scale-invariant spaces, i.e. up to
L7 (with arbitrarily large norms). Further results by Pan [Pan92] and Pan &
Wolff [PW98], imply the strong unique continuation property for inequalities

of the form

C
|Au| < WIUI-



50

CHAPTER 3. THE FRACTIONAL LAPLACIAN AND THE UCP

This illustrates that the situation is more subtle than pure scaling arguments

suggest.

The Gradient Potential W. The investigation of the unique continuation
property for equations with gradient potentials, turned out to impose sub-
stantial additional difficulties. In fact, it became clear that the techniques
which yielded the results for the potential V' alone were not strong enough to
prove the conjectured sharp scaling result. The missing ingredient was found
by Wolff who introduced an osculation argument [Wol92b|. The “right” com-
bination of the osculation method and the previously existing techniques,
however, was first used in its full power by Koch & Tataru [KT0la]. Here
they showed that it is possible to prove unique continuation with W € i} (L")
with small norm (the space IL (L™) consists of functions whose L™ norms are
IL “summable” on dyadic annuli). This result is essentially sharp as one can
infer from the counterexamples of Koch & Tataru [KT02] and Wolff [Wol94].
Similar to the case of the potentials V', Pan & Wolff [PW98] prove that one
can deal with singular potentials satisfying

€

C
|Au| < WW + —[Vul,

|z
for a sufficiently small constant € > 0. Again, this result is essentially sharp,
as it is possible to construct counterexamples for the unique continuation
property satisfying the differential inequality

C

|Au| <
||

[Vul,

if C' > 0 is sufficiently large, c.f. [Wol93].

Weak Unique Continuation. The strongest positive results on weak unique
continuation are due to Wolff [Wol93]. He deduces the weak unique continu-
ation property for potentials V € L%, W € L™. On the negative side there
are several counterexamples, c.f. [KT02], [KN0O], [Man02]. The strongest
ones complement the positive results by, for example, showing that for n > 3
Schrédinger operators with potentials of the form V € Lg or W e L, in

general, do not have the unique continuation property.

Boundary Unique Continuation. A question related to unique continua-
tion problems consists of asking whether it is possible to control a Schrédinger
equation from the boundary. More precisely, one deals with the question
whether the vanishing of u on a relatively open subset V' of the boundary of
a domain 2 C R" and the vanishing of Vu on a set V C V with positive
H"~! measure already implies the global vanishing of «. In dimensions n > 3
this cannot be relaxed to only requiring that v and Vu vanish on a common
boundary subset of positive H"~! measure, c.f. [BW90]. For further details

we refer to Isakov’s book [Isa06] and the references therein.
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In a sense, all the previously mentioned results rely on a spectral gap property of
the (spherical) Laplacian (which can be obtained by the explicit knowledge of the
eigenfunctions and eigenvalues). The spectral gap condition poses a severe restric-
tion on a given operator. As a consequence, it seems unlikely that this property
holds for the operator associated with the fractional Laplacian in the respective
conformal coordinates in any dimension larger than one (it could however be that
this property holds on very specific manifolds).

In spite of this, in general the results on the standard Laplacian can be considered
as a guideline for the setting involving the fractional Laplacian. However, in using
the Caffarelli-Silvestre extension strategy, one notices a crucial difference: For the

fractional Laplacian the standard potential V', i.e. the equation with
(—A)°u = Vu,

poses similar difficulties as the gradient potential in the case of the standard Lapla-

cian.

Previous Works on Unique Continuation for Second Order
Elliptic Operators — Methods

Essentially two techniques are available in order to prove unique continuation re-
sults. On the one hand, there is a huge literature on Carleman estimates including,
for example [Hor07], [Isa06], [Isa04], [K1i92], [Tat97]. On the other hand, variational
approaches using frequency functions are also often applicable, c.f. [GL86], [GL87],
[Lin91], [Lin90], [Ken89]. Both methods rely on underlying (pseudo-)convexity
properties of the respective operator. In the sequel, we briefly introduce both meth-

ods.

e Carleman Estimates. Carleman estimates originate from the study of
uniqueness in elliptic Cauchy problems. They were first introduced in Carle-
man’s fundamental paper of 1939 [Car39]. Here, he used strongly weighted
estimates in order to derive uniqueness for a two-dimensional Cauchy problem.
Later, the concept of exponentially weighted estimates was further developed
by Hérmander who pointed out that the underlying principle of such an es-
timate consists of a certain convexity notion (which is related to convexity
notions in complex analysis). Today, Carleman estimates are an indispens-
able tool in dealing with a wide range of inverse problem (c.f. [Isa06] and the
references therein). A brief outline of the general strategy involved in proving
a Carleman estimate was pointed out in the introduction to this part of the
thesis, c.f. Chapter

e The Frequency Function Approach. In [AJ79] Almgren introduced the
notion of a “frequency function” in order to measure the local growth of (har-
monic) functions. Garofalo and Lin [GL87] exploited its variational struc-

ture in deriving monotonicity properties. These lead to doubling estimates
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for the functions under consideration which then imply unique continuation.
Similarly to Carleman estimates, frequency function approaches rely on con-
vexity /monotonicity properties. We briefly indicate the main ideas of the

frequency function approach: For the Laplacian, one defines

D(r) ::/|Vu|2dx, H(r) = /u2dﬂn—1(x), N(r) =
B,

0B,

We observe that the scaling behaviour of rD(r) and H(r) agrees. For eigen-
functions of the Laplacian such as u(x) = sin(kz), a suitable version of the
frequency function N (r) describes the oscillatory behaviour of the associated
eigenfunction (one needs to carry out a “harmonic extension” by defining the
eigenfunction on an appropriate cone, c.f. the survey article of Zelditch [Zel09)
and the references therein). In general, the frequency function encodes the
local growth of a function u. For a harmonic function, u, it can be shown that
the frequency function is monotone: N'(r) > 0. Together with the identity

0, (m H(T)) _ N0,

n—1 r

this yields the key doubling estimate:

/quac < 2_2N(T)/u2dac.

Ba, B,

From this it is possible to derive unique continuation properties.
Recently this approach has been used in order to obtain unique continuation

properties for the fractional Laplacian [FF13].

3.3 Review: The Fractional Laplacian and the Unique

Continuation Property

Various Definitions of the Fractional Laplacian

The fractional Laplacian can be defined in several ways. The most common def-
initions include the interpretation as a pseudodifferential operator with the aid of
the Fourier transform and its definition as a singular integral operator. Further
possibilities are given via (generalized) Dirichlet-to-Neumann operators or as gen-
erators of certain Lévy processes. These definitions are presented in various papers
and books including Caffarelli & Silvestre [CS07], DiNezza & Palatucci & Valdinoci
[IDNPV11], Cabré & Sire [CS13], Landkof [LD72], Stein [Ste70] and many more. In
the sequel we briefly recall the different possibilities.
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Interpretation as Singular Integral Operator

It is possible to define the fractional Laplacian as a singular integral: Let s € (0,1)
and v € S(R™), then

CA)Yu(z) = C(n, 5 ulz) — uly)
() "u(z) = Cln >P-V-R[ ey

3

C(n,s) fulx+y)+ulz—y)—2u(x)
2 R[ |y|n+25 d

where C(n,s) = 77322 FF((T;TZ:))s(l — s) is chosen such that the Fourier and singu-
lar integral definitions of the fractional Laplacian coincide, c.f. [DNPV11], [CS13].
Duality arguments allow to extend this definition to a much larger class of distri-
butions.

Furthermore, it is possible to define a weak notion of the fractional Laplacian via

its Dirichlet form. For u,v € § it is given by

C(n, s) / (u(z) — u(y))(v(z) — v(y))

2 |z —y|nt2e

(u,v)s =

dxdy = /|§|25ﬁ]—-vd§.
RTL

2n

Due to Herbst’s inequality [Her77], this defines a scalar product on functions in H*.
This definition of the fractional Laplacian motivates the notion of the associated

(homogeneous) fractional Sobolev spaces

P lu(z) —u(y)”
[l = dxdy.
/

e o =g

These can also be interpreted as interpolation spaces between the standard Sobolev
spaces.

The solution operator associated with the fractional Laplacian is given by the Riesz
kernel, c.f. [LD72]:

fy)

|z —y[rm2e

(—A)*f(z) = C(n, )" /

R

where C(n, s) = 1722 F(g)-

Interpretation as a Pseudodifferential Operator via the Fourier Trans-
form

Working in R"™, it is convenient to define the fractional Laplacian via its Fourier
symbol: Let u € S, then

(=A)u=F(| [*Fu).
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Yn+1 1_9s
V- yn+lbvv =0

Figure 3.1: The “s-harmonic” extension problem in the upper half-plane.

This notion is not straightforward to handle if one intends to deal with local prop-
erties of solutions in real space. However, it is very convenient to obtain (global)
properties in Fourier space.

Just as the singular integral definition leads to a certain notion of fractional Sobolev
spaces the pseudodifferential notion does as well. This results in the H*P spaces
which are equivalent to the previously mentioned W*? spaces only if p = 2, c.f.
[AF03].

Interpretation as Dirichlet-to-Neumann Operator of Certain Degenerate

Elliptic Operators

In their celebrated paper [CS07], Caffarelli and Silvestre generalize the interpreta-
tion of the half-Laplacian as the Dirichlet-to-Neumann map of the harmonic exten-
sion to fractional Laplacian operators with s € (0,1). Let v be the “s-harmonic”
extension of u € S(R™), i.e.

V. yp Vo =0in RY

v =wu on {yn+1 = 0}.
Then, the fractional Laplacian reads

—A)u=—c; lim y'72°0,.110.
( ) syn,+1—>0y"+1 n—+

In other words, the fractional Laplacian can be interpreted as a (generalized)
Dirichlet-to-Neumann map. The constant c; does not depend on the dimension

= 2251 F(Fl(f)s) [CS13]. By a slight abuse of notation we will

n and is given by cs
often drop the constant cs in the sequel.

Although the “s-harmonic” extension is not given by a wuniformly elliptic equa-
tion, the representation as the Dirichlet-to-Neumann map of a degenerate elliptic
equation allows to use a large machinery in order to obtain existence, uniqueness
and regularity properties. In particular, the results on operators in Muckenhoupt
classes apply, c.f. [FKS82], [FJK83|, [Gra08]. Via duality, it is possible to extend

this definition of the fractional Laplacian to a large class of distributions.
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Interpretation as a Generator of an a-stable Lévy Process

Finally, a stochastic interpretation is available as well, c.f. [BGR61]. The fractional
Laplacian can be interpreted as the infinitesimal generator of an a-stable Lévy
process — just as the Laplacian is the generator of Brownian motion. We will not

employ this notion in the sequel.

Unique Continuation for the Fractional Laplacian and Previ-

ous Results

Recently, the unique continuation problem for the fractional Laplacian has been
an area of intense research — just as the whole field of non-local equations, c.f.
for example Seo [Seol3a], [Seol3b], Fall & Felli [FF13], Bellova [Bell2], Frank &

Lenzmann & Silvestre [FLS13|. We briefly review the most important contributions:

e In terms of the strong unique continuation property the strongest results are
given by Fall and Felli [FF13]. The authors prove that for (regular, lower or-
der) perturbations of certain Hardy potentials the strong unique continuation

property holds. More precisely, they show that weak solutions of

. A
(=A) u(z) - WU(%) = h(z)u(z) + f(z,u(x)) in Q@ C R,
satisfy the strong unique continuation principle (at z = 0) if

FQ(TL42S)
1—\2(71.125)7

(b) he CHQ\{0}), [h(x)] + |z - VA(x)| S |2[72F¢, e > 0,
(c) f€CHQXR), t F(z,t) € CHQ x R) and |f(x,t)t| + |0 f(z, t)t?| +
|VoF(2,t) - x| <|tP for a.e. © € Q and all t € R, where 2 < p < 22

n—2s?
F(x,t) = ftf(x,r)dr.
0

(a) n>2s, s€(0,1), A <22

The proof strongly relies on the Caffarelli-Silvestre extension in order to define
an adapted notion of frequency function. For this frequency function, the
authors show that the limit » — 0 exists. In contrast to the usual frequency
function arguments, Fall and Felli do not prove monotonicity (of the frequency
function). Instead, the existence of the limit » — 0 suffices in order to argue
via a blow-up method, derive an eigenvalue problem and show that this implies

the strong unique continuation result.

e In [Seol3a] Seo deals with the weak unique continuation problem by expanding
the convolution kernel associated with the fractional Laplacian. In the range
2s € [n — 1,n) the Taylor bounds suffice to derive Carleman-type estimates.
This is inspired by the work of Sawyer on the standard Laplacian [Saw84].
Very recently, Seo [Seol3b] improved these estimates by proving a stronger
Carleman inequality which is motivated by the estimates in the article of Kenig

and Jerison [JK85]. As a result, he obtains the weak unique continuation
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principle in the scaling-critical spaces. In fact, he proves the weak unique

continuation property for solutions of

under the assumptions

(a) Ve Lj:z_éloc with a sufficiently small norm,
(b) w € L' N LP9 and (—A)%u € L9 with p = n2_"28, q= ni’;s

if n > 3,0 < s < 3 and under the assumptions

() V € LP, p > 1 (more generally, it is possible to work in the Kato class
K?s)a

(1) we L' and (—A)*u € LY,
ifn=24<s<l

Frank & Lenzmann & Silvestre [FLS13] deal with an issue related to unique

continuation. They prove that the only radial solution of
(—A)°u = Vu,

satisfying the constraints «(0) = 0 and lim u(r) = 0 is the trivial solution,
r—00

u = 0. This allows to deduce uniqueness of ground states for certain nonlinear

fractional equations. The authors argue via a monotonicity identity for the

“s-harmonic” extension of the fractional Laplacian.

Bellové [Bel12] treats the Steklov eigenvalue problem on compact manifolds in
her thesis. This can be interpreted as the case s = % in our range of fractional
exponents. She applies frequency function methods in order to derive doubling
inequalities. With these she estimates the Hausdorff-dimension of the nodal

lines in the spirit of Yau’s conjecture and derives polynomial bounds.

3.4 The Main Results

We consider the strong unique continuation problem (SUCP) for (weak solutions

of) the fractional Laplacian, i.e. u € H®, s € (0,1), satisfies

(—A)’u=Vu in R",

and vanishes of infinite order at the origin. We prove that under appropriate con-

ditions on V (including scaling-critical Hardy potentials) the solution u vanishes

identically:
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Proposition 12 (SUCP). Letu € H®, s € (0,1), solve
(—A)°u=Vu in R", (3.4.1)
with V=V, + V3,

—2s Y 0o —2s+€
Vily) = Iy Qh(m), heL®, |Valy)l < clyl -2+,

For s < %, we additionally require that one of the following assumptions is satisfied:

27

e the potential Vs satisfies Vo € CH(R™\ {0}) and |y - VVa| < cly| =25+,
esctHyand Vi =0.
Then if u vanishes of infinite order at y = 0, this already implies u = 0.

Here the infinite order of vanishing is adapted to the degenerate elliptic equation
derived via the Caffarelli extension. We define the notions of vanishing of infinite

order for bulk and for corresponding boundary integrals.
Definition 5 (Vanishing of Infinite Order). A function u € L}, (yn 7 dy, R
vanishes of infinite order at zero (in the bulk) if for every m € N

limr~™ / y}lffzﬁdy =0.

r—0
B (0)

A function u € L} (R™) vanishes of infinite order at zero (at the boundary) if for

loc

every m € N

lim =™ / u?dy = 0.
r—0

B, (0)
In the present work, we approach the problem via Carleman inequalities. We argue

in two main steps:

e Carleman Estimates. This part constitutes the key estimate: We prove a
Carleman inequality at the boundary of the upper half-plane. Our strategy of
proving the decisive Carleman estimate relies on methods of Koch and Tataru
[KT01a]. We separate the conjugated operator into a radial and a spherical
part. Then, we decompose the spherical operator into its eigenspaces. Thus,
the necessary estimate is reduced to a bound on (the kernel of) an ordinary
differential operator. This procedure allows to handle very rough potentials
for s > 1 (including scale-invariant ones if s > 1). If s € (0,1) (and also if
seli,3

of a slightly modified Carleman estimate which allows to exploit the differen-

) and involves scaling-invariant potentials), we argue with the help

tiability assumptions (and regularity properties of solutions to the associated
degenerate elliptic equations) in order to deduce the unique continuation prop-
erty (c.f. Section [3.6.2).
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In the case of a sufficiently strong spectral gap, e.g. as in the one-dimensional
situation, the unique continuation property can be deduced for any potential
which is bounded by a Hardy type potential, |V (y)| < cly|=2* (c.f. Section
if s > % (for s = % an additional smallness condition has to be satisfied:
0<c<l).

e Blow-up Procedure. With the previously discussed preparation, it becomes
possible to conclude that if the Caffarelli extension vanishes of infinite order in
the tangential and normal directions (with respect to the boundary), it must
already vanish identically. Hence, we can concentrate on extensions which
only vanish of finite order in the normal direction. For these we consider a

blow-up procedure which reduces the problem to the weak unique continuation

property.

Our approach does not only complement the article of Fall and Felli [FF13] by

relying on Carleman instead of frequency function methods. It also improves their

results in three main aspects:

Ifs > 1

1
2
treat arbitrary potentials which are bounded by scaling-critical Hardy type

e In the case of the one-dimensional situation and s > it is possible to
potentials (with a smallness condition for s = %) This is a consequence of the

explicit estimates on the spectral gap of the extension operator (c.f. Section

.

e We allow for arbitrarily large scaling-critical potentials. Furthermore, our
subcritical potentials need not be differentiable. In the frequency function
framework a regularity restriction was needed in order to deduce Pohozaev

identities.

e Our approach allows for generalizations to wvariable coefficient problems. In
this sense we can treat “variable coefficient” fractional Laplacian operators,
c.f. Section

7, our main results are derived as consequences of the following Carleman

estimate:

Proposition 13 (Symmetric Carleman Estimate). Let s € [1,1) and let

1

o) = =1l + g5 (D avctan(nly)) - (1 -+ m(ll ).

Consider w € H*(y, 7 1°dy, R ™) with

Voyp BV = f in R

. lin;o Yp 1 01w = h on R™.
n+1
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Then for 7 > 19 > 0 we have

+T‘

2

1
2
Ypi1 VW

1—-2s ‘

e™ (1+n(ly))?)

L2(R}T)

_1
2

e (1+1In(ly)?)

1-2s 1

LR}

(3.4.2)
+ 7°

_1
e (1+n(y)?) ~* Jyl~u|

L2(R™)
1—2s
+7 2

< 7‘7%
LR

6T¢|y|sh||L2(]R") :

ré 2s—1
e lyly, 71 f‘

We remark that in the case of the half-Laplacian our results can be sharpened
by using the framework established by Koch and Tataru [KTO0la] dealing with

equations of the following form:
919" 0;u = Vu + W1 Vu + ViWau, (3.4.3)

where V' € ¢o(L2), Wy, Wy € I1 (L™) (the function spaces are built by a dyadic sum-
mation over annuli) and where g%/ are Lipschitz perturbations of the Laplacian. Our
problem can be phrased in a similar strong unique continuation framework for (de-
generate) elliptic operators by considering the evenly reflected Caffarelli extension.
In this case we obtain an equation of the form (3.4.3) where g% = |y,4+1|'~%%id
is now degenerate (unless s = 1), V. = 0 and W1 = (0,...,0, H(yn41))W(¥'),
Wy = H(yn+1)W (y') are Heaviside functions at the boundary. Hence, in the case of
the half-Laplacian, the strong unique continuation problem can directly be treated
with the methods of Koch and Tataru if V' € [} (L"*1). Via an improved extension,
c.f. Section we show that this still remains true for V € L"*¢. For the gen-
eral fractional Laplacian it appears to be more difficult to reduce the integrability

requirements on the potentials via similar means, since the symmetric operator in

the Carleman estimates does not yield sufficiently strong positivity anymore.

Last but not least, we would like to stress that our strategy does not only apply
to the fractional Laplacian but also works for a much larger class of operators. For

any boundary value problem such that the underlying operator
e allows for a sufficiently strong Carleman inequality at the boundary,
e allows for sufficiently strong boundary estimates,

our strategy can be used to derive the strong unique continuation property.

3.5 The Weak Unique Continuation Property

As a first step towards the strong unique continuation result for the fractional oper-

ator, we recall the weak unique continuation property for the fractional Laplacian.
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Proposition 14 (Weak Unique Continuation). Let s € (0,1) and let u : R™ — R,
u € H*(R™), solve

(=A)°u=Vu on R",
u =0 on R" N B1(0).

Then u=0.

Although this property follows from the work of Fall and Felli, c.f. [FF13], by
considering the case V' = 0, we provide an argument for it and strengthen the result

to a local statement on the Caffarelli-Silvestre extension. More precisely, we show:

Proposition 15. Let s € (0,1) and let 4 € H}.

loc

(Y72 dy, Bf (0)) N L=(B;(0))
solve
V -yt 3 Vi =0 in B (0),
lim )73 9n41i = 0 on B (0) N {yns1 = 0}.

Yn+1—7

(3.5.1)

Further, assume that @(y’,0) =0 on B (0) N {yns1 = 0}. Then @ =0 in By (0).

In order to see this, we make use of the equation and regularity estimates for the
Caffarelli-Silvestre extension. These ingredients can be combined in a boot strap

argument.

Proof. We first point out the following two facts:
1. The regularity theory for HY (y;77*dy, By (0)) N L*°(B; (0)) weak solutions
of
V- yni1 Vi =0 in B (0),

, Egrl\oyiﬁsanﬂﬂ = f on Bf (0) N {yn+1 = 0},

(3.5.2)

implies that if f € C%%(B1(0)N{yy+1 = 0}), then y,1°9,41a € C*F(BL(0))

and

IN

1-2s ~
g3 a’”f1u||cﬂﬁ(B§(0)) = O
4
with C1 = Ci(s,n, ||f||L°°(Blﬁ{yn+1:O}) ) ||f||C0v“(Bl(O)ﬁ{yn+1:O}))‘ This fol-
lows, for example, from the article by Cabré and Sire [CS13].

2. For a € (—00,1) the mean value theorem and the fundamental theorem of
calculus imply that for u € C1((0,1)) N CY([0,1)) the assumptions

%(0) =0 and lim y*u'(y) = 0,
(0) lim 3" (y)

result in lim y% 1u =0.
limy (y)
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Step 1: Beginning of the Iteration. We make use of the equation: For this we note
that the boundary conditions in allow to carry out an even reflection and
interpret the solution as a H. .(|ynt1]' 2*dy, B1(0)) N L>(B1(0)) solution of

V- Yns1|' 72 Vi = 0 in By(0). (3.5.3)

For some a € (0,1) it is C%“-regular (in any direction) and C*°-smooth in the
tangential directions [CS07] (quantitative estimates follow, for example, by carrying
out a tangential Fourier transform and treating the remaining equation as an ODE
in the normal variable). Thus, it is possible to differentiate with respect
to the tangential directions up to an arbitrary order. Using the continuity of, for

instance, |yp11]'"**9,+1A" (in B3 (0)) and recalling the even reflection, we obtain

lim yr 301 Al = 0. (3.5.4)

yn+1\

By the second preliminary remark from above, this leads to

hm\o Yo ti A =0 and y, 25 A'u € C°7(B3(0)). (3.5.5)

Yn+1

»(-\I(-v

Hence, we can employ equation to deduce

lim 8n+1y 259 1= — lim y'7%A'G=
1 Yn+1 Y 1
yn+1\( nt yn+1\,4 n+

For later use, we highlight that this implies

lim yn+18n+1u— lim yn25 i =o.

yn+1\ yn+1\k0

Step 2: Iteration. With the previous considerations, it is possible to differentiate

3.5.1)) in the y,4+1-direction and consider a weak solution of

A(yiﬁsanﬂa) —(1—-2s)y, 1 2 At in B*(O)
(3.5.6)

lim 041 (Y11 On+1@) = 0 on B+( ) N {yn+1 = 0}.
Yn+1 0

Using the observations and , this leads to

ynlgn\ o, +1yn+1 *Oppt= —(1- 25)yn1+1?1\ yn+1an+1u
- ynlgn\ yn+1 $On1 Al = 0.
Therefore,
lim 02 4yp 3 0nprii= lm y, 75 %a=0.
Yn+10 Yn+10

As before, we need to complement this by limiting behaviour of tangential deriva-
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tives in order to estimate the contributions in the new right hand sides of a differenti-
ated version of (3.5.6). We obtain this by reflecting the function w(y) = y,37°0n41
evenly onto the whole unit ball. In analogy to the previous considerations from step
1, it solves an equation of the type in the whole unit ball. We differentiate in
the tangential directions. For instance, if we consider second tangential derivatives,

this implies the continuity of 9,11 A’w, which then results in lim\o On1A'w =0
Yn+1

(for this we also use higher order analogues of which follow from taking
higher order tangential derivatives in step 1). By virtue of the second remark from

above and the definition of w, this implies

lim Opy1y 30,1 A'u = lim y, 250,11 A'a= lim y, 25 'Aa=0.
Yn41\0 et Yn+1\0 ol Yn+1 N0 et

These terms, however, exactly form the right hand side contributions which result
from differentiating in the normal direction once more. Thus, a bootstrap

argument is possible.

Step 3: Conclusion. Using the bootstrap procedure, we obtain

lim y "a=20
—+1
Ynt1 N0

for all m € N, i.e. @ vanishes of infinite order in the normal direction at y =

0. Combined with the vanishing in the tangential direction and the Carleman

inequality from Proposition [13] this yields « = 0 in By (0). O
Remark 11. If s = %, the statement of the proposition follows from the weak

unique continuation property of the (n + 1)-dimensional Laplacian. This can be
seen by extending the Caffarelli-Silvestre extension, 4, trivially in the negative y,,y1-

direction.

3.6 Symmetric Carleman Estimates

3.6.1 Conformal Coordinates

In order to prove the desired Carleman inequality, we carry out a change of coordi-

nates similar as in [KT01a].

Starting from polar coordinates, the degenerate elliptic operator V - y}lﬁsv reads

1 .
9711—25_67‘(7471-{-1—2567‘) + T_1_2SVSn . 9.,11_25vsn,

Tn

t

Yntl — sin(p). We transform into conformal coordinates, i.e. r = e,

[yl
which yields 8, = e~0;. This leads to

where 0,, =

e IT2[9I72507 + (n — 25)60, 720y + Vgn - 0}, 2"V gn] .
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Conjugating with e~ "2t (which corresponds to setting w = e~ "2 tu) and multi-

(142s)t

plying the operator with e , results in

—925)?
0} 2 <a§ - %) + Vgn - 01725V gn. (3.6.1)
In the case of s = 3 this corresponds to the situation in [KT01a].

In the sequel we will be using several changes of coordinates. In order to avoid

confusion, we clarify the conventions we will be adhering to:

Remark 12 (Notation). In the proof of Proposition[13] (and in the remaining text)
e we use w to denote the original function in Cartesian variables,

e after a change to conformal coordinates u is obtained from w via u(et,0) =

L —25

e tw(et, h),

1—2s

e v is deduced from u by multiplying with the normal variable: v = 0, > wu.
Proof of Proposition[13. Step 1: Change of coordinates. We carry out a change
of coordinates, as this simplifies the handling of the duality formulation of the

1-2s 2s5-1
equation: We set v = 6, > u and multiply with 6,2 from the left. In this
formulation the conjugated version of equation turns into

— 25)2 281 281 25-1
e‘P(t) (6152 _ % +6,°2 Vn - erll—QSvSnen P} ) e—«p(t),u =0,° f’
(3.6.2)

2s—1

lim0 9,11_2% -Vgnb,? v=h,
n—>

where ¢ = 7¢. In the new coordinates the desired Carleman inequality then

reads

_% ” % 1;23 : 23;1 _% ” 1 ‘
o ven T et e,
1 1 2s5—1 1 251
+ 72 (@”(t))iv‘ , 77z ||(¢"(#)2 lim 6,2 v
L2(RxSY) n—0 L2(Rx0S7)
< % 92551]0‘ | for 7> 79> 0
ST s La@xasy) for T =m0 >0,

We test equation with eigenfunctions of the spherical operator
251 1o 251
0n% Vgn-0,"°Vgnl,?
with vanishing generalized Neumann data. Then equation turns into

) 2 2s—1 ~
e‘p(t) (a? _ AQ — (TLTS)> eitp(t)EA’U = E)\en 2 f + E)\h’a

where we denote the projection of a function v onto the eigenvector vy by E\v and

its weighted boundary projection by Eyv. With a slight abuse of notation we will
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_ 1-2s
also use the symbol Eyv for the scalar [ v lim 6,2 vadH" '
851 6, —0

The existence of a countable, diverging sequence of eigenvalues for the spatial part
of the operator follows from the compactness of its inverse operator in an

appropriate function space which is defined in the next step of the proof.

