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Chapter 1

Introduction

In the vast field of partial differential equations, many crucial contributions of new, ingenious
approaches have lead to the great variety of methods and techniques which it enjoys today. In
particular the theory of nonlinear equations, which is far more scattered and less comprehensive
than the linear theory, depends upon the development of new methods helping to gain deeper
insights and to establish new points of view.

In general, boundary or initial value problems of nonlinear equations, among which we highlight
the Hamilton-Jacobi equations as prominent examples, fail to have smooth solutions on a given
domain or for all times. A method to overcome this problem is to soften the demands and
to introduce appropriate concepts of weak solutions. The present thesis is concerned with a
particularly important contribution in this spirit: the theory of viscosity solutions, which was
initiated by S. N. Kruzkov and first established in its present form by M. C. Crandall and P.-L.
Lions. Similar to the idea of weakly differentiable functions known from Sobolev’s theory, the
concept of viscosity solutions is a generalization of classical solutions, allowing for not necessarily
differentiable functions to be possible solution candidates. Roughly speaking, to be continuous is
the only immediate condition a viscosity solution has to satisfy, whereas the crucial requirement
— the “test function condition” — is of indirect nature: The solution has to be resistant against
each smooth test function touching it by above or below, in the sense that the latter (rather
than the solution itself) has to satisfy a corresponding differential inequality. Obviously, the
use of test functions forms the link to the Sobolev theory of weak solutions of linear equations
in divergence form. The latter, however, employs integration by parts in order to “shift” the
derivatives to test functions, whereas the theory of viscosity solutions exploits the maximum
principle for the same purpose. It turns out that this simple and elegant concept provides
existence and comparison results for a broad class of nonlinear partial differential equations
which in general do not allow for classical solutions.

The theory of viscosity solutions has been extensively studied and refined by many authors, and
among the numerous contributions in the literature one can find different adaptations to more
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general settings. In the present thesis we refrain from a new discussion of the old subject. In
contrast, we suggest a meaningful transfer of the existing theory to a setting which has not yet
been treated in this context: ramified spaces.

Several physical phenomena such as interaction of different media can be translated into mathe-
matical problems involving differential equations which are not defined on connected manifolds
as usually, but instead on so-called ramified spaces. The latter can be roughly visualized as a
collection of different manifolds of the same dimension (branches) with certain parts of their
boundaries identified (ramification space). The simplest examples are topological networks,
which basically are graphs embedded in Euclidean space. Interaction problems can be mod-
elled by a collection of differential equations describing the behaviour of physical quantities on
the branches, along with certain transition conditions governing the interaction of the quantities
across the ramification spaces. From a mathematical point of view, transition conditions are an
essential new aspect when searching for solutions. Since the year 1980, many works have been
published treating different kinds of interaction problems involving linear and quasilinear differ-
ential equations. However, as far as we know, fully nonlinear equations such as Hamilton-Jacobi
equations have not yet been examined to a similar extent on ramified spaces. Therefore a major
goal of the present thesis is to establish a theory of viscosity solutions of first order Hamilton-
Jacobi equations on ramified spaces, where the main emphasis will be placed on topological
networks. In doing so, mathematical models for granular matter applied to ramified spaces will
serve us as an motivational and illustrating example.

A closely related aim of interest in this context is the so-called method of vanishing viscosity,
which origins in fluid dynamics and has eventually lead to the modern notion of viscosity solu-
tions. Although the latter has been extended to second order equations — under replacement of
the test functions condition by an alternative involving set-valued generalized differential oper-
ators (semi-jets) —, its original nature is of first order type. In this case the theory is strongly
related to the origin of the concept, which gave rise to the terminology: the idea of converting
a nonlinear first order equation

H(Du(x),u(z),z) =0

into a semilinear second order equation by adding a “viscosity term” eAu, followed by a passage
to the limit ¢ — 0 (“vanishing viscosity”). Heuristically speaking, the viscosity term prevents
the solution from immediately responding to the equation, but instead to display a smoothed
behaviour. The subsequent reduction of viscosity then gradually takes away this smoothening
effect and makes the solution react more quickly. The mathematical motivation is to replace the
original nonlinear problem by a family of semilinear ones which can be treated with standard
semilinear theory. In some sense, the difficulty of the problem is thus transferred to the question
if the e-family of solutions converges. In many cases this question can be positively answered
by means of compactness arguments, whose essence consists in certain a priori-estimates. This
so-called method of vanishing viscosity in general acts as a selection principle in the following



sense: Whereas classical solutions of boundary value problems involving nonlinear equations
do not exist in general, the situation is different if the demands are relaxed and weak (i.e.
“almost everywhere”) solutions are admitted, in which case solutions do exist but may not be
unique anymore. Hence in either case the problem is unsatisfactory, as existence and uniqueness
certainly are the two main features of a useful theory. Then a possible solution to this dilemma is
provided by the method of vanishing viscosity, as it selects a unique weak solution. In fact it turns
out that what at first might seem to be a purely formal restriction to a certain solution motivated
by a technical selection procedure will end up being the “correct” solution in several other
aspects, both physical and mathematical. For instance, the viscosity term appears naturally
in fluid dynamics as the physical viscosity of the fluid, and the vanishing viscosity method
describes limiting cases where this viscosity is neglected. On the other hand, it can be interpreted
as a gradual reduction of the effect of diffusion in reaction-diffusion scenarios. On the other
hand, a mathematical justification is given by the very fact, that the limit function selected
by the vanishing viscosity method coincides with the viscosity solution of the original problem.
Conversely, the characterization by test functions is nothing else than an appropriate intrinsic
characterization of the vanishing viscosity limit. In the present thesis we will encounter the
vanishing viscosity method in different contexts, starting from explicit calculations in exemplary
cases and ending with general convergence results on networks.

As already mentioned, in order to transfer the test function concept to ramified spaces, we
will repeatedly invoke a physical motivation: mathematical models for granular matter. In
fact we consider the problem of determining the contours of maximal volume configurations
of homogeneous granular material placed upon ramified domains. Let us briefly elaborate on
this idea. Equilibrium configurations of dry and homogeneous granular matter can only form
“heaps” the local steepness of which does not exceed a certain angle of repose a specific to
the respective material. Consequently, the function describing the contours of maximal volume
configurations on unramified domains without rim (such as tables) is selected among all “almost
everywhere” solutions of the eikonal equation

H(Du(z),u(x),x) = |Du(z)| — tana = 0,

with v = 0 on the boundary. Hence another selection criterion occurs: the additional constraint
that the volume functional be maximized (confer [1]). Now the connection to the theory of
viscosity solutions is given by the observation that the “maximal volume solution” coincides
— up to multiplication with a constant — with the distance function to the boundary. The
distance function, on the other hand, can be shown to be the unique viscosity solution of the
above boundary value problem and thus to be selected by the method of vanishing viscosity.
In fact we demonstrate that construction methods for maximal volume solutions introduced in
[1] are closely related to similar methods for viscosity solutions. Now having in mind both the
granular matter and the viscosity solution interpretation of the distance function on non-ramified
domains, the passage to viscosity solutions on ramified spaces suggests itself. Let us illustrate
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this by means of the simplest case of a ramified space: a one-dimensional topological network
or a graph. In this setting, the distance function to a given collection of boundary vertices in
fact describes the maximal volume configuration of granular matter for the following scenario:
The network can be pictured as a maze in a horizontal plane, whose paths are connected at the
vertices. Now think of the paths to be bounded on both sides by thin, sufficiently high glass
walls perpendicular to the plane. Let us then uniformly pour as much sand as possible into the
space between the glass walls, assuming that sand can run out of the maze at the boundary
vertices. At the other vertices (called transition vertices), sand is interchanged between different
connected paths. Several sand heaps will grow, each two of them separated by at least one
boundary vertex. Finally the heaps stop growing and reach an equilibrium configuration. By
this time each additional sand portion locally violates the angle of repose and is thus forced to
leave the maze at the boundary vertices. Hence the contours of the equilibrium configuration
are mathematically described by a continuous function defined on the network which vanishes
at the boundary points, maximizes the volume functional, and satisfies the eikonal equation
almost everywhere on the edges. Analogously to the non-ramified case, the distance function
satisfies all these conditions. Hence it is selected by the maximal volume problem among all
other weak solutions of the eikonal equation on the network. Now the equivalence of the two
selction principles (maximal volume and viscosity solution) in the case of the eikonal equation on
non-ramified domains gives reason to the question if there is a generalized test function condition
which is satisfied by the distance function on networks and which might transfer the theory of
viscosity solutions to ramified spaces for a certain class of Hamilton-Jacobi equations.

As a main result of the present thesis it will turn out that indeed there is a class of first order
Hamilton-Jacobi equations of eikonal type for which the concept of viscosity solutions can be
appropriately extended to networks. In fact we propose an intrinsic test function characterization
for viscosity solutions on ramified spaces and justify it in different aspects: The reason why
viscosity solutions are so convincing in the non-ramified case is the fact that they coincide
with vanishing viscosity limits and that they entail a variety of technical advantages such as
elegant comparison, uniqueness, and existence results. We show that our theory preserves all
these features. In addition, we propose an adaptation of the generalized theory to certain
higher dimensional ramified spaces, so-called LEP-spaces (locally elementary polygonal ramified
spaces).

In view of the generalization to ramified spaces, the extension of the method of vanishing viscosity
is another interesting problem, which we will treat in detail for the case of networks. It in fact
requires special care at the ramification spaces, as after adding the viscosity term it turns out that
the solution of the corresponding semilinear boundary value problem is only unique, if we — apart
from continuity — impose a further condition on the ramification spaces: the classical Kirchhoff
condition, establishing a relation between the outer normal derivatives of the solutions on the
branches. The Kirchhoff condition can in fact be thought of as an extension of the “averaging
effect” of the viscosity term on the branches to the ramification spaces. This averaging effect
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can also be physically interpreted in terms of granular matter models, where it represents local
perturbations caused by small spontaneous avalanches.

Another, somewhat exceptional part of the present thesis is concerned with the investigation
of certain properties of the distance function on networks. It is well known (cf. [2]) that for a
convex two-dimensional domain the length of its boundary is related to the curvature functional
of the distance function. In fact they are equal up to a normalizing factor independent of the
choice of the domain. The distance function thus plays an important role as a link between
the eikonal equation and the topology of the domain by connecting local and global concepts,
a phenomenon which we will show to appear also in the context of networks. We examine the
curvature functional of the distance function to boundary vertices, which is given by the number
of local maxima of the distance function, where maxima have to be suitably counted at transition
vertices. It turns out that this number is equal to a purely topological quantity depending only
on basic graph theoretical properties of the underlying network.

1.1 Logical organization and chapter summary

The logical relations between the different topics presented in this thesis are manifold. However,
we have decided to basically arrange the chapters according to an increasing complexity of
the underlying domains, which are: one-, two-, and n-dimensional non-ramified domains, one-
dimensional ramified domains (networks), and, finally, n-dimensional ramified domains (LEP
spaces). For a given type of domain, we have tried to structure the material with respect to
logical and/or historical consequence. We think that the possible drawback of certain topics
such as the vanishing viscosity method being revisited at different stages is compensated by the
coherence regarding the complexity.

In chapter 2 we give a historical overview of the concept as well as the definitions of Kruzkov’s
generalized solutions and (classical) viscosity solutions. We examine the vanishing viscosity
method for the eikonal equation on several domains (interval, square, general domain) and show
its convergence to the distance function.

In chapter 3 we consider the eikonal equation on two-dimensional domains and connect the
granular matter methods developed in [1] to existing techniques from the theory of viscosity
solutions.

In chapter 4 we give a general definition of ramified spaces and show the convergence of a
generalized vanishing viscosity approach on networks. We first examine the eikonal equation
and then general Hamilton-Jacobi equations of eikonal type.

In chapter 5 we extend the theory of viscosity solutions to networks and prove uniqueness and
existence results. We also show the consistency of the concept with the method of vanishing
viscosity on networks.
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In chapter 6 we prove a graph theoretical result about the distance function on topological
networks, connecting its curvature functional to the topology of the graph. The result is related
to the concept of cycle rank of graphs and is interpreted in the language computer scientifical
aspects.

In chapter 7 we generally introduce higher dimensional ramified manifolds and define the so-
called LEP spaces, to which we extend the results of chapter 5.

1.2 Acknowledgements

I would like to express my gratitude to Prof. Hadeler for giving me the opportunity and the
support to write the present thesis, for his interest in the subject, and for allowing me great
latitude in choosing the main foci. I also want to thank Helge Herr for motivational support
and valuable discussions, as well as Dr. Joel Braun, Dr. Christina Kuttler, and David Pricking.
Furthermore I would like to thank everyone else in the institute of biomathematics for providing
an inspiring and warm working atmosphere. Finally I thank all of my friends and my parents
for their patience and care.



Chapter 2

Viscosity solutions: history and
examples

Summary. The purpose of the present chapter is to discuss two important concepts which
contributed to the modern notion of viscosity solutions: Kruzkov’s generalized solutions and
the method of vanishing viscosity. We investigate the latter applied to the eikonal equation in
various domains and show that it converges to the distance function.

2.1 Introduction

In the year 1981 the notion of viscosity solutions of nonlinear first order equations, or Hamilton-
Jacobi equations, appeared in the literature for the first time, when Michael G. Crandall and
Pierre-Louis Lions published their papers “Condition d’unicité pour les solutions generalisées des
équations de Hamilton-Jacobi de premier order” [3] and “Viscosity solutions of Hamilton-Jacobi
equations” [4]. Although the definition given in these publications reads simple and elegant, it
is nevertheless important to point out that it represents the essence of a development over a
long time.

Already in 1975 S. N. Kruzkov proposed a concept of generalized solutions of Hamilton-Jacobi
equations of eikonal type [5], emanating from the observation that a general theory for these
equations entails a dichotomic difficulty: Whereas a classical theory fails as general existence
of solutions cannot be established, a weak theory cannot ensure uniqueness. Kruzkov solved
this problem by imposing a further, physically meaningful, constraint on the weak approach.
Essentially, he demanded the existence of a uniform lower bound of the second order difference
quotients of a solution candidate. And indeed, this additional requirement enabled him to
overcome the problem of uniqueness and to pave the way to a general theory for a large class of
Hamilton-Jacobi equations of “eikonal type”. As a matter of fact, Kruzkov’s theory is not only
justified by existence and uniqueness results, but instead his notion of a generalized solution has

11
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a physical interpretation related to the classical principles of Fermat and Huygens in geometric
optics (cf. [5]), which, in turn, are strongly connected to the eikonal equation. This reflects the
fact that his generalized solutions only make sense for a Hamilton-Jacobi equations which are
related to the eikonal equation.

As mentioned in [6], “analogies of S. N. Kruzkov’s theory of scalar conservation laws ([7])
provided guidance for the notion [of viscosity solutions] and its presentation”. In fact, inspired
by some of the essential ideas in Kruzkov’s work, Crandall and Lions found a strikingly simple
intrinsic representation of his generalized solutions, leading to the notion of viscosity solutions of
first order equations [4]. Its publication initiated avid research activities, triggering the discovery
of a chain of related and much more general results. Later on, Lions discovered a possibility to
extend the concept to second order equations, modifying the definition such that they only bear
little resemblance to their original version. His achievement was to prove a maximum principle
and a corresponding uniqueness result for viscosity solutions of convex nonlinear second order
Hamilton-Jacobi equations by means of stochastic control theory, a result which was extended
to fully nonlinear second order elliptic equations by R. Jensen [8] five years later.

However, as abstract the recent general definitions of viscosity solutions might be, one basic
feature always plays a fundamental role: the possibility of approximating the solution by the
method of vanishing viscosity. We begin with a description of this method, followed by three con-
crete examples for its application to the eikonal equation. After that we elaborate on Kruzkov’s
solutions and end with the modern definition of viscosity solution according to Crandall and
Lions.

2.2 The idea of vanishing viscosity

As mentioned above, the method of vanishing viscosity is a procedure of selecting a certain
weak solution of a first order nonlinear problem which in general has no classical solution. The
idea is to slightly modify the original problem to get a semilinear problem, whereby the extent
of the modification is controlled by a parameter €. Now the existence and uniqueness results
available in the semilinear theory yield a unique, sufficiently regular solution u. for each value
€ > 0. Then the modification is “undone” by taking the limit ¢ — 0, leaving the question if
and in what sense the family of functions u. converges to a limit function called the “vanishing
viscosity solution”.

Let us put the idea in concrete mathematical terms: Let Q be a bounded domain in R™ and
consider a first order Hamilton-Jacobi equation of the form

(2.1)

{ H(Du(x),u(x),z) =0 on {2
U= on 0f).
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4

where H : R™” x R x 2 — R be a nonlinear function, the so-called Hamiltonian. The “viscous”
modification of the problem, depending on the parameter ¢, is given by
eAu. + H(z,ue, Du;) =0 on Q (2.2)
Us = @ on 012, '

and one has to prove the convergence of the functions u. to a limit function u as € — 0, which
can be achieved by establishing suitable a priori estimates.

2.3 Vanishing viscosity applied to the eikonal equation

At this stage we postpone a general approach, and instead illustrate the method of vanish-
ing viscosity by means of several exemplary boundary value problems of the eikonal equation.
Accordingly, on a bounded domain €2 we consider the boundary value problem
|Du| —1=0 onQ

{ u=20 on 0f2. (2:3)
Clearly a classical solution does not exist. However, there are infinitely many Lipschitz con-
tinuous functions satisfying the boundary condition and whose modulus of gradient — existing
almost everywhere by the theorem of Rademacher — equals 1, possibly except for a set of measure
zero. Obviously the distance function d to the boundary is contained in this class of weak or
“almost everywhere” solutions, and we will demonstrate by means of explicit calculations how
it is selected by the method of vanishing viscosity.

Both for technical reasons and in order to stay compatible with the theory in subsequent chap-
ters, we do not apply the method of vanishing viscosity to the eikonal equation itself, but to the
equivalent equation

|Dul?> =1 =0.
Then for € > 0 the corresponding semilinear “viscous” problem reads

eAus + |Dus>—1=0 onQ

u=20 on 0f), (2.4)

and the semilinear theory can be applied. In fact, for domains with sufficiently smooth bound-
aries we have the following

Proposition 2.1 Let Q@ C R" be a bounded domain and with boundary 0 of class C*>*. Then
the boundary value problem 2.4 has a unique solution u. € C*(Q).
Proof. This is a direct consequence of theorems 9.1 and 14.8 in [9]. O

We now consider three cases: an interval, a square, and an arbitrary convex domain in R"
with C2-boundary. In either case, we take advantage of a transformation of (2.4) into a linear
problem.
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2.3.1 Convergence on the interval

Lemma 2.1 Let Q:=]0,1[C R and let d : @ — R be the distance function to the boundary on
Q. Then for each € > 0 there is a unique C?-solution u. of the boundary value problem

{ eul(z) = (u(x))’ +1=0 onQ (2.5)

ue(0) = ue (1) =0.
Furthermore the functions us converge pointwise to d on [0,1] as e — 0.

Proof. First observe that we can convert boundary value problem (2.5) into a linear problem
by means of the following transformation. Fix ¢ > 0 and suppose that u. solves (2.5). Then for
a := 1/¢ the function

wy = exp(—e Tue) — 1

satisfies the linear boundary value problem

{wf{(:c) izfa(x) a? on Q.

we(0) = w

(2.6)

In turn, each solution w, of (2.6) with w, > —1 can be transformed into a solution of (2.5) by
means of the inverse transformation

ue(x) = —% log(wg(z) + 1).

Hence the existence and uniqueness of a C?-solution wu. of (2.5) follows from the fact that the
linearity of (2.6) immediately yields a unique solution w,, which satisfies w, > —1 by the
maximum principle.

Observe that the solution w, can be represented by the formula

1
wa(z) = a® / gla, t)dt,
0
where g(x,t) is the Green’s function of the homogeneous equation
u’(z) — a’u(x) =0
on {2 vanishing at the boundary.
In other words, for each ¢ €]0,1] the function g(z,t) satisfies the following equation in the

distribution sense
{ #g(m,t} —a’g(x,t) =6(x —t) on ]0,1[,
g(O,t) = g(l,t) =0,
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where § denotes the Dirac delta function. It can be readily verified that g(z,t) is given by

(2,1) = —sinhaxsinh k(1 — t)(asinha)™, 0<x <t
W= —sinha(l — z)sinhat(asinha)™}, t<az < 1.

Plugging in, we get the integral equation

w() = —a? /1 sinh ax sinh a(1 — t) d — o2 /x sinh a(l — x) sinh atdt
T 0

asinh a asinh a
sinha(l — z) + sinh az

= -1
+ sinh a

Observe that w, indeed solves the inhomogeneous linear problem (2.6). Resubstituting, we
obtain the explicit formula for the solution of (2.5), which reads

1 <sinha(1 —x)+ sinhax)
——log - .
a sinh a

ue(w) =~ log(wa(z) +1) =

As we want to examine the behaviour of u. for e — 0, we have to consider the limit ¢ = e — 0.

For this purpose we express the hyperbolic functions in terms of exponential functions and obtain

(ea _ 1)(ea(2x—1) + 1)
ea _ efa

(1)

1 eo(l—z) _ ca(z—1) 4 et _ gmax 1
=— | ax —log
a

wtr= g (A

By means of this expression it is easy to see that for 0 < z < 1/2 the term (1) tends to 1 as
a — 00. On the other hand, by choosing a different representation we get

e —e @

ea(1-2x) _ o—a +1—e¢2a

(2)

1
ug(z) = e K log

Now, for 1/2 < = < 1, expression (2) obviously behaves like e* as a — oco. Altogether it follows

{:v 0<z<1/2

i wa(@) =1 1pcr<,

a—0o0

which means that the u, pointwise converge to the distance function d on 2, as asserted. O
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Lemma 2.2 We have
g 1 if0<az<1/2
hmd us(z)=¢ 0 ifz=1/2
s dr 1 if1)2<a<1.

Proof. Again we set a := 1/¢. A direct calculation yields

d (2) —cosha(l —z) 4 coshax
—uglzr) = —
dr sinha(l — ) + sinh az
ea(l—x) _ ea(:c—l) 4 el 4 gmax ea(l—ZJ}) e e~ 20z
- ea(l-z) _ ca(z—1) + T _ g—ax - ea(1-2z) _ o—a +1— e 2ax ’
The assertion is immediate when letting a — oo in the last term. |

A combination of lemma 2.1 and lemma 2.2 yields the following

Corollary 2.1 The functions u. converge to d with respect to the C*-norm on §).

2.3.2 Convergence on a square

We now apply the method of vanishing viscosity to the eikonal equation on a square and prove
an analogous statement.

Lemma 2.3 For each € > 0 there is a unique solution u. of the boundary value problem

(2.7)

eAu. — [Duc|> +1=0 onQ:=]0,1[x]0,1]
u: =0 on 0f).

Furthermore the functions u. converge pointwise to the distance function d on €2 as e — 0.

For the proof of lemma 2.3 we need the following well-known facts about the spectral represen-
tation of Green’s functions for the Dirichlet function on arbitrary domains, associated with a
self-adjoint linear operator.

Lemma 2.4 The Green’s function G(p,q) for the Dirichlet problem associated with the self-
adjoint linear operator L on a bounded domain Q C R™, m € N, has the form

Q) _ Z un(p))\:n(Q)’

n=1

where u,, n > 1, are orthonormal eigenfunctions of L corresponding to the eigenvalues A\,
defined by
nun( )7 pe

Lun( ) =
=0, p € 0D.
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Lemma 2.5 Let k € R. If L is replaced by L — K in lemma 2.4, the Green’s functions takes the

form
o Un(p)un(q)
G — A\
Pa) =) pap——
n=1
provided r is not an eigenvalue of L.
Proof. (of lemma 2.4 and lemma 2.5) Confer theorem 9.4 and its corollary in [10]. 0

Proof. (of lemma 2.3) We apply the same transformation as in the proof of lemma 2.1. Ac-
cordingly, if u. solves (2.7), then the function

Wy 1= exp(—aflua) -1, a:=1/e,
solves the linear boundary value problem

{ Aw, — a’w, = a® on

we =0 on 0f). (2:8)

Conversely, it is well-known that for each a > 0 there exists a unique solution w, of (5.6).
Analogously to the proof of 2.1 we verify w, > —1 and apply the inverse transformation to find
that a solution u. of (5.1) exists uniquely.

Observe now that w, may be represented by the formula

wa(p) = a’ /Q G(p,q) da,
where the integral kernel GG is the Green’s function associated with the homogeneous equation
Au—a*u=0
on the square vanishing on the boundary. Accordingly, G formally satisfies the equation

AG(p,q) — a®G(p,q) =5(p—q), p,q€ .

Now observe that the functions
1

U (T,Y) == T sin(mmzx) sin(nmy)

form a complete orthonormal system of eigenfunctions of —A vanishing on the boundary of 2,
corresponding to the eigenvalues

A = T2 (m? 4+ n?).
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Accordingly, setting L := —A and x := —a?, we obtain by virtue of lemma 2.5

sin(mmx1) sin(nmy ) sin(mmas) sin(nrys)
w2(m? + n2) + a? )

G(p,q) = G(@1,y1, 22, y2) = Z (2.9)

m,n=1

We now represent the solution w, of the boundary value problem 2.8 by means of the standard
integral representation formula (cf. for instance theorem 9.6 in [10]) and obtain

L sin(mmra) sin(naryy ) sin(mmzs) sin(nrys)
(x1,01) =

w2(m? 4+ n?) + a? drz dy>

mnl

B af Z 4 sin(mmxy) sin(nmy;)

16 mnn?  72(m? + n?) + a?
m,n=1,3,...

