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Large deviations for velocity-jump processes and non-local
Hamilton-Jacobi equations

Emeric Bouin *  Vincent Calvez Emmanuel Grenier ¥ Grégoire Nadin ®

July 20, 2016

Abstract

We establish a large deviation theory for a velocity jump process, where new random
velocities are picked at a constant rate from a Gaussian distribution. The Kolmogorov
forward equation associated with this process is a linear kinetic transport equation in which
the BGK operator accounts for the changes in velocity. We analyse its asymptotic limit
after a suitable rescaling compatible with the WKB expansion. This yields a new type of
Hamilton Jacobi equation which is non local with respect to velocity variable. We introduce
a dedicated notion of viscosity solution for the limit problem, and we prove well-posedness in
the viscosity sense. The fundamental solution is explicitly computed, yielding quantitative
estimates for the large deviations of the underlying velocity-jump process ¢ la Freidlin-
Wentzell. As an application of this theory, we conjecture exact rates of acceleration in some
nonlinear kinetic reaction-transport equations.

Key-Words: Large deviations, Piecewise Deterministic Markov Processes, Hamilton-Jacobi
equations, Viscosity solutions, Scaling limits, Front acceleration.
AMS Class. No:

1 Introduction

This paper is mainly concerned with the asymptotic limit of the following linear kinetic transport
equation as € — 0,

O fe(t,z,v)+v-Vafe(t,z,v) = é (M:(0)p°(t,z) — fe(t,z,v)), t>0,ze€R" veR". (1.1)

Here, f¢(t,z,v) denotes the density of particles at time ¢ > 0 in the phase space R?", and p.(t, )
is the macroscopic density,

pr(te) = [ [tz v)dv.
Rn
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The velocity distribution M, (v) is given. For the sake of clarity, we focus here on the case of
the Gaussian distribution with variance ¢,

1 o]
Vv € R, ME(U) = Wexp —Z .

Our methodology can be applied to a wide range of distributions, as discussed at the end of this
introduction.

The time renormalizing factor e~! in front of the BGK velocity operator in (??) is chosen
so as to obtain a nontrivial limit in the asymptotic regime of large deviations, i.e. in order
to capture the vanishing exponential tails of the density f¢. We emphasize that the classical
diffusive limit would involve an additional factor ¢ in front of the time derivative 9 f€.

Scaling. Starting from the dimensionalized kinetic transport equation
1
Opf+v -Vyf = p (My2(v")p— f) (1.2)

where 7 is the rate of reorientation, and ¢? is the variance of the velocity distribution, we can
always reduce to 7 = o = 1 after the change of variables t = /7, = 2//(70), and © = v'/o.
Then, we are interested in the asymptotics (£, &, 9) — oo with the appropriate scaling. It appears
that the correct scaling in order to capture the small exponential tails of the distribution is such
that  ~ /2 and # ~ #3/2. Accordingly, we set

L. t «x v
(t,w,v) = <E,€3/2,€1/2> s (13)

for some (small) parameter £ > 0 that drives the large scale asymptotics when it vanishes. We
recover (?77?) in the new variables (¢, z,v). Note that the appropriate rescaling (??) is specific to
the choice of a Gaussian velocity distribution.

Diffusive limit. To draw an instructive parallel, let us consider the diffusive limit of (?7),
namely the heat equation (see |?] and the references therein)

Opp(t,z) — (To?)App(t,z) = 0. (1.4)

When the effective diffusion coefficient 702 is small (say € = 702) or, equivalently, when investi-
gating the large scale asymptotics (t,2) = (et’/7,ex’/(70)) for small €, one deals with the same
equation with vanishing viscosity,

Oep°(t,x) —eDgp(t,z) =0. (1.5)

It is well-known (see e.g. [?, 7, ?]) that, under appropriate conditions, u®(t,z) = —elog p*(t, x)
converges uniformly locally towards a viscosity solution of the following Hamilton-Jacobi equa-
tion

dpu(t, ) + |Vau(t,z)> = 0. (1.6)

Our main purpose here is to obtain a similar result for the kinetic transport equation (?7).

Large deviations. Our work can be viewed as a preliminary contribution to the theory of
large deviations for simple velocity jump processes. We follow the lines of Evans and Ishii |?]
(see also |?, ?]), in which PDE techniques were successfully applied to reformulate the ideas of
Fleming [?] in the context of viscosity solutions. Fleming’s work was devoted to applying the
logarithmic transformation, and ideas from stochastic control, to the Freidlin-Wentzell theory
for stochastic differential equations with a small noise.
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Logarithmic transformation. As in the diffusive case, we perform the following Hopf-Cole
transformation,
u®(t,z,v) = —elog f*(t,x,v).

The function u® satisfies

e _ € N 12

O (£, 2,0) + v - Voul (£, 2, 0) = 1 — 1/ exp [“ (t,z,v) —us(t,z,v") — |v]?/2 do
(271'5)”/2 R g

(1.7)

Limit system. Our first result can be stated informally as follows: under suitable conditions
(see Theorem 7?7 below), u® converges locally uniformly towards a viscosity solution of the
following non-local Hamilton-Jacobi equation,

2
max ((%u(i,ﬂt, v) + v Veu(t,z,v) — 1, u(t,z,v) — min u(t, z,w) — M) =0,
weR™ 2
Oy (min u(t,m,w)) <0,
weR™ (18)
Oy (min u(t,m,w)) =0, if S(u)(t,z)={0},
weR™
L u(0, z,v) = up(z,v).
where we have used the following notation,
S(u)(t,z) = {v e R" |u(t,z,v) = m%él u(t,x,w)} . (1.9)
weR™

To avoid possible boundary layers at ¢ = 0 as ¢ — 0, we assume that the initial condition for
f€ is of the form f(0,-) = exp (—e 'ug(+)). This set u(0,-) = uo(-) as the initial condition for
(??) and for the limit problem (?77).

It is worth making some comments concerning the structure of the system (?7). First of
all, it is not a standard Hamilton-Jacobi equation as (??), and the one obtained in the case
of bounded velocities [?]. Moreover, we notice that the first equation of (??) does not contain
enough information due to the apparition of min, v for which extra dynamics are required.
Although it seems somehow sparse, the two additional (in)equations 9 (min,, u) < 0 (= 0) are
sufficient to determine a unique solution of the Cauchy problem, as stated in the comparison
principle below (Theorem ?7).

To the best of our knowledge, system (??) is of a new kind. We refer to it as a Hamilton-
Jacobi problem by analogy with (??) which was obtained via a similar procedure. Moreover,
in the case of a compactly supported velocity distribution M (v), the same procedure leads to a
standard Hamilton-Jacobi problem [?, ?|.

We should mention that non-local Hamilton-Jacobi equations of a very different type have
been studied in the context of dislocations by G. Barles, P. Cardaliaguet, O. Ley, R. Monneau,
and A. Monteillet in a series of papers, see e.g. [?, 7, ?] and the references therein.

Viscosity solutions. Equation (??) should be read as a coupled system of Hamilton-Jacobi
equations on u and miny u. Accordingly, we define viscosity solutions of (??) using a couple
of test functions |?]. In the sequel, we denote by z* (resp. z.) the upper (resp. lower) semi
continuous envelope of a given locally bounded function z.



def :subsol

ef :supersol

Definition 1.1 (Sub-solution). Let T' > 0. A upper semi-continuous function u is a viscosity
sub-solution of (7?) on [0,T) x R®" if and only if:

(i) u(0,-,-) < (uo)™.
(ii) It satisfies the constraint
o]

(V(t,.’IJ,U) S (07T) X RQn) @(t,x,v) - mi{l Q(tawi) T o
weR™

<0.

(iii) For all pair of test functions (¢,) € C' ((0,T) x R*™) x C*((0,T) x R™), if (to,z0,v0)
is such that both u(-,-,v9) — &(-,+,v9) and ming u(-,-,w) — ¥(-,+) have a local mazximum at
(to,z0) € (0,T) x R™, then

dvd(to, zo, vo) + vo - Vad(to, o, v9) — 1 <0,

O (to, o) < 0.

(1.10)

Definition 1.2 (Super-solution). Let T > 0. A lower semi-continuous function @ is a viscosity
super-solution of (7?7) on [0,T) x R® if and only if:

(i) (0, -,+) = (uo),-

(ii) For all (t,xz) € (0,T) x R™, v = 0 is a global minimum of u(t,x,-). Moreover, v = 0 is
locally uniformly isolated: for any compact set K C (0,T) x R™, there exists r > 0 such that
S(@)(t,z) N B-(0) = {0} for all (t,x) € K.

(iii) For all pair of test functions (¢,¢) € C* ((0,T) x R*) x C*((0,T) x R™), if (to, o, vo) is
such that both u(-,-,vo) — (-, -, v0) and min,, a(-, -, w) —(-,-) have a local minimum at (to, zo) €
(0,T) x R™, then

vl

<0,
2

0y¢(to, xo,vo) + vo - Vad(to, xo,v0) —1 >0, if u(to,xo,vo) — Hel}R%L U(to, o, w)
A (to, zo) > 0, if S(@)(to, o) = {0} .
(1.11)

Let mention that the mimimality (resp. maximality) in the definition of the super- (resp.
sub-) solution arises with respect to variables (¢,z) only. This is consistent with the fact that
there is no derivative in the velocity variable in (77?).

Definition 1.3 (Solution). LetT > 0. A function u is a viscosity solution of (?7) on [0,T)x
R2" if its upper (resp. lower) semi-continuous envelope is a sub- (resp. super-) solution in the
sense of definitions 7?7 and 7?7 above.

Convergence and uniqueness for the limit system. The following theorem states a com-
parison principle for viscosity (sub/super-)solutions of the system (??). This establishes unique-
ness of viscosity solutions as a corollary. The proof is contained in Section 77.

Theorem 1.4 (Comparison principle). Let u (resp. u) be a viscosity sub-solution (resp. super-
solution) of (77) on [0,T) x R?". Assume that u and @ are such that

b=u—[v’/2€ L*® ([0,T) x R™) , b=u—|v[*/2€ L= ([0,T) x R*") . (1.12)

Then u < on [0,T) x R?",

eq:82 intro
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This result is extended for sub- and super- solutions with quadratic spatial growth at infinity,
in Section ?7?. This growth condition is compatible with the fundamental solution of the limit
system, as we shall see below.

