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COMPARISON PRINCIPLE FOR WALSH’S SPIDER HJB EQUATIONS
WITH NON LINEAR LOCAL TIME KIRCHHOFF’S BOUNDARY
TRANSMISSION

ISAAC OHAVI ®
YHEBREW UNIVERSITY OF JERUSALEM, DEPARTMENT OF MATHEMATICS AND
STATISTICS, ISRAEL

Version: November 26, 2023

ABSTRACT. The main purpose of this work is to obtain a comparison principle for viscos-
ity solutions of a system of elliptic Walsh’s spider Hamilton-Jacobi-Bellman equations,
possessing a new boundary condition called non linear local-time Kirchhoff’s transmais-
sion. The main idea is to build test functions at the neighborhood of the vertex solutions
of ODE, with well-designed coefficients. The key point is to impose a ’'local-time’ deriv-
ative at the vertex absorbing the error term induced by - what we decide to call here -

the Kirchhoff’s speed of the Hamiltonians.
Key words: Discontinuous non degenerate Hamilton-Jacobi-Bellman equations, non lin-
ear local-time Kirchhoff’s boundary transmission, comparison principle, speed of Hamiltonian,
Kirchhoff’s speed of Hamiltonians, stochastic optimal scattering control, Walsh’s spider diffu-

sion, local time, non-stickiness, speed measure of a diffusion.

1. INTRODUCTION

We are given R > 0 and K > 0 two boundaries of a 'space/local-time’ domain

(0,R) x (0,K) 3 (1),
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an integer number I (with I > 2), I distinct angles (61, ...,60;) € [0,27)! in the plane R?,

and a controlled spider measure S with constant support (61, ...,0;):

[0, K] x O — M([0,27)),
S = I
(1,9) = > " S(6:,1,9)d,(d6)

i=1
where O is a compact of R’ (and M ([07 27r)) denotes the set of the angle measures en the
plan).

The main target of this work is to obtain a comparison theorem (thus uniqueness)
for continuous viscosity solution of the following Walsh’s spider Hamilton-Jacobi-Bellman
system - Wysn(S) - having a new boundary condition at the vertex 0, called non linear

local-time Kirchhoff’s boundary transmission:

y

Au;(z, 1) + sup { —oi(x, 1, B;)0%ui(z, 1)+
Bi€B;

M%mmmmwm+m@¢m%:q (z,1) € (0, R) x (0, K),

Non linear local-time Kirchhoff’s boundary transmission.:
I
Watsn(S) = aqu+gg{zgaa¢ﬁmwmxn+maﬁg:ﬂxze<QK) (1)

ul(Ra l) = Xi(l)a le [0>K]7

ui(z, K) =T;(x), = €]0,R)]

| V(6.5) € [LII2, V€ [0,K], ui(0,1) = u;(0,1).

In order to simplify our study, we have assumed in our framework that all the rays
R = [0, R] x {i}, i € [1,I] have the same length R > 0, and that Dirichlet boundary
condition y; holds at x = R and 7; at [ = K. A more general setting could be treated
with similar tools: one could for instance consider more general rays, and/or a mix of
local-time Kirchoft’s and Dirichlet boundary conditions at the x = R, | = K, etc.

On the other hand, it should be noted that the supremums and infinimums appearing in
the system do not play a preponderant role in the proof of our comparison theorem, and no
convexity is required. The reader can easily obtain the same lines of proof by considering
other supremums or infinimums, such as Isaac’s HJB equations. We wanted to formulate

the non linearity using Hamiltonians that appear naturally in stochastic control theory.
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The intuition is for the reader to keep an eye on the underlying process, in order to better
understand the behavior of the process at the junction point and its non-stickiness. It is
more precisely the understanding of the non-stickiness, in particular its proof in the case
of a Walsh’s spider diffusion (see few lines below for a brief introduction), that gave us
some intuitions for the construction of the test functions.

Fully nonlinear Hamiltonians can be considered, as soon as they satisfy an ellipticity
condition on each domain R; = [0, R] x {i}, ¢ € [1,I]; quadratic growth with respect to
the gradient; whereas the Kirchhoff’s condition at the vertex 0 must simply be strictly
increasing with respect to the gradient. We aim in an upcoming work, to obtain existence
and uniqueness of system with more general Hamiltonians, and especially with a more
general angular measure. Let us finally mention that our results can be also extended to
time-dependent problems using classical arguments arising from the theory of viscosity
solutions.

We start by explaining why we decided to call the system given in (1): Walsh’s spider
Hamilton-Jacobi-Bellman system - Wasi(S) - before describing more precisely the origins
and the motivations which pushed us to consider a new condition called non linear local-
time Kirchhoff’s boundary transmission, at the vertex 0.

System - Wasn(S) and its variants, whether in the linear or non-linear frameworks,
are more often called in the literature: ”system of PDE posed on a star-shaped network”.
See for instance amongst the vast works on this subject: [6], [12], [13], [14], [16], [17], [18],
[19], [20]...

It is crucial to note that in the most works in literature dealing with the analysis of these
PDE systems posed on networks, the angles appearing in the geometry of the network
do not play any role in obtaining existence, regularity, comparison theorem... Indeed it
appears that we can consider any star-shaped network with exactly the same rays in any
Euclidean space R"™, n > 2; spaced by the same number of angles, without modifying the
mathematical analysis of these PDE systems.

However, PDE posed on networks, are naturally related to diffusions on graphs intro-
duced in the seminal works of Freidlin and Wentzell [9] and Freidlin and Sheu [§]. More
precisely, given I pairs (0, b;);e; of mild coefficients of diffusion from [0, +00) to R sat-

isfying the following condition of ellipticity: Vi € [1,I], o; > 0, and given (ozl, o)
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I

positive constants satisfying Z a; = 1, it is proved in [9] that there exists a continuous
i=1

Feller Markov process (z(-),i(-)) valued in the star-shaped network, whose generator is

given by the following operator:

C*(NRr) = C(NR),
[ = fix) = b(2)0, fi(w) +

o o*(a) ’

S0 )

with domain ,
D(L) = {f €CCWNr), Y i, fi(0) = 0}.
=1

Recall that it is shown in [8] that there exists a one dimensional Wiener process W defined
on a probability space (Q, F,P) and adapted to the natural filtration of (z(-),4(-)), such
that the process (93()) satisfies the following stochastic differential equality:

da(t) = by (z(t))dt + oy (x(t))dW (t) + de(t) , 0<t <T.

In the above equality, the process £(-) is the local time of the process (z(-)) at the vertex

0. Moreover, the process /(-) has continuous increasing paths, starts from 0 and satisfies:

t
Vit € [O,T], / 1{I(S)>0}d6(5) =0, P—as.
0

Recall also that the following It6’s formula was proved in [§]:

o3 (1) Fio (a(1)) ) dt +

N | —

Ao (@(®) = (bun(@()eion @(t)) +
O fiwy (x(8)) oy (2(t) ) AW (t) + Z ;0. f;(0)dl(t), P — a.s, (2)

for any sufficiently regular f.
Diffusions on graphs can also be seen as part of the family of Walsh processes introduced

in the epilogue [2I]. Indeed, if one introduces a spider measure S, such that:

\V/Z € Hl,]]], S(Ql) = Oy,
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the Kirchhoff’s term in the It6’s formula , can be rewritten as:

We now see under this formulation that the geometry of the system is uniquely determined
by the support of the spider measure S, namely the angles (6, ...,07). This is the main
reason which pushed us to call the system : Walsh’s spider Hamilton-Jacobi-Bellman
system - Wy (S), keeping in mind the extension of our result to more general angular
measure. The non linear local-time Kirchhoff’s term appearing in will be transformed
in: )
(0, 1) + gn(fg{ / Byu0(0, 1YW (1, 0)(d6) + ho(l, 19)},
€ 0

with W : [0, K] x O — M([0,27)).