This representation is not yet suitable to gain any information about the behaviour as a — oo.
For this purpose, we choose an alternative way to represent the Green’s function, which will
turn out to be more fruitable. In fact, according to [10], p. 270, problem 11, the above Green’s
function (2.9) may be expressed in the form

oo . .
sinhoys sinho(y; — 1) | )
— 9 sinnwz; sinnwz
Z o sinh o ! 2
for the case 0 < yo < y1 < 1, with 02 = a® + n?72, p = (21,71) and ¢ = (22, 12).

Applying the integral representation formula of theorem 9.6 in [10] once more, the solution w,
takes the form

. 1 (Y sinh sinh —1
we(x1,y1) = 2a° Z/ / Y2 - o ) sinnwxy sin nwrodysdrs
osinh o

h -1 h
+ 2a2z/ / sinh o (y2 ) sinh oy sin nmxg sin nrridysdry.  (2.10)
o sinh o

Evaluating the respective integrals yields

Y1 h h 1
/ / sinhoyzsinh oy — 1 sinnmwey sin nwradysdas
o sinh o

sinh — 1) sinnrzx 1 v
— o(y1 ) T / sinnmwxy drs / sinh oyo dys
0 0

osinh o

_ sinho(yr — 1) sinnray (=)™ +1) l(cosho'yl —1)
g

osinh o nmw
2 sinh —1) sin . .
_ = 253:2 Sir)l}fa L L (coshoy; — 1) if n is odd (2.11)
0 if n is even.
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and

L rlginh o(ya — 1)sinhoy; .
- sin nmae sin nwxydysdrs
0o Ju osinho

sinhoy; sinnrry  ((=1)"Tt+1) 1

: . Z(1—cosho(y, — 1
osinho nm 0'( cosho(yr —1))

{ 2sinhoy, sinnmes () _ oogh o(yy — 1)) if n is odd

nwo? sinh o 2.12
if n is even. ( )

If we insert (2.11) and (2.12) into equation (2.10) and simplify, we obtain

we(x,y) = 4a* n:; %[sinh o(y —1)(coshoy — 1) — sinh oy(cosho(y — 1) — 1)]

= —4a? Z %[Sinh o(1 —y)(coshoy — 1) +sinhoy(cosho (1l —y) — 1)]

n=1,3,...
sinnmx sinho(1 — y) + sinh oy
= —4a’ 1- .
¢ n; nno? < sinh o

This is an expression for the solution of the transformed linear problem 2.8 to which we now
apply the inverse transformation

1
Ua(x>y) = _a log(wa + 1)>

obtaining

4a? sinnmx (1 sinho(1 — y) + sinh 0y>

1
'U,S(CU,y) = _alog 1- 71'02n

n=1,

sinh o

w

gooo

Taking advantage of the well-known relation

Z Sinnﬂ'x:% (2.13)

n
n=1,3,...

for all 0 < 2 < 1, we obtain using 02 = a? + n’r?

1 4a’sinnrr (72n?  sinho(l — y) + sinhoy
=——1
u(@,y) a8 n_; no’n ( z sinh & )
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Let us now fix 0 <y < 1/2 and further compute

4e™2n? sin nrx

1
wle.y) = —tog [ [ 3

Ton
n=1,3,...
4e%a?sinnmx sinho(l —y) +sinho
+ > . : (Chat’) Y (2.14)
i Ton sinh o
1 1 4e™rin? sinnmx N 4e%a’sinnrxr sinho(1l —y) + sinhoy
= y _ = Og 2 2 . -
a Lo To*n neTa.. To’n sinh o
i (1) 2) i

We analyze the behaviour of u.(z,y) for fixed x and y upon letting a = e~! — oco. To this end

we restrict ourselves to the case 0 < y < 1/2 and consider the expressions (1) and (2) separately,
starting with expression (2).

Observe that we have
o ~a for large a and fixed n, (2.15)

due to the relation 02 = 72n? + a?. By (2.15) and 0 < y < 1/2 we compute

ot+y(a—o) _ ,—o+y(ato) (ato)y _ j(a—0)y a _ ,—a+2ay 2ay _ 1
lim & ¢ e c = lim & e =1 (2.16)

a—00 e? —e 9 a—00 e@

Now we compute the limit of (2), using the fact that limit and summation can be interchanged
in this case.

lim Z 4e™a? sin nrx ~sinh o(1 —y) +sinhoy
a— 00

wo’n sinh o
n=1,3,...
Z I 4eWa?sinnrr sinho(1 —y) + sinhoy
= im . i
a—00 no’n sinh o
n=1,3,...
. Z lim 4a? sinnrx oo e?(1=y) _ g=o(1=y) | goy _ =0y
N a—co  To?n €7 — e
n=1,3,...
i 4a?sinnmx  eotv(a—0)) _ g—otylato) 4 plato)y _ (a—o)y
= lm .
a—oo  TOo2n prp—
n=1,3,...
4sinnmx i eotyla—0)) _ g—otylato) 4 oato)y _ gla—o)y L e
= 7 lm = . .
™ a—0o0 e? — e 0
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Observe that we have invoked (2.13) and (2.16) for the last equality.

Let us now consider the first expression (1). We first write

Z 4eay7r2n22sm nTL ey Z 47‘1’;1 s21n n7r233 (2.18)
n=1,3,... ToTn n=1,3,. Tt +a
and show that the sum A si
mnsinnm
Sel@i= 3 Smaia (219)

n=1,3,...
is the Fourier expansion of an appropriate 2-periodic function. In fact we consider the 2-periodic
functions f(® : R — R, a € R, which are defined by

f(a)(:v) _ _e—alz+l) _ e—a(l—(a:—l—l))’ if—1<z<0,
e e 4 el ifo<z<l,

on the interval [~1,1]. Observe that each f(® is an odd function which is symmetric with
respect to the lines
r=m+1/2, meZ.

Hence its Fourier expansion has the form

[e.e]

= Z b sin nrra, (2.20)
n=1

with b%a) =0 if n € 2Z. In fact when computing the bﬁf" according to the formula

1
= / f(“) (t) sinnwt dt,
-1
we obtain B
pl@) — 741251e2+;1) if n is odd (2.21)
" 0 if n is even.
By (2.19), (2.20), and (2.21) it follows
(e = 1)Sa(z) = [ (=)
This combined with (2.18) yields
AW 12n2 —azx —a(l—x)
Z e ﬂnQSlnnmc:eay_e +e C0<z<1. (2.22)
n e e —1

o
n=1,3,...
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For large a > 0 we therefore obtain by virtue of (2.14), (2.17), and (2.22)

1 —azr —a(l—x) 1 —a(z—y) —a(l-z—y)
ua(x):y—alog<e“y.e te —Fl):y—alog<6 e +1].

e —1 et —1
Using 0 <y < 1/2 it is then easy to verify that we have

T for0<z<y
lirr[l)ug(x,y): Y fory<z<l-—y
= l—z forl—y<ax<l.

By reasons of symmetry it is clear that we obtain the same result for 1/2 < y < 1. We therefore
have shown that the functions u. converge to the distance function d on the square as ¢ — 0. O

2.3.3 L'-Convergence on convex domains with boundary of class C?

The method of explicitly constructing the solutions u. of the “viscous” eikonal equation by
means of a known Green’s function certainly fails for more general domains. However, we prove
an L'-convergence result for the case that the domain is convex and has a C?-boundary.

Lemma 2.6 Let Q € R" be a domain with C%-boundary. For any € > 0 let u. € C?(Q) be the
unique solution of the boundary value problem

{ eAu. — |Duc|> +1=0 on (2.23)

us =0 on 0X),

which exists according to proposition 2.1. Then we have

lim/ |Du.|? — 1dz = 0.
Q

e—0
The proof of lemma 2.6 is based upon the following proposition.

Proposition 2.2 Let Q C R” be a domain with C?-boundary. Then for each a > 0 and each
C?-solution wg of the boundary value problem

20— 2
{Awa a‘w, = a* on ) (2.24)

we =0 on 0f.

we have
lim [ (wg,+1)dz =0.

a—00 (¢}
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Proof. (of proposition 2.2). Fix a > 0 and let w, € C%(Q) solve (2.24). We define
Qp:={y=ar e R" |z € Q},

where Q1 = Q. Applying the transformation y = ax we observe that

Wq(y) = Wq(ax) := wq(x)

solves the boundary value problem

Ay =we+1 on Q,
Wy =0 on 9),.

Furthermore, the function v, := w, + 1 is a solution of

Av, = v, on €,
Ve =1 on 0€,.

Observe that for all a > 0 we have v, < 1 on €, by the maximum principle.

Now define for 4 > 0
0F .= {y € Q| dist(y,0Q) > B}

and analogously for a > 0, 8 > 0

O .= {y=az cR" |z c OF}.

23

(2.25)

(2.26)

Fix # > 0. We show that there is a positive function S : R — R with S(a) — 0 as a — oo, such

that
va(z) < S(a) for all z € QF.

(2.27)

To this end we define for any r > 0 the function v" to be the solution of the boundary value
problem (2.26), where the domain €, is replaced by the open ball B, (0) with radius r > 0. As
is well-known, v" is given by a suitable Bessel function depending on the radius r. Hence one

easily verifies that
v"(0) = 0 asr — oo.

Fix now x € Q). Then Bug(x) C Q4. Define the function
0" iy = v (y — x).

Then we have
1=¢"(y) > va(y) forally € 0Bup(z),

which implies
v*(0) = " () = va(2)

(2.28)
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by the maximum principle. As z € Qaﬁ has been chosen arbitrarily, it follows
S(a) > vg(z) forall z € 0f
where we have set S(a) := v®*(0). Furthermore, by means of relation (2.28) we have
S(a) — 0 for a — oo, (2.29)

and (2.27) is proved.

Now fix € > 0. As the boundary 052 is of class C?, its curvature is bounded, whence there is a
constant C' > 0 independent of 3 such that

0\Q°| < C 6.
We now choose 3 > 0 such that C5 < ¢/2 and compute

/ (walo) + 1)z = [ () + Dy = [ wly)dy
Q a” jo,

Qa

1 1
< 19000+ 5 [ vl dy <IN+ 1902) - S() < /2 +19°) - S(@).

Hence by (2.29) we have
/ (wg +1)dx < ¢
Q

if a is large enough. The assertion follows. |
Proof. (9f lemma 2.6). We apply the same transformation as in the proof of lemma 2.1. Let
ue € C%(Q) be a solution of (2.23) and set a := 1/e. Then the function

wy = exp(—e Tu) — 1
satisfies the linear boundary value problem

{ Aw, — a’*w, = a® on

we, =0 on 0f). (2.30)

From the inverse transformation

1
U 1= log(wg + 1)

it follows
n

Dw
2 a
|Du.|? = QQZ (o 12
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Using

D. Wq _ Dijw,
Nwe+1)  (we +1)%

we get by partial integration

(Diwg)* Djw,
/|Du€|2dx—/ E e / E 0 ———— Djwg dz
(wq + 1)2 (wq + 1)2

1
D; Dijw, dx = —— e dT = ——
a2/z (wa—i-l) Wa A /Zwa+1 /W 0 a2/g

where the boundary terms vanish due to w, = 0 on 9f2.

On the other hand, (2.30) implies

a*(we + 1) = Awy,

/|Du5|2dac:—/wad$.
Q Q

Dl =1 = = [ (w1 e

and the assertion follows by proposition 2.2.

whence it follows

We obtain

25

Aw, dx,
wy + 1

a

Theorem 2.1 Suppose that the domain in lemma 2.6 be convex. Then |Du.|> — 1 with respect

to the L*-norm as e — 0.

Proof. Let d : Q — R be the distance function to the boundary 9. We show that u. < d on
Q) for all € > 0. For this purpose assume this were not the case. Then there is an € > 0 and a
point zg € Q such that u.(zg) > d(zo). Let y € 0Q satisfy |xg — y| = min.cpq |2 — zo| and let

vy be the inward pointing unit normal of € at y. For the function

ey R" =R, py(z) = (v, — y)

it then follows
o(x0) > ues(zo).

Observe that we have
Q:(py) =0 on .

for the quasilinear differential operator

Q-(u) == eAu— |Dul?> +1, wue C*Q).

(2.31)
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As Q is convex, we furthermore have ¢, > 0 on 9. On the other hand, we have Q.(u.) = 0 on
Q as well as u. = 0 on 0f2. Then the quasilinear maximum principle (cf. [9]) implies u. < @,
on {2, a contradiction to (2.31).

Similarly, the quasilinear maximum principle implies that we have u. > 0 on Q, whence alto-
gether it follows
0<wu.<d onf.

As u. € C?(Q), this implies
d

5oue(n)] < 1 (2.32)

for all x € 9 and for any direction v € R”, |v| = 1. Now fix v € R" with |v| = 1. Differentiating
(2.23) with respect to v yields
eAw — 2(Du., Dw) =0

where w := %ug. By (2.32) the linear maximum principle then implies |w| < 1 on Q. As the

choice of v was arbitrary, it follows |Du.| < 1 on Q. Hence

e—0

lim/ || Duc|? — 1] dx:—lim/ |Duc|* —1dx =0
Q =0Jq

by lemma 2.6. This completes the proof.

2.4 Generalized solutions in the sense of Kruzkov

In view of the historical development of the concept of viscosity solutions, it is worth while elab-
orating on the work of S. N. Kruzkov, especially on his achievements in developing a comprising
theory of generalized solutions of “Hamilton-Jacobi equations of eikonal type”. The correspond-
ing paper [5] provided valuable inspiration for the present thesis, and we therefore outline the
essential ideas of his theory in order to draw a complete picture.

Kruzkov’s theory applies to Hamilton-Jacobi equations of the form
H(Du,u,z) =0 with H(Du,u,z)= f(Du,u,z)—n*(u,x), (2.33)

where we have x € () for some domain 2 C R™. The functions n and f are subject to several
constraints, among which the most important are

(1)  f(O,u,z) =0 forall (u,z) e R xQ
(i)  H(p,u,x) is convex with respect to p (2.34)
(7it) H(p,u,x) is nonincreasing with respect to w.
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These equations are related to the eikonal equation, whereby in the geometrical-optics interpre-
tation the function n(u,x) corresponds to the index of refraction of light rays determined by the
properties of the medium.

Classically, nonlinear problems like this can be attacked by the method of characteristics, usually
yielding a unique classical solution in the vicinity of a given manifold of dimension n — 1,
provided that this manifold is noncharacteristic and sufficiently smooth. However, in the case of
the above eikonal type equations, unicity cannot be expected for these local classical solutions,
as the original equation may split into two distinct equations, each of them corresponding
to a different local solution. Apart from that, the projections of the characteristics onto the
underlying space intersect in general, with the consequence that at a point of intersection each
of them corresponds to a different value of the gradient brought to it from the initial manifold.
With this in mind it suggests itself to dispense with classical solutions and to allow for weak
solutions satisfying the equation only almost everywhere. Then unicity is not guaranteed in the
first stage — even in case of problems where the method of characteristics yields global solutions
—, and one has to introduce an extra condition. Kruzkov’s condition can be most easily outlined
in the case of the eikonal equation on an interval, that is

{ luz| =1 on [0,1]

w(0) = u(1) = 0 (2.35)

In the class of Lipschitz continuous functions satisfying (2.35) almost everywhere, the most obvi-
ous are those piecewise linear functions which are composed by sections of lines of slope 1 or —1
and which satisfy the boundary constraints. Among these solutions the distance function seems
to be the most natural, as it possesses several extremal properties: It maximizes the volume
functional, it minimizes a curvature functional (suitably weakly defined), and it is concave. In
fact, if any of these extra conditions is demanded, the distance function will be uniquely singled
out. However, only (a modification of) the concavity constraint turns out to be powerful enough
to still provide uniqueness if the boundary conditions are more general, the dimension of the
space is higher, or if the equation itself deviates from the eikonal equation in a sense which is
referred to as “eikonal-type” by Kruzkov. Whereas both volume and curvature functionals in
connection to the eikonal equation will be discussed later on, let us at this stage elaborate on
the modified concavity condition that has been introduced by Kruzkov. In fact it is sufficient
to ensure that the weakly defined second derivatives are bounded by above.

Definition 2.1 A function u : © — R is called a generalized solution of 2.33 in the sense of
Kruzkov , if it has the following properties:
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(i) w is locally Lipschitz continuous on
(i)  w satisfies 2.33 almost everywhere
(i1i)  for each r >0 and x € Q such that B,(x) C Q we have

Au u(z+ Az) — 2u(z) + u(z — Az)
A2 |Az]?

< C(z,r)

for all Az € R™ with 0 < |[Ax| <.

Kruzkov showed that if such a generalized solution exists, it will be unique. The proof is
essentially based on property (iii) in combination with a certain transformation of the problem
similar to the one we employed in the proofs of lemmas 2.1, 2.3, and 2.6. Furthermore, he applied
the method of vanishing viscosity to obtain existence of his generalized solutions, which reflects
the connection to the concept of viscosity solutions to be developed by Crandall and Lions some
years later. In fact, Kruzkov’s theory coincides with their theory in the case of eikonal-type
equations. All this has been exhaustively discussed in the literature.

2.5 Viscosity solutions in the sense of Crandall and Lions

Michael G. Crandall and Pierre-Louis Lions were the first to notice that Kruzkov’s additional
constraint — the local upper bound of the second derivatives — can be seen as the manifestation
in a special case of a by far more elegant and appealing concept applicable to a broad class of
Hamilton-Jacobi equations, which led to the concept of viscosity solutions. Since the fruitful
research activities triggered by the first introduction of this concept has changed the original
formulation dramatically, we will first present the historically oldest definition, which captures
the essential features in the best way. We also restrict ourselves to problems of the form

H(Du,u,xz) =0 1in Q, (2.36)

where Q@ C R", v : @ — R, H : R" xR x  — R. Moreover we demand the fundamental
monotonicity condition

H(p,r,x) < H(p,s,x) whenever r < s for all (p,z) € R" x R, (2.37)
which is essential for the theory (cf. [6]).
We now provide the important notion of upper and lower test functions.

Definition 2.2 Let u € C(2) and let x € Q. A function ¢ € C(Q2) which is differentiable at
x and for which uw — ¢ attains a local maximum (minimum) at x is called upper (lower) test
function of u at x.
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A viscosity solution of (2.36) is then defined via a test function condition according to the
following

Definition 2.3 Let Q@ C R™ be an open bounded set and let x € . For problem (2.36), a
continuous functionu : 2 — R is said to satisfy the viscosity subsolution, viscosity supersolution,
or viscosity solution condition at x, if respectively the first, the second, or both of the following
conditions are satisfied.

(i) For all upper test functions ¢ of u at x we have H(Dy(x),u(x),z) < 0.
0.

IV IA

(i1) For all lower test functions ¢ of u at x we have H(Dy(z),u(x), )

If u satisfies the viscosity subsolution, viscosity supersolution, or wviscosity solution condition
for all x € Q, then w is respectively called a viscosity subsolution, viscosity supersolution, or
viscosity solution of (2.36).

As a matter of fact, this definition of viscosity solution allows the derivation of a whole bunch
of existence and uniqueness results for boundary value problems which can be proven in a far
more elegant way compared with Kruzkov’s methods (cf. [6]). It can also be shown that the
vanishing viscosity limit coincides with the unique viscosity solution, a fact which we will refer
to as consistency with the method of vanishing viscosity.
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Chapter 3

Perron methods for the eikonal
equation

Summary. The present chapter relates viscosity solutions of the eikonal equation on non-
ramified domains to maximum volume solutions of granular matter problems. We show the
equivalence of the two selection principles induced by the test function and the maximum volume
constraint. In fact, we characterize viscosity solutions of the viscous and non-viscous eikonal
equation as pointwise suprema over a certain class of subsolutions, the so-called subeikonal
equations, respectively (Perron method). Similary, we consider the viscous version of the eikonal
equation and characterize its viscosity solutions as suprema of subharmoneikonal functions.

3.1 Introduction

In [1], the authors discuss the analogy between the Dirichlet problem of the Laplacian and
the Dirichlet problem of the eikonal equation under a maximal volume constraint on bounded
domains. Among other things, they point out that in both cases one can apply a Perron
method to construct solutions. Whereas the Perron method for the Laplacian is well known,
for the maximal value problem they introduce classes of subfunctions (the so-called subeikonal
functions), and show that solutions are given by pointwise suprema of all subeikonal functions
staying below given boundary values.

On the other hand, as has been shown by Ishii in [11], a Perron method can be designed to
construct viscosity solutions for a general class of Hamilton-Jacobi equations. In fact, a viscosity
solution is given by the pointwise supremum over all viscosity subsolutions staying below given
boundary values.

We demonstrate that Ishii’s method applied to the eikonal equation can be replaced by the
method given in [1]. As we will see, the class of subeikonal functions is contained in the class of

31
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viscosity subsolutions and has the property that its pointwise suprema as constructed in [1] are
in fact viscosity solutions.

Secondly we consider the viscous version of the eikonal equation, which reads
eAu—|Dul+1=0 (3.1)

We propose a class of subharmoneikonal functions (SHE functions, for short), which is a modi-
fication of the class of subeikonal functions. We show once more that a Perron method based on
these functions yields viscosity solutions. For this purpose we will have to invoke the definition
of viscosity solutions extended to second order equations.

3.2 The eikonal equation and subeikonal functions

Throughout this chapter let Q C R™ be a bounded domain. We consider the eikonal equation
|Du| —1=0 (3.2)

on Q. The following terminology is introduced in [1].

Definition 3.1 Let x € Q. We call a function u € C(Q) subeikonal at =, whenever there is a
radius ro > 0 with By (x) C Q such that

u(z) < inf wu(y)+r (3.3)
yeSy(x)

for all0 < r <o, where Sy(x) := 0B(x). The function u is called subeikonal, if it is subeikonal
at each point x € Q.

Suppose the boundary of the domain € be Lipschitz. For a given boundary data function
¢ : Q0 — R we define X to be the set of all subeikonal functions u with u < ¢ on 0Q. Tt has
been shown in [1] that the function @ : Q — R defined by

w(z) == supu(z), =€, (3.4)
ueX
is also contained in X (consistency). Furthermore, @ is the unique function among all Lipschitz
continuous functions with Lipschitz constant 1, which maximizes the volume functional

The construction of the maximum volume solution @ as a pointwise supremum of subeikonal
functions is what we refer to as Perron’s method. We now show that the Perron solution 4 is in
fact a viscosity solution of (3.2). We start with the following
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Lemma 3.1 Let v € C(R2) be subeikonal. Then v is a viscosity subsolution of (3.2).

Proof. Let 2 € Q and let ¢ be an upper test function of v at . We have to show |Dy(z)| < 1.
First note that we can without loss of generality assume that we have v(z) = ¢(x). By the fact
that v is subeikonal and by the fact that v — ¢ attains a local maximum at x we conclude that
there is a number 7 > 0 such that

px)=v(x) < inf wv(y)+r< inf @y)+r (3.5)
yES, () YESr(x)

forall 0 <r < 7.

As ¢ is differentiable at z, we can write down its Taylor expansion
o(x +re) = o(x) + r(Dp(x),e) + O(r?)

for any e € S"~1. Choosing e := —Dy(x)/|Dp(x)|, we conclude

inf @(y)= inf px+rz) <plx+re)=p(x)—rDo(z) + O(r2). (3.6)
yESr(x) zeSn—1

Combining (3.5) and (3.6) yields
0<1—|Dp(z)|+ O(r),
which implies |D¢(x)| < 1 upon letting r — 0. O

It has been shown in [1] that @ is subeikonal. Hence the above lemma implies that @ is a viscosity
subsolution of (3.2). It remains to show that it also is a viscosity supersolution.

Lemma 3.2 The function @ as defined in (3.4) is a viscosity supersolution of (3.2).

Proof. Suppose the contrary were the case. Then there is a point zg € 2 and a lower test
function ¢ of @ at zg such that we have |Dp(z0)| < 1. Without loss of generality we may assume
@(zo) = ¢(z0) and that ¢ be C? in an open neighbourhood U of x. Furthermore we can assume
that the local minimum of w — ¢, which by definition is attained at xg, be strict, by possibly
adding to ¢ a paraboloid of the form

yH_aH‘rO_yuzv a> 0.

For reasons of continuity it follows that there are small numbers 7, > 0 such that Be(zo) C U
and such that for ¢ := ¢ +n we have ¢(y) < u(y) for all y € 9B¢(zo) as well as [Dp(y)| < 1 for
all y € Be(xo). We then show that the function @ € C(Q2) given by

(2) = { max{u(z), p(x)} ifz e E&/Z(xo)
' fL(l‘) ifx e Q\Bg/Q(JJ())



34 CHAPTER 3. PERRON METHODS FOR THE EIKONAL EQUATION

is containe in X. For this purpose first note that u clearly is subeikonal for all z € Q\Bg /2 (o).
Now let x € Bejo(zo). As ¢ is C? in U and as x € U, there is a radius 79 > 0 such that by
Taylor expansion we have

plx+re) > p()+r(Dp(x)e) — Cr* > p(x) —r <D¢(x)’ \gi8| > o

= ¢(z) = r|Dy(z)| - Cr?

for all e € S" ! and all 0 < r < ry. Here C > 0 is a constant independent of r and e.
Consequently, as |[Dy(z)| < 1, there is a § > 0 such that for all e € S"! and all 0 < r < ro we
have

o(x +re) +1 > p(x) + or — Crl.

