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Abstract

In this paper, we study the motion of spirals by mean curvature type motion in the (two dimensional)
plane. Our motivation comes from dislocation dynamics; in this context, spirals appear when a screw
dislocation line reaches the surface of a crystal. The first main result of this paper is a comparison
principle for the corresponding parabolic quasi-linear equation. As far as motion of spirals are concerned,
the novelty and originality of our setting and results come from the fact that, first, the singularity
generated by the attached end point of spirals is taken into account for the first time, and second, spirals
are studied in the whole space. Our second main result states that the Cauchy problem is well-posed
in the class of sub-linear weak (viscosity) solutions. We also explain how to get the existence of smooth
solutions when initial data satisfy an additional compatibility condition.
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1 Introduction

In this paper we are interested in curves (I'y);~¢ in R? which are half lines with an end point attached at
the origin. These lines are assumed to move with normal velocity

(1.1) Viw=c+k

where k is the curvature of the line and ¢ € R is a given constant. We will see that this problem reduces to
the study of the following quasi-linear parabolic equation in non-divergence form

2 272 77“7‘
(1.2) rut:c\/1+r2u$+u,,< +rur>+1m t>0,r >0

1+ r2u2 + r2q2’

This paper is devoted to the proof of a comparison principle in the class of sub-linear weak (viscosity)
solutions and to the study of the associated Cauchy problem.

1.1 Motivations and known results

Continuum mechanics. From the viewpoint of applications, the question of defining the motion of spirals
in a two dimensional space is motivated by the seminal paper of Burton, Cabrera and Frank [2] where the
growth of crystals with the vapor is studied. When a screw dislocation line reaches the boundary of the
material, atoms are adsorbed on the surface in such a way that a spiral is generated; moreover, under
appropriate physical assumptions, these authors prove that the geometric law governing the dynamics of
the growth of the spiral is precisely given by (1.1) where —c denotes a critical value of the curvature. We
mention that there is an extensive literature in physics dealing with crystal growth in spiral patterns.
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Different mathematical approaches. First and foremost, defining geometric flows by studying non-
linear parabolic equations is an important topic both in analysis and geometry. Giving references in such
a general framework is out of the scope of this paper. As far as the motion of spirals is concerned, the
study of the dynamics of spirals have been attracting a lot of attention for more than ten years. Different
methods have been proposed and developed in order to define solutions of the geometric law (1.1). A brief
list is given here. A phase-field approach was first proposed in [14] and the reader is also referred to [16, 17].
Other approaches have been used; for instance, “self-similar” spirals are constructed in [13] by studying
an ordinary differential equation. In [10], spirals moving in (compact) annuli with homogeneous Neumann
boundary condition are constructed. From a technical point of view, the classical parabolic theory is used to
construct smooth solutions of the associated partial differential equation; in particular, gradient estimates
are derived. We point out that in [10], the geometric law is anisotropic, and is thus more general than (1.1).
In [22, 18], the geometric flow is studied by using the level-set approach [19, 3, 7]. As in [10], the author of
[18] considers spirals that typically move into a (compact) annulus and reaches the boundary perpendicularly.

The starting point of this paper is the following fact: to the best of our knowledge, no geometric flows
were constructed to describe the dynamics of spirals by mean curvature by taking into account both the
singularity of the pinned point and the unboundedness of the domain.

The equation of interest. We would like next to explain with more details the main aims of our study.
By parametrizing spirals, we will see (¢f. Subsection 1.2) that the geometric law (1.1) is translated into the
quasi-linear parabolic equation (1.2). We note that the coefficients are unbounded (they explode linearly with
respect to r) and that the equation is singular: indeed, as r — 0, either ru; — 0 or first order terms explode.
Moreover, initial data are also unbounded. In such a framework, we would like to achieve: uniqueness of
weak (viscosity) solutions for the Cauchy problem for a large class of initial data, to construct a unique
steady state (i.e. a solution of the form At 4+ @(r)), and finally to show the convergence of general solutions
of the Cauchy problem to the steady state as time goes to infinity. This paper is mainly concerned with
proving a uniqueness result and constructing a weak (viscosity) solution; the study of large time asymptotic
will be achieved in [9].

Classical parabolic theory. Classical parabolic theory [8, 15] could help us to construct solutions but
there are major difficulties to overcome. For instance, Giga, Ishimura and Kohsaka [10] studied a general-
ization of (1.2) in domains of the form Ry = {a < r < b} with a > 0 and b > 0, with Neumann boundary
conditions at r = a,b. Roughly speaking, we can say that our goal is to see what happens when a — 0
and b — oo. First, we mentioned above that the equation is not (uniformly) parabolic in the whole domain
Ry, = {0 < r < 400}. Second, in such analysis, the key step is to obtain gradient estimates. Unfortunately,
the estimates from [10] in the case of (1.2) explode as a goes to 0. Third, once a solution is constructed, it
is natural to study uniqueness but even in the setting of classical solutions there are substantial difficulties.
To conclude, classical parabolic theory can be useful in order to get existence results, keeping in mind that
getting gradient estimates for (1.2) is not at all easy, but such techniques will not help in proving uniqueness.

Recently, several authors studied uniqueness of quasilinear equations with unbounded coefficients (see
for instance [1, 4]) by using viscosity solution techniques for instance. But unfortunately, Eq. (1.2) does not
satisfy the assumptions of these papers.

Main new ideas. New ideas are thus necessary to handle these difficulties, both for existence and unique-
ness. As far as uniqueness is concerned, one has to figure out what is the relevant boundary condition at
r = 0. We remark that solutions of (1.2) satisfy at least formally a Neumann boundary condition at the
origin

(1.3) 0=c+2u, for r=0.

In some sense, we thus can say that the boundary condition is embedded into the equation. Second, taking
advantage of the fact that the Neumann condition is compatible with the comparison principle, viscosity
solution techniques (also used in [1]) permit us to get uniqueness even if the equation is degenerate and also
in a very large class of weak (sub- and super-) solutions.

But there are remaining difficulties to be overcome. First, the Boundary Condition (1.3) is only true
asymptotically (as » — 0) and the fact that it is embedded into the equation makes it difficult to use.



We will overcome this difficulty by making a proper change of variables (namely z = Inr, see below for
further details) and proving a comparison principle (whose proof is rather involved; in particular many new
arguments are needed in compare with the classical case) in this framework. Second, classical viscosity
solution techniques for parabolic equations do not apply directly to (1.2) because of polar coordinates. More
precisely, the equation do not satisfy the fundamental structure conditions as presented in [5, Eq. (3.14)]
when polar coordinates are used. But the mean curvature equation has been extensively studied in Cartesian
coordinates [7, 3]. Hence this set of coordinates should be used, at least far from the origin.

Perron’s method and smooth solutions. We hope we convinced the reader that it is really useful, if
not mandatory, to use viscosity solution techniques to prove uniqueness. It turns out that it can also be
used to construct solutions by using Perron’s method [12]. This technique requires to construct appropriate
barriers and we do so for a large class of initial data. The next step is to prove that these weak solutions
are smooth if additional growth assumptions on derivatives of initial data are imposed; we get such a result
by deriving non-standard gradient estimates (with viscosity solution techniques too).

We would like also to shed some light on the fact that this notion of solution is also very useful when
studying large time asymptotic (and more generally to pass to the limit in such non-linear equations). Indeed,
convergence can be proved by using the half-relaxed limit techniques if one can prove a comparison principle.
See [9] for more details.

1.2 The geometric formulation

In this section, we make precise the way spirals are defined. We will first define them as parametrized curves.

Parametrization of spirals. We look for interfaces T' parametrized as follows: T' = {re"*(") : » > 0} C C
for some function @ : [0, +00) — R. If now the spiral moves, i.e. evolves with a time variable ¢ > 0, then the
function u also depends on ¢ > 0.

Definition 1.1 (Spirals). A moving spiral is a family of curves (T't)¢so of the following form
(1.4) Ty ={re” :r>0,0 €R, 6 +a(t,r) = 0}

for some function @ : [0,+00) X [0,+00) — R. This curve is oriented by choosing the normal vector field
equal to (—i 4 ro,a(t,r))e ),

Y

Figure 1: Motion of the spiral

With the previous definition in hand, the geometric law (1.1) implies that u satisfies (1.2) with the initial
condition

(1.5) a(0,7) =ap(r) for r e (0,400).



Link with the level-set approach. In view of (1.4), we see that our approach is closely related to the
level-set one. We recall that the level-set approach was introduced in [19, 7, 3]; in particular, it permits
to construct an interface moving by mean curvature type motion, that is to say satisfying the geometric
law (1.1). It consists in defining the interface I'; as the O-level set of a function U(t,-) and in remarking
that the geometric law is verified only if U satisfies a non-linear evolution equation of parabolic type. In
an informal way, we can say that the quasi-linear evolution equation (1.2) is a ”graph” equation associated
with the classical mean curvature equation (MCE), but written in polar coordinates.