In the linear (parabolic) framework:
(

atui<t7 T, l) - ai(ta T, l)&%uz(ta T, l) + bz(ta T, l)axuz(tv xz, l)
+ci(t, x, Du(t,x, 1) = fi(t,x,1), (t,2,1) € (0,T) x (0,R) x (0, K),

Local time Kirchhoff’s boundary condition:

Ou(t,0,1) + > ai(t,d,u;(t,0,1) = ¢(t,1), (t,1) € (0,T) x (0, K),
) im1 (3)
dyui(t, R,1) =0, (t,1) € (0,T) x (0, K),

V(i,j) € [1,1]%, wi(t,0,1) = u;(t,0,0) = u(t,0,0), (¢1)€]0,7] x [0, K],

Vie [1,1], w(t,x, K)=1(t,z), (t,z)€[0,T]x[0,R],
Vi€ [1, 1], wi(0,2,0) =gi(z,1), (x,1)€[0,R]x [0, K],

system has been studied recently by Martinez-Ohavi in [16].

From a PDE technical aspect, since the variable [ drives dynamically the system only
at the junction point 0 with the presence of the derivative dyu(t,0,[) in the local time
Kirchhoft’s boundary condition, the main challenge was to understand the regularity of
the solution. Under mild assumptions, it is shown that classical solutions of the system
belong to the class C1? in the interior of each edge and C%! in the whole domain (with

respect to the time-space variables (¢,z)). One can expect a regularity in the class C!
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for [ — w(t,0,1) and this is indeed the case (see Theorem 2.4 and point iv) in Definition
2.1 in [16]). Another technical aspect, was to obtain an Holder continuity of the partial
functions | (@ui(t,:1:,l),@xui(t,x,l),ﬁgui(t,m,l)) for any z > 0. It is shown using
Schauder’s estimates, that such regularity is guaranteed by the central assumption on the
ellipticity of the diffusion coefficients on each rays, together with the mild dependency
of the coeflicients and free term with respect to the variable [. The comparison theorem
holds true in the linear case under such regularity class; see Theorem 2.6 in [16]. The
reader has to keep in mind that this class of regularity will be naturally used for test
functions of system - Wash(S) - since if a viscosity solution is in this regularity class,
then the formulation with test functions in this class remains compatible.

Keeping in mind that system characterizes the value function of a problem of a
stochastic scattering control of Walsh’s spider diffusion, with optimal directions selected
by its own local time, the same authors studied existence and uniqueness of Walsh’s spider
process with spinning measure selected from the local time in [15]. More precisely, it is

shown that there exists a unique probability measure P, such that the following process

(fus)(s,x(S)) ~ 0.0 = [ (Oufa(w) + 5T ). )2 e 20)

0<s<T
is a martingale under P, for any f smooth enough. Up to our knowledge, this is the first
result in literature dealing with a non constant spinning measure for a Walsh diffusion.
Moreover, let us quote that uniqueness in distribution of such a process is completely
determined by the uniqueness of the corresponding PDE system given in ({3]).

Now let us now describe the whys and wherefores of considering a non linear local-time
Kirchhoff’s transmission, in the non-linear framework for Wy (S).

Assume that one wants to find the optimal strategy, or the optimal scattering control
at the vertex 0, using the following Kirchhoff’s Hamiltonian (like it appears naturally in

the Ito’s rule (2))):
I

inf { > ai(®)d,ui(0) }

i=1
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As it appears, the optimal control ¢* depends naturally only on the gradient of the value

function at 0, namely:
U*(u) = 9 (9,u1(0), ..., Bu;(0)),

and behaves like a system of first order. This is quite intriguing, since the trajectories of
the spider are chaotic at the junction point, whereas a first continuous order system does
not present any irregularities induced by the behavior of a Brownian motion. Hence, 9*
should depend in some way on the second order terms.

The local time ¢ of the spider is related to the second order terms by the following

quadratic approximation:

;T) | =0

I
. 1 '
ll_rfé EP[ ‘ (2_5221/0 O-iZ(O>1{0§x(s)§a,i(s):i}d5) 40

When the coefficients (c7(0)) anish, the local time disappears and the system be-

1€[1,1] v
haves more like a first order HJB system.

It appears therefore natural to consider the local time as an intrinsic variable to the sto-
chastic control problem with the non linear local-time Kirchhoff’s boundary transmission

(induced by the Itd’s rule extended now to the web/local-time space):

I
O(0, ) + inf { Z;S(Gi,é, ﬁ)@xui(o,é)},
and to obtain an optimal control J* at the vertex 0 given by:
9 (u, £) = 0* ((‘Lul(O,f), ces 8Iu1(0,£),€).

The dependence on the second order terms appears now with the quadratic approximation
of the local time ¢ given in ({4]).

Another key point when we study the behavior of a Walsh’s spider motion, is to notice
that all discontinuities generated by the coefficients (b;(0) # b;(0),0;(0) # aj(O))#j,
disappear in [t6’s rule (2)) with the aid of what we call the non-stickiness condition satisfied

by the Walsh’s spider (z(t), i(t))t>0 at 0:

t
Vit > O, / 1{z(s):0}d8 = 0, P a.s.
0
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To obtain this non-stickiness condition, the authors in [8] used an ordinary differential
equation (ODE). This ODE involves coefficients depending on the speed measure s;(z)dx
of the Walsh’s spider on each rays:

Ve >0, Vie[l,I], si(z)dx= 2 exp (/096 2bi(z)dz)dx. (5)

o} (x) a7 (2)

This fact has given us the intuitions to build test functions of system at the vertex 0.

If one considers the following Hamiltonians (Hi, ie1,1 ]])

[0, R] x [0, K] x R® = R,

(:E7lau7p’ S) = )\U + sup { - O’Z('rvhﬂl)s_‘_bl(x)lvﬁz)p_‘_ hl(l‘7laﬁl)}7
Bi€B;

Hi =
appearing on each rays of system , we can define similarly to the speed measure s;(x)dz,
the speed of the Hamiltonians (Speca(H;), @ € [1,1]) as:

0,R] x [0, K] x R — R,

S ee (Hz> = bz [ i hz [ i
pecd (z,1,p) — Sup{ (w’ ’i)(];; 5.3% ’ﬂ>}

Bi€B;
To prove the comparison theorem for system , we will build test functions at the

junction point 0 solutions of ODE with coefficients that may be viewed as a kind of

envelope of all possible errors of the speed of the Hamiltonians (Speed(Hi))i The key

e[L,1]°
point in this construction is to impose a local-time derivative with respect to variable [,
at 0 - 0;¢(0,1) - that will absorb all the error term induced by - that we have decide to

call - the Kirchhoff’s speed of the Hamiltonians - (K;Speea(H;), i € [1,1]) - given by:

[0, R] % mme%R
ICfSpeed =

(@ka»gé{EjS&Jﬁ )SpecalH) (.1, p) }

Up to our knowledge, this is the first result of uniqueness for HJB elliptic PDE sys-
tem posed on a star shaped-network, having a nonlinear Kirchhoft’s condition and non
vanishing viscosity at the vertex.