In Section ?7, we prove the convergence of the sequence (u), as € — 0, towards the unique
viscosity solution of (?7).

Theorem 1.5 (Convergence). Assume that the initial condition ug satisfies the following prop-
erties:

2
[A] b(]:uO—ﬂ

[B] — det (Hess,(uo(x,v))) #0,  DPuy e L. (1.14)

€ Whe(R?™), (1.13)

Let u® be the solution of (?7?), with the initial data u®(0,-) = ug. Then, u® converges locally
uniformly towards u, which is the unique viscosity solution of (??7), as e — 0. In particular, for
all (t,z) € (0,00) x R™, v =0 is an isolated global minimum of u(t,z,-).

However, we were not able to extend this convergence result to unbounded initial data with
respect to space variable. We leave this issue for future work.

Heuristics. It is useful to give some heuristics, in order to understand how the supplementary
condition

) <min u(t,x,w)) <0(=0),

weR™
appears in the limit ¢ — 0 (??), with equality if S(u)(¢, x) is reduced to the singleton {0}. First,
notice that the constraint )
ugminu—l—’v—, (1.15)
w 2

immediately follows from (?7?) if the left-hand-side is bounded with respect to €. As a con-

sequence, the minimum of u with respect to velocity is necessarily attained at v = 0. Then,
integrating (?7?) against the probability measure

€ -1 € €
dpe = (/ exp <—i> dv> exp (—Z ) dv = Edv,

we obtain the following continuity equation,
/ (O +v-Vgu®) due. =0. (1.16)

The probability measure dp. is expected to concentrate on the minimum points of v as € — 0.
Let assume that we do have in some sense,

dﬂs - Z pw(sv:w = pO(sv:O + Z pvgév:vo 5 (117)
weS(u)(t,z) v €S (u)(t,z)\{0}
where the weights satisfy > p,, = 1. We notice that the constraint (??) at each vg € S(u)(t,z)\
{0} is clearly unsaturated, in the sense that u < min,, u + |vg|?/2. There, we expect to see the
last contribution of (??) vanish. This would lead to dyu(t, x,vp) + vg - Vzu(t,z,v9) = 1 for each
such vg. Plugging this into (?7), and using (?7), we obtain successively,

0= Z Dug (Oru + vg - Vyu) = podyu(t, x,0) + Z Py = PoOsu(t,z,0) +1 —pg.
v0€S (1) (t,z) v €S (u)(t,2)\{0}

As we have formally dyu(t,z,0) = 9y (min,, u(t,z,w)) by the chain rule, we expect eventually
that 0y min,u < 0 and even Oymin,u = 0 if pg = 1, that is, somehow S(u)(t,z) = {0}.
Obviously, all this reasoning is formal, but we shall make it rigorous in Section ?77.
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Figure 1: (Left) To illustrate the behaviour of the fundamental solution of (??), the minimum
value p(t,-;0) is plotted for successive values of time; (Right) For the sake of comparison, the
fundamental solution of (??) is plotted for successive values of time.

Comparison with the case of bounded velocities. We extend previous results obtained
in [?, ?] to the case of unbounded velocities. The main difference lies of course in the velocity
rescaling (??) which is not admissible in the case of bounded velocities. This has important
consequences. Firstly, in the case of bounded velocities, the asymptotic limit u does not depend
on v, due to some averaging process arising in the velocity variable. Secondly, the limit equation
is a standard Hamilton-Jacobi equation, associated with an effective Hamiltonian. In fact, the
Hamilton-Jacobi equation obtained in the limit reads as

M (o) )
/]Rn 1 —0wu(t,z) —v- Vyu(t,x) dv =1, (1.18)

1

under appropriate integrability conditions'. The case of unbounded velocities is by far more
subtle, since there is no averaging with respect to velocity. High velocities play a prominent role
in the dispersion process.

The case of bounded velocities is analog to large deviations estimates for slow-fast systems
asin [?, 7,7, 7, 7|, and references therein. In our case, the role of the fast variable is played by
velocity, whereas the space variable is the slow one.

In this work, we follow the Hamiltonian viewpoint, focusing on the value function u, solution
of the Hamilton-Jacobi equation (??). There is a dual viewpoint, focusing on the trajectories of
the underlying Piecewise Deterministic Markov Process (PDMP). We refer to [?, ?] for further
reading.

The fundamental solution. In Sections 7?7 and 7?7, we compute explicitly the fundamental
solution of the non-local Hamilton-Jacobi equation (??) in space dimension one, for (x,v) € R2,
We follow a time discrete iteration scheme based on the Duhamel formulation of (?7?). Since
the problem is not translation invariant with respect to velocity, it is necessary to compute the
solution for all initial data of the form

’LL(O, x, U) - OJJZO + Ov:w P

"Namely, it is required that lim fR" % dv > 1, where the limit is taken as h — maxyev (v - p) — 1 from

above (in order to preserve the positivity of the denominator). Caillerie has extended this result to the general
case, without such integrability condition [?].



where
400 if 0,

We obtain the following expression for the fundamental solution,

o(t, z,v;w) =

. : [v]? [v]? :
min | Op—¢y + min | Oy—yp, N 4+, N + , mlsn>0 552
1,582,832
0<s14+s2+53<t 2

(x — sqw — s3v)

2
+81+82+83>

The minimum value with respect to velocity is given by

. . (z — s1w)?
t,x;w) = min ¢(t,z,v;w) = min — + S S .
,u( ) Ly ) vERP ¢( y Ly Uy ) 51,5950 255 1 + 2
0<s1+s52<t

The function pu(t,-;0) is plotted in Figure 7?7 for successive values of time. A striking feature
is that the solution does not converge to zero as t — +00, as compared to the fundamental
solution of the Hamilton-Jacobi equation associated with the heat equation (?7).

Comparison with the heat equation. At first glance, the asymptotics of the kinetic equa-
tion (?7), is linked with the asymptotics of the heat equation (??) with vanishing viscosity, as
the latter is the limit of the former under appropriate diffusive rescaling, yet different from (?7?):
(t,%,7) = (t/e2,2/e,v). However, as shown in in Figure ??, the two behaviours are radically
different. We may informally present our results as follows: the scaling (£,%,7) = (t/e,z/e,v)
leads to the heat equation with vanishing viscosity € > 0 after a simple Chapman-Enskog expan-
sion?. The fundamental solution of the associated Hamilton-Jacobi equation, associated with
the initial data 0,—q, is 2/(4t). In particular, it converges to zero in long time, uniformly on
compact intervals.

On the other hand, we have computed the fundamental solution of the limit system (?77),
obtained after the more appropriate rescaling (£, %, %) = (t/e,2/e3/2, v/e'/?) (7?). For the sake
of comparison, it is better to describe min,ern u(t, z,v) (which corresponds to the macroscopic
density p via the Hopf-Cole transform). Surprisingly enough, it does not converge to zero, but
to the function (3/2)|x|?/3. We interpret this as follows: at a larger scale than the standard
hyperbolic rescaling (¢,%,7) = (t/e,7/e,v) (both space and velocity are larger in (?7)), we get
non trivial asymptotics, but the density f€ remains uniformly exponentially small far from the
origin, of the order = exp(—O(|z|>/3)/e).

As compared to the heat equation, (??) lacks scaling invariance (with respect to velocity).
This is emphasized by the fact that the fundamental solution of (?7) does not have a single-line
expression, see (?77) below. Furthermore, picking a high velocity from a Gaussian distribution
is a rare event, that can be completely reset at the next velocity jump. This leads to the
predominance of low velocities that slows down the dispersion. This has to be compared with
the Fokker-Planck equation having the same stationary velocity distribution,

Of(t,x,v)+v-Vof(t,z,v) =V, (Vuf(t,z,v) +vf(t,z,v)), (1.19)

for which we expect that the large deviations potential in the scaling (¢, z,v) — (a_lt, e la, v)
behaves like a solution of (??). Technically speaking, we expect that the limit function is
independent of the velocity variable due to the additional drift that compactifies the velocity
space. This is under investigation by the first author.

2This is essentially due to the fact that time should be speed up by a factor t/e:2 in order to preserve the
diffusive scaling 2% = O(t)



Accelerated fronts in reaction-transport equations. As an application of this work, we
investigate quantitatively front propagation in reaction-transport equations in Section ?77. We
focus on (??7) with an additional monostable reaction term:

O f(t,z,v)+v-Vaf(t,x,v) = (M©)p(t,z) — f(t,z,v)) +rp(t,z) (M(v) — f(t,z,v)) . (1.20)

This models a population of particles that change velocity at rate one, pick up a random new
velocity following a Gaussian distribution, and divide at rate r > 0. Moreover, new particles
pick up their initial velocity from the same Gaussian distribution. This type of model has been
studied in [?, 7, ?] in the case of bounded velocities, and in [?] in the case of possible unbounded
velocities. In the case of bounded velocities, there exist traveling waves with constant speed
[?, 7, ?]. Moreover, any solution to the Cauchy problem with sufficiently decaying initial data
spreads with the minimal speed.

The classical Fisher-KPP equation is obtained in the diffusive limit, provided that the rate
of division is assumed to be of order €2,

Op(t,x) — 0Ap(t,z) =rp(t,x)(1 — p(t,x)). (1.21)

It is well known that front propagation occurs at constant speed, here 2v/r6 [?, 7], for any
suitably decaying initial data (otherwise, see [?, ?]).

Beyond this classical problem, there has been some recent interest for describing accelerating
fronts in reaction-diffusion equations.

Garnier has investigated integro-differential equations, where the spreading operator is given
by the convolution with a fat-tailed kernel |?],

dup(t.x) + (— [ 7=ty p(t,:c>) )1 plta).  (122)

Here, fat-tailed means that the kernel J decays slower than exponentially. There, the level lines
of the solution spread super linearly, depending on the decay of the convolution kernel J.