Step 2: An Adapted Space. We define the analogues of the spaces H' with the aid

of our equation. Instead of the space H', we use the modified space H}:

= {v

and its semi-norm

1—2s 2s5—1
2

0n? Vgnbp? v

ol = ol + ol , with
1-2s 2s-1
— 2 2 —
Iollag, = [0 Tstn o] L o Wolliag, = 1000l sy
We remark that intersected with L7 (R x S%) (and augmented by the right bound-

ary values), this space constitutes the natural setting for the weak formulation of
(3:6.2). Due to the compactness of the embedding H* (6725, S7) < L2(:725,57),
the solution operator associated with the vanishing Neumann version of the spheri-
cal operator contained in is compact if we additionally impose a mean value
condition on the spaces (more precisely, the mean value property should be phrased

2s
as [ 0% vdf =0). As a result, its inverse has the claimed sequence of diverging
st
eigenvalues.

Step 8: A trace estimate. A key tool in obtaining the desired Carleman estimates
consists of using the right trace estimates. We use the following interpolation in-

equality:

Lemma 6. Let s € (0,1) and let u : ST — R be measurable. Then,

1—2s

0,2 Vsnu‘

1-s Gn 2 + T8

3.6.3
s (3.6.3)

1—2s ‘

HU||L2(SH) ST L2(s7)

forT>1.

Proof. By Herbst’s inequality (or the Hardy-trace inequality) we have

1—2s
Yot Vw1]

[T Py

)

L2(RYH)

with y = (v, ¥n+1), ¥ € R™ and s € (0,1). Applied to functions supported in
B{ (0) this leads to

1-2s
yn-ﬁl w1 }

lwillzz (s, o)) S ||Ynts le‘ L2(B}(0)) L2(B}(0)
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Rescaling, i.e. setting wy(z) = w(px), yields

1-2s
2
ynJrl ’LU‘

1—2s ‘

Yni1 VW

< 51 ‘ °
lwll L2p, (o)) < © L2(B} (0)) M

L2(Bf(0)
From this, it is possible to obtain the multiplicative form of the inequality:

1—2s s 1-s

—2
2
ynJrl w

1—2s ‘

Yni1 VW

Hw||L2(BM(O)) S ’

L2(B;f (0)) ’ L2(B}(0)

which — by scaling — can be applied to arbitrary functions in C§° (R:‘_"’l). As a

consequence, we obtain the estimate

1-s ‘ —s

1-2s
2
yn-‘rl w‘

1-2s
2
yn-‘rl vw‘

”wHLZ(Bu(O)) ST

L2(B}(0)) L2(B}(0)

for all 4 > 0. It remains to localize this estimate to the sphere. This can be
achieved by extending an arbitrary function u : S — R zero-homogeneously into
a neighbourhood of S%. Using a cut-off function 7, we apply the previous estimate
to w = ni, where @ corresponds to the (zero-homogeneous) extension of u. This

results in

lall sty S lwll e,

1—2s 1—2s
ST° 2 Vd‘ + (4t 2 a‘
ST Vg * Mot ¥ o
2 2

< s 1—2s 1—s 1—2s
ST 0y, 2 Vsnu‘ 2 u‘

‘ n+1 LQ(Sj’r') n+1 LQ(Sj’r') ’

for 7 > 1. O

Step 4: Conclusion. We conclude the argument with a commutator estimate: After

the projection onto the eigenvectors, the operator becomes purely one-dimensional

LEw: = (a,? +(9'(1)? =20/ ()0 — (1) = X* = mT”) B

2s5—1

= —E~,\h+E,\9an.

It decomposes into a symmetric and an antisymmetric part. Setting p? := A2 +

W leads to

S= 8152 + (50/>2 - /1‘27
A=-200; —¢".

As its commutator reads

/ (1S, Al Exv, Ev)dt = / (D)2 (Exv)? + o (Ext!)? — o™ (Exv)2dr,
R R
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we obtain the estimate

ILEv[|72gy > [ISEA0II72m) + IAEAV] 72 +/([Sv A]E\v, Exv)dt
R

Y

2 2
H@Q + ¢ — 1) EAUHLQ(R) + 11(2¢'0; + ‘P”)EAUHLZ(R)

+ /(,0 EA’U + (,DH(EAUI)Q _ (p””(E)\’U)2df.
R

By assumption ¢ is a convex weight of the form ¢(t) = —7t + 7¢ and ¢"'(t) =
ﬁ. Hence, we observe that the first two commutator contributions are positive
and it is possible to absorb the potentially negative ¢ (Ey\v)? contribution of the

commutator in the other positive contributions. Therefore, we obtain

H(@”)%@'E,\U’

e

SILEN 12wy - (3.6.4)

L2(R) L2(R)

Moreover, we note that in the regimes A > 47 and A < § the symmetric part of
the operator is elliptic (where the symbol of the operator is interpreted as a symbol
in the t- and 7-variables), as by virtue of the definition of the weight function

l¢'| € [27,27]. Hence, by scaling we also obtain
N IBsv] Loy + ANE [ L2y S ILEA] 2z (3.6.5)
in these two elliptic regimes. By definition of the space H917 it holds
B[ 2 ) = AMIENV[ L2 (50 -
Integrating the estimates and over S”, shows

L <
R P [2oV PRE
Thus, these estimates yield the bulk contributions of the left hand side of the Car-
leman inequality.

We proceed by estimating the contributions on the right hand side of the Carleman

inequality:

||LE)\’U||L2(51><]R) < HE/\f”LZ(S”x]R) + HE/\h} L2(98™ xR) '

In this context, it suffices to discuss the second term. It can be estimated via the

trace inequality:

HE h‘ <N ExB] 12 ) -

L2(dSmxR) —

In the low and critical frequency regimes, i.e. if A\ < 47, this can be estimated by

Ti=s [ ExDl 12 (gn ) In the high frequency regime, we can also replace the A factor



3.6. SYMMETRIC CARLEMAN ESTIMATES 67

by 7, as then the estimates become elliptic, e.g. the L? bulk estimate (with f = 0)

then reads
1BVl L2 (57 xmy S AT BRI 257 <) S T IEXRIl L2 (5m ) -

The other contributions can be treated analogously. Combined with the previous

considerations this implies the estimate

5 (" (0)200 7 Vsn0n T e @ntanl
T2 [(" (1) s v Lz(Rxsi)+T (¢"(1))? Opv L2®xS7)
+ 1 (¢ 1
T2 (" (1) v LaRxST)
< _% 25;1 ’ 1;28 .
ST |0 f LaRxsT) +72 Al e @xasn) -

Now, the estimate on the boundary contributions follows from the interpolation

25—1

inequality applied to u = 6, % v, Fubini’s theorem and the condition |¢’| €
[%7, 27]:

s " 1. B mioog mio
(" (t))2 lim 6,2 v §H<p 24,01)‘ +H<p 29
et Jim o SN gy + [
S HLEAUHLZ(R)-
This yields the full result. O

Before deducing further results from this, we pause for a few remarks:

Remark 13 (Spectral Gap). The equations (3.6.1) and (3.6.2) contain the structure

of the operator in its cleanest form:

n— 25>2 1-2s 1-2s

A;:aff( 1 +6, 2 Vgn-072Vgnb,

—926)2 .
:;agf%,m

(3.6.6)

The corresponding boundary values turn into

1-2s 1-2s
lim 6, 2v-Vgnb, 2> v=e*"lim 6, > V.
0, —0 0r,—0

At first sight, one could hope that the eigenvalue expansion of the spherical operator
leads to a situation comparable to that of Koch and Tataru [KT01a]. However, this
is not clear. As the 6,,-factors break the full rotation symmetry, the spectral gap of
the spherical Laplacian need not be preserved.

We note that in the case of a spectral gap of constant strength, the Carleman
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inequality, , can be further improved by an estimate of the form

dist (¢’ (t), spec(A ’9:225 ’
s (0, sveelBo) [0,
c -1 2551 1-2s
ST f‘L2(R><Si)+T = hll L2 @xasn) -

A similar remark holds for the gradient inequality. This type of estimates can, for

example, be seen by constructing a parametrix for the operator

2
) (33 (=297 Ae) 0
1

on each eigenspace. Following Koch and Tataru [KT01a], using ¢’(t) <0, ¢"(t) >0

and setting

(n —2s)?
2 1 + A%
the kernel of this parametrix reads
—Lptemnlt=sl if t > T (p),
Ku(t,s) =e?O=2E) 8 =Vsinh(u(s —t))  if T(p) >t > s,
0 if T(p),s > t,

on the eigenspace associated with the eigenvalue . Here T'(u) is a solution of

@' (t) = —p,

if p is in the range of ¢’ and else is defined as

—oco if —p <,
T(u){

+oo  if —pu> .
Thus, using convexity, the kernel can be estimated by

K (t, )] < 7 Le Gt @ mlt—s|

in the critical regime in which ¢’ € [F,47]. Combined with Young’s inequality
and the estimates in the low and high frequency elliptic regimes, this implies the
claimed L? bound. We will use this for the one-dimensional fractional Laplacian,

c.f. Section

Remark 14. From the antisymmetric part of the operator we can obtain further
L? bounds in combination with Poincaré’s inequality. Using the same notation as
in Remark [12] and in the proof of Proposition we assume that w is supported
in {0 < |y| < R} or in other words, v is supported in {In(d) < ¢t < In(R)} x S%.
Then, for 0 < ¢g < ¢ < Cy < o0 and R > Cyd, the antisymmetric operator can be
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estimated from below

HAv”i?((ln(é),ln(R))XSi) = HAv”i?((ln(zi),ln(cS))XSi)
= 77/(20:¢0; + af@“”i((m(a),m(ca))xsg)
> 7 ||(atgb)aﬂ)”iz((ln(é),ln(cé))XSi)
—7? H(af‘b)“H;((m(a),m(ca))xsz;) :
While considering the second quantity in this inequality as a controlled error con-

tribution, we further estimate the first one. Using
8tq§8tv = at(atqbv) — qubv

as well as 0| (et ) = € 0ygl(1,9) With g(t,0) = v(e’, #) in combination with Poincaré’s

inequality leads to:
2 — 2
HAUHL2((1H(5),1H(R))xsz;) 2 2672 Hat@)”Lz((ln(a),m(ca))xsi)
2 2 2
— 277 |(0; (b)’UHL2((ln(6),ln(c§))><51) :

Recalling the proof of the Carleman estimate (3.4.2), we observe that the right hand
side of the inequality, in particular, bounds the antisymmetric part of the operator.

In v-variables and using ¢ = 7¢, this amounts to the estimate

1—2s 2s—1

1 1 1s2s 1 1
)T Vb T ]| gy T T (‘pﬁ(t))zat”‘wmxsw
% 7 % —% / 1"
il (CRCIE RS S e (O A OO Pt
+ro7 {[("() 7 lim 0,7 v
n—0 L2(Rx0ST)
1 2s—1 1—2s
<7726, 2 f’L?(Rxsi)—i_T 2 HhHH(Rxasi) for 7> 19 > 0.

Hence, as the error term can be absorbed in the Carleman inequality, the estimate

from above corresponds to

2

1—2s 2s—1 2

2¢—2 T 5 < TO,, 2 1—2s

720 ey 1w‘ < ey, 2 wIVey 1Vw‘
" L?(Bes\Bs) m mt L2(Br\Bs)

in Cartesian coordinates (if h = 0).

3.6.2 Consequences of the Carleman Estimate (3.4.2

From the previous estimates we obtain a unique continuation result in the case of

infinite order vanishing in both the tangential and normal directions.

Corollary 1 (SUCP I). Let s € (0,1) and let w: R™ — R, w € H*, be a solution
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(—A)’w = Vw,

with V=V, + V3,

—2s Y 0o —2s+€
Viy) = Iy Qh(m), heL®, |Valy)l < clyl -2+,

Fors< i

5, we additionally require that one of the following assumptions is satisfied:

e the potential Vs satisfies Vo € CH(R™\ {0}) and |y - VVa| < cly| =25,
11 _
e scg,5) and V1 =0,

Let w denote the Caffarelli extension of w. If w vanishes of infinite order at 0 in

both the tangential and normal directions, then

Remark 15. Before presenting the proof, we deduce an estimate for (critically)
weighted boundary terms, involving e.g. V(y) ~ |y|=2°. Due to the infinite order
of vanishing of w along the boundary, for any € > 0 and any m € N, there exists a
radius 7 = 7(m, €) > 0 such that for all 0 < r <7

/ |V]w?dy < r~2 / widy < er™.
BZT\BT BQT\BT

As a result,

[Wiwtay =3 [ Wieay

jeN
Bar J By—j, \By—j-1,

< er™ E g—im
JEN

< er™.

Hence, the infinite rate of vanishing of w on the boundary also implies that (singu-

larly) weighted boundary integrals have an infinite rate of vanishing.

We present the proof for subcritically scaling potentials in the case s > % first.
Then we indicate how to modify the previous arguments for 0 < s < i and in the

case of scale-invariant potentials.

Proof in the Case of Subcritical Potentials and s > %. Step 1: Interpolation. For
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w € CP(QT) and 0 < e < % the following interpolation inequality holds true:

1 - C(p) - - -
5 [ usrvulay s S5 [ el + i [ GERV - uiE ey
QY QY QY
1 _
-3 / wy}l_ﬁsan_,_lwdyl,
Qiﬁ{yn+1:0}

where QT = [—¢,€¢]™ x [0,¢]. This estimate will be employed in deriving the in-

finite order of vanishing of the gradient from the infinite order of vanishing of
L [ ypiPwdy for (almost) solutions.
B€

The inequality is a result of integration by parts and the support condition on w.

In fact, we have

1
/ Y TPy = — / yls2s / WA (-, g1 )dy Ay 1.
0

QF [-1,1]"
Moreover,
1
[vitiontis =~ [ [ 0@t o, awdyady
QF [-1,1]™ O

1-2s /
— WY, 11 Onrr1wdy’.

[-1,1]"x{0}

Combining these two estimates yields

/ yr 17 VwPdy < / WV -y, 1 Vw|dy + / wyp 3 Onp1wdy

QY Qf [-1,1]mx {0}
< uQ/yiiillv-yiﬁSVwIQdy+C(u)/yiﬁSIUJIQdy
QY QY
— wyijﬁsﬁwﬂwdy.
[-1,1]"x {0}

The claimed inequality now follows from scaling.

Step 2: Cut-off Errors. Denoting the Caffarelli extension of w by w, we consider
W = wns,» where 75, is a radial cut-off function which equals one on an annulus

with radii approximately determined by § and r where 0 < § < r < 1. Thus, @
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satisfies

_ _ _ ~ _ Yy ~
Vyr i3V =y g a0+ yiﬁsnﬁs,rm -V

1
+(n+1- 25)y7111215m7]gmﬁ) in R"T (3.6.7)

. 1—2 _ _
- ynlirln_mynﬂsanﬂw =V on R".
Due to the cut-off, it is an admissible function in the Carleman inequality of Propo-
sition Inserting it into the Carleman inequality, we notice that we may pass to
the limit § — 0: This follows from step 1 (in which yu is chosen sufficiently small)
and the infinite order of vanishing of w. Hence, the only remaining cut-off is at the

scale r > 0.

Step 3: Conclusion for Potentials with Subcritical Scaling. We consider the different

contributions of the Carleman inequality:

e (1+In(ly)?*) * y, 71 Vuw

1 1-2s
3,3 ‘

L2(RYH)

_1
2

7| (1 + m(ly))?)

1-2s
122 1
yn+1 |y| w‘ n
LR}

Ml 2y -

As all the right hand side terms of involve derivatives of ng, (which are,
in particular, only active at scales r > 0), they can be treated as controlled per-
turbations. Thus, it remains to investigate the boundary contributions. We recall
|V (y)] < |y|~2¢T¢. This leads to a boundary contribution of

TS

(14 In(y])2) [y ™|

L2
on the left hand side of the Carleman inequality, and a contribution of the form

1— 1—2s

2 s
77 lylhll. ST

s+e

lyl = w|[ . (3.6.8)

on the right hand side of the Carleman estimate. We note that in the case s > i
the 7 contributions on the right hand side of the Carleman estimate are smaller or
equal to the 7 contributions on the left hand side. Thus, a strategy in which the
dangerous terms of the right hand side are absorbed in the left hand side of the
Carleman inequality is possible. By virtue of the choice of the cut-off 7 ., it suffices
to consider |y| < r. Due to the subcriticality of V' and as the loss on the left hand
side of the Carleman inequality is only logarithmic, the term on the right hand side
of can be absorbed in the left hand side of the Carleman inequality. In the
limit 7 — oo this yields the desired result for (rough) subcritical potentials. O
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In the sequel, we comment on the proof of Corollary [1] in the case s € (0, i) and
in the setting involving scale-invariant potentials. For this, we argue via slightly
different methods in obtaining the crucial Carleman estimates: In contrast to the
previous arguments we do not carry out a decomposition into the spherical eigen-

values but work with the full operator.

Proof for s € (0, %) and for Scaling-Critical Potentials. Step 1: Conjugation and
bulk contributions. We carry out the Carleman argument without projecting onto
eigenvalues of the spherical operator. We start with the operator in conformal

coordinates

-2 2 _1-2s ) _1-2s
(TL : 5) +0, 2 Vgn - 9}1—25v5n9n 2

o7 —

Conjugation with an only ¢-dependent weight ¢, leads to the following symmetric

and antisymmetric parts of the operator:

—925)2 1-2s _1-2s
S :at2 +T2(at¢)2 - (n 4 S) +9n 2 VS" '971172SVS"971 2 B

A= *27’(8,5@5)((% - T@f(b

If ¢ is sufficiently pseudoconvex this yields positive commutator terms. Further-

more, weighted gradient estimates can be obtained:

(026)0yv, 80) + (928)0L"25V ul = v, Vignbn 2 0)

= — (Sv,(9/9)v) + / (079)0, 7% (v - Vsnbn * 0)0n > vdbdt + ((9/¢)v,v)

6Si><]R
1 2 1 4 2 2 2 2 N1 2 (n—2)2 2 1 12
< 35 I90l3e + 572 | @20)l. + 72 @20y 2oren| | — 5= |@2a) b
" / (020)017% (v - Visnbn 7 )0 = vdbdt + (9} d)v,v) 2,
BSQXR

where v = (0, ..., 0, —1) denotes the outer unit normal. For sufficiently pseudoconvex
¢ the right hand side can be controlled by the commutator contributions of the
Carleman estimate. In fact, this can even be strengthened by noticing that the right
hand side remains controlled if it is multiplied by a factor of c¢r, with ¢ sufficiently
small; for example ¢ ~ % would work. The boundary integral can be evaluated to
yield

(026) (0121 - Vgnbyy = 0)05 * vdfdt — / 6-(1=29) (92 )2V o2 dfdt.

8ST xR 85T xR

The remaining boundary integral which originates from the commutator calculation
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is given by
_1-2s _1-2s
4r / 01725V - Vanbn 2 v)(0:0)0n, > Opvdddt
9S% xR

1—2s 1—2s

+ 27 / 0:725(v - Vgnbn, 2 v)(02¢)0, > vdOdt
052 xR

= A7 / (5t¢)9;(1725)eQSthatvdet+27‘ / (5,52¢)9;(1725)eQStVUQdet.

057 xR 957 xR

1—2s
2

Rewritten in terms of uv = 6,, v the Carleman estimate reads

—2s

2 \1,2 2 2 1,152 2 3 2
CTH(atgb)zt?nz 8tu‘L2+CT ’(8t¢)29n2 VSnUHL2+CT ‘ L2

0 (0F6)} (06}l

1—2s —2s 1—2s 1—2s ‘

+HS(enTu)H;M*H(a,?w;lz Vn - 012V 5.0

+4r / (0:p)e** Vudrudddt + 27 / (02¢)e* ' Vudsudfdt
ST xR ST xR

+er / (02¢)e* "V udsudfdt
6S1XR

2
< |[Loully

where

1—2s — 2
Lo= 0.7 (0 + 2000 - 2L 0,00, - 770)

+ 97: 2 - VSn . 9717/_2‘SVS71 .

n72st

Inserting the changes we made, i.e. w = e~ 2 'u, and recalling the changes in the
volume element, yields a Carleman inequality which, up to the boundary contribu-

tions, is comparable to (3.4.2).

Step 2: Boundary Contributions under Differentiability Assumptions. In order to
obtain a unique continuation statement as in Corollary[I], it remains to deal with the
boundary contributions. We first present the argument under the differentiability

assumption
Vo € CHR™\ {0}), |y~ VVa| < cly[ 7>,

independently of the value of s € (0,1). In order to estimate the unsigned boundary

contributions, we consider the respective expressions in u-coordinates. Starting with
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the scaling-critical Hardy potentials, we have to bound

47 / (8t¢)625tV1u8tud9dt+27 / (8t2¢)625t‘/1u2d9dt

957 xR 95% xR

+cr / (02 ¢)e* ' Viu2dhdt,

051 xR

i.e. we have to control the boundary integrals involving the potential V; = e=25h(6).
By an integration by parts in ¢, we obtain that most contributions drop out. Indeed,

the only non-vanishing term is given by

cT / O ph(0)udodt.

95% xR

This can be controlled via the interpolation inequality :

1—2s

2
(afgb)%@n 2 VSTLUHB 472

1-2s 1 2
v [ @onenasar s 0.7 Gkl .

051 xR

All the remaining boundary contributions involve the potential V5 which has sub-
critical growth at zero. Due to the form of ¢, it suffices to deduce control of the

term

47 / ¢ e Voud,udodt.
BSiXR

Integrating by parts in ¢, using the subcriticality of Vo and the properties of ¢, it

suffices to bound

Cr / etuldodt.
BSiXR

As the condition on the support of u implies that ¢ < 0, this can once more be
achieved via the interpolation inequality .

Step 3: Scaling-Critical Potentials for s > % Last but not least, we indicate how
to prove the desired Carleman estimate in cases involving scaling-critical potentials
without the differentiability assumptions from the previous step. While the scaling-
critical potential, V7, can be treated as the potentials in step 2, the subcritical
part of the potential, V5, cannot be differentiated. Thus, a direct estimate of this
boundary term is needed. This is achieved via interpolation and regularity estimates
for the operators. We only present the argument for the most critical boundary

contribution which (after localization to a small radius 0 < r <« 1) in Cartesian
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coordinates reads:
S AR
B N{yn4+1=0}
We estimate

r / Vil [y - V)ldy < 72 / Iy =2 w?dy

Biﬂ{yn+1:0} Biﬂ{yn+120}

(3.6.9)
T
B n{yn1=0}
The first term can directly be interpolated between controlled quantities:
2 2ste, 27 < e 152 3 c_q, 20
—zS 5 2 5 2
! / ] Wy ST H|y|2yn+1 Vw‘ L2(B}) T H|y|2 Ynt1 w‘ LB

B n{yn11=0}

Here we have used s € [%, 1). The second quantity in has to be controlled
using elliptic estimates. Due to L? estimates for the respective degenerate elliptic
Neumann boundary value problem (which one can for example deduce by carrying

out a tangential Fourier transform), we have

/ 225 | V|2 dy

BYn{yn41=0}
e 25— -~ 1-2s 2
<7t Hlyl”i(ynﬁ1 V -yt + 72 Ve Py, 2 )w‘

L?(B3,)

2 2

1—2s
- ‘

+ 72 H|y|f1+§yn+1 w

1—2s
- ’

)+7‘H|y|§yn+1 Vuw

L2(Bf,

+ F2—4s H|y|s+§vaL2(

L2(BY,)
B, N {yn4+1=0})

As all the right hand side terms are controlled by the bulk terms of the Carleman
inequality, we can also control perturbations of critically scaling potentials without

imposing differentiability constraints on the perturbation. O

3.7 Doubling Estimates and Reduction to the Weak

Unique Continuation Property

3.7.1 Doubling Inequalities

In this section we deduce a doubling inequality which plays a decisive role in the
compactness argument reducing the strong to the weak unique continuation prop-
erty. We have

Proposition 16. Let s € (0,1) and let w: R""' = R, w € H (yr73°dy, R"T1) N

]
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HR (y, 7 3°dy, R"*1), be a solution of

Voyp PV =0 in RY,

. 1-2
-, llnioyn+150n+1w =Vw on R",
n+1

with V = Vi + Va,

—2s Y 0o —2s+€
Vily) = Iy Qh(m), heL®, |Valy)l < clyl -2+,

Fors< i

5, we additionally require that one of the following assumptions is satisfied:

e the potential Vs satisfies Vo € CH(R™\ {0}) and |y - VVa| < cly| =25,
11 _
e scg,5) and V1 =0,

Then the doubling property holds, i.e. there exists a constant C' > 0 and a constant
R such that for all 0 < r < R we have

Before commencing with the proof of the doubling property, a few remarks are in

ClYpir w

7w < ’
Yntt Wl L2y (o)) =

1—2s ‘

1—2s ‘

L2(Bf(0)

order:

Remark 16. e We note that the doubling property can be shown for any R > 0.
However, in order to obtain a uniform dependence of C on r, this parameter
has to be fixed.

e We point out that the constant C > 0 depends on the function w.

e The doubling property is neither restricted to balls centered at the origin nor
to balls centered at the boundary of RT‘l. Under the conditions of Proposition
the conclusion can be formulated as the existence of a constant C' > 0 and
a constant R such that for all 0 < r < R and for all yo € Bgr(z), z € R’jfl,

In this case C = C(R, z,w). We comment on the proof of this more general
statement after the proof of Proposition c.f. Remark

we have

1-2s
2
yn-‘,—l 'LU‘

1—2s ‘

SC‘y fLw
L2(Bar (yo)RTHY) s

L2(B, (yo)NR7HY)

Proof. Without loss of generality, we restrict our attention to sufficiently small
radii and to balls centered at the origin. Via a covering argument, it is possible
to recover the statement for larger balls, c.f. Remark In order to bound the
gradient contributions which will arise in the application of the Carleman inequality
(3.4.2), we recall the following elliptic gradient/ Cacciopolli estimate: Let ¢ be a

cut-off function supported in an annulus given by 0 < % < |y| < 2r; < oo, which
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we will also denote by (%*,2r;) in the sequel. Then,

2 2

yn-‘,—l V(U”/J) yn-ﬁl w

1—2s
g ‘

< r_Q‘
L2(%0 2ry) ™ 0

1—2s ‘

L2(ro/2,2r1)

o[ e tim o )
(5,2r1)N{yn41=0}

(3.7.1)

with 0 < 79 < r1 < co. If the boundary conditions are of the generalized Neumann
type as in our assumptions, it becomes possible to absorb these into the left-hand
side bulk gradient term, if they are sufficiently small, i.e. if V' is either subcritical or
if it is a small scaling-critical potential. In the case of large scaling-critical potentials
it is still possible to absorb these contributions, if the vanishing rate in the tangential
direction is higher than in the normal direction. By virtue of Corollary[1]it is always
possible to reduce to this situation.