Recall that in the theory of viscosity solutions, the formulation of upper and sub solu-

tions for a second order nonlinear problem with Neumann N (or Kirchhoff”s) boundary
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condition:

H(z,u(z), Vu(z), Au(z)) =0, z€Q, ©)
, 6

N (z,u(z), Vu(z)) =0, z €
(where Q denotes a smooth open set of R™) can be stated in the strong sense namely using
only the Neumann condition N(-) at the boundary for both upper and sub solutions, or
in the classical sense with both terms N(-) and H(-), considering at the boundary 02 the
term N(-) A H(-) for sub solutions and N(-) V H(-) for supper solutions (see Section 7 in
[5]). More precisely, in almost all cases the proof of the comparison theorem consists in

introducing the doubling variable method, with the function:

2
R”
2e2

_lr = ylee

Ve >0, w:(z,y)=u(z) —v(y) (x,y) € R",

(where u is a supper solution, whereas v is a sub solution of (6])) and to obtain a contra-
diction, passing to the limit when ¢ \, 0, locally at any point € . When 2 € 99, both
conditions F' and H are then considered, and the Hamiltonian H has to be continuous at
the neighborhood of any point z € 0€2. Consequently, we will get that this method will
fail for system ([I]), because of the discontinuities of the Hamiltonians at 0.

We will see that the construction of the test function for proving the comparison theorem
in this work, allow us to formulate supper and sub viscosity solution in the strong sense
at 0. Note that the non linear local-time Kirchhoff’s boundary transmission appears at
0, without considering any values of the Hamiltonians at the vertex.

To finish this introduction, let us give an account of the main works that have been
done in literature for similar systems close to . Note that the key fact in most all of
them, is to consider a vanishing viscosity at the vertex 0, which is not the case here.

In [12], the authors introduce a notion of state-constraint viscosity solutions for one
dimensional “junction”-type problems for first order Hamilton-Jacobi equations with non-
convex coercive Hamiltonians and study its well-posedness and stability properties. Let
us quote that in this work, the main results do not require any convexity conditions on
the Hamiltonians, contrary to all the previous literature that is based on the control (de-
terministic) theoretical interpretation of the problem. Among the long list of references

on this topic with convex Hamiltonians, we can cite for instance: [1], [2], [3], [4], [6],
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[7]. The same authors in [I3] have studied multi-dimensional junction problems for first
and second-order PDE with Kirchhoff-type Neumann boundary conditions, showing that
their generalized viscosity solutions are unique, but still with a vanishing viscosity at the
vertex for the second order terms. Finally, let us cite the interesting approach studied in
[14], where it is considered star-shaped tubular domains consisting of a number of non-
intersecting, semi-infinite strips of small thickness that are connected by a central region.
It is shown that classical regular solutions of uniformly elliptic partial differential equa-
tions converge in the thin-domain limit, to the unique solution of a second-order partial
differential equation on the network satisfying an effective Kirchhoff-type transmission
condition at the junction.

The paper is organized as follows: In Section [2| we introduce the main notations and
we state the main Theorem of this work. Section [3|is dedicated to give a sketch of
proof in the linear case of our method, for simple elliptic PDE, in order to give to the
reader some intuitions and ideas that will be used for the construction of tests functions
for our central Theorem [2.2] Finally in Section [, we prove our main Theorem, that is
the comparison principle for system ([I).

2. NOTATIONS AND DEFINITIONS

In this section, we introduce the main notations-definitions and we state our main
Theorem . In all this work, we fix R > 0 and K > 0 the boundary of the ’space/local-
time’ domain

(0,R) x (0,K) > (z,)
where the system will be studied.

We are given an integer number [ (with / > 2) and [ distinct angles (0y,...,60;) €
[0,27)7 in the plane R?. We introduce the space of the spiders measures on the plan R?,
denoted by:

Z[(0:)iep,n)-
consisting on the set of the discrete measures ([0,27),B([0,2)), having (61,...,6;) as

constant support.
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In other terms M € Z[(6;)icpr,iy] if and only if there exists (M(6;),...,M(6;)) €
[0, +00)! such that:

ZM )09, (dB).

To the angles (64, . .., 0;), we associate on the oriented euclidean plan (Oge, i, ¥), a bounded

star-shaped network Ny defined by:
I
Nr=|JRi, with Vi€ [L 1], (@,R:) =6

=1

Vi e [[171]] Ri = [OaR] and V(Z,])G [[17[]]27 Z#]? RiﬂRj:OR27

consisting of I compact rays R; = [0,R] (R > 0) emanating from the origin Ogz of
the plane R? - that we will often call the junction point or the vertex 0 - and spaced
successively to the abscissa axis by the angles (6y,...,6;).

Let (B;)icp,ip be a collection of I compact sets of R and O a compact set of R’.

We introduce the following data:

(<ai€C([O,R] 0, K] x B, R))

B,.R))

(ni € c(jo. B x [0, K] xB,,R))

1€[1,1]
(bi e ([0, R] x

1€[1,1]

1€[1,1]

Data: (D) (s¢ C([O K]l x O Z[ i)iel1, I]]])
ho € C([0, K] x O,R),
(i € c(l0, K. R))

\(ﬁeC([O,R],R))

ieq1,1]’

ie[LI]
We assume that the data (D) satisfy the following assumptions: (where (A) stands for
the spider measure S, (E) for ellipticity, and (R) for Lipschitz regularity uniformly with

respect to the control variables):
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Assumption (H)

(A) 3¢>0, Vie[l,I], Y(1,9)€[0,K]x0O, SO,,9) > ¢

(E) 3a>0, Vie[l,I], V(z,l,5)€[0,R] x[0,K] x B;, oi(z,1,8;) > a.
(R) 3 (bl |n].¢,7) € (0,+00)", Vi€ [L,1],

bi 7l’ i _bl 7l7 i
(R_i) SUP|bi(fEal7ﬁi)| 4+ sup sup | <x 5> (y 6)’

z,1,Bi LB (zy), z#y |$ - y|
bi 717 [ _bz 7l,7 [
o BELB) IO
z,B; (LU, L4l |l —U

{ 7l’ i) — Y 7l7 7
(R—ii) sup|oi(z,l,5,)| +sup sup |oi(2,1, B;) — 0i(y, 1, By)
@0, LBi (a), oy [z =y

(2 1.8)— oz 1. B
tsup sup ’0}(1], 761) Ol-z('ra 7ﬂz)|
x,B; (L), 1A ‘l —1 |

— Y

(R —iii)  sup |hi(x,l,5;)] +sup sup

e LBi (o), oy |z =yl
. . p— . / .
—|—Sup Sup ’h’b(x7l7/81) ]’i”L('x?l?ﬁZ)l S |h|’
21 (L), 1A =0
S(6;,1,9) — S(6:, ', 9 _
(R —iv) sup|S(6;,1,9)| 4+ sup sup IS¢ ) /< ) < (
1,0 9 (L), 1A L=
ho(l,9) — ho(l', ¥
(R—wv) suplho(l,9)| +sup sup [ho(l, V) /0(’ ) < |h|.
1,9 9 (L), 1AV 1=

Fix now all around this work: \ > 0.