Cabré and Roquejoffre have studied the Fisher-KPP equation where the diffusion operator
is replaced with a fractional diffusion operator |?, 7],

Fpp(t,x) + (=A)%p(t, x) = rp(t, 2)(1 = p(t, x)), (1.23)

for some exponent o € (0,1). They describe quantitatively the acceleration of the front, which
occurs at exponential rate, namely X (t) ~ exp(rt/(n+2«)) in a weak sense. This seminal work
was continued by Coulon and Roquejoffre in |?|. More recently, Mirrahimi and Méléard have
described the limit of the reaction-diffusion with a fractional diffusion operator in dimension
n = 1, after suitable rescaling and the Hopf-Cole transform [?|. As opposed to our results,
the limit function has the following simple expression, with separation of variables: u(t,z) =
max(0, (1 + 2a) log |z| — t).
Recently, spreading in the so-called cane toads equation has been studied intensively.

Dm(t,z,0) — 092n(t,, 0) — Ofn(t,2,0) = r(t,2,0)(1 — p(t,x)),  p(t,x) = [ n(t,z,0)do,

(1.24)
When the variable # is unbounded, accelerated propagation has been proved independently by
Berestycki, Mouhot and Raoul [?], and by the first author, Henderson and Ryzhik [?]. There
is a formal analogy between (??), and our problem (7?), or rather (??). Indeed, acceleration
also happens due to the influence of the microscopic variable 6, which plays a similar role as the

eq:kinreac
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velocity variable in this paper. This is another example of a nonlinear acceleration phenomena
appearing in a structured model.

Both equations (??) and (?77) describe spatial jumps of particles, with a focus on the dis-
tribution of long-range jumps. Equation (?7) describes a velocity-jump process, with a focus
on the distribution of high velocities, that correspond somehow to long-range spatial jumps. It
was established in [?] that solutions to (??) behave in the long-time asymptotics as accelerat-
ing fronts due to the (rare) occurence of high velocities that send particles far from the bulk.
Furthermore, the location of the front is of the order of ¢3/2, in accordance with the scaling
limit (??). However, the exact location of the front was not determined accurately, but it was

estimated as 3/2
r X(t)
< —2=2 <K

<r+2> S @p SV (1.25)

in a weak sense (see [?, Theorem 1.11] for details).

From the knowledge of the quantitative scaling limit procedure in the kinetic dispersion
operator (Sections 2 to 5), we aim to apply the same procedure as in [?, ?|, respectively for the
classical Fisher-KPP equation, and for the fractional Fisher-KPP equation. However, we face
several issues, two of them are still open.

Starting from (?7?), after appropriate rescaling, we prove that u®(¢,z,v) = —¢elog f¢(t,z,v)
converges towards a non-local Hamilton-Jacobi equation, very similar to (??), complemented
with the additional constraint,

(V(t,z) € RY x R") min u(t, z,w) > 0. (1.26)

weR?
So far, the limit is rigorously proven for bounded data ug only. However, this rules out compactly
supported initial data fy = exp(—up/e). On the other hand, in order to estimate quantitatively
the location of the front, as the boundary of the support of the limit function min, u(t,z,v),
some condition on the extremal trajectories is needed: the so-called Freidlin condition |?, ?]. We
propose an extension of this condition in our context, taking into account the non local feature
of the constraint (??). We verify that this condition is verified, but only on a subset of R* x R?",
This rules out an immediate application of our comparison principle.
We conjecture that the edge of the front is located around

X(t) _ <(<2/3)T)3/2> t3/2.

147

Naturally, this lies between the two bounds (?7) obtained in [?].
Finally, we claim that our work can be extended in a straightforward way to include the
velocity distribution

M(v) = Cy exp (—'7') ,

for v > 1 (this last assumption appearing for convexity reasons). The rate of expansion should
be given in the limit € — 0 by the following expression,

X(t) = ((v/( Irj):)HmtlH/v.

2 The comparison principle

In this Section, we prove the comparison principle stated in Theorem ?77. We perform a classical
doubling of variables argument. However, much attention has to be paid to the velocity variable.

eq:bounds e

eq:nonlocal



lem:minconf

This is the main concern of this proof. In particular, the velocity variable is not doubled, which
is consistent with the fact that there is no gradient with respect to velocity in the limit system
(?7). However, due to the unboundedness of the velocity space, it is mandatory to confine the
velocities in a way to get absolute extrema.

Proof of Theorem ?7. Let us define, for (¢,z) € [0,T) x R™, the minimum values with respect
to the velocity variable:

m(t,z) = lirel}é% u(t, z,w), m(t,x) == uI;IEI}RQL u(t, z,w).

Let « > 0, R > 0. Let 6 > 0 to be suitably chosen below. Since the limit system requires two
test functions, we shall define

~ B o d, 19 o

X(t,z) =m(t,z) —m(t, x) §|93| T (2.1)
~ _ 0, 19 o 9 9

X(t, z,v) :g(t,az,v)—u(t,x,v)—§|x| Sl e (Jo]* = R )Jr. (2.2)

Notice that Y penalizes high velocities. We denote B = max(||b||oo, [|b]/oc). The assumption
(??) will give a confinement on the minima of u,w as follows.

Lemma 2.1. Let R%2 =2B+1. For all R > Ry, for all (t,z) € [0,T)xR", we have S (u) (t,z) C
Br(0).

Proof of Lemma ?7. Fix (¢t,z) € [0,7) x R". Suppose that there exists v € S(u)(¢,x) such
that |v| > R. Then at (¢,z),

2 2

m(t,x) = % +b(t, z,v) > % —[blloe > [|blloe = b(t, z,0) = u(t, x,0) > m(t,x),
and this cannot hold. Therefore we have S (u) (t,x) C Bg(0).
0
Let R > Ry. We can now introduce the following maximum values,
w= max X, 2= max X. (2.3)

[0,T)xR" X [0,T) xR xR"
These two quantities are clearly finite from (?7?).

Lemma 2.2. We have w < Q.

Proof of Lemma ?7. Let (t*,2*) € [0,T)xR" be a maximum point of x. Let v* € S (1) (t,x) C
Br(0). The following sequence of inequalities hold true,

Q= X(t%, 2%, v")

1) «
_ kK k) sk ok k) UK |2 o *12 P2
=u(t', z*,v") —u(t", ", v") 2|x\ T (|v| R)+
0 «
> t* * _—t* * *\ %2
0, 412 o

m(t, @) =, w7) = P -

> w

10

eq:chi tild

eq:def delt



lem:velconf

em:1limit tO

We now prove that for suitably chosen parameters «, §, the supremum §2 of Y is attained at
t = 0. For that, we distinguish between two cases: w < , and w = Q.

# Case 1: w < Q.

We denote by (%o, Zg, vp) a maximum point of ¥, such that Y(fo, &g, vg) = Q. This point exists
thanks to the penalization in the three variables and the fact that X is upper semi-continuous.
We emphasize that this point depends on the parameters o, R and §, but for legibility we omit
this dependency. We aim to prove that o = 0. We argue by contradiction, and assume that
1?0 > 0.

We know show that vy necessarily satisfies a priori a bound independent of 4.

Lemma 2.3. We have
(lvo* = R?), <4B.

Proof of Lemma ??. The evaluation X(fo, Z0,v0) > X(0,0,0) gives

4B > —Q(O, 0, O) + E(O, 0, 0) + Q(EQ, To, 1}0) — ﬂ(fo, Zo, 1)0)

0, « «
> §\xo|2 + T—7 + (Jwol* = R?), - 7 2 (lvo* = R?), .
]

We define some auxiliary function with twice the number of variables, except for the velocity,
as follows

~ 1)
XE(t7$73aya U) = Q(t,l’,’l)) —E(S,y,’l)) - §|.’IJ’2
Q 1
- (=P =)

1 P =12 2 2
_5(‘8—t0| +|y—az0] )— (|U‘ — R )+ .
Let (f., ., 3., j-) which realizes the maximum of X. (-, vg).

Lemma 2.4. The following limit holds true,
lim(fe, jsa §€7 :'jz-:) = (507 jOa 507 j'(]) .
e—0
Proof of Lemma ??. The evaluation Q = X-(to, %o, to, Z0, v0) < Xe(le, Tz, 3¢, J=, Vo) yields
1) «
2 T —t.
We deduce the following estimates,

5|~%5| < 061/2 ’ ’EE - §5|, ’js - ?jz—:| < 051/2 .

|Z|* +

1, - . 1, ~ - -
+ % (|ts _55‘2‘}' ‘xs _y€’2) + 5 (‘55 _t0‘2+ |y5 _$0|2) S 2B - Q.

Therefore, the sequence (f., ., 3, 7.) converges as ¢ — 0, up to a subsequence. A closer look
shows that the limit is necessarily (fo, %o, %o, Z0). We denote by (£}, Zf, 35, 7) an accumulation
point. We have #, = 8 and Z, = §). On the other hand, passing to the limit € — 0 in the

inequahty 568({07i‘0a ani'O?UO) < %6(587j€7 ‘§€7g€a UO)a we deduce
. 1,5 - - .
X(to, %o, v0) + 5 (1o — tol? + |25 — @0l?)

< @(%7%67”0) - ﬂ(%,i’é,vo) - 7"730 %(507 Zo, UO) .

|
Q
IN

Therefore, we have necessarily , = #o, and &, = . O

11



:constraint | Lemma 2.5. There exists eg > 0 such that for all € < €g,

|vo|?
2

ﬂ(gsagaavo) - m(§€7g€) - <0.