Keeping this in mind, we prepare for the application of the Carleman inequality
from Proposition[13}t Let 1 be a radial cut-off function, which is equal to one on the
annulus |y| € (6, R/2) and vanishes outside of the annulus |y| € (§/2, R). Inserting
nw into the Carleman estimate (in combination with Remark [I4)), using the elliptic

estimate as well as the explicit form of the boundary contribution, we obtain

5 5 ré 1-2s 2
““rlle 2 w’
’ Yn+1 L2(5,36)
2527001 41 g1 1g2e 2
+ 7R “|le + In T2 w‘ o
( (yD)*) "2y, ¢4 La(s. )
<5 5 ré 1-2s 2 -, o 1-2s 2
—“lle 2 w‘ R~ ‘e 2 w‘ B .
~ ‘ Ynt1 L2(6/2,38) Yn+1 L2(R/2,2R)

Here the boundary contributions were absorbed into the bulk contributions in the

way indicated above. Setting R ~ 1, we estimate further

2 2

~ 1—2s
oTO(R/4) 52,2 Hynf1 w‘

oTH(39) ‘

1-2s
2
ynJrl w‘

L?(Bss)
1-2s ‘

2
n+1 w

L2(R/8,R/4)

2 2

< §2eTHR/2) Hy

+ eﬂi’(%) ‘

1—2s
Ynii w‘ .
LQ(B2R) e LQ(st/z)

1-2s 2
2 H on the right hand side

2
ynJrl w
2

Now, we choose 7 > 0 such that §2e7¢(f/2) ‘

2R

on the left hand side.

can be absorbed in the term e™®(f/4) 252 ‘ o
L2(R/8,]R/4)

1—2s ’

2
ynJrl w

A possible choice of 7, for example, is

1-2s
2
yn—i—l w‘

! |
"R - oY) |

L2(R/8,R/4)

1—2s
2
ynJrl ’LU‘

L2(By3)

This implies the doubling inequality for r = ¢ with a constant which, by virtue of
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the structure of ¢, does not depend on 4. Since 0 < § < R was arbitrary, this
implies the doubling property. O

Remark 17. The more general claim of Remark [16] follows from two ingredients: a
three balls inequality and an overlapping chains argument. The three balls inequal-
ity compares the value of w on a ball of size  with balls of size 5 and 27:

for sufficiently small radii » > 0. This inequality allows to compare the values of w

1-2s a l-«

—C yn-ﬁl w

2 p
yn—i—l w yn—i—l w

)

1—-2s ‘

1—2s ‘

L2(B,(yo)NR}H) L2(Bg (yo)NRYH) L2(Bar(yo)NRY )

along a chain of overlapping balls. Thus, it is possible to deduce an estimate of the

Hence, the norms of w on smaller balls can be related to the norms on the whole

form

2 2
yn—i—l w T yn+1 w

1-2s ‘

1—2s ‘

> .
L2(Br(yo)) L2(B2r(2))

ball Bag(z). This then allows to deduce the stronger doubling inequality of Remark
as well as the reduction to sufficiently small balls in the proof of Proposition [16]
For further details we refer to the articles on quantitative unique continuation by
Bakri [Bak11].

3.7.2 Reduction to the Weak Unique Continuation Problem

In this section we explain how the previous estimates can be combined in order
to reduce the strong unique continuation problem to its weak analogue. The key

argument relies on a blow-up procedure.

Proposition 17 (SUCP II). Let s € (0,1) and let w: R" ™! — R,
w € H, (yiﬁsdy,RiH), be a solution of

loc

Veyp PV =0 in R,
— lim Oyiﬁsanﬂw =Vw on R",

Yn+1—>

with V = Vi + Va,

—2s Y 0o —2s+€
Vily) = Iy Qh(m), heL®, |Valy)l < clyl -2+,

Fors< %

5, we additionally require that one of the following assumptions is satisfied:

e the potential Vs satisfies Vo € CH(R™\ {0}) and |y - VVa| < cly| =25+,
e sc [%,%) and V; = 0.

Suppose that w(-,0) vanishes of infinite order at 0. Then
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Proof. Without loss of generality we may assume that w does not vanish of infinite
order in both the normal and tangential directions. We consider a rescaled version
of w: Let 0 < 0 < 1. We define

w(oy)
wa’(y) = a4l 1-2s 1;23
g 2 O 2 y’nJrl w‘ LZ(B+(O))
Using the gradient estimate, we obtain
1—2s 2 1 1—2s 2
2 < 2 2 1—2s
B3, {yn+1=0}

1 1-2s 2

. 2
N2 ‘yn—i-l w‘ L2(BE)

where the last line is a consequence of the doubling inequality as well as the finite
order of vanishing of w in the normal direction, c.f. Remark[I5} Due to the infinite
order of vanishing, the boundary contributions can be absorbed in the other terms

for sufficiently small o. In effect, we have

1—2s

ynﬁl Wo

[ =
L2(Bf)

)

1—2s

ynj1 Vwg

<
L2(BY)

Hence, (along a not relabeled subsequence) we may pass to the limit ¢ — 0 and
obtain w, — wg strongly in L? via Rellich’s compactness theorem. As a consequence
of the infinite order of vanishing (and the finite order of vanishing in the normal

direction), w, converges to zero on the boundary. Furthermore, wy weakly solves

V- yni 3"V = 0 in B (0),
lim y,. %9 1wo = 0 on By (0) N {y,41 = 0}.

yn,+1—>0

Due to the weak unique continuation principle (c.f. Proposition , wo has to

1—2s
2 —
Unt1 0| o gy T D -

vanish (which contradicts ‘

3.8 The One-Dimensional Situation

In the case of one-dimensional fractional Schrodinger equations it is possible to
deduce stronger estimates than in the general case since the eigenvalues of the
spherical contribution of the symmetric part of the operator satisfy a spectral gap
condition. Moreover, they can be computed explicitly. For a fixed s € (0,1) the one-

dimensionality of the problem reduces the eigenvalue equation to a one-parameter
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family of odes:

2 1—25)(142 1 1 — 25)2
v 4 5 (3.8.1)
lim  sin(p)! "2 — sin(p) "7 v =0 on 0,7}.
i (¢) 90 (¢) {0, 7}

This can be reduced to generalized Legendre equations which allow to determine

the admissible values of A:

Lemma 7. Let s € (0,1). Then the eigenvalues of (3.8.1) are of the form

1-2s)? 1\
)\k(TS)<ks+§> , k€ Nsg.

Apart from the characterization of the eigenvalues, it is also possible to determine
(some of) the associated eigenfunctions explicitly. This boils down to finding ap-

propriate solutions of a generalized Legendre equation:

Lemma 8. Let v =k — u, k € N>o, p € (0,1). Then the generalized Legendre

equation

(1 —2®)w" (x) — 22w’ (x) + (V(u +1) — a ) w(z) =0, (3.8.2)

1— 22
has a solution of the form

wion . BPi(x)
f”(x)im’

where Py (x) is a polynomial of degree (exactly) k.

Proof of Lemma8 We consider solutions of the generalized Legendre equation (3.8.2
for our choices of parameters p and v. In order to solve the equation, we consider

the ansatz

Inserting this into the generalized Legendre equation (3.8.2), results in an equation
for the Py:

(1 —2®)P!'(x) +2(u — VPl (z) + (k* — 2kp + k) P.(2z) = 0.

k
For a polynomial ansatz, Py(x) = > oja7, this turns into a recursion formula for
Jj=0
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the coefficients o;:

209 + (k? — 2kpu+ k)ap = 0,
6az + (2p — 2+ k? — 2kpu+ k)ay = 0,
G+DG+Degpa+ GG -1 +2(u—1) + & = 2kp+ k)a; =0, if j > 2.
(3.8.3)

This yields k equations for the k+1 coeflicients of the polynomial Pg(x). Due to the
restrictions p € (0,1) and k > 0, the (coefficient) equations can be solved explicitly

if £ < 3. Moreover, we notice that the equation
w(r—1)+2x(u—1)+k* = 2kpu+ k=0,

has pairs of complex-valued solutions if k¥ > 4 and p € (0,1) — but no real ones.
Hence, by the last equation in (3.8.3), aj4+2 # 0 if a; # 0. In effect, it is always
possible to find a one-parameter family of solutions of system (3.8.3). For even k
this depends on ag, while for odd k it depends on a1. This proves the claim. o

Proof of Lemma[7 The general (complex valued) solution of the ODE is
given by

v(p) = Cl(COS2(<P) - 1)iP§(,1+¢m) (cos(p)) (3.8.4)

2 1 s
+ C2(cos™(p) — 1)4Q%(71+¢m)(c08(g&)),

where P/ (x) and Q¥ (z) are Legendre functions of the first and second kind, i.e.
solutions of the generalized Legendre equation (3.8.2). In order to be an eigen-
function, the solution has to have vanishing generalized Neumann data. Setting
v=k—s= %(71 +v—1—4) +4s — 452), k € N, leads to simplifications: Accord-

ing to Lemma (8] there are solutions of the form

ft(cos(p)) = W

where Py (x) is a polynomial of degree k. Thus, for this choice of v the general
solution becomes

1—2s

() = sin(p) 2 Py(cos(p)).

Inserting this into the boundary condition, we infer that these functions do not only
satisty but also obey the right boundary conditions. Thus, these functions are
indeed eigenfunctions of our equation. It remains to show that the corresponding
eigenvalues constitute the whole spectrum, i.e. there are no further eigenvalues
(which we might have missed by computing only special eigenfunctions). This

follows from recurrence relations for the generalized Legendre functions. Setting
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hi(z) = e P (x) 4+ coQ¥(x) with ¢1,ca € R, we have (c.f. [OLBC10]):

v

Sin(w)lﬂs%(Sin(w)shi(cosw))) = s(sin(p)* " cos(p)h; (cos())

= (sin(9))* 7 [(s — v = 1y 1 (cos())
+ (v + 1) cos(p) by (cos())])
= — (sin(p))"*[cos(p)(s — v — 1)h}(cos(¢))
— (s —v=1hj1(cos())].
Due to the asymptotics of @ (cos(y)) at ¢ = 0 (a symbolic Mathematica compu-
2= %721/ sin(ws)1/ sin(w(s+v))

T(s)I'(—s—v)T'(1—s+v)
v =k—sfor k € N>g, as P¥(cos(y)) satisfies the boundary conditions at ¢ = 0 for

tation yields Q#(cos(p)) ~

), it follows that ca = 0 unless

u € (0,1) and arbitrary v. We claim that, in effect, only v = k — s is admissible
(in particular, none of the P?(cos(y¢)) are admissible for v # k — s). This is a

consequence of the connection formulas, c.f. [OLBC10], for Legendre functions:
2 .
PH(—x) = —=sin((v + s)m)Q4(x) + cos((v + s)7) PH ().
7r

Evaluated at 2 = cos(7), the asymptotics of Q#(cos(y¢)) and of PH(cos(p)) imply
that v = k — s, k € N, is the only admissible family of parameters. Thus, assuming
the validity of the boundary conditions at ¢ = 0 and at ¢ = 7 necessarily leads to
v =k —s, k € N. Combined with the form of v given in (3.8.4), this determines

the possible eigenvalues. O

Remark 18. The explicit representation of the eigenvalues illustrates that in the
one-dimensional situation the spectral gap of the extension problem related to the
fractional Laplacian is comparable with the spectral gap for the pure Laplacian (in
that case A = —k?, k € Z).

The characterization of the spectrum of the one-dimensional Caffarelli extension
allows to deduce stronger L? Carleman estimates similar to the ones in [KT01a]. In
particular, it is possible to avoid the logarithmic loss in the Carleman estimate. As
a consequence, it is possible to treat the strong unique continuation principle for

potentials which are bounded by arbitrary scaling invariant Hardy type potentials:

Proposition 18. Let s € [5,1) and let w € H*(R) be a solution of
(—A)’w=Vw in R.

Assume that w vanishes of infinite order at the origin and that |V (y)| < |y|=2° if

s> 1 and that |V(y)| < cly|™! for0<c<1ifs=1. Then w=0.

Sketch of Proof. The proof relies on strengthened Carleman bounds. In the case of
a spectral gap, it is possible to give bounds which do not depend on the convexity
parameter of the weight in exchange of a loss of half a power of 7, c.f. Remark

Roughly speaking, in the u-coordinates, this results in a boundary estimate of the
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form
2s—1 < 1—2s 2st . .
T2 ||UHL2(1Ran1) <77z e VUHLZ(Ran@ + bulk contributions.
This explains the slightly modified s-dependence of the estimate. O

3.9 [P-Regularity: Understanding the Half-Lapla-

cian in the Framework of Koch & Tataru

As pointed out in the introduction, by an even reflection it is possible to inter-
pret the unique continuation problem for the fractional Laplacian in the framework
of Koch and Tataru [KTO0lal. The potentials Wi and Wy are essentially given
by H(Yn+1)V (y'), with H(y,+1) denoting a Heaviside function. The result of Koch
and Tataru immediately demonstrates that for the half-Laplacian the strong unique
continuation property holds with V' € L (L™*!) under additional smallness assump-
tions as described in [KT0la]. For the half-Laplacian scaling arguments, however,
suggest that the critical space is given by potentials V' € L™ (possibly obeying
some smallness assumption). Thus, it is natural to pose the question whether this
can still be achieved in the framework of Koch and Tataru [KT01a]. As we briefly

illustrate below, this is indeed possible for subcritical potentials:

Proposition 19. Let w € Hz (R™) be a solution of
(=A)Zw = Vw in R™.

Assume that V € L"T¢(R"™) and that w vanishes of infinite order al the origin.
Then w = 0.

Proof. The proof is based on a refined extension. We consider the following auxiliary

problem: Let ¢ denote the harmonic (Neumann) extension of the potential V, i.e.

A¢ =0in R},
Ont1¢ =V on {yn+1 = 0}.

Then by regularity of the elliptic Neumann problem
¢ € WHmrente (R,

Hence, V¢ € W "t and by the Sobolev embedding theorem for Besov spaces
(c.f. for example [Leo09]), we obtain V¢ € L1+ (R with § = §(€) being
a continuous function in e for sufficiently small 0 < € < 1 and satisfying § > 0,
5(0) = 0. This integrability property is preserved under an even reflection. With a

slight abuse of notation the reflected solution then distributionally satisfies

A¢ == V(So(ynJrl) in RnJrl.
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Reflecting the solution, w, of the Caffarelli extension of evenly and setting
W = V¢, we infer

A = V(Wd) — WV in R*H

As the previous considerations imply that W € L™+ (R"*+1) the result of Koch

and Tataru can be applied. Their machinery then proves the claim. O

Remark 19. This reduction to the Koch/Tataru setting suggests that the potential
V appearing in the equation for the half-Laplacian should be interpreted as a gra-
dient rather than a usual potential for an elliptic problem. In this case one cannot
expect to deal with arbitrarily large potentials (in contrast to [Pan92]) as a coun-
terexample by Wolff indicates [Wol93] (exactly scaling-critical potentials represent

an exception).

3.10 The Carleman Estimates for Variable Coeffi-

cient Operators

In this final section on unique continuation properties of the fractional Laplacian
we extend the previous results to operators with variable coefficients and operators
on domains which are not half-spaces. The methods we present allow to deal with

three situations:

e First, we restrict our attention to the flat half-space, erfl, but consider a

class of more general operators with non-constant metrics:

(8n+1y,1112158n+1 +V' . y,llflsa(y’)V’)w =0in R’jfl,
: 1-2
ynlgn_m Ynt1 Onr1w = Vw on R™.
Here a(y’) is a tensor which satisfies certain Lipschitz bounds. We note that,
in particular, this situation corresponds to generalizations of the Caffarelli-
Silvestre extension for variable coefficients. Thus, it is possible to think of the
results on these operators as statements on “variable coefficient” fractional

Laplacians.

e In the second case, we study the analogous situation on manifolds with suffi-
ciently regular boundaries. As we are only interested in a local statement, we

consider the situation in local coordinates in a coordinate patch:

(audBQ (y)l_Qsal/ + vtan . dBQ (y)l_Qsa(ytan)vtan)w =0in Qa

lim dag(y)l_Qs&,w = Vw on 01.
ddg(y)ﬁo

(3.10.1)

In this context we use 0, to denote the “normal” and Vi, the “tangential”

derivatives in appropriate normal coordinates; daq(y) represents the distance
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function with respect to the boundary. This setting can be treated in analogy
to the flat situation (here we emphasize that first order contributions which
originate from the global formulation via corresponding Laplace Beltrami op-
erators on the manifold represent controllable errors, c.f. step 4 in the proof of
Proposition[20]). As before, the equation can be interpreted as a generalization

of the Caffarelli-Silvestre extension to domains with non-flat boundary.

e Last but not least, we comment on the half-Laplacian and the one-dimensional
situation for which stronger results are available due to the presence of the
already discussed spectral gap. As a consequence, perturbation techniques as
in [KTO01la] are available.

Since the second situation can be reduced to the first one, we emphasize the details

in the R’}rﬂ—case and only point out the modifications in the second situation.

3.10.1 The Half-Space Situation with Variable Coefficients
and Differentiability

In this section we address the half-space situation with variable coefficients. In this

context, we use the following conventions and notations, c.f. [Jos11]:

e Let (M, g) be a Riemannian manifold of dimension m, assume that p € M,
v € Tp,M and let ¢, : [0,€] = M be a geodesic with ¢,(0) = p, ¢,(0) = v. Set
Vp :={v € T,M]| ¢, is defined on [0,1]}. Then we define

exp, : V, = M, v cy(1).

If we want to point out the dependence on the metric, we also use the notation
exp, ,- We remark that if 7}, M is identified with R™ the exponential map

yields a local choice of coordinates.

e Let (M,g) = (Rx M,1x g(y)). Weset I,(y) = /92, +14(y)? with y =

(v, yn+1) and 1,(y’) being the geodesic distance of 3’ from the origin with
respect to the metric g(y’) on R™.

With this, we can prove the following Proposition:

Proposition 20 (Variable Coefficient Carleman Estimate). Suppose that a : R™ —
R™ ™ with

MEP < €-a@)E<AE)?, 0<A<A<oo, ajj=aj, acC>

Let s € [3,1) and set

00) = = Inlly 1) + 75 (nlla-s () arctan(ly+ (1) = 3 (14 Il () )
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Assume that w € H'(y,7°dy, R™) with supp (w) C B,(0)*, 0 < r = r(a) < 1,
satisfies
(Ont1¥ 31 On + V' -y 37y ) V)w = fin RET

lim ¥ 720, w =Vw on R®
Ynp1—0 n+1 Yn )

and vanishes of infinite order at 0. Further assume that V =V, + Vs,

Vi) = los) 2 (s ) e L W) < el ()

Va(y) € CHR" \{0}), [VVa(y)| < lo-1(y)~>7h
Then for 7 > 19 > 0 we have

TS

U1+ Il (1)) s () v

L2(R™)
2

1—2s ‘

6T¢(1 + 1n(1a*1 (y))Q)_E lg-1 (y)_lyn-ﬁl w

2

+7“

LR}

e+ In(l,-1(y)?) "2y, 2y Vw

1—-2s ‘

L2(R7HY)
i 1—2s
T 2
LR}

1
STz

2s5—1
s )y /|

e 1,1 (y)SVwHLZ(Rn) .

Remark 20. e The C? regularity condition on the metric is an artifact of our
strategy of proof: We make use of the exponential map associated with the
metric a=1(y’) in order to pass to geodesic polar coordinates. An alternative
strategy using arguments from [KT01a] would have been possible. With this

method it is possible to reduce to the (optimal) setting of Lipschitz metrics.

e The radius 7 > 0 in the proposition is chosen so small that we may pass to
geodesic normal coordinates in it. This is no restriction in general, as it is

possible to use appropriate cut-off functions.

e We use the notation a(y’)~! to denote the pointwise inverse of a(y’), i.e.
a(y)""aly’) = b;.

In order to prove the desired Carleman inequality, we carry out a change of co-
ordinates similar to the one described in the article of Koch and Tataru [KT01lal.
Working with variable metrics, we have to introduce appropriate normal coordi-
nates first. Thus, we cast our equation into a Riemannian framework where the
Riemannian metric g is given by a~!. We note that after the change of coordinates

our argument strongly resembles the proof of Corollary[1]in the case of .

Proof of Proposition[20. Step 1: Choice of Coordinates. We cast the equation into

a Riemannian framework. In this context we may interpret the tangential part of
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the operator as

1 1
V'ialy )V =Al -, — 51)@71(3/) ca(y )V =A -, — ivafl(y’)- 1

where v,-1(y’) is a vector with i-th component given by v,-1 ;(y') = tr(a_l(y')g—;).
Here A/, and V! _, denote the Laplace-Beltrami and gradient operators with re-
spect to the metric a(y’)~!. We point out that the thus introduced metric is truly
Riemannian as — due to the y’-dependence of a — it depends on the point of evalua-
tion. For the moment, we ignore the first order contribution in the definition of our
operator. It can be considered as “small” and can be treated as a controlled error
contribution.

With this interpretation of the tangential operator, the full operator can be in-
terpreted as a (degenerate) elliptic operator acting on the Riemannian manifold
(Ry xR™, 1 x a(y’)~1). In this setting, we aim at reducing the situation to geodesic
polar coordinates. These can be obtained by first introducing Riemannian normal
coordinates in the tangential directions and then passing to (geodesic) polar coor-
dinates in the tangential and normal variables.

We commence by considering the tangential geometry: We may interpret it as the
manifold (R™, a;;(y’)~!). Using (the locally well-defined) exponential map, we ob-
tain normal coordinates on an open subset of R (here we make use of the C?
condition on the metric g). As our Carleman estimates are formulated as local es-
timates for functions which are supported sufficiently close to zero, we assume that
the change of coordinates is a global one and that our new manifold is given by
(R™, g;;). This change of coordinates straightens out the geodesics passing through
the origin.

Now we consider the full operator in the whole of (R; x R™,1 x g;;) and intro-
duce polar, instead of Cartesian coordinates in R’fr"’l. This leads to a new spherical
metric ggg and to a modified operator:

1 ) ) 1
9711—25 _aT (Tn—i-l—QsaT) 4 9}1—25r—1—25 5 tr(gOOanggl)ar

Tn

+ 7“_1_25ﬁ89i . 9}1_2590701(7“, 6)+/det gog0p, .
In the sequel, we will also denote the spherical metric ggo(r, 8) by g(r,8) and ignore
the first order term involving the derivatives of ggg. Due to the smallness of the
homogeneous Lipschitz norm of g, it can be treated as a controlled error contribution
which can be absorbed in the positive bulk terms.
We carry out the change into conformal coordinates, i.e. r = ef, which yields

0, = e~ '0;. This results in
e~ (UH2) 191=2592 1 (1 _ 925) 01258, + Vgn - 9}1_2865n} ,

where for brevity of notation we used Vg» to denote the spherical gradient with

respect to our (non-standard) spherical metric. Conjugating with e~ gt (which
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corresponds to setting w = e’%%tu) and multiplying the operator with e(1+29)t,

results in
n —2s)? ~ =
0} 2 <5t2 - %) + Vi - 0, % V.

Due to the product structure of our original manifold, the boundary condition turns
into Glniglo 017240, u = e*'Vu. In analogy to the flat case and with a slight abuse
of notation, we use the symbol df to denote the volume form of our (non-standard)
spherical metric. In the sequel all the integrals will be computed with respect to

this volume form.

Step 2: Computing the Commutator In order to separate the spherical and the
radial variables, we set u = 9 T v and multiply with 6, LT . Although the function
v becomes increasingly singular (if s > 5), this form of the equation has the advan-
tage that the operator is symmetric and strictly separates the radial and spherical
variables. Thus — up to the first order error terms originating from the first step —
our equation turns into

—_92 2 2s—1 o~ 2s—1
PR e T

Conjugation with an only t-dependent weight, ¢, leads to the following “symmetric

and antisymmetric” parts of the operator:

(n — 2s)? 251

~ ~ 2s—1
S =0 + 12 (0p0)* — T 0 Ven- 0LV gnbn 2 |

A= *27’(8,5@5)((% - T@f(b

We point out that the 0;-contributions are not actually symmetric and antisymmet-
ric with respect to our non-standard spherical metric, yet this separation of the full
operator into S and A proves to be convenient for the calculations of the pairing
(Su, AU)L?(SQ xr)- All the occurring error terms can be controlled. If ¢ is sufficiently

pseudoconvex the separation into S and A yields the following “commutator” terms:

473 H(@f(b)%&qﬁv‘

+4TH(a§¢)%atv

-7 / o} pv*dodt

L2(S7 xR) g
T xR

L2(S7 xR)
+ (ER),

where (ER) is used to denote any bulk term involving derivatives of g which is

controlled by

1000l [Vo[* |V g|dbd. (3.10.2)

ST xR

We remark that all integrals are calculated with respect to our non-standard spher-
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ical metric. In these calculations one has to be slightly more careful than in the
case of the standard sphere as the metric tensor, and thus the volume element, also
depends on the t-variable. As a consequence, it is more convenient to calculate some
of the quantities appearing in (Su, Au) r2(spxr) directly, instead of symmetrizing
and antisymmetrizing the respective contributions. Contributions of the form (ER)
will be treated as errors, c.f. Step 4.

Furthermore, weighted gradient estimates can be obtained:

1—2 1—2s

((920)0hv, ) + (D2B)0L >V gnb 2 v,Vsnby * v)

1—2s 1—2s

— — (Su, (B2e)) + / (026) (0120 -V on0 )0y vdbdt
BSixR

+((9f¢)v,v) + (ER)

1 2 7?2 2 2 2,92 473 2 (n—2)? 2 \1
< — 5 — 9 2 - 2
< 55 I8vlEe + S I@R0)l}. + 72 [(@F) oo - T | @Rt
n / (O28)(01-2 0 - Vgl = 0)0n * wdddt
BSixR
+ ((8¢)v,v) + (ER),
(3.10.3)

where v = (0,...,0,—1) denotes the outer unit normal. For sufficiently pseudo-
convex weight, ¢, the right hand side can even be controlled via the commutator
contributions if everything is multiplied by a factor of c¢r, for example ¢ ~ % would
work. The boundary integral can be evaluated to yield
(020) (61250 - Vgnby * )0y * wdbdt
95% xR

= / 0,172 (92p)e>* V2 dodt,
6SiXR

where by a slight abuse of notation we also denote the lower dimensional volume
form by dfdt. We note that the gradient contribution in (3.10.3) (multiplied with
7) in particular suffices to absorb the bulk contribution of (3.10.2).

The remaining boundary integral which originates from the commutator calculation
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is given by

1—2s 1—2s

47 (017250 . Vgnby, * v)(0:0)0n 2 Ovdfdt + (BER)

95% xR

1—2s 1—2s

+ 27 (017250 . Vgnby 2 0)(02¢)0, > vdfdt

052 xR
=4r

057 xR

(8:0)0; 1729 25tV ud,vdOdt

+ 27

057 xR

(82¢)0;; 172 242 ddt + (BER),

where (BER) denotes boundary contributions involving derivatives of the metric,
e.g. terms bounded by 7 [ |9;¢0;ge*'V|udfdt. Rewritten in terms of u =

8ST xR
0, %Sv the Carleman estimate reads
o 1, 1528 2 o 1 1=2s o 2
cT ’(8t $)20, % Oru ‘L2 +cr H(@t $)20,* VSHUHB
1-2s o1 2
+ert 0.7 (026)F @ro)u|
L%é 2 1 5 71;% - 1—9se 71;% 1;% 2
+ HS(Gn “)HLz tr H(at F 0, Vn - 012Vgu0n * )0, u‘ .
+ 4t (0rp)e*** Vudyudddt + 27 (02 p)e* ' Vu2dodt
8S™ xR 8S™ xR
+ecr (02¢)e*"Vu?dodt + (BER)
0ST xR
2
< [[Lgullpz
(3.10.4)
where
1-2s — 25)2
Lo= 027 (0 + 200 — "2 0r(0i0)0; - r070)

2s—1

4

+ Hn 2 65‘71' . 9,}1_28@5%.