Hence for all 0 < r < §/C :=r; we have

inf wu(y)+r= inf wu(zx+re)+r> o). (3.7)
yESy(x) ecSn—1

On the other hand, u is subeikonal at x according to [1], whence there is an r9 > 0 such that

we have
a(x) < inf a(y)+r (3.8)
yeSy(x)

for all 0 < r < ry. Combining (3.7) and (3.8) we find

max{a(z), 3(z)} < ygg@ max{a(y), p(y)} +r

for all 0 < r < min{ry,re}, implying that @ is subeikonal at . Thus we have @ € X. Since
by construction we have u(xg) > @(z), we obtain a contradiction to the definition of @. This
completes the proof. O

The combination of lemmas 3.1 and 3.2 yields the following
Corollary 3.1 The function @ as defined in (3.4) is a viscosity solution of (3.2).

As the above lemmas have shown, the Perron method designed in [1] yields a viscosity solution
of the eikonal equation. Note that the behaviour of both the boundary 9 and the boundary
data ¢ is not relevant in the above proofs. However, as it is also the case for the classical Perron
method for the Dirichlet problem, it is not clear if the boundary data are assumed. We thus
need an extra barrier condition for the boundary values. Such a barrier condition is given in [1].
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3.3 The viscous eikonal equation and SHE functions

We have seen that in the simple case of the eikonal equation viscosity solutions can be con-
structed by means of a Perron method, that is, as pointwise suprema of subeikonal functions.
The subeikonal functions are special, easy-to-describe viscosity subsolutions, and are intuitively
related to the eikonal equation itself.

We now modify the eikonal equation by adding a viscosity term and pose the question, if solutions
of the resulting viscous eikonal equation, which is a semilinear second order equation, can be
characterized by a similarly intuitive class of “subsolutions”.

For the remainder of this chapter let 2 C R™ be a bounded domain and fix e > 0. For u € C?()
we define the semilinear operator () by

Q(u) :==eAu— |Du| + 1.

The equation
Qu) =elAu—|Dul+1=0 (3.9)

is called viscous eikonal equation, where we emphasize that — in contrast to the previous chapter
— the term |Dul is not squared here.

Our aim is to show that if a classical solution of (3.9) exists, then it can be characterized as
the pointwise supremum over a suitable class of “subfunctions”. In a way, equation (3.9) is
a linear combination of the Laplace equation and the eikonal equation, and the corresponding
subfunctions are expected to reflect properties of each of them. In fact, subeikonal solutions
can be described by a local “subextremal” property, whereas subharmonic functions satisfy a
local “subaverage” condition. Note how both of these properties are maintained in the following
definition.

Definition 3.2 Let x € Q. We call a function u € C(€2) subharmoneikonal (SHE) at x, if there
is an rg > 0 such that By,(x) C Q and such that for all 0 < r < rg we have

u(zr) < ! < inf u(y)+r> + 2ne é()u(y) dsS(y), (3.10)

7 4 2ne \yeS,(x) r 4+ 2ne

where § denotes the average integral.

Furthermore let A C Q. If u is SHE at all x € A, we say that u is subharmoneikonal (SHE) on
A and write u € SHE(A).

Definition 3.3 Let u,v € C(2) and x € Q. We say that v touches u by above (by below) at
z, if u(x) = v(z) and if there is a neighbourhood U around x such that v(y) > (<) u(y) for all
yeU.



36 CHAPTER 3. PERRON METHODS FOR THE EIKONAL EQUATION

The following two propositions are immediate consequences of definition 3.2.

Proposition 3.1 Letu € C(2) be SHE at x € Q and assume that v € C(2) touches u by above
at x. Then v is SHE at x.

Proposition 3.2 Let u,v € C(2) be SHE at x € Q. Then w := max{u,v} is SHE at x.

Lemma 3.3 Let x € Q and let u: 2 — R be twice differentiable at x.
(i) If w is SHE at x, then Q(u)(z) > 0.
(11) If Q(u)(x) > 0, then u is SHE at .

Proof. Expanding v around x yields

2

u(x +re) = u(x) + r(Du(x),e) + %etD2u(x)e +0(r?), (3.11)

for any e € S"~!. We integrate and obtain

2
% u(y)dS(y) = % u(x 4+ re)dS(e) = u(z) + 74—Au(z) + O(’I“S), (3.12)
yESr(x) ecsn—1 2n
where we have used the relations
/ (Du(z),e)dS(e) =0
ecSn—1

and )
/ et Ae dS(e) = - |51 - trA
ecSn—1 n

for any symmetric n X n-matrix A.

Moreover, by setting e = —Du/|Du| we obtain the relation
inf  u(y) < u(z) — r|Du(z)| + O(r?). (3.13)
yeK,(x)

(i) Let u be SHE at x. By (3.10), (3.12) and (3.13) we estimate

o
IA

r yeifr(lrf(x) u(y) +r — u(x)} + 2ne [7{ u(y) dS(y) — u(x)

< —r2|Du(:r)| + r26Au(3:) +r2 4+ O(r3).

Dividing by r? and letting r — 0 yields Q(u)(z) > 0.
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(ii) Conversely, suppose that we have Q(u)(z) > 0. It follows that there is a number § > 0 such
that Q(u)(z) — 0 > 0. Plugging e = —Du/|Du| into (3.11) and multiplying by r yields that for
all sufficiently small r > 0 we have

roinf  u(y) > ru(z) — r?|Du(z)| + O(r®) — r25 /2. (3.14)
yeK,(x)

Hence we have by (3.13) and (3.14)

0 r2eAu(z) — r2|Du(z)| + r? — 125

T Leif?f(x) u(y) +r— u(:ﬂ)} + 2ne [% u(y) dS(y) — u(x)] —125/2 4 O(r3)

A

IN

< r [ inf wu(y)+r— u(m)} + 2ne M u(y) dS(y) — u(x)]

yeK,(x)

for all sufficiently small r» > 0, implying that u is SHE at z. O

Now we generalize the technical procedure applied to the eikonal equation in the previous section.
For this purpose we extend the concept of viscosity solutions to second order equations. There
are different ways to accomplish this; the easiest is to simply replace the C! test functions in
definition 2.3 by C? test functions. We remark, however, that viscosity solutions of second order
will not appear in the subsequent chapters, which is why we dispense with further details. For
the general theory we refer to [6].

Definition 3.4 A function u € C(Q) is said to be a viscosity subsolution (supersolution) of

Q(u) =0, (3.15)

if the following holds: For any ¢ € C*(Q) and any y € Q2 such that u — ¢ has a local mazimum
(minimum) at y we have Q(v)(y) > (<) 0.

The function u is called viscosity solution of (3.15), if it is both a sub- and a supersolution of
(8.15). We denote the class of all viscosity subsolutions, supersolutions, solutions of (3.15) on

Q by S(02), S(Q), and S(2), respectively.
Lemma 3.4 We have SHE(Q) C S(€2).

Proof. Let u € SHE(Q), ¢ € C%(Q) and let u — ¢ attain a local maximum at some point
y € Q. If we also assume that u(y) = ¢(y), it follows that ¢ touches u by above. According to
proposition 3.1, ¢ is SHE at y, implying Q(¢)(y) > 0 by lemma 3.3. Hence we have u € S(Q).

O
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Now we fix any continuous boundary data function ¢ : Q) — R and define the set
X = {u e SHE(Q) |u < ¢ on 00}.
As before we define the Perron solution % to be the pointwise supremum over X, i.e.

u(x) = sup u(x),
uceX

and show that it is a viscosity solution of (3.15).
Lemma 3.5 We have u(x) < oo for all x € Q.

Proof. As 0f) is compact and as ¢ is continuous, there is an m > 0 such that ¢ < m on 0f2.
Consequently, © < m on 9L for all u € X.

Choose a point = € © and set d := sup{||z — z||, z € 92} > 0. Define the function
v:Q =R, vy):=—ally—z|*+ K,

where K > ad? +m and a > 0 is yet to be chosen. It follows that v > m on 9. Furthermore
we have

Q) (y) = —2ena — 2ally — z|| + 1.

If we now choose a > (2en)~!, we have Q(v) < 0 in Q. Hence v is a classical supersolution of
Q(u) = 0. Thus it is also a viscosity supersolution. Let u € X. By lemma 3.4 it follows that u is
a viscosity subsolution of Q(u) = 0. As u < v on 02 by construction, we invoke the comparison
theorem for viscosity solutions (theorem 3.3 in [6]) to conclude that v < v in 2. We obtain that
% < v in . The assertion follows. O

Lemma 3.6 The function @ is a viscosity supersolution of Q(u) = 0.

Proof. Assume the contrary. Then there is a point 3 € 2 and a function ¢ € C?(Q2), such that
@ — o has a local minimum at y and Q(p)(y) > 0. We may assume @(y) = ¢(y).

Now choose ¢ > 0 small enough to have Q(¢)(y) — 26 > 0 and define the paraboloid

Y(x) = p(y) + Do(y)(z —y) + %(3: —y)'D?o(y)(x — y) — ngv —yl|*.

Then we have Ay(y) = Dp(y) — 26, whence Q(¢)(y) > 0. Moreover, there is a radius s > 0
such that Bs(y) C Q and ¥ < ¢ on By(y)\{y}. Continuity implies that there is a radius ¢ with
s >t > 0 such that Q(z0) > 0 on By(y). It follows that ¢» € SHE(B;(y)) according to lemma 3.3

(ii).
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Let £ := mingp,(,) (¢ — ¢) and observe that we have { > 0. Define P o= + % Clearly
¥(y) > u(y). Furthermore we have ¢ € SHE(B;(y)).

Now note that we have u > ¢ + £ on 0B;(y). Hence for each x € 0B;(y) there is a function
v € X such that v(z) > ¢¥(x) + % Due to the continuity of y and v and the compactness of
0B (y) there are finitely many v; € X, 1 < ¢ < m, such that v := maxv; > ¢ + %5 on 0B(y).
We have v € X by proposition 3.2.

By reasons of continuity it follows that for each x € 0B(y) we have w = v on a neighbourhood
of z, where w is defined by

_ { max{t,v} on Bt(y)
v on Q\By(y).

We conclude that w is SHE at each © € 0B(y). Furthermore, by proposition 3.2 we have
w € SHE(By(y)), as v,9 € SHE(B;(y)). Clearly, w € SHE(Q\B;(y)). Furthermore we have
w € C(2). Hence it follows that w € SHE(Q2) and also w € X, since v = w on 0. This,
however, is a contradiction to the supremal property of u, as w(y) > u(y). O

It remains to show that @ is a viscosity subsolution. For this purpose we invoke an alternative
definition of viscosity (sub-, super-) solutions of second order equations. The idea is to replace
upper and lower test functions by super- and subdifferentials (or semi-jets) according to the
following

Definition 3.5 Let u : Q — R be locally bounded and x € Q. The super- (sub-) differential
Dru(x) (D~ u(x)) of u at x is the set of all pairs (p,S) of a vector p € R™ and a symmetric
n x n matriz S such that

uly) € () ule) + .y —3) + 5y~ 'Sy — ) + ollly — al])
as y — x.

The possibility to characterize viscosity solutions by means of semi-jets instead of test functions
is confirmed by the following

Lemma 3.7 We have u € S (€ S), if and only if

Q(p,S) :=etrS+1—|p| > (<) 0 for all z € Q and (p,S) € DY u(z) (€ D~ u(x)).
Proof. Confer [6], for example. O

Lemma 3.8 Let S C SHE(Q) be an arbitrary set of SHE-functions and set u(zx) := sup,eg v(z)
for all x € Q. Assume u(x) < oo for allx € Q. Then u € S.
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Proof. Let z € Q and (p, S) € D u(x). We show Q(p, S) > 0. To this end define the paraboloid
P:R" =R, P(y) = (p,y) + (¥, 5y),

and observe that from the definition 3.5 it follows that for any § > 0 there is a radius r > 0 such
that B
u(y) < u(x) + Py — ) + 0|y — z|| for all y € B,(x). (3.16)

For any k € R we now choose a function ug € S such that u(z) —ug(r) < 1/k. Let y; be a point
where the function

oy = u(y) — Ply — x) — 28|ly — 2| |?
attains its maximum in the compact set B,.(z).

Due to compactness, we may (by choosing a subsequence) assume that yy is convergent. In fact,
we can show that y; — x. For this purpose we observe that since y; is a maximum point of f,
we have

ug(z) < ug(ys) — Py — x) — 26|y — 2| %,
and, as u(yk) < u(yk) and ug(z) > u(x) — 1/k,

u(e) — 1 < ulys) ~ Ply — ) — 26]ly — o] . (317)

On the other hand, relation (3.16) yields
u(yr) < u(@) + Py — =) + 6llys, — z[|*. (3.18)
If we add (3.17) and (3.18), we get 1/k > 6||yr — z||?, whence y, — = as k — oc.
Consequently, for sufficiently large k € N, we have y; € B,(z). It follows that the function
y = u(y) — Ply — ) = 20[ly — ||
attains an (interior) local maximum at yj for all large k. Therefore, setting
ps(y) = Ply — ) + 20|y — x|,

we have Q(ps)(yr) > 0, since uy is SHE at y and thus also is a viscosity subsolution due to
lemma 3.4. Now observe that we have

Q(vs) = Qp, S) + 4nes,
whence —4ned < Q(p, S). Since the choice of § > 0 was arbitrary, we conclude Q(p, ) > 0. O
Theorem 3.1 The function 4 is a viscosity solution of Q(u) =0 in .

Proof. Combine lemma 3.6 and lemma 3.8, where in the latter we set S = X, and invoke
lemma 3.5. O



Chapter 4

Vanishing viscosity on networks

Summary. In this chapter we generally introduce the notion of ramified spaces, and, in particu-
lar, networks. We apply the vanishing viscosity method to first order Hamilton-Jacobi equations
on networks. First we treat the case of the eikonal equation, followed by a convergence result
for a general class of Hamilton-Jacobi equations on networks.

4.1 Introduction

The concept of ramified spaces has originally been introduced by Gunter Lumer [12] and has
later been refined and specified by various authors, e.g. J. v. Below and S. Nicaise [13]. It
serves as an appropriate setting for problems of interaction between different media, governed
by partial differential equations on the branches and transition conditions on the ramification
spaces. Interaction problems find various applications in physics, chemistry, and biology —
confer for example [14] and [15]. Also, well-known models based on scalar equations appear in
a new light when being embedded into the ramified space setting, such as the description of
the behaviour of chemical substances by reaction-diffusion equations [16]. As far as the analysis
of these models is concerned, the applicability of various mathematical methods does not only
depend on the structure of the differential equations on the branches, but also and particularly
on the properties of the transition conditions. In fact, the latter have an considerable effect
on existence, uniqueness, and regularity of solutions. Possible aspects regarding which the
transition conditions may vary are linearity or nonlinearity, being dynamical or static, dissipative
or nondissipative, etc.

Many well-known elliptic and parabolic concepts have been adapted from the classical non-
ramified situation to ramified spaces, providing results for boundary or initial value problems,
formulated for families of media with transition conditions. In many cases, the one-dimensional
version of a ramified space, the so-called topological network, is of major importance, as the core

41
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of the problems often arises fully in this ’simple’ setting. Also, higher dimensional problems
sometimes come along with considerable technical difficulties.

However, as far as we know, research has been restricted to linear and semilinear elliptic (sta-
tionary) equations [17] on the one hand, and, on the other hand, to evolution equations such
as (nonlinear) scalar reaction-diffusion equations [16]. Typically, the first demand adaption of
Sobolev space methods and the theory of elliptic operators, whereas the latter are usually at-
tacked by means of semigroup theory and other functional analytical tools such as fixed point
theorems. However, fully nonlinear stationary problems on ramified spaces have not enjoyed
similar attention, and according to our knowledge there has not been done any work in this area
so far.

As in this thesis it is our goal to extend the theory of viscosity solutions to ramified spaces, we
consider it natural to start with an corresponding extension of the method of vanishing viscosity.
Again we begin with the eikonal equation by applying vanishing viscosity to a Dirichlet problem
of the eikonal equation on networks. Two important aspects are discussed: The necessity of
introducing an extra condition at transition vertex points for the viscous eikonal equation,
as well as the question of convergence. Then we consider a general class of Hamilton-Jacobi
equations, an important feature of which is to be “eikonal-type” at the transition vertices, and
show that the vanishing viscosity method converges.

The fact that the extended method of vanishing viscosity converges motivates the extension of
the theory of viscosity solutions for this class of equations, as the two concepts should coincide.
In particular, observing the behaviour of the converging family at transition vertices should give
hints to how to formulate a natural transition condition for viscosity solutions.

4.2 Ramified spaces
Let us start with the general definition of ramified spaces originally given by Lumer [12].

Definition 4.1 Let Q* be a non-empty, separable, locally compact space with a countable topo-
logical basis. Let L = {Q;}icr be a countable family of non-empty open subsets €; of Q*.
Furthermore let N} be a closed (possibly empty) subset of the set N* := Q*\ U;er Qi with the
property that it contains each point of N* which is contained in the boundary of exactly one €);,
1el.

We call Q@ := QO \N} a ramified space, whenever we have
) Qiﬁﬁjgfmiﬂa@j fori,jel, i#j
(Z’l) Q= UieIQi
) A{Qitier is locally finite in *
)

Q) is connected.
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N, := N*\N} is then called ramification space of Q2.

Remark. Observe that €2 is locally compact, as N/ is closed.

As the purely topological nature of this definition is too general for our purposes, we now
introduce topological networks as important instances of ramified spaces. More general ramified
spaces and examples will be discussed in chapter 7.

4.3 Graphs, topological graphs, and networks

In the following we distinguish between (abstract) graphs, topological graphs, and networks.
We start with abstract graphs.

Definition 4.2 An (abstract) graph G is a pairing G = (V, E), where V. =V (G) and E = E(QG)
are the sets of vertices and edges, respectively. An edge e € E is an unordered pair {v1,v2} of
vertices vi,ve € V; we write e = viva. A path in G is a formal sequence vivs...v, of vertices
V1,...,0q €V, n €N, such that viviy1 € E foralli=1,...,n—1.

We also provide the basic graph theoretical notions we will require in the sequel.

Definition 4.3 Let G = G(V, E) be a graph.

(i) We say that two vertices v,w € V are adjacent, whenever vw € E. We write
v adjw.

(ii)  We say that a vertex v € V and an edge e € E are incident, whenever there
1s a vertex w € V such that vw = e. We write v ince.

(ii) G is called connected, if there is a path with endpoints v and w for each pair
of vertices v,w € V.

(iv)  For each vertex v € V we define its degree degv by degv := |{e € E|vince}|.

In the sequel we assume each graph to be nonempty, finite, simple, and free of loops, which is
expressed by the conditions

(1) 0<|V]<oo
(17) Hee Ele=vw}| =1 forallv,weV,v#w
(1i1) v #w forall e=vw € E.

For further graph theoretical terminology we refer to [18]. We now introduce the notion of a
topological graph.
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Definition 4.4 Let V = {v;,i € I} be a finite collection of pairwise different points in R™.
Furthermore, let {m;,j € J} be a finite collection of continuous, non-self-intersecting curves in
R™ given by

7 0,l;] = R", 1;>0,j€J

We sete; :=m;(]0,15]), €; := m;([0,1;]), and E := {ej,j € J}. Assume furthermore the following
conditions to be satisfied:

(i)  w(0),m;(1) €V foralljeJ
(74) le;NV| =2 foralljeJ
(1i1) ejNe, CV andlejNey| <1 forallj,h e J, j#h.

Then G := (V, E) is called a (finite) topological graph.

Obviously we can consider G not only as a subset of R, but also as an abstract graph G := (V, E)
with vertices V and edges E. As long as confusions are ruled out, we will interchange both
interpretations without mentioning.

Observe that the parametrizations 7; induce an orientation on the edges, which can be expressed
by the signed incidence matrix

1 if wvjince; and m;(0) =v;
A =(a;;) with a;;:=¢ —1 if wv;ince; and m;(l;) =v; (4.1)
0 otherwise.

Definition 4.5 Let k € NU {o0}, kK > 1. Let G = (V, E) be a connected topological graph in
R", and for all j € J assume 7; € C*([0,1;];R™). Then the union

r:=|JecRr"
Jje€J
is called the (topological) c*-network T' belonging to G.
Observe that a topological ¢*-network I' is a compact topological subspace of R”. Moreover, as

the edge parametrizations 7;, j € J, are at least C1, it is clear that the topology induced by the
path metric d on I' is equivalent to the subspace topology.

In the sequel let ' always be a topological ¢*-network and G = (V, E) its underlying topological
graph, with V' = {v;,i € I} and E = {e;,j € J}.
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4.4 Boundary value problems on topological networks

We want to study boundary value problems on I'. For this purpose we first specify what we
mean by the boundary OI' of I'. In fact we single out a non-empty index subset Ip C I and
define OI" := {v;,i € Ig} C V to be the set of boundary vertices. In contrast, we set Iy := I\Ip
and call {v;,i € I} the set of transition vertices.

In terms of interaction problems, the value of solutions is prescribed at boundary vertices,
whereas at transition vertices the relation between the different solutions on the incident edges
is put into relation by a transition condition. With this in mind, transition conditions at vertices
with only one incident edge do not make sense. Let us therefore agree to demand ¢ € Ip for
each i € I with deg(v;) = 1.

Now for any function u : I' — R and each j € J we denote by u’ the restriction of u to ej, i.e.
W i=uom;:[0,l;] = R.

The C°°-regularity of the parametrizations m; of a I' allows to differentiate along the edges,
where differentiation along e; will be denoted by 9;, j € J, that is we define

—_— O\Y . _
8jo‘u(:v) = 8;?‘u](7rj 1(1‘)) = <Bac> u’ (7rj 1(av))
for all z € e; and all o« € N. At a given vertex v;, ¢ € I, we furthermore define

Oju(v;) = ajuj(ﬂjl(vi)) = %uj(wfl(vi)).

We now introduce the function spaces on I' we are mainly going to work with.

Definition 4.6 Let v : T — R.

We call u continuous, if u is continuous with respect to the subspace topology of I' induced by
R™. We write u € C(T').

We call u k times differentiable, k > 1, if u/ € C*([0,1;]) for all j € J. We write u € C(T").

Remark. The sufficient condition that a collection of continuous functions w’ : [0,1;] — R,
j € J, constitutes a function u € C(T') is given by

uj(wj._l(vi)) = u* (7 *(v;)) whenever wv;ince; and v;inces.

In this sense, continuity can be regarded as a transition condition. In fact, it is the basic
transition condition we require in the sequel.
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As has already been announced, the Kirchhoff condition known from electrical circuits theory
plays a fundamental role in the follwing considerations. In a way, C'-differentiability along the
edges means that left- and right-sided derivatives are related in a fashion that cusps are ruled
out. In other words, the slopes in outward (or inward) direction with respect to each given point
add up to zero. At vertices, this condition naturally generalizes to the Kirchhoff condition, the
simplest form of a linear transition condition.

Definition 4.7 Let u € CY(T'), let i € I and j € Inc; := {j € J|viince;}. We then set
sij(u) := aijOju(vi),
where (a;j) as defined in (4.1) is the incidence matriz of the topological graph corresponding to
.
Furthermore we define the linear mapping S; : C1(T') — R by

Si(u) = Y sij(u).

j€lng

We say that u satisfies the Kirchhoff condition at v;, i € I, if S;(u) = 0. We say that u satisfies
the Kirchhoff condition, if it is satisfied for all i € Iy and write u € C}((F). For k > 1 we
moreover set

Cr(T) := CH(T) N Cx(ID).

4.5 Maximum and comparison principles for Kirchhoff functions

If we ask the Kirchhoff condition at transition vertices to be satisfied, several standard maximum
principles for linear and semilinear equations can be carried over to networks. For later purposes
we start with the following simple observation about Kirchhoff functions.

Lemma 4.1 Let k € N and k > 1. Then the space Ck(T) forms an algebra.

Proof. Let f,g € C%(T'). Then we have for all i € Ir

Si(fg) = > aydi(fo)(vi) = > aif(vi)diglv) + > aijg(vi)d;f(vi)

j€lng j€lng j€lnc;

= f(vi)Si(g)(x) + g(vi) S(f)(x) = 0.

The following lemma states a maximum principle for certain linear operators on networks.
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Lemma 4.2 Let L := (Lj)jej be a collection of linear differential operators given by
L(f) = d0;f +V0;f, f € C*(0,15),

with coefficient functions a’, b :]0, Li[— R, j € J. Assume L to be uniformly elliptic in the sense
that there are constants A >0, A > 0 such that A < a’ < A on |0,1;] for all j € J. Furthermore
assume that there is a constant C(X\) such that [b/| < C(X) on 10,1, for all j € J.

Let u € C?(T') such that

(i) L'(w) >0 (L(u?) <0) on)0,l;] for all j € J and
(i)  Si(u) >0 (Si(u) <0) for all i € Ip.

Then we have maxsr u = maxr u, (mingr v = minp u), where T := {v; |i € Ip}.

Remark. In particular, the lemma holds for all u € C%(T') with L7 (u’) < 0 for all j € J.
For the proof of lemma 4.2 we need the following proposition.

Proposition 4.1 Let L be as in lemma 4.2. Then there is a function f € C*(T) satisfying

Li(f7) >0 on)0,l;[ for all j € J,
Si(f) >0  forallie Ip.

Proof. (of proposition 4.1). Let v > 0 such that we have \y?> — C(A\)y > 0. Set p := |I| and
define the set
M = {€ € RP with & #£ & if v;adjv;,i,j € I}, (4.2)

Let £ € M. Fix k € J and let 7,5 € I such that e, = v;v;. Since & # &;, we can find unique
numbers 0,7, ¢ € R with |o| = 1 such that the function

ub [0,1x] — R, uk(:p) — o) 4

satisfies uk(ﬂk_l(vi)) =& and uk(wk_l(vj)) =&;.