Proof of Lemma ??. The evaluation X (fo, Zo, to, &0, v0) < Xe(te,Ze, 8¢, e, vo) gives the fol-
lowing piece of information,

Xe(te, Ze, 3e, ey v0) > X (t0, To,v0) = Q. (2.4)

We rewrite (?7) as

|vo?
2

5(55755700) - m(gaa Qa) - <-Q+ <U(t~a7jav7)0) - m@a,ja) -

N o

~ 12 (0%
X — = .
& T_%)

Since u is a subsolution and . > 0 is verified for ¢ small enough, we get that

+(m@@a—m@@a—

2
-~ IS v ~ L P 0, a
U(Se, Yey v0) — M(Se, e ) — | g| < -0+ <m(ta,x5) —m(5¢,Je) — §|x5|2 —T_3 ) . (2.5) |supersoluti
— lg

As £ — 0, by upper semi-continuity, the last contribution in the r.h.s. of (??) is such that

o, . « - PP o, . o
& - ~>Sm(to,$0)—m(to,ﬂfo)—2|$o|2— <.

lims te, @) — (32, 7e) — =
1m up(m(gajg) m(5e, Je) 9 T -1 T—1 ~

e—0

Therefore, there exists g9 > 0 such that for all € < ¢,

2
. . i) w4+ w-9Q
U(Sayaavo) - m<3€7ye) - | ‘ < -0+ = <0
2 2 2
since we have assumed in this case that Q > w. O
We now use the test function
- d,. 1 e
= ult S — -
¢2(57y7v) Q( vaz-:)fu) 2|$5| T*tg

L= 2 A 2 1 72 ~ 12 2 2
_i(’ts_s‘ + |Ze — )—5(\3—%’ +ly = Zol*) — (lo]* = R?) .,
associated to the supersolution @ at the point (8., 7., vo). Notice that the condition 5. > 0 is
verified for € small enough. By using the definition ?? of a super-solution, this yields

1

—%(56 — fg) — (8 — tN()) + vg - (—E(g‘5 —Te) — (Y — 5:0)> —1>0. (2.6) |eq:chain ru

On the other hand, using the test function

. 0 a
¢1(t, z,v) :U(Sg,yg,v)+§|$|2+T7_t
1 ) ) L o

12



associated to the subsolution u at the point (f., %, vo), we obtain

1 .- 1
M + g(ta _55) + v - <5j5+ g(ia _g£)> -1< Oa (27)
—le

by using the definition 7?7 of a sub-solution. By substracting (?7) to (?7), we obtain
« e

ﬁgmS—de'js‘f‘(gs—fO)_UO'(gs—jO)-

Letting ¢ — 0, this gives a/T? < —6vg - F5. Recall that from the estimates in the proof of
Lemma ??, we have that §|Zo| < C'6/2 holds true for some constant C' > 0, and for & > 0 small
enough. Recall also Lemma ??7. We obtain

a/T? < Co2R,
where C' depends only on B. Hence, the choice § = (a7 2R~1C~1)2/2 establishes a contradic-

tion. We conclude that fy = 0 in this case.

# Case 2: w = Q. We denote by (g, #9) a maximum point of Y. We aim to prove that ¢y = 0.
We argue again by contradiction and we suppose that fg > 0. The evaluation x(0,0) < ¥(fo, Z0)
yields immediately the following bound:

0, 9 o o
—|Zo|” + — <4B + —. 2.8
Slaoft + 7 < 4B+ 3 2.

# # Case 2.1: We first consider the case where S(7)(fo,#9) = {0}. We introduce
the following auxiliary function

. - 5

Xe(t @, 5,y) = m(t, x) — (s, y) — 5|2
(e}

T—1t

1 1 . .
% (|t — sI” + |z — y|2) 5 (s — tol®> + |y — -’Eo|2) .

Let (f.,%., 5, J.) which realizes the maximum value of x.. We can prove as in Lemma ??, that
the following limit holds true,

ii_ﬂ)(fswf;év 387:&8) - (5073/\:‘07{07[1?0) .

We use the test function
« 1

L st 1 o) — L (s — ity — o2
77 e (e sl 13 —ol%) — 5 (I — ol + ly = 2of)

. o, .
%(S,y) = m(tsaxs) - §|xs|2 -

associated to the supersolution 7 at the point (Sc,9.). Notice that the condition §. > 0 is
verified for e small enough.

In order to apply the second criterion in (?7?), it is required that the set S(w)(Sc,9e) is
reduced to {0}, provided ¢ is sufficiently small.

Lemma 2.6. There exists g > 0 such that the set S(u)(5z,9e) is reduced to {0}, provided that
e <é€p.

13
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Proof of Lemma ??7. We argue by contradiction. Assume that there exists a sequence &, \, 0
such that S(u)(Se,,, Je, ) contains some nonzero vy;. It is required in the definition ?? of a viscosity
super-solution that v = 0 is a locally uniformly isolated minimum over R%. Hence, there exists
r > 0 such that r < |v}| < R for all n. Up to extraction of a subsequence, we can assume that
(vy) converges to some nonzero v*. The following inequalities are satisfied,

ﬂ(fo,i“o,v*) < liminfu(s.,, ¥e,,v,) = liminf m(s,,, Je, )- (2.9) |eq:m bar 1li
+ n—-+o0o

n—-+00

There is some subtlety here, because the lower semi continuity of 7 would only imply lim inf m (8., 9, ) >
m(to, o) in full generality. However, the following argument establishes that such a lim inf is in
fact a true limit.

From the maximality of (f., 2., 4., 9. ), we have

m<t£a SAUE) - m(§5, Qa) = 25(557 i'aa 557 ga)

d,. « 1 .. . R R 1, “ R R
+ §|$5|2 + T—tAa + % (|ta - 85’2 + ‘-’Bg _yg’2) + 5 (’SE —t0‘2 + \ya —.’1}‘()|2)
> Relios o, oy o) + 312 + =2
,Zo,to, T =z =
= Xe\l0, 0,10, L0 o |Te T_1
P P 0, 19 ! .19 o
= ml(tg, Tg) — M(to, To) + =|Tc|” + — — —|Zg|” — —.
mfo, o) = lfo, 20) + 51l + = = Slaol’ — =

Now using the upper semi-continuity of m and the lower semi-continuity of 77, we deduce that

0 = m(to, &0) — m(fo, Zo)
> hm sup (m t57x5 — m(foa j0))
> lim sup <m 8¢, ) — m(to, Zo) + d (12<]* = |20*) + == >
e—0 = E ’ 2 : T—1. T —to
R 1) o «
> liminf | m(3&,, —m(to, To) + 5 e|* = |#0]?) + ;o A>
1t < € yz-: ( 0 0) 2 (‘ E‘ ‘ 0’ ) T—tg T—to

> m(to,l’o) - m(to,l‘o) =0.

As a consequence of the previous inequalities, all inequalities are equalities. Thus, the following
limit is well-defined,
lim (m(§5, @5) — m(to, :i’o)) = 0.

e—0
We conclude from (?7?) that
ﬂ(fo, Zo, U*) m(to, xo)

~

This yields the existence of v* # 0 such that S(w)(to, Z0) D {0, v*}, which is a contradiction. [

The second criterion in (?7?) writes as follows,

1 . .
——(8: —te) — (8c — t9) > 0. (2.10) |eq:chain ru

On the other hand, using the test function

4 1 X X 1, . o
V1t z) = m(5e, 9:) + 5|:c\2+ T (It = 8> + |z — 9[*) + 3 (18 — tol* + |9 — 20|?)

associated to the subsolution m at the point (f.,.), we obtain

1 .
T <0 211 [ogichats =
3]



By substracting (??) to (??), we obtain

(b — o) > —— >
(T —1t)2 T

Passing to the limit € — 0, we get a contradiction.

# # Case 2.2: There exists some nonzero vy € S(@)(to, Z9)-
The following lemma describes the equality cases in Lemma ?7.

m:Oomega eq| Lemma 2.7. Assume w = Q, and let vo € S()(to, #o) \ {0}. Then,
1. (o, &0,v0) realizes the supremum of X,
2. wo is a minimum velocity also for u(to, %o, ).

Proof of Lemma ??. We repeat the proof of Lemma ?? with (t*,z*,v*) = (fo,Z0,v0). By
examining the case of equality, we realize that

0= 55(7?0)'%07’00)7
Q(t()?‘li()av()) = m(t()a:%[))'
]

Similarly as in Case 1, we define some auxiliary function with twice the number of variables,
except for the velocity, as follows

- 1)
Xa(t,ﬂs,s,y, U) = @(tvajvv) _ﬂ(svyvv) - §|x’2
(6% 1 2 2
_ — (It = _
L (s e )

1 . .
3 (Is = fol* + ly — 20f*) — (Jvf* - R2)+ .

Let (., Zc, 5, §-) which realizes the maximum value of X (-, v9). We can prove as in Lemma ?7?,
that the following limit holds true,

li

a'_rf[l)(gewi'&v gg,gg) = (tAOai.(LtAUvj;O) .

One key observation is that the following strict inequality holds true

2
ﬂ(fo,i‘o,?)o) — min ﬂ(fg,j?o,w) — m <0, (2.12)
weR? 2
by the very definition of vy # 0.

As (3.,7:) — (fo,20) as € — 0, we expect that this inequality is also strict for ¢ small
enough. However, this is not compatible with the a priori lower semi-continuity of w as it may
exhibit some negative jump when passing to the limit € — 0. The following lemma resolves this
difficulty (see also the proof of Lemma ?77).

constraint2| Lemma 2.8. There exists eg > 0 such that for all € < €,

|vo
2

ﬂ(gsugavvﬂ) - m(gé‘?g&) - <0.

15



Proof of Lemma ??. From the maximality of (t., Zc, 3, 7, v0), we have

Q(t87i87v0) _ﬂ(gaugauvo) = 528(587:%87587@877)0)

o Qo 1 . - - 1, . - .
+ i‘xa‘Q + T—L + 5 (Jte = 5 + |7 — =) + 3 (15 = to* + |9 — 20[*) + (lvo* — B?) |
~r . 0, . Q
> Xe(to, &0, to, B0, v0) + = |Z|* + —+ (lvol* - R?),
2 T —t.

(0%
T—ty

@ 9

L2
~ X —
Tt 5 1ol

. PP J. .
= u(to, Fo, v0) — U(to, Lo, vo) + 5\1’5\2 +
Using the upper semi-continuity of u and the lower semi-continuity of @, we deduce that

0 = u(to, &0, v0) — u(to, 0, v0)

> lim sup (g(fs, Zo,v0) — u(to, To, Uo))

e—0
R 1) « «
> limsup ( @(8z, §e, vo) — (to, &0, vo) + = (|Z|? — |Z0]?) + _ — _
> E%Op<(5ya 0) — u(to, Zo, vo) 2(! 7 = |2ol?) T T_i,
R 0 « «
> liminf | u(s., ¥ —u(ty, Z — (|1z]® = |Zo|? — — =
2 limin <U(sa,ya,vo) a(fo, &0, v0) + 5 (|&|* = |o| )+T_t€ T_t())

= u(to, £0,v0) — u(to, £0,v0) = 0.