It remains to discuss the unsigned boundary contributions and the error terms.

Step 3: Bounding the Boundary Contributions. In order to estimate the unsigned
boundary contributions from the previous steps, we consider the respective expres-
sions in polar coordinates as in (3.10.4). Starting with the scaling-critical potentials,
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we have to bound

4t / (0r9)e** Viudyudfdt + 27 / (0% p)e** " ViuPdodt
951 XR dS™ xR

+ecr / (02 p)e* ' Viu2dodt + T / 10:0(0:g)e** V1 [uPdbdt,
8S% xR 9S% xR

i.e. we have to control the boundary integrals involving the potential V; = e=25h(6).
By an integration by parts in ¢, we obtain that most contributions drop out. Indeed,
the conditions on a imply that the only non-vanishing terms can be estimated by

Cr [ |0}6||h(0)|u*dodt. However, by appealing to the interpolation inequality
9S% xR
, this can be controlled by the positive quantities of the Carleman inequality:

2

1—2s ‘

(020)26,,

T / (02 p)udfdt < 2%

L2(S% xR)
95% xR

2

3_92 1—2s
+ 707 ‘

(020)206,,

L2(S7 xR)

where V = (0, Vgn). Here we also used the explicit expression of ¢ and the support
condition on wu.

All the remaining boundary contributions involve the potential V5 which has sub-
critical growth at zero. Due to the form of ¢, it suffices to deduce control of the

term

4t / (8t¢)625t‘/2u8tud9dt.
981 XR

Integrating by parts in ¢, using the subcriticality of Vo and the properties of ¢ and

a, it suffices to bound

Cr / etuldodt.

8ST xR

Again, this can be controlled by the interpolation inequality .

Step 4: Treatment of the Error Contributions. It remains to comment on the
first order error terms from step 1 and from the conjugation process. The terms
from step 1 also undergo the conjugation process. Under this they either remain
unchanged or involve a derivative of ¢ and a prefactor of 7. Instead of including
these contributions — which, in the following, we denote by (Er) — in the commutator

calculation, we treat them as errors:

e Lul| = (S + A+ Erull 2 > 1S + Aull 2 — [(Er)ull 2
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Due to the assumptions on a and the fact that these terms are only of first order, it is
possible to absorb these specific errors — as well as any error terms of the form (ER)

— into the positive commutator contributions which were deduced in step 3. O

Combined with a blow-up procedure comparable to the one carried out in Section
the strong unique continuation property follows. As the blown-up solution
satisfies an equation with constant coefficients, the strong unique continuation result
can be regarded as a consequence of a weak unique continuation statement of the

same flavour as the one presented in Section

3.10.2 Carleman Inequalities in the Case of Non-Flat Do-

mains

The previous discussion of the situation in Riﬂ illustrates that it is possible to
deal with our (degenerate) elliptic operators if they are defined on a manifold of the
form (R4 x M,1 X g;;). Here (M, ¢;;) is a Riemannian manifold which has — in a
Lipschitz sense — a metric which is sufficiently close to a constant non-degenerate
metric. In particular, this allows to deal with operators of the form -
i.e. operators in which there is a clear distinction between normal and tangential
variables, as, sufficiently close to the boundary, an appropriate choice of normal
coordinates allows to cast the equation into (a lower order perturbation of) the

. . . +1
previously discussed setting of R/,

3.10.3 Comments on the Situation with a Spectral Gap

In settings involving a spectral gap, the situation improves significantly. In fact,
under these assumptions it is possible to argue as in the article of Koch and Tataru
[KT01a] in which a radial summability condition is required — which is based on
stronger estimates originating from a spectral gap condition. Thus, in situations
involving a spectral gap, it is possible to control equations with leading order con-
tributions of the form 0;y,;3°9i;(y)9; and bounds of the type [y||Vg| € I}(L>®), c.f.
[KTO014].
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Chapter 4

Introduction

Shape-Memory Materials

Shape-memory materials are metal alloys which undergo a diffusionless, tempe-
rature- or stress-induced solid-solid phase transition with a single, highly symmetric
high temperature state — the so-called austenite — and various less symmetric low
temperature states — the different variants of martensite. This variety of low tem-
perature states is reflected in a great flexibility of shape-memory materials at low
temperatures: A sample of a shape-memory alloy can, for example, be deformed
into very different shapes with comparably little energetical effort in the low tem-
perature regime. On heating this deformed material above its (material-specific)
critical temperature, the atoms are forced back into their original, highly symmetric
lattice. As a consequence, the deformation is “undone”; the material “remembers”

its original shape — it displays the shape-memory effect [Bha03].

As is easily conceivable, such materials are very promising for various industrial
applications as they can be produced to “remember” their high temperature shape
which is a desirable property for certain applications. For example, this can be
exploited in transporting bulky devices efficiently: Instead of directly transporting
the device to the position at which it is needed, it can be more efficient to first trans-
form it into a less bulky transportation shape. For shape-memory alloys this can be
achieved by cooling the material into its martensitic phase and then deforming it
at very low energy cost. On reaching the place at which the shape-memory device
is needed, a temperature- or stress-induced phase transformation can then return
the material into its original, high temperature form. Applications of this are, for
example, essential in aeronautics (e.g. for sun collectors of satellites) or medicine
(e.g. stents which are introduced into the body, braces etc.). Further applications

are feasible.

Such materials, however, are not only interesting from an engineering or physical
point of view but also deserve an intensive investigation due to the challenging

mathematical features of the associated models describing them. In this context the

95
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modeling of material properties imposes conditions which cannot be treated with
the “standard” tools of convex variational analysis. In describing these materials (in
a static situation) within a continuum theory, there are essentially two approaches

from a mathematical point of view:

e Differential Inclusions. On the one hand, the stress-free strains of a ma-
terial can be explicitly measured. On the other hand, the Hamiltonian de-
termining the material behaviour is, in general, not known. Therefore, it is
attractive to consider only the stress-free states as assumptions of the model,
while not requiring additional physical input. This leads to a so-called m-well

problem. In the linear theory of elasticity it reads
1 t
e(Vu) = §(Vu + V'u) € {e1,...,em}. (4.0.1)

Thus, without asking for further physical assumptions, the possible (exactly
stress-free) material configurations can be analyzed. This approach has been
pursued by various authors (both in the linear and nonlinear settings), c.f.
[DM95b], [DM95a], [Kir98], [CDKO7].

e (Non-quasiconvex) Energy Functionals. Working more quantitatively

(which might for example be necessary if one does not only consider exact
solutions of the differential inclusion but also configurations which deviate
from the stress-free solutions by a small amount), it becomes necessary to
model a (continuum) Hamiltonian. As this has to reflect both the material
invariances and the frame indifference, it is impossible to work with convex
or quasiconvex integrands. This implies that certain tools originating from
the direct method of the calculus of variations cannot be applied directly —
for example, the functionals are no longer lower semicontinuous in general.
This is reflected in a variety of minimizing sequences which depict different
material patterns. Introducing surface energy, i.e. higher order regularizing
energy contributions, these microstructures can be used to predict the mate-
rial behaviour [DM95a], [CO12].
A related approach (which is a possible relaxation of non-quasiconvex in-
tegrands) consists of avoiding the lack of weak lower semicontinuity in the
functionals by working in weaker spaces, in general in measure spaces. Here
the notion of “Young measures” provides a very strong tool in understand-
ing (oscillation) properties of the microstructures (in the absence of surface
energy contributions) [Ped97], [Bal89], [KP91].

Although the previous distinction is very crude — in the treatment of both of these
directions various different methods evolved which can be used to tackle the respec-
tive problems — it depicts the basic choice in the modeling of shape-memory alloys

(in a static regime).
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The Results of the Thesis

In the sequel we investigate a specific martensitic phase transition — the so-called
cubic-to-orthorhombic phase transition (c.f. below for the details of the model).
Here a cubic lattice is deformed into an orthorhombic one at the critical tempe-
rature. The industrially most important material undergoing this transition is
CuAlINi. This material is of particular interest as physical experiments suggest
that it displays a large variety of microstructures, i.e. it is very flexible in its low
temperature phase.

In the present work we mathematically investigate the six-well problem as a differ-
ential inclusion describing the (exactly stress-free) material (in its low temperature

phase). In this setting we obtain two main results:

e Non-Rigidity. Investigating the six-well problem in the linear theory of
elasticity, we observe a mathematically very interesting, but physically un-
expected behaviour: There is a rich variety of very “wild” solutions, which
are mathematically correct but which have to be rejected on physical grounds
(they do not depict any type of characteristic length scale). This phenomenon
indicates that the pure six-well problem does not fully capture the physical fea-
tures of the cubic-to-orthorhombic phase transition. Similar observations were
previously made in the context of nonlinear models [DM95b], [DKMS00a],
[CDKO7]. In a sense, our phase transition describes one of the simplest three-
dimensional, physically relevant settings in which already the linear theory

exhibits very “wild”, non-rigid solutions. This is presented in Chapter

e Rigidity. The previously described “physical ill-posedness result” is comple-
mented by a rigidity result in the case of additional surface energy control. As
the non-rigidity properties are consequences of highly irregular phase distribu-
tions, a natural strategy to rule these out consists of introducing higher order
regularizing constraints. Here, we use the “most primitive” version of surface
energy by restricting to piecewise polygonal configurations, i.e. configurations
for which the support of each phase consists of an arbitrary but finite number
of disjoint, piecewise polygonal domains. For these configurations we prove
rigidity: Instead of the very wild convex integration configurations, we iden-
tify twin and crossing twin patterns as the generic configurations if surface
energy contributions are included in the model (c.f. Chapter [6] and Figure

.

Experimentally observed configurations, however, are, in general, neither given by
piecewise polygonal nor only by the exactly stress-free configurations but also in-
clude those which are nearly stress-free in an energetic sense. Hence, natural further

questions/topics are

e Rigidity under BV conditions. A natural question to pose, is whether the
rigidity result which is proved in the setting of piecewise polygonal configu-

rations remains true under “milder” surface energy constraints. The existing
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literature suggests that imposing BV conditions should be the right frame-
work to provide rigidity. However, it seems as if this were not tractable with

the presented methods.

e Energy Quantification. An extremely interesting issue in eventually under-
standing the structure of microstructures would be a rigorous quantification
of the energy scaling of the phase transition. As in the seminal paper of Kohn
and Miiller [KM94], this would provide hints on the optimal shape of the
emerging patterns. Analogous to the work of Conti [Con00], this could be a
starting point for a more refined analysis of the microstructures.

An energy quantification in the spirit of the articles by Capella and Otto
[CO09], [CO12] has been carried out in a simplified version of the cubic-
to-orthorhombic phase transition in [Riil10] (however, this simplified model
excludes convex integration solutions in the stress-free setting). It remains
an outstanding challenge to carry this out for the full model. In particu-
lar, it would be extremely interesting to analyze how the existence of convex

integration solutions is reflected in the scaling of the energy, c.f. [Bal02].

These and related questions are possible directions of future research.

4.1 The Model

The cubic-to-orthorhombic phase transition is an important example of a solid-solid,
diffusionless, temperature- or stress-induced phase transition. In its face-to-body
centered transition it describes the deformation of a highly symmetric cubic lattice

into a less symmetric orthorhombic one (c.f. [Bha03] for further information).

Derivation of the Strain Matrices

Thinking of the phase transition as a deformation of the underlying atomic lattice, a
martensitic solid-solid phase transition can be described by its respective transition
matrices or bain strains. In the face-to-body centered cubic-to-orthorhombic phase

transition (c.f. Figure this amounts to the following linear deformation

-1 -1 1 1 0 0

a0 0 |~c| O a0 O —alO ap 1] —b]|1
2 T V2 ’

\/_ 1 1 \/_ 1 1 0 0

Rewriting this in terms of the austenitic basis leads to the following transition

matrix
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Figure 4.1: The transformation from the cubic austenite lattice to the low tempe-
rature lattices associated with the different variants of martensite. The austenite
lattice is cubic (top). The martensite lattices are obtained by stretching and com-
pressing along a given edge of the austenite lattice and associated face diagonals.
This leads to the six (symmetry related) variants of martensite (bottom).

where o = \{1_—20", B = % Y= {—20‘2 In CuAlNi, these parameters are of the order
apo =58 A, a =438 A, b=536 A, c =422 A, c.f. [Bha03]. Taking into account
the symmetry of the cubic and the orthorhombic lattices, implies that there are
five further strain matrices. Indeed, for a fixed parameter b it is always possible
to exchange the roles of a and c. Moreover, it is also possible to permute the
austenitic basis vectors. As a consequence, the phase transition is characterized by

the following six transformation matrices

85 0 0 3 0 0

O e B O
a— a+ —Q a+

0 =5 =7 0 = =7
U3: 0 B 0 ,U4: 0 B 0 )

a+ —« a+ a—

5 70 e
R I

0o 0 8 0 0
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Cauchy-Born Hypothesis and Linearization

The previously derived discrete model is now linked to a continuum model via the
Cauchy-Born hypothesis. This assumes that microscopically the atomic lattice is de-
formed according to the macroscopic deformation F(x). More precisely, if a macro-
scopic deformation at a point x is given by F'(x), we assume that a local microscopic
lattice spanned by the vectors {v1(x),va(x),vs(x)} is deformed accordingly, yield-
ing a new lattice {F(z)v1(z), F(x)va(z), F(x)vs(x)}. Under certain assumptions
this rule can be rigorously verified, c.f. [Eri08], [CDKMO05], [WnPb07]. Although it
does not hold true in general, we will make this assumption in the sequel. Hence,
it is heuristically justified to assume that a stress-free macroscopic deformation is
described by the transformation matrices Uq, ..., Us.

However, these are not all possible stress-free states. Apart from the invariance
dictated by the material — which gives rise to the different martensitic wells in the
first place — a second symmetry has to be taken into consideration. The model
has to be frame indifferent. As a consequence, the set of stress-free deformation

matrices is given by

6
Vu e | J SO(3)U;.

j=1

This leads to a so-called six-well problem. In this model there are two sources
of nonlinearity: On the one hand, the material symmetry leads to six possible
martensitic variants. On the other hand, the frame indifference creates an additional
geometric nonlinearity in matrix-space by imposing SO(3) invariance.

In order to avoid this second nonlinearity we adopt a geometrically linear point of

view. Formally linearizing (around the identity) leads to
Vu € {e(l), ey 6(6)} + Skew,
or, written as a differential inclusion for the symmetrized gradient,

e(Vu) = = (Vu + Viu) € {eM), ... e®}

DN =

as the skew symmetric matrices are the linearization of SO(n) at the identity and
el = U; — Id. Rescaling and concentrating on (infinitesimally) volume preserving

transformations, we adopt the following notation

1 1) 1 =9 0 1 0
e = ¢ 1) 1 , e@ =¢| =5 1 ol, e® = ¢ 0 -2 0l,
0 0 -2 0 0 -2 é 0
1 0 —0 -2 0 0 -2 0 0
eW=cl 0 =2 o], ®=¢l 0 1 |, eO=¢[ 0 1 -5/,
-0 0 0 1) 0 —§ 1
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where € and § are the remaining (dimensionless) material parameters.

As a consequence of the linearization procedure, the material symmetry remains the
only source of nonlinearity in the resulting six-well problem. This allows to study
the problem from a mathematically simpler point of view while still preserving the
model’s main physical feature. However, one has to keep in mind, that linearized
models of elasticity can provide very accurate predictions in certain situations but
can also lead to major discrepancies with the corresponding nonlinear models (c.f.
the discussion in [Bha93] and [Bha03]). In our situation we expect to obtain quali-
tatively accurate results while the precise quantitative behaviour of the material is

certainly not captured.

P Ui +5S
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Figure 4.2: The nonlinear and linearized energy wells.

4.2 Heuristics

In this section we discuss properties of the previously derived model for the cubic-
to-orthorhombic phase transition. In particular, we describe compatible piecewise

affine constructions.

Symmetrized Rank-One-Connections

Motivated by classifying possible stress-free patterns which occur in the cubic-to-
orthorhombic phase transition, we remark that any pair of strains is (symmetrized)

rank-one-connected (c.f. Table [4.1)), i.e. there exist (up to permutation) unique
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1) | e(i2) normals oG | oU2) normals

e® 1@ | [1,0,0], [0,1,0] @ | e® | [1,0,-1], 3, -2, 3]
(1) G| [0,1,-1], [26,3,3] ° ‘ N ) 0. 11
e e L 19 @) | @ [1,0,0], [0,0,1]
O | e® | [0,1,1), [26.3,-3] || % | © ol

e e » 1,14, 120, 5, G e® | [1,-1,0], [3,3,26]
(1) (5) [1,0,—1], [3, 26, 3] ¢ c S

e e 0, » 20, G| e® | [1,1,0], [3,—3,20]
M | e® | [1,0,1],[3,20,-3] || ° ol a2

e e » 0, 1], 13, 20, @ | e® | [1,1,0], [—3 3, 20]
@ | e® | [0,1,1],[26,-3,3] || ) | © 7 3.

e e »1,1], [26, -3, @ | e® | [1,-1,0], [3,3, —2]
(2) @ | 0,1,-1],[~26,3,3] || © ‘ 0.1.01. 0.0

e e , ) 39, e® | o6 [0,1,0], [0,0,1]
e@ | e® | [1,0,1], [-3,26,3] —

Table 4.1: Pairs of strains with their respective (symmetrized, not normalized)
rank-one-connections.

vectors n;; € S?, a;; € R\ {0} such that

e _ o) — 2((1” ®@ nij +nij @ a;) if @ # . (4.2.1)

From this we deduce that any pair of strains can form laminates/ twin configu-
rations, i.e. there exists a vector field u : R? — R3 «w € WL, and a plane
determined by one of the vectors n;; (or a;;) such that e(Vu) = e® for z-n; >0
and e(Vu) = e for x - n;; < 0 (c.f. Figure (b)). This is a result of tangential
continuity.

We remark that, as all matrices () are tracefree, the vectors a;; and n;; are orthog-
onal: a;; -n;; = 0. We further point out that the respective normals n;;, a;; include
vectors with and without ¢ entries (up to normalization). While the ones without &
entries occur exactly twice as the normals between two pairs of distinct strains, the
vectors involving ¢ entries can be uniquely associated with a single pair of strains
(up to permutation). In the case of § = 0 the rank-one connections collapse to those

of the cubic-to-tetragonal phase transition.

Corners of Higher Degree

Experiments suggest that apart from simple laminates the cubic-to-orthorhombic
phase transition also allows for so-called crossing twin constructions. These are
configurations in which two distinct pairs of twins meet at a given plane. At this
plane necessarily corners consisting of three or four strains are involved. As a
consequence, it is desirable to develop an understanding of conditions allowing for
such corners of higher degree. Due to the necessary tangential continuity at the jump
interfaces, the twinning condition (4.2.1) imposes a necessary condition. However,
it does not provide a sufficient condition as in the case of three or more strains
an additional condition is needed in order to ensure the compatibility of the skew
symmetric parts of the vector field w. If a corner is constituted of the strains

Ay, ..., A, satisfying

1 .
Aj — AjJrl = 5(0,]' ®7Lj +7Lj ®aj) fOI‘ ] e {1, ...,n},
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the compatibility of the skew symmetric part is equivalent to
n
Zaj ®mn; = 0. (4.2.2)
j=1

Computing this condition for the cubic-to-orthorhombic phase transition for arbi-
trary combinations of four strain variants, leads to the observation that for specific
combinations of the strain matrices such corners exist and can be combined to yield
crossing twin constructions (as predicted by the experimental results), c.f. Fig-
ure (a) and Figures and in Chapter [6] for further crossing twin

configurations.

[1,1,0] e(3) (1) e(3)
o)
@\ @\ @
e
(3 ) (3
(& & (& 1
{010 o
(2)
e
[1,-1,0] e e e

(a) (b)

Figure 4.3: Examples of (a) crossing twin structures, (b) laminate structures. The
crossing twin structures are built up of two pairs of twins: There is an “outer
structure” determined by the common jump plane of the twinning pairs (in our
picture these are the planes with normal [0,1,0]) as well as an “inner structure”
made up of “zig-zag bands” of twins (in our picture these are the twining bands
given by e® — e®) and e(® — ()| respectively).

Compatible Microstructures

The cubic-to-orthorhombic phase transition allows for a variety of microstructures:
Apart from the exactly compatible configurations described above, it is possible
to accommodate any boundary condition whose symmetrized gradient lies in the
convex hull of the strains [Bha03], [BK97] (in the geometrically linear situation).
This corresponds to the fact that the quasiconvex hull of the strains agrees with
the convex hull, i.e. it is very large. Moreover, (in the geometrically linear setting)

any convexification of the strains coincides with the convex hull of the strains:

{e) . e®Ve = fe) e®)reo
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Although it is a very interesting and challenging topic to determine the “energeti-
cally most efficient” microstructures corresponding to certain boundary conditions,
we do not pursue this any further in the sequel. We only remark that such an
investigation would be the natural next step after analyzing all exactly stress-free
patterns, as microstructures can usually accommodate a much larger variety of
boundary conditions than exactly stress-free patterns and as these are usually the
physically observed states of the material. Such an analysis has been carried out for
a simplified model of the cubic-to-orthorhombic phase transition in [Rill10]. The
energetic scaling analysis of the full model would be of particular interest — not only
from a physical point of view but also from a mathematical viewpoint as it would in-
dicate whether the “wild” convex integration solutions are “seen” in an energetically
quantified model. John Ball has rated this open issue as one of the most fascinating
and challenging problems in elasticity, c.f. [Bal02], Problem 17. Although there are
some promising attempts pointing to an improved understanding of this problem
(c.f. [Chal3]), it remains an outstanding challenge in the mathematical theory of

elasticity/ shape-memory alloys.



Chapter 5

Non-Rigidity

5.1 Introduction

This first part dedicated to the cubic-to-orthorhombic phase transition can be
viewed from two perspectives: On the one hand, it deals with the (meta-) ques-
tion of whether the described pure six-well problem can be considered a “physically
correct” model for the cubic-to-orthorhombic phase transition. On the other hand,
it is a mathematical investigation of solutions of the differential inclusion problem
associated with this phase transition.

In experiments a variety of different microstructures are observed for this phase
transition. However, none of them is “too wild” (in the sense that only very char-
acteristic patterns occur). In the sequel we will show that our first mathematical
model which is given by the differential inclusion does not reflect this fea-
ture. In a sense, it admits “too many” exactly stress-free solutions. Mathematically,
this is a consequence of the method of convex integration as crucially developed by
Miiller and Sverak [MS99].

Convex Integration and Elasticity

Convex integration is a technique which was first introduced by Nash and Kuiper in
their seminal papers on the rigidity of isometric immersions, c.f. [Nas54], [Kui55].
Using this technique they demonstrate that C' isometric embeddings of the sphere
S? (into R3) are not only given by rigid motions as in the case of C? isometric
immersions but allow for much greater flexibility. Effectively this is achieved by
sophisticatedly introducing high oscillations, c.f. [Nasb4], [Kui55], [Gro73], [Spr98|,
ICDLSJ12], [ST13]. This idea was systematically extended by Gromov [Gro73] who
applied these methods to general differential inclusions. In the following decades the
techniques were developed further by authors such as Dacorogna [DM95b], [Dac07]
and Miiller & Sverdk [MS99], [MS98]. While the first school emphasized the ideas
of the Baire category approach, the second developed the method of convex integra-

tion based on in-approximations. Later these approaches were unified in the work
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of Kirchheim [Kir98].

Both approaches were in part driven by the aim of improving the understand-
ing of certain martensitic phase transitions. The relevance of these techniques to
(mathematical) material scientists is highlighted by John Ball referring to the in-
vestigation of the m-well problem as the 17" problem in his personal choice of the
most interesting open tasks in elasticity [Bal02]. For certain phase transitions this
problem has been solved. In the sequel we review a few contributions to this field.
Again, this selection is rather crude. It excludes important facets, but is intended
to display characteristic properties of certain models of phase transitions which are

comparable to our setting.

e The Two-Well Problem. The (two-dimensional) two-well problem deals

with the following inclusion problem:

Vu € SO2)Uy USO(2)Uy, det(Us), det(U1) > 0
or Vu € {Ey, E1} + Skew(2)

in the nonlinear and in the linear situations, respectively.

While the linear theory predicts a very rigid picture — locally any configura-
tion consists of simple laminates — the nonlinear model does not reflect this.
On the contrary, in their seminal paper Miiller and Sverak [MS99] prove that
(in the presence of rank-one connections) there are extremely many, extremely
wild solutions to this problem. In order to do so, they extend the theory of
Gromov in two directions: On the one hand, they work with a nonlinear co-
dimension one inclusion problem (this is a necessary precondition in order to
deal with the volume preserving two-well problem). On the other hand, they
extend the methods to the rank-one-convex hull (instead of the laminar con-
vex hull — which is not necessary for the two-well problem but, for example,
for the cubic-to-monoclinic phase transition).

However, using regularizing effects, e.g. by imposing BV conditions on the
deformation gradient, it is possible to recover a rigidity result also in the non-
linear picture [DM95b]. Thus, the additional regularity assumptions rule out
the “wild” convex integration solutions.

As this model serves as a prototype for the more involved realistic phase tran-
sitions, it is particularly well understood: For instance, the explicit structure
of the various convex hulls is known in two dimensions [Miil99] (however, this
is no longer true in three or higher dimensions, c.f. [DKMS00b] — which illus-
trates how difficult these computations are). Moreover, in the linear situation
even the energy scaling of the model can be described — yielding the same
results as the scalar models introduced by Kohn & Miiller [KM94] (in most
cases), c.f. also [Con00], [Chal3|. In the nonlinear situation this seems to be
a much more subtle challenge as the role of the convex integration solutions
is not clear yet. However, first successful approaches to tackle parts of the

problem have recently been developed in [Chal3].
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e The Cubic-to-Tetragonal Phase Transition. This problem deals with a

three-well differential inclusion of the form

3
1
Vu e U SO(S)()\QQ ®e; + X(Id -6 Q& 61'))

i=1

3
1
or Vu € U(f§ld+ gei ® €;) + Skew,
i=1

in its nonlinear and linear versions. This represents one of the simplest (real-
istic) martensitic phase transitions (which, however, is highly nontrivial from
a mathematical point of view). As in the two-well problem the linear theory
predicts rigidity: In [DM95a], Dolzmann and Miiller prove that locally the
only compatible, stress-free patterns consist of simple laminates with normals
dictated by the associated rank-one conditions. Again, the nonlinear differ-
ential inclusion does not exhibit this behaviour: Convex integration solutions
can be shown to exist [CDKO07]. Due to the non-commutativity of SO(3), it is
not possible to transfer the methods of the nonlinear, BV constrained rigid-
ity result of Miiller & Dolzmann [DM95b] into the three-dimensional setting.
Yet, in [Kir98] Kirchheim shows that the statement still holds true in spite
of the described difficulties. Using strongly combinatorial elements which are
specific to the cubic-to-tetragonal phase transition, he proves rigidity under
BV assumptions.

For this phase transition not all the convex hulls are known explicitly: While

the linear theory states that
{ela €2, eg}l() = {ela €2, 63}603

the nonlinear picture is not as clear [Bal02], [CDKO07].

As in the two-well problem the scaling of the linear, energetically quantified
model is fully understood, c.f. [COQ09], [CO12]: Capella and Otto prove that
the scaling corresponds to that of the scalar Kohn-Miiller model. Even nu-
cleation problems [KKO13] can be treated in the linear framework. However,
again, the nonlinear problem poses much greater difficulties. It is not clear

what to expect in that situation.