More precisely, if U(t, X) = 6 + a(t,r) with X= (rcos#, rsinf) € R?, then @ will satisfy (1.2) as long as
U solves the following level-set equation

—1 —1

(1.6) U =c|DxU|+DxU -D%4U DxU for X #0

(where p = p/|p| and p* = (—po,p1) for p = (p1,p2) € R?). Notice that the angle 6 is multivalued, i.e. only
defined modulo 27. Such an approach is for instance systematically developed in [18].

1.3 Main results

Comparison principle. Our first main result is a comparison principle: it says that all sub-solutions lie
below all super-solutions, provided they are ordered at initial time.

Theorem 1.2 (Comparison principle for (1.2)). Assume that ug : (0,+00) — R is a globally Lipschitz con-
tinuous function. Consider a sub-solution @ and a super-solution T of (1.2),(1.5) (in the sense of Definition
2.1) such that there exist C1 > 0 and for all t € [0,T) and r > 0,

(1.7) w(t,r) —up(r) < Cy  and v(t,7) — uo(r) > —C4.
If u(0,r) < ag(r) < o(0,r) for all v >0, then u < v in [0,T) x (0,+00).

Remark 1.3. The growth of the sub-solution u and the super-solution v is made precise by assuming Con-
dition (1.7). Such a condition is motivated by the large time asymptotic study carried out in [9]; indeed, we
construct in [9] a global solution of the form At + tg(r).

The proof of Theorem 1.2 is rather involved and we will first state and prove a comparison principle in
the set of bounded functions for a larger class of equations (see Theorem 3.1). We do so in order to exhibit
the structure of the equation that makes the proof work. We then turn to the proof of Theorem 1.2.

Both proofs are based on the doubling of variable method, which consists in regularizing the sub- and
super-solutions. Obviously, this is a difficulty here because one end point of the curve is attached at the
origin and the doubling of variables at the origin is not well defined. To overcome this difficulty, we work
with logarithmic coordinates x = Inr for r close to 0. But then the equation becomes

umw

1+u2

up = ce” /1 +u e P, +e

We then apply the doubling of variables in the x coordinates. There is a persistence of the difficulty, because
we have now to bound terms like

A=ce "1 +u2 —ce ¥\ /1 +v2

that can blow up as x,y — —oo. We are lucky enough to be able to show roughly speaking that A can be
controlled by the doubling of variable of the term e~2%u, which appears to be the main term (in a certain
sense) as & goes to —oo.

In view of the study from [9], %y has to be chosen sub-linear in Cartesian coordinates and thus so are
the sub- and super-solutions to be compared. The second difficulty arises when passing to logarithmic
coordinates for large r’s; indeed, the sub-solution and the super-solution then grow exponentially in x = Inr
at infinity and we did not manage to adapt the previous reasoning in this setting. There is for instance a
similar difficulty when dealing with the mean curvature equatio. Indeed, in this framework, for super-linear
initial data, the uniqueness of the solution is not known in full generality (see [1, 4]). In other words, the
change of variables do not seem to work far from the origin. We thus have to stick to Cartesian coordinates
for large r’s (using a level-set formulation) and see the equation in different coordinates when r is either
small or large (see Section 4).



Existence theorem. In order to get an existence theorem, we have to restrict the growth of derivatives
of the initial condition. We make the following assumptions: the initial condition is globally Lipschitz
continuous and its mean curvature is bounded. We recall that the mean curvature of a spiral parametrized
by @ is defined by

2+ (ru,)? Uy
’fﬂ(r) = Upr — T |+ _ 3 -
(L4 (ru-)?): (L4 (ru-)?)?
We can now state our second main result.

Theorem 1.4 (The general Cauchy problem). Consider uy € WfOCOO(O, +00). Assume that ug is globally
Lipschitz continuous and that kg, € L*°(0,400). Then there exists a unique solution u of (1.2),(1.5) on
[0, +00) x (0,+00) (in the sense of Definition 2.1) such that for all T > 0, there exists Cr > 0 such that for
allt €10, T) and r > 0,

(1.8) la(t,r) — to(r)| < Op.

Moreover, u is Lipschitz continuous with respect to space and %—H(jlder continuous with respect to time. More
precisely, there exists a constant C' depending only on |(Go)r|eo and |Kay|eo such that

\ﬁ(t,r + ,0) - ﬂ(t,?")| S C|p|
and

(1.9) a(t + h,r) —a(t,r)| < CV/hl.

Remark 1.5. Notice that Theorem 1.4 allows us to consider an initial data wy which does not satisfy the
compatibility condition (1.3), like for instance ug = 0 with ¢ = 1. Notice also that we do not know if the
solution constructed in Theorem 1.4 is smooth (i.e. belongs to C*((0,+00)?)).

To get such a result, we first construct smooth solutions requiring that the compatibility condition (1.3)
is satisfied by the initial datum, like in the following result.

Theorem 1.6 (Existence and uniqueness of smooth solutions for the Cauchy problem). Assume that ty €
W22 (0, +00) with

loc

(o), € WH(0,+00) or kg, € L*(0,+00)
and that it satisfies the following compatibility condition for some ro > 0:

(1.10) e+ Kkay| < Cr for 0<r <.

Then there exists a unique continuous function: @ : [0,+00) x [0, +00) which is C* in (0, +oc) x (0,+00),
which satisfies (1.2),(1.5) (in the sense of Definition 2.1), and such that there exists C > 0 such that

\ﬂ(t,r + ,0) - ﬂ(t,?“)| S C7’|p|
and

(1.11) |a(t + h,r) —a(t,r)| < Clh|.

Remark 1.7. Condition (1.10) allows us also to improve the Holder estimate (1.9) and to replace it by the
Lipschitz estimate (1.11). With the help of this Lipschitz estimate (1.11), we can conclude that the solution
constructed in Theorem 1.6 is smooth. Notice also that our space-time Lipschitz estimates on the solution
allow us to conclude that (t,-) satisfies (1.10) with the constant C replaced by some possible higher constant.
This implies in particular that u(t,-) satisfies the compatibility condition (1.3) for all time t > 0.



Open questions.

A. Weaker conditions on the initial data

It would be interesting to investigate the existence/non-existence and uniqueness/non-uniqueness of solutions
when we allow the initial data ug to be less than globally Lipschitz. For instance what happens when the
initial data describes an infinite spiral close to the origin r = 0, with either g (0") = 400 or @y(0") = —c0?
On the other hand, what happens if the growth of @ is super-linear as r goes to +00?

B. More general shapes than spiral

One of our main limitation to study only the evolution of spirals in this paper is that we were not able to
prove a comparison principle in the case of the general level-set equation (1.6). The difficulty is the fact that
the gradient of the level-set function U may degenerate exactly at the origin where the curve is attached.
The fact that a spiral-like solution is a graph 6 = —a(t,r) prevents the vanishing of the gradient of U at
the origin » = 0. If now we consider more general curves attached at the origin, it would be interesting to
study the existence and uniqueness/non-uniqueness of solutions with general initial data, like the curves on
Figure 2.

Figure 2: Examples of non spiral initial data

Organization of the article. In Section 2, we recall the definition of viscosity solutions for the quasi-
linear evolution equation of interest in this paper. The change of variables that will be used in the proof
of the comparison principle is also introduced. In Section 3, we give the proof of Theorem 1.2 in the
case of bounded solutions. The proof in the general case is given in Section 4. In Section 5, a classical
solution is constructed under an additional compatibility condition on the initial datum (see Theorem 1.6).
First, we construct a viscosity solution by Perron’s method (Subsection 5.1); second, we derive gradient
estimates (Subsection 5.2); third, we explain how to prove that the viscosity solution is in fact a classical
one (Subsection 5.3). The construction of the solution without compatibility assumption (Theorem 1.4) is
made in Section 6. Finally, proofs of technical lemmas are gathered in Appendix A.

Notation. If a is a real number, a; denotes max(0,a) and a_ denotes max(0, —a) If p = (p1,p2) € R,
p # 0, then p denotes p/|p| and p denotes (—pa, p1)-

2 Preliminaries

2.1 Viscosity solutions for the main equation

In view of (1.2), it is convenient to introduce the following notation

— 2 2.2 Y
(2.12) F(r,q,Y):c\/l—I—?"Qq?—i—q( +ra )—l— !

1+ r2¢? 1+ r2¢2

We first recall the notion of viscosity solution for an equation such as (1.2).

Definition 2.1 (Viscosity solutions for (1.2),(1.5)).

Let T € (0,400]. A lower semi-continuous (resp. upper semi-continuous) function u : [0,T) x (0, +00) — R
is a (viscosity) super-solution (resp. sub-solution) of (1.2),(1.5) on [0,T) x (0,+0c0) if for any C? test
function ¢ such that u — ¢ reaches a local minimum (resp. maximum) at (t,7) € [0,T) x (0,400), we have

(i) If t > 0:
r¢t Z F(Ta ¢7‘7 ¢7"T) (7‘68]). T¢t S F(Ta ¢T7 qs?"r)) .



(ii) If t = 0:
u(0,7) > @o(r) (resp. u(0,7r) < uo(r)>.