As a consequence of the previous inequalities, all inequalities are equalities. Thus, the following

limit is well-defined,
lim (u(3z, G, vo) — u(to, £0,v0)) = 0. (2.13) [eq:continui
E—>

2
Now define d = —(to, &g, vo) + m(to, T0) + ’U;| > (0 and take e sufficiently small such that

both inequalities hold true,
. . d PP .
U(5e, Je, vo) < u(to, To,v0) + 7k m(to, To) < M(3e, Ue) + 1
The former is a consequence of (??), while the latter is deduced from lower semi-continuity of
m. Then, one has

- A d d PP
(5e, ey v0) < u(to, Zo,v0) + 1-1° d +m(ty, Zo) + —(—

and the lemma follows. O

Therefore, we can use the test function

- 0,. 1o !
= ul(t-.x — — |z — =
@2(5,@/,@) y( 5,1‘5,7)) 2|$5| T -1

1 -
~ 5 (It = sI* + |2 — yI?)
1 .
-3 (Is = ol + [y — 20[*) — (Jvol* = R?) ,

associated to the supersolution @ at the point (3., ge,v9). Notice that the condition 5. > 0 is
verified for € small enough. This yields

1 - - 1
—g(gg —te) — (8 —to) + vo - <—6(375 — ) — (e — .@0)> —1>0. (2.14) |eq:chain ru
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estimates

On the other hand, using the test function

I 0 o
@1(1&,1‘,7]) :ﬂ(séaysav) + §|$‘|2 +

T—t
1 - -
+?€ (\t—sglz—f— \x—ya|2)

L. - A
+ 5 (152 = fol* + 15z — &0]) + (|vol* = B?), ,
associated to the subsolution u at the point (f., &, vo), we obtain

o 1

- B B 1 . B
Ei::jﬁ;g’+-g(t5——sg)+-v0- <5x5-+-6(x5-—3k)> —1<0. (2.15) |eq:chain ru

By substracting (??) to (??), we obtain

U N . « o
f(ssfto)fv(y(ygf:vg)févo-xs2T7~>—.

Passing to the limit € — 0, we get

« . 1
ﬁ < —51)0-1’0 < C(SQR().

Similarly as in Case 1, the choice § = (T 2Ry'C~1)2/2 yields a contradiction. We conclude
that fp = 0 in this case also.

We are in position to conclude. By using that u(0,-,-) < uy < @(0,-,-), we deduce that
Q1 <0, that is
1
(V(t,z,v) € [0, T)xR"xR")  u(t,z,v)—u(t,z,v) < E(QT*QRACA)Q]x|2+ﬁ+(]v|2 - R2)+.

We obtain the comparison by taking limits a — 0, and R — +oc.
O

3 Convergence of u°* when ¢ — 0.

In this Section, we shall prove that u® converges locally uniformly towards the unique viscosity
solution of the system (?77). We first establish Lipschitz bounds that allow to extract a locally
uniformly converging subsequence. Then, we prove that this limit is a solution of (77?).

Proposition 3.1. (Uniform estimates). Let u® € C} (R+ X R2") be a solution of equation
(??) and define b° as b° := u® — |v|?/2. If b§ = by satisfies condition (?7), then b is uniformly
locally Lipschitz. Precisely the following a priori bounds hold for allt € Ry.:

(@) 165, oo < [1bolloos
(i) [Vab(t, ) oo < [[Vabolloo,
(112)  [|0wb° (¢, )| Lo (B(0,R) < B(0,RN)) < C(R, R'),

(i) [IVob*(t,)lloo < [[Vwbolloo + [ Vabo|oo-
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Proof of Proposition ?77. The function b* satisfies

< — KE(ay/
b +v- Vb =1-— A M. (V') exp <b(v)6b(fu)) dv’. (3.1)

Let us notice that we obtain a unique solution b° € C* (R+ X R2”), and thus a unique u®, from
a fixed point method on the Duhamel formulation of (?7):

t ’ bE (t—s,z—sv,v)—b% (t—s,x—sv,0’) ’
b (t, z,v) = bo(x — tv,v) + / 1- M, (v')e c dv" ) ds. (3.2)
0 R

Proof of the bound (i). We define, for C,é > 0 to be chosen later:
VE(t, ,v) = b (¢, z,v) — Ct — 6*z|* — 6|v].
For any ¢ > 0, ¥§ attains a maximum at point (¢5,xs,vs). Suppose that ts > 0. Then, we have
b (ts, x5, v5) > C, Vb (ts, z5,v5) = 20%z;.
As a consequence, we have at the maximum point (g, s, vs):

Slug|—dlv'| wg(t(;,ﬂc(;,v,s)*wg(t&wg,v/)

C8 +2u56%zs < 1-— M. (v)e = e c dv',

' o Slusl=sll
— M. (v')e = —dv, (3.3)

N, =
< 1- M. (v)e = dv',
]Rn

Moreover, the maximal character of (¢5, s, vs) also implies

IN

sup b® — 04|z5|2 — Slus| > b5 (ts, x5, v5) — Cots — 6*|xs)® — dlvs| > b°(0,0,0) > inf b° .

sup be

It yields that |zs| < (S’u%% and |vs| < . Introducing these last inequalities in (??) yields

—5|'v
2 <1 M.(v)e
Rn

Cd —2(sup b°) dv’,

and thus )
C' — 2(sup be)% 5 <1 - M:(v")e = dv >
Rn

One can choose C such that, for sufficiently small d, this last inequality is impossible since the
r.hsis O(1) when § — 0:

oo )™ a —>1/ | M. (v ).
(5 Rn € 0—0 €

As a consequence ts = 0, and we have,

bo(t,x,v) < b0(xs,vs) + OOt + 8*|z|? + 0|v| < supby + Ot + 64|z|? + 5]v].
R2n

Passing to the limit § — 0, we obtain b°(¢,z,v) < supgz. byp. One can carry out the same
argument with —b° to get the lower bound.

18
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Proof of the bound (i7). To find Lipschitz bounds, we use the same ideas on the difference
b (t,x,v) = b°(t,x + h,v) — b°(t,z,v). The equation for b7 reads as follows,

O, +v- Vb, = | M(o)exp (bs(”) - bg(m) <1 — exp <bi(“) - bi(”/)» . (3.4)

R 3 e

Using the same argument as above with the correction function —C6t — 64|z|? — §|v|, we end up
with

1 b () =b (v/) —3Jv']
C — 2(sup bi)% < 5 M (v)e = (1 —e = > dv'.
Rn

Using the L*° bound on b°, we find

AN | o 2bElles —3[v'] ,
C —2(supbj)2 < 5 M:(v')e™ = l—e= |dv.
R

Taking again C' suitably, we get that the previous inequality is impossible for small §. As a

consequence,

Y(t,z,v) € [0,T] x R*™, by (t,x,v) < sup (bo(z + h,v) — bo(z,v))
(z,v)ER2™

The same argument will apply to —b5. Indeed, one can write an equation on —bj, on the following
form,

O(—b2) 4 v V(=) = — [ M.(o/)e 2 (1 ~exp <_<—b‘2>(v) - <—bi)(“')>> dv',

Rn £
(3.5)
such the maximum principle works since the r.h.s has the right sign when —bj attains a maxi-
mum. Finally,

V(t,z,0) € [0,T] x R*",  [b(t, 2,0)] < S [bo(z + h, v) — bo(z, v)| < [[Vaboll R
z,v)ER?n

from which the estimate follows.

Proof of the bound (iii). Let R > 16||b|loc and Br := B(0, R). To obtain the local bound
on the time derivative on R} x R"™ x Bg, let us differentiate with respect to time,
1 ) =bt ) o,

(O +v-Vy) () = = M (V') (0% (v) — O (V') e = dv'.

We shall multiply by sgn (9;b°) and split the r.h.s into two parts :

(0 +v - Va) (|0:°]) = —% ; M (V) (|000° (v)] — sgn (9:b° (v)) ObF (V') e

)=t
€ v

1 bE () =6 (')

K /R”\BR M (') (10:°(0)] = sgn (97 (v)) 90" () e =~ — o,

and estimate both parts separately. First, re-using the equation on b° and the estimate on the
space derivative, we get

1 N
- / M. (0)sgn (9% (0)) 8% (o)) = o
3 R™\Bg
1 i i
: / Me(v') ['v,HbeEHoo‘FlﬂL@M] el gy C(e),
e Rn\BR
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where C'(g) is uniformly bounded (and vanishes when € — 0) since the ball Br contains the
centered ball of radius 16||bg|| cc-

Assume now that [9;b°| — C(e)t has a positive local maximum at (to, zo,v0) € R% x R" x Bg.
Then at this point

1 € (1) —bE (v’
Cle) < —= M. (V") (0% (v) — 0:b° (V")) T gy
£ Br
1 / € Y 71’5(”) Ll
+ |- M. (v")sgn (0:b° (v)) O,b° (v')e dv'| < C(e).
R™\Bpr
We thus deduce that g = 0, and thus
V(t,flﬁ, ’U) S [O7T] x R™ x BR7 ‘ath’ < C(€)t + sup ’atba‘(o,fﬂ, ’U) :

(z,w)ER"XBR

We now recall (??) to compute 0:b°(0, z,v) = 0yu®(0, z,v). Indeed, we have

_ n _ 2 2
exp <’U,0($,U) U()(CU,’U) ’U| / >d /
Rn

Ot (0, z,v) +v-Vyu (0,z,v) =1 —
5

1
\2me

The Laplace method gives that

\/ﬁ/n@‘p <u0 2, v) uo(gx,v’) - v|2/2> o

is uniformly bounded in €, locally in (x,v) € R™ x Bg as soon as any minimum point in velocity
v of ug is non degenerate (in the sense that — det (Hess, (uo(z,v))) # 0) and that the third order
derivatives in velocities are locally uniformly bounded, which is exactly hypothesis [B]. As a
consequence, we may bound dyuf(0,x,v) by a uniform constant in €, locally uniformly in (z,v).