In this study, we will obtain a comparison theorem for the following Walsh’s spi-

der Hamilton-Jacbhi-Bellman system W, (S), having a non linear local-time Kirchhoff’s



HJB EQUATIONS WITH LOCAL TIME KIRCHHOFF’S BOUNDARY CONDITION 13

boundary transmission at 0:

(

Au;(x, 1) + sup { —oi(x, 1, B;)0%u;(z, 1)+
Bi€B;

bi(, 1, B)Owts (2, 1) + (e, l,ﬁi)} —0, (z,0)€(0,R) x (0, K),

Non linear local-time Kirchhoff’s boundary transmission.:
I
Watsh(S) = @mam+g§{§;&@¢ﬁmwmxm+%aﬁﬁ:uxle(mK) (7)

wi(R, 1) =xi(l), 1€]0,K],

ui(z, K) =T;(x), x€]|0,R]

(i, 5) € [L 1%, Vie[0,K], u(0,1) = u;(0,1).

\

Given the following Hamiltonians (H;, ¢ € [1,I]) defined by:

[0,R] x [0, K] x R® - R,

(xalauapa S) = sup {)\U,— Uz(ajahﬁl)‘g—'—bl(:ﬂ?laﬁz)p—i_ hl(ﬂf,l,ﬁl)}
Bi€B;

Hi =

we will often refer in this work to the speed of the Hamiltonians (Speed(Hi), i €1, I]])
and the Kirchhoff’s speed of the Hamiltonians (K;Speea(H;), i € [1,1]), that are both
defined by:

[0,R] x [0, K] Xx R = R,

Speca(H;) = bi(z, L, B)p + hi(z,1, B:))
x,l, '_> su (] ] K3 3 ] (]
( p) 52621{ O-i('r7l76i) }

and

[0,R] x [0,K] x R — R,
ICfSpeed = I
(e,1,p) = int { lewi, 1) SpeealH:) (2, 1,) )

In order to remain consistent with the results obtained in [16], more precisely with the
class of regularity of the solutions in the linear framework (see Introduction in [16]), we

introduce the following space of test functions for continuous viscosity solutions of the
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system W, s, (S):

Cot Wi [0, K1) = {f - N x [0, K], ((2,),0) = fi(w, 1)
Vi e [[]-aj]]7 fz : [Oa R] X [OuK] - Ru (:L‘al> = fz(x7l) € C2’0([07 R] X [OaKDa
¥(i,5,0) € [LI]* x [0, K], f(0,1) = £;(0,1) = £(0,1),
1(0,) € €' (j0. K1) }.
We continue this section by giving the definition of continuous viscosity supper and sub
solutions that belong to C (N r %[0, K ]), defined by:
C(NR X [0>K]) = {f : NR X [O7K]7 (($,Z),l) = fz(mal) ‘
Vi [LI], fi: [0, B] x [0,K] = R, (2.0) = fi(x,1) € C°([0, R] x [0, K]),
V(i,3,0) € [1L 11 x [0, K], £:(0,0) = £;(0,0) = £(0,1)}.
for the Walsh’s spider HJB system - W5, (S) - given in .
Definition 2.1. Let u € C(Ng x [0, K]).
a) We say that u is a continuous viscosity supper solution of the Waysi(S) system ,
if for all test function ¢ € ng(l) (NR x [0, K]) and for all local minimum point
(s ix, Ix) € [0, R] X [1,1] x [0, K] of u — ¢, we have:

;

)‘¢i* (l’*, l*) + sup { — 04, (Z‘*, l*: 61)&%@251* (‘T*7 l*)+
Biy €EBi

bi*(x*al*aﬁi)8x¢i*(x*7l*) + h’i*<x*’l*7ﬁi)} Z 07 Zf (xﬂl*) E (OvR) X (07K)7

I
96(0,1,) + ég(fo{ ;S(@-, L, 9)0,5(0,1,) + ho(l*,ﬁ)} <0, if 2.=0. I, € (0,K),

\

b) We say that u is a continuous viscosity sub solution of the Wysn(S) system , if for
all test function ¢ € ng‘f (N x [0, K]) and for all local mazimum point
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(4,05, 1) € [0, R] x [1,1] x [0, K] of u — ¢, we have:

(

Ay (24, 1,) + sup {—ai*(x*,l*,ﬁi)agcﬁi*(x*,l*)—i—
Bi, €B;,

bi (s s B0)0ui, (20, ) + i (@0, L, B) } <0, if (2 1,) € (0, R) x (0, K),

I
al¢(07 l*) + érel(g{ ;S(eh l*yﬁ)axgbl(oa l*) + hO(l*719)} Z 07 Zf Ty = 0. l* € (07 K)?

\

c) We say that u is a continuous viscosity solution of the Wysn(S) system , if it is both
a continuous viscosity supper and sub solution of the Wasn(S) system .

The main result of this work is the following Theorem:

Theorem 2.2. (Comparison Theorem.) Assume assumption (H). Let v € C(Ng x
[0, K]) a continuous viscosity sub solution and u € C(Ng x [0, K]) a continuous viscosity
supper solution of the Walsh’s spider HJB system - Wysn(S) - given in , satisfying the

following boundary conditions:

Vie[1,I], Viel0,K], u(R,l)>v(R,I),
Vie[l1,I], Yexe[0,R], wl(z,K)>v(z,K).
Then we have:
V(z,i,0) € [0,R] x [1,I] x [0, K], u;(z,1) > v;(x,1).
3. A SHORT EXAMPLE FOR THE CONSTRUCTION OF TEST FUNCTIONS IN THE LINEAR
CASE

As a short introduction of the method that will be used in this work to prove our
main Theorem [2.2] we propose in this section for the convenience of the reader, a simple
example in the linear framework.

Consider the following elliptic linear PDE posed on the open set (0, R), with Neumann

boundary condition at = 0 and Dirichlet boundary condition at + = R:

Au(z) — o(x)0%u(xr) =0, z € (0,R),
0,u(0) =0, u(R) =z,
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where A\ > 0. o € C[0, R] is strictly positive (elliptic) and z € R. We are going to give a
simple sketch of proof for a comparison theorem.

Let f (and resp. g) be a supper (resp. sub) continuous viscosity solution of (namely
in the class C([0, R]) in the sens of Definition adapted to the simple example (§)).
As explained in introduction, all our concentrations are focused on the behavior at the
boundary x = 0, hence we will only show that the following assumption:

o { 9(a) = f(z) } = g(0) = f(0) >0, (9)
will lead to a contradiction.