The Cubic-to-Orthorhombic Phase Transition. For the cubic-to-ortho-
rhombic phase transition several properties are known: As in the cubic-to-
tetragonal phase transition, all its convex hulls coincide with the standard
convex hull in the setting of the linear theory of elasticity. Experimentally,
a large number of microstructures is observed. In particular, the exactly
stress-free setting already allows for more complex solutions than the cubic-
to-tetragonal phase transition — so-called crossing twin structures emerge,
c.f. [Bha03]. In [Riill0], the author considered a simplified model for the

cubic-to-orthorhombic phase transition and classified all stress-free states in
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this setting. Furthermore, it was possible to prove (energetically quantified)

stability of these constructions in the simplified model.

e The Cubic-to-Monoclinic Phase Transition. This phase transition is of
particular interest, as it represents the class of the industrially most popular
materials — including for instance NiTi. In the associated inclusion prob-
lem the cubic-to-monoclinic wells strictly contain the ones of the cubic-to-
orthorhombic phase transition. Hence, it is plausible to expect a large number
of different exactly stress-free states.

Mathematically, the cubic-to-monoclinic phase transitions is particularly in-
teresting, as it is the first phase transition for which the laminar convex hull
does not coincide with the convex hull in the setting of the linear theory
of elasticity (this is a consequence of the fact that not all strains are pair-
wise symmetrized rank-one connected). As a consequence, already the linear
theory poses fascinating new questions. This phase transition has been the

subject of recent research by Schlémerkemper & Chenchiah [CS12].

e Young Measures. A very powerful alternative approach of understanding
the behaviour of the inclusion problems associated with the respective phase
transitions consists of investigating the corresponding Young measures. These
are measures describing the local distribution of strains/deformation in strain-
/matrix-space. It is an important tool in understanding oscillatory behaviour
(of microstructures) and in computing the different convex hulls (via duality),
c.f. [Mil99], [Ped97], [KP91|, [Bha03].

Summarizing, these results create the following picture:

e In experiments configurations with “characteristic” patterns are observed. Of-
ten the materials even display rigidity in the sense that only certain patterns,

e.g. simple laminates, can occur (if only small stresses are allowed).

e While the linear theory of elasticity often (at least in “model cases” such as
the two-well problem or the cubic-to-tetragonal phase transition) predicts the
“physically correct patterns”, this breaks down in the “simplest” models of

the nonlinear theory.

e In general, the mathematical n-well models predict extremely irregular so-
lutions which display a mixing of scales. Thus, the physical picture is not
described “correctly”. A length scale has to be introduced by adding regular-

izing higher order terms into the model.

In this context our results provide an example of an industrially relevant phase
transition which already displays non-rigidity properties in the linear theory of
elasticity. More generally, this phenomenon can occur, if there are sufficiently many
different (pairwise symmetrized rank-one connected) stress-free strains. As in the
nonlinear situations in which one observes such a behaviour, the physical solutions

can be separated from the unphysical ones by adding regularity constraints.
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5.2 The Main Results

From a technical point of view the linearized theory of martensite differs from a
gradient inclusion problem by an unbounded ingredient: The inclusion problem is

of the form
Vu € K + Skew(3), (5.2.1)

where K C R3*3 is a compact set in the tracefree matrices (which corresponds to
the energy wells in the case of a phase transition). In the sequel we will investigate
this inclusion problem which is slightly more general than the described six-well
problem. Hence, the specific application to the six-well problem (4.0.1) will be a

consequence of this discussion.

Our strategy of tackling the problem consists of keeping the unbounded ingredient,
while else following the arguments of Miiller and Sverdk [MS99] in the linearized
setting. Instead of using a W1 bound, which we lack due to the unboundedness
of the problem, we make use of Korn’s inequality to derive slightly weaker WP,
p € (1,00), bounds. Thus, the unbounded aspects of this argument account for a

loss of regularity in the final solution of the symmetrized gradient inclusion.

An alternative approach, which would yield slightly stronger non-rigid solutions
(solutions in W) could consist of applying the ideas established by Kirchheim
[Kir07]. Instead of working with the bounds obtained via Korn’s inequality, one
could directly “lift” the problem to a bounded differential inclusion for the gradi-
ent. In order to proceed with such a strategy, it would be necessary to identify the
lamination extreme points of the lamination convex hull of the resulting set. While
the situation can be handled for analogous two-dimensional problems (involving
three strains, e.g. the hexagonal-to-rhombic transition) due to the low dimension-
ality in matrix-space, this poses greater difficulties in the three-dimensional setting.

We do not pursue this idea further, but concentrate on the strategy outlined above.

In the case of the six-well problem, we observe that despite its linear character the
inclusion problem (4.0.1) mirrors the analogous nonlinear situation described by
Miiller and Sverdk [MS99] as well as Conti [Con08]. In fact, at first sight rather
surprisingly, the three-dimensional linear situation needs the full strength of the
technique of convex integration. This is in sharp contrast to the two-dimensional,
linear hexagonal-to-rhombic phase transition. In this two-dimensional example the
convex integration solutions can be constructed without the use of the oscillation
control lemma — the core of the convex integration method. This is a consequence
of the fact that the existence of symmetrized rank-one connections is trivial in two-

dimensions.

As a result, for all the investigated inclusions central ingredients of our proofs of



110 CHAPTER 5. NON-RIGIDITY

the existence of “wild” convex integration solutions are
e a linearization of Conti’s construction, c.f. [Con08],

e an application of the oscillation control lemma of Miiller and Sverdk, c.f.
[MS99].
In the following, we distinguish between the different convex hulls from which we

choose the boundary values for the inclusion problem (5.2.1).

The Case of the Laminar Convex Hull

In the first case of interest, we consider (5.2.1) combined with boundary data, v,
whose symmetrized gradient originates from the lamination convex hull of K. More
precisely, v is assumed to be a piecewise affine function with e(Vv) € K'®. Although
this is included in the case of e(Vv) € K¢, we discuss both cases separately, em-
phasizing the details in the easier situation. This can be justified by trying to
avoid technical discussions as far as possible. As the case of the lamination convex
hull provides the easiest setting to describe the strategy of proof (and as we are
motivated by the cubic-to-orthorhombic phase transition), it is natural to discuss
this case in detail. As indicated above, we interpret the gradient inclusion as an

unbounded gradient inclusion.

As in the nonlinear setting a major difficulty of problem (5.2.1) arises from the
constraint (in our situation this amounts to the vanishing trace condition), which
is stable under taking the lamination convex hull (c.f. Section[5.3]for the definition
and properties). Phrasing our results in analogy to Miiller & Sverdk [MS99], we
define:

Vi={EeR¥3: tr(E) =0}.

sym>)

With this notation our main results can be formulated. Before dealing with the
actual six-well problem, we provide an existence result for differential inclusions

with values in open sets U C V.

Proposition 21. Let U C V be relatively open and bounded, Q1 C R3 bounded,
open, Lipschitz and assume that v : Q C R3 — R3 is piecewise affine such that

e(Vv) € U a.e. in Q.
Then there exists a Lipschitz map u : Q — R? such that

e(Vu) € U a.e. in (,

u=v on Of).

We remark that the Lipschitz constant of the map u strongly depends on the bound-

ary data v. In fact, central factors playing a role, are the skew-symmetric part of



5.2. THE MAIN RESULTS 111

Vv as well as the order of lamination of e(Vv).

In order to deal with non-open sets, we reduce the situation to the previously
described case of open sets by working with the notion of “in-approximations”.
Morally speaking, an in-approximation is a collection of bounded, open sets that
can be reached by an application of Proposition and which approximate the
actual (non-open) set increasingly well. Thus, a countable number of iteration
steps allows to deduce the desired existence result for the non-open situation.

We follow the notation of Miiller and Sverdk [MS99).

Definition 6. Let K C V. A sequence {U,};en of relatively open sets U; C 'V is

an in-approximation of K in V if it satisfies
1. each U; is uniformly bounded,

2. U; C UKy,

K2

3. Uy = K, i.e. if F; € U; converges to F' this implies F € K.

In contrast to the geometrically nonlinear setting, the in-approximation will be
applied to the strain (and not to the gradient), hence an additional tool for deducing
compactness is necessary. This is provided by Korn’s inequality. Using the notion

of an in-approximation, we prove the following proposition:

Proposition 22. Let V be as above, K C V and let {U,;};en be an in-approzimation
of K. Assume that v: Q) C R3 — R3 is piecewise affine and satisfies

e(Vv) e Uy in Q.
Then there exists u: Q — R3, u € C% for all a € [0,1), such that

e(Vu) € K a.e. in Q,

u=v on Of).

The unboundedness of the sets we are dealing with is reflected in weaker regular-
ity properties of solutions of the differential inclusion (5.2.1)): Instead of Lipschitz
solutions as in the case of bounded gradient inclusions our ansatz only yields C%
solutions for any « € [0,1). This regularity property is derived via the bounded-
ness of the inclusion in the set of symmetric matrices in combination with Korn’s
inequality.

The loss of regularity is — in a weaker form — already contained in the first proposi-
tion. The strong dependence of the Lipschitz constant on the skew-symmetric part
of Vu, makes it difficult to carry out a countable iteration of Proposition[2I] without
losing the Lipschitz property.

Finally, Proposition[22]enables us to deal with the six-well problem and to conclude

non-rigidity for the cubic-to-orthorhombic phase transition.
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Corollary 2. Let eq,...,eg € R3X3 tr(e;) = 0, be such that

sym?’

dim(intconv(ei, ...,es)) = 5 and such that there exist a;; € R3\ {0}, nij € S2 with
1 . .
€i— ¢ = E(Gz‘j ® nij + nij @ aij) for i # j.

Then for any Lipschitz domain Q and any M € R3*3 such that %(M + M) €
intconv(ey, ..., eq) there exists a function u : R? — R3, u € C%% for all a € [0,1),

satisfying

Vu=M onR*\ Q,

1
§(V +VHu € {e1, ...,es} a.e. in Q.

In particular, this result applies to the six-well problem and provides a very large
set of highly irregular solutions to the inclusion problem associated with the cubic-

to-orthorhombic phase transition.

The Case of the Rank-One Convex Hull

In the final part of Section we deal with piecewise affine boundary conditions
originating from the rank-one-convex hull of K, v € K"¢. Although these boundary
conditions include the previously discussed ones and it would have been possible to
incorporate the first case into this one, we choose to present them separately as this
final case causes additional technical difficulties.

Again, our strategy of proof leads to a loss in regularity. We only prove the results
of Proposition and with the reduced C%® properties. The case involving
rank-one convex hulls might, for example, be of interest for the cubic-to-monoclinic

phase transition, c.f. [CS12].

The remainder of the chapter is organized as follows: Section [5.3]recalls the notions
of lamination and rank-one convexity. Section contains all auxiliary construc-
tions, including the linearized Conti construction as well as various iterations of it.
After this we reproduce the oscillation control lemma of Miiller and Sverak [MS99),
which forms the core of the convex integration procedure. Finally, in Section

we present the proofs of the results described above.

5.3 Preliminaries

Lamination Convexity

A crucial notion for the further discussion is (symmetrized) lamination convexity.
Therefore, we briefly recall this notion, c.f. [Dac07], [MS99], [Kir07]. As we work

in the framework of the linear theory of elasticity, we consider all notions adapted
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to symmetric matrices (e.g. symmetrized rank-one-connections instead of rank-one-

connections).

Definition 7. A set U C R{" is (symmetrized) lamination convex iff for any

pair of (symmetrized) rank-one connected elements a,b € U the whole interval [a, b]
is contained in U. We denote the lamination convex hull of a set U by U'. It is

characterized as the smallest lamination convex set containing U.

In the sequel we will make use of the following properties of the lamination convex
hull:

o0
e the lamination convex hull can be characterized as U = |J £;(U), with
3=0

‘CO(U) = U7
L;(U) = {c € R™Mc=ha+ (1—\b, A€ [0,1], asb € £, (U),

sym

rank(a — b) < 1}.

e If U is open, the same holds for £;(U) for any j € N.

e If n € N is minimal with ¢ € £,,(U) we denote it as the order of lamination

(of ¢).

Rank-One Convexity

Since our strategy of proof displays strong enough robustness in order to apply it
to the case of boundary data whose gradient originates from rank-one convex hulls,
we recall the central aspects of this notion of convexity, c.f. [MS99]. We only deal
with the case of symmetrized rank-one convex hulls. As above we make use of the
notation V = {M € R3*3 tr(M) = 0}.

sym>

Definition 8. o Let K be a compact subset of R3X3 (or of V). X € K" (or

sym

X € Kif) iff for any f : R2X3 — R, which is symmetrized rank-one convex

sym

(on V), we have f(X) <sup f.
K

o Let O be a bounded, (relatively) open subset of R2X3 (or of V). X € O™

sym

(X € OFF) iff there exists K C O, compact, such that X € K™ (X € K{f°).

3x3

sym 18 @ laminate

o A probability measure p supported on a compact set K C R
iff {p, f) > f(in) for any symmetrized rank-one convex function f : R3X3 — R,

sym

where i = [ id(Y)du(Y'). We denote the set of all such probability measures

3x3
Rsym,

by M7e(K).

o Let O CR3X3 (O C V) be (relatively) open. Then we define the collection of

sym

finite-order laminates as



114 CHAPTER 5. NON-RIGIDITY

where the L;(O) are defined inductively as sets of laminates of order j:

Lo(0) :={v=1384, A€ O},
j—2

LJ(O) = {l/ = Z )\kéAk + )\j_18630 + )\j_l(l — 8)631,
k=1

such that there exists a probability measure V' € L;_1(O) with
j—1

v = Z)‘k(;Ak’ Aj 1 =sBy+(1—5)By, s€(0,1),
k=1

and By, By are symmetrized rank-one connected}.

Just as in the non-symmetrized situation, we have the following facts (c.f. [MS99],
p.400):

o Let K CV, then KIf = {p;v € M"(K)}.

e Let K C V be compact, v € M"™(K). Let O C V be a (relatively) open set
containing K{f. Then there exists a sequence of finite laminates v; € L(O)
such that

* .
Vj — V 1N measure,

l/j:V.

e For a (relatively) open set O the rank-one convex hull, O™ (Off), remains

(relatively) open.

5.4 Constructions

Conti’s Construction: 2D and 3D

In this subsection we present “linearized” versions of a construction of Conti [Con08].
Instead of satisfying the determinant constraint appearing in the nonlinear setting,
our construction with zero boundary data satisfies a zero trace condition. As in
the original construction, we prove the statement in two steps: We first give a
two-dimensional construction and then extend it to three dimensions.

In the two-dimensional setting we have:

Lemma 9. Let A € (0,1), 6 > 0 and define

My = 0 0 My — 0 0 _
1-X2 0 -2 0

Then there exists a piecewise affine Lipschitz map u : R2 — R? and domains ) =
Qo Uy, Q1,0 (up to null sets) disjoint (each consisting of a union of triangles),
such that
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o Vu attains at most five different values in €,

e we have
V-u=0 in,
u=0inR*\ Q,
e it holds

| Mo — Vu| <6 in Qo,
| M7 — Vu| <6 in Q.

—€

|
-

Figure 5.1: Conti’s construction in 2D and 3D. The picture on the left describes the
gradient distribution in the two-dimensional construction and depicts the triangles
(dashed) where the construction is interpolated. The final domain 2 is given by the
diamond. The picture on the right illustrates the extension of the construction to
higher dimensions.

Proof. In analogy to Conti’s construction in the nonlinear case [Con08], we construct
the desired function in the diamond depicted in the left part of Figure We first
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focus on the construction in the first quadrant. The gradients of the functions

0

My ,_ My — 0
v e) = <(1 - )\)x1> L vHe) = <—)\x1 + Ae) ’

VAR (R D I VAN (R 72
e (5. ),

Moy = 00 , My = 00 ;
1=\ 0 -2 0
—a(1 —
Y D = (O
0 0 0 0

Due to the rank-one connections between My, M7 and My, Ms, respectively, it

are given by

is possible to define a piecewise affine, continuous function u with the gradient
distribution indicated in Figure

oMo(z) +0M2(z) in [—ed €A X [ 4.
() = vMo(z) +vMs(x) in [—e eN] x [, 1],

v (z) + oM (z) in (€A, €] x [—p,

vMi(z) +oMs(x)  in [e), €] x [u,1].

Furthermore, by the choice of the functions v™i | we obtain a(Py) = (e,0) =
0 = a(0,1) = a(P1). In order to obtain the desired conditions on the boundary
of the diamond, we interpolate the values of @ at P;, Py, P3 linearly. This yields
a new piecewise affine, continuous function u. By construction we have u(P;) =
0 = u(P2), thus, u vanishes on the whole line segment connecting the points Py
and P,. Moreover, by choosing ¢ = He{ it is ensured that the resulting
(interpolated) vector field remains divergence free (this can be seen by an application
of Gauf}’s theorem or by the explicit computation of the gradient in the interpolation
region). Thus, in the interpolated region the gradient of u can be computed to yield
Vu =p 716 :2 with p = 7>\¢ = —A+ O(7%5). On the remaining part
of the first quadrant of the diamond, i.e. on the polygon defined by the points
Py, (0,0), Py, P3, the gradient distribution of u coincides with that of @. Now the

claim on the closeness of the gradients to the matrices My, M; follows by choosing
[ /,L = €,
e ¢ > 0 sufficiently small in dependence of A and §.

Carrying out similar considerations in the fourth quadrant, we obtain that the

e —é?
gradient in the corresponding interpolation region is given by p <1 . Finally,

using the point symmetry of the overall construction, u(z) = —u(—z), we obtain

the desired construction involving only five gradients. o
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The two-dimensional Conti construction can be extended to an arbitrary dimension
by inductively adding new points in each direction orthogonal to the already present
((n —1)-dimensional) building block. On these, the extended function is prescribed
so as to satisfy the correct boundary conditions. The final higher-dimensional con-
struction is obtained by interpolating between the “new points” and the lower di-

mensional construction (c.f. Figure right part).

Lemma 10. Let A € (0,1) and consider

0 0 0 0
Mo=11—-X 0 O], Mi=1]-Xx 0
0 0 0 0 0

Then for any § > 0 there exists 2 C R3, Q = Qo U Qy (each consisting of a finite,
non-empty union of tetrahedra), and there exists a piecewise affine, Lipschitz map
u:R? — R? such that

o Vu takes on at most 10 different values in 2,

e we have

V-u=01inQ,
u=0 onR?\Q,

e it holds

| My — Vu| <6 on Q,
|M; — Vu| <§ on 4.

Proof. We prove this lemma by applying the previous two-dimensional construction
and an additional interpolation. In fact, considering the three-dimensional diamond

given by the convex hull of the points
P1 = (07 150)7P2 = (65070)5 7P17 7P27 (0507 1)5 (0705 71)5

up(x)
we define u(z) = | ua(z) | by the previously constructed two dimensional function

0
in the {z3 = 0}-plane. We extend it to the three-dimensional tetrahedron by setting

u(+es) = 0 and interpolating in the resulting three-dimensional tetrahedra. As a
consequence, we obtain at most 10 different gradients. Since ug(z) = 0 on all of

the vertices on which w is interpolated, we infer us(z) = 0 by linearity. Thus, the

V’u, _ <V(U1,UQ) b) .
0 0

gradient of u reads
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Combined with the divergence freeness of the two-dimensional matrix V(uq,uz),
this demonstrates that the divergence freeness is preserved under the described

interpolation procedure. O

In order to control the volume distribution of the gradients/ symmetrized gradients
appearing in Conti’s construction, we use the following Lemma, which is again an

adaptation of the nonlinear situation treated by Conti [Con08].

Lemma 11. Let A € (0,1) and consider

0 0 0 0
Mo=11—-X 0 0], Mo=1]-X 0
0 0 0 0

For any § > 0 there exist domains Q,Qo, Q1 C R?, Q = QqUQ; (each consisting of
a finite union of tetrahedra and rectangular bozes), and a piecewise affine Lipschitz

map v : R? = R3 such that
o Vu takes on at most 20 different values,

e we have

V-u=0 1,
u=0 onR>\Q,

e it holds

|Moy — Vu| < 6§ on Q,
|M; — Vu] <6 on O,

e the volume fractions satisfy

Hz € Q;Vu & {Mo, M1}}| < 0]€.

Proof. We follow the ideas of Conti. Defining u(!) as the function from Lemma 10}

we set

u*=V(z — Ley), x> L,
uP (@) = ¢ D@ —a),  |nl <L,
u* =V (x + Ley), a1 < —L,

for k € {2,3} and L > 0 sufficiently large, to be chosen later. By definition,
this is a Lipschitz function. Its gradient remains unchanged for |zy| > L, while
the structure of My, My implies Vu € {My, M;} for |xi| < L. Finally, choosing

L = L(4) sufficiently large, also yields the claim on the volume fractions. O
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Remark 21. Such a precise volume control as provided by the previous lemma is
actually only needed when dealing with the case of rank-one convex hulls. Since it
does not impose additional technical difficulties, it is included already in the simpler

context of lamination convex hulls.

Application of Conti’s Construction to General Rank-One Con-

nected Matrices

In this section we illustrate that Conti’s construction can be generalized to satisfy
arbitrary boundary conditions and to take on prescribed gradient values (up to
a previously determined error) in certain tetrahedra. With this construction, we
obtain a function which satisfies the correct boundary condition and whose interior

gradient configuration is modified along a rank-one segment.

Lemma 12 (Deformation of Conti’s Construction). Let § > 0 and assume that
M € R3*3 tr(M) = 0, such that there exist a € R3\ {0}, n € S%, My, M; € R3*3,
A€ (0,1) with

M =AMy + (1 — X\) My,
My —My=a®n, a-n=0.
Then there exist sets 2,9, C R, © = Qo U Qq; Qo, Q1 each being a union

of finitely many tetrahedra, and there exists a piecewise affine Lipschitz function

u: R3 = R3 satisfying:

e the gradient of u attains at most 20 different values; it is constant on the

tetrahedra which are the components of Qg and 1,
e Vu=M inR*\ Q,

e V.u=0,

[Vu — My| <8 on Qo, |Vu— M| <4 on Oy,

Hz € Q;Vu & {Mo, M1}}| < 0]€.

Proof. By a translation in matrix-space, a rotation in z-space and a rescaling in

u-space we may assume

1 0
M=0,n=|0],a=|1
0 0
Hence, we obtain
0 0 0 0
My=11-X 0 O], My=]-X 0
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Now the claim follows from an application of Conti’s construction, Lemma O

Rank-One-Connections from Symmetrized Rank-One-Connec-

tions in R3

In constructing the in-approximation, it will be necessary to move the involved
strains closer and closer to the strains of the approximated set K. In order to do
so, we intend to apply the deformed Conti construction iteratively. As the first
step consists of finding the “right” rank-one connected matrices (My and M; in
Lemma [12)), the following gives a characterization of the property of being rank-
one-connected.

Lemma 13. Let e; € R3X3 tr(e;) = ¢, i € {0,1}, eg # e1. Then the following

sym?

statements are equivalent:

1. There exist matrices My, My and vectors a € R3\ {0},n € S? such that
1
2
Moy—My=a®n, a L n.

(M; + M}) =e;, i € {0,1},

2. There exist vectors a € R3\ {0},n € S? such that

e1—ep==-(a®@n+n®a).

N | =

3. It holds det(e; — ep) = 0.

Proof. The statements 1 = 2 = 3 and 2 = 1 are clear. It remains to prove that the
third statement implies the second. As e —eq is symmetric, there exist orthonormal

eigenvectors vy, va,v3 € S? with eigenvalues A1, A2, A3 € R such that
€1 — €y = )\1’[)1 X v + )\2’[)2 X vg + )\3’[)3 X V3.

As the determinant vanishes, we may assume that A3 = 0. Furthermore, the
condition on the traces of the strains, e;, implies tr(e; — eg) = 0, leading to
Ao = —A1 =: —\. Hence,

61760:)\(’01@1}17’02@’02)

= %((Ul +v2) ® (v1 — v2) + (v1 —v2) ® (V1 + v2))

1
:§(a®n+n®a),

for n := vy — v2, a := A(v1 + v2) (a reversal of the signs in a, n would also have

been possible). O
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Remark 22. e In an arbitrary dimension, d, the first two statements remain
equivalent. The third condition becomes a necessary but not sufficient condi-

tion.

e The choice n = v; —va, a = A\(v; +v2) implies a bound for the skew symmetric
part S = 1(a®@n—n®a) of My — My: |S| < 4|A|.

With the previous lemma we have obtained a necessary and sufficient condition for
(symmetric) rank-one-connectedness. This will be applied to the strains contained
in the wells. We will move an arbitrary strain in the interior of the lamination
convex hull of the wells closer and closer to the extreme points, i.e. the wells.

The procedure we apply is iterative in the sense that we first show that a given
strain in £;(U) can be moved towards £;_1(U). This is the content of Lemma [14]

Lemma 14. Let M € R3*3 tr(M) =0, eg,e1 € R3X3 tr(e;) = 0 and assume that

sym?’
the matrices ey # ey are symmetrized rank-one-connected such that for é := e(M)
there exists A € (0,1) with

é = )\60 + (1 — /\)61.
Then there exist My, My € R3*3 a € R3\ {0}, n € S? such that

e(My) = e,
e(My) = ey,
My —My=a®n, a-n=20,
M = AMo + (1 — N\)M;.

Proof. By an application of Lemma [13] we obtain a skew symmetric matrix S and
vectors a € R\ {0},n € S? such that

el—eo—i—g:a@n.

Setting S(M) := (M — M?), we have

M= Xeog+ SM))+ (1 —X)(ex + S(M))

=Meo +S(M) + (1= X)S) + (1 = N)(e1 + S(M) — AS),

for an arbitrary skew symmetric matrix S. Choosing S := S and setting

My := e+ S(M) — (1 —\)S,
M1 =e1 +S(M)+)\§,

yields the desired rank-one-connected matrices. O
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5.5 Controlled Convergence Lemma

The key to the overall construction is provided by the “oscillation control lemma”
of Miiller and Sverdk [MS99]. Tt states that a very strong L control allows to
improve weak W1P, p > 1, convergence to strong W' convergence. The central
idea is a “separation of scales”: While the gradient may vary on scales of order
one, the L bound implies that these oscillations take place on an extremely small
spatial scale. Simultaneously, a convolution bound ensures that this scale is not
arbitrarily small, which avoids the danger of creating only weak — and not strong —

convergence.

Lemma 15 (Miiller-Sverdk). Let Q CC R” be a bounded set, p € C°(Q), pe(z) :=
Einp(f), [ pdz =1, p > 0. Suppose that v is a piecewise affine function on .
Q

Assume that uj : @ — R™ is a sequence satisfying

Huijl,p(Q) <C < oo for somep>1,
u; =v on 0%,
HVuj * Pe; — VujHLl(Q) <277,
jt1 = €05, 0o <1, €5 < 27U,
i1 = tjll ooy < Gjt1, w0 =,

g1 = 5l oo
42 = il poe () < 5 :

Then
Uj = Uoo in L(Q) NWHHQ) as j — o0.

Proof. We follow the proof of Miiller & Sverak [MS99]. Denoting Ujpl — Uj = P

and considering the geometric bounds on §; we have the estimate

[ -

o)
Huj - uj'HLoc S Z ||¢]||Loc S 2 "¢min{j,j’}

min{j,j"}

Thus, there exists uo such that u; = us in L*. Due to the boundedness of the
WP norm and the L™ convergence, we may further assume Uj — Ugo iN WP, We

prove strong convergence in W11
IV (uj = too)ll L1 () < [V = Vu; *pe, HLl(Q) +[|Vttoo # pe; — VUOOHLl(Q)
+ HVuj * Pe; — Voo * e,

ooy

Here the first term converges to zero by the assumptions, while the second one

converges by properties of convolution. For the third term we make use of the
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strong L control. Denoting Q, := {x : dist(x, 9) > 2¢;}, we have

HVuj*pEj — Voo * p; |Vuj * Pe; —Vuoo*pejH

HLl(Q) = | L(9y)

195 %~ Tt % sy

The second term on the right hand side can be bounded by means of Young’s
inequality combined with the smallness of |2\ ;] and the uniform W' assumption

on the u;. For the first term we apply the following estimate:

HVUJ * Pe; — Voo * pEjHLl(Q].) = H(UJ - UOO) * vPeJ HLl(Qj)

IN

G_j HU] - UOOHLoo(Q) .