Proof of the bound (iv). To obtain regularity in the velocity variable, we differentiate (?7)

with respect to v,
(O +v-Vyg) (Vyb®) = —g-(b°)Vb" — Vb°,

where g.(b°) = 1 fR" e = dv > 0. Multiplying by %, we obtain

00092 (V) = 0992t — (V- L)
< [ Vzboloo -
from which we deduce
VE>0,  [[Veb(t, ) ]loo < I Vubolloo + t]| Vabol|o-
O

Proof of Theorem ?7. Thanks to Proposition 77, the sequence u® converges locally uniformly
towards u®. We first start with a lemma that shows how the supplementary equation giving the
evolution of the minimum in velocity in the system appears in the limit € — 0.

lem:convmin| Lemma 3.2. Let I C R™. One has, locally uniformly in (t,x) € Ry x R™,

u (t,z,v")
lim <—510g </ e = dv')) = minu’(t, z, w).
e—0 I wel
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Proof of Lemma ??7. We shall find the limit of

uf (v/) . min, cpn uf —uf (v')
—elog /e_ = dv' ) = min v — elog /e = dv' | . (3.6) |eq:estimate
I weRn I

Thanks to the local uniform convergence of u®, we know that min,cgn u® converges locally
uniformly to ming,cgn u. We shall prove that the remaining part of the r.h.s converges to 0. For
this purpose, we will prove the following estimate:

min,, cpn uf —uf (v')

V5 >0,35 >0, VK >0, —clog (wnK” + \/2775) < —¢log (/e : dv’) < d—¢log (¢'),
I

for some 6,4’, K suitably chosen. We start with the Lh.s.. For § > 0 (possibly depending on &
at the end), we write

min,, cpn uf —uf(v') min,, cpn u€ —uf (v') min,, cpn u€ —uf (v')
[ = [ [ )
I Is I\

where I := {v € I | min,ern u® —u®(v) > —0}. Thanks to the Lipschitz bound on the deriva-
tives in v, Is has non empty interior. Indeed, for all (¢,z) € Ry x R™, for all v¢ € S(u®)(¢, z),
one has

€2 2
b (oF) — b (o) + 12 1

1
< s X (L2 I TR ) [

min v — u°(v)
weR™

Next, as v € S(u®)(t,z), one has V,u®(t,z,v%) = 0, and thus V,b°(¢,z,v°) = —v°. Hence,
|v¢| < || Vb ||oo, we deduce

Y(t,z,v) € Ry xR Vo € S(uf)(t, z), min u® — u(v)

weR™

1
< <HVq,b5]oo + 5\1} — v5\> |v®—v].

Take &' > 0 such that (||V,b%[|sc + 36") 8’ < 6. The previous inequality gives that
V(t,x) € Ry x R, Vo© € S(u)(t,x), B (v%,d') C Is.
Coming back to (?77), we get
min,, cgn uefue(v/) 5 5 5
e c dv' > / e =dv > |Isle”s > ez, (3.8) |eq:boundIl
/ .

which gives the first bound that we want to prove. Let us come to the second part, namely the
r.h.s. of (??7). For all v € V, one has
[v]?

Y P o + Loz, - 12E
2 2 = 2 & 2

lv

min u® — u®(v) = <ba(v£) —b°(v) +

weRM

We write KTQ 1= 2| Vub®||% + 2[|6°||c for legibility. We deduce

K2 |U‘2
3 € _ ¢ < 3 7). . .
uI)Ing}L u u (’U) min <0, 5 5 (3 9) eq K/2

As a consequence,

min,, cpn u€ —uf (v) K2—|v\2
/e E dv = 1dv+ e 22 dv
1 vl <K o] > K

2 2
<wnK”+\/27r€e}2(T (1 —\V1 —6_I2(€> < wp K™ +V2me,
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(where wy, denotes the volume of the unit ball in R™). Gathering the inequalities, we find

min,, cgn u€ —uf(v')

—clog (wnK” + \/27r€> < —c¢log (/ eed’[)/> < —¢log (5’@‘%) =5 —clog (5’) ,
I

which gives the conclusion. O

We shall start by the following lemma:
em:convmeas | Lemma 3.3. Fore >0, (tg,xo9) € Ry X R™, consider the probability measure on R™:

71.6

_ut(v)
e = dv

gy o (V) =
/ e dv

Assume that S(u°)(tg, zo) = {0}. Then for any § > 0, one has

li dus = 0.
lim e B(00) [v| dpg, 4o (v) =0
Proof of Lemma 77. Let us rewrite

min,, cpn u€ —uf (v')

e B dv

min,, cpn u€ —uf(v') ,
e E dv
Rn

min,, cpn u® —uf(v')

| e : dv

/

dpis o (v) =

/

min,, cgn u€ —uf(v')
+ / V] e E dv’,
B(0,K)\B(0,9)
where K comes from (?7). We estimate again
min,, cpn uf —uf (v')

21,2 "
/ || e c dv' < / [/ = =0 (61+5) .
R™\ B(0,K) R7\B(0,K)

The estimation of the remaining part will use the condition on the minimum points. Since u
only achieves its minimum at v = 0, since u® converges locally uniformly towards u® and the
minimas of u® are uniformly localized, we have necessarily some v > 0 such that

0

Vv € B(0, K)\B(0,9), min u® —u® < —7.

weR?
Thus,

min,, cgn u€ —uf(v') —_
/ [v] e E dv' <O <e%> .
B(0,K)\B(0,9)

Gathering everything, the result follows. O
To prove the Theorem 7?7, we need to go through the two following steps.
# Step 1 : Viscosity sub-solution.

Let T > 0. One wants to prove that u® is a viscosity sub-solution of (??) on [0,7), in the
sense of Definition ??. Let (¢,v) € C*([0,T) x R**) x C?([0,T) x R™), such that v — ¢ and
(minveRn uo) —1) have a local maximum in the (¢, x) variables at the point (tg, o, v0) € Ry x R?",
with t9 > 0. We shall prove that the following conditions are fulfiled at (¢o, zg, vo):
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@)
(ii)

(1ii)

(i) Op+v-Vyp—1<0,
(i) u® — min,egn u® — @ <0,

(ifi) By < 0.
Inequality (??) comes from the fact that one can pass to the limit in the viscosity sense in the
following inequality
Ve > 0, V(t,x,v)eRixRQ", ou® +v-Veu® —1<0.
To prove the constraint (??), assume by contradiction that

2
<u0 — min u? — M) (to, xo,v9) =6 > 0.
weR™ 2

Thanks to the local uniform convergence of u®, for € sufficiently small,

o[

5
©_ min v — —— ) (¢ > .
<“ wekn © 9 )(O’xo’m) 2

Since V,u® is locally bounded uniformly in e, there exists a uniform interval I centered at a
minimal point such that
2

v o
_lwlt 0

2 4
Forgetting the dependence in (¢,z) in order to shorten the notations, we deduce that at the
point (tg, zg, vo),

2
1 u (vg) —ut(v) — B\ ( 5 )
ex dv’ > ex — | — +o0.
/]Rn vV 27‘(‘5 p ( 13 - ‘/27-(-5 p 45 5_>0

which contradicts the estimates of Proposition ?? since (Opu® + vg - V,u®)(to, zo, vo) is bounded
with respect to €.

It remains to prove inequality (??). This is the main originality in this procedure. Let § > 0
be any positive number. Let us fix (to, z9) € R} x R™.

For all (t,z) € Ry x R™ let us integrate (?7?) over B(0,6) to find:

Oy —s/ e qy +/ (v- qua)e_u '
B(0,6) B(0,9)
:/ e " iﬂ)dv’—/ Mg('l)/)d?}// e~ ay
B(0,6) B(0,5) n

u® u® (v)

: : SRS CO Ny N
One can write, using [, ™" ¢ dv’ > fB(M)e s dv':

Yo' e, u® (to, o, v0) — u(to, o, V")

O —6/ e ay +/ (v- Vzu) e ay <1 —/ M (v")dv' / e
B(0,5) B(0,6) B(0,6) B(0,5)

As a consequence, introducing the probability measure du; ,, we obtain:

o <—610g </ e‘ue(v)dv>> +/ (v Vou) diis , (v) 5/ M.(v)dv.  (3.10)
B(0,5) B(0,5) ’ R"\B(0,5)

23

/



We conclude by investigating the following integral

(v - Vous) dpg . (v)

S/ [0 [|Vau® [|oodpy o (v) < 5|!qu€Hoo/ dpg (V) < 0[|Vau® oo
B(0,5) B(

(3.11)
We can now pass to the limit in the viscosity sense with Lemma 77, to conclude that there exists
C > 0 such that for all § > 0,

B(0,5)

6t< min uo(-,w)> <Cé

weB(0,0)

We now recall the crucial fact that for any (¢,2) € Ry x R™, any sub-solution achieves its
minimum in velocity at v = 0, since u — mingegs u — [v|2/2 < 0. As a consequence, for any
d >0, for any (t,x) € Ry x R™,

. 0 . 0
min v (t,z,w)= min v (t,x,w).
weB(0,0) (7 ’ ) weR™ (7 ’ )

Finally, we can pass to the limit § — 0, and get

Oy (min uo(t,m,w)> <0, (3.12) |eq:m decrea
weR™

in the viscosity sense.
# Step 2 : Viscosity super-solution.