A continuous function u : [0,T) x (0,+00) — R is a (viscosity) solution of (1.2),(1.5) on [0,T) x (0,+00)
if it is both a super-solution and a sub-solution.
Remark 2.2. We do not impose any condition at r = 0; in other words, it is not necessary to impose a

condition on the whole parabolic boundary of the domain. This is due to the “singularity” of our equation at
r=0.

Since we only deal with this weak notion of solution, (sub-/super-)solutions will always refer to (sub-
/super-)solutions in the viscosity sense.

When constructing solutions by Perron’s method, it is necessary to use the following classical discontin-
uous stability result. The reader is referred to [3] for a proof.

Proposition 2.3 (Discontinuous stability). Consider a family (uq)aca of sub-solutions of (1.2),(1.5) which
is uniformly bounded from above. Then the upper semi-continuous envelope of SUp,c4 Ua s a sub-solution

of (1.2),(1.5).

2.2 A change of unknown function

We will make use of the following change of unknown function: u(t,z) = u(t,r) with = = lnr satisfies for all
t>0and z € R

(2.13) up = ce”"\/1+u2 + e Fu, + 67296%
uff

submitted to the initial condition: for all x € R,

(2.14) u(0,x) = uo(z)
where ug(x) = tg(e®). Eq. (2.13) can be rewritten uy = F(x, ty, Uz ) with

X
2.1 F X)=ce "\1+p2+e X pte :
(2.15) (z,p, X) = ce P e e

Remark that functions F' and F are related by the following formula
1 -
(2.16) F(z, Uz, upy) = —F(r, U, Upp) -
r
Since the function In is increasing and maps (0, +00) onto R, we have the following elementary lemma which
will be used repeatedly throughout the paper.

Lemma 2.4 (Change of variables). A function @ is a solution of (1.2),(1.5) if and only if the corresponding
function u is a solution of (2.13)-(2.14) with ug(x) = up(e®).
The reader is referred to [5] (for instance) for a proof of such a result. When proving the comparison

principle in the general case, we will also have to use Cartesian coordinates. From a technical point of view,
the following lemma is needed.

Lemma 2.5 (Coming back to the Cartesian coordinates). We consider a sub-solution u (resp. super-solution
v) of (2.13)-(2.14) and we define the function U (resp. V) : (0,+00) x R? — R by

U(t,X) = 0(X) +ut,z(X)) (resp. V(Y)=0()+u(t,z(Y)))

where (0(Z),x(Z)) is defined such that Z = e*@)T0Z) L (0. Then U (resp. V) is sub-solution (resp.
super-solution) of

Dwt ., Dwt

wy = ¢|Dw| + w

w(0,z) = 6(X) + Go(z(X)).

Remark 2.6. In Lemma 2.5, for Z # 0, the angle 0(Z) is only defined modulo 2w, but is locally uniquely
defined by continuity. Then DO, D20 are always uniquely defined.



3 A comparison principle for bounded solutions

As explained in the introduction, we first prove a comparison principle for (1.2) in the class of bounded
weak (viscosity) solutions. In comparison with classical comparison results for geometric equations (see for
instance [7, 3, 20, 11]), the difficulty is to handle the singularity at the origin (r = 0).

In order to clarify why a comparison principle holds true for such a singular equation, we consider the
following generalized case

b _T’7 _'f‘ — —
(3.18) U = M + o2 (riy. )ty
which can be written, with z = Inr,
(3.19) up = e (e g, Uy ) + €20 (Ug ) U

where b(q,p) = b(q,p) — o*(p)q.
Assumption on (b,0).
- o0 € Wh>(R);
— There exists 61,02, 03,4 > 0 such that
— for all ¢ € R and p1,ps € R,
b(q,p1) — b(q, p2)| < é1lp1 — p2l;

— for all p € R and ¢; < ¢o,
d2(q2 — q1) < b(g2,p) — b(q1,p);

1b(q1,p) — b(g2,p)| < 03|lq1 — gal;

1b(0,p)| < d4+/1 + |p|?

— forallpeR

— we have ||o||2, < 20s.
In our special case, o(p) = (14 p?)~ 2 and b(q,p) = cr/1+ p? + ¢, and the assumption on (b, o) is satisfied.

Theorem 3.1 (Comparison principle for (3.18)-(2.14)). Assume that ug : (0,+00) — R is Lipschitz con-
tinuous. Consider a bounded sub-solution u and a bounded super-solution v of (3.18),(2.14) in the sense of
Definition 2.1 with F given by the right hand side of (3.18). Then u <wv in (0,+00) x R.

Remark 3.2. For radial solutions of the heat equation uz = Au on R™\ {0}, we get b(q,p) = (n — 1)q and
o(p) = 1. Therefore the assumption on (b, o) is satisfied if and only if 1 < 2(n—2). Notice that in particular
for n = 2 this assumption is not satisfied.

Proof of Theorem 3.1. We classically fix T' > 0 and argue by contradiction by assuming that

M= sup (u(t,z)—v(t,z)) >0.
0<t<T,z€R

Lemma 3.3 (Penalization). For a,e,n > 0 small enough, and any K > 0, the supremum

(z-y? n a?
M.,=  sup {u t,x) —v(t,y) — ekt - o=
= 0<t<T,z,yeR (t,2) (t,9) 2¢e T—1t 2

is attained at (t,z,y) witht >0, Me o > M/3 >0, |x — y| < Cov/e and a|z| < Cov/a for some Cy > 0 only
depending on ||ul|co and ||v||oo-



Proof of Lemma 3.3. The fact that M > 0 means that there exist t* > 0 and z* € R such that
w(t*,x*) —o(t*,x*) > M/2 > 0.

Since u and v are bounded functions, M, , is attained at a point (¢, z,y). By optimality of (¢,z,y), we have
in particular

2 2
PN 7 Ct ) S N
u(t,z) —v(ty) —e 2¢ T—t %72

*\ 2
> u(t', o) — o(t*,z*) — Tft* —a(mQ) > M/3

for & and 7 small enough (only depending on M). In particular,

(@—y? 2°

RSN VA < .
Hence, there exists a constant Cy only depending on ||u||c and ||v|/ such that
(3.20) |z —y| < Cov/e and alz| < Cova.

Assume that ¢ = 0. In this case, we use the fact that ug is Lipschitz continuous and (3.20) in order to get

M

5 S u(@) = uo(y) < [ Duolloslz =yl < Coll Duolloo Ve
which is absurd for ¢ small enough (depending only on M, Cy and ||Dugl|s). Hence ¢ > 0 and the proof of
the lemma is complete. O

In the remaining of the proof, ¢ is fixed (even if we will choose it small enough) and « goes to 0 (even
if it is not necessary to pass to the limit). In view of the previous discussion, we can assume that, for ¢
small enough, we have ¢ > 0 for all @ > 0 small enough (independent on ). We thus can write two viscosity
inequalities. It is then classical to use Jensen-Ishii’s Lemma and combine viscosity inequalities in order to
get the following result.

Lemma 3.4 (Consequence of viscosity inequalities).

U ke (z —y)?
R

(3.21) T

<e “ble " (p+ax),p+ar) —e Yble Vp,p)
2 2 ekt 2
+e Hlol|Sa + — (e™"o(p+ax) —e Yo(p))

Kt(z—y
I

=

where p = e

Proof of Lemma 3.4. Jensen-Ishii ’s Lemma [5] implies that for all 43 > 0, there exist four real numbers
a,b, A, B such that

(3.22) a < e *ble *(p+ax),p+ar)+e o?(p+ax)(A+ )
(3.23) b > e Yble p,p)+e Yo% (p)B
Moreover a, b satisfy the following inequality
n K (@ —y)?
3.24 —b> —— + Ke®'——
(3:24) CTUE T TR T

(it is in fact an equality) and for any ; > 0 small enough, there exist two real numbers A, B satisfying the
following matrix inequality
A 0 et 1 -1
< —
|:0 _B:|—E(1+71)|:_1 1:|

This matrix inequality implies

Kt
(3.25) A < BE + (14 m)(6 - &)

for all £1,&; € R. Use this inequality with & = e %o (p + az) and & = e Yo(p) and let v1 — 0 in order to
get the desired inequality. O



We can next make appear which error terms depend on « and which ones depend on ¢. For all 5 > 0,

n Kt (T —y)?
where

To =e¢ “ble ™ (p+ ax),p+ ax) —e "ble”“p,p)
Kt—2x

e
+lol3e a1+ 0”13 (@)
and T, = T} + T2 with
eKt—2z
T: = e "b(e”*p,p) —e ¥b(e Vp,p) and T2 = (1+72)llo|% (1—e"7¥)%
It remains to estimate 7.
Lemma 3.5 (Estimate for T.). For all y3 > 0,
-2 ke (r —y)?
(3.27) T. < ((C—2863)e =" +3)e — + v3€
2
where C = 4% + (1 +72)|oll% + 0:(1).
Proof. Through a Taylor expansion, we obtain
T; = —e (e p,p)(x —y) — e 2 dyb(e” " p, p)p(a — y)
2
< — ceRtp(evop, peop — gyelt—2m (LY Ey)
where yp = 0y + (1 — 0)x for some 0 € [0, 1], and we have used the fact that for all ¢ € R,
q(b(g, p) — b(0,p)) > d2¢°
We get for any v3 > 0
_ a2
0 <gyew0 |z -yl VAT TP — 26,6kt (r —y)
NG €
62 —y)? )2
§74<1 4 Oe(l))eKt_QI (1" y) + e—Kt,Y?)5 + ’}/3€Kt (Z‘ y)
Y3 € €
2
—205(1 + 06(1))6Kt—2x (z 6y) 7
where we have used that yp =  + 0-(1). Now, since y = = + O(y/€), we also have
) 9 eKt72w 9
T2 = (1+72)(1+o:(1)lloll% (z —y)
and we can conclude. O

Combining (3.26) and (3.27) finally yields

n K -2 ki (T —y)?
T2+<2—73+(252—C)e x)e — < T + 3e.
It suffices now to choose v;, i = 1,2, 3, such that C' < 2§, and then choose K = 273 and ¢ small enough to
get: oz < Ty

The following lemma permits to estimate T,,.