Let n > 0 and 7 > 0 be two small parameters and ¢ € (0, R) designed to drive the
construction of the test functions at the neighborhood 2 = 0. Define ¢ = ¢(e,n,7) the

solution of the following ordinary differential equation:

~o2g(w) + My weqo,0,
O'(ZL’) ’ (10)
?(0) =0, é(e) = f(e) = f(0) =,
The solution satisfies:
vo €0, 3o) = 1)~ F0) =1+ 0500 -2+ [ [+ 3T azan

We are going to prove that ¢ is a test function of the supper solution f at = 0. To
obtain this fact, it is enough to show that the minimum of f — ¢ on the compact set [0, €]

is necessary reached at z = 0, and this is the case since:

-we have f(0) — ¢(0) < f(e) — ¢(¢),
-and if the minimum of f — ¢ is reached at the interior of [0, €], for instance at y € (0, ¢),

because f is a supper solution we should have:

—no(y) = —o(y)02é(y) + Af(y) > 0,

which is a contradiction (recall that n > 0 and o(y) > 0). Therefore ¢ is a test function

of the supper solution f at x = 0, and this implies:

9:¢(0) < 0.
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Using that ¢(0) = 0, we get:

0> 0,3(0) = f(€) - 7+//

and therefore:

/ / MY tau> fe) — £(0) - . (11)

Analogously for the sub solution g, we define ¢ = ¢(g,7,7) the solution of the following

ordinary differential equation:

The solution satisfies:

Ve e 0,e), olx) = g(e) — 9(0) + 7 + ol — <) // )dzdu

and with the same arguments behind, we can show that ¢ is a test function of the sub
solution g at x = 0 (the maximum of g — ¢ on the compact set [0, €] is necessary reached
at x = 0). We get then:

2,6(0) = 0,

and therefore using that ¢(0) =

/ / ))dzdu < g(e) —g(0) + . (13)

Now combining both and , we obtain:

[ e M TN iy < ey - g0) - 1161 500+ 2

Sending v N\, 0 and 1 \, 0, we have:

lim sup /Oa /Ou (—2n+ Mote) - f(z»)dzdu < liminf (g(e) — g(0) — f(g) + £(0) + 2v),

7\O o(z) N0

which leads to:
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Therefore as expected at the beginning of the sketch of proof, if we assume @ that is:

sup { g(z) — f(z) } = g(0) = f(0) >0,

v€(0,R]
/05 /0“ A(g(za)é)f ) tedu < 0.

= / / A(g(z;(;)ﬂz)) dadts <0,

and finally sending € ™\ 0:
1 [ [“A —
lim—/ / (g(z) f(z))dzdu <0,
0o Jo o(z)

we get:

Dividing by €2 we obtain:

e\0 g2

we get:
A
T.)(Q(O) — f(0)) <0,

o

and this leads to a contradiction with the assumption @ using that A > 0 and the el-
lipticity condition at x = 0: (¢(0) > 0). We obtain therefore the result expected at the
beginning of this sketch of proof.

4. PROOF OF THEOREM

We state first the following Proposition, that will be useful for the construction of the

test functions at the neighborhood of the vertex 0.

Proposition 4.1. Let 7 > 0 and (B,H) € R%. Fize >0, k > 0 and (n,7) € R?, be four
small parameters (e, k, |n|,|y] << 1) (expected to be sent to 0.) Assume that € is small
enough in order to satisfy:

1 — |Bleexp(|Ble) > 0. (14)

Let w™ and (zf’”) be real bounded sequences indexed by (¢, K):

i€[1,1]

Jw >0, 32 >0, sup|w”| <w, max supsup|z"| < z.
>0 i€[LI] >0 £>0

For a given ¢ € (0,400) and S > 0:

(i)-the following parametric ordinary differential equation posed on the domain N x [{ —
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K, 0+ K]
ri(z, 1) — 024;(z,1) + B|lOyi(z, )|+ H+n =0, z€(0,&), l€{—rkL+r),

$(0,1) = w+ S —0), ¥ile,]) =2+ S(I—0) +~, 1€[l—r(+r],

(15)
admits a unique solution.:
v = 7/’(& k1,7, S, W (Ziaﬁ)z‘e[[l,lﬂ>
in the class Cg:(l) (Nz x [0 — K, 0+ K]).
(i1)-Fiz B > 0. As soon as we impose k = k. small enough in order to verify
B ri| Bl exp(2|Ble)
1—= Ble) - 1) — 1
ri(exp(|Ble) —1) = BT R > 0 (16)
then there exists
S(8) = S(B.esmm 10", (5% 1 cp ) 20
such that:
Viell = g
€[6—rl+n], 09(0,1) = 5(B) 2 Z(|BlIOsy] + [H| +n] ). (17)

(111)- Assume moreover that the sequences (w”, (257’{)1'6[[1,1]]) satisfy:

Vi e [1, 1], ?{%hm\syp ‘Z;—w _wn} = 0.

Then for all 5 > 0 and the choice of the parameter S(f) = S<B,€, Ky 1, Y, W, (zf’”)ie[[l 1]])
satisfying , the solution:

v = (287 SB) 0", (57) 0y ) = V5

/ / Vg (2, Ddzdu — w”

Proof. Fix for a while [ € [{ — kK, {+ k|, viewed as an external parameter. We obtain easily

of satisfies:

=0.

lim sup lim sup lim sup lim sup max
e\0 AN 7 \0 N0 €[] le[ﬁ K ﬁ—i—n]

(18)

the unique solvability on each rays R.; := [0,¢] x {i},i € [1, I] of (using for instance
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the Corollary 1.9-II given in [I0]). Remarking that the sequence w” is independent of
i € [1,I], we obtain by extension the unique solvability in the class C? (/\/;)
Set

M = M(k,v,n,5) =w+z+ kS + |7+

H

It is easy to check that constant map x — M (resp. x — —M) is a supper solution (resp.
sub solution) of , which implies that:

Vie [1,1], VY(z, 1) €[0,e] X [l —r, L+ K], |Yi(z,1)] <M. (20)
Since we have for all i € [1,I] and for all (z,1) € (0,¢) x (¢ — K, { + K):

it follows from Gronwall’s Lemma that for all (z,1) € (0,¢) x ({ — k, 0 + K):

rM + |H| + |n]

|0xt)i(, 1)] < [0:40:(0, 1)| exp(| Ble) + B

(exp(|Ble) — 1), (21)

(with the convention ((exp(|Ble) — 1)/|B|)|B|:0
Observe now that for all [ € (¢ — k, ¢+ k) and for all 7 € [1, I]:

=¢).

y 4 20— wt = 20,0(0,1) + /0 /Ou (rei(z0) + Blowti(2, 0] + H + ) dzdu, — (22)
and therefore from , and :
0.01(0.D)] <~y + 2 — wl + cexp(BIe) (C1m 7., ) + | BII:0.D)] ), (23)
Cr = Ci(k,7,n,5) = r(w + 2 + &S + [v]) + 2(|H] + |n]) (24)
From , we see that as soon as we impose € small enough to get:
1 — |Bleexp(|Ble) > 0,

we obtain that for all [ € (¢ — k,{ + ) and for all i € [1, I]:

1
1 — |Bleexp(|Ble)

]' &K K
9:04(0.0)] < S+ =" =t + Crzexp(B)|. (29)

Since the sequences w" and z;" are uniformly bounded and the parameter x << 1 is

small enough, we obtain clearly that the sequence (@/J(,Z)) is equicontinuous

l€[l—K +K]
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in the class C***(N;) (for some o € (0,1)), uniformly with respect to the parameter
l € [l — k,{+ k]. In other words:
i [0 Dlle2te ey < (26)
where C. > 0 is a positive constant independent of .
Let us show that ¥ and its first-second derivative are continuous with respect to variable
[. For this purpose, let (I,,) be a sequence of [ —k, £+ k] converging to | € [{ —k, (+k]. We
deduce with the aid of , Ascoli’s theorem and the boundary conditions, that (-, 1,)
will converge up to sub sequence in C**¢ (./\/5) to a solution of , that is indeed (-, )

by uniqueness. Therefore the map:
[0 — K, 0+ K] — C*T(NL)
L= (D),
is continuous. We conclude that 1 is in the class cg;(f (/\/fE X [0 — kK, 0+ /{]), since clearly
L (0,1) € CH([l — K, L+ K]).
Let us show now . Fix 8 > 0. With the aid of and , we have:
0,01 = max Lsup { 0@, 0], (2,0) € [0,e] x [0 =k, 0+ 4] }} <
e 1,

[1.1]

exp(|Ble) L

T Bleom(BIE L Az A~ e Gl S)eexp(Ble) [+
Ci(k,7,n,5)

S (ep(1Ble) 1), (27)

where we recall that C; = Cy(k,v,n,S) is given in by:
Ci(k,v,m,5) =r(w+z+ kS + [7]) + 2(H| + [n]).