Since by assumption
s = el ey < 2ty = sl ey < 26585

also the last term can be made arbitrarily small for sufficiently large j. O

By invoking Conti’s construction in successively building up a Miiller-Sverak se-
quence, i.e. a sequence satisfying the conditions of the controlled convergence
lemma, it will be relatively easy to obtain improved volume fractions on which
the strains are closer and closer to the desired sets. However, the necessary differ-
ence in the displacements will not automatically be small. As a consequence the
following construction will repeatedly play an essential role, allowing to change the

L norm of a function and preserving the gradient distribution at the same time.

Remark 23 (Vitali-Construction). Let f: Q — R™, f € W,>°(Q). Partitioning 2
into rescaled copies of Q of side length €;, @ = |JQ; := U(z; + ), and setting

u(z) := e f(£=2L), yields a function which has the same gradient distribution in

€

as f and which satisfies the L*>° estimate

ull oo () < € 1Nl oo () -

This construction makes it possible to preserve a gradient distribution while im-

proving the L control.

5.6 Proofs of Propositions & 22|, Corollary

Finally, we combine the previous considerations and construct a Miiller-Sverak se-

quence with the in-approximation properties.
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Proof of Proposition

Proof of Proposition[21. Let Q CC R3 be a bounded set, U C R3X3 open, trace-

sym

free, v : 0 — R3 piecewise affine such that
e(Vv) € U'e.

Without loss of generality, we may assume that v is affine (else we restrict to the
affine parts), v = Max.

We construct a solution of the inclusion problem via iteration. Setting u; := Mz,
we modify this function by applications of Conti’s construction.

By Whitney’s decomposition theorem for any ¢ > 0 we obtain a disjoint covering
o0

of Q:= | (¢;Q +bj) = U Q; by translated and rescaled versions of the domains,
j=1 j=1

Q., used in Lemma [12]

Since e(M) € U'® there exists n = n(M) < oo such that e(M) € £, (U). As a con-
sequence, it is possible to find eg,e; € L,—1(U), symmetrized rank-one-connected,
such that

e(M) = Xeg + (1 — Ney.

For each k € N, we apply Lemma [14] combined with Lemma [12] on Q. This yields
a Lipschitz function u§ : Q) — R? as well as a partition of ) into QF and Q¥, each

being a finite union of tetrahedra satisfying
uk = Mz + ¢% on Qy,

with ¢¥ € W, '*°(€y,). Combining the functions u, uy = 3 u}, we have
kEN

Vuy = M on R*\ Q,
V'UQZOOHR3,
us = Mz 4 ¢1 on §,

where ¢; € WO1 "> is piecewise affine taking on at most 20 different values for its

gradient. Moreover, e(Vug) is close to L,—1(U):
e(Vu) =ej +e} , j€{0,1}
with |e§1| < §. Choosing € = €(d, M, U) sufficiently small, we deduce e(Vuz) €

L,-1(U), as the openness of U implies the openness of £,,_1(U) (c.f. Section .

On the rescaled tetrahedra on which the gradient is constant, we iterate the con-

struction described above. Since now e(Vug) € L,-1(U), we deduce that n — 2
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further steps yield Lipschitz functions ¢,,_1 € Wol (Q), up—1 : R* — R3 such that

Vu,_1 =M on R? \ Q,
Up—1 =Mz + ¢n—1 on Qa
e(Vup—1) €U in Q.

This implies the desired conclusion. O

Remark 24. By an application of Vitali’s theorem the construction described above

shows that for any § > 0 it is possible to obtain an L bound of the form
[u—vllpe <6

for the solution u of the differential inclusion with boundary data v.

Proof of Proposition

Proof of Proposition[22. Without loss of generality, we may again assume that u =
Mz on 0. We iterate the construction described in the previous proof. In fact, by
the first two properties of in-approximations and an application of Proposition

it is possible to choose u; : R? — R3 such that

e(Vuz) € U; in ,
u; = uj_1 on 0L,

Jui = il oo o) < 0

for arbitrary, given §; > 0. In order to apply the Miiller-Sverdk Lemma which
would allow to iterate Proposition and still obtain a convergent subsequence,
we have to deduce LP bounds on the resulting gradients. Although Proposition
yields Lipschitz solutions, the Lipschitz constants are not uniform. On the contrary,
they strongly depend on the order of lamination of the boundary data and on the
skew-symmetric part of the boundary data. Hence, instead of deriving L* bounds
for the gradient, we refer to Korn’s inequality, c.f. [KO88|, [CDM12]: As for each
i €N, e(Vu;) € U and U'® is bounded, we infer via Korn’s inequality that

{Vu; — M}, is bounded in LP(R?), for all p € (1, 0).

As a result, for any p € (1,00) we can rely on uniform bounds for [|u;[|y 1., (q)-

Furthermore, in each iteration step, €; > 0 can be chosen such that
Vs % pe; = Vil 1 gy < 27"

Thus, the sequence u; can be constructed satisfying the assumptions of the Miiller-
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Sverdk Lemma, i.e.

[uwillwro@) < Clp) < oo, p>1,
u; = Mz on 05,
IV * pe; = Vil gy < 277,
dip1 = €dyy, 0 <1, ¢ < 270FD

w1 = w5l oo (o

lwivs = will oo () < Git1s g2 — tjll oo () < 2 ’
_ C
/dlst(e(vui)aK)dx < 9i—2"

Q

Combining the statement of the Miiller-Sverdak Lemma and the third property of
the in-approximation, this implies that for all p € (1, 00) there exists u € W27 (R?),

loc

such that (up to a subsequence)

w; — u in W (R?),

loc

u= Mz on 01,
e(Vu;) = K in L.

Hence, e(Vu) € K, which proves the proposition. O

Proof of Corollary

Proof of Corollary[2. By Proposition [22] it suffices to construct an appropriate in-
approximation to the problem. In order to construct this, we remark that due to the
(pairwise symmetrized) rank-one connectedness of the matrices the (symmetrized)

rank-one-convex hull agrees with the convex hull of the strains:
{61, ceey 66}lc = {61, ceey 66}00.
Thus, an in-approximation of {es, ..., eg} is provided by

U; := intconv{es, ..., eg},

Ul = {x: dist(z,e;) < ez} Nintconv{er, ..., es},
6 .
U, = J Ui,
j=1

for € > 0 such that ¢, — 0 as k — oco. The first and third properties of an
in-approximation are satisfied by definition. The second one follows from the sym-

metrized rank-one-connectedness of the strains, e;. O
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The Case of Rank-One-Convex Hulls

Also the inclusion problem with boundary conditions originating from the rank-one-
convex hull can be studied with the methods from the previous sections. The results
of Chenchiah & Schlémerkemper [CS12] indicate that this might be necessary in

order to deal with the cubic-to-monoclinic phase transition.

We formulate the central approximation lemma which corresponds to Lemma 4.1

in [MS99]. Instead of gradients, we have to consider symmetrized gradients.

Lemma 16. Let ¢ > 0 and let O C V be relatively open, F € R3*3 such that
e(F) € Off. Then there exists a piecewise affine map u : @ C R? — R? such that
e(Vu) € OfF a.e. in Q and

[{e(Vu) ¢ O} < €|Q], (5.6.1)
u = Fx on 09.

Proof. As in the argument of Miiller and Sverdk [MS99], this statement is proven
inductively. Let F' € R**3 with e(F) € O™ be given. By definition of the rank-one
convex hull there exists a compact set K C V such that e(F) € K. Therefore,
the characterization of the rank-one convex hull via laminates implies that there
exists v € M"(K) such that F' = . By the approximation argument of Miiller and
Sverdk there exists a sequence v; € £(0) such that v; = v, 7; = e(F). In order to
prove the lemma, we distribute the masses according the the measure v. For the
general case we argue by induction: If v = A\1d., + Aad., Lemma [11] together with

a covering argument yields the existence of a function u : Q — R3 such that
I{le(Vu) — A < 8} — M|Q| < e,

for any € > 0.

n—2

Let v, := > Ajoa, + $And A1 + (1- s))\néAgL be a laminate of finite order. Then the

=1
n—1

inductive hypothesis allows to assume that there exists a laminate v,,—1 = )" ;4 A;
=1

with the property that A,,_; = sAL +(1—s)A2, AL A2 being symmetrized rank-one

connected. Furthermore, the inductive hypothesis yields
{le(Vu) — A;] <8 —N|Q <€ ie{l,...,n—1}.

Let FE, be the set on which |e(Vu) — A,_1| < 6. On each of the components on
which e(Vu) is affine, we apply Lemma [9 with the strains AX — (e(Vu) — 4,_1),
k € {1,2}. This yields the desired approximation corresponding to v;. Since O"° is
open and due to the convergence of v; to v, there exists j € N such that is
satisfied. O

Using this lemma, the arguments for Propositions with boundary data in



128 CHAPTER 5. NON-RIGIDITY

Ume, K¢, respectively, follow as in the previous proofs by an application of the

WP bounds obtained by Korn’s inequality.



Chapter 6

Rigidity of Piecewise
Polygonal Configurations

6.1 Introduction

As pointed out in the previous chapter — morally speaking — convex integration
techniques yield “physically unrealistic, wild” solutions of the differential inclusion
(4.0.1). Complementary to this, results from the literature indicate that combining
the n-well problem with a regularity constraint on the deformation or on the strain
allows to recover rigidity, c¢.f. [DM95a], [Kir98]. We pursue this philosophy in the
sequel in its most primitive form: We investigate the differential inclusion (4.0.1

under the assumption of dealing with piecewise polygonal phase distributions, i.e.
the support of each phase only consists of a finite (but arbitrarily large) number
of polygons. In this case we prove that locally the most complicated, compatible,

exactly stress-free configurations are crossing twins.

Overview of the Previously Existing Results and Methods

As reviewed in the previous chapter, it is not unusual that non-rigidity results
for a partial differential inclusion can be complemented by rigidity results under
additional regularity requirements. In the sequel we recall some of the techniques

which are used in the literature.

e The Two-Well Problem. As already described, the nonlinear two-well
problem does not feature rigidity in general. However, it is possible to re-
cover this property if additional BV conditions are imposed, c.f. [DM95b].
Dolzmann and Miiller approach this rigidity property by “linearizing” the
nonlinear problem: The BV conditions allow to extract information from the
nonlinear compatibility equations in order to give an explicit description of
the jump set of the strain gradient. Then the commutativity of the group

SO(2) can be exploited for a “linearization” procedure.

129
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e The Cubic-to-Tetragonal Phase Transition. In the case of the three-
dimensional cubic-to-tetragonal phase transition, the strategy of Dolzmann
and Miiller cannot be pursued any more, as, in contrast to the rotations
of R%, the group SO(3) of rotations of R? is no longer commutative. As
a consequence, the “linearization” technique cannot be applied any more.
Instead, Kirchheim [Kir98] uses a more combinatorial approach: Referring to
the explicit structure of the normals involved in the phase transition, combined

with (general) properties of BV functions, he tackles the problem.

For our problem neither of the strategies seems to be applicable: The approach
of Dolzmann & Miiller does not provide a suitable framework as the non-rigidity
phenomena occur in the linear model in our situation. Thus, there is no immediate
chance of reducing the model to a simpler differential inclusion with stronger rigidity
properties. Furthermore, the ideas of Kirchheim strongly rely on the structure of
the cubic-to-tetragonal phase transition and its relatively small number of rank-one
connections.

However, instead of facing six different normals, each uniquely associated with a
single jump, we are confronted with 21 different normals, allowing for non-unique
jumps. As a result, we choose a different strategy in order to deal with the problem:
Motivated by considerations concerning two-dimensional toy models and by having
good compatibility conditions for two-dimensional homogeneous corners, we first
investigate the homogeneous situation (which can be considered as the blow-up
of the more general piecewise polygonal case). Then, combinatorial considerations
allow to carry these local insights over to the global situation of piecewise polygonal

configurations.

Bifurcations with Respect to the Different Parameters for §

In studying the cubic-to-orthorhombic phase transition, it is interesting to under-
stand the behaviour of patterns in their dependence on the parameter 9, c.f. Figure
As we will see in the sequel, this changes very discontinuously at certain dis-
crete values. In fact, exceptional cases are given by ¢ € {0, i%, +3}. In all the
other cases — and in this sense we refer to these parameters as being “generic” —
the behaviour of the emerging patterns is comparable: Here, possible configurations
have at most the complexity of crossing twin structures. Moreover, in all these cases
there are explicit examples of patterns consisting exactly of crossing twins.

If one compares these crossing twins, one realizes that there are (up to symmetries)
essentially two different cases, c.f. Figures in Section In the first
case (including e.g. configurations K1 and K3 in Figure[6.4) the situation collapses
to the usual laminate construction for 6 — 0. However, the situation is different
in the second case (including e.g. configuration K2 in Figure [6.4): There is no
continuous transition from § > 0 to the laminate situation of § = 0. In this sec-
ond situation the slopes of the inner twins converge against the slopes of the outer

twins. Instead of combining two phases which both collapse to the same variant of
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Figure 6.1: The generic behavior of possibly emerging patterns in dependence of
the parameter 9.

martensite in the limit § — 0, the individual inner twins “form new bands”.
Regarding the non-generic situations ¢ € {0, i%, +3}, the simplest case consists of
d = 0. As this (formally) corresponds to the cubic-to-tetragonal phase transition,
the results of Dolzmann & Miller [DM95a] imply that the possible patterns are
less complex than in the generic situation: Locally, at most laminates occur. The
remaining cases § € {i%, +3} display a much greater variety of different configura-
tions. This is a result of various normals coinciding or falling into the same planes
in these situations (c.f. Section for a brief discussion).

6.2 The Main Results

Let us now describe the main results and the methods of our proof. We are interested
in classifying the possibly emerging stress-free patterns for generic § — i.e. § ¢
{£3,43}. From the discussion of our model, c.f. Section we know that:

e All of the strains determining the cubic-to-orthorhombic phase transition are
pairwise (symmetrized) rank-one connected via two possible normals, i.e. for
each i # j there exist vectors a;; € R?\ {0}, n;; € S* with the property

6(1) — e(J) = 5(04']‘ R ngj + Ny @ aij). (6.2.1)

e Thus, possible non-constant configurations of these strains are, for example,
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given by laminates, i.e. twin configurations jumping at the normals deter-

mined by .

e In contrast to other martensitic phase transitions such as the cubic-to-tetragonal
transition, laminates do not constitute the only possible configurations. On

the contrary, so-called crossing twin structures can form as well (c.f. Fig. [4.3).

The main result of this chapter states that, generically, twins and crossing twins
are the only possible configurations; in particular, more complicated structures can

be excluded. In fact, we prove the following statement:

Proposition 23. Let § ¢ {£3,4+3}. Assume that Q C R® is a Lipschitz domain.

Then any piecewise polygonal strain with
e(Vu) € {eM, ..., e} in Q,

is locally either given by a laminate or a crossing twin configuration (c.f. Figures
(6.5, [6.6). More precisely, there exists a universal constant ¢ > 0 such that for
any ball By(xo9) CC Q) the configuration in Be.(xo) is either a simple laminate or a

crossing twin configuration.

Rigidity statements of this form have been a topic of very active research in the
last two decades. In particular, after the unexpected discovery of “wild” convex
integration solutions by Miiller & Sverdk [MSQQ] a strong interest in rigidity prop-
erties of the underlying models developed. Starting with the work of Dolzmann
& Miiller [DM95a], [DM95b] on the two-well problem, such properties have been
studied systematically, c.f. [Kir98], [Con08], [DKMS00a], [CDK07], [CO12]. For ex-
ample, Dolzmann and Miiller prove the following theorem for the cubic-to-tetragonal
phase transition (which can, mathematically, be interpreted as a special case of the

cubic-to-orthorhombic phase transition) in a geometrically linear framework:

Proposition 24 (Dolzmann & Miller, [DM95a]). Let § = 0. Then any configura-

tion of strains taking values in {e(l), e 6(6)} 1s locally a simple laminate.

A central observation underlying all previously mentioned articles consists of noting
that while the respective (nonlinear) n-well models can display convex integration
solutions, models involving surface energy constraints do not. On the contrary, the
above cited works have shown that under BV conditions strong rigidity properties
hold.

As the first part of our discussion exemplifies, the cubic-to-orthorhombic phase
transition displays such non-rigidity already in the geometrically linearized theory
of elasticity. Therefore, a better understanding of conditions guaranteeing rigidity
in this case seems desirable. Due to the large number of possible jump planes, such
an analysis involves strong combinatorial elements already in the piecewise affine

setting.

The proof of our result consists of two central elements:
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o Classification of zero-homogeneous strain configurations (i.e. e(Vu)(Azx) =
e(Vu)(x)). This corresponds to characterizing all possible three-dimensional
corners involving strains of the cubic-to-orthorhombic phase transition. Here,

we prove the following central proposition.

Proposition 25. Let § ¢ {:I:%,:I:B}. Then any zero-homogeneous strain is
given by a laminate or a crossing twin configuration (c.f. Figures (6.5,
[6.6)).

The classification of all homogeneous solutions can be considered as a neces-
sary initial step in attaining a full understanding of configurations involving
finite surface energy, i.e. piecewise polygonal structures and, in possible future

work, also configurations involving BV constraints.

e Combining zero-homogeneous corners. As there are only finitely many jumps
in piecewise polygonal configurations, these may be considered as combina-
tions of only finitely many homogeneous corners which possibly yield a new,

possibly more complex compatible structure.

Technically, the proof of our rigidity result consists of four key ingredients:

e Regularity. In a first step the strain equations are used in order to characterize
homogeneous corners. We show that the “piecewise affine situation” is the
correct one, i.e. strains can indeed only jump at planes determined by the

piecewise affine compatibility conditions.

e Blow-up procedure. Instead of investigating the behaviour of a possible corner
close to the origin, we “blow up” the corner. In three dimensions it is sufficient
to understand the patterns which a corner induces on a sphere surrounding
this corner, as compatibility amounts to a second order condition. Hence,
if a configuration is compatible on the sphere, it is also compatible at the
origin. (This would not be true in two dimensions as configurations which are

compatible on the circle might still induce Dirac masses at the origin.)

e Combinatorics on the sphere. In a third step a Mathematica aided (sym-
bolic) “brute force” computation combined with combinatorial considera-
tions demonstrates that the only possible zero-homogeneous configurations
are made up of laminates or crossing twins. An alternative approach without
Mathematica computations is presented in the appendix. There we make ex-
tensive use of combinatorial considerations.

Combinatorial considerations for certain special lines (“invariant lines”) also

play a central role in proof of the piecewise polygonal result, Proposition

e Strain equations. In certain planes combinatorial arguments do not suffice.
As, however, in this situation only four of the six strains have to be taken
into account, we argue via the classical strain equations. In these planes we

deduce rigidity.
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The remaining part of the chapter is organized as follows: In Section we recall
various properties of strain tensors. Sections and treat zero-homogeneous
strains. In a first step we derive regularity properties of zero-homogeneous strains
(Section and in a second step we carry out the necessary combinatorial consid-
erations (Section[6.5). In Section we address the piecewise polygonal situation.
Last but not least, in the appendix, we give an additional computer-free, yet com-
binatorially more involved proof of the main rigidity result and briefly comment on
the situation of 6 € {£3, £3}.

6.3 Preliminaries

Some Properties of Strains

We recall that a strain can be characterized by a Poincaré-like condition:

Lemma 17. Let U C R? be simply connected, e : U — R3X3 . Then the following

sym

are equivalent:
e ¢ is a strain corresponding to a deformation u,

o e (distributionally) satisfies the strain equations
V x(Vxe)=0, (6.3.1)

i.e. the following system of partial differential equations is satisfied distribu-

tionally:

a32,3622 + 6222633 = 26263623,
d3ze11 + 071 €33 = 2010313, (6.3.2)

2 2
Oype11 + Ofp €22 = 20102612,

0203e11 = O1(—01e23 + O2e13 + D3€12),
3133622 = 32(31623 - 32613 + 33612), (6-3-3)
010233 = 03(01€23 + O2e13 — D3€12).

Remark 25. As a strain tensor (six degrees of freedom) originates from a displace-

ment field (three degrees of freedom) only three of the six equations are independent.

Proof of Lemma[17. As the first implication only amounts to a simple calculation,
we only consider the second one. For that purpose we regard the vectorial formu-

lation
V x(Vxe)=0.

Since U is simply connected, Poincaré’s lemma implies

V xe=Vuw (6.3.4)
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for a field w : U — R3. Defining w;j := —€;j5wy, we obtain

(V X w)ij = €arOiwjr
= —€ilk€jksO1Ws
= —€ur€ins(V X )
= — (85015 — 955015)(V x €)1
—(V x e)ij,

where we exploited symmetry properties of the expressions involved. As a conse-
quence, we have

0=Vxe+Vxuw.

Therefore, a second application of Poincaré’s lemma yields the existence of a field
u: U — R3 satisfying
Vu=e+w.

The uniqueness of such a decomposition implies the claim. o

As we will rely on various changes of coordinates, we briefly recall the transformation

behaviour of strains. Being tensors of order two, they obey the following rule:

Lemma 18. Let e : R? = R3X3 be g strain corresponding to a displacement field

sym

u. Let C € GL(3) and consider new coordinates given by

=

=C 7'z, 0= Cu.

Then the transformed strain é(@@)(fc) = w can be derived from the

original strain e:

e(Vi) () = Ce(Vu)(z)C".

Polar Coordinates for Zero-Homogeneous Strains

Working with homogeneous strains, equation can be rewritten as an equation

on the sphere. For this purpose we use the following polar coordinates convention

r cos(yp) sin(v))
xz = | rsin(p)sin(y) |, ¥ €[0,7), ¢ €[0,27).
rcos(v))

Hence, on the unit sphere the second derivatives for zero-homogeneous functions
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turn into
8—2— Sin(('0)37(303 cos i cos(p) sin
o = (50 o cosi)con(u) 5 -+ cosli)sin)
(32212 costcostu )
8—2— COS(('D)Q sin(¢) cos ifsin sin
2xy (sin(w) dp +sinlp) cos(y) P @) (¢)>
cos(e) O sin(¢) cos 9
(S8 + st costuy ).
0? 0 9 0
82—903 = %(sm (7/1)%),
o _ _sin(p) 9 cos(¢p) cos i—cos sin
Ox1019 ( sin(v)) Op + cos(p) cos(y) oY 2 (¢)>
(S92 bsinte)costv) )
& = | —cos(yp) cos i sin(cp)i cos(p) sin sin i
e =~ costhcostu) g+ SHELL 4 cos(ie)sin()) (s ).
02 , 9  cos(p) O , , , 3}

The difficulty of working directly with the strain equations on the sphere stems
from the dependence on two independent variables, i.e. in contrast to toy models

on one-dimensional spheres, we are confronted with a PDE instead of an ODE.

6.4 A Regularity Result

We now turn to proving the rigidity statement. As a first step, we give a justification
of the “piecewise affine” picture for zero-homogeneous strains. For that purpose we

deduce “one-dimensional conditions” from the strain equations.

More precisely, this step is achieved by considering the strain equations restricted
to certain great circles on the sphere. On these, the equations turn into equations
of a single variable from which it is possible to deduce additional regularity of the
strains along these great circles. Carrying out a change of coordinates allows to
conclude that similar equations hold on (almost) all great circles. Thus, via the
regularity gain we can characterize all great circles on which jumps in the strains

may occur. As a consequence, we derive the “piecewise affine” picture.

In order to carry out such an argument we need the following consequence of the
coarea formula. This becomes necessary in order to show that there are sufficiently

many “well-behaved” great circles.

Lemma 19. Let e € L>(S*;R3X2) and let n. be a mollifier. Then for almost every

sym

great circle C we have convergence of the convolution e := e x 1. restricted to this
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one-dimensional set:
e (r) = e(x) as e = 0,

for H almost every x € C.

With this statement we can derive one-dimensional compatibility conditions from

the strain equations. Using our polar coordinates convention with » = 1, we have:

Lemma 20. Let C be one of the following great circles:

x(" )’ x(oa')a 'T(ﬂ-")’ -T(g;'); ZC(—,)

s
2 2

Assume that e € L>®(C;R3X3) and that ef|c — e|c as € — 0. Then the strain

sym

equations imply (depending on the respective great circle, one of) the conditions
cos®(p)err + sin?(p)eas + 2sin(p) cos(p)ers € W;’OO,
sin?(1)e11 + 2 cos(vp) sin(v))ers 4 cos(th)ess € W;"’O,
in®(1))ers — 2 cos(h) sin(1))exs + cos(yh)ess € W™, (6.4.1)
cos” (¥)ess + sin® (1)) eaa + 2 cos(¥) sin(v)eas € WJ,’OO,

(1) ess + sin® (1)eas — 2 cos(4h) sin(th)eas € W™,

wn

COSs

where Wli’oo = {u € L>(S?)| u(p,-) € Wh>} and W) is defined analogously.

Remark 26. The different signs in the second and third as well as the fourth and

fifth equation correspond to a rotation of § with respect to the z3-axis.

Proof. We consider the first equation, i.e. the equation for the angle

W=

v | 3

The heuristic idea of the proof consists of considering the strain equation on the
given great circle. Under the assumption of a sufficiently regular strain, we may

restrict the strain equation onto this great circle:

sin2(<p)%€22 + COS2(@)%€11 + 25sin(p) COS(QD)%@lQ =0.

Commuting the derivatives with the functions of ¢, yields

0, . .
a—(p(sm2(g0)€22 + cos?(p)err + 2sin(yp) cos(p)erz) € L™,
which implies that as a function of ¢

sin®(p)esn + cos®(p)err + 2sin(p) cos(p)ers € W;"X’.

In order to make this argument rigorous we use convolution and the assumed con-
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vergence properties of the convolved strains. In fact we have

o . . . . . . e oo
%(51112((,0)622 + COSQ((,D)ell + 25sin(p) cos(p)ely) = P(sin(p), cos(p),e) € L™,

where P is a linear expression in the strain.

We formulate this as a distributional equality

. € € . € 9
- /(51n2(90)€22 + cos®(i)ef; + 2sin(p) COS(‘P)‘?m)%gd@

C

= [ ¢PGsinge) cos(i), e
c
Passing to the limit € — 0 leads to

0
— /(Sin2(<,0)622 + cos?(p)er1 + 2sin(yp) cos(tp)elg)%gd(p
c

= /Q“P(sin(go), cos(p), e)dp.
C

Hence, we conclude
sin?(p)eas + cos?(@)err + 2sin(y) cos(p)ers € W;’OO(C)

for ¢ = . The remaining equations can be derived analogously. o

Remark 27. Due to Lemma the assumptions on the convergence of the strains
on the specified great circles can always be achieved after an appropriate change of

coordinates.

In the sequel we extend the one-dimensional equations obtained above to equations
on the whole sphere. For this purpose we carry out a change of coordinates which

transforms a given great circle into one of the special great circles of Lemma

We only consider the first equation in for the moment. Changing coordi-
cos(yp) 0 —sin(e)

nates with a constant rotation matrix P(¢)) = 0 1 0 the equation

sin(¢p) 0 cos(y)

remains valid:

cos(p)
Lemma 21. Let v(p,¥) = P(¢) | sin(p) | and (&) = P(@)"e(v(p,¥)) P(¥).
0
Then holds true for H' a.e. choice of 1 € [0,7]:

fp.é(p,0)) = sin®(p)éas + cos®(p)é1r + 2sin(p) cos(p)éra € W™
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This can be rephrased as

cos(p) cos(p)
sin(p) | P(¥)" - e(v(e, ) P() [ sin(p) | = v(e,¥) - e(v(,4)) vip, ) € W.
0 0
(6.4.2)

Remark 28. Heuristically speaking, Lemma illustrates that we may assume
to be valid on the whole sphere. In particular, it demonstrates the use-

fulness of frame indifference.