Lemma 3.6 (Estimate for T,,). For D > 0 large enough, we have

T,

o eKt—2z \/a
D

(3.28) =

IN

e (—ax_ +axy) +e "ax| + e Fa+ ||

10



Proof. Using assumptions on b immediately yields

T < 72" (=8az_ + Gzax) + dre”"laz| + ||o| e a+ (1 +75 ")

Kt—2x
e Va
YO o2, Colas

where we used that |az| < Cov/a. O

We next consider a > 0 such that for all z < —a, we have

—|zle™® 4 2lz|e™® + 7 < 0.

We now distinguish cases.

Case 1: x, < —a for some «a, — 0. We choose n large enough so that eKt@ < 1 and we get

—2;2 < Da(—|z|e ™ 4 2|zle " +e72%) <0

which implies 7 < 0. Contradiction.

Case 2: x > —a for all o small enough. We use (3.20) and get

% < De**(2alz| + o + ethMxD < D(2CoVa+a+ eKt@)

and we let a — 0 to get 7 < 0 in this case too. The proof is now complete. O

4 Comparison principle for sub-linear solutions

Proof of Theorem 1.2. Thanks to the change of unknown function described in Subsection 2.2, we can con-
sider the functions u and v defined on (0,400) x R which are sub- and super-solutions of (2.13). We can
either prove that @ < @ in (0,400) x (0,400) or that u < v in (0, +00) x R.

For 0 € R, we define

U(t,z,0) =0 +u(t,z) and V(t,z,0) =0+ v(t, x).

Note that U and V are respectively sub and super-solution of

DW+ Dpwt
4.29 Wi(t,x,0) = ce *|DW “2ZDW - 2 D*wW }
( ) W(t, T, 0) = ce™™| |+ e el +e D] D]

We fix T > 0 and we argue by contradiction by assuming that

M= sup {U(t,z,0) —V(t,z,0)} > 0.
te[0,T],z,0€R
In order to use the doubling variable technique, we need a smooth interpolation function ¥ between polar
coordinates for small r’s and Cartesian coordinates for large r’s. Precisely, we choose ¥ as follows.

Lemma 4.1 (Interpolation between logarithmic and Cartesian coordinates). There exists a smooth (C>°)
function 1 : R? — R3 such that

P(z,0427) = U(z,0)
(4.30) P(z,0) = (v,e¥) if <0
P(z,0) = (0,e%e) if x>1

and such that there exists two constants dg > 0 and my, > 0 such that for x <1 and 0 € R,

(4.31) if ¥(x,0) = (a,b) then |b] <e

and such that for all x,y,0,0, if [ (x,0) —¥(y,0)| < b and |0 — | < T, then
(132) (@, 0) — by )| > mal(z,0) - (4,0)l.
(4.33) |DY(z,0)" (¥(x,0) —d(y,0)| > myl|(z,0) - (y,0)|

where © is the tensor contraction defined for a p-tensor A = (A;,....4,) and a g-tensor B = (B;, ... ;,) by
(A © B)i1,~»-~,ip—1,j2 »»»»» Jg = Z Aih»--»ip—l,kBk,jz ----- Ja*
k

The proof of this lemma is given in Appendix A.
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Penalization. We consider the following approximation of M

(434) Ms,a = sup {U(t, Z, 9) —_ V(t’ Y, U)
t€[0,T),z,0,y,0€R
k@) =Y, 1, M2« 2N
e — ~(0-0l-%), ~ 5 @O - 7

where €, o, ) are small parameters and K > 0 is a large constant to be fixed later. For @ and 7 small enough
we remark that M, o > % > 0. In order to prove that the maximum M, , is attained, we need the following
lemma whose proof is postponed until Appendix A.

Lemma 4.2 (A priori estimates). There exists a constant Cy > 0 such that the following estimate holds
true for any x,y,0,0 € R

xie|U(@,0) = ¥(y,0)?
4e

C2+?t(|9—a\—g>i.

luo(z) —uo(y)] < Ca+te

60— ol

IN

Using this lemma, we then deduce that

,0) — ,o)2 1 2
(135) Ult,2,0) = Vit,y,o) - X OO PRIE L (g 7)°

<u(t, ) —uo(x) = v(t,y) +uo(y) + 10 — o] + |uo(z) — uo(y)|

Kt |¢('Ta(9) B 1/)(y,0')|2 _ } _ _ E 2
€ 2¢ € (|9 d 3)+
ki@ 0) — Yy, o)P 1o, w2
S 2C1+202 (& Ae % (|9 J| 3)+

Using the 2m-periodicity of 1, the maximum is achieved for 6 € [0,2x]. Then, using the previous estimate
and the fact that —a(¢(z,0))? — —oo as |z| — oo, we deduce that the maximum is reached at some point
that we still denote (¢, x,0,y,0).

Penalization estimates. Using Estimate (4.35) and the fact that M, , > 0, we deduce that there exists
a constant Cy = 4(C1 + C2) such that

e l6(@,0) — (. o)

< Cy.
2e =0

5 1 T 2
(4.36) a0+ - (10 -0l - 3) +
€ 3/+
On the one hand, an immediate consequence of this estimate is that
77
0—o] <=
ool <7
for € small enough. On the other hand, we deduce from (4.36) and (4.32)

0 —o* + |z —yl
Y 2¢e

Hence, we have |0 — o < § for ¢ small enough so that the constraint [0 — o < % is not saturated. We can
also choose € small enough so that

< Cp.

1
—yl < =.
|z y\_g

In the sequel of the proof, we will also need a better estimate on the term (1 (x))?; precisely, we need to
know that a((z))? — 0 as o — 0. Even if such a result is classical (see [5]), we give details for the reader’s
convenience. To prove this, we introduce

) _ eKt |’(ﬂ($,9) — w(y’0)|2
2e

M:o = sup {U(t,x, 0)—V(t,y,o

t€l0,7),z,0,y,0€R
1 T 2 n
Lo—o-T) -
5(' 1=3), T—t}

12



which is finite thanks to (4.35).
We remark that M, , < M. and that M, , is non-decreasing when a decreases to zero. We then deduce

that there exists L such that M., — L as o = 0. A simple computation then gives that

S, 0)? < Moz~ Moo 50 a5 a0

and then

(4.37) —(Y(2,0)> -0 as a—0.

(VY]

Initial condition. We now prove the following lemma.
Lemma 4.3 (Avoiding t = 0). For & small enough, we have t > 0 for all o > 0 small enough.

Proof. We argue by contradiction. Assume that ¢ = 0. We then distinguish two cases.
If the corresponding = and y are small (x < 2 and y < 2) then, since ug is Lipschitz continuous and
(4.32) holds true, there exists a constant Lo > 0 such that

_ 2
0< 2 <ty <U0.2,6) = V(0,1,0) - 2O 007

2¢e
$70 — Wy, 0 2
<Lol(w,0) ~ (y,0)] — m, DO
< L% 5
72m¢

which is absurd for € small enough.
The other case corresponds to large  and y (z > 1 and y > 1). In this case, since @ is Lipschitz
continuous, we know that there exists a constant L; > 0 such that

M

0< — <M < |U(0,z,0) = V(0,y,0)] < |0 — 0| + Lle” —€¥|.

Using the fact

10— o] + Lyje” — e¥] < (1 + L1> (2, 0) — b(y, 0)] < (1 + L1> V/2Cov/E
My My

we get a contradiction for £ small enough. O

Thanks to Lemma 4.3, we will now write two viscosity inequalities, combine them and exhibit a contra-
diction. We recall that we have to distinguish cases in order to determine properly in which coordinates
viscosity inequalities must be written (see the Introduction).