We then compute
LEWR)(z) = (a®(2) N2 4 bF(2)oN)e? @ for all 2 €]0, L.
By the choice of « it then follows
LF(uF) > (02 = C(\)y)e @1 > 0
If we repeat this for all other choices k € J, we obtain an injective mapping

®:M — D with D:={ueC%T)with L/(v/) > 0 on ]0,1;] for all j € J},
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satisyfing ®(&)(v;) = &; for all i € I and all £ € M.

Now we show that we can choose & = (§;) € M such that S;(®(£)) > 0 is satisfied for all ¢ € Ip.
To this end observe that for ¢ € It the mapping

T,:M—R, T,:=5;0®, (4.3)

is a continuous, strictly decreasing and unbounded function in the component &;. Furthermore
observe that T; is continuous, unbounded, and strictly increasing in each component §;, j € A;,
where A; := {j € I|v; adj v;}. Finally, T; is independent of the component §; for any j €
N({i} U A).

We construct £ € M such that T;(§) > 0 for all ¢ € Ip. Let dist : I x I — N be the metric
given by the smallest number dist(7,j) of vertices a path connecting v; and v; has to visit.
It induces the partition [; := {i € I'|dist(i,Ig) = l}, | € No. Observe that Iy = Ig. Let
m := max{l € Ny | I; # 0}. Furthermore note that for i € I;, 1 <1 < m, there is by construction
at least one j € I;_; such that j € A;. Moreover, T; is constant in §; for all j € I\([;—; UL;Ul;11).

We first choose &; arbitrarily for all ¢ € I,,,. Due to the fact that T; is unbounded, continuous,
and strictly increasing in each &, j € A;, and by the fact that I,,,_1 N A; # 0 for each i € I,,,, we
then may choose the components ¢, j € I,,—1, sufficiently large to have T; > 0 for all i € I,,,.
Now choose &;, j € I,—2, large enough to ensure that T; > 0 for all ¢ € I),_1. For k =3,...,m
we continue this procedure by choosing &;, j € I,,—j, large enough to ensure that 7; > 0 for
all i € I,;,_j1, ending up with a choice for £ € M such that T;(§) > 0 for all : € U™ I; = Ip.
Setting f := ®(&) completes the proof. O

Proof. (of lemma 4.2). First assume L’(u/) > 0 on ]0,l;[ for all j € J and S;(u) > 0 for all
i € Ir. Suppose that there be some j € J and some zg €]0,(;[ such that w’ attains a local
maximum at x¢. It follows dju’(z¢) = 0 and a’ 8]2uj (x0) < 0, which contradicts the assumption
LI (u)(z9) > 0. Now assume that there be some i € I such that u attains a local maximum at
v;. Then aijajuj(wjfl(vi)) <0 for all j € Incj, whence we have S;(u)(v;) < 0, a contradiction to
our assumption S;(u) > 0 for all i € Ir.

Now assume L7(u/) > 0 on ]0,1;] for all j € J as well as S;(u) > 0 for all i € I7. For § > 0
we then set ws := u + §f € C%(T), where f is the function constructed in proposition 4.1. By
linearity of L7, j € J, and S;, i € I, we have Lj(wg) > 0 on ]0,;[ for all j € J as well as
Si(ws) > 0 for all i € Ir. By the arguments above it follows that maxp(u+9Jf) = maxsr(u+0f),
whence by passing to the limit 6 — 0 we obtain maxr u = maxgr u.

Finally, assume L7 (u/) < 0 on |0, ;[ for all j € J as well as S;(u) < 0 for all i € I7. By linearity
it follows L7(—u’) > 0 on ]0,1;[ for all j € J as well as S;(—u) > 0 for all i € Ir. We obtain
minr ¥ = maxr —u = maxgr —u = mingr u. O

From lemma 4.2 we now derive a comparison result for certain semilinear operators on networks.



4.6. THE VISCOUS EIKONAL EQUATION ON NETWORKS 49

Lemma 4.3 Let Q = (Qj)jes be a collection of semilinear operators given by

Q' (f)(@) = a (2)0F f(x) + V(97 (x), (), ), = €]0, 5[, f € C*(]0, 4[),

with coefficient functions a’ :10,1;[— R and b/ : R x Rx |0,1;[— R, j € J. For all j € J assume
furthermore that ¥ (-, z,z) € CY(R) for all (z,x) € Rx0,1;], and that b’ (p, -, x) is non-increasing
for all (p,z) € Rx]0,1;].

Assume we are given two functions u,v € C*(T) such that
Qj(uj) > Qj(vj)

for all j € J as well as Si(u) > S;(v) for all i € Iy. Furthermore suppose u < v on OI'. Then
we have u < v onT.

Proof. For all j € J and all z €]0, ;[ we have
Q@ w)(a) ~ Q@ ()() -

= @00 (2) — o (@) + V(00 ) (), ) — (D)0 ()7 (). )

o (2)0;(v (x) — v/ () + ¥ (050 (2), w? (z), @) = ¥ (97 (), w! (), @)

+ 0 (9507 (2), 4 (2), ) — ¥ (907 (), 0/ (2), &

Vv
o

(4.4)

whenever v/ (x) > v/(x), as b/(p, -, z) is non-increasing. Since b/ (-, z,x) is continuously differen-
tiable, for each j € J there is a locally bounded function b/ :]0, [; jl— R, such that

V(050 (2),w (2), ) — U (907 (2), 0 (2), ) = ¥ 0;(u (2) — v (2))
by the mean value theorem. Defining w € C?(T') by w := u — v, by (4.4) we obtain
L7 (w?) —a782w7 +H0;w" >0 on]0,l;[NA, j€J,

where A := {w > 0} C I". By linearity of S; we furthermore have S;(w) > 0 for all ¢ € It and
w < 0 on 9. By the proof of lemma 4.2 it follows that w cannot attain a local maximum on
the (open) set A, and as we have AN OT" = (), it follows A = () and thus u < v on T. O

4.6 The viscous eikonal equation on networks

Having introduced the framework of topological networks, let us now return to the track we have
outlined above - the idea of applying the method of vanishing viscosity to nonlinear first order
boundary value problems on topological networks. In the present section, before considering the
general case, we treat the exemplary case of the viscous eikonal equation and show existence
and uniqueness of solutions satisfying the Kirchhoff condition. The proofs are elementary, but
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serve as an illustration of the importance of the Kirchhoff condition in order to make solutions
unique. Later it will turn out that the Kirchhoff condition also is a sufficient condition to ensure
the convergence of the vanishing viscosity method.

Accordingly, we are interested in existence and uniqueness of solutions u € C%(T') of the following
boundary value problem on I'.

5(9]2-u +1—(0u)>=0 one;foralljelJ,
u(v;)=g¢; forallielp, >0, (4.5)

where g; € R, ¢ € Ip.
Theorem 4.1 There is a unique function u € C’IQ{(I’) solving problem 4.5.
The proof is given by the following collection of results.
Lemma 4.4 Let u,v € C*(T') be solutions of boundary value problem 4.5. Then u=v on T.
Proof. Observe that Q = (Q7);je; with
Qj(uj) = eafuj +1— (8juj)27 JjeJ,

satisfies the conditions of lemma 4.3. Then the assertion is an immediate consequence of this
lemma. a

We now show the existence of solutions of (4.5).

Proposition 4.2 Let a,b € R, a < b. Then there is an injective mapping
U :R xR — C%[a,b]),
such that for each pair (s,t) € R x R we have u(a) = s, u(b) =t, and
0> a \°
€aat <8$u> +1=0 onla,b,
where u = Y(s,t).
Furthermore, define the functions
0
Y RXxR =R, 9(s,t):= a—\li(s,t)(a)
x

and 9
T:RxR—-R, (s t):= %\Il(s,t)(b).

Then for all s € R the functions ¥(s,-) : R — R and n(s,-) : R — R are continuous and strictly
increasing. Furthermore for all t € R the functions ¥(-,t) : R — R and w(-,t) : R — R are
continuous and strictly decreasing.
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Proposition 4.3 There is a function f € C*(T') such that there is a vector (a;j)jes with a; # 0
for all j € J and such that

0if =a; onej, jeEJ,
Si(f)>0  foreachie Ir.

Proof. We proceed similar to the proof of proposition 4.1. Define the set M as in (4.2) and
observe that there is a canonical injective mapping

®: M — D:={ucC*TI)|3 (a;)jes such that a; # 0 and 9;f = aj on e;, j € J.}

with ®(&)(v;) =&, @ € I. Tt then suffices to show that there is a £ € M such that S;(®(£)) > 0
for all i € Ip. For this purpose define for all i € I the functions T; as in (4.3) and observe that
they have the same properties as described in the proof of proposition 4.1. We then proceed
exactly as in this proof to construct &. O

Lemma 4.5 There exists a solution u € C’IQ{(I’) for the boundary value problem 4.5.

Proof. By proposition 4.2 there is an injective mapping
@ : R — CH(I)
such that for each £ = (&;)ier and u := ®(&) we have u(v;) =& for all i € I as well as
edfu+1— (9;u)>=0 one;forallje ..
Fix ¢ € Ir. Then the mapping
T,:RI SR, T;:=50d= Z (sij 0 @),
jelng

is continuous, as the mappings s;; o ® : R! — R, j € Inci, (cf. definition 4.7) are continuous by
proposition 4.2. It follows that the set

C:{§€RP|TZ(£)ZO, ViEIT, figgi, V’LEIB}

is closed. Furthermore C' is non-empty, as we clearly have £ = (f? )ier € C with 5? = minger, gk
for all 4 € I. Finally, we show that

sup max |&;| < oo. (4.6)
ceC i€l
For this purpose let f and (a;);cs be the function and the corresponding vector as constructed
in proposition 4.3 and let a := minjcs|a;| > 0. Furthermore set g := max;er, g;. For the
function

fi==f/a+g—minf(v) e C*(I)
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we then have o ‘ ‘ A

Q(f) = edf f/ + 1= (9;7) =1~ (a//a)* <0
for all j € J as well as S;(f) < 0 for all i € I by proposition 4.3. Now let £ € C and u := ®(¢).
By the properties of u and by lemma 4.3 we then have v < f on I'. Hence & < f(v;) for all

i € I and (4.6) is proved.

Define £ := (éi)l-e, by & = Supgec §i- We have £ e R!, since & < oo for each i € I by (4.6).
We show {N € C. As C is closed, it suffices to show that there is a sequence (£"),en in C
converging to €. For this purpose choose for each i € I a sequence (€5™),en in C such that
limpen & — &. Then for each n € N define €* € R’ to be the componentwise maximum
of the vectors €5, i € I. Tt follows lim, ..o " = &, whence it remains to show that £” € C
for all n € N. To this end we fix two vectors &,& € C and verify that their componentwise
maximum ( is contained in C'. Fix ¢ € It and assume without restriction that (; = &. Observe
that for all j € A; := {j € I | vjadjv;} the function s;; 0 ® : Rl — R is strictly increasing
in the component &; by proposition 4.2. Hence the function £ — T;(§), & = (&) er, is strictly
increasing in each component &;, j € A;. Therefore, as { = ¢; and §; < (; for all j € A;, it
follows T;(¢) > T;(&§) > 0. As i € I has been chosen arbitrarily, we obtain ¢ € C.

Now suppose that there is some i € I7 with T;(€) > 0. By continuity of T} there is a & € RY
with §; = &; for all j € I\{i} and §; > &; such that T;(£) > 0. Furthermore for all j € ITN A; we

have T}(§) > 0, since Tj is strictly increasing in §;. Moreover, T;(§) = T;(§) for all j € I7\A;.
It follows £ € C, a contradiction to the definition of &.

One derive§ a similar contradiction in the~ case that there is an ¢ € Ig with f} < g;. ~Thus it
follows T;(&) = 0 for all ¢ € I as well as & = g; for all i € Ig. Consequently, u := ®() solves
the boundary value problem 4.5. |

4.7 Convergence of the vanishing viscosity method on networks

Denoting the unique solution of boundary value problem 4.5 by wu., we now examine whether
and in which sense the functions u. converge to a limit function as € — 0, and which properties
this limit function will possess. In the special case g; = 0 for all ¢ € I, it will turn out that the
ue will converge to the distance function d on I', as expected.

In the present section we will extend our point of view from the special case of the eikonal
equation towards a general approach to first order Hamilton-Jacobi equations of eikonal type.
To be precise, we study the convergence of solutions u. of the following boundary value problem
as € — 0, where the functions u. are assumed to satisfy the Kirchhoff condition at the transition
vertices.

eafug(x) — HY(9jul(z),ul(z),z) =0  for all x €]0,/;[ and j € J (4.7)
ug(vi) = 0; foralli e Ig, € >0.
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4.7.1 Convergence of u.

In the present section we establish our convergence result for the vanishing viscosity method on
networks, that is, the convergence of solutions u. of the boundary value problem 4.7. To this
end we first prescribe a collection of prerequisites for the Hamiltonian H7, j € J, which we will
assume to be valid from now on.

In fact we assume the functions H’ : R x Rx ]0,1;[— R to have the following properties for all
jed:

(i)  HI(0,2z,2) <0for all (z,2) € Rx]0, 1]
(i1) HI € C*(R x Rx]0, ;] (4.8)
(44i) HI(p,-,z)is non-decreasing for all fixed choices of (p,z) € Rx |0, ;] )
(iv) HI(p,z,z) — oo as |p| — oo for all (z,z) € Rx]0,1;]
We furthermore make the following demand on H at transition vertices.
(v) Hj(p,z,wjfl(vi)) = Hj(fp,z,ﬂjl(vi)) for all i € I, j € Inc;. (4.9)

Remark. The role of each of the conditions (i) - (v) will become clear in the subsequent proof.
Later on we will provide some examples where some of these conditions are violated and the u,
do not converge.

As has been mentioned above, the limit function will not necessarily attain the boundary values
gi- We therefore give the following sufficient condition on g;, ¢ € Ip, such that the assumption
of the boundary values is ensured.

There is a constant § > 0 and a function ¢ : ' — R with ¢J € C?([0,1;]) for
all j € J such that we have

Y(v;) = g; for all i € Ip, (4.10)
HI(9;97 47, x) < =5 on ]0,1;] for all j € J,
Si() >0 for all i € Ip.

Remark. As this condition is somewhat abstract, we will discuss alternative conditions on the
boundary values g; and the topology of the graph I' which imply condition 4.10 and are easier
to describe.

Lemma 4.6 Assume that for each € > 0 we have a solution u. € C’%((F) for the boundary value
problem 4.7 and assume condition 4.10 to be satisfied. Then there is an € > 0 such that the
functions us,0 < € < €, are uniformly bounded in € and equicontinuous on I.

Theorem 4.2 Under the conditions of lemma 4.6 the functions u. uniformly converge to a limit
function uw € C(T') as e — 0.
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Proof. (Theorem 4.2) First recall that I' endowed with the induced topology of R™ is a compact
space. By lemma 4.6 the sets B(z) := {u:(x) |0 < ¢ < £}, x € I, are relatively compact. This
and the equicontinuity of u. imply the assertion by the theorem of Arzela-Ascoli. O

Proof. (Lemma 4.6) We proceed in several steps.

1. Bounding |u.| uniformly in e

The idea is to construct functions v and v constituting uniform upper and lower bounds, respec-
tively, for the family (u.), 0 < ¢ < €. In fact, we choose v := m := min;er, ¢;. Then it follows
forall je€ Jande >0

Qg(y) = 88?1/1j — Hj(8jzpj,¢j,a:) = —Hj(O,m,a:) >0 = Qc(ue),

where the last inequality is due to property 4.8 (i). Moreover, we have S;(¢)) = 0 = S;(ue) for
all i € I as well as ¥ (v;) < ¢g; = ue(v;) for all i € I'z. Hence the comparison lemma 4.3 implies
ue > mon I

In order to construct the function v we proceed similarly to the proof of proposition 4.1 such
that v will end up having the following properties:

v/ e C*(10,4;), Vi€,

0,57 > M, Vj€J,

Si(v) <0,

o(v;) > ¢g;i Vi€ g, (4.11)

where M is a positive number such that H?(p,m,z) > 0 for all j € J, z € [0,;], and |p| = M
(m := min;er, ¢;; the existence of M is ensured by conditions 4.8).

For this purpose we again consider the partition [; := {i € I|dist(i,Ig) = I}, | € Ny, where
dist : I x I — N be metric given by the smallest number dist(i, j) of vertices a path connecting
v; and v; has to visit. Let m := max{l € No|I; # (0}. For all i € I,,, we now choose values
w(v;) € R arbitrarily. Due to the fact that we have I,,_1 N A; # 0, where A; := {j € I'|v; adjv;},
we then may choose the values w(v;), j € I,,—1, in such a way that we have

Ti= ) (w(v)) —w(vi))/d(vj,v1) <0

JEA;

for all i € Ip,. Similarly, we may choose values w(v;), j € I,;n—2, in such a way that T; < 0 for
all i € I,,—1. Continuing this procedure ends up in a choice for w(v;) for all i € I such that
T; < 0forallie U, I; = Ir. We also assume that all values w(v;), ¢ € I, are pairwise different,
by possibly slightly perturbing them without violating the property 7; < 0. This is possible as
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the T; depend continuously on the w(v;). We now linearly extend the function w defined on the
vertices to the edges by setting for all j € J
w? () = w(v;) + (w(vg) — w(vy))/d(vi, vp),

where e; = vy, and we clearly have Sj(w) = T; < 0 for all i € I7. Let ¢ > 0 be the minimal
modulus of the slope of w on the edges. The function

v:=M/c-w+C
then satisfies all requirements of 4.11, where C' > 0 is to be chosen such that o(v;) > g; for all
1€ Ip.

As a direct consequence of 4.11 and 4.8 we then have
QL(v7) = —H’(9;07,v’,x) < —H?(p,m,x) <0, where |p| = M.

Furthermore we have S;(v) < 0 for all i € Iy and v(v;) > g; for all i € Ig. The comparison
lemma 4.3 then yields u. < maxp v for all € > 0.

Altogether we have
|u5| < (4.12)

for all € > 0 and a constant Cy < oo.

2. Bounding the first derivatives of us uniformly in € at the boundary vertices

We first derive a uniform bound for lﬁjug (wj_l(vz))] for all i € Ip and j € Inc;. For this purpose
we pinch the functions u. between two fixed functions with bounded first derivatives at the

boundary vertices. In fact, we show that there are constants x > 0 and 8 > 0 such that
Y <wu. <P +kd onlgandforal 0<e<Eé, (4.13)

where I'g := {z € T'|d(z,0I') < 3} and 0T := {v; | i € Ig}. Furthermore, ¢ is the function the
existence of which has been assumed in 4.10 and &y is the distance function. As ¢/ € C?[0,1]
for all j € J, it follows that there is a constant £ > 0 such that 58]21/;1 > —§, where 9 is the
constant defined in 4.10. Invoking 4.10 once more we then derive

Q=(7) = e0F — H (007,47, z) > 0 = Qc(ul)

for all 0 < ¢ < &, j € J. Furthermore we have S;(¢)) > 0 = S;(uc) for all i € I as well as
¥(v)) = ¢i = us(v;) for all i € Ip, and the comparison lemma 4.3 yields u. > 9 on I' for all
0 < ¢ < € and we have established the first part of inequality 4.13.

In order to derive the second part of 4.13 first observe that there is a constant 3 > 0 such that
the distance function dg does not attain a local maximum on I'g. Fix arbitrary indices 7 € Ip and
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J € Inc;. Assuming without loss of generality that the edge e; be parametrized with 7;(0) = v;,
it follows that [9;6}| =1 and 8?(56 =0 on [0, 3]. For ¢ := 1 + kdy it therefore follows

Q:=(hg) = edjt)? — HI (9,07, @) < Emax max —HI(@07,9,2) <0=Qe(ud),  (414)
J€J z€|0,l;
for all z € [0,4], all 0 < € < &, provided that £ > 0 is large enough. Here we have taken
advantage of the properties of H given by 4.8 (iii) and (iv). By possibly enlarging x we can also
arrange that we have

P (B) > Cn, (4.15)

where C is the uniform bound of the |u.| derived above. Then again, the comparison lemma
4.3 implies B ‘
P >wul on [0,[]. (4.16)

Of course we can choose k large enough such that 4.14 - 4.16 hold for all ¢ € Iz and j € Ingc;,
which implies the second part of relation 4.13. Consequently we have

|0juc(vi)] < C2 (4.17)
for all i € Ip, for all 0 < € < € and a constant Cy < o0.

3. Bounding the first derivatives of u. at the transition vertices

At each transition vertex ¢ € I we now derive a uniform bound of laju§| for all j € Inc; and
all small € > 0. For this purpose we derive a contradiction by assuming that for a fixed index
1 € I such a bound do not exist. Under this assumption, there is an index k € Inc; along with
a sequence £, — 0 such that lim, o [Opul (7.} (v;))| = oo. As for each n € N the Kirchhoff
condition
Siue,) = Y aydjud (w7 (v1)) =0
j€Ing;

is satisfied, it follows that there is an index j € Inc; such that lim, .. aijajugn (7[7_1(1}1')) = 0.

J
Consequently there is a sequence x,, € e; with x;,, — v; such that

lim a;;05ul (yn) = o0, (4.18)
n—oo
where y, = 7rj_1(:vn). Observe that we can assume without loss of generality that there is a

number ty > 0 such that the functions
Jn(t) == ugn(yn + aijt)a n €N,
are well-defined for all ¢ € [0, o] with f, € C2([0,%0]). Then 4.18 reads

nILH;O 11 (0) = <. (4.19)
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By 4.7 we have for all n € N
Enfr/L/(t) - Hj(aijflz(t)’ fn(t)u Yn + t)
= endful, (yn + ayt) — H (Ojul, (yn + aijt), wl (yn + aijt), yn + aijt) = 0

or equivalently
frlz/(t) = Engj (aijf;m“)v fn(t)7 Yn + t)
on [0,t9]. Now observe that by 4.8 (iii) and 4.12 we have

Fa(t) = en HY (aij f, (1), fu(8), yn + ) > €7t gﬂg?]ﬂj(aijfé(t% ~C1,y). (4.20)
) st

Now fix a > 0. Then 4.8 (iv) implies that for all sufficiently large numbers [y > 0 we have

min HY(l,-C1,y) > a (4.21)
yG[O,l]’}

for all I > [y and all [ < —ly. Hence, by 4.19, there is an n € N such that 4.21 holds with
lo = f}(0) > 0. Then 4.20 and 4.21 imply

fn(0) > a, (4.22)

n

provided that e, < 1, which we from now on assume. We claim that we also have
"(t) >a for all t €]0, ). (4.23)

For if, assuming the contrary, there is a £ €]0, [ such that f”(f) < a, by 4.22 there must be a
maximal ¢ with 0 < ¢ < # and f”(t) = a as well as f(s) < a for all t < s < t. Observe, however,
that due to f//(t) = a > 0 there is a small number & > 0 such that f (¢t +s) > f/,(t) > 0 for all
s €]0,&[. It then follows

FUt+9) = E s £+ ), Fut + 9+ 5) 2 5 min HI @y 0+, ~Cay) > 0
) sty

by 4.21, a contradiction to the choice of .
JFrom 4.22 and 4.23 it follows that the inequality

fa(t) = £ (0) + f,(0)t + £2(0)
holds on [0, tp]. This and the relations f;,(0) > 0 and f/(0) > a yield

ul (Yo + aijto) = falto) > fa(0) + aty > —C1 + atf,
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where (' is the uniform bound of |u.| on I' defined in 4.12. As the choice of a > 0 has been
arbitrary, we now choose a := 2C7/ t% and obtain

ul (yn + aijto) > Ci,

a contradiction to 4.12.

Consequently we have
|0jue(vi)| < Cs (4.24)

for all ¢+ € Ip, for all 0 < € < € and a constant C3 < co.
4. Bounding \ajug, j € J, uniformly in e

We finally derive a bound for \(%-ui], j € J, uniformly in e. For this purpose we fix j € J, set
w’ = djul, and differentiate equation 4.7 to obtain

63?wj - Hg(ajuj ul, 2)0;w! — HI(0jul, ul, 2)w! — HI(Ojul,ul,z) =0, (4.25)

gr 7er ey e e Ve

which is possible due to 4.8 (ii). Observe moreover that we have HJ (8jug, ul,z) > 0 due to 4.8
(iii). Let us additionally assume here that H7 be constant in z. Then 4.25 simplifies to

aw’ + bojw! + cw! =0

with bounded coefficient functions a,b,c € C(R x Rx]0,[;]) and ¢ < 0. Consequently, 4.17 and
4.24 and the classical maximum principle (cf. [9], corollary 3.2) imply

‘aju5| <(Cy on [O,Zj]

for all 0 < € < € and a constant Cy < co. This completes the proof. O

4.7.2 Properties of the limit function

Apart from it being continuous, we do not know anything yet about the limit function w the
existence of which has been proved in theorem 4.2. In particular, we are interested in the
questions if and in what sense u satisfies

HI(9;u/ v/, x) =0 on]0,l[,j€J

u(v;) = gi, i€ lr, (4.26)

and which conditions are satisfied at the transition vertices.

Let us point out that the following chapter will present a self-contained theory based on test
functions, which will answer these questions. However, in view of the historical development,
let us at this stage adapt some arguments from Kruzkov [5], which do not make use of the test
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function approach. In particular, we adapt the notion of Kruzkov’s generalized solutions to the
situation of networks. We remark that in cases when proofs in this section are similar to the
ones given in [5], we decided to restrict ourselves to merely outlining the arguments, whereas we
go into greater detail as soon as crucial differences from Kruzkov demand this.

Once again, let us for illustrational reasons start with the case of the eikonal equation. In fact,
we have

Lemma 4.7 Let H(9ju? v/, x) == |0;u/|*> — 1, j € J, and let g; :== 0 for all i € Ig. Then the
limit function u of theorem 4.2 coincides with the distance function dg.