Proof. After an appropriate change of coordinates holds on ¢ = Z. Thus,

2
we carry out the change of coordinates (determined by Pt(1)))

cos(p) cos(¢)
P() | sin(p) | = | sin(p)
0 0
Applying the transformation formula for strains yields the desired result. O

Finally, the “piecewise affine” picture can be justified by combining the previously

derived results.

Lemma 22. Let e1,...,es € R3<3 be such that there exist a;; € R*\ {0},n,; € S?
with e; —e; = 1(a;; ®@nj+n;®ay;). Then zero-homogeneous solutions of the strain
equations are piecewise affine and jumps in the strains can only occur at planes with

normals given by a;; or ng;.

Proof. Let ¢ € [0,7) be arbitrary but fixed. Using the notation introduced in the
previous lemma, we are interested in finding possible values of ¢ for which e(Vu)
may jump from one strain, e;, to another one, e;, on the great circle parametrized
by v(p, ). As f(p,é(p,1h)) is a W function of ¢, a jump from strain e; to strain

e; can only occur at an angle ¢ if

f (o, éi(po, 1)) = f(wo, (o, ¥))- (6.4.3)

Thus, in order to find the points on a given great circle on which the strains can
jump, it suffices to use to calculate ¢ as a function of ¢ and of arbitrary
strain configurations.

Recalling and dim(e; — e;) < 2, equation (6.4.3) reads

0=v(p,v) - (es —ej)v(p, ) = %U(Sﬁﬂ/}) (@ij ® i + nyj @ agj)v(ep, 1Y)

= (a; - v)(ni; - v).

This implies that jumps can only occur at angles g with

Qij - /U(QOOa/l/}) =0or Tij - 0(50051/}) =0.
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Combining this with the other equations in , yields the claim (it is in fact nec-
essary to use the other equations as well, since the previous Lemma only guarantees

the validity of the equations on almost every great circle). O

6.5 Combinatorics on the Sphere

In this section we present the second key ingredient of the rigidity proof for zero-
homogeneous configurations. This includes (symbolic) Mathematica computations
and a combinatorial argument showing that the configurations cannot be more com-
plex than the crossing twin structures. (A Mathematica-free proof involves slightly

more combinatorics and is postponed to the appendix.)

We make use of two central elements.

e Local combinatorics. Firstly, we calculate — with a symbolic calculation in
Mathematica — all possible intersections of the jump planes/ jump great cir-
cles on the sphere, saving the respective points, normals and strain variants
involved. This yields a two-dimensional situation in which it becomes possible
to determine all compatible configurations by checking simple compatibility
conditions. Thus, Mathematica calculations characterize all spherical points

at which two-dimensional corners can occur.

e Global combinatorics. In the second step it remains to combine the local
information into global structures on the sphere. This is carried out “by

hand” by checking all possible patterns on a graph on the sphere.

Before discussing the situation on the sphere, we recall the following compatibility

condition.

Lemma 23. Letey,...,e, € R3%3 and assume that there exist vectors a;; € R3\{0},

sym
ni; € S such that

1
€ —€j = E(Gz‘j ® nij + nij @ aij) for i # j.

Assume that there exists a point at which m of these strains form a corner. Then

turning once around the corner, it holds

m
E Wiy gy @ Ny = 0.
k=1

Remark 29. In the formulation of the lemma we keep track of the orientation, i.e.
while the normal and shear corresponding to a jump from e; to e; is given by n;;, a;;

the normal and shear for a jump from e; to e; is given by nj; = —n4;, aj; = a4;.
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Proof. This follows from the fact that in order to have a compatible corner not only
the symmetric parts of the strain, but also its antisymmetric parts have to “fit”,
i.e. turning once around the corner, one has to arrive at the initial skew symmetric

matrix. O

We begin by characterizing all possible intersection points of different phases on the
sphere. At this stage we make use of symbolic Mathematica computations in order

to obtain the intersection points, and to subsequently derive all admissible corners.

When speaking about intersection points, it will be convenient to use the notion of

degree. Therefore, we introduce the following definition.

Definition 9. A point x € S? is a corner of degree n or an n-fold corner if in an
arbitrarily small neighbourhood of x there are n (not necessarily pairwise different)
strain variants separated by great circle segments such that neighbouring strains are

pairwise different.

Excluding the cases § € {£3,4+3} (which are briefly discussed in the appendix), we

have:

Lemma 24. Let e € {e,...,e(®} and § ¢ {£3,£3}. Then there are only corners
of degree two (which locally correspond to twin configurations) or of degree four on

the sphere. The corners of degree four can only occur at the points

1 1
(1,0,0),(0,1,0), (0,0,1), ( 75,—2, (E’__To)’
IR

V2 VRV \f

and at their respective antipodal points. A schematic overview of all possible corners

is given in Figures 6.5, (6.0l

1
\/_ \/_
(0 )

Proof of Lemma[24] The lemma follows from a Mathematica computation: In a
first step we compute all possible points of intersection of the various jump planes.
Secondly, we compute the possible configurations at these points. As at most four
planes intersect at a given point, this yields an upper bound on the degree of the
corner — the degree is at most 8. Then the admissible corners are found by checking

the (oriented) compatibility condition

m
E Ny O iy, = 0.

O

The characterization of the possible corners allows to combine the local information,
i.e. the possibility of forming corners, with the global structures on the sphere.
This is achieved via a “brute force” argument successively considering all possible

combinations of jumps. Fortunately, this reduces to understanding the behaviour
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of the strains at the four-fold corners; thus the necessary combinatorial effort is

limited.

Proof of Proposition[23. Tt suffices to prove the statement at the points (1,0, 0) and
(%, %, 0), as the other points can then be obtained by a rotation of the coordinates
(which coincides with symmetries of the strains). For these two points we argue
combinatorially, i.e. we start with a four-fold corner at the given point and show
that any configuration resulting from this has to be a crossing twin structure. In

the sequel we will make extensive use of the following claim.

Claim 1. Starting from a given four-fold corner, the configuration remains un-
changed until the next corner at which a possible four-fold corner can occur is
reached. More precisely, for each edge of the currently considered configuration
there is a neighbourhood such that the configuration remains constant until the next

possible corner is reached.

Proof of Claim 1. We show that if this were not the case, another four-fold corner
would exist prior to the next corner: This follows from the fact, that, on the one
hand, there is only a finite number of corners. On the other hand, any change of
configuration not occurring at one of the admissible corners of degree four would
create a corner of degree at least three on one of the edges, which is impossible

before reaching the next admissible corner. o

The argument excluding structures different from crossing twins consists of succes-
sively considering all possible configurations starting from a given one and proving
that, apart from the initially chosen four-fold corner, the only further compatible
corner of degree four is the antipodal point of the initial corner. In the sequel we
carry out the argument for 6 ¢ {+2, £3}.

Step 1: Configurations at (1,0,0) involving K3.

We begin with the configuration K3 at (1,0,0) (in Figure[6.4] this corresponds to the
third configuration). We remark that the schematic notation of Figure actually
corresponds to four different configurations (c.f. Figure[6.2), K3a - K3d.

By symmetry it suffices to consider the first two configurations, K3a, K3b. The
phase arrangement of K3c and K3d can be obtained from these by a rotation by
180°. Due to the observation contained in Claim [1} it suffices to exclude a change
in the configuration at the next four-fold corner. Thus, step by step, we check
compatibility at the vertices of the graph which is made up of the points at which

possible corners of degree four are located.

Before going through the individual vertices on the spherical graph, we point out

the following observation:

Observation 1. For both configurations K3a, K3b, the great circle passing through
the points (1,0,0), (0, —%, \%) always remains a phase interface, i.e. it always

separates two non-equal phases.
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K3a K3b
[0,0,1] 0,1,0] [0,0,1]

NORIRE) @1 )
L [0,1,1] L [0,1,1]
K3c L [0,1,1] K3d L [0,1,1]
— —
dD 1 @) c@ 16
: :
0,1,0Y | 001  [0,1,0Y | 0,0,1]
I I
1

Figure 6.2: Possible configurations K3a-K3d.

Proof of Observation[1l In order to understand this, we consider the possible changes
of the initial configuration at the points (0, f%, %) and (0, %, f%) As the con-
figuration at (0, _\/LE’ %) has to contain a direct interface between the strains e(!)
and e in case of K3a and a direct interface between e?) and e in case of K3b,
this implies that at this point either no change occurs or the configuration changes

to K2. In both cases the great circle with normal [0, 1, 1] remains an interface. At

(0, % — %) an analogous argument shows that the configuration either remains
unchanged or changes but preserves the phase interface determined by the normal
[0,1,1]. Hence, the claim follows. O

With this observation, we investigate the situation on the spherical graph. It is

possible to deal with the cases K3a and K3b simultaneously:

. (%7,%,0): Here possible configurations are provided by K13 and K14.
K13 can be excluded immediately as in this configuration e and e®) are
not neighbouring strains. K14 cannot be realized as this would cause a non-
admissible corner on the great circle passing through (1, 0,0) and (0, — %, %)
if § ¢ {£3,+3}.

. (%, 0, %) At this point the possible configurations are K11 and K12. As

above K11 can be excluded due to the arrangement of neighbouring strains.

In order to be compatible, we would need a corner in which e(*) and e(®

constitute neighbouring strains. Due to § ¢ {+32,+3}, configuration K12

cannot occur as this would involve a non-admissible corner on the great circle

connecting (1,0,0) and (0, f%, %)

e (0,—1,0), (0,0,1): At these points the configuration remains unchanged as
the configurations K9, K10 at (0,1,0) do not involve e® and K15, K16, as

the possible configurations at (0,0, 1), do not involve e,



144 CHAPTER 6. RIGIDITY

Figure 6.3: The configuration K3a on the sphere.

e (——=%,—-L,0): On the one hand, configuration K17 can be excluded as there

Vv2) o V2?
is no interface connecting e® and e®. On the other hand, K18 would produce
a non-admissible corner on the great circle passing through (—1,0,0) and

1 1
(Oa V2’ _75)

° (—%, 0, \/LE) Here, configuration K7 can be excluded immediately as it does
not contain a direct interface between e(*) and (. As in the previous consid-
erations, configuration K8 would entail a non-admissible corner on the great

1 1 )

circle passing through (—1,0,0) and (0, 75— 5)

As a consequence, we deduce that at (—1, 0, 0) the configuration has to coincide with
K3, i.e. there are no changes in the configuration at (0, _\/LE’ %) Furthermore, this
implies that the configuration also remains unchanged at (0, %, —%) Also, no
changes in the configuration are possible at (%, \/L? 0) or at (f%, \/L? 0) since the
configurations at these points neither involve the strain e™") nor e(?). Therefore, the
configuration is stable at (0,1,0) and (0, \/LE’ %) as well. An analogous argument
shows that there are no changes at (\%,0,—%), (—\%,0,—%), (0,—\%,—%)
and at (0,0,—1). Hence, the configuration is given by the expected, simple four-

fold corner.

Step 2: Configurations at (1,0,0) involving K4.

We consider the initial strain distribution given by K4. As in Step 1, we note that
the “diagonal” great circle remains an interface independent of possible changes
in the configuration. As above, we follow the possible four-fold corners for the
configurations K4a, K4b:

° (%, %, 0): K17 can be excluded as there is no direct interface between e(%)

and e®. The second configuration, K18, causes a non-admissible corner on
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the great circle connecting (1,0,0) and (0 ) for § ¢ {+3,+3}.

I
V27 V2
(%, 0, %) On the one hand, K11 is incompatible as there is no neighbouring
connection between e(™) and e(®). On the other hand, K12 would imply a
non-admissible corner on the great circle joining (1,0,0) and (0 ) if
§ ¢ {£3,+3}.

1 1
' 20 V2

(0,1,0), (0,0,1): These configurations are both incompatible as K9 and K10

do not include e® and e® and as K15 and K16 do not involve e and e®.

(0, %, %) The configuration K6 is not admissible since it does not contain
a direct interface between e and e(®). The second possibility, K5, can be
excluded since it would cause a non-admissible corner on the great circle
joining (1,0,0) and (0, %, \/ig)

(f%, %,0): Again, configuration K13 cannot occur as this configuration
does not involve a direct interface between e(®) and e®. K14 would cause
a non-admissible corner on the great circle passing through (0, %, \%) and
(—1,0,0).

As in step 1 this suffices to deduce that at (—1,0,0) the only compatible configura-

tion coincides with the initially chosen four-fold corner K4. Furthermore, the same

arguments as above imply that there cannot be any changes of this configuration.

Step 3: Four-fold configurations at (%, %, 0).

At this point the various versions of configurations K17 and K18 represent possible

four-fold corners:

e All initial configurations include the normals [3, -3, —24], [3,—3,24]. If § ¢

{i%, +3} then the great circles corresponding to these normals do not contain

any admissible corners except the starting point, (\/LE’ 0), and its antipodal

point, (f%, f%, 0). Hence, the configuration along both great circles is not
changed until the antipodal point is reached. As this holds for both great
circles, the configuration at the antipodal point has to coincide with the one
at the starting point. In effect, the whole great circle segments which are

determined by the normals [3, —3, —24], [3, —3, 2d] must be phase interfaces.

Due to the considerations carried out at the point (1,0,0), there cannot be a
change of the configuration at any of the points +(1,0,0), (0, 1,0), (0,0, 1)
as else this would have appeared in the analysis of the configurations at
(1,0,0).

At the remaining points i(%, 0, J%), i(f%, 0, %), +(0, %, %),

+(0, ,\/L? %), :I:(f%, %,0), no changes can occur, as any of the admis-
sible configurations at these points contains normals which are of the form

[£3,£3,£26] (and permutations thereof). Since theses great circles do not
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intersect any other admissible corner except the one antipodal to the start-
ing configuration, this necessarily leads to a non-admissible intersection point
with the great circles determined by the normals [3,—3,—24], [3,—3,20] if
§¢ {£2 £3}.

This proves the claim. O

6.6 Piecewise Affine Strains

Due to the previous results on zero-homogeneous configurations, it is possible to
tackle the piecewise polygonal situation without any homogeneity assumption for
the full six-well problem. In this setting we deal with structures involving an ar-
bitrary but finite number of jumps. These can also be characterized as piecewise
affine configurations according to Liouville’s theorem. Arguing via the classification
of the homogeneous strains, further combinatorial considerations and the classical
strain equations, we deduce that — like in the homogeneous case — the most in-
volved configurations locally consist of crossing twin structures in piecewise affine

arrangements of strains:

Proposition 23. Let § ¢ {£3,£3}. Assume that Q C R® is a Lipschitz domain.

Then any piecewise polygonal strain with
e(Vu) € {eM, ..., e} in Q,

is locally either given by a laminate or a crossing twin configuration (c.f. Figures
(6.5, [6.6). More precisely, there exists a universal constant ¢ > 0 such that for
any ball By(xo) CC Q the configuration in Ber(xo) is either a simple laminate or a

crossing twin configuration.

Such a result can only be proven locally since boundary effects cannot, in general,
be neglected. This means that in bounded domains there might be configurations
that do not correspond to simple laminates or crossing twins as the incompatible
corners are avoided by first hitting the boundary. In the sequel, we investigate the

following class of configurations:

Definition 10. A piecewise polygonal configuration of strains is an arrangement

of a finite number of strains such that
e the strains are locally constant,
e the domains with constant strains are polygons,

e for each strain variant there are only a finite number of different connected

components.

Remark 30. Similar definitions can be used in the periodic and whole space setting.
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K1 K2

(1,0,0) K3 K4

) K5 K6

Figure 6.4: Compatible corners involving the strains e(!), e(?) e®) e®) The dashed
lines depict the outer twins while the straight lines represent the “zig-zag bands”
of the inner twins.
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K7 K8

(0,1,0) K9 K10

K11 K12

\\ \\
AN AN
[1,0,—1] < [3,-20,-3]  [0,1,0] \_ 3, —25, —3]

Figure 6.5: Compatible corners involving the strains e(), e(?) () ¢(0),
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,0) K13 K14

(0,0,1) K15
[1,0,0] N [1,1,0] [1,0,0] N[, —1,0]
\\\ \\\
SR cXC
\\ \\
[1,10] Al,o] [1,-1,0] < Al,()}

/I
6

\\ \\
N N
[1,-1,0] ™\ 3,-3,—20]  [0.0,1] 3, -3, —24]

Figure 6.6: Compatible strains involving e(3), e(*) e(®) ¢(6),

K16

K18
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We first consider certain planar configurations of strains. In the proof of Propo-
sition these cannot be dealt with in a purely combinatorial manner. Instead,
the particular planar dependence of the strains allows for an analytic approach.
The configurations under consideration correspond to “parallel invariant lines” (c.f.
Observation [2).

In a second step we establish rigidity for “transversal invariant lines”. For these we

argue combinatorially.

Planar Configurations

In the sequel we demonstrate that in specific planes any configuration of marten-
site variants consists of at most crossing twins. The key ingredients are based on
characterizing strain tensors which only depend on the respective planar variables,
exploiting the discrete structure of the components of the strains, and on employing
the right change of coordinates. A similar version of this two-dimensional argument

already appeared in [Rul10].

As will become clear from the proof of Proposition we only need to consider
configurations of four strains depending on two variables which are in a plane

orthogonal to one of the following vectors:

1,0,01,[0,1,1],[0, —1,1] and the strains e, e® () @),
[ ) 9 ]7[ ) b ]’[ ) ) ] ) b 9 )
0,1,0],[1,0,1],[1,0, —1] and the strains eV, e® e®) (6.
[ ) 9 ]7[ ) b ]’[ ) ) ] ) b 9 )
[0,0,1],[1,1,0],[1,—1,0] and the strains e e () ¢6),

However, we prove a slightly stronger statement involving six strains in the planes

described above.

In this planar setting it proves to be advantageous to carry out a change of coor-
dinates and to renormalize the strains. As all the strains are symmetry related, it
suffices to consider the first case, i.e. the respective planes are normal to one of
the vectors [1,0,0], [0,1,1], [0, —1,1]. This suggests to use the following change of
coordinates which consists of a rotation combined with a renormalization step: We
define y = Cz, with

0 1 Jig 0 0
C=v3|v2 0 0 0 £ 0
0 1 -1 0o o <+

Correspondingly, the strains transform according to Lemma[18l As a result, we are



6.6. PIECEWISE AFFINE STRAINS 151

left with the following strain matrices

d 1 1 d -1 1
dv— L[ dy 1], e®= L dy —1
2d ’ 2d ’
1 1 ds 1 -1 ds
dy 1 -1 d -1 -1
o = 1| dy —1], e¥ = L dy 1
2d ’ 2d ’
-1 -1 ds -1 1 dj
2+T25 0 0 2;25 0 0
1 1
e® = il 0 % 0 | e® = =l 0 % 0 |,
2-26 2425
e 0 0 =
where d~! = 662, dy = —%, dy = %, ds = —%. In the sequel we will suppress the

tildes in the notation.
Again, due to symmetry considerations, it suffices to consider strains which only
depend on the first two variables. With a slight abuse of notation, we also denote

these by e = e(y1, y2) in the sequel. For these we prove the following:

Proposition 26. Let U C R® be open, convez, § ¢ {+3,4+3}. Assume e(Vu) :
U—R3X3 e(Vu) =e(yr,y2) = w, u € WH(U,R3) such that

sym>
e(Vu) € {eu)’ €@ B @ 6) e<6>}
in U. Then the following statements hold:

1. Either e(Vu) € {eM,....e®} or e(Vu) € {®),e®} in particular the second

case implies that locally only simple laminates occur.
2. If e(Vu) € {eW), ...,e™}, then the following dichotomy holds:

€12 = 612(91) or €12 = 612(92)-

3. In the case e12 = e12(y1) there exists a function g(t) such that:
(x5 0 B)(5,1) = exa()g(t) and (ex30 ®)(s,1) = (1),
where ®(s,t) = (s, —E12(s) +t) and Ei5(y1) = e12(y1), E12(0) = 0.

Due to symmetry, e = e(y1,y2) can also be replaced by e(y1,ys) and e(ya,ys) re-
spectively which yields analogous results. Furthermore, the case e1a = e12(y2) can

be treated analogously.

Proposition [26] corresponds to a rigidity result: Two-dimensional martensitic struc-

tures consist at most of crossing twins in the respective planes.
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Remark 31. The statement of the theorem remains true if § € {+2,+3} and if one

only allows (up to permutations)
e(Vu) € {e), @ B @Y,

As a crucial ingredient of the proof of the rigidity result, we observe that the strain
equations (6.3.2), simplify for the two-dimensional strains under considera-
tion. Due to the planar dependence of the strains, e = e(y1, y2), the system of
strain compatibility equations decouples into two equations for es3 and an equation

coupling e11, e22, e12:

Ores3 =0,
Oaze33 = 0,

Or1€22 + Oaze11 = 20102€12.

Due to the y3-independence of the strain and the discreteness of the values attained
by ess this, in particular, implies ess = const. However, if § ¢ {:I:%, +3}, this can
only be the case if e(Vu) € {eV), @) e®) e} or e(Vu) = e® or e(Vu) = e©
(or e(Vu) € {e®),e®} if § = 0). Thus, if § ¢ {+2,43} it remains to study the

4-well problem e(Vu) € {e), e® | e®) e}, Here, the strain equations turn into

0= 81826125
0 = 01(—01e23 + D2e13),
0 = 02(01e23 — Da€13).

Remark 32. If 6 = i% the previous argument does not yield a result which is as
strong as the one above. This is due to the fact that in the case § = :I:% it is possi-

ble that up to five matrices satisfy the condition ez = const. in the given planes.

3
2

excluded by the previous argument (c.f. the appendix).

Hence, in the case § = 42, configurations involving five different strains are not

In the sequel the structure of solutions of the 4-well problem
e(Vu) € {eM), @ B Dy

is examined. For that purpose it has to be remarked that the two-dimensionality of
the strain e = e(y1, y2) does not imply the two-dimensionality of the displacement

fields involved. Yet, the following statement holds:

Lemma 25. Let U C R?® be open, convex. Let e(Vu) € L>®°(U,R3%3), e(Vu) =
e(y1,y2) be a strain tensor corresponding to a displacement field u : U — R3, u €
WL(U,R3) with e(Vu) € {e®), @ B e} in U. Then there evists v €
H} (U), such that locally the following dichotomy holds:

loc
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1.
dy/2d e12(y1) 01v(y1,y2) + Cyo
e(Vu) = e12(y1) da/2d O2v(y1,y2) — Cyn
(Y1, y2) +Cy2 2v(y1,y2) — Cyn ds/2d
or
2.
dy/2d e12(y2) 01v(y1,y2) + Cya
e(Vu) = e12(y2) da/2d 020(y1,y2) — Cyn
(Y1, y2) +Cy2  O20(y1,y2) — Cyn ds/2d

Proof of Lemmal25. Making use of convolution, we can assume to deal with smooth
functions. Due to the characterization of strain tensors in Lemma and the two-

dimensionality of the strains, we obtain the following system of equations

81(92612 = 0, (661)

v <v x <613>> = 0. (6.6.2)
€23

For the argument we proceed in two steps:
Step 1: Discrete wave argument.
Recalling the convexity of the domain and the two-dimensionality of the strains, the

structure of the solution of the wave equation (6.6.1) can be determined explicitly:

e12(y1,y2) = fi2(y1) + g12(y2)-

Further the two-valuedness of ej2 implies that locally only a single wave can be

non-constant:

e12(y1,92) = fi2(y1) or e1a(y1,y2) = g12(y2)-

Step 2: Curl argument.
Considering , we immediately obtain

for C € R. Consequently the identity

V x eis3 — Cya -0
ea3 + Cy1
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combined with Poincaré’s lemma yields

13 = Vv + —Cu ,
€23 Cyr

with v € HL (U). O

With the previous lemma the “outer structure” of the martensite configuration is
determined. It remains to argue that the “inner structure” is given by the claimed
“zig-zag-bands”. For that purpose we reason that the affine rotation field must
vanish, i.e. C' = 0. In the periodic or whole space case this would be no issue, in
the case of a domain with finite diameter we make use of an appropriate change of

coordinates. In these the zig-zag-structures are straightened out.

Lemma 26. 1. Let C € R and U C R? be an open, convexr domain. Assume
that €12, €13, €23 : U— {71, 1} with

€13 — €12€23 = 0, (663)

e12 = e12(y1), (6.6.4)

are given. Let u:U — R, u € WE>°(U,R) satisfy
-C
vu= )+ %), (6.6.5)
€23 Cyr

2. In particular this implies that in the situation of Lemmal23 we have C' = 0.

Then we have C = 0.

Remark 33. Condition (6.6.3) is essential for the statement to be true: Using convex
integration techniques one can show that a similar statement lacking this additional

restriction is false.

Proof of Lemma[26. We give the argument for the second statement first:
As pointed out in Lemma [25] we have

13 =Vov+ —Cye .
€23 Cy1

Without loss of generality we can restrict to case (1) of Lemma [25]and thus, e12 =
e12(y1). As the structure of the strains implies that is satisfied, the first
statement of the present lemma can be applied.

In order to verify the first statement of the lemma, we multiply with the
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1
vector to obtain
—€12 (yl)

Oiu(yr,y2) — e12(y1)02u(y1, y2) = —Cy2 — Cera(y1)y1. (6.6.6)
Taking into account and defining F12(y1) via
El5(y1) = er2(y1), Er2(0) =0,

can be reformulated as

d

d—yl(u(yl,yz — E12(11))) = —Cy2 + h(y1)

for a function h. Integrating this, results in
u(yr,y2 — E12(y1)) = —Cyry2 + H(y1) + k(y2),

where k is a generic function of y. Taking the yo-derivative yields

dou(yr,y2 — Era(y1)) = —Cyr + k' (y2). (6.6.7)

By combining (6.6.5) and (6.6.7)), we find

{=1,1} 3 ea3(y1,y2 — F12(y1)) = —2Cy1 + k' (y2).

Varying y; for fixed yo yields the desired result, C' = 0, as otherwise the left hand
side of the equation were discrete, while the right hand side were depending on ¥

continuously. O

Lemma 27. Let u : R? — R, u € WH°(R% R). Let ®(s,t) : R? — R? be
bilipschitz, vi(s) := ®(s,t).
Then for L' a.e. t we have that for L' a.e. s, the function (uo-;)(s) is classically

differentiable and the classical chain rule holds:

(00 90)(3) = rul ()7 (5) + Do) (s). (6.6.8)

Proof of Lemma[27 In order to prove the statement of the lemma we have to show
that Rademacher’s theorem holds for uo®. For this purpose it suffices to prove that
a Lipschitz function maps sets of measure zero to sets of measure zero. Thus, let

N C R? be a null set and € > 0 be arbitrary. Then N can be covered by countably
many cubes Qr with Y £2(Qy) < e. The Lipschitz property of ® implies that
k=1

®(Qr N N) can be covered by cubes of the size Lip(®)2L£2(Qy), which yields a
bound of € Lip(®)? for the image set ®(N). Letting € | 0 proves the claim. O
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Proposition 27. Let U C R? be open, convex. Let e € L>®(U,R3%3), e(Vu) =

sym
e(y1,y2) be a strain tensor associated with a displacement field uy: U — R3,
u € Wh(U,R?), with e(Vu) € {e), e G @1 in U.

Then in situation (1) of Lemma the configuration of the phases locally corre-
sponds to a crossing twin structure: More precisely, there exists g € L°°(R?) such
that locally

e12 = e12(y1), (e130P)(s,t) = e12(s)g(t), (e23 0 P)(s,t) = g(t),

where ®(s,t) = (s,t — F12(s)) and E15(s) = e12(s), F12(0) = 0.