Case 1: There exists «,, — 0 such that z > % and y > % We set X = et and Y = e¥+9. Consider

U and V defined in Lemma 2.5. Remark that, even if §(X) is defined modulo 27, the quantity 6(X) —6(Y)
is well defined (for |X|,|Y| > e and |[X — Y| < %) and thus so is U(t, X) — V(¢,Y). Recall also that U,V
are respectively sub and super-solutions of the following equation

— ., =1
wy = ¢|Dw| + Dw - D*w - Dw

Moreover, using the explicit form of v, we get that

- - ekt a n
Moo= w000 - V) - G-V xR
t€[0,T),X,Y €R2\ By (0) 2 2 T—t
Moreover, —|DxU| < —ﬁ (in the viscosity sense). We set
X-Y
p=—-relt
5
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We now use the Jensen-Ishii Lemma [5] in order to get four real numbers a, b, A, B such that

(p+aX)*t
Ip + aX|

(p+aX)*t

a < clp+aX|+ ,
< dp | DT aX]

(A+al)

1 1
b > c|p|+p—Bp—.
ol Ipl

Moreover, p satisfies the following estimate

1
Ip| > —

(4.38) Ip+aX| > :
Y|

1
x|
a, b satisfy the following equality

n Kt|X*Y|2
4 Rkt
(T —1¢)? e 2e

a—b=

and A, B satisfy the following matrix inequality

AO<26KtI—I
0 —-B |~ ¢ -7 I |

This matrix inequality implies

2 2 2eft 2
(4.39) A& < B& + - &1 — &2

for all &1, & € R2. Subtracting the two viscosity inequalities, we then get
(p+oX)t (p+aX)t pt_pt
|p 4+ aX]| lp + aX| ol [p|

2eKt +aX 2
<ald|X|+a+ —— (p = p)
€ lp+aX| |p

2
2K X x|\
<le|\/Cov/a+a+ = 2<a1> +2<p|a)

€ B4l Pl lp + X

n
ﬁ§c|p+o¢X\—c|p|+a+

SeKt 2\ 2
§|C‘\/ Co\/a‘f' o+ ? (OZ‘X| )

where we have used successively (4.39), (4.36) and (4.38). Recalling, by (4.37) that | X|? = 0,(1), we get
a contradiction for o small enough.

Case 2: There exists o, — 0 such that x < —% and y < —%. Using the explicit form of ¢ and the
fact that U(t,z,0) = 0 +u(t,z) and V(t,y,0) = o +v(t,y) with u and v respectively sub and super-solution
of (2.13), we remark that

eKt’ W(xlﬂ) B ¢(y/70)|2 _ Oé‘x/|2 U

Ma: t//—t//— _
o= sup {ult @)~ v(t'y) L

!
0—0— =}
t,a ' 2 2 ’ 772 J
Moreover, the maximum is reached at (¢, x,y), where we recall that (¢, z,0,y,0) is the point of maximum in
(4.34). Using the Jensen-Ishii Lemma [5], we then deduce the existence, for all 41 > 0, of four real numbers
a,b, A, B such that

A+«

a < ce "1+ (p+ar)2+e Pptar)feT— —

< (p ) (p ) 15+ an)?

B
b > ce™? 1—|—]92—l—e_2yp—i-e_2971_’_p2
where
T
pziyeKt.

e

14



These inequalities are exactly (3.22) and (3.23). Moreover a, b satisfy the following inequality

n ke |U(@,0) = ¥(y, 0)? U xelr —yl?
“ Tz T 2 T ro TR T

and we obtain (3.24). Moreover, A, B satisfy the following matrix inequality

[0 e Taen[ L 7]

which implies (3.25). On one hand, from (3.22), (3.23), (3.24) and (3.25), we can derive (3.21). On the other
hand, (4.36), the fact that x < 0, y < 0 and Lemma 4.1 imply (3.20) (with a different constant). We thus
can apply Lemmas 3.5, 3.6 and deduce the desired contradiction.

Case 3: There exists a,, — 0 such that —1 < z,y <2. Since ¢y € C°, there then exists M, > 0 (only
depending on the function ) such that for all x € [—1,2] and 0 € [—, 37],

(4.40) (. 0)] + Dy (,0)] + |D*¢(x, 0)] + | D*(x, 0)| < My.

For simplicity of notation, we denote (x,0) by Z and (y,0) by §. We next define
e . ) ) oKt o ) )
Pz = TDQ/}(CU) © (P(x) —(y)) and py = TDT/’(ZU) © (P(x) —(9)).
We have pz,p; € R? and we set (e1,e2) a basis of R?.
Lemma 4.4 (Combining viscosity inequalities for a = 0). We have for a =0

|j *Z—,_I|2 eKt

(4.41) % + Kmiem < ce |pz| —ce Yipy| + e Fpser — e Hpy e + 5 (T + o)
where

L= (@) - 6 © (D@ sk ek - DMy o)

L = |Du@e k- Dot

Proof. Recall that U and V are respectively sub and super-solution of (4.29) and use the Jensen-Ishii Lemma
[5] in order to deduce that there exist two real numbers a,b and two 2 x 2 real matrices A, B such that

a < ce " IPrl + e Fps e

...% ~£

+e I%i\ (A+a(y() © D*)(z) + Dy(z)" © DY())) \lz)il
L L
b > ce Vipyl+e py-el + e_2yp7y o
lpgl  Ipgl

where
Pz = pz +aDP(@)T ©Y(z).
Remark that , since DU = DyV = 1, there exists dg > 0 such that
Pz > 0o >0 and py > dp > 0.

Moreover a, b satisfy the following equality

_ ¥ (@) — (@)
a — b— m +K€Kt2—€

15



and A, B satisfy the following matrix inequality

[ A0 ] < 261“{ { (¥(2) = ¥(y)) © D*P(z) 0
0 -B |~ = 0 ~(¥(@) — (7)) © D*(y)
L | Dy )TGDw( ) —Dy(y)" © Dy(z) } }
—Dy(5)" © DY(z)  DY(5)" © D(y) ‘
This implies
2€Kt

AC-€<BC-C+ {w@)—w(y» O D*Y(D)E - € — (B(E) — 9(7) © D@ - ¢

D) - D(H)CP }

for all £, ¢ € R?. Combining the two viscosity inequalities and using the fact that |¢(Z) —¥(7)| > my |z — 7],
we obtain

n 2 Kt|53_§|2 —z|x —Y |, -2z~ -2y, _
+ Kmge™' ———— <ce”"|pz| — ce V|py| + e Pz -e1 —e Vpy-eq

T2 2e
+ae” . pt ((2) © D*)(x) + Dip(z)" Dy(2)) pr
2eKt =
+ (Z: + 1)

where Z; and Z, are defined respectively as Z; and Z, with p; replaced by pz. Remarking that there exists
a constant C' > 0 such that

ez + e hr-er+ |a ﬂ;ﬂ (4(2) © D*(z) + Di(z)" D (z ))‘

Pz
< ce " |pz| + € ¥ pz - 1 + Ca (|D*¢(2)* + DY (@) + [¢(2)[?)
< ce lpz| + e *pz - e + 3MJCa

and
21 = 1| + |Zo = To| <C |p3 — p7
D % 1 1
|Pz| z|  |pzl
<C Pz — Pz + ‘ lpz| — |Pz]
50
<o Pz _Pe
0
2C%«
<
=5
and sending o — 0 (recall that Z, 7 lie in a compact domain), we get (4.41). O

Lemma 4.5 (Estimate on Zy). There exists a constant C4 such that
(4.42) 1Z,| < Cilz —y|?

Proof. In order to prove (4.42), we write

|I—1| 2 T 2 o ) _m/?
iy SPM@) - D@ g e

HD2(@) (e — e V)pt - e pi|
HD* (@) (vt —py) - e pa |
D (F)eps - (€7 — e V)ph
D% @) pg e (b 7 ) |
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Thanks to (4.40) and max(|z|, |y|) < 2, we have

|D*¢(z) = D*(y)] < Mylz —gl,
le™ eV < ez -yl
We also have the following important estimate
T T Pz — Py 1 1
pr—pi| < Sl e e
v s “lpsl gl
<|P =Pyl ’ pg| — ps|
|pz| |pz|
<2 Pz — Dy
|pz|
Kt _ _ _ _
<o = |D¥(@) — DY(@)|[¥(2) — Y (7)]
- my|z — g
2M?2
<—*z -y
My

where we have used the fact that |pz| > %Ktmw:f — g| (see (4.33)). This finally gives that there exists a
constant C; (depending on my, and My) such that (4.42) holds true. O

Using the fact that |pz|, [py| < C%Ktﬁ — 7|, we can prove in a similar way the following lemma.

Lemma 4.6 (Remaining estimates). There exist three positive constants Cy,C5 and Cy such that

.| < Colz—gP,
oKt
e~ lpal eVl < Tyl i
oKt
e pser—e Vpyer < C4T|5_U*Z7|2~

Use now Lemmas 4.5 and 4.6 in order to derive from (4.41) the following inequality

n Kt|1_7_§|2 —eft —12
7z T Empe S s Ole -
with C = C; 4+ Cy 4+ C3 + C4. Choosing K > %, we get a contradiction. O

5 Construction of a classical solution

In this section, our main goal is to prove Theorem 1.6 which claims the existence and uniqueness of classical
solutions under suitable assumptions on the initial data @y. Notice that assumptions (1.10) on the initial
data imply in particular that

(5.43) ¢+ 2(iig), (0) = 0.