Proof. We first show that u cannot attain a strict local minimum on any (open) edge e;, j € J,
or at a transition vertex v;, ¢ € Ir. For this purpose assume that a strict local minimum is
attained at a point x € I'g := I'\{v;,7 € Ip}. Consequently there is a (open) neighborhood B of
x such that u(z) < u(y) for all y € B\{x}. In particular, there is a number ¢ > 0 such that we
have u(z) + ¢ < u(y) for all y € B. As the u. uniformly converge to u on I, it follows that we
have |uc(y) — u(y)| < §/4 for all y € B and all sufficiently small € > 0. In particular we have

us(y) > u(y) —6/4 > u(x) + /4 > u(x)

for all y € dB. Consequently, u. attains a local minimum in B for sufficiently small € > 0. This,
however, contradicts to the fact that u. cannot attain a local minimum on I'g, which follows
from lemma 4.8. The assertion then follows from lemmas 4.9 and 4.10. O

Lemma 4.8 Let u. be the solution of boundary value problem 4.7 for an arbitrary choice of g;.
Furthermore let H satisfy the condition 4.8. Then u. does not attain a local minimum on Ty.

Proof. Suppose ul attain a local minimum at €10,1;[. Then we have 83211@(:6) > 0 and

partialul(z) = 0. Tt follows

by 4.8 (i), a contradiction.

Now suppose that u. attain a local minimum at v;, ¢ € I and observe that by 4.8 (i) we may
choose a number § > 0 such that Hj(O,m,Wj*l) < —¢ for all j € Inc; and m := minr u.. By 4.7
it follows Oug(w;l(x)) =0 for all j € Inc;. For any y €]0,[;[ with d(y,v;) sufficiently small we

therefore have HJ (Oul(y),ul(y),y) < —8/2 due to continuity reasons. Moreover, it is clear that
58]2u§(y) gets strictly larger than —d/2, if d(y, v;) is sufficiently small. Altogether it follows

0= edul(y) — H(Oul(y), ul(y),y) > —5/2+6/2 =0,

a contradiction. O
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Lemma 4.9 Let
ve X :={ve )| € Lip([0,1;]) for all j € J and [0;v7| =1 a. e. on [0,1]}
and assume that v do not attain a local minimum on I'g. Then v = .

Proof.
O

Lemma 4.10 Let H satisfy 4.8. Then the limit function u of theorem 4.2 solves 4.26 almost
everywhere and takes on the boundary values g;.

Proof. O

4.7.3 Conditions on the boundary data



Chapter 5

Viscosity solutions on networks

Summary. In this chapter we present our theory of viscosity solutions of first order Hamilton-
Jacobi equations of eikonal type on networks and derive existence and uniqueness results. More-
over we show that our notion of viscosity solutions is consistent with the method of vanishing
viscosity.

5.1 Introduction

As we have seen in the previous chapter, a possible approach to select a solution for first order
Hamilton-Jacobi euquations on networks (or domains) is the method of vanishing viscosity.
However, two problems arise in this context: the problem of convergence and the problem of
unicity. Whereas — under certain prerequisites — the convergence problem has been successfully
solved in the previous chapter, the question of uniqueness is not easy to handle, especially in
view of the arbitrary choice of the underlying network. For an adaptation of the uniqueness
approach given by Kruzkov in [5] has certain difficulties involved which depend on the topology
of the network. In particular, as soon as cycles occur in the graph corresponding to the network,
a direct adaptation of Kruzkov’s method fails or at least becomes unelegant.

On the other hand, an adaptation the theory of viscosity solutions based on test functions turns
out to be both elegant and even more powerful. The major task in this context is to derive the
correct transition conditions for solution candidates at the transition vertices, under providence
of which we will only be able to fully adapt the viscosity solution concept. These transition
conditions make up the core of our theory, as they — naturally — constitute the major difference
of our approach from the existing theory. Let us elaborate here on an interesting phenomenon
in this respect: The consistency of the viscosity solution concept with the method of vanishing
viscosity will in fact be shown, which in other words means that any limit function u of a
converging sequence u. in the spirit of theorem 4.2 will in fact be a viscosity solution. As the
u. satisfy the Kirchhoff condition at transition vertices, it at first might suggest itself to expect
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the limit function u to do the same. However, this is by far not the case: whereas the Kirchhoff
condition has a certain averaging effect on the functions u., the correct transition condition for
the limit function u will thoroughly lose this averaging property in favour of another principle
which only involves two incident branches at a time instead of all of them. Although at a first
glance this might seem unexpected, it is coherent with the idea of vanishing viscosity which
might equally be interpreted as “vanishing averages”. In order to give an impression of the
transition condition of the limit function, let us once again consider the eikonal equation on a
network with zero boundary conditions. Of course the distance function §y to the boundary
seems to be an appealing candidate for a solution. However, it generally does not satisfy a
Kirchhoff condition at the vertices. It in fact displays a behaviour at the vertices which can be
described to be governed by ”finding the shortest way to the boundary” rather than ”building
local averages”, a characterization which will also be applicable to the general case. In fact,
imagine an additional edge to be inserted at a given transition vertex v;. Then the distance
function at v; and at the other incident edges will only be affected, if the new edge provides
a shorter connection to a boundary vertex. Again it is remarkable how much this behaviour
deviates from the Kirchhoff condition.

Any generalization of existing concepts to new situations has of course to be justified by checking
if the very features which make up the success of the existing theory are preserved in the new
setting. In the case of the theory of viscosity solutions, these features are unicity, existence, and
consistency with the existing concepts, method of vanishing viscosity and Kruzkov’s generalized
solutions. Giving this justification will be the main issue of the present chapter. In fact, our
generalization of viscosity solution to networks will be just as weak to yield existence, while
being sufficiently ”selective” in order to ensure uniqueness. We will also justify that our viscosity
solution is not only a technical construction but arises as a natural selection principle, which in
particular selects the distance function on ramified spaces to be the unique viscosity solution of
the above eikonal equation on graphs.

5.2 Hamilton-Jacobi equations on networks

Throughout this chapter let T' be a topological network with boundary index set Ig # (). For
reasons of clarity let us once again state the boundary value problem we are concerned with.
Our objective is to establish an appropriate weak theory of solutions of non-linear boundary
value problems on I of the form

Hj(aju],u37$):0 On]O,lj[,jGJ,

U(Uz) = i, (AS IB: (51)

By now, continuity is the only property of a possible solution candidate for 5.1 which is reasonable
to demand. All other properties will be established in the sequel.
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Again we assume that the Hamiltonians H7, j € J, satisfy the following conditions:

i) HI(0,z,2) <0forall (z,2) € R x [0,1]

ii) HJ € C?*(R xR x [0,1])

iii) H(p,-,x)is non-decreasing for all (p,z) € R x [0,1] (5.2)
iv) HI(p,z,x) — oo as |p| — oo for all (z,2) € R x [0,1;]

v)  HI(p,z,x) is convex in p for all fixed (z,z) € R x [0,1;].

Moreover, we additionally assume the following conditions to hold at transition vertices.

(vi) Hj(p,z,wj_l(vi)) = HI(—p,z,7; *(v;)) for all i € I, j € Ing;, (p,2) €ER xR

(vii) H(p, z,ﬂfl(vi)) = H*(p,z,m, " (v;)) for all i € Iy, j,k € Inci, (p,z) € R x R. (5:3)

Remark. Whereas condition (vii) is a natural continuity condition, the symmetry condition
(vi) seems to be somewhat strong but cannot be relaxed as we will see later on. It is necessary to
cope with the case when different edges incident to the same vertex have different orientations.

Example. Consider the eikonal equation with zero boundary data on I' given by

(0jui)2—=1=0 onl0,l[, j € J,
u(v;)) =0 for all i € Ip.

Here we have HI(p, z,x) := p? — 1, and the H7 clearly satisfy 5.2.

5.3 Preliminaries and Definitions

Before we give our definition of viscosity solutions, let us introduce some useful terminology
capturing and simplifying the test function technique we are going to apply in the sequel. Recall
that e; := {m;(]0,{;))}, 7 € J and €; := {m;([0,5])}, j € J denote the open and closed edges,
respectively.

Definition 5.1 Let ¢ € C(T').
(i) Let j € J and x € ej. We say that ¢ is differentiable at , if ¢/ is differentiable at 7r]71(:c).

(ii) Let i € I and j, k € Inci, j # k. We say that ¢ is (j, k)-differentiable at v;, if the one-sided
differentials 0jp(v;) == jgpj(wfl(vi)) and Oxp(v;) := O (" () (v;)) emist and satisfy

;050 (v;) + aiOkp(vy) = 0,

where (a;;) is the oriented incidence matrixz of T
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Definition 5.2 Let u,p € C(I').
(i) Let j € J and x € e;. We call ¢ an upper (lower) test function of u at x, if ¢ is differentiable

at z and if u — ¢ attains a local mazimum (minimum) at x.
(ii) Let i € It and j,k € Inci. We call ¢ an upper (lower) (j, k)-test function at v;, if ¢ is
(4, k)-differentiable at v; and if u — ¢ attains a local maximum (minimum) at v;.

Remark. Observe that if a function f € C(T") attains a local extremum at a vertex v;, i € Iy,
this means that the value u(v;) is extremal with respect to the values u(y) for all y € B, (v;) for
some r > 0. The open ball B,(v;) := {y € I'| d(y,v;) < r}, of course, is "star-shaped”.

In order to simplify the notation let us from now on agree to shortly write H’(d;u(x), v(x), z) for

the expression H7 (Bjuj(wjfl(:z)),vj (77]-_1(3:)),71]-_1(3:)) for all z € e;, j € J, whenever confusions

are ruled out. We are then ready to introduce our notion of viscosity solutions on networks.
Observe that the essentially new aspect is the condition (ii) at transition vertices.

Definition 5.3 Let f : ' — R. Furthermore let x € Ty :=T'\{vi,7 € Ig}. A function u € C(I")
is formally said to be a viscosity sub- (super-) solution of

H(0u(z),u(z),z) = f(x) (5.4)

at x, if the following is the case.

(i) If x € ej, j € J, we have

Hj(ajgo(x),u(flf)ax) < (Z) f(l‘)

for all upper (lower) test functions p € C(I") of u at x.

(ii) If x = v;, i € Iy, for each j € Inc; there is an index ki € Inci, k1 # j, (k2 € Inci, ko # j),
such that

Hj(ajso(x)vu(x)’x) = H" (8kl@(x)7u($)7x) < (2) f(:c), =1 (l = 2)’ (5'5)

for all upper (lower) (j, k;)-test functions ¢ € C(I') at v;. We call k; an upper (lower) i-feasible
index for j.

Moreover, u is said to be a viscosity sub- (super) solution of 5.4, if it is a viscosity sub- (super-)
solution at each x € T'y. (Alternatively, we say that u solves H(Ou(z),u(x),xz) < (>) f(x) in
the viscosity sense.) Furthermore, u is said to be a viscosity solution of 5.4 (or it solves 5.4 in
the viscosity sense), if it is both a viscosity sub- and a supersolution.

Remark. Observe that the first equality of 5.5 always holds due to 5.3 (vii). It is only stated
to illustrate the symmetrical nature of this condition.
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5.4 Uniqueness

The purpose of this chapter is to give a uniqueness proof for viscosity solutions on networks. In
other words, we show uniqueness of solutions of the viscosity version of boundary value problem
given by 5.1

H(0u(x),u(z),z) =0 on I in the viscosity sense,

u(vi) = gi for all i € Ip. (5.6)

Before getting started, let us remark that the major part of the proof consists in establishing
a comparison result, which can be considered to be the core of variety of different uniqueness
proofs. Deriving uniqueness from this comparison result is then a matter of a straightforward
adaptation of existing techniques in the literature. For the sake of completeness we decided to
present an adaptation of a uniqueness proof due to H. Ishii, which is essentially based on the
convexity assumption 5.2 (v).

In order to be able to state the comparison result we from now on assume an additional condition
on the Hamiltonians H7 to be true: For any fixed z € R and € [0,[;], j € J, we have
0; H? (p, z,2)] < C < oo for all p € R. (5.7)

Lemma 5.1 Let f € C(T') with f(z) <0 for all x € T' and suppose that we have two functions
u,v € C(I") such that

H(Ou(x),u(zx),x) < f(x) and H(Ov(x),v(x),xz) >0 (5.8)
on I' in the viscosity sense. Assume also
u<v on OI:={v;|ielp}.
Then we have u <wv on I'.

Proof. Set M := max(||u||co,]||v]|cc), Where || - ||oc denotes the supremum norm on I', and
choose a function 3 € C*(R) with 0 < 3 < 1, 8(0) = 1, #/(0) = 0, and f(z) = 0 if |z| > 1.
Moreover, recall that d(-,-) denotes the path metric on I'. For € > 0 we then define the function

d:TxT =R by &zy):=u(x)—ov(y) +5Mp3(Eetd(z,y)).

Assume now that there is a point z € I'y with u(z) > v(z). By means of the function ® we
derive a contradiction to this assumption.

Note that ® is continuous on the compact set I' x I'. Therefore it attains its maximum at some
point (p,q) € I'2. Observe that the construction of ® forces p and ¢ to be not further apart than
a distance of ¢, i.e. d(p,q) < e. Moreover, neither p nor ¢ lie in 9T, if ¢ is sufficiently small. To
see this, set

me = SUP{u<m) - U(y) ’ d(xa y) <g, (:L',y) € FZ\F%}
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and observe that limsup,_,,m. < 0 as € — 0 due to continuity reasons and to the fact that
we have u < v on 9I'. Now choose € > 0 sufficiently small that we have m. < u(z) — v(2).
Then ®(z,z) > ®(x,y) for any choice (z,y) € ['*\I'3 with d(z,y) < e. Consequently we have

(p.q) € T3

If necessary we further decrease ¢ to arrange that we have 0 < u(z) — v(z) < u(z) — v(z) for all
x € I with d(x, z) < e, which is possible due to continuity reasons.

Now choose any m € R with 0 < m < —max,er f(x) and any compact set U C R such that
u(z) € U for all z € I'. Then choose € > 0 small enough to ensure eCy < m/2, where

CO = max{|8]H7(p,z,x)| | (p,Z,.'E) ERXU X [07 l]]a] € J}’

which is a finite number due to 5.7.

Finally we adjust € for a last time to ensure that there is a unique path of length d(p,q) in T’
which connects p and ¢ and which runs through at most one vertex v;, i € I7. Observe now
that the situation may be described by one of the following different cases.

Case 1. In this case there are indices ¢ € I and j, k € Inc; such that p € e; and g € e;. Consider
the functions ¢4, ¢, € C(I") defined by

@q = BMB(etdy(z)) and ¢, : @ S5MB(e  dy(z)),

where we shortly write dy := d(-,y) for all y € I". Clearly goé and 90]; are continuously differen-
tiable at p := 7rj_1(p) and ¢ := 7rk_1(q), respectively.

Now observe that by the choice of p and ¢ the function u + ¢, attains a local maximum at p,
whence —¢, is an upper test function of u at p. By 5.8 we thus deduce the following relation:

flp) > HI(=0;0)(D), v (p),p) = H (=5M;[B(e~"d})]|u=p, v’ (P), D)
- Hj(_5Maij5715/(€ild(pvQ))7uj(ﬁ)aﬁ)7 (59)

where we have used ajdg(ﬁ) = aj.

Similarly observe that —v + ¢, attains a local maximum at ¢, implying that v — ¢, attains a
local minimum at g. Hence ¢, is a lower test function of v at ¢ and by 5.8 we conclude

0 < HOpeh(3),v"(4),q) = H(BMO[B(e™" df)]le=q, (), d)
= H(6Mage "B (e d(p, q)),v"(d), ). (5.10)

Observe that by 5.9 and by the definition of m we have

0> f(p) +m > HI(=5Ma;e ' B (e d(p, q)), v (B), p) +m =: T. (5.11)
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The relation |p — 71]-_1(1%)| = d(p,vi) < ¢, the definition of Cy, and the relation eCy < m imply
Ty > H)(=5Ma;;e ' (e 1d(p, q)),uj(ﬁ),wj_l(vi)) +m/2 =: T. (5.12)
. ~ -1 . .. . .. .
Using |G — 7, " (v;)| = d(q, v;) < € and the conditions 5.3 (vi) and (vii) we obtain
Ty > HY(5Maie ™ §'(e ™ d(p, 9)), v/ (5), 4) = T (5.13)

By means of '
! (p) — v*(§) = ulp) — v(q) = u(z) —v(2) >0

in combination with 5.2 (iii) we get
T3 > Hk(5Ma"Lk€ 1ﬁ ( (p7 Q))7 k(q~)7q~) Z 07 (514)

where the last inequality follows by 5.10. The combination of 5.11 - 5.14 then yields a contra-
diction. Note that the symmetry condition 5.2 (vi) is only required if a;; = a;, that is, if both
ej and ey, are equally orientated with respect to v;.

Case 2. In this case we assume p # g and p, ¢ € e; for some j € J. Observe that with p := 7rj_1(p)

and q := 7, ~1(¢) we then have
Oydi(5) = —~0yi(@) = o € {~1,1}.

Proceeding similarly to case 1 and using the functions —¢, and ¢, as upper and lower test
functions for v and v at p and g, respectively, we obtain

HI(=5Moe™" B (e d(p, q)), v/ (§),p) < f(p) (5.15)

and
HY(=5Moe~"3' (e d(p, ), v (§),4) > 0. (5.16)

As in case 1, this yields the contradiction

0> f(p) +m H)(—5Moe=' ' (" d(p, q)), v (p), p) + m
H(—5Moe~"'3' (' d(p, q)), v (§), q) + m/2
Q),q) >

H(~5Moe™ 3/ (e7d(p, q)),v"(

AVARAVARY]

)

Case 3. Now we assume that one of the points, say p, coincides with a transition vertex.
Accordingly, we assume that there are indices 7 € I and j € Inc; such that p = v; and g € e;.

As in the previous cases we consider the functions ¢, and ¢,. Taking into account that p = v;,
we observe that for all k € Inc; the one-sided differentials d, := Ok (7. }(p)) exist. From q € ¢;
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it follows that for all k¥ € Inc; with £ # j we have a;id;, = 1, whereas we have a;;d;, = —1.
Consequently, ‘
a;;0;01 (1 (p) + a0kl (' (p)) = 0 (5.17)

for all k£ € Inc;, k # j. Furthermore, u + ¢, attains a local maximum at p. Hence, by definition
5.2 (ii), —pq is an upper (j, k)-test function of u at p for all k € Inc;, k # j. On the other hand,
according to definition 5.3 there is an index k € Inc;, k # j, such that we have

HI (0,07 (w5 (p)), (x5 (), 757 () = HY (k" (m ' (0)), uF (7 ' (p)), 7 (p) < f(p) (5.18)

for all upper (j, k)-test functions ¢ of u at p. Consequently we may plug —¢, into 5.18 and
obtain by virtue of 5.3 (vi)

H)(=5Moe~ "' (e d(p, 9)), v/ (x; ' (p)), 7 ' (p)) < f(p) (5.19)

for both 0 =1 and o = —1.

Observe next that ¢, is continuously differentiable and attains a local minimum at ¢. Hence it
is a lower test function of v at ¢, and we derive as in case 2

HY (5Mage ' 8'(e " d(p, q)),v" (7 ' (q)), 75 ' (q)) = 0.

Choosing o := —a;; in 5.19 we now proceed as in case 2 to derive a contradiction.

Case 4. In this last case we assume that p and ¢ coincide. If they coincide on a transition vertex
v;, i € I, by the fact that we have 3'(0) = 0 it follows

Oseh(m5 (1)) = Oy (vi)) = O

for all j € Inc;. In particular, for each choice of j, k € Inc;i, j # k, both —¢, and ¢, are upper
and lower (7, k)-test functions of w and v at v;, respectively, and a contradiction similar to the
previous cases can be derived.

The case p = q € ¢;, j € J, can be treated analogously. O

As we have already mentioned, an extension of the comparison lemma 5.1 to a uniqueness result
can be achieved by various methods, among which we have chosen to present the one given in
H. Ishii [19], which is primarily based upon the convexity of the H? in the third argument (see

5.2 (v)).
Lemma 5.2 Let u,v € C(I') be a viscosity sub- and supersolution of
H(Ou(z),u(x),z) =0 onT, (5.20)

respectively, with u(v;) < v(v;) for alli € Ig. Then u <wv onT.
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Proof. Fix a number M with M < minger u(x) and set
up(z) = 0u(z)+ (1 —-0)M, zeT,

for 6 €]0,1[. Clearly we have ug < w on I' and up € C(I'). Now choose a compact set K C R
such that ug(z) € K for all x € T and 6 € [0, 1]. Due to conditions 5.2 (i) and 5.3 (vii) it is then
possible to choose a function h € C(I") with h < 0 on I" and

HI(0,2,2) < h(x) (5.21)
for all x € [0,;], j € J, z € K, and for all § € [0,1]. Using this, we show that we have
H(Oug(x),ug(x),z) < (1 —0)h(z) (5.22)

on I' in the viscosity sense. For this purpose fix j € J, x € ej, and set T := 7Tj_1(ac). Let ¢ € C(T)
be an upper test function of u at z. Setting g := 6p + (1 — §)M we obtain by means of the
convexity condition 5.3 (v)

(;%(i), 5(%), &) < 0H (0 }(az’),ué<:z>,5:>+<1—9>Hj(0,u§5<5:>,f>
< OHI (05 (), (2),7) + (1 - O)W (2). (5.23)

We have also employed 5.21 as well as the relation ue( #) < u?(Z) in combination with condition
5.2 (iii). As u is a viscosity subsolution and as ¢ is an upper test function of u at x, we have

H1(0;¢7(%),v (%), %) <0,
whence we further conclude from 5.23

HY(0500(%), u}(%), 7)) < (1 0)h (&).

Secondly, assume x = v; for some ¢ € Ip. As u is a viscosity subsolution, for j € Inc; there is an
upper i-feasible index k € Inc;, that is, all upper (j, k)-test functions ¢ € C(T') of u at z satisfy

HY (857 (m; (v3), o (m; (02), 5 (v3) = HE (O (g (0)), u® (i (v3)), iy (w3) < 0.

Hence, assuming ¢ to be an upper (j,k)-test function of w at x and performing the same
calculation as above yields

HY(0;9(m5  (v2), (w5 (00), 5 (02) < (1= )1 (7 (v3).
Hence 5.22 is shown.

Now observe that we have ug < v on 0. As v is a viscosity supersolution of 5.20 and by taking
advantage of 5.22 we now apply lemma 5.1 with f := (1 — 0)h to conclude that we have ug < v
for all # €]0,1[. Letting € tend to 1 completes the proof. O
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5.5 Existence

Having established the uniqueness of viscosity solutions on networks, we now turn to the question
of their existence. The idea is to apply a Perron method to construct a viscosity solution. In
fact, it is given by the pointwise supremum over the class of all those viscosity subsolutions of
5.6, which are smaller than or equal to the prescribed boundary values at the boundary vertices
— we refer to these functions as subfunctions. The proof consists of two parts: first it has to
be shown that the pointwise supremum over the class of all subfunctions is a subfunction itself,
and then it has to be verified that it also is a viscosity supersolution. The latter case is treated
indirectly, by assuming it not to be a supersolution and concluding that in this case one can
construct a strictly larger subfunction, contradicting to the pointwise supremal property.

Accordingly, we start with the following general lemma ensuring the preservation of the sub-
solution property for pointwise suprema. Let us denote by S the set of all subfunctions of
5.6.

Lemma 5.3 Let V C S and u(z) := sup,ey v(x) for all z € I'. Then we have u € S.

Proof. The task of the proof is to verify the viscosity subsolution condition for u at each point
z € I'g. We will, however, only treat the case x = v;, i € I, in detail, as the simpler case x € e;,
j € J, is essentially based upon the same arguments.

Accordingly, let © = v;, i € Ip. Fix any j € Inc;. As u is the pointwise supremum over V', for
each m € N there is a subfunction u,, € V with u(x) — um(z) < 1/m. For each m € N we can
find an i-feasible index k(m) € Inc; for j, as u,, is a viscosity subsolution of 5.6. As |Inc;| < oo,
there is at least one k € Inc;, k # j, such that k(m;) = k for a strictly increasing sequence my,
I € N, of natural numbers. For reasons of simplicity we relabel u; := u,,,. Note that we have
u(z) —w(z) < 1/mp < 1/1.

We now show that u solves 5.6 at x in the viscosity sense. Accordingly, suppose that ¢ € C(I")
be an upper (k,[)-test function of v at x. We have to show

H (9;p(x), u(x), ) = H*(Opp(x), u(x),z) < 0. (5.24)
For this purpose we introduce the auxiliary function
ps: T — R with 5(y) := p(y) + (d(z,9))*, § > 0.

By the fact that ¢ is an upper (7, k)-test function at x we conclude that u — ps attains a local
maximum at xz. This maximum is not only attained with respect to I' but also with respect
to © := €; U eg. Thus there is a radius » > 0 such that u(y) — ¢5(y) < u(x) — ¢s(z) for all
y € By(z) N ©O. For any [ € N the continuous function

Py - w(y) — e(y) — 26(d(z,y))?,



5.5. EXISTENCE 71

restricted to the compact set B,(z) N O, attains its maximum at some point 7; € B,.(x) NO. We
claim that the sequence (z;);cy converges to z as [ — oo. To see this, we first invoke the fact
that the x; are maximal points of the v, yielding

u(z) = p(x) < wlzr) — () — 20(d(x, 1))*.
Using u(x) — w(z) < 1/1 along with u;(x;) < u(z;) we further conclude
u(z) — 1/1 < u(zy) + p(x) — o) — 26(d(z, 17))>. (5.25)
On the other hand, by the fact that u — @4 attains a local maximum at x, we obtain
u(@) = p(x) 2 u(zr) — p(x) — d(d(w, )% (5.26)
Subtracting inequality 5.26 from 5.25 yields
—1/l+ p(a) < p(a) = 6(d(z, @))* or 1/1>d(d(x,a1))?,

implying 2; — = as | — oo. This, in turn, implies that for sufficiently large | € N the local
maxima of the functions v; at x; are attained with respect to the whole of ©. This means that
the functions u; — @9s attain local maxima at aj, if [ is sufficiently large, where

pas(y) == o(y) + 26(d(z,y))*.