Due to symmetry reasons similar results also hold for case (2) of Lemma25

Proof of Proposition [27. In situation (1) of Lemma[25/the discreteness of the strains
gives rise to the following algebraic relation which can — in the notation of Lemma
— be reformulated in terms of the function v:

e13(y1,y2) — e12(y1)eas(y1,y2) =0
= 8lv(y1, y2) — 612(y1)821)(y1,y2) =0. (669)

Defining v:(s) := (s,t — E12(s)) and noticing that ®(s,t) := (s,t — E12(s)) is by
definition a bilipschitz mapping with inverse W(s,t) := (s,t + E12(s)), Lemma
can be applied. Consequently the chain rule yields

d (v(®(s,1))) = v(s,t — E12(s)) — e12(s)02v(s, t — E12(s)) 0.

ds

Finally, using the given change of coordinates, we obtain the desired result:
ei3o®)  [(O1w)o®@) [1 ena(s)) [Os(vo®)(s,1)
eg30®)  \(Bw)od) \0 1 9y (v o ®)(s,t)

. 1 €12 (S) 0
0 1 at’U(t)

_ e12(8)0pv(t)
Opu(t) '

Proof of Proposition

Due to the piecewise polygonal structure of the configuration under consideration,
we can rely on the classification result of the homogeneous case: Via a “blow-up
procedure” at the respective corners we may deduce that any corner or any edge

corresponds to one of the homogeneous constructions.
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Lemma 28. Consider a piecewise polygonal configuration determined by its defor-
mation u. Any corner involved in this arrangement of strains corresponds to one
of the homogeneous constructions. Any edge corresponds to one of the compatible

edges provided by the affine calculations.

Proof. We consider a “blow-up” of the deformation u at a given corner. Without
loss of generality, we may assume that the corner is located at x = 0 and the
deformation vanishes at that point, u(0) = 0. Furthermore, due to the polygonal
structure of the strain configuration, we may suppose that the configuration is zero-
homogeneous in By(0) (else we choose a smaller radius). For 0 < A\ < 1 we consider

the following rescaled version of u:

u(Ax)
o

ua(z) =
As u € W and u(0) = 0, vy X vin VV;;’O for a subsequence A\ — 0. Moreover,
e(Vur)(z) = e(Vu)(Az).

Thus, the zero-homogeneity of e(Vu) implies the existence of a pointwise limit
of e(Vwvy) which is independent of the sequence A — 0 and is zero-homogeneous.
Furthermore, the limiting strain corresponds to e(Vv) by virtue of the uniqueness
of limits. As a consequence, e(Vv) has a corner at z = 0. This corner coincides with
the corner of v at x = 0 and it corresponds to one of the classified homogeneous

ones. This implies the desired result. O

Remark 34. e Instead of using a “blow-up procedure”, it would have been pos-

sible to argue via Liouville’s theorem.

e The blow-up lemma links the homogeneous case with the piecewise polygonal
situation. It can be interpreted as a local classification result. As a conse-
quence, the following analysis can rely on local information in order to obtain

a global rigidity result.

Before proving the proposition, we point out the following central observation which
is true for 6 ¢ {+2, +3}.

Observation 2. All the crossing twin structures are planar. The planes which
separate the different phases involved in a corner intersect in a line. We call this line
the invariant line of the associated corner. Along this line there cannot be a further
Jump, as locally the invariant line is surrounded by four different phases. Therefore,
if another plane with different phases intersected the invariant line, we would obtain
a corner of degree larger than four. This would contradict the characterization of

homogeneous corners, as we could carry out a blow-up at this point.

With this we can come to the proof of the desired result.
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Proof of Proposition[23. Step 1: Elimination of boundary effects.

In the sequel, we only deal with the case Q = R3. The case of a general bounded
domain can, however, be treated similarly: The slopes of the invariant lines (and of
the twinning planes) determine the size of the global constant ¢ > 0 from the Propo-
sition. More precisely, it can be chosen such that whenever a configuration in B.(0)
is compatible but not a twin or crossing twin configuration, the non-admissible point
must lie in B;(0). This can be achieved as there are only a finite and fixed number
of possible slopes for the jump planes and the invariant lines (compare with the R?

argument below).

Step 2. Combinatorics.

We argue via contradiction. If there were a configuration which is neither laminar
nor a crossing twin, then there would exist at least one four-fold corner corre-
sponding to one of the above classified homogeneous ones. As we assume that the
configuration is not globally given by a crossing twin configuration, there is a plane
intersecting the configuration determined by our corner which is not compatible
with a crossing twin configuration. As we have excluded boundary effects, this
plane has to cross at least two phases of the original four-fold corner (here, we have
two possibilities: either the intersection is in a straight line or it is a result of two

lines intersecting the two original phases, c.f. Fig. [6.7).

Figure 6.7: Possible intersections. The dashed lines depict the possible intersection
implying a change of the original four-fold corner.

Since this causes an at least three-fold corner, the classification of homogeneous
corners implies that at this point there is a second four-fold corner. Moreover, the
original and the new four-fold corner have a common jump plane (c.f. Fig. [6.8).

Therefore, the respective invariant lines of the two corners are located in this plane.
This yields two possible scenarios: Either the invariant lines are parallel or they are
not. As the invariant lines are located in the same plane the second case implies
that the lines have an intersection point. By our observations on invariant lines this
leads to a contradiction. Thus, the remaining alternative consists of the invariant

lines being parallel.

In this case we are left with globally planar configurations (if the configuration

were not globally planar we could repeat the argument from above). Reviewing all
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Figure 6.8: Common intersection plane of four-fold corners. The dashed lines depict
the new four-fold corner. It shares a jump plane with the original four-fold corner.

ns
ns

1
Ny no : Neg
|

Figure 6.9: Arrangement of planar phases. The schematic picture illustrates that
the neighbouring corners share at least a common jump plane and have two strain
variants in common.

homogeneous constructions (c.f. Fig. and taking into account that
the respective corners have to share two strain variants along a common normal,
we note that all possible planar situations are given by the following normal vectors

and strains:

[1,0,0],[0,1,1],[0,1, —1] together with the strains e e () ()
[0,1,0],[1,0,1],[1,0, —1] together with the strains e, e e®) (0
[0,0,1],[1,1,0],[1, -1, 0] together with the strains e®,e® () ¢©),

Hence, it suffices to consider strain configurations which globally only depend on
the variables normal to one of these vectors. Due to the results of the section on
planar strains, Section these configurations are either given by laminates or by

crossing twin structures. This proves the proposition. O

6.7 Appendix
A Combinatorial Proof of Lemma and Proposition in
the Case § ¢ {+3, 43}

As an alternative to a Mathematica aided proof, the arguments leading to Lemma
and Proposition can also be carried out “by hand”. In order to do so, we

follow the same strategy as in the computer aided situation:

e As an initial step, we identify points on the sphere which lie at the intersection
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of the possible jump planes. We notice that there are at most corners of degree
eight. Thus, in a first step, we focus on the points involving three or more
possible jump planes, in other words, on the points of possible maximal degree

six or eight.

e Secondly, we argue that at these points of potentially high order the local
configurations can at most consist of crossing twins. Furthermore, we show
that these can only occur at very specific points. In particular, at many of the

determined possible high order intersection points only laminates can form.

e Finally, we prove that at the remaining intersection points, i.e. at those of
maximal degree four, which were not treated as parts of the higher order cases,

only laminates can be observed.

We recall that the normals of the possible jump planes associated with the cubic-

to-orthorhombic phase transition are given by

{[1,0,0],[0,1,1],[0,1, —1],[0,1,0],[1,0,1],[1,0,—1],[0,0,1],[1,1,0],
[1,—1,0],[3,3,20], 3, 26,3],[26,3,3], 3,3, —26], [3, =26, 3], [~ 26, 3, 3],
[—26,—3,3],[-26, 3, —3],[-3, —25, 3], [3, =26, —3], [-3, 3, —24],

3, -3, —26]}.

(6.7.1)

We note that the sign of the normals is irrelevant. From these we compute all points
of intersection on the sphere in which three or more planes meet. As a first obser-
vation, we note that for any 6 # +3 at most four different planes intersect in one
point (this can be seen by checking how many different planes have normals lying
in a common given plane). Starting from this, we list all the intersection points

involving three or four planes.

If6 ¢ {i%, +3} then there are nine possible eight fold corners (i.e. corners involving
four planes) at the points (1,0, —1), (1,0,1), (0,1,0) (as well as the corresponding
permutations of the entries). Up to the corresponding (three) permutations each,

these are given by the planes with the following normals:

1, 0, 1] -1, 0, 1] [ 1, 0, 1]
0, 1, 0] [0, 1, 0] -1, 0, 1]
3, 26, 3] (-3, 26, 3] [ 1, 0, 0]
3,—26, 3] [~3,-26, 3] [0, 0, 1].

(In the first and second configurations, one can think of the respective permutations
as being determined by moving the § entries to the first, second and third position
— and shifting the entries of the other normals correspondingly. In the third con-
figuration the position of the zero in the [1,0,1] and [—1,0, 1] normals yields the
different possibilities.)
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As these configurations are, by definition, two-dimensional and as their respective
normals are given by (a permutation of) one of the vectors [1,0, —1], [1,0, 1], [0, 1, 0],
the result on planar configurations with these normals, Proposition implies that

at any such corner there can at most be crossing twins.

Apart from the corners involving four normals, there are also corners involving three

normals. For a generic ¢, i.e. § ¢ {i%, +3}, there are the following possibilities

(a1) = (e):

(a1) (a2)

[ 1, 0, 0 [ 1, 0, 0]
[ 3,20,+3] [ 3,43,26]
(3,26, +3] (-3, 43,24],

with corresponding intersection points (0, F3,24) and (0,25, F3). Cases (a1) and
(ag) are symmetry related via a rotation of 90° in the x2, 23 plane. Considering all

possible permutations, these correspond to a total of 12 possibilities.

Further cases are given by

(b1) (b2) (b3) (ba)

[1,— 1, 0] [ 1,— 1, 0] [ 1, 1, 0] [1, 1, 0]
[26, 3,43 [-25, 3,43] [ 3,-25,+3] 26, 3,+3]
[ 3, 26,+3] [ 3,-26,43] [—25, 3,F3] [ 3,26, F3],

with corresponding intersection points given by (1,1, F(1 + 2)), (1,1, F(1 — 2)),
(1,-1,F(1+ 2?5)), (-1,1,F¥(1- %)) We remark that (b3), (b4) are rotations by 90°
of (b1), (b2). Considering all possible permutations, cases (b1) — (b4) correspond to

a total of 24 possibilities.

Finally, the only remaining corners involving three normals are given by

[0,1,—1] [ 0,1,1] [ 0,1,1] [0,1,—1]
(c) [1,0,—1] [ 1,0,1] [-1,0,1] [1,0, 1]
[1,-1,0] [-1,1,0] [ 1,1,0] 1,1, 0],

with the intersection points (1,1,1),(1,1,—1), (1,-1,1),(=1,1,1). (That there are
no further corners at which three planes intersect, can, for example, be seen by
computing the determinants of all the remaining three tuples of normals. In the
cases § ¢ {£3,£3} these are nontrivial.)
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Combining the previous considerations, we obtain that in the generic case there are

#(number of possible four-fold corners)

— #(number of possible six-fold corners) <<§) — 1)

4
— #(number of possible eight-fold corners) ((2) — 1)

=210—40x2—-9x5=85

intersection points at which the possible configurations have to be investigated. As
we will see from Observation [3] symmetry considerations reduce the previously de-

scribed configurations (a;) — (¢) to only three (instead of 10) different cases.

In order to understand that only crossing twins and laminates can appear, we have
to exclude other possible configurations emerging from the corners with possibly
three intersecting planes. By symmetry considerations it will be possible to reduce

the situation to the following two auxiliary results:

Proposition 28. Let e = e(Vu) = 1(Vu + (Vu)!), with u : Q — R? Lipschitz.
Assume that e € {e(1) el2) e(i8)} qith

elit) ¢ {e(l),e(2)}, elt2) ¢ {6(3),6(4)}7 elis) ¢ {6(5),6(6)}_ (6.7.2)

Suppose that 6 ¢ {:I:%, +3}. Then, locally, e is a simple laminate.

Proof. The proposition follows from the fact that if a three valued strain satisfies
(6.7.2), then it can be mapped to the corresponding Dolzmann-Miiller situation,
Proposition In order to prove this, we notice that (with the normalization of
) the rank-one connections between the strains e(*), e(2) ¢(i3) each involve a
normal with and a normal without § entries. Denoting the normals with § entries

by nf, a mapping to the Dolzmann-Miiller case is given by

(M®)~": (n},n3,n3) = (n},ng, n3),

which sends the normals involving § entries to the ones with § = 0. In order to
check that this indeed fulfills the desired mapping properties, it suffices to carry out

the computations for the three-tuples satisfying

(el) eli2) e(i3)y e f(e(D) ) O)) (e ) () (¢M) @) (O))
(e, e® O},

since the remaining cases follow by reflecting d: § — —d. As an example, we carry

out one of these computations: In case of (e(!), e, e(®) such a mapping would for
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example be given by

0 26 1 3 1 3
1 —> 31, —1]=1-31, 0l— 1201,
-1 -3 0 -2 1 3
or
. 6+25 20 -2
M::M'5:5 26 6+20 25
-2 26 6+20

Then the strains, ¢ = M~e(® Mt in the new coordinates turn into

9-752 5(3+6(2+9)) _6(344(249))
4(—3+0)2(3+29)2 4(—3+0)2(3+20)2 4(—3+0)2(3+20)2
A(1) _ 3(3+5(2+9)) 9-752 3(349(2+9))
4(—3+0)2(3+20)2 4(—3+0)2(3+20)2 4(—3+9)2(3+20)2
__ 5(348(249)) 3(3+6(2+6)) —946%5°
4(—340)2(3426)%2  4(—346)2(3+26)2 2(—3+96)2(34+26)2
9—7682 5(3+6(2+9)) _6(344(249))
4(—3+0)2(3+20)2 4(—3+0)2(3+20)2 4(—3+9)2(3+20)2
5(3) — 5(3+0(246)) —9+5%-45° 5(34+58(2+9))
€ 4(—3+0)2(3+20)2 2(—3+40)2(3+20)2 4(—3+9)2(3+20)2
_ 8(346(2+96)) 5(3+5(2+9)) —762
4(—3+0)2(3+28)2  4(—3+0)2(3+20)2 4(—3+9)2(3+20)2
—9446%2-4° 5(3+6(2+9)) _6(344(249))
2(—340)2(3+20)2 4(—3+0)2(3+20)2 4(—3+0)2(3+20)2
5(5) _ 5(349(249)) 9-76> 5(3+5(2+6))
€ 4(—3+0)2(3+20)2 4(—340)2(3+20)2 4(—3+9)2(3+20)2
5(3+5(246)) 5(3+5(246)) Z7s2

TA(—310)°(3120)2  A(—310)2(3+20)7  I(—3+0)2(3120)°

Subtracting a constant matrix given by the off-diagonal entries and renormalizing

yields the Dolzmann-Miiller situation. O

We remark that these transformation matrices degenerate in the cases § € {:l:%, +3}.

Lemma 29. Lete € {e(V) e®?) e®)} be independent of the variable 3xo—25x3. Then
the only possible homogeneous corners consist of two strain variants, i.e there is a

single flat interface and at most two strains are involved. An analogous statement
holds for the case e € {e(V) e )1,

Proof. We only consider the first case. In this very specific situation we have four

linear conditions:

tr(e) =0, exx=1, e13=0, ea3=—=e11+ =.

3 3

Furthermore, e = e(x1,20x2 + 3x3). Then the first three strain equations, (6.3.2)),

yield

(=011 + Os33)e11 =0,
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which, due to the two valuedness of the e;; component, leads to
€11 = f(-?)SCl + 251‘2 + 31‘3) or €11 = g(31'1 - 251‘2 - 31‘3)

Considering only the first case, e11 = f(3z1 + 2022 + 3z3), (the argument for the
second one is analogous), the remaining three (curl type) strain equations, (6.3.3)),

yield

83(—2(561 + 362)612 =0,
03(01 — 03)e12 =0,
83(*2581 — 382)612 = 0,

if the expression for e;; and the linear dependence of e1; and egs is inserted. Due
to the assumed structure of e, the transversality of the vectors [3,24, 3] and [1, 0, 0]

and ey = eqz(e11), this leads to
€12 = 612(3501 + 25:62 4+ 3:63) or €12 = 612(:61).

Thus, either e;; = const. or if e;1 = f(3x1 + 2dx9 + 3x3) # const. then ejn =
e12(3x1 + 2622 + 3x3). In both cases we deduce that the configuration is a simple

laminate. U

Last but not least, we have to show that any corner involving three normals satisfies
the conditions of Proposition 28 or of Lemma[29] Furthermore, we have to identify
those intersection points at which crossing twin structures can appear. For that

purpose, we prove the following claim.

Claim 2. All corners at which three or four planes intersect and which are not
located at (up to permutations) one of the points (1,0,0), (0,1,1), (0,1, —1) involve
configurations with at most three strains e(), e(2) e(8)  Up to symmetries these
satisfy the conditions of Proposition or of Lemmal29.

This claim then proves Lemma(24] since in the case of three involved strains, Propo-
sition[28]or Lemma[29]assert that the configuration only consists of simple laminates.
If only two strains are involved in a possible corner and do not satisfy condition
6.7.2)) (restricted to two strains), these strains commute. The strains being si-
multaneously diagonalizable, implies that these can also be transformed into the

Dolzmann-Miiller situation. Hence, in that case only simple laminates can occur.

For abbreviation, we use the following convention:

Definition 11. We use the notation (2,3) to denote a possible jump between e

and e,

Proof of the claim. In order to reduce the situation to as few examples as possible,

we make use of the symmetries of the phase transition. We observe
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Observation 3. Any rotation of 90° around one of the coordinate azxes transforms
compatible corners into compatible corners.
Under the reflection which leaves the x1,x2-plane invariant, the phases transform

according to

eM 1y () e® oy @) e® 1y el5),

e® sy e® s o), o6 s o (6)

Similar results hold for reflections with respect to the other coordinate axes. In
particular, reflections with respect to the coordinate azxes preserve the assumptions
of Proposition [28

In order to prove the claim, we first rule out more complicated behaviour for the
corners involving three normals. We only have to consider the cases (a1), (b1) and
(¢), as the other ones follow from symmetry. Note that normals involving § entries
uniquely (up to symmetry) describe a single jump, e.g. at the normal [24, 3, 3] there
can only be the jump (1, 3), while the ones without ¢ entries allow for two possible
jumps (up to symmetry), e.g. the normal [1,0,0] allows for the jumps (1,2) and
(3,4). In the sequel, we discuss the cases (a1), (b1), (¢) separately:

(a1) We first consider the case of the plus signs. At each of the normals we have the
following jump possibilities (here the left column contains the jump normals
and the right hand side the possible corresponding jumps associated with the

respective normal)

[ 1, 0,0] (1,2),(3,4),
[ 3,20,3] (1,5),
(3,26, 3] (2,5).

Thus, at this intersection point only the combination of phases
{eM e G} or of {e®) e} is possible. While the second case directly
implies that only laminates can appear, we have to invoke Lemma [29] for the
first one. By carrying out a reflection with respect to the z;,zo-plane, it is
possible to transform the case with the plus signs into that with the minus
signs. By Observation [3]this reduces the case of the minus signs to the second
case treated in Lemma

(b1) We begin with the case with the plus signs. The possibly present phases are

given by
[1,-1,0] (3,5),(4,6),
(20,3, 3] (1,3),
3,26, 3] (1,5)

This corresponds to a three-fold combination {e(!),e®) e(®} and a two-fold
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Al A2

N
ni ny
7/ N\
: (D
n2

Figure 6.10: Excluding configurations with possible maximal degree four.

combination {e®),e(®)}. In particular, the configuration satisfies the assump-
tions of Proposition As the case with the minus signs is obtained by a
reflection along the 1, zo-plane, Observation [3] asserts that again the condi-
tions of Proposition 28] are fulfilled.

Due to 180° rotation symmetries (around the coordinate axes), it suffices to

consider the first case. Here, the possible normals and jumps are given by:

[0,1,—1] (1,3), (2,4),
[1,0,—1] (1,5), (2,6),
[1,-1,0] (3,5), (4,6).

Thus, the admissible configurations involve either only the strains
{eM B )Y or {e?) ™) 01 (which satisfy the requirements of Proposi-
tion [28]).

Hence, it remains to discuss the corners at which only two planes intersect. Here

we have to distinguish three cases:

e Both normals are elements of {[1,0,0],[0,1,1],[0,1, —1]} or they are permuta-

tions thereof. In this case the configurations already appeared in the discussion

of corners at which three or four planes intersect.

Both normals involve § entries. Then, at each of the two normals there is a
unique jump possibility: (f1, 1) and (f2, g2). We claim that in this case only
two different strains can be involved in a possible corner. Indeed, the possible
configurations are depicted in Figure As only two different normals are
involved, configurations Al and A2 schematically illustrate the only possible
higher order corners. Since the jumps are uniquely determined by the normals,
this implies that the sets { f1, fo} and {g1, g2} have to coincide in configuration
A1. Due to the same reason, the jumps (f2,g1) and (f1, f2) have to agree (up
to permutations) in configuration A2. This entails that only two phases are
involved in the respective configuration. Hence, only simple laminates can

occur.

e Only one of the normals involves § entries. This implies that at most three
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phases are part of the respective corner as the jumps at the normal involv-
ing ¢ entries are unique. Arguing in the setting of Figure [6.10] one notices
that configuration A1l can only consist of two different strains due to the
uniqueness of the jump given by the normal involving § entries. Hence, it
remains to investigate the situation of configuration A2. If the normal ny
corresponds to the normal without ¢ entries, it would, in principle, be pos-
sible that three phases are involved in configuration A2. However, recalling
the rank-one connections of the cubic-to-orthorhombic phase transition, we
note that the non-uniqueness emerging in jumps involving normals with non-
d-entries is “strictly disjoint”: In other words, if (f1,¢1) and (f2,g2) denote
the possible jumps at normals with a non-unique jump, these sets are strictly
disjoint — their union involves a total of four different strains. In effect, the
situation of configuration A2 can also be excluded. As above, only corners
involving two strains emerge. These configurations, however, correspond to

simple laminates.

O
The Cases ¢ = j:%
In this section we briefly comment on the situation of § = % By symmetry, the
case § = f% can be treated analogously.

The exceptional role of this case is already indicated by the fact that for § = %
various of the normals involving § entries “collapse”. If § = % the local situation on
the sphere is already highly nontrivial. Apart from the crossing twin structures,
there are corners involving three, five, six and seven (not necessarily different)
phases (c.f. discussion in Remark [31). For completeness we briefly list the possible
configurations at the points (1,0,0), (—%,0,%), (%,\%,%) All the other
nontrivial intersection points are symmetry related to these. As a consequence, the
coffighPitions at the other points can be €mputed from the ones listed belowC2

|I N\ I|\

[0,1,0] s 0,11 [0,1,0] s [0,1,-1]
\\\\ \\\\
\\ \\
[0,1,1] >\ [0,0,1] [0,1,—1] >« [0,0,1]

Figure 6.11: Compatible corners at the point (1,0, 0).



168 CHAPTER 6. RIGIDITY

1
0, 25) C3 C4

Figure 6.12: Compatible crossing twin configurations at the point (_\/LE’ 0, %)
(7%7 05 %) (015) C6

[1307 1] // \17171] [1703 1] /// YLO}
// //
4 4

0,10 ‘ 111 ‘ ‘ 1L | 1,0,1]

""[I,B,_u"" [-1,1,-1]

Figure 6.13: Compatible crossing configurations involving five strains at the point

1 1
(7E507 E)
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(7%705%) 06 C7
1,0,1] " N_ [-1,1,=1]  [1,0,1] - ~ [0,1,0]
7 AN 7 \
/7 AN 7 N
7/ AN 7/ AN
| |
[0,1,0] ‘ [1,1,1] ‘ D[1,1,1] [1,1,1]
| |
®
N Ve 7
\\ // //
[1,1-1] < 7 [1,0,1] [1,1,-1] .7 [1,0,1]

Figure 6.14: Compatible corners involving six strains at the point (f%, 0, %)
1 1
(=750, 75) C8 9
1,01 " N_ [-1,1,=1]  [1,0,1] - [0,1,0]
7 AN Ve
Ve \ Ve
/7 N 7
| |
[0,1,0] ‘ [1,1,1] ‘ D[1,1,1] ' [1,1,1]
| |
N Ve 7
AN Ve Ve
N 7/ 7
[-1,1,-1] 7 [1,0,1] [-1,1,-1] .7 [1,0,1]

Figure 6.15: Compatible corners involving six strains at the point (—%, 0, %)
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1,01 77 7 N FLL=1 (1,01 0T N [FL 1)
// \\ // \\
// \\ // \\
I I |
[1,1,1] | [0,1,0] ‘ D [1,1,1] [1,1,1]
[ [ |
I I |
[-1,1,-1] | [1,1,1] ‘ [0,1,0] ! [1,0,1]
[ | |
i i
. . . . . . . 1 1
Figure 6.16: Compatible corners involving seven strains at the point (_ﬁ’ 0, E)
1,1,00 -7 N_ [1,0,1]
Ve N\
Ve N
| ©
[1,1,0] [1,0,1] ! :
| [0,1,—1] | [0,1,—1]
[ |
O ONO} )
\\ //
[1,0,1] < 7 [1,1,0]

Figure 6.17: Compatible corners involving three and six strains at the point

6.
(,L 1 L)
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The Cases 6 = £+3

We only discuss this situation very briefly. The situation for § = +3 differs from
the generic one by allowing for intersection points involving up to six normals at
permutations of the points (:l:%, :I:%, :I:%) As a Mathematica based computa-
tion illustrates, these intersection points of higher order in fact produce new planar
configurations: Even twelve-fold corners can be realized. Due to the large number
of possible planar configurations, it is not clear whether they can be combined to
yield non-planar global configurations. This would be an interesting topic for future

research.



Summary of the Dissertation

In this dissertation, we deal with various rigidity properties in PDEs. We address

e the backward uniqueness problem for the heat equation in conical domains
with large opening angles,

e unique continuation for the fractional Laplacian,

e the rigidity and non-rigidity of the so-called cubic-to-orthorhombic phase tran-
sition.

These rigidity properties are qualitatively quite different: While the first two prob-
lems aim at “extending” the “identity principle” of analytic functions to rougher
classes of equations, the third question treats characteristic patterns occurring in
certain models of shape-memory alloys. Mathematically, the third problem exhibits
properties of hyperbolic equations, while the first two problems display “elliptic and
parabolic properties”.

The first two problems deal with the questions of whether a certain vanishing be-
haviour, i.e.

e vanishing at the final time, in the case of the heat equation in conical domains
with large opening angles,

e and vanishing of infinite order at a certain point, in the case of the fractional
Laplacian,

implies that the solution of the respective PDE already vanishes globally. In study-
ing these phenomena, we are confronted with possible oscillatory behaviour of so-
lutions of the respective PDE. Thus, the key ingredient of deducing the desired
properties consists of proving highly concentrated, lower bounds for the respec-
tive operators — so-called Carleman inequalities. Establishing such estimates, we
prove the backward uniqueness property for the heat equation (with lower order
perturbations) in two-dimensional conical domains with opening angles down to
approximately 95°. For the fractional Laplacian, we show the unique continuation
property involving scaling-critical potentials (with rough lower order perturbations).

In the second part of the thesis, we turn to the so-called cubic-to-orthorhombic
phase transition in the theory of shape-memory alloys. Motivated by experimental
results in which one observes so-called crossing twin constructions, we aim at a
classification of all possible stress-free states. In this context, we prove two comple-
mentary results: Using convex integration methods, we show that there is a large
number of weak (WP, p € (1, 00)) solutions. Complementary to this, we prove that
under surface energy constraints (we consider “piecewise polygonal” solutions), this
behaviour can be excluded and, locally, only solutions with fixed characteristics, i.e.
crossing twin and twin configurations, can emerge.
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