To prove Theorem 1.6, we first construct a unique weak (viscosity) solution. We then prove gradient
estimates from which it is not difficult to derive that the weak (viscosity) solution is in fact smooth; in
particular, it thus satisfies the equation in a classical sense.

5.1 Barriers and Perron’s method

Before constructing solutions of (1.2) submitted to the initial condition (1.5), we first construct appropriate
barrier functions.
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Proposition 5.1 (Barriers for the Cauchy problem). Assume that Gy € W2 °(0, +00) and

(o), € WH(0,+00)  or kg, € L*(0,+00)

with g such that (1.10) holds true. Then there exists a constant C > 0 such that u*(t,r) = uo(r) £ Ct are
respectively a super- and a sub-solution of (1.2),(1.5).

Proof. Tt is enough to prove that the following quantity is finite

C =sup 1 |F‘(r, (), (1), (ﬂo)rr(r))| = max(C, Co)

r>0 T
with _ _
O oy FO@LOL @D o I @) (0)). (W) ()]
r€[0,r0] r r€lrg,+o00) r

On one hand, thanks to (1.10) and the Lipschitz regularity of #, we have C is finite. On the other
hand, thanks to Lipschitz regularity and (o), € W or kg, € L>, Cy is also finite. The proof is now
complete. O

We now construct a viscosity solution for (1.2),(1.5); this is very classical with the results we have in
hand, namely the strong comparison principle and the existence of barriers. However, we give a precise
statement and a sketch of proof for the sake of completeness.

Proposition 5.2 (Existence by Perron’s method). Assume that iy € C(0,+00) and that there exists
ut(t,r) = ao(r) + f(t)  (resp. u” (t,7) :=uo(r) — f(t))

for some continuous function f satisfying f(0) = 0, which are respectively a super- and a sub-solution of
(1.2),(1.5). Then, there exists a (continuous) viscosity solution 4 of (1.2),(1.5) such that (1.8) holds true
for some constant C depending on f. Moreover 4 is the unique viscosity solution of (1.2),(1.5) such that
(1.8) holds true.

Proof. In view of Lemma 2.4, it is enough to construct a solution u of (2.13) satisfying (2.14) with ug(z) =
ao(e").
Consider the set

S ={v:(0,+00) x R — R, sub-solution of (2.13) s.t. v <u't}.

Remark that it is not empty since u~ € S (where u®(t,z) = a*(¢,r) with = Inr). We now consider the
upper envelope u of (t,7) — sup,cs v(¢,7). By Proposition 2.3, it is a sub-solution of (2.13). The following
lemma derives from the general theory of viscosity solutions as presented in [5] for instance.

Lemma 5.3. The lower envelope u, of u is a super-solution of (2.13).

We recall that the proof of this lemma proceeds by contradiction and consists in constructing a so-called
bump function around the point the function wu, is not a super-solution of the equation. The contradiction
comes from the maximality of v in S.

Since for all v € S,

ug(x) — f(t) < v <wolx) + f(1),

with f(0) = 0 we conclude that
uo(x) = us(0,z) = u(0,x).

If @ satisfies (1.8), we use the comparison principle and get u < u, in (0,7) x R for all T > 0. Since u, < u
by construction, we deduce that u = wu, is a solution of (2.13). The comparison principle also ensures that
the solution we constructed is unique. The proof of Proposition 5.2 is now complete. O
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5.2 Gradient estimates
In this subsection, we derive gradient estimates for a viscosity solution @ of (1.2) satisfying (1.8).
Proposition 5.4 (Lipschitz estimates). Consider a globally Lipschitz continuous function uy. We denote
by Lo > 0 and Ly > 0 such that for all v > 0,
—Lo < (o) (r) < L1.

Let u be a viscosity solution u of (1.2),(1.5) satisfying (1.8). Then 4 is also Lipschitz continuous in space:
vVt >0, Vr >0,

—max(1, Ly) < u,(t,7) < L1 if ¢>0
(5.44)

—Lo < ,(t,r) < max(1, L) if ¢<0
Moreover, if @ip € W22 (0, +-00) with

(0), € WH(0,4+00) and kg, € L=(0,+00)

and (1.10) holds true, then u is C-Lipschitz continuous with respect to t for all r > 0 where C' denotes the
constant appearing in Proposition 5.1.

Proof.

Step 1: gradient estimates

Proving (5.44) for ¢ > 0 is equivalent to prove that the solution u of (2.13) satisfies the following gradient
estimate: Vit > 0, Vz € R,

(5.45) —Loe® < ug(t,x) < Lie”

where Ly = max(1, Ly). We will prove each inequality separately. Since @ is sublinear, there exists C,, > 0
such that for all z € R
fu(t,2)] < Cu(1 + 7).

Eq. (5.44) is equivalent to prove

MO = sup {u(t7 x) + Loe® —u(t,y) — Eoey} <0
t€(0,T),x<y€R
M = sup {u(t,x) — L1e” —u(t,y) + L1e¥} < 0.

te(0,7),z>y€ER

We first prove that M°? < 0. We argue by contradiction by assuming that M° > 0 and we exhibit a
contradiction. The following supremum

M2 = sup {u(t, x) — u(t,y) + Loe® — Loe? — e %yQ — 77}

te(0,T),z<y€eR 2 T—1t
is also positive for a and 7 small enough.
Using the fact that, by assumption on g,
(5.46) u(t,x) —u(t,y)+ Loe” — Loe? < u(t,x) —uo(x) +uo(x) —uo(y) +uo(y) —u(t,y) + Loe® — Loe? < 20y

and the fact that —%xz — %y2 — —00 as ¥ — 0o or y — +00, we deduce that the supremum is achieved
at a point (¢, z,y) such that t € (0,7) and = > y.
Moreover, we deduce using (5.46) and the fact that M, > 0, that there exists a constant Cy := 4C; such

that  and y satisfy the following inequality
azr’ + ay2 < Cy.

Thanks to Jensen-Ishii’s Lemma (see e.g. [5]), we conclude that there exist a,b, X,Y € R such that

- _ X — Loe® + o
—T T —2z x —2 .
a < ce \/1+(—Loe +ax)? + e (—Loe” + ax) +e 1+ (—Loe® + ax)?’
- - Y — Lpe? — a
b > ce Vy/1+ (Loev 2 — e ?(Loe e
> ce \/ + (Loe? + ay)? —e™™ (Loe? + ay) +e 1+ (Loe® + ay)?’
0 X 0
_ - ' <
a—b (T_t>2’ |:0 —Y}_O.
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Subtracting the viscosity inequalities and using the last line yield

i<ce \/1-1- (Loe* — azx)? — ce™ y\/l + (Loe¥ + ay)? +ae (z +1) +ae 2 (y + 1)

T2
Loe™™® Loe?

— Loe " + Loe ¥ — = +
0 0 1+ (Loe* —ax)? 1+ (Loe® + ay)?

Using the fact that the functions z — v/1 + 22 and z z2 are 1-Lipschitz, we deduce that

—<ce T/ 1+ L3e2r —ce Y\ /1 + LEe2 + e “a((|c| + Lo)|z| + ze™* + %)

Loeim Eoey
1+ (E()e””)z 1+ (E0€I)2

+ae Y((le| + Lo)|y| +ye ¥ + e Y) — Loe ™ + Loe™¥ —

Remarking that the function z — e~*((|c| + Lg)|z| + ze™* 4+ e~*) is bounded from above by a constant Cs,
we have

(5.47) 1:72 <2Csa +g(z) — g(y)
where _
—x / T x T —x Loe_“'
g(x) = e C 1+L(2)62 —Loe — W
Case A: ¢ >0

We now rewrite g in the following way

/ - - Lo
— — 2 —x
glw) =cyfe7 + L — Loe™ — e + L2e3*

e (1 - L) — Lie > Lo
ev/e % + I3+ Loe—s e+ Lge™®
(11— L) L} Lo

_c /e2w+E%e4x+Eoe“‘ - /62$+E(2)e4z+ioea; ei+£%e3w

and use the fact that Ly > 1 to deduce that ¢ is non-decreasing. Hence, we finally get
— S 20304
which is absurd for « small enough.

In order to prove that M* < 0, we proceed as before and we obtain (5.47) where

I - Ly
g(m):c e 2 +L%+L1€ x—‘rm

Remarking that ¢ is decreasing permits us to conclude in this case.
Case B: ¢ <0
We simply notice that the equation is not changed if we change (w,¢) in (—w, —c).

Step 2: Lipschitz in time estimates
It remains to prove that @ is C-Lipschitz continuous with respect to ¢ under the additional compatibility
condition (1.10). To do so, we fix h > 0 and we consider the following functions:

ap(t,7) = a(t +h,r) —Ch and @"(t,r) = a(t + h,r) + Ch.
Remark that a4 and a" satisfy (1.2). Moreover, Proposition 5.1 implies that
1y (0,7) < Gio(r) < @™ (0,r).