Furthermore, @95 respectively is differentiable or (j, k)-differentiable at z;, if z; # x or z; = x.
In the latter case we remark that we indeed have the required property

aij0j 25 () + ainOpipas(x) = 0,

as we have
0jpas(x) = Oppas(z) = 0.

For sufficiently large [ € N the function @95 therefore respectively is an upper test function or
an upper (7, k)-test function of u; at x; € ©, if x; # = or x; = z. Using the fact that u; is a
viscosity subsolution of 5.6 we therefore conclude

0 > H®(0spas(xp), wi(xy), 1) = H*(Osp(x1) + 4da;sd(x, xp), ui(xp), 1) (5.27)
if & € 245(]0,14]) for either s =1 or s = k, and
HI(0,z,u(z)) = H*(0, 2, (x)) <0, (5.28)

if Iy = Xx.
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As ¢ is (j, k)-differentiable at x and as z; — z, the continuity of H and u implies that 5.27 and
5.28 yield '
H (8$j<p(x)7 u(x), T) = Hk(ag;k(p(flf), u(z),z) <0

upon letting [ — co. Hence we have shown that k is an upper i-feasible index for j. As j € Ing
has been chosen arbitrarily, it follows that u satisfies the viscosity subsolution property at x.
Hence u is a subfunction, as we clearly have u(v;) < lim;_ u(v;) < g; for all i € Ip. O

Now let X be the set of all subfunctions of 5.6. The preceding lemma shows that the function
a(z) = sup,ex u(z), € I', is a subfunction itself, i. e. @ € X. Accordingly, two questions
remain: first, if @ is a viscosity supersolution, and second, if it attains the boundary values. The
first question is answered by the following lemma.

Lemma 5.4 The function 4 is a viscosity supersolution of 5.6.

Proof. We present an indirect proof according to the following principle: If some function
u € X does not satisfy the supersolution property at some point y € I'g, we show that there is
a function v € X with v(y) > u(y). Conversely it follows that the pointwise supremum @ must
be a viscosity supersolution, as it is contained in X by lemma 5.3.

Accordingly, let © € X and assume it not to satisfy the supersolution condition at some point
y € I'p. (Again we restrict ourselves to the case y = v;, i € I, as the simpler case y € ¢;, j € J,
can be easily derived using the same arguments.) Then there is an index j € Inc; for which there
does not exist any lower i-feasible index k € Incj, k # j. By definition 5.3 this implies that for
each k € Inc;, k # j, there is a lower (7, k)-test function ¢y, of u at y with

H (9501(y), u(y), y) = H* (Okpr(y), uly),y) < 0. (5.29)
Observe that without loss of generality we may assume that we have
er(y) = u(y) (5.30)

for all k € Inci, k # j. Furthermore, as for each of these k the function ¢y, is a lower (j, k)-test
function of w at y, the function v — ¢, attains a local minimum at y. Note that we may assume
these minima to be strict by possibly adding to each ¢, a parabola of the form x — ay(d(z,y))?
for some a < 0. Then there is a ¢t > 0 with B;(y) C Iy such that 0 < (u — p)(z) for all
x € By(y)\{y} and such that for all & € Inc;\{l} — due to 5.29, 5.30, and to the continuity of
both H and ¢ — the inequalities

HI(0501(x), 0r(x),y) <0 and  H*(Oppr(x), or(x),y) <0 (5.31)

are preserved for all € B;(y) Ne;. In particular, there is a & > 0 such that u(x) — ¢p(z) > £
for all k € Inc;, k # j, and all x € I’ with d(z,y) = ¢t. We furthermore can assume £ to be small
enough such that the relations

H(001(x), 01(x) + & y) <0 and  H*(Oppr(2), pr(z) + & y) <0 (5.32)
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hold for all k£ € Inc;\{j}, which is possible by the continuity of H and by relation 5.31. Hence it
follows that for

Pk = +§
we have ¢ (y) = u(y) + £ > u(y) and

Or(z) < u(x) (5.33)

for all k € Inc;\{j} and all x € T with d(z,y) = t.

We now define the function

max {maxkelnci\{j} o), u(a:)} ifzx e Et(y) ne;
v(z) == ¢ max{pk(z),u(x)} ifxe Bt(y) Neg, k € Inc;\{j}
u(z) if 2 € I\By(y)

and collect properties: By 5.33 we have v € C(T"). Furthermore, v is larger than u at y, as we
have v(y) = u(y) + & > u(y). Let us demonstrate that v is a viscosity subsolution, i.e. v € X.
For this purpose we first note that outside of B;(y) we have v = u, whence it suffices to check
the viscosity subsolution property of v for all z € B;(y). We have to distinguish two cases.

Case 1. Let x € By(y) Ne; for some [ € Inc; and let 3 be an upper test function of v at . From
5.32 it follows that for each k € Inc;, k # j, the function @ satisfies

H (01¢1(2), ¢r(x),2) < 0.

Consequently, as by definition @ is continuously differentiable at z, this relation immediately
implies the viscosity subsolution property of ¢ at x — a fact which can easily be verified. At z
it therefore follows that v is the maximum of finitely many functions which all have the viscosity
subsolution property at x. Now observe that for those of these functions, which attain the
(maximal) value v(z) at x, the function ¢ forms an upper test function at z and thus inherits
the property

HY (9 (x),v(z),z) < 0.

Hence v has the viscosity subsolution property at x.

Case 2. We now derive the viscosity subsolution property of v at y = v;. To this end we have
to show that we can assign an upper i-feasible index to each index k € Inc;. In fact, as far as
the index j is concerned, any choice of k € Inc;\{j} yields an upper i-feasible index for j. For,
fixing such an index k and letting ¢ be an upper (j, k)-test function of v at y, by construction
of v we have ¢r(y) = v(y). This implies that ) also is an upper (j, k)-test function of @y at y.
On the other hand, @ is (j, k)-differentiable at y and satisfies

H7 (0581 (y), 2k (), y) = H*(0r1(y), Bk (y), y) <O,
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which follows by inequalities 5.32 and 5.29. This, in turn, implies

HI(05(y), v(y),y) = H*(Op(y), v(y),y) <0,

whence k is an upper i-feasible index for j.

It remains to remark that the same argumentations show that the index j itself serves as an
upper i-feasible index for each index k € Inci\{j}, by symmetry. It follows that v has the
viscosity subsolution property at y. We thus have shown that v is contained in X and is strictly
larger than u at y, which completes the proof. |

5.6 Consistency with vanishing viscosity

The purpose of the present section is to verify the consistency of viscosity solutions on networks
with the method of vanishing viscosity, the convergence of which has been shown in chapter 4.
As has been mentioned before, the introduction of viscosity solutions on networks will only be
fully justified as a correct generalization of classical viscosity solutions, when we will have shown
that the limit function of the vanishing viscosity method indeed is a viscosity solution.

Let us therefore revisit the boundary value problem 4.7, where the Hamiltonians H7 again are
assumed to satisfy the conditions 4.8 and 4.9. Theorem 4.2 states that the functions u. uniformly
converge to a limit function v € C(I'), as € — 0. Let us here and in the sequel assume that the
functions u. and their first derivatives be uniformly bounded in €. Then it will be confirmed by
the following lemmas that v indeed is a viscosity solution of

H(0u(z),u(z),z) =0
on I' in the sense of definition 5.3.

Lemma 5.5 Let ¢ € It and j € Inc;. Furthermore let the sequence x, € ej converge to v;.
Then we have
Hj(p(),u(’l)i),’l)i) S 07

where
() = u(ws)|

po := lim sup
d(ajﬂ’h Ui)

m—00

Proof. Suppose without loss of generality that we have a;; = 1 and u(v;) = v/ (0) = 0. Setting

v:i=u and y,, = w}l(xm) we then have to show that we have

h(lim sup [v(ym)/ym|) <0,

m—00



5.6. CONSISTENCY WITH VANISHING VISCOSITY 75

where we define ‘
h(p) := H’(p,0,v;), pé€eR.

For this purpose first observe that by 4.8 and 4.9 the function A is twice continuously differen-
tiable and strictly convex on R as well as symmetric in p. Furthermore A is strictly increasing
on [0, 00[ and strictly decreasing on | — 0o, 0].

Now set v, := ug, plug y,x into 4.7 and integrate in order to obtain

1 1
/ HI (0,0 (42, v (gin), g dr = / 00 (ym) d.
0 0

Moreover we have

<2 max |0jv:(z)| < 2C,

1
/0 (")JZU5 (ymz) dx

where C' > 0 is the uniform bound of the first derivatives of the functions u., the existence of
which has been assumed above. It follows that we have

1
lin% H? (0 (Ymx), Ve (Ymx), Yymx) doz — 0 (5.34)
e— 0
for all m € N.

Observe now that as h is convex we may apply Jensen’s inequality to compute

h (M) h <y§n Oym 9;v:(x) d:c) —h (/01 0;0: (Yme) dac)

Y
1 1
< [ HO-me)) da < [ H@50yne). 0 yn) e+
0 0

for some constant C' < oo, where the last inequality follows by a Taylor expansion of H7 in the
second and third argument as well as by the boundedness of v. and 0jv. uniformly in €. Letting

€ — 0 yields by 5.34
h (1’@"0) < Cun,
Ym
and letting m — oo implies

m—00 Ym

limsup h <v(ym)) <0.

By the properties of h it then follows

h (lim sup

m—0o0

) s

Ym

which completes the proof. O
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Lemma 5.6 The limit function u satisfies H(Ou(x),u(x),z) < 0 in the viscosity sense.

Proof. The proof is divided into two parts: the first shows the subsolution property at points
x € e, j € J, whereas it is verified at transition vertices in the second part.

Part 1. Let j € J and x € e;j. Furthermore, let ¢ be an upper test function of u at x. Choose
a sequence &, — 0 and set u, := u.,, n € N. Now assume without loss of generality that the
maximum of u — ¢ attained at x be strict, which we can always arrange by possibly adding a
parabola centered at x. Furthermore, by means of density arguments, we can also assume ¢ to
be twice continuously differentiale around x. As the function u,, uniformly converge to w, it then
follows that there is a sequence x,, € I';, n € N, such that x,, — x; without loss of generality we
can assume z,, € e; for all n € N. By the maximal property of the points y,, := W{l(xn) €10, 1]
we then have

Ol (yn) = 059 (yn) and 02wl (yn) < 92 (yn)
for all n € N. It follows

0 = 5n8]2u%(yn)—Hj(aju%(yn),u%(yn),yn)
< 0797 (yn) — H (957 (yn), uly (yn)s Yn)-

Setting y := 7rj_1(;1:) we obtain by lim,, .. ¥, = y and by the continuity of H’
0 < lim [en05¢ (yn) — H? (8607 (yn), uh (yn), ym) ] = —H (8607 (), (1), ),
which proves the assertion.

Part 2. We now verify the viscosity subsolution property at transition vertices. For this purpose
we fix i € Ip and j € Inc; and show that each index k € Inc;\{j} is upper i-feasible index for
j. Accordingly, fix such an index k and let ¢ € C(I") be an upper (j, k)-test function of u at v;.
We then have to show that we have

Hj(aﬂp(’l)i)au(%)a%) = Hk(amp(vi)a u(v;),vi) < 0.
To this end assume the contrary. Hence for one of the indices j and k, say, for j, we have
aijajcp(vi) < —a,

with a > 0 as defined in the proof of lemma 5.5. Assuming u(v;) = 0 without loss of generality,
it follows that we have for every sequence z,,, m € N, with z,, € e; and z,, — v;

po = lim sup AFm) ~ )

< —a
m—o00 d($m, Ui) ’
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as u —  attains a local maximum at v;. By the properties of H, however, we then conclude
Hj(p(b O,Ui) > 07

a contradiction to lemma 5.5. O

Now we show that u is also a viscosity supersolution.

Lemma 5.7 The limit function v := lim._,o u. satisfies H(xz,u(zx), Du(x)) > 0 in the viscosity
sense everywhere on I'.

Proof. Again the proof splits into two parts, the first one treating edge points, the second
one treating transition vertices. However, the case of edge points can be performed perfectly
analogously to the first part in the proof of the previous lemma, which is why we dispense with
its presentation here.

The case of transition vertices, however, requires a different approach. In particular, the Kirch-
hoff condition will be invoked. Let i € Iy and assume u(v;) = 0 without loss of generality. It
then suffices to show that there is an index j € Inc; (for which we assume a;; = 1 without loss
of generality) such that for all functions ¢ € C([0,;]) for which u’/ — 1 attains a one-sided local
minimum at 0 and for which the derivative 0;1(0) exists, we have

9;1(0) < —a.
Here, as in the proof of the previous lemma, a > 0 is the unique positive number satisfying
h(a) := H’(a,0,0) = H'(—a,0,0) = 0.
This is indeed sufficient, as we then in particular have
0547 (0) < —a

for all lower (j, k)-test functions ¢ and any k& € Inc;\{j}, implying, by the properties of H, that
we have

H(9jp(vi),0,v;) = H"(Okp(vi),0,v;) > 0,

under the assumption ¢(v;) = 0. Hence j is a lower i-feasible index for each k € Inc;\{j}, and,
by symmetry, any such k is a lower i-feasible index for j, whence the assertion is proved.

Let us therefore show that such an index j € Inc; exists. First note that the functions u., € > 0,
satisfy the Kirchhoff condition at v;. We therefore may extract from each sequence &, — 0 a
subsequence (which we again denote by &,) such that there is an index j € Inc; with

djul (0) <0 (5.35)
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for u, = ue, , where we have assumed that we have a;; = 1 without loss of generality. Further-
more we assume to have L'-convergence in the following sense

b , .
dm [ H @ (). 1 (). v)] dy = 0.
(entsprechendes Lemma wird noch geliefert).

It follows 4 ' '
lim H’(0;u,(y),w),(y),y) — 0 for each y € M :=[0,[;]\N, (5.36)

P
n—oo

where N is a set of measure zero. Now the Taylor expansion of H7 yields
h(8jul,(y)) = HY (95ul,(y),0,0) > H (95uf,(y), ud (y), y) — Coy (5.37)

for each y € [0,[;], where the constant Cy > 0 can be chosen independently of n € N, as the
functions u,, along with their first derivatives are uniformly bounded in n.

By 5.36 and 5.37 it then follows
h( lim djul(y)) = lim h(@ul(y)) > —Coy,
n—oo n—oo
which implies by the properties of h that there is a constant C7 > 0 such that we have
lim [9;u),(y)| > a — Cry
n—od
for each y € M. Now observe that the functions uib, n € N, do not attain local minima on |0, /5,
which is a direct consequence of 4.7. Hence we further conclude
lim 0jul (y,) < —a (5.38)
n—oo
for all sequences y, € M\{0}, n € N, y, — 0. Now assume that there is a test function
¥ € C?([0,17]) such that u/ — ¢ attains a right-sided local minimum at 0 and such that
0;¢(0) > —a+9

for some § > 0. Again we can assume the minimum to be strict without loss of generality. As
the functions u, uniformly converge to u, there is a sequence g, — 0, g, > 0 for all n € N, such
that uj, — ¢ attains a local minimum at ,. By continuity reasons it then follows that there is
a sequence y, — 0, y, € M\{0}, such that we have

aﬂ/)(yn) < 8ju¥z(yn) +6/4
for all n € N. As y, — 0, we furthermore have
aﬂb(yn) > —a+0/2
for all sufficiently large n € N due to continuity reasons. By 5.38 we then get the contradiction

—a+3/2 < lim 9;9(y,) = lim 9ul,(yn) + /4 < —a+ 6 /4.



Chapter 6

The distance function on networks

Summary. In the present chapter we revisit the distance function on networks and derive a
topological property of its curvature functional. For illustrating reasons we connect the distance
function to the problem of mathematical modelling of granular matter, where the curvature
functional corresponds with the number of “hilltops” of sand heaps. We also discuss connec-
tions to abstract graph theory and shortest path algorithms appearing in computer scientifical
contexts.

6.1 Introduction

The behavior of homogeneous granular matter, which is poured onto objects from sources above,
is rather well understood and has been described by various models. Several one- and two-
dimensional models have been proposed by Hadeler et al ([20], [21], [1]). In particular, situations
have been examined where a maximal amount of sand has been deposited on top of a given object
or domain. Dry and homogeneous granular matter can only form heaps whose local steepness
does not exceed (the tangent of) the so-called angle of repose «, which is specific to the respective
material. As a consequence, the shape of maximal volume heaps on flat and bounded domains
(such as tables) is approximately described by the graph of the unique viscosity solution u (in
the classical sense) of the eikonal equation |Vu| = tanca. The function v has a gradient of
constant length tan a and of course coincides with a multiple of the distance function to the
boundary.

Having established the notion of viscosity solution on topological networks in the previous chap-
ter, it suggests itself to look for an appropriate granular matter interpretation of the eikonal
equation on such a network. In this chapter we therefore want to discuss the shape of “sand
heaps” formed by a maximal amount of granular matter within the framework of topological
networks. This approach directly leads to the question about a certain characteristicum of those
“heaps”: the number of “hilltops” or “points”. In fact, the core of the chapter will be the deriva-
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tion of a simple formula for this number. This result generalizes the one-dimensional version of
a result of Aviles and Giga ([2], lemma 2.6), basically stating that the suitably defined curvature
functional of the distance function on an n-dimensional domain €2 equals the n — 1-dimensional
Hausdorff measure of the boundary 0.

6.2 Granular matter and networks

Imagine a topological network I' = I'(E£, V') in the plane and think of its edges e;, j € J, as a
set of slim “paths” whose end points are connected at the vertices v;, i« € I. Let us suppose
the paths on both sides to be bounded by thin, sufficiently high glass walls perpendicular to the
plane, a construction we will from now on refer to as a “maze”. As before we split the vertex
set into a nonempty set of boundary vertices OI' = {v;,7 € Ig} and a set of transition vertices
{vi,i € Ip}, assuming that sand may run out of the maze at boundary points through a little
hole at the bottom. Let us then uniformly pour as much sand as possible from above into the
space between the glass walls. Several sand heaps will grow, every two of them separated by
at least one boundary point, at which sand is running out of the maze. At transition vertices,
sand may be interchanged between the different incident paths. As the distance between the
two walls is very small, we may (and shall) consider the shape of the heaps as one-dimensional.
Finally the shape of the sand heaps will stop growing and reach an equilibrium configuration,
as additional sand poured on top of them will immediately leave the maze at boundary points.
This is due to the fact that each newly added sand portion would locally violate the angle of
repose.

Similarly to the case of intervals and two-dimensional domains it is easy to understand that
in this maze model the resulting shape of the maximal volume heap is appropriately modelled
by the graph of (a multiple of) the distance function dy assigning to each point the distance
to the nearest boundary point. The ”hilltops” of the heaps are thus represented by the local
maximum points of g, which is at the same time the set of singularities of §9. The number S of
these singularities obviously depends on the numbers |E|, |V, and |OT'| of edges, vertices, and
boundary points, respectively. As will be demonstrated below, it is in fact already determined
by them and may be explicitly computed, and thus is a purely topological quantity - provided
that the “multiplicity” of singularities at vertices is appropriately defined.

6.3 Distance function and singularities

As a matter of fact, for generic networks we have the simple formula
S =|E|—|V|+|oT|.

Even though it is not hard to show, this result is not trivial, as one can imagine many possible
deformations of I', which do preserve |E|, |V|, and |0T'|, but change the lengths of the edges.
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As an effect of such a deformation, the singularities will move along the edges, possibly jumping
from one edge to another at a vertex, whereas others may vanish, melt together, or be newly
created. Hence, from a physical point of view our result is not obvious. However, it turns out
that the problem can be transformed into a question of abstract graph theory, a setting where the
proof becomes straightforward and elegant, while, on the other hand, revealing a close relation
to the concept of cycle rank of disconnected graphs.

Our result can also be interpreted in the framework of computer algorithms, where the so-
called single-source shortest-path problem (see for instance [22], pp. 580) of weighted graphs is
of great importance for many different applications. The goal is to find the shortest distance
from a given source node to each other vertex with respect to a real-valued weight attribute
associated with each edge. Many algorithms have been designed to attack this problem, among
which the probably most famous is known as Dijkstra’s algorithm [23]. Later on we will embed
this algorithm into our context, discuss the more general multiple-source shortest-path problem,
and relate it to our result.

6.4 Singular points

As said before, we are concerned with the question of how many “hilltops” the maximal heaps
will possess. However, the term “hilltop” is somewhat misleading at transition vertices, whence
we prefer to speak of “singular points” which are defined by the property that there are more
than one different directions leading to a shortest way to the boundary — a number which is
generally smaller than the actual number of all different shortest ways from the singular point
to the boundary. Let s be such a singular point. If s is not a transition vertex, it is clear that we
have exactly two “shortest” directions. On the other hand, if s coincides with a transition vertex,
we might have more than two shortest directions to choose from, which should be appropriately
taken into account. In fact, it is easy to see that if we introduce a suitable topology on the set
of all networks, we may always slightly deform the network in such a way, that s moves away
from the transition vertex while splitting into several different singular points — exactly one less
as there have been directions to choose a shortest way from. In this generic case our problem
assumes its most appealing form, as singular points only occur on the edges. In order to conceive
these ideas more precisely, we consider topological networks as special cases of weighted graphs,
motivated by the following observation:

An edge e € E with end points v,w € V' contains a singular point s € V if and only
if |60(v) —do(w)| < I(e), where l(e) is the length of the Jordan curve e. Furthermore,
a transition vertex point v € V has exactly as many “shortest directions to the
boundary” as it has “lower incident edges”, that is, edges e € E for which there
exists a vertex w € V' such that e = vw and dp(v) = do(w) + l(e).
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6.5 Weighted Graphs and Main Result

In this section we restrict our considerations to the abstract notion of weighted graphs and
derive our main result within the framework of graph theory, whereby the proof becomes short
and transparent. Note that whereas the physical problem — at least its technical realisation
— requires a planar graph, all the following arguments equally apply if we admit any kind of
connected graph G with V' # (; the only restriction we need is that G be finite, that is, |V| < oc.
We even allow for multiple edges and loops, i.e. edges of the form vv, v € V.

Definition 6.1 A weighted graph (G, 1) is a graph G = G(V, E) equipped with a weight function
[:V —]0,00].

Definition 6.2 Let (G,l) be a weighted graph. For any path P = vy ...v, of G we define its
length I(P) by I(P) := 3" l(vivis1).
It is then easy to verify the following

Lemma 6.1 Let (G,1) be a connected weighted graph. Then the mapping d : V x V — R given
by d(v,w) := min{l(P) | P is a path connecting v and w} is a metric on V.

Example. Let (G,l) be a weighted graph. Suppose also that G is a connected topological
graph, and assume that the weight function i(e), e € E, be given by the respective length of the
Jordan curve e. Then d is the restriction to V' x V of the metric d introduced earlier.

Again some vertices should be marked as “boundary” points, which motivates the following

Definition 6.3 A weighted graph with boundary (G, [, 0G) is a connected weighted graph (G, 1)
with a (formal) boundary OG, where the set of boundary vertices 0G # 0 is a given subset of
V. We call Vi := V\OG the set of transition vertices.

Consequently, we introduce the corresponding distance function (which again is the restriction
of the distance function introduced above, whenever G is also a topological graph and [ is defined
by the lengths of the edges).

Definition 6.4 Let (G,l,0G) be a weighted graph with boundary. Then ¢ : V. — R given by
©(v) := minyegq d(v, u) is called the distance function of G.

The following definitions capture the idea mentioned in the preceding section of how to count
singularities within the framework of weighted graphs.

Definition 6.5 Let (G,l,0G) be a weighted graph with boundary. We call
Eg :={e=vw € E with l(e) > |¢(v) — p(w)|}

the set of singular edges of G, whereas Er := E\Eg is called the set of regular edges of G.
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Definition 6.6 Let (G,1,0G) be a weighted graph with boundary. We define the order of sin-
gularity of the edges k¥ : E — N by

E L 1 ifeGES
K (e) '_{ 0 ifec Ep.

Definition 6.7 Let (G,1,0G) be a weighted graph with boundary. We define the order of sin-
gularity of the vertices ¥ : V — N by

kY (v) == |Incy, (V)]

where Incy,(v) := {vw € E with p(v) = p(w) + l(vw)} be the set of lower incident edges of v in
G.

Note that we have " (v) = 0 for each v € Vg and k" (v) > 1 for each v € V. Furthermore, we
can always achieve that we have " (v) = 1 for all v € Vy, if we arrange that all possible paths
to the boundary in G have pairwise different lengths by slightly varying the weight function I.
We define

Definition 6.8 Let (G,1,0G) be a weighted graph with boundary. G is said to be generic, if the
numbers d(v,w) are pairwise different for all choices v € Vp and w € 0G.