Let choose k. > 0 small enough, such that for all x < k.:

r&| Bl exp(2|Ble)

> 0.
1 — | Ble exp(|Ble)

1-— grn(exp(]Bk) - 1) —-p

We observe from and the expression of the constant C(k,~,7,.5), that if we set the

parameter S > 0:

S - S(ﬂ) = S<ﬁ7€7"€7n777w’{7 (Zfﬁ)iE[[l,I]]> 2 O’
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such that:
exp(|Ble) 1 n
s 2B 1—|B|5exp(|B|5)[ max—ly+2" — w4 Coly,me exp(| Ble) ]
e 6] re|Blexp(2|Ble) ’
L= CralexelIBIE) 1) = AT B (1B]9)
Ca(v,m) B
il PO 8 m e
1= Zin(exp(IBe) - 1) - pHPLRCIDE) '
c P 1 — |Ble exp(|Ble)
with:
Co(y,m) = r(w+ 2+ ) + 2(|H| + n]). (29)

we will obtain:

mlm

S(B) = =(IB10.4] + | H| + [n]),

namely holds true.
To conclude observe first that since both sequences w® and z;"" are uniformly bounded,

we will obtain in that the parameter:

S(ﬁ) = S(B?‘ga /‘67777’7’"60'{7 (257’{)16[[1 I]]) (B,€ R, 1, ")/)
will satisfy:

limsup limsup limsup &S(8,¢,k,1,7) = 0. (30)
ENO n\0 N\O

Let [ € [( — k, €+ k]. Now for ¢ = ¢5™™", which satisfies:

all/}<07 l) = S(ﬁa €, R, 1, 7)7

we have for all i € [1, I] (recall that: 5™"7(0,1) = w* + S(B,&,k,1,7)(l — 0)):
52/ / YEE (2, D) dzdu — wt| <
52/ / Vg (w”—i—S(B,s,n,n,y)(l—E)))dzdu‘—i—fiS(ﬁ,e,/ﬁ;,n,y) <
523 / / / D455 (1) dtdzdul| + kS (B, e, k,1,7) <

§|am¢;ﬁmﬁ’ + KS(BJ €, R, 1, 7) :
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R

Hence if the sequences <w“, (zi’ )Z - I]]) satisfy:

Vi € [1,1], limlimsup |z —w"| =0,
[1,1], lim \Opl |

we see from the expression given and the convergence , that we will obtain:

lim sup lim sup lim sup lim sup max / / Vg (2, D)dzdu — w™| = 0.
eN\0 KN\ 7\0 N0 €[L] lG[E K f—l—n]
The proof is complete. 0

We are able now to prove the central result of this work: Theorem

Proof. Let f (and resp. g) be a supper (resp. sub) continuous viscosity solution of .
Fix in the sequel / € [0, K). We argue by contradiction assuming that:

sup{ () — fi(2), ((x,i),l)e./\/'Rx[g,K]}>O.

Since f and ¢ are in the class C (N r X [0, K ]), using the boundary condition given in the

assumptions of the Theorem, the last supremum is necessary reached at a point:
(24,70, L) € [0, R) x [1,1] x [(, K).

Step 1: Classical arguments at the interior of each rays. Assume first that: x, > 0.
Let V(z,) be a neighborhood of x, strictly included in the ray R;. When [, € [¢, K) is

fixed, the following Hamiltonian (parameterized by 1) :

V(r,) x R3 - R
Hf: =9 (z,u,p.S) — \u+ SUDg, ep, { — Uf*(m,l*,ﬁi*)S—I— )
bi* (SC, l*, ﬁi*)p + hi* (:E, l*7 Bi*)}?

is continuous because:

-linear in w,

-convex in (p, S),

-assumption (H — R) states that all the coefficients (o, b;, h;)icpi,17 are Lipschitz continu-
ous, uniformly in the control variables (/3; € B;)icp,i;- This imply the Lipschitz continuity

of Hf: with respect to the variable x.
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Moreover, we have that the classical assumptions introduced in the seminal work [5]

(Theorem 3.3) hold true, which are:

(i) Y(z,u,v,p,S)€[0,R] xR® ifu>wv, then

Hf:(x,u,p, S) — Hf:(x,v,p.S) > Mu—wv), with A >0,

(i) 3w e C(R,R,), w(0)=0, Ya>0, ¥(z,y,upX,Y)€ [0, R x R,

10 X 0 1 -1
such that: — 3« < < 3« , then :

01 0 -Y -1 1

Hi (y,u, Bz —y).Y) — H (z,u, a(z — y), X) < w(alz —y> + |z — y|).

(Recall that the last property (i) holds true since the coefficients (o;,b;, hi)icp i, are
Lipschitz continuous uniformly in the control variables (3; € B;)icpi,iy - see Example 3.6
in [5] for instance - and [ = [, is fixed).

Since the Hamiltonian Hf: does not have any dependency with some derivative with
respect to the variable [, we can proceed with the classical arguments of the theory of
viscosity solution to obtain a contradiction, that are:

-applying the doubling variable method with the function (here parameterized by (i,.l.))
defined by :

A 1
Ve > O? wéz*'l*)(m7y) = gi*<x7l*) - fi*(‘ra l*) - 2_€le - y|27 (:L‘7y) € Vi*(x*) X Vi* (ZL‘*),

(recall that V;, () is a neighborhood of z, strictly included in R;,).

-use the Ishii’s matrix lemma (see for example Theorem 3.2 in [5]). (Recall that H}* is
continuous at the neighborhood of x,, which implies that the equivalent definition of a
supper (resp. sub solutions) with the closure of the second-order supper jet (resp. sub jet)
of f (resp. g) at x, holds true).

In the rest of this proof we assume that:

Sup{ gi(z, 1) — fi(z,0), ((:L‘,i),l) € Nr x [{, K] } =¢(0,0,) — f(0,,) >0, (31)
where we recall that: [, € [(,K), (€ (0,K).
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Step 2: introduction of test functions depending on the speed of the Hamil-

tonians. We scale first f and g at the vertex 0. Set:

(f(0,%) +9(0,L.)).