Thanks to the comparison principle, we conclude that @, < u < @ in [0, +00) x (0, +-00); since h is arbitrary,
we thus conclude that @ is C-Lipschitz continuous with respect to t. The proof of Proposition 5.4 is now
complete. O
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5.3 Proof of Theorem 1.6
It is now easy to derive Theorem 1.6 from Propositions 5.2 and 5.4.

Proof of Theorem 1.6. Consider the viscosity solution % given by Proposition 5.2 with f(t) = Ct where the
constant C is given in the barrier presented in Proposition 5.1.

This function is continuous. Moreover, thanks to Proposition 5.4, @; and %, are bounded in the viscosity
sense; hence u is Lipschitz continuous. In particular, there exists a set N C (0,400) x (0,+00) of null
measure such that for all (¢,7) ¢ N, @ is differentiable at (¢, 7).

Thanks to the equation

(5.48) g — a(r, Uy ) = f(r,a,) for (¢,7) € (0,+00) X (0, +00)

with

1 1 JIT I 4 2+ r?u?
CL(’I"7 UT) = TT‘QTL%’ f(’l", ’LLT) = ; {C +7r Uy + Uy (HT’Q’EL%)}
we also have that 1, is locally bounded in the viscosity sense. This implies that @ is locally C*! with
respect to r, and in particular, we derive from Alexandrov’s theorem [6, p. 242] that for all ¢ > 0 there exists
a set Ny C [0,+00) of null measure such that for all » ¢ N, u(¢,-) is twice differentiable with respect to r,
i.e. there exist p, A € R such that for p in a neighborhood of r, we have

(5.49) a(t,p) =t 7) + p(p — 1) + 3 A(p — 1)? + oo~ )?).

From N and {Ni}1>0, we can construct a set N C (0;+00) x (0;400) of null measure such that for all
(t,r) ¢ N, @ is differentiable with respect to time and space at (t,7) and there exists A € R such that (5.49)
holds true. We conclude that

(s, p) = a(t, ) + Qui(t,r)(s — )+ Byalt, 7)(p — 1) + 5 Alp—1)* + o{(p — 1)%) + ofs 1)

In particular, (5.48) holds true for (¢,r) ¢ N. R
We deduce from the previous discussion that @; — @, = f € LjS, holds true almost everywhere, and
thus in the sense of distributions. From the standard interior estimates for parabolic equations, we get that

U € Wfovclm for any 1 < p < +o0. Then from the Sobolev embedding (see Lemma 3.3 in [15]), we get that
for p > 3, and a = 1 — 3/p, we have @, € Cal?

loc
We now use that (5.48) holds almost everywhere. Therefore we can apply the standard interior Schauder
theory (in Holder spaces) for parabolic equations. This shows that u € C’ZQO'ZQ’HQ/ 2, Bootstrapping, we

finally get that u € C7., which ends the proof of the theorem. O

6 Construction of a general weak (viscosity) solution

The main goal of this section is to prove Theorem 1.4. We start with general barriers, Holder estimates in
time and finally an approximation argument.

Proposition 6.1 (Barriers for the Cauchy problem without the Compatibility Condition). Let 4y €
W2’°°(0, +00) be such that there exists Cy such that

loc

(6.50) |(t0)r| <Co  and  |rg,| < Co.

Then, there exists a constant C > 0 (depending only on Cy) such that for any function B : [0,T] — R with
B(0) =0 and B’ > C(1+ Ct), ut(t,r) = to(r) £ % =+ B(t) are respectively a super- and a sub-solution of
(1.2),(1.5).

Proof. We only do the proof for the super-solution since it is similar (and even simpler) for the sub-solution.
We also do the proof only in the case ¢ > 0, noticing that the equation is unchanged if we replace (w, ¢) with
(—w,—c).

It is convenient to write A for Ct and do the computations with this function. Since |kg,| < Cp, we have

r(ﬂo)rr i 2+ (T(QO)T)2
T+ (r(ao))2)E T ((1 (o)) )‘ = Co
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Since |u,| < Cy, there exists ¢; > 0 such that

Nlw

7 (o) rr| < c1(1+ (7"(710)7”)2) .

We then have

Using (6.50), we can write

we get

Z 4 A (244 r(ag),
) SC(1+7,+Co7')+2co—r2( (52 + r(@o)

A A
SC(1++00T)+200—2<
r r

We now set p such that (i), = p2 and distinguish two cases:

Case 1: % < p < 2. In this case,

F(r,at,at) <c(1+2Cor + Cor) + 2Co + ¢ (1 + r|(ao),])?
<c+ 3cCor + 20 + 4c¢y + 4er3| (o) 2
A
<c+ 3cCor + 2Cy + 4c1 + 401p—r2C§
T
<(c+2Co + 4c1) + 7(3¢Co + 8c1CF A)

where for the second line, we have used the fact that for a,b >0, (a +b)* < 4(a® +b*). On the other hand,
we have rii;” = A’ + rB’. Choosing C' > max(c + 2Cq + 4c1,3Ch + 8¢1CE) we get the desired result in this
case.

Case 2: p < % or p > 2. In this case

1+ (22 +r(a),)* ~ 1+ (0= 1245 p—1)

r

L+ rl(ao),)®  _ 4+ 4r¥(ao),|® r|(a
(L+rl(@o)e)* 44 4r7|(ao).| <4+4/’(r|(“f>|<4+1600r,

Then )
(p—1*(2)

_ A A
F(r,u),u,,.) < ¢+ c— 4 2C + 4¢1 + cCor 4 16¢,Cor — —
r r
We distinguish two sub-cases:
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SUBCASE 2.1: % < 2. In this sub-case, we get
F(’r‘, 7._L:,r, ’l_l,;;,) < (30 +2Cy + 461) + T’(COO + 160100)

and we obtain the desired result taking C' > max(3c + 2Cy + 4cy, cCy + 16¢,Cp).

SUBCASE 2.2: 4 > 2. In this subcase, [p — 1|2 > 1 and

(-12(#) 1
1+ (p—1)2(4)" ~ 2
and thus
_ 1
Fr,a}, @) <(c+2C + 4c1) + A(; — 53) +cCor + 16¢1Cor

S(C + QCO + 401) + (dA + CCO + 160100)7"

where for the last line we have used the fact that we can find d > 0 (only depending on c) such that
¢ L <drforall r > 0. We finally get the desired result taking C' > max(c 4 2Cq + 4c1, cCq + 16¢,Cy, d).

T 272
The proof is now complete. O

Proposition 6.2 (Time Holder estimate — (I)). Let ug € I/VIZOCOo (0, +00) satisfying (6.50). Let @ be a solution
of (1.2),(1.5) satisfying (1.8). If u is Lo-Lipschitz continuous with respect to the variable v, then there exists
a constant C, depending only on Cy and Lo such that

|(t,r) — to(r)| < CVt + B(t)
where B is defined in Proposition 6.1.

Remark 6.3. Let us note that in Proposition 6.1, we can choose B(t) = Ct(1 + gt) Hence, we deduce
from Proposition 6.2 that there exists C > 0 such that for all t € [0,1],

(6.51) la(t,r) — ao(r)| < CVA.

Proof. Let ro > 0. Using Proposition 6.1 and the comparison principle, we deduce that there exists a
constant C and a function B such that

t
|a(t, ro) — to(ro)| < C% + B(t).

Since @ is Lo-Lipschitz continuous in r, we also have
|a(t,0) —a(t,ro)| < Loro and [ao(0) — @o(re)| < Coro.
Combining the previous inequalities, we get that
|a(t,0) — 10(0)] < (Lo + Co)ro + C"% + B(t).
Taking the minimum over 7y in the right hand side, we get that
[u(t,0) — uo(0)| < C1Vt + B(t)

with C7 := 24/ (Co + L())C.

We finally deduce that
=t
|a(t,r) — tp(r)| < min {CT + B(t),C1Vt + B(t) + (Lo + Co)r} .

The desired result is obtained by remarking that, if » < Vt, then C1v/t + B(t) + (Lo + Co)r < (Cy + Lo +
Co)Vt + B(t), while if r > /¢, then CL + B(t) < CVt + B(t). O
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The next proposition asserts that the previous proposition is still true if we do not assume that @ is
Lipschitz continuous with respect to r.

Proposition 6.4 (Existence and time Holder estimate — (II)). Let o € Wi=°(0,+00) satisfying (6.50).

loc

Then there exists a solution @ of (1.2),(1.5) satisfying (1.8). Moreover there exists a constant C, depending
only on Cy such that

|u(t, ) — ao(r)| < CVt + B(t)

where B is defined in Proposition 6.1, and there exists a constant Ly (only depending on Cy) such that

|’l_l,(t,7” + ,0) - ﬂ(t,’l”)| < L0|,0|

Proof. The initial datum is approximated with a sequence of initial data satisfying (6.50) and the compati-
bility condition (1.10); passing to the limit will give the desired result.
We can assume without loss of generality that Cy > 5. Then we consider

g =P.Up + (1 — T.)uo
where Uy € C° is such that
(6.52) Us(0) = 0(0),  (Uo)o(0) = =5, |(Uo)e] < Co, 7l(Uo)ur] < Co for r<2
and
-0, ()

where the non-increasing function W, € C°° satisfies

1if r<i,
‘1’1_{0 if r>2.