We now need to prove that u° is a super solution of (??) in the viscosity sense

Op+v-Vedp—1>0, if u°— min u0—|v\2/2<0,

weRn (3.13)

o (to, zo) > 0, it S(u®)(to, z0) = {0},

To prove the first line of (?7?), let us take (to, zo,v0) € R xR?" such that —d := u®(tg, z0, vo)—
mingern u®(to, T0) — |vo|?/2 < 0. Thus, thanks to the locally uniform convergence and the con-
finement of the minima of u®, for ¢ sufficiently small, one has u®(to, xo, vo) — miny,ern u°(to, xo) —
lvo|?/2 < —6/2. Thus, recalling minyepn u® — u®(v) < min (0, K2/2 — [v]?/2), we have

u® (tg,@0.v0)—u (tg.2.0 )= lvg?/2 —u® (tg,@0,v") —8/2+miny, cgn u (tg,¢0,w) ,
(2me)~ fRn c dv' < (2me)” fRn c dv
min,, cgn ug(to,zo,w)fug(to,zo,vl) ,

< e 3 (2me)™ fRn € dv’ — 0.

Next, assume that S(w)(¢, x) = {0}, that is, 0 is the only minimum of v — u(¢, z,v). For all
(t,z) € Ry x R”, let us integrate (?7) over R” to find:

Oy (—slog (/ e~ >dv')> = —/ (v - Vou®) dps , (v"), (3.14) |eq:supersol

For any fixed § > 0, we now split the last r.h.s into two parts:

/ (v Vous) dps (') = / (v - Vou©) dpg , (v') + / (v Vous) dus , (V).
n B(0,6)

R\ B(0,0)

We estimate the first part exactly as in the sub-solution case:

(v" - Vou®) dps , (V)| < 6]Vt |oo. (3.15)

B(0,6)

24



em:isolated

To estimate the second part, we use Lemma 77:
Lo 0 ) iy () < [l [ iy () = 00D (310
R™\B(0,5) R\ B(0,0)

As a consequence, passing to the limit in € and then in §, and recalling again Lemma 7?7, we get

9 | min u®(tg, 2o, w) | =0,
t (wER" ( 0,20 )>
in the viscosity sense.

It remains to check that v = 0 is an isolated minimum for ¢ > 0. This is the purpose of the
final Lemma,

Lemma 3.4. For allt > 0 and z € R%, v = 0 is an isolated minimum point of the function
u(t,x,-).

Proof of Lemma ?7. We introduce the minimal value function m(¢, x) = min,, u(t, z,w). We
shall prove that for all (¢,2) such that ¢t > 0, there exists a neighbourhood V(¢, x) of 0, such that

2
Vv eV(t,z)) u(t,z,v)=m(t,x)+ |v2] (3.17)
This would immediately imply that 0 is an isolated minimum point.
Passing to the limit € — 0 in the Duhamel formula,
t
Fo(t0) = (o — to0)e "+ ML) [ 70— .= so)e o ds,
0
we deduce that the functions u, and m satisfy the following identity,
, . [v]”
u(t, z,v) = min | up(z — tv,v) +t, min (m(t —s,x —sv) + )+ — | . (3.18)
0<s<t 2
The claim (?7?) is equivalent to proving the two following estimates:
0]
uo(x — tv,v) +t > m(t,x) + — (),
(Vv e V(t,z)) (3.19)

[v]? [v]?
(Vs € [0,t]) m(t— s,z —sv)+s+ 5 >m(t,x) + —— (k)
The proof of (%) goes as follows. First recall that m is time decreasing (??). Thus, it is
sufficient to establish that m(t,z — sv) +s > m(t, z) for all s and small v. This holds for v = 0.
On the other hand, the uniform spatial Lipschitz estimate in Proposition ?7?(ii) guarantees
that the minimal value m is Lipschitz continuous with respect to z, with the same bound, i.e.
Lip zm < ||Vzuo||eo. We deduce that

m(t,x — sv) —m(t,z) +s > (1 — ||Vauolleolv]) s.

As a conclusion, (%) holds true for |v] < (||Vauollos)
The proof of (x) is similar. Firstly, we have

o[ o[

uo(x — tv,v) +t — m(t, x) - 2m(0,x—tv)+t—m(0,x)—7
o]

>t — || Vauolloo|v|t — 5
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sec:homog

The latter is nonnegative, provided that

9 1/2 1
o] < [ Vauolleot [ =1+ 1+> S ol
ol < IVatiollo ( [Vouoll2ot [Vatolloc

The latter condition suitably defines the neighbourhood V(¢,x).

4 Derivation of the fundamental solution of the limit system

Our aim in this Section is to compute some particular solutions of the Cauchy problem (??). For
this purpose we first present a recursive numerical scheme which is based on the representation
of the solution as an iterated semi-group. We propose a time-discretization of this formulation
which enables to compute the solution. We justify a posteriori that the solution that we exhibit
via the discretization procedure is the solution of the Cauchy problem.

4.1 Interlude: The spatially homogeneous case as a toy problem

Let us focus for a little while on the spatially homogeneous problem:
atf = M(’U)p(t) - f7
)= [ f(t.vyav.

Its solution is given by

f)= [ K w) d,

where K (t,v,w) is the fundamental solution of the system, starting from the measure f0(v) =
Oyp—qw- Since in this case p = 1, one can compute this fundamental solution straightforwardly:

K(t,v,w) = e Sy + (1 —e HM(v).
After performing the Hopf-Cole transform ¢° = —elog K in the scaling ¢ = ¢~ 1¢,0 = ¢~ 1/2
we obtain with the fundamental solution in the HJ framework,

v,

0 _mi ol
Y (t,v,w) = min | ¢+ Oy—y; 5 )

where 0y—y,(v) 1= +o0 if v # w, 0 if v = w. We thus have the following representation for the
associated Cauchy problem:

o]

¢(t,v) = min (wo(t, v, w) + qﬁg(w)) = min (t + ¢0(1;); — + mui}n ¢0(w)>

weR™ 2

4.2 The discrete time numerical scheme.

We now come back to equation (??). The Duhamel formula for a positive € > 0 writes

t
fe(t,z,v) = fS(x —tv,v)e /" + ME(U)/ Pt — s, — sv)e /% ds. (4.1)
0
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We deduce that the functions ¢. = —clog f¢, p. = —elog p® satisfy formally in the limit € — 0,

2
¢(t, z,v) = min <¢0(:v —tv,v) + t, ’1)2| + Orggt (u(t — s,x — sv) + s))

(4.2) |eq:phi recu

p(t,x) = min ¢(t, z,v).

veR”?

The minimal value function p satisfies a closed equation:

o[

_ o . 0 _ . . ™ _ _ -
u(t, z) = min <£ﬁ{i (¢"(z — tv,v) + 1) ) g, <£ﬁ{r}l ( 5 +u(t— s,z sv)) + 5>> (4.3)

The time discretization of this implicit semi-group formulation is not trivial. We propose to use
an explicit method for the last recursive contribution in (??). We approximate the function g
by pr, at time ¢, = nAt, where At > 0 is a given time step. Our recursive formula for (f,,)n>0
writes

2
v
pnt1(x) = min <min (¢°(x — tn41v,v)) + tpy1, min (min <’2‘ + fip—p(x — tkU)) + tk))

veER™ 0<k<n \veR™
()

4.3 The fundamental solution starting from (z,v) = (0,0).

We consider the initial data ¢%(z,v) = 0y—¢ + @ This corresponds in fact to the initial

condition 0,—¢+0,—¢ which has been instantaneously projected in order to satisfy the constraint

2
¢0 < mingyeprn ¢° + %, see the spatially homogeneous case of Section 7?7 for a discussion.

em:minvalue| Lemma 4.1. The minimum value satisfies

. . 0
pn () = Og}gln (52]%}1 (¢ (x — tkv,v)) =+ tk> . (4.5) |eq:formula

Proof of Lemma ??. The formula (??) is clearly true for n = 0. To proceed with the recursion
at range n + 1, it is sufficient to establish the following identity:

2
. . v . . -
Orgr}clgn <5161ﬁ{171l (’2| + g (x — tk’l))> + tk> = Orgrklgn (gﬁ{% (qbo(x — tkv,v)) + tn> . (4.6) |eq:recursio

By the induction hypothesis (??), we have

- s
min | min { —- + tp—r(x — tgv) | + i

0<k<n \veR"
= min ( min ﬁ + min (min (qbo(x — tpv — tjw, w)) +t<) + tg
0<k<n \veR" \ 2 0<j<n—k \ w J J
= min [ min w + ¢ (x — tgv — tjw,w) | Ft;+ by )
0<j+k<n \ (v,w) 2

The key convexity inequality is simply the following,

2 2 ) 2 2 2
W‘ §<tk>|vl+<t1>|w| i i

this thij) 2 thii) 2 2 2

1

2
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lem:expmin

The second inequality is an equality if and only if j = 0 and w =0, or k = 0 and v = 0. We
deduce that

2
min (min <|UQ‘ + % (z — tro — tjw, w)) +t+ tk)

(k) \(v,w)
tv 4+ tw\ v+t
= min min <¢0 <x—tk+j < KU Jw) s Jw) +tk+j>

(k) (v,w) Uetj Litj
= in min (¢° (z — tiwd', V') + tw)
O
We deduce from (?7?) the more explicit formula:
(=
) = gmin (e (4.7
with the convention that 2l _ 0,—¢ if £ = 0. Therefore, the solution is an envelope of parabolas.

2t2
For the sake of convenience, we prove directly that (??) is the solution of the recursive identity
(??). It is sufficient to compute the minimum value for (k, j) such that 0 < j <n —k,

min w+w+t.+tk :¢+t‘+tk>ﬂ+t' k (48)
veRn \ 2 2t32. J 2(t?+ti) ! ~ 2(tj4)? e .

with equality if and only if j =0 or &k = 0.

4.4 The fundamental solution starting from (z,v) = (0, w).

Let w € R. We consider the initial data ¢°(x,v) = 0,—0 +min <0v:w, #) This corresponds in

fact to the initial condition 0,—¢ + 0,—, which has been instantaneously projected in order to
2

satisfy the constraint ¢° < min,egrn ¢° + %, as in the previous case. Let us compute first the

primary evolution of the initial data, which is essential for the comprehension of the dynamics.