N | —

O(f,g9) =

It is easy to verify that:

u=f—-0(fg), v=g-06(f9), (32)

are respectively supper solution and sub solution of the following system with non linear

local time’s Kirchhoff’s boundary transmission, posed on the domain Ny x [0, K|:

()\wi(xu l) + )\@(f7 g) + sup { - O-i(qza l?ﬁz)ang(xv l>+

Bi€B;

bz(vaﬂz)axwz(xal) + hz(mal>ﬁz)} = Oa (.CE, l) € (OaR) X (07K)7
I

D (0, 1) + gg(fo{ > S(60:. 1, 9)d,wi(1, 0) + ho(l,ﬁ)} —0, 1€ (0,K)

~ (33)
wi(R, 1) = xi(l) = O(f,9), 1€0,K],
wi(z, K) = Ti(z) = ©(f,9), = €[0,R]
| ¥(i,5) € [L 112, i€ [0, K], wi(0,0) = wy(0,1).
Remark that:
u(0,1) = 3(£(0,1) = 9(0.1)) <0, v(0,1) = 3(9(0,) = f(0,1)) >0,
0(0,1,) — u(0,1,) = g(0,1,) — £(0,1,) > 0. (34)

In the sequel, drawing on the method introduced in the last Section [3] we will build in
the neighborhood of (0, ;) test functions for the supper solution u (resp. sub solution v)
of that will solve ordinary differential equations possessing only constant coefficients.
This coefficients may be viewed as a kind a supreme envelope of all possible first order

errors of the speed of the Hamiltonians (Speed(Hi), ie[1,1 ]]) defined by:

0,R] x [0, K] x R — R,

Speea(H;) = bi(z, L, B)p + hi(z,1, B:))
x,l, '_> su (] Y K3 (3 P (]
( p) 5z€gz{ O-i(x7l76i) }




26 ISAAC OHAVI

where the Hamiltonian (Hi, ie 1, I]]) are given by:

[0, R] x [0, K] x R® = R,

(xvlauapa S) = /\U+ sup { - Uz(xvl7ﬁl)s+bz($7lvﬁz)p+ hz(xalaﬁz)}
Bi€B;

Hi =

The key point in the construction is to impose a derivative with respect to the ’local-time’
variable [ at x = 0 that will absorb all the errors induced by the Kirchhoff’s speed of the

Hamiltonians, given by:
0,R] x [0,K] x R — R,

K Spee = I ' ‘ ' '
! ' (ZL’,l,p) > inf {Zg(eul,ﬁ) Sup{bl(x?l’ﬁz)p—i_hl(x’l’ﬁl)}}

Je0 Bi€B; O—i<x7 lv Bz)

(35)

i=1
Fix ¢ > 0 and k > 0 two small parameters expected to be sent to 0. Using and

the continuity of u and v, there exists a neighborhood of the vertex (0,l,) denoted by
V((O, L), (e, /@)) and defined by:

V((O,l*), (5.m)> = {((x,i),l) ENpX[,K], 1<¢e, 0<l,—r<I<l,+kK< K},
such that:
V((z,4),1) € V((O,l*), (5,/-@)), vi(z,1) >0, w(z,l) <0, v(x,l)—w(z,l) >0. (36)

In the sequel we introduce also n > 0 and v > 0 two small strictly positive parameters,

designed to drive the construction of the test functions at the neighborhood of the vertex

(0,L4).
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Set in the sequel:

t(\O(f,9)) = rO(f, g)(ile (f9)>0 T il@(f 9)<0);
HA(F.9)) = 460 9) (S a0 + ZLorraro) (37)

w*(0) = sup {u(0,1), 1€ [l — &L +r]},
Vie [1,1], ui(e) =inf{u(e,l), 1€l —rl+r},
v*(0) = inf {0(0,1), 1€ [l, — K, L +r]},

Vie [1,1], vi(e) =sup{uvile,l), € [l—r L +r]}, (38)

(2

Let S > 0and S > 0 be two parameters designed to characterize the "local-time’ derivative

of the tests functions at 0. Using Proposition we introduce

¢=0o(u,e,m,7,5), ¢=0v,en,7,5)

(denoted in the next lines lines (5, @ for the seek of clarity) the two solutions of the two

following ordinary parametric differential equation systems posed on N X [0, k]

25— 02w 1) + (1, 0/, )
+ (108w, D1 + 1) o = =, (1) € (0,) X (1 = i, L + k),

. (39)
8(0,1) = 7(0) + S(U - L),
(Gi(e ) =ui(e) =y + S L), L€[l—rl+n], ie[L1].
and:
(2, 020,(.0) + 1(1.6(£.0)
-(Mlog @i+ hl)/z=n. @De@ex . —nbtr,

?(O’ l) :Qﬁ(()) —ﬁ(l—l*),
o(e,))=v(e)+v—S(U—1), L€ly—rKl+E], i€][l,I1].

\ i

Assumption (#) combined with Proposition state that both solutions ¢ and ¢ are

unique and in the class of test functions Cg:? (N X [le = B, L + K]).
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Step 3: ¢ (resp. ¢) is a test function of the supper solution u (resp. the sub
solution v) at the vertex 0 of the Walsh’s spider HJB system (33)).

We start to show that ¢ is a test function of the supper solution u at 0 of the HJB
system . The second case involving ¢ for the sub solution v can be treated with the
same arguments.

We are then going to show that the minimum of u— ¢ on the domain N; x [I, — &, , + &),
is necessarily reached at some point (0,1,) with [, € [l, — &, [, + x]. Using the boundary
conditions satisfied by ¢ and the expressions given in (37), we obtain that Vi € [1, I] and
Vie [l, — kL + K]

u(0,1) (0,1) = u(0,1) —u*(0) = S(I = 1,) < =S(l - 1,),

_5 —
Vie [1,1], wile 1) — ¢;(e,1) =ui(e,l) —uf(e) = S(U—1,) +v>-S(1—1,),

which implies that the minimum of u — ¢ can not be reached at (z = ¢,1) with [ €
[l — R, L + K.

Assume now that minimum of u — ¢ is reached at some point
(v:5,) € (0,8) x [1,1] x [l — 5, L, + #].

As it is classical in the viscosity formulation, we can without lose of generality assume

that:
uj<y7 6) - aj (y7 6)
Since u is a supper solution of the system , we have by definition (recall that 0 <

l—k<lL+r<K):

Auj(y, €) + AO(f, g)+

sup { = o5(y. £ 87)026,(4,0) + by (. £. )28,y ) + hyy, . 5) | = 0. (41)

B;€B;
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Hence using the expression of the system of ordinary differential equation satisfied
by ¢ we get:

i (y, 0
Auj(y, £) +AO(f, g) + ;,21; { —oi(y, ¢, B5)n — o;(y, L, Bj)w

— 35,6, B;)E (N, O(£,9)) = 739, €. B) (PI10:0;(y, O] + |A]) /o
b3y, £.8,)0:8;(y. )+ s (4.£.8) } > 0. (42)

Using now that n > 0, u;(y,¢) < 0 (see (36)), the expression off()\, O(f, g)) given in ([37))
and the central ellipticity condition satisfied by the coefficient ¢; (assumption H —E), we

get that the last quantity is smaller than:

[Auj(y,é) + sup {—o;(y, ¢, 5;)%%@}}

Bi€B;

+ [)‘@(fa g) + sup {_O-j(y’€7 BJ)E(/\’ @(f’ g>)}]

B;€B;
+ [ (18110:8, 0, 0 + 1) = (bl1.6;y. O] + 1] |

+ sup {—o;(y, ¢, Bj)n} < —an <0,
Bi€B;

and that leads to a contradiction with . We conclude that ¢ is a test function of the

supper solution u at the vertex 0, namely there exists I, € [I, — &, [, + x| such that:

8,6(0,1,) + inf {ZS 01, 9)0,6:(0,1 )+h0(zﬁ,19)} <0. (43)