Claim 6.5. The initial condition uf satisfies the compatibility condition (1.10) and (6.50) for some constant
Co which does not depend on ¢.

Let u® denote the unique solution of (1.2) with initial condition @§ given by Proposition 5.2, using the
barrier (Proposition 6.1) provided by the Claim 6.5. In particular, u¢ satisfies (1.8) for some constant C®
depending on e. Using Proposition 5.4, we deduce that @€ is Lo-Lipschitz continuous with Ly := max(1, Cp).
Then Proposition 6.2 can be applied to obtain the existence of a constant C' (depending only on Cj, because
Lo now depends on Cj) such that for all e

|@*(t,r) — a5 (r)] < CVE+ B(t).

Taking ¢ — 0 and using the stability of the solution and the uniqueness of (1.2),(1.5), we finally deduce the
desired result. O

We now prove the claim.
Proof of Claim 6.5. We have
('ag)r = (\I’E)T(UO - ’lTLo) + \I/E(UO)T + (1 - \IIE)(UO)T-

Hence, since (¥.),(0) =0 and ¥.(0) = 1, we get

(@5)0(0) = (Un).(0) = =

which means that @ satisfies (5.43). Using the fact that a5 € W™ and (6.52), we get (1.10).

loc
Since Up(0) = @p(0) and Uy and g are Cp-Lipschitz continuous, we have

|Uo(r) — @o(r)] < 2Cor.
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Let ¢; denote sup > p|(V1):(p)| < +oo. We then have

r

(), (Uo — i0)| < 260 |(0), (£)] < 2C0er.

e

Hence
[(@g)r| < 2CoH(c1 + 1).

Let us now obtain an estimate on rgzs. Using the previous bound, we only have to estimate

)rr
6)r)%)

If r > 2, then 4§ = up and the estimate follows from (6.50). If r < 2, it is enough to estimate r(ag),». We
have

r(a

(14 (r(

I~ =L
wleo

T(ﬂg)rr = T(\IIE)TT(UO - 1]0) + QT(\IIE)T((UO)T - (aO)T) + T\I/E(UO)TT + 7“(1 - \IIE)(QO)TP

Moreover there exists a constant ¢y (depending only on Cp) such that for all » < 2, r|(Gg)y| < 2. Let c3
denote sup > p?|(¥1),r(p)| < +00. We then have

r

PIO8) 0 U — )] < 200 (w0, ()] < 200es

We finally deduce that for r < 2,
[r(tg)rr| < 2Cocs +4Che1 + Co + ¢2
which proves that @§ satisfies (6.50) with a constant Cy = 2Cyc3 +4Cqhey + Cp+ 2 depending only on Cy. O
We now turn to the proof of Theorem 1.4.

Proof of Theorem 1.4. The existence of @ and its Lipschitz continuity with respect to r follows from Propo-
sition 6.4. The uniqueness (and continuity) of @ follows from the comparison principle (Theorem 1.2). Let
us now prove that @ is %—Hélder continuous with respect to time. By Remark 6.3, there exists a constant C'
such that for h <1

lu(h,r) — io(r)| < CVh.

with C given in (6.51). Proceeding as in Step 2 of the proof of Proposition 5.4, we get for 0 < h < 1:
u(t + h,r) — a(t,r) < CVh.

The reverse inequality is obtained in the same way. This implies (1.9). The proof is now complete. O

A Appendix: proofs of technical lemmas
Proof of Lemma 4.1. We look for ¥ under the following form: for z,60 € R,
U(@,0) = (1= u(2))(x,e”) + 1(2)(0,e™+)

where ¢ : R — R is non-decreasing, smooth (C*°) and such that «(z) = 0if x < 0 and ¢(z) =1if > 1.
Remark that (4.30) and (4.31) are readily satisfied.

It remains to prove (4.32) and (4.33). Let us first find € > 0 and m,, > 0 such that for all z,y, 6,0 such
that |(x,0) — (y,0)| < e, we have (4.32) and (4.33).
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Study of (4.32). It is convenient to use the following notation: v (z,0) = (¢1(x), p2(z)e??). We first write
(4.32) in terms of ¢;:

|91(2) = ¢1(y)| + |P2(2) — P2(y) cos(0 — a)| + P2 (y)|sin(0 — o) = my(|lx —y| + 10 — o)

(we used a different norm in R*® and my, is changed accordingly). It is enough to prove

¢1(2) = ¢1 ()] + |P2(x) — P2(y)] + P2(y)(| sin | — 1 + cos) (0 — o)
> my(|lz —yl+10 - o).

We choose ¢ < 1 and we remark that such an inequality is clear if z < —1 or & > 2. Through a Taylor
expansion and using the fact that ¢o(y) > 1, this reduces to check that

min_inf  (|64(@)] + |65 (z)]). 1) > 2my

which reduces to

Lt @)l + Iz (@)} > 0.

For z far from 0, a simple computation shows that ¢4(z) > ¢(z)e® (for x > 0) and this permits us to conclude.
For z in a neighborhood of 0, ¢ (z) = 1 + o(1) and ¢5(z) = O(z) and we can conclude in this case too. In
[—1,2]\[0, 1], the conclusion is straightforward.

Study of (4.33). We next write (4.33) in terms of ¢;

(A1) [2(z,y) + ¢o(2)d2(y)(1 — cos(0 — 0))| + |p2(z) P2 (y)|| sin(0 — )|
> my(|lz —y|+ 10— of)
where
D(z,y) = ¢\ (z)(d1(2) — ¢1(y)) + d2(2)(P2(2) — d2(y)).

Once again, the previous inequality is true for x ¢ (—1,2) and for x € (—1,2), we choose m,; such that

inf {(¢(2))* + (¢5(2))*} = 2my.

z€(0,1)

The same reasoning as above applies here too.

Reduction to the case: |(z,0) — (y,0)| <e. It remains to prove that for e > 0 given, we can find §y > 0

such that, as soon as [¢(z,0) — ¢ (y,0)] < & and |0 — 0| < I, then |(z,0) — (y,0)| < e. We argue by

contradiction by assuming that there exists g > 0 and two sequences (z,,6,) and (y,, o, ) such that
™

|xn - ynl + |0n - Unl Z €0

(bl(xn) - (bl(yn) —0

cos(0n, — on)d2(xn) — d2(yn) — 0

da(xy) sin(0, —o,) = 0
as n — 0o. Since ¢9 is bounded from below by 1, we deduce that sin(6,, — o,,) — 0. Up to a subsequence, we
can assume that 6,, — o, — § and we thus deduce that 6 = 0. Hence, |z, — yn| > 5 for large n’s. Thanks to
a Taylor expansion in 6, — o,,, we can also get that ¢z(x,) — ¢2(yn) — 0. Because |z,, — y,| > 5, we then
get that z,, and y,, remain in a bounded interval. We can thus assume that z,, — x, and y,, — y.. Finally,
we have ¢;(x.) = ¢s(y.) for i = 1,2 and |z, — y.| >  which is impossible. The proof of the lemma is now

complete.
O

Proof of Lemma 4.2. The second estimate is satisfied if Cy is chosen such that

Cy Zig%) <7"— (T_7?:>2+)

We now prove the first estimate. We distinguish three cases:
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Case 1: <1 and y < 1. In this case, e and €Y are bounded and the definition of ug in terms of the
Lipschitz continuous function @y implies

uo(2) —uo(y)| < C

for some constant C > 0.

Case 2: (z<landy>1)or (z>1andy<1). The two cases can be treated similarly and we assume
here that z <1 and y > 1. In that case ¢ (z,6) = (a,b) with ¢ € R and b € C with |b| < e (see (4.31)) and
¥(y, o) = (0,eYTi). Moreover, there exists a constant C' such that

uo(z) — uo(y)] < C(1 +¢¥).

We also have

[¥(@,0) = ¥(y,0)| =v/a? + [ev 7 — bJ2

Z|ey+io _ bl
>e¥ — |b|
>e¥ —e.
Hence,
luo(z) —uo(y)] < C(l+e)+Ce’ —e)
Kt
< C(l+e)+ C%e K 4 64—6(63’ —e)?
oKt
< Cl+etO)+ |90~ v(y.0)

which gives the desired estimate.

Case 3: x > 1 and y > 1. In this case,
(2, 0) = p(y,0)| = "0 — V7| > |e" — ¥

and
luo(z) — uo(y)| < Luyyle” — €],

where L,,, is the Lipschitz constant of @y. Hence, C5 is chosen such that
L 5
Coy > sup | Ly,r — —r" ).
>0 4e

The proof is now complete. O
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