If G is generic we clearly have " (v) = 1 for each transition vertex v € V. Furthermore, v does
then not carry a singularity and should therefore not contribute to the number of singularities
of G. Hence, when counting the singularities in the general case, each transition vertex should
contribute a number of singularities which equals its order of singularity minus one. Accordingly
we define

Definition 6.9 Let (G,l,0G) be a weighted graph with boundary. The order of singularity S is
then defined to be

S:=K— |V,
with
K = Z kP (e) + Z kY (v).
ecE veV

By construction, the order of singularity .S of G is exactly the quantity which counts the singu-
larities of G with the correct treatment of vertex points. This is also confirmed by the following

Lemma 6.2 Let S be the order of singularity of a weighted graph with boundary (G,l,0G) and
let e > 0. Then there is a weight function l. with max.cg |l(e) — lc(e)| < e such that (G,l.,0G)
is generic and such that the order of singularity Se of (G,l.,0G) satisfies S: = S and equals the
number of singular edges of (G, 1., 0QG).
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Proof. If (G,[,0G) is generic, there is nothing to show. If not, there is at least one vertex v
satisfying |Incr,(v)| > 1. Choose any edge vw € Incp(v). We then increase [(vw) by a value
d with 0 < § < e chosen sufficiently small such that the values ¢(u) are not affected for all
u € V. This is possible as v has at least one other lower adjacent vertex. Observe that as a
consequence the order of singularity x" (v) is decreased by one, as vw will no longer be a lower
incident edge. On the other hand, the value of £ (vw) switches from 0 to 1, as vw now satisfies
l(vw) > |p(v) — p(w)|. Hence S remains constant. We now repeat this procedure to finally
eliminate all multiple lower incident edges while keeping S constant, whereby, by construction,
the length of each edge is at most increased by . a

In fact, S is completely independent of the choice of the weight function I and may be explicitly

computed, as it is stated in the following main theorem.

Theorem 6.1 Let (G,1,0G) be a weighted graph with boundary. Then its order of singularity
S satisfies
S =|E|—|V|+|0G]|.

Proof. For any v € V and any e = vw € Inc, we introduce the quantity

o= {11

Then we obtain the identities

1 1
\% _ E —
K () =5 ; (1=ou(e)) and #7(e) = 5(0u(e) + ou(e))
for e = vw. Using this, we compute by means of definition 6.9
1 1
K=3 ST U-oule)+ D (oule) +oule)| = 5 > degv = |E|.

veV e€lncy e=vweFE veV

The assertion then follows by definition 6.9 and by the relation |Vr| = |V| — |0G]|. O

Corollary 6.1 Let (G,1,0G) be a generic weighted graph with boundary. Then the number |Eg|
of singular edges may be computed by

[Es| = [E| = V] +]0G].

Proof. As G is generic, we have S = | Xg|. O
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6.6 Non-Uniqueness of Shortest Path Algorithms

As graphs are persuasively simple and versatile objects, graph theoretical problems subsume
many concrete problems arising in the theory of computer algorithms. A prominent question is
how to efficiently detect shortest paths connecting a given vertex with prescribed source vertices
in a weighted graph. Dijkstra’s classical algorithm [23] basically was the first managing the
situation where there is exactly one source vertex (single-source shortest path problem), and is
followed by a wide list of modifications or more specific approaches to the same problem (see
for instance [24], [25], [26], and [27]).

Dijkstra’s algorithm successively lists all shortest paths from the single source to the other
vertices, starting at the source vertex. In terms of a topological graph G equipped with a metric
d and its associated topological network I' as introduced in section 4.3 it does the following:
Starting at the source vertex s it determines the level sets L; := {x € I'|dp(z) = t} of the
distance function dg(z) := d(x, s),z € T', for continuously increasing ¢ > 0. As soon as a set L,
contains one or more vertices, these vertices are assigned the shortest distance ¢ to the source,
along with the way “back downhill” as shortest path to the source (which is not necessarily
unique). This procedure is continued until a shortest path is assigned to each vertex. Whereas
Dijkstra’s algorithm is originally restricted to weighted graphs (that is, detection of shortest
ways between vertices), the level set idea described here may of course be extended to all points
p € I', particularly to edge points.

The relation to the concept of the previous section is now easily established: Let (G,l,0QG)
be a weighted graph with boundary, and assume G also to be a topological graph such that [
coincides with the edge lengths. If G has only one boundary vertex s, it may also be considered
as a weighted graph with a single source. Then every singular edge of G contains exactly one
point p with the property, that the level set extension of Dijkstra’s algorithm yields at least
two shortest paths to s which do not coincide near p. Similarly, a singular vertex v is assigned
shortest paths leaving it in exactly x" (v) — 1 different directions. In other words, here the
single-source shortest path problem cannot be solved uniquely in the sense, that the direction
in which shortest ways lead be unique.

Of course one can also consider multiple-source shortest path problems, represented by weighted
graphs with more than one boundary vertex. Again, the singular points are exactly those points
for which this problem cannot be solved uniquely in the above sense. Thus, theorem 6.1 captures
and quantifies the “non-uniqueness” of such shortest path problems.

6.7 Singular Points and Cycle Rank

It is worth mentioning the close relation of our result to the concept of cycle rank of abstract
graphs. Let G = (V, E) with V = {v1,...,v,} and E = {ey,..., 24} be a graph. A cycle in G is
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a path whose endpoints coincide. Analogously to techniques in algebraic topology a 0-chain of
G is a formal linear combination ) &;v;, where &; € Fy (the field with two elements), whereas
1-chains are formal sums ) ¢;e; of edges. The boundary operator O sends 1-chains to 0-chains in
such a way that 0 is linear and that we have de = v+ w for edges of the form e = vw. A 1-chain
with boundary 0 is called cycle vector and can be regarded as a set of edge-disjoint cycles. The
collection of all cycle vectors forms a vector space over Fy called the cycle space of G. A cycle
basis is defined as a basis for the cycle space of G consisting entirely of cycles. A cycle vector
Z is said to be dependent on the cycles Z1,..., Z, if it can be written as Zle €iZ;. Thus a
cycle basis of GG is a maximal collection of independent cycles of G, or a minimal collection of
cycles on which all cycles depend. The number m(G) of cycles in a cycle basis of G is called
cycle rank, and it can be shown (see for instance [18], pp. 37-39) that we have

where k is the number of components of G, that is, the maximal number of subsets of V' with
the property that any two elements of two different subsets are not connected by a path.

The connection of this concept to our problem is established as follows. We first recall

Definition 6.10 A subgraph H = (Vi, Ex) of the graph G = (Vg, Eq) is a graph with Vi C Vg
and Eg C Eg. A subgraph H of G is said to be spanned by Vi C Vg, if vw € Ey for each edge
vw € Eq with v,w € V.

According to lemma 6.2 we can always make any weighted graph generic by a small perturbation
of the length function without S being changed. We therefore restrict our considerations to
generic graphs. Let (G,[l,0G) be a generic weighted graph with boundary. The genericity
ensures that singularities only occur on edges. We then “disconnect” G by deleting certain
edges in the following way: For each boundary point u € G we form the subgraph G, spanned
by
Vo :={veV|d(u,v) = min d(w,v)}.
wedG

Observe that the sets V,, form a partition of V, i.e. they are pairwise disjoint and U,cogVy = V.
The union of the graphs Gy, u € G, forms the graph G which is obtained by deleting the set
Ey of exactly those edges from G, whose endpoints are not contained in the same vertex set
V. Observe that the deleted edges are all singular, which is easy to see by the definition of the
subgraphs G,,. The remaining graph G has exactly |0G| components. According to the formula
for the cycle rank, its cycle rank m = m(G) satisfies m = |E\Eo| — |V | + |0G].

Now consider G, for any fixed u € 0G. As G, has only one component, the cycle rank m,, of
Gy is my = |Ey| — |[Vu| 4+ 1, where E, is the edge set of G,. Clearly we have m = ) 50 M.
We now claim that F, contains exactly m, singular edges — in other words, each element of
the cycle space basis of G, contributes one singular edge. The argument is the following: It is
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clear that whenever GG, has at least one cycle, it must also contain at least one singular edge.
Deleting all singular edges from G, thus leaves a tree, that is, a cycle-free graph. Successively
re-adding the deleted singular edges then yields one new independent cycle per singular edge.
Any other cycle or cycle vector depends on these cycles; the maximal number of independent
cycles — the cycle rank m, — thus exactly equals the number of singular edges in G,,.

Altogether we obtain for the order of singularity of G:

S=|Eol+ > mu =|Eo|+m = |Eo| + |E\Eo| — |V| +|0G| = |E| - |V| + |0G].
u€IG

We thus have recovered corollary 6.1.
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Chapter 7

Viscosity solutions on n-dimensional
ramified spaces

Summary. The theory of the present chapter generalizes the results obtained in chapter 5.
We generally introduce higher dimensional ramified manifolds and, as special cases, locally
elementary polygonal ramified spaces (LEP spaces, for short). To the latter we generalize the
theory of viscosity solutions of Hamilton-Jacobi equations presented in chapter 5.

7.1 Introduction

In the literature there are many different ways of introducing “ramified spaces” (cs. Lumer,
Nicaise, Ali Mehmeti) or “branched manifolds” (cs. Williams). The definitions vary in different
aspects, depending on the kind of theory to be developed. In a general approach, subsets of
classic differentiable manifolds are glued together at parts of their boundaries by means of the
topological gluing operation. Another, more specific definition, demands the unicity of the
"tangent space” at ramification points (cf. Williams) by describing how the branches should
be situated relatively to each other in the ambient space. For our purposes we choose a rather
intuitive approach, which is very similar to the concept of a manifold with boundary. The basic
idea is that in contrast to classic topological manifold, a ramified topological manifold should not
only contain points around which it is locally homeomorphic to Euclidean space (simple points),
but should also allow for ramification points around which it is locally homeomorphic to some
kind of ramified Euclidean space. The latter is visualized as a collection of closed Euclidean
half spaces glued together at their boundary hyperplanes and will be called elementary ramified
space. Small neighborhoods of a given ramification point are then separated into different
branches corresponding to the branches of the homeomorphic elementary ramified space. We
endow these ramified topological manifolds with suitable differentiable structures, leading to

89
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an extension of the concept of tangent space at ramification points. This generalization has to
take account of the idea that a real function defined in a neighborhood of such a point can be
differentiated in direction of all different branches. Put in other terms, each branch ” contributes”
a different tangent space. In particular, we dispense with the uniqueness of the tangent space at
ramification points. Once we have introduced the differentiable structure, we will see that the set
> of all ramification points forms a subset which itself is a differentiable manifold in the classic
sense. Hence, for each of the branches contacting at a ramification point x € ¥, one can speak
of the normal direction at x on this branch with respect to ¥. The possibility to differentiate
into normal directions at ramification points is crucial for our theory, as it will turn out that a
general definition of viscosity solutions on ramified manifolds requires this very possibility. The
reason for this requirement is the fact that at a ramification point the transition condition for
viscosity solutions will make use of certain test functions whose normal derivatives coincide in
modulus but differ in sign at the point in question. This is the reason why we unfortunately
will not be able to extend the theory to more complicated ramified objects such as the surface
of a cube, where at corner points one obviously has no normal derivatives at one’s disposal.
As a matter of fact, in order not to make things too general we chose to restrict ourselves to a
rather simple kind of ramified manifolds, the so-called local elementary polygonal ramified spaces
(LEP spaces). LEP spaces are ramified spaces according to Lumer such that each branch is a
flat n-dimensional submanifold of R**!. At the same time, we demand that they are ramified
manifolds in the above sense. Hence they basically can be visualized as polygonal subsets of
hyperplanes in R™*! which are glued together at certain edges, with the restriction that ”corner
points” cannot occur. Also, the respective sets of ramification points with a fixed number of
branches are of pairwise positive distance to each other. The term ”local elementary” refers to
the fact described above: that they either are locally homeomorphic to Euclidean space or to
elementary ramified space. As we demand the elementary ramified spaces to have at least two
branches, LEP spaces consequently do not contain boundary points around which they locally
look like Euclidean half-space. However, as we discuss boundary value problems, we will require
them to have a suitable relative boundary.

An extension of the vanishing viscosity method of chapter 4 to LEP spaces is not straightforward.
This, however, is not due to the problem of convergence of the 1-parameter family of ”viscous”
solutions of a given Hamilton-Jacobi boundary value problem. The difficulty rather arises from
the mere question of existence of this family. Grisvard has shown that already a theory of linear
boundary value problems on polygonals brings up severe problems regarding the existence of
regular bounded solutions. Also, to provide an existence theory for quasilinear boundary value
problems on LEP spaces with transition conditions would go beyond the scope of this work.
Instead we focus on the convergence problem and show that such a family of viscous solutions
will converge, whenever it exists.
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7.2 Ramified manifolds and LEP spaces

As mentioned above, we want to define ramified manifolds as objects which locally resemble
either (non-ramified) Euclidean space or some ramified parameter space. We begin with the
introduction of the latter, the elementary ramified spaces (of order r).

Definition 7.1 Letn > 1. We respectively define the n-dimensional open and closed Fuclidean
half-space by

Ry = {(z1,...,2n) € R" |21 >0} and RLy:={(x1,...,2,) € R" [z > 0}.
Definition 7.2 Let n > 1 and let r > 2 be an integer. Set

R = Sox{L,...,r} and R} := R"/R,
where R be the equivalence relation on 7@? which for each choice of (xa,. .., 1,) € R"! identifies
all points ((0,z2,...,x,),7) € R}, 1 < j <r. Equivalence classes with respect to R are denoted
by an upper bar.

Let 7@? carry the product topology formed by the Euclidean topology on R’} and by the discrete
topology on {1,...,r}. The quotient topology of this product topology with respect to the quotient
mapping induced by R turns R} into a topological space which we denote by the n-dimensional
elementary ramified space of order r.

Furthermore define the corresponding ramification space

X ={(0,x2,...,2n),7) | (x2,...,2p) eR" 1< <r}cmRr!

and the open and closed branches

Ry ={(z,j) e R,z € R} and 7_3% = {(z,j) e R,z € Ry}

Remark. Note that for n > 2 we can identify R? with R x R"~1, R" with R! x R"~! as well
as X" with 1 x R*~! = {0} x R""!, where 0 = (0, j). Furthermore observe that Q := R” is a
ramified space according to Lumer’s definition with Q; =R}, 1 < j <r, and N, = X}

rJ?

We obviously can interpret R” as the subset of R**! given by
(U5Za{ (0 cos(2/(rm)), rsin(2j/ (rm))) € B2, 7 = 0}) x R,

and it is easy to verify that the subset topology on this subset coincides with the topology on
R} given by the definition above. Both topologies in turn coincide with the topology on R}
induced by the path metric dist(-,-). Having this in mind, we provide a fundamental lemma
about homeomorphisms from R} to itself.
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Proposition 7.1 Letn > 1 and r > 3. Let x € X! and let U C R} be an open connected set
with x € U. Furthermore let ¢ : U — R be a homeomorphism.

(i) We have p(x) € X7.

(ii) We have s = r.

(i1i) For each 1 < j <r there is a 1 <k <r such that @(UﬂRﬁj) CRY

Definition 7.3 Let x € R} and € > 0. The open ball around x with radius € is defined by
Be(x) :={y € R} | dist(y,x) < e}.

Definition 7.4 Let m,n > 1, r > 2, let U C R be a domain, and let f : U — R™ be
continuous. Then f is said to be C'-differentiable at x € U (1 <1< o0), if the following holds.

(i) If x € ¥, then for each 1 < j < r there is a domain Vi CR"™ and an | times continuously
differentiable function fj : V; — R™ such that, if R}’ ; is interpreted as the closed half-space R,
we have x € Vj and f; = f on V; NRY,.

(ii) If x € Ry = RY, for some 1 < j <r, then f isl times continuously differentiable at x in
the classical sense.

Definition 7.5 Let r > 3 and let U C R} be a domain with U N X" # (. A homeomorphism
@ :R* DU — R" is called diffeomorphism if the respective restrictions of ¢ and =1 to Ry ;NU
and Ry ; N@(U), are C*-differentiable in the sense of definition 7.4 (note that the images of
these restrictions can be thought of as subsets of R according to proposition 7.1).

We are now ready to define topological and differentiable ramified manifolds.

Definition 7.6 A set M is called an n-dimensional topological ramified manifold if it is en-
dowed with a Hausdorff topology and if for each point x € M there is an open set U C M with
x € U such that there is an integer r = r(x) > 2 and a homeomorphism = : U — R} with
x(x) € X7. The number r(z) is called ramification order of z and is independent of x according
to proposition 7.1.

A point x € M is called simple point if r(x) = 2 and branching point if r(x) > 3. The set of
all branching points is denoted by (M) and is called ramification space of M.

Definition 7.7 Let M be an n-dimensional topological ramified manifold with ramification space
3. We call M differentiable if the following is the case.

(i) There is a mazimal family (Uy, To) of charts, i.e. of open sets U, C M with U, NY # 0 and
homeomorphisms x, : Uy — Rf(a) with the following property.

If V:=U,NUg # 0, the mapping ¢ : V — R} given by ¢ := xzgo x- ! is a diffeomorphism in
the sense of definition 7.5. (Note that we have r = r(a) = r(() according to proposition 7.1.)
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(i) M\ is an n-dimensional differentiable manifold of dimension n allowing for an atlas (i.e.,
a mazimal family of charts) (Vs,yz) which is consistent with (Uy, Ta) in the sense that for each
pair «, 3 with W := Uy NV # 0 the chart (W, xa|w) is contained in this atlas.

(iii) (UaUa) U (UgVs) = M.

Example. Let I' be a topological network and G = (V,E) the corresponding graph. Set
[ :=T\{v € V|deg(v) = 1}. Then for n > 2 the set M := I' x R"! is an n-dimensional
topological ramified manifold. The set M, of points of ramification order r is given by

1L = { Ywevidegw=ry({o} x R*) if r > 2
" M\X(M) if r=2.

Here we have ¥(M) = Ug,501 M, .We call M an n-dimensional network (cf. Nicaise).

Next we have to extend the notion of tangent space to differentiable ramified manifolds. In fact,
the idea of interpreting tangent vectors as equivalence classes of curves in M having the same
derivative when composed with C'*°-differentiable functions on M can easily be transferred to
ramification points.

Definition 7.8 Let M be a differentiable ramified manifold and let 1 <1 < co. A continuous
function f : M — R is said to be C'-differentiable at x € M, if for any chart (U, x) around x the
function foxz 1 is Cl-differentiable at x according to definition 7.4. f is called C'-differentiable
in V.C M, if it is C'-differentiable at all z € V.

Remark. In order not to cause any indexation problems, let us from now on assume without
restriction of generality that for any two charts (U,x) and (V,y) around a given point x € X
the mapping yox! : Ry = Ripy maps Ry); — Ry for any 1 < j < r(z). Observe that
the following definition will then be independent of the choice of the respective chart.

In the sequel let M always be an n-dimensional differentiable ramified manifold with ramification
space X. Let z € ¥ and let r := r(z) be the ramification order of z.

Definition 7.9 Let (U, x) be a chart around x. We say that a continuous curve o : (—e,e) — M
reaches x from a proper branch, whenever

(1)  «0)==r,
(i) 31 <j<r anda chart (U,z) of x with &(t) := (zoa)(t) € R}, VI € (—¢,0).
(#i)  a(t) := (zoa)(t) € Ry,

In particular, we say that o reaches x from the branch j, where the index j is independent of
the choice of U in view of the above remark.
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Remark. Note that if (ii) holds for some chart around z, then it automatically holds for all
charts around x in view of proposition 7.1. Furthermore, when (ii) holds, then & maps (—¢,0)
to Ry ; ~ R% and (iii) makes sense.

We now subdivide the class of all curves reaching x from a proper branch into equivalence classes,

which then represent the tangent vectors.

Definition 7.10 Let C(x) be the set of all curves reaching x from a proper branch and let
a,B € C(x). We say that o and B are equivalent, if for all functions f : M — R which are
C>®-differentiable at x we have

(f0a)'(0) = (f=p)(0),

where both derivatives are left-sided. We then denote the set of all equivalence classes by the
tangent space T, M of M at x. We say that & € T, M is a j-ramified tangent vector at x, if £
contains a curve reaching x from the branch index j. We set £(f) :== (f 0 a)'(0), a € &. The
set of all j-ramified vectors at x is denoted by Ts M, and each & € T,% := N;T3M is called a
j-ramified tangent vector at x.

Remark. Clearly, T,,M is no vector space. In fact, it can be identified with the elementary
ramified space R;', where

TIM=RE, 1<j<r and T,5 = X

Hence T, C Tg M can be identified with R”_l, whereas T; ;ﬁ M can be identified with Rgo. For

the purpose of shorter presentation, let us for each 1 < j < r agree to extend T2 M to the entire
R" via the relation £(f) = —&(—f) for any f € C*°(M) and any £ € Ty M. The advantage of
this extension is that each j-tangent space at x carries a vector space structure.

The following definitions will be required later on.

Definition 7.11 Let 1 < j < r. Let f : M — R be continuously differentiable at x and let
&1,...,&, be a basis of TA M. We define the j-gradient by

Dif(z) = &(f)& € (TIM)*,
i=1

Here (ngM)* is the dual space of TgM, and &5, ..., & is the corresponding dual basis.
Definition 7.12 Let (U, x) be a chart around x and let 1 < j <r. By

Dig:TIM — R"
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we denote the vector space isomorphism with the property

0 L
S(for ) =€),
where v := DIz(£).

Having introduced the general concept of ramified manifolds, we now have the framework avail-
able to generalize the theory of chapter 5. However, our opinion is that a generic theory of
viscosity solutions on ramified manifolds is a rather straightforward extension of the specific
theory we decided to present here. In fact, the development of a theory of viscosity solutions on
general Riemannian manifolds is not within the scope of this work. We are rather interested in
the phenomena occurring at the ramification space and have therefore decided to only consider
flat ramified manifolds in the following sense.

Definition 7.13 Let Q = (2, L, N,.) be a ramified space according to definition 4.1. We call
an (n-dimensional) polygonal ramified space if the following conditions are satisfied.

(i) For each j € J there is a hyperplane P; of R"™! such that Q; C P;.

(i) Q* = UjeJQj, where the closure is taken with respect to the subset topology of P; induced by
R+

(iii) Q* carries the subset topology induced by R™ 1,
For each j € J we set

0. =0, N NS and 0,8 := 0Q; N N,.
The set N is also called boundary 0 of ().

Note that the notion of polygonal ramified space does not imply that it is locally homeomorphic
to an elementary ramified space around ramification points. As we do require this property, we
strengthen the concept in the following definition.

Definition 7.14 An n-dimensional polygonal ramified space Q@ C R™ ! is called locally ele-
mentary, if it is a differentiable ramified manifold with ¥(Q2) = N,. We call locally elementary
polygonal ramified spaces LEP spaces, for short.

Example. Any n-dimensional network as defined above is an LEP space.
Definition 7.15 For each j € J we set

Qj = Qj U 67«Qj.

For any v € ¥ we set Incy := {j € J|x € 0Q}.
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In the sequel let ) always denote an n-dimensional LEP space, n > 2, with finitely many
branches €, j € J. Furthermore let ¥ := 3(Q) = N, denote the ramification space of 2.

LEP spaces have the convenient property that around any given point we can always choose
a chart induced by the canonical identification with the Euclidean or a suitable elementary
ramified space. Although this property is obvious, we state the following proposition.

Proposition 7.2 For any x € ) there is a neighborhood V., of x and a canonical identification
iV — 1, (V),

where (V) CR", ¢p(z) =0, if c ¢ 3, and 4, (V) C Ry (2 t(z) =0, if v € ¥. In the latter

case, i, induces a bijective mapping I, between the index set Incy and the set {1,...,n}.

7.2.1 Hamilton-Jacobi equations on LEP spaces

We now want to consider first order Hamilton-Jacobi equations and corresponding boundary
value problems on LEP spaces.

Definition 7.16 A Hamiltonian H = (H7),c; is a family of mappings H7, such that for fived

j € J the mapping H’ assigns to each x € 1 a function
HI(-2) : TeQ x R — R,

where we set Tij = TIQ) if v € . We furthermore assume the mappings H7 to be twice
continuously differentiable in the following sense: For fized v € ); the above identification
allows us to think of H7 as a mapping

H :R"xRxV —>R

where V is an open neighborhood of 0 € R™ or 0 € NG if x € Q; or x € X, respectively, and we

assume these mappings to be C? in each argument. In the latter case we mean C? in the sense
of definition 7.8.

Let us assume from now on that H be a Hamiltonian such that each H7, j € J, has the following
properties under the canonical identification at any fixed x € Q:

(¢) H7(0,2,0) <Oforall zeR

(16)  HI(p,-,0)is non-decreasing for all p € R" (7.1)
(iii) HI(p,2,0) — oo as |p| — oo for all (p,z) € R* x R '

( (

j
iv)  HI(p,z,0) is convex in p for all fixed z € R
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Furthermore we need the H7 to be continuous across the ramification space, as well as rotation-
ally symmetric in p. In fact, after the canonical identification we demand at each x € X

(v) Hi(p,z,0) = H*(p,2,0)for all z€ R, p€ R" and all 5,k € Incy

(vi) H'(p,z,0) = H(p,z0) for all p,p € R™ with |p| = |p|, and all z € R, j € Inc. (7:2)
MOTGOVGI‘ we assumne
\DIH? (p,z,x)| < C(x,2) forallpe (T,Q)* and all z € R, x € Q;, j € J. (7.3)

Test functions

Our aim is to transfer the test function technique employed in chapter 5 to LEP spaces. For
this purpose we extend the necessary concepts, such as differentiability across the ramification
space. From now on we will for each = € 2 fix a canonical identification chart (V,,1;) as defined
in proposition 7.2. We note, however, that all concepts to be discussed do not depend on the
choice of this chart.