196(9

As announced at the beginning of this Step, using the same arguments, we can show easily
that ¢ is a test function of the sub solution v at 0, namely there exists [, € [I, — &, [, + K]

such that:
2,6(0,L,) + inf {ZS 01,1, 0)0.0.(0,1,) + ho(lmﬁ)} >0, (44)

Step 3: Conclusion. Fix ¥ € O. Without loss of generality, in the construction of the

tests functions in Step 1 and the results obtained in Step 2, we know from Proposition
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M1 that for e << 1, k << 1, there exists

(Cu 87 R, T]? 7) - §(27 87 K, |z(/\7 ®(f7 g))‘ + 777 |h|’ |a$$|7ﬂﬁ(0)7 (Q%%g))ie[[l,j]])’

5-53
8 = 8(C.e.k,m.7) = S(Coes o[£\ OF 9)) |+ 1. Al 1001, 0% (0), (7)) 1y 1)

such that:

8l¢(0, l,{) = g(c; €, kR, 1, PY) Z

10]|0.¢| + |h]
MO

(IE\ ©(F, )] + 7+

bl|0:¢| + |h
UCTELUN
g

o |3 oS

80(0,,) = S(C.e,mm,7) = > (1L O(f, )| + 7 (46)

Recall that C is given in assumption (% —R), and we have denoted for w € C? (/\f8 x [0, K,]),
|0,w| = max;sup, ) [Oyw;(x,1)|. As an interpretation, roughly speaking and
implies that the ’local-time’ time derivative of the test function (g_zﬁ, ?) at 0 absorb the
error term induced by the Kirchhoff’s speed of the Hamlitonians defined in , scaled
by 1/e.
Remark first that since [, € [l — K, 1, + K] and l. € [l — Rk, l, + K|, we have:
il =1, Tl =1, (47)

and from the expressions given in and the continuity of u and v we get:

Vi€ [1,1], limeglimsup, (05 (e) = v(0,1), limeolimsup,\ ouf(e) = u(0,1,),

lim,\ o 0"(0) = v(0, 1), lim0u"(0) =u(0,L). (48)
Using and (32), we know that for all € [1, I]:
ui(e, b)) —u(0,1,) —vi(e, 1) +v(0, L) = file,lx) — f(0,1) — gi(e, k) + g(0,1,) > 0.
Hence we deduce that for all 7 € [1, I]:

lim i (e) —"(0) — 75 (e) +27(0) 2 0,
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and therefore:
k. >0, Vi < ke, uf(e) —u"(0) —of(e) +v"(0) > —&. (49)

From the expressions of the ordinary differential equations — satisfied by that ¢

and ¢, we obtain:

9:9;(0,1,;) = —1 + - ! ( / / dzdu
/ / i\ 0(f \b||3x¢-( L) + |7] ]dzdu),
9,6, (0.1,) = L+ L(wr(e A% L)
v € 5( / /

€ u ax (2,1,
—/0/0 [z(A,@(f,g))—|bH %0 >|+’h’—n}dzdu>

916(0,1,) = S(C.e,k,m,7),  0p(0,1,) = =S(C,e, K,1,7). (50)

Now we have the necessary tools to conclude. Recall that 9 € O is fixed. Write:

I
05(0,1) + > S(0:, 1, ) 0a (0, 1) + ho (1, 9)—
=1
(96(0.L) + D060 1),0,(0.1,) + ho(L9)) =

S@C.emm) - ZS&,M ([ [ roetra)

|b||6x¢-<2 lo)| + |h|

]dzdu) S(C e, km,m,7)—

Z(ig 0 1, ) +ZS Wmﬁ) iéSwiimﬁ)@?(s) —(0) = T(e) + 7(0) )+
é : (g(ei,zn,ﬁ) S(el,zﬁ,w)( (>_Qn(0))+h0(zmq9)—ho(£ml9)+

=1

iS(QZ,zK,ﬁ) /0/0 ?( dzdu—ZS 10 /;/;Mdzdu.

=1
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Now using ([45)-(46)-(49), together with assumption (# — R) we obtain that there exists
dk. >0, Vk < k.:

1

AP0, 1) + Y S(6:,1,,0)02050,(0, 1) + ho(le, 0)—

(0900.2) + 3 S(605: s 9)0:,(0.L,) + ho(L,9))

_1215_62 Z ‘UUC

+ // w L dzdu—ZS iy L, 0 // ME dzdu. (51)

Taking now the infimum over all the ¥ € O in , we obtain with aid of and :

[l = Lol = 1RllT — L

| — Ll = [llT, — L]

)\ _K 5 u /\ ) ZK
+ inf [ S(;,1,.,9)— / / ¢ ———dzdu — ZS i, U / / Mdzdu]
9eO i 0 0 g
For all n > 0, there exists ¥, = ¥,(¢, k,n,7) such that:

gggx ot 25
// N dzdu} 1/n >

[ S0, V) // Aqb dzdu—ZS i s ) /Oe/ouwdzdu

=1

q
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Dividing by /2 we get:

0> ~Jarg - [V WC L] - yhuz . 3+
! )\¢ 2 % ["Agi(z, 1)
’L7_K/7 d d - S 91, ln’/ﬁ wad d Z
[; / / zdu Zz; ) / /o - z u]
— 12412—5212— WHC\J -1|- —\hHl — L. — 3+ (53)
£ ne
A ! A ! .
(0 )ZS(Gl,lmﬁ )——u (O)lZS(Hi,l,{,ﬁn)Jr (54)
oL;) — (0
ZS L0 / / = ; 2O 1o (55)
. 2 [ [ M¢i(2 1) — T (0))
;S(Qi,lmﬂn)g /O /0 = dzdu (56)

To conclude we have first in ((53)):
lv \4[(’ 2
|h||l LI- =] =0,
ne

lim lim sup lim sup lim sup [ — 12415 —e2I¢ —
N0 \0 N0 n—+too €

Secondly, from and (48), we obtain that in (54) (because v"(0) > 0, and @*(0) < 0):

msup (207(0) Y8011, ,) = 27°0) Y 80.1.0,)) 2 12 [0(0.) = u(0.L.)].

Finally, for the term (57)), since the boundary condition of (5 = (g,k,1,7), 0 = (g, K, 1, 7))
satisfy the point (iii) of Proposition namely (see (48))):

Vi € [1,1I], limlimsup|uf(e) —ua"(0)] =0, li{(r(l)limsup |5 (e) — v"(0] =0,

eNoO g K
we have:
P —v"(0
hmhmsuphmsuphmsup’ZS i Ly U / / ) A ))dzdu‘ <
SO0 N0 N\

// o )—y”(O))dzdu‘

=0,

lim lim sup lim sup lim sup ¢ max sup
SN0 N0 N0 N0 NS (YR
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and also:

g

I SR T _
B 2 e ru (b, ,l,{ — (0
lim lim sup lim sup lim sup | ZS(@, L, ﬁn)—g/ / (gbl (Z_ )~ )) dzdu) =0.
eN\o K \0 n\0 YN\O i—1 € 0 JO

In the end we get:
A
0> ]£§<U(0’l*) —u(0,1,)).

Therefore imply
0 > g(o,l*) - f(07 l*)v

and that leads to a contradiction with (31)). We conclude that for all £ € (0, K), for all
(z,i) € Ng and for all [ € [, K|:

fi(wa l) Z gi(xa l)

We conclude the proof using the continuity of f and g with respect to variable [. 0
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