Definition 7.17 Let r > 3, n > 2, and let x € X' C R}. Furthermore let u : R! — R be

a function which is continuously differentiable at x. We then denote by Oyu(x),...,0n—1(x)
the directional derivatives of u at x with respect to the canonical basis vectors ey,...,en—1 of
Ef(x) =R L. For1 < j <r we furthermore denote by Oy, u(x) the directional derivative of u

at x with respect to the inward pointing unit normal v; of Ry ; = RY,.

Definition 7.18 Let x € X, r := r(z). Furthermore let uw : V. — R be a function which is
continuously differentiable at x. We set

() == di(uoi;)(0),1<i<n—1 and, Oy, u(w) := 0 (w0, )(0), j € Inc.

VIz(3)

Here T, is the relabel map defined in proposition 7.2.

Definition 7.19 Let u : @ — R. We denote its restriction to € by uw!, j € J. Furthermore,
let C(Q2) be the space of all continuous functions on €.

The natural generalization of k, [-differentiability introduced in chapter 5 is given by the following
definition.

Definition 7.20 Let z € ¥, ¢ € C(Q2), and k,l € Inck, k # 1. We call ¢ k,l-differentiable at
x, if p is continuously differentiable at x, and if we have

A, () + Oy 0(x) = 0.
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Definition 7.21 Let u € C(Q2) and let p € C(2).

Let j € J and let x € Q;. We call ¢ an upper (lower) test function of u at x, if u — ¢ attains a
local mazimum (minimum) at x and if ¢ is continuously differentiable at x.

Let x € ¥ and let k,l € Incx, k # 1. We call ¢ an upper (lower) k,l-test function of u at z, if
u — @ attains a local mazimum (minimum) at x with respect to Qy; := bar§l, U Y and if ¢ is
k, l-differentiable at x.

Additionally to the test function technique, there exists another way of characterizing viscosity
solutions. In fact, as the characterization by test functions is of local nature, only their behavior
around the point x is of interest. To be more precise, we only require the knowledge of their
first derivatives along with the fact that their difference with the tested function u attains an
extremum at x. It therefore suggests itself to dispense with the test function concept and
to replace it by a formulation employing a generalized concept of differentials of continuous
functions, the so-called semijets.

The motivational idea of semijets is to comprise all possible first derivatives of upper and lower
test functions of a function at a given point in two sets, called the upper and lower semijet,
respectively. At a ramification point z € ¥ and two incident branches k,l € Incy, the upper
and lower k,l-semijets are defined analogously, where the two branches are thought of as one
domain without ramification space.

Definition 7.22 Let u € C(Q).
(i) Let x € Qj, j € J.

We define the super- (sub-) semijet qu(x) (J; u(x)) of uat x to be the set of all p € TIQ such
that

u(@) > (<) ulyn) + (D7 (2)(p), e (yn) — dx(2)) + o(d(x, yn))
for every sequence y, € £ NV, with y, — .
(ii) Let x € X3 and let k,l € Inc,.
We define the super- (sub-) k,l-semijet J,j’lu(x) (Jiu(z)) of u at z to be the set of all p € TFQ
such that

u(@) > (<) ulyn) + (DFip() (D), dx(yn) — io(2)) + o(d(, yn))
for every sequence y, € Qi NV, with y, — x and such that

u(@) 2 (<) ulyn) + (D'iu(x) (S (), o (yn) — dx(x)) + o(d(, yn))

for every sequence y,, € Q; NV, with y, — x, where

ST — TLQ

is defined as S%(p) == —p10y, + > om0 PmOm with p := P10y, + > o PmOm.
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The following proposition establishes the connection between test functions and semijets.

Proposition 7.3 Let p € C(9).

(i) We have Ji;o(x) = {SF(p), p € Jfe(x)} and Ji0(x) = {SF(p), p € J pp(2)} for any
xeX, jkelney, j#k.

(i) If  is differentiable at x € Q;, j € I, then we have Jfgp(a:) = J; p(x) = {Dip(z)}.

(iii) If ¢ is j, k-differentiable at x € 3, j, k € Incy, j # k, then we have J;k¢($) = Jj?kcp(x) =

{DIp()}.

Proof. The proof is an easy consequence of the Taylor expansion theorem and the definition of
J, k-differentiability. O

Proposition 7.4 Let u € C(Q2).

(1) Assume ¢ € C(Q) is an upper (lower) test function of u at x € Q; for some j € J. Then
Dip e J;ru(x) (Dip € J;iu(z)). On the other hand, assume p € J;“u(:c) (p € J;u(x)). Then
there is an upper (lower) test function p € C(Q) of u at x, which is C*-differentiable in an open
neighborhood U C §; of x, and which satisfies p = D7 p(x).

(i1) Assume ¢ € C(Q) is an upper (lower) k,l-test function of w at x € ¥ for some k,l € Incy,
k # 1. Then D*¢ € JHu(z) (D*¢ € J,_u(z)). On the other hand, assume p € J, ju(x)
(p € Jyu(x)). Then there are an upper (lower) k,l-test function ¢ € C(Q) of u at x and an

open neighborhood U C Q, U Qy, such that ¢ is C'-differentiable on U in the sense of definition
7.8 and k,l-differentiable on ¥ N U, and which satisfies p = DFo(x).

Proof. This is a direct consequence of the definition of semijets and test functions. O

By means of a semijet characterization we now define viscosity solutions for Hamilton-Jacobi
equations on LEP spaces. Note the asymmetry of the definitions of viscosity sub- and superso-
lutions.

Definition 7.23 We say that a function u € C(Q) satisfies the subsolution condition (for H)
at © € Q (or, alternatively, that it formally satisfies

H(Du(x),u(z),z) <0

in the viscosity sense), if the following is the case.

i) If x € Q; for some j € J, then
J

HI (p,u(z),z) <0 forallpe Jju(a:)
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(ii) If x € X, then for all k,l € Inc,, k # 1, we have
HY (p, u(x), 2) = H(SL(p), u(z),2) <O for all p € Jiu(z).
We say that a function uw € C(Q) satisfies the supersolution condition (for H) at x €  (or,
alternatively, that it formally satisfies
H(Du(z),u(z),z) > 0

in the viscosity sense), if the following is the case.

1) If x € Q; for some j € J, then
J

H’(p,u(z),z) >0 forallp € J; u(x).

(i) If x € X, then for allp" € T, and for each k € Incy there is an index | € Incy, | # k, such
that
H*(p,u(z),z) = HY(SL(p),u(z),z) >0 forallpe Jy () with ™ (p)=p'.

Here 7T];r . TFQ — T, is the projection given by W];r(p) = > o PmOm for p = p10,, +
> m=2PmOm.

Proposition 7.5 Let x € Q and let u,v € C(Q) satisfy
H(Du(x),u(x),z) <0 and H(Dv(x),v(z),z)<0

in the viscosity sense. Then we have H(Dw(x),w(z),x) < 0 in the viscosity sense for w(y) =
max{u(y),v(y)}, y € Q.

Proof. We restrict ourselves to the case x € ¥. Let k,l € Incy, k # [, and assume there is a
D € J,j ,w(x), as otherwise there is nothing to prove. Without restriction we also assume that
we have w(z) = u(z). By the definition of w and by the definition of (j, k)-superjets it follows
pE iju(az) As u satisfies the viscosity subsolution condition at z, it follows

Hk(pv u(m), r) = Hl(Sllc(p)7 u(x), x) <O0.
By w(z) = u(x) it follows

Hk(p,w(a:),:c) = Hl(Sllc(p)7w(x>7$) <0.
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7.2.2 Existence

As above let 2 always be an n-dimensional LEP space, n > 2, with ramification space . In
the present section we will show — analogously to chapter 5 — that for a given Hamiltonian H
satisfying (7.1) and (7.2) and for any prescribed boundary data ¢ : 9Q — R we can find a
viscosity solution staying below ¢ on 0€2. The proofs resemble those given in chapter 5 and are
based upon the Perron type construction method for viscosity solutions due to Ishii; for the sake
of a clear presentation we therefore go through identical parts quickly, whereas different parts
will be treated more extensively.

Let ¢ : 02 — R be an arbitrary boundary value function and let
X :={u € C(Q) with H(Du(z),u(x),z) <0 in the viscosity sense Vz € Q , u < ¢ on 0Q}.
Lemma 7.1 Let ) # S C X and set u(z) := sup,cgu(x) for allz € Q. Then u € X.

Proof. First observe that we clearly have @ < ¢ on 0f). It remains to verify that u satisfies
the viscosity subsolution condition for all x € ). As the case x ¢ 3 is based upon similar, but
easier, arguments, we restrict ourselves to ramification points = € X..

Let z € ¥ and fix k,l € Incy, k # [. By the definition of @ there is for each m € N a function
U € S with 4(z) — um(z) < 1/m. Now fix p € J,u(z). We have to show

Hk(p, u(x),z) <0.

To this end let ¢ be an upper (k,1)-test function of @ at z with D¥¢(z) = p and () = u(z).
Furthermore we may assume that ¢ be C'-differentiable in an open neighborhood V of x and
that it be k, [-differentiable for all z € ¥ NV (cf. proposition 7.4). Now set

dy(y) :=d(z,y) foryeV
and define the auxiliary function 5 € C'(§2) by

05(y) = @(y) + 5(dz(y))”

for some § > 0. As ¢ is an upper (k,1)-test function of u at x, the function u — ¢ attains a local
maximum at . Hence the function 4 — s also attains a local maximum at x. Thus there is a
radius 7 > 0 such that the latter maximum is global with respect to the compact set C' := B,
where B := B,(z) N (2 UY). For any m € N let z,,, € C be a point at which the continuous
function

y = um(y) — o(y) — 26(de(y))?,

attains its maximum with respect to C. We show that the sequence (x,,)men converges to x as
m — o0o. Fix m € N. By the definition of z,, we have

U, (7) — () < U (Tm) — P(Tm) — 25(d$($m))2-
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Using u(x) — um(x) < 1/m along with uy,(z,) < 4(x,,) we further conclude
a(x) — 1/m < @(xm) + o(x) — o(2m) — 26(de(zm))>. (7.4)
By the fact that u — s attains its global maximum over C' at x, we obtain
a(z) = () > ulem) = (m) = 8(da(zm))*. (7.5)
Subtracting inequality (7.5) from (7.4) yields
“1fm+ pla) < p(@) — 8(da(am))? or 1/m > 8(da(wm))?

implying x,, — = as m — oo. This, in turn, means that for all sufficiently large m € N the
points x,, lie in the interior of C. We thus truncate (z,,) such that all functions u,, — @95 attain
local maxima with respect to i U €); at x,,, where

pas(y) = o(y) + 20(d=(y))*.

Now we distinguish two cases.

Case 1. There are infinitely many x,, with x,, € 3. Then there is a subsequence — also denoted
by (z,,) —, which is completely contained in either Qj or €;. Without restriction we assume
Tm € Qi for all m € N. As at x,, the function u,, — @25 attains a local maximum with respect
to Q, Uy and as the function ¢ is C'-differentiable, the latter is an upper test function of u,,
at @, implying D¥pos € J,j U (Tm). As u,, satisfies the viscosity subsolution condition at ,,,
we conclude

H*(Dy25(Tm), tm (Tm), Tm) < 0. (7.6)
Now, since ¢ is C!-differentiable in V, we have
lim chp%(a:m) = Dkga(x) =p. (7.7)
m—oQ

Moreover, the definitions of x,, and % imply

w(z) = lm up(z) < lim wp(zy) < lim a(z,) = u(x),

whence we have limy, o0 U (Zm) = @(z). This and the relations (7.6), (7.7) imply
H*(p,u(z),z) = lim H*(D*o(wn), @(zm), 2m) <0,
m—0o0

as H is continuous.

Case 2. By possibly truncating the sequence (x,,) we can assume that x,, € XNV for all m € N.
As Q) is an n-dimensional LEP space, V N X is a domain in a hyperplane of R™. Hence we have

Oy,dz(y) =0 forally € XNV and j € Incy;
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in particular it follows that d, is k,[-differentiable on X NV. As ¢ is also k, [-differentiable on
¥ NV, the same holds for ¢y5. Thus o5 is an upper (k,[)-test function of u,, at z,, for all
m € N. As u,, satisfies the viscosity subsolution condition at x.,, it follows

Hk(Dk§026(xm)a um($m)a $m) <0 (78)
for all m € N. We furthermore have

lim D*pos(wm) = D*e(z) = p, (7.9)
m—0o0

since ¢ is C''-differentiable on V. As above we also have lim,,, oo tm (2,) = @(x). This, relations
(7.8) and (7.9), as well as the continuity of H imply

H"(p,a(x),x) = lim H*(D*y5(wm), tm(2m), 7m) < 0.
As the choice of k and [ was arbitrary, it follows that u satisfies the viscosity subsolution condition
at . O

Lemma 7.2 Define u(x) := sup,cx u(z), v € Q. Then @ satisfies the viscosity supersolution
condition for all x € Q0.

Proof. As in the previous proof we restrict ourselves to verifying the viscosity supersolution
condition on X. For this purpose let € ¥ and assume that @ do not satisfy the condition at x.
Then — according to definition 7.23 —, there is a tangent vector p' € 7,2 and an index k € Incy
such that for all [ € Incy, | # k, there is a tangent vector p; € J,;lu(x) with 77 (p;) = p' and

H*(py, (), z) < 0. (7.10)

Then, according to proposition 7.4, there is an open neighborhood U of x and a family of
functions ¢; € C(Q2), | € Inck\{k}, such that for all [ € Inc,\{k} we have

(i) ¢ is C'-differentiable on u N (2, U )
(i) ¢y is (k,l)-differentiable on U N X
(iti)  DFgi(z) =p
() i) = alz)
(v)  @uly) <aly) for all y € U\{z}
(vi)  FJex € C(UNX) such that ¢; = ¢y on X. (7.11)

Note that we are allowed to assume property (vi), as we have 7' (D¥¢;) = p' for all | € Incy\{k}.
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Due to relation (7.10) and by the continuity of H there is a small number § > 0 such that for
all [ € Inc,\{k} and all m € Inc, we have

H™(D"¢i(y), p1(y),y) <0

for all y € By, := Bs(x) N Q. We furthermore assume & to be sufficiently small to have
Bs (:C) cU.

Hence, as By, is compact, there is a number g9 > 0 such that for all I € Incy\{k} and all
m € Incy we have

H™(D™oi(y), ei(y) +€,y) <0 (7.12)
forall 0 < e <eggand all y € B,,.
We now construct a function v € X such that v(z) > @(x), contradicting the supremal property

of 4. In fact, on Bs(z) we define

w(y) = maX;eme,\{k} P1(y) +¢ ify € By
' oi(y) +e if y € B/\X for some [ € Inc,\{k},

where ¢ with 0 < € < gq is yet to be determined. Observe that v is countinuous on Bs(z), as the
functions ¢; coincide on Bs(x) NX. We show that v satisfies the viscosity subsolution condition
at each y € Bs(x), i.e., for each choice of 4, j € Incy, i # j, we have to show

H'(p,v(y),y) <0 (7.13)

for all p € J;;-U(y).
Case 1. Let y € Bs(xz) N X. Choose

p=p10,, + Z PmOm € Ji'j'jv(y)

m=2

arbitrarily. Let us first assume the special case i # k and j # k. By the definition of v and by
the definition of superdifferential it follows

Pm = Ompi(y) for all m =2,... ,n and p1 > 0,,vi(y).

This implies _
Ip| < |D"¢i(y)|, provided we have p; < 0. (7.14)

Applying the same arguments to

S(p) = —prdv; + > _pjda’ € Ju(y),
j=2
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we derive —p; > 0,,;(y), implying
]Si(p)] < |D?p;(y)|, provided we have —p; < 0. (7.15)

Then (7.14) and (7.15) yield
Ipl = 157 (p)| < max{|D'pi(y)], | D70 (y)]}- (7.16)
Now observe that conditions (7.1) and (7.2) imply that for [ = 4, j the functions
1.l !
W:T,Q—R, g— H(qv(y),y)

are strictly convex and rotationally symmetric in g. Consequently, h' (q), I = 14,7, is strictly
isotonic in |g|. By (7.16) we thus have

H'(p,v(y),y) = H(S! (p), v(y), y) < max{H (D'pi(y),v(y),y), B (D/p;(y), v(y), 9)}-
Hence (7.13) follows upon choosing [ = m =i and | = m = j, respectively, in (7.12).

To prove the general case it remains to consider the situation where one of the indices 7, j, say 1,
coincides with k. Then by the definition of v and by the definition of superdifferential we have

p1 < max{0,,¢i(y),0y,pi(y)} and pp, = D™ei(y) = Dp;(y) for all m =2,...,n.

This implies
Ip| < max{|D"¢;i(y)],|D"¢;(y)|}, provided p; > 0.

We combine this with (7.15), which derive as above, in order to obtain (7.16). We then proceed
as above to show (7.13).

Case 2. Let y € Bs(z)\X. If y € Q;, I # k, (7.13) follows immediately from (7.12) and the
definition of v. If y € Q, (7.12) implies that each ¢;, | € Incy\{k}, satisfies the viscosity
subsolution condition at y. Then (7.13) follows by the definition of v and proposition 7.5.

By (7.11) (v) we may now choose ¢ with 0 < € < gg such that v(y) < u(y) for all y € 9Bs(x).
It follows that the function w : 2 — R given by

_ | max{u(y),v(y)} ifye€ Bs(z)
wly) = { u(y) if y & Bs(x)

is continuous on 2. Furthermore, by (7.13) and by 4 € X we invoke proposition 7.5 to conclude
that w satisfies the viscosity subsolution condition on Bs(z). Hence, as w = @ on Q\Bs(z), we
have w € X. Finally observe that we have w(z) > u(x). Thus we have derived a contradiction
to the definition of @, which completes the proof. O
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7.2.3 Uniqueness

We start with the following comparison result.

Lemma 7.3 Let f € C(Q) with f <0 on Q. Furthermore let u,v € C(Q) satisfy
H(Du(x),u(x),z) < f(z) and H(Dv(z),v(x),z) >0

in the viscosity sense for all x € Q. Furthermore assume u < v on 0. Then u < v on €.

Proof. We assume the contrary, i.e., that there is a point z € Q with u(z) > v(z). Fore > 0
we define the continuous function

P:OxQ—R by &(x,y):=u(x)—vly)+5MBe d(z,y))

with M := max,.q max{u(z),v(z)} and § € C*°(R) with 0 < g <1, 5(0) =1, B(x) = 0 for all
|z| > 1 and 3'(0) = 0.
Let (p,q) € Q x Q be a point where ® attains its global maximum with respect to { x 2.

We show that we can achieve
(p,q) € 2 xQ (7.17)

by choosing € > 0 sufficiently small. To this end set
me := sup{u(x) —v(y) | d(z,y) <, (z,y) € (2 x D\(2 x Q)}

and observe that limsup,_,;m. < 0 as ¢ — 0 due to continuity reasons and by the fact that
we have v < v on 0f2. Now choose ¢ > 0 so small that we have m. < u(z) — v(z). Then
®(z,z) > ®(x,y) for any choice (z,y) € (Q x Q)\(Q x Q) with d(z,y) < e. Consequently we
have (p,q) € Q x Q.

We furthermore have
d(p.q) <e. (7.18)

In fact, if this were not the case, we would have
D(z,2) — (p,q) = u(z) —v(2) + 5M —u(p) —v(g) >0

by the definition of M, a contradiction to the choice of (p, q).

Let m := maxg —f > 0 and
My := max{|D'H' (p,u(x),z)|, z € Q,1 € J} < 400,
where the latter exists due to (7.3). Choosing

e <m/(2My) (7.19)
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sufficiently small then reduces the situation to the following different cases.

Case 1. There are j,k € J, j # k, such that p € Q; and ¢ € ;. Then the functions ¢, and ¢,
are continuously differentiable at p and ¢, respectively, where

0 Q= R, @ (x) :=5MB(e tdy(x)) and ¢, : Q =R, ¢,z 5MB(e  dy(z)).

Here dy := d(-,y) for any y € Q. Observe furthermore that by the choice of p and ¢ the function
u + ¢4 attains a local maximum at p, whereas the function v — ¢, attains a local minimum at
q. Hence —¢, is an upper test function of u at p and ¢, is a lower test function of v at ¢. It
follows

—D7py(p) = —5Me13' (e td(p, q)) - D?d,(p) € qu(p) (7.20)
and
DFy(q) = 5Me™'B'(e 7 d(p, q)) - D*d,(q) € J;v(q). (7.21)
By the properties of v and v we respectively obtain
f(p) > H (=D 04(p), u(p), p) (7.22)
and
H*(D*gp(q), v(q), q) > 0. (7.23)

By 7.18 there is a point € ¥ such that d(z,p) < ¢ and d(z, q) < e. Without restriction we can
assume that there is a canonical identification chart (Vy, i,) around x with p, g € V,; furthermore
assume that the straight lines connecting x and p as well as x and ¢, respectively, are contained

in V. We set
pi=1.(p), §:=is(q), T:=iy(x), G:=uoi,', v:=voi,’ (7.24)

and
My = D7ia(p) (DY 0y (p)), 1g := D¥in(q)(D¥epp(q))-
By the mean value theorem there are points
é.p S R:}(m)’] and gq S R?(x),k

lying on the respective straight lines connecting p and & and ¢ and Z such that

HY (=D oq4(p), ulp),p) = H(=np,a(p),5) = Dol (—1p, 4(P), &) (B — ) + H? (=np, (D), 7)

> HI(—np, a(p), 7) — Moe (7.25)

and
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By the properties of the distance function we conclude
| D71 (p) (D7 dy(p))| = | D*in(q)(D*dy(a))| = 1,

whence we get
ngl = 5M5_1|B,(5_1d(.p, Q)| = [mpl-
By (7.2) we therefore have

H (—np, @(p), x) = H* (1, W(p), z). (7.27)
The definition of ® yields
u(p) — v(q) + 5MB(e " d(p, q)) = B(p, q) > P(2,2) = u(z) — v(z) + 5M > 5M,
whence we have u(p) = u(p) > v(q) = 9(q). By virtue of (7.1) we then obtain
A (ng, @(p), &) > H" (ng, 9(q), 7). (7.28)

If we successively arrange the relations (7.22), (7.25), (7.27), (7.28), (7.26), and (7.23), we finally
obtain
—m > f(p) > —2Mpe,

a contradiction to (7.19).

Case 2. There is a j € J such that p,q € ;. Then there is a point € ); such that for the
canonical identification chart (V,,i,) around = we have p,q € V.. Let us assume (7.24) and set

1p := D7ig(p) (D7 0q(p)), 1g := D'ia(q) (D7 ¢p(q)).-

Similarly to case 1 we derive

f(p) > H) (=D oq(p), u(p),p) = H (—np, @(p), p) (7.29)

and
0 < H'(D?py(q),v(q), a) = H (ng, 9(d), G). (7.30)
By the properties of the distance function we have
D7iy (p)(D7dy(p)) = —D’ix(q)(D?dy(q)),
which implies

ny = 5Me'B/(e7 d(p, q))Din(p)(D?dy(p))
= —5Me ' f' (e d(p, 9) D (p) (D7 dp(q)) = —10g.
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Hence
H (=, @(p), p) = HY (ng, W(p), ). (7.31)

We also have u(p) > v(q), whence

H (g, @(p), p) > H (g, 9(q), )- (7.32)

The mean value theorem finally yields

H(1,0(2),0) = DoH(1,9(2), ) (B = @) + H’ (14, 9(a), 0)
> [ (ng, 9(d), 4) — Moe (7.33)

for some £ € R™ on the straight line connecting p and ¢. The successive combination of (7.29),
(7.31), (7.32), (7.33), and (7.30), yields

—m > f(p) > —Mye, (7.34)

a contradiction to (7.19).

Case 3. We have ¢ € ¥ and there is a j € Inc, such that p € ;. We may assume that there
is a canonical identification chart (V;,i,) with p € V. We first derive (7.22) similarly to case 1.
Now observe that for the function d, we have

8,,jdp(q) = —0,,dy(q) for all k € Inc,\{j},

which implies that d, is j, k-differentiable at p for all k£ € Inc\{j}. It immediately follows that
the same holds for ¢,. Therefore and in view of the fact that v — ¢, attains a local minimum
at g, we have

Digy(q) € Jov(q)  for all k € Incx\{j}- (7.35)

As v satisfies the viscosity supersolution property at ¢, according to definition 7.23 there is an
index k € Incy\{j} such that

HY (DY gp(q),v(q),q) > 0. (7.36)

Now we proceed exactly as in case 2 in order to derive the contradiction (7.34) from (7.22) and
(7.36).

Case 4. We have g € 3 and there is a j € Incy, such that p € §2;. This case can be treated almost
exactly as case 3; note that the only difference is caused by the asymmetry of the definition of
viscosity sub- and supersolutions in definition 7.23. However, the definition of subsolutions,
which is to be applied in the present case, is less strict than the definition of supersolutions, and
it can be readily seen that we once more can derive the contradiction (7.19).
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Case 5. p,q € X. Then we can without restriction assume that there is a canonical identification
chart (Vj,1i,) around p with ¢ € V,,. Note that we then have

0,dp(q) = 0y,dg(p) =0 for all k € Incy.

Hence ¢, and ¢, are j, k-differentiable at p and g, respectively, for all j,k € Incy, j # k. Thus
for any fixed j € Inc, we have

Dlpy(p) € Jfu(p) and  DIpy(q) € J;0(q)

for all £ € Incy\{j}. Fix j € Inc,. As u satisfies the viscosity subsolution property at p, by
definition 7.23 we find that we have

f(p) = HY (D 04(p), u(p), p)-

Furthermore, as v satisfies the viscosity supersolution property at ¢, by definition 7.23 we find
that we have

0 < H'(DVp(q),v(q), q)-

As the straight line connecting p and ¢ is contained in €2
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