It amounts to compute the following minimum value:

2
52]% (QSO(Q; — ty, U)) +t, = min <Ox:tnw + tn, ;t‘% + tn> .
The first contribution is new in comparison with the case w = 0. This corresponds to the
deposition of mass at point z = t,w, with an initial level of ¢,,. It is expected that this mass will
create secondary parabolas, as the ones which are already located around x = 0. Therefore, the
solution should consist of the envelope of parabolas centered at x = 0, and secondary parabolas
centered at r = t,w, having some delay with respect to the central parabolas. We infer from
this reasoning the following Lemma. Let us introduce the set of indices A,, C N? defined by

Ay ={(G,k):0<i+k<n—1}U{(n,0)}U{(0,n)}

Lemma 4.2. The solution of the recursive identity (?77?) starting from the initial condition
#°(x,v) = 0y—¢ + min (Ov:w, @) is given by the formula

eq:mu_n exp

. x — twl|?
i) = i (g i) (19

) 2
with the convention that |z_2%w| = 04—, if k=0.
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Proof of Lemma ?7. The formula (??) coincides with the initial condition for n = 0, namely
to(x) = 0,—9. We inject (??) into the recursive formula (?7). The first contribution gives:

2
. ) x
min (qbo(:z — tni10, v)) +tpp1 =min ( Op—t, 0 + o1, % + tpa1
veR™ 2tn+1
. |z — tpr1w|? ||
=min|——s—— +tpt1, =5 — +1¢ .
( th n+1 2t%+1 n+1

This corresponds to the two extreme cases in the formula (??), namely (i,k) = (n + 1,0) and
(i,k) = (0,n + 1). On the other hand, the second contribution when (?7?) is plugged into (?7?)
is the following,

. . lv]? N ) |z — tpv — tyw|? oy oy
min min —_— min I
0<k<nveRn \ 2 (i) EAp_ 275? ar k
. . |$ — tin Lt
= min min ———F5 S s
0<k<n \ (i,))€EAn_x 2(@ + ti) i+j+k

S mi . |z — tiw]? y
min min I a—— g
= 0k<n \()ednr 20402 )

with equality if and only if j = 0 or kK = 0. It remains to verify that the rule of induction on the
sets A, — A,11 is compatible with this recursion. We have already seen that the two extreme
points (n + 1,0) and (0,n + 1) are taken into account. For k& = 0 in the preceding equality,
we obtain the set A,,. Then, for all 0 < k < n, we obtain (i, k) from the choice j = 0, where
(1,0) € Ap—k, i.e. i < n — k. This gives the additional set of indices (i, k) such that i + k < n.
This completes the set Aj,41. O

4.5 The continuous time fundamental solution.

We infer from the preceding recursive numerical scheme that the fundamental solution should
write in the continuous setting as follows,

) |z — sjw|?
u(t,z;w) = min ———5— t 81+ 82 (4.10) |eq:mu total
$1,52>0 252

0<s1+s52<t

For the sake of clarity, we notify the dependency of p with respect to the parameter w (initial
concentration in the velocity space). It is the envelope of a two-parameters family of parabolas.
To conclude, we plug the expression (?7) into the formula for the full fundamental solution ¢

(??)7

P(t, x, v;w)

i [ 0yp + min (0,0, 2 4o 12F 4 i

= min —t min —wy, — min

= v 2 ’ 2 $1,82,83>0 25%
0<s1+s2+53<t

|z — s1w — s3v|?

+81+82+83)

(4.11) |eq:kerne:

We deduce from the knowledge of the fundamental solution, and the comparison principle
Theorem 7?7 a useful representation formula.
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Theorem 4.3. Let u° : R?™ — R be a bounded continuous function. Then, the viscosity solution
of (?7) is given by the following formula:

u(t, z,v) = inf(y ) (6(t, 2 — y,v;w) + u°(y,w)) . (4.12)

Interestingly enough, by exchanging the minima, the minimum value has a similar represen-
tation:
min u(t, z,v) = min (u(t, z — y;w) +u’(y,w)) . (4.13)
veR™ (y,w)
Notice that (??) is not written as an inf-convolution with respect to velocity. This reflects
the lack of invariance of the problem with respect to this variable.

5 Explicit computations around the fundamental solution in dz-
mension 1 in space and velocity.

In this section, we now stick to dimension 1 in space and velocity. This is to make explicit
computations without having a too big computational cost, which appears to increase when the
dimension is greater. Moreover, this is reasonable for our final purpose which is the study of
propagation fronts.

5.1 Computation of the macroscopic fundamental solution pu(t, z;w).

We can derive a more explicit formulation of the minimization problem (?7?). This is done after
a discussion of several possible cases.
In particular, if w = 0, it is better to choose s; = 0, and we have

3
|22 §|33|2/37 if o] < 3/2,
p(t,z;0) = min | — +s ) = 9
0<s<t \ 252 |z[*
2t2

(5.1)
+t, if |z > 32

We now assume that w # 0. We introduce some notations for the sake of convenience,

|z — 31w|2

V(SLSQ) S [Oyt]Qy 0§31+32§t7 J(81782): 9 P
52

+ 51+ 82

(i) Assume that the minimum is attained at an interior point (s1, s2), that is such that
s1 >0, s9 > 0, s1+ s9 < t.

Then, computing the gradient yields the first order condition and the possible points of

minimum: .
s%:w-(x—slw) s1=— — |wf?
5 ) ) w (5.2)
sy = |z — s1w| s2 = |w|?.
Therefore, under the conditions to be an interior point, which read equivalently,
x
w|* < = <t, (5.3)
w

the first candidate for the minimum value is

TP 2):W z s
(5=l o) = 5+ = (5.4)
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(ii) Assume that the minimum is attained on the edge (s1,0), s1 € [0,¢]. Recall that we have
by convention
J(Sl, 0) = Oxzslw + 51.

T
Therefore, under the condition 0 < s; = — < ¢, including the equality x = tw, the second
w

candidate for the minimum value is

x x :
J (E,O> =" (5.5) |eq:candidat

We notice immediately that this candidate is always better than (77).

(iii) Assume that the minimum is attained on the edge (0, s2), s2 € [0,t]. We have from (?7)

3
e/, it fa] < 697

. [ fal?
J(0, = — = , 5.6 :candidat
70 = s (55 ) = 1 (56) [oascantidar

and the optimal ss is given by so = min (t, ]az\%>

(iv) Finally, assume that the minimum is attained on the edge s1 +so = t, with (s1,s2) € ]0,¢[2.
Then minimizing J(s1, s2) reduces to minimizing on |0, ¢[ the following function

~ |z —tw + spw]?

J(s2) = 253 +t.

If # = tw, then J is constant and its value is always worse than (??7). We can now assume
that x # tw since we are done if not. We have

F(s) = (@ —tw) - (xsg— tw + sgw) .

The minimizing s is ¢ — ., if and only if £ — = € |0, ¢[, that is ;> € ]0,¢[. The value of the
minimum is J(s2) = ¢ in this case. Else, the minimum can not be achieved on the interior
of the edge. In any case, we notice that this choice is always worse than (??) under the

same restriction £ € ]0, .

Therefore, only three possible candidates remain after this discussion,

o ifo< o<t
3\ 123 - 3/2
p(t, x;w) = §|az| 2t e <t (5.7) |eq:candidat.
2
’;t‘Q—i—t, if || > t3/2.

We plot in Figure ?? the final result that we obtain after minimizing between these three
candidates.
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Figure 2: Zones of the fundamental solution

5.2 Computation of the full fundamental kernel ¢(¢,x,v;w) and of the char-
acteristic trajectories.

Starting from an initial data of the form 0,—g + 0,—, a particle arriving at (x,v) at time ¢
follows the following trajectory in the phase plane

wT Hfo<r<s
T — S1W — 83V .
<13> (1—=s51)+s1w, ifsg<7<s1+59
x(T) = 52

T — S3v, ifs1+80<7<t— 853

(@ —s3v+ (7= (t = s3) v, ift—s3 <7<t
w, fo<r<s
T — S1W — 83V
S s <7 < s+ s

v(T) = 52

0, if 59 +89<7<t— 853
v, ift—s3 <7<t

In order to compute the fundamental kernel ¢ given by (??), we first fully determine:

2
Tr — S1W — S30V
K(s1,82,83) := | 532 |
52

+ 81 + S9 + 83,

on the set {(51,32,33) €012 : 0<s1+s2+83< t} )
Proposition 5.1 (Expression of the characteristic trajectories). We have

min K(s1,892,83) = min (u(t, z;v), u(t, z;w)) .
(s1,82,83):
0<s14+s2+53<t

Define s(t,x) := min (t, \x]%) The Lagrangian trajectories are given in the phase space by:
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o [f pu(t,x;v) = min (u(t, z;v), u(t, z;w)), then depending on the position on the (t,x)-plane
(see Figure 7?), we have either

1.
x x
™ fo0<r<s Y fo<r<s
z(r) =4 $ v(T):=4¢ 5
x, if s<7t<t, 0, ifs<t<t,
2.
0, fo<r<t—< 0, ifo<r<t—%
x(1) = _ T v v(T) = ' T v
r—(t—T)v, if t——<71<t, v, ift——=<7<t.
v v

o If u(t,x;w) = min (u(t, x;v), u(t, x;w)), then depending on the position on the (t,x)-plane
(see Figure 77 ), we have either

1.
E, if 0<7<s f’ f0<r<s
x(r):=¢ S v(r) =<
x, if s<7<t, 0, fs<7<H.
2. . .
wr, if 0<7<— w, f0<7t<—
z(7) = z w o(T) = T w
xz, ZfEST,TZ 0, ZfESTSt

In particular, it shows that to reach its final point, it is better for a particule to redistribute
its velocity only once.

Remark 1. If v and w have the same sign, positive say, then
min (u(t, z;0), p(t, z;w)) = p(t, z; max(v, w)).

Proof of Proposition ??7. We should now discuss the values of the three times s1, s9, s3 that
minimize the travelling energy. We can make a bunch of reductions before computing the
minimum. We may assume that w # 0 and v # 0, as well as v # w. Indeed, in the three
opposite cases, the work is already done through the minimization of the functional J above.
The values of the minimum are then respectively given by u(t, z;v), u(t, z;w) and p(t, ;v = w)
and the travel times are obtained through the minimization of the functional J above.

(i) Assume that the minimum is attained at an interior point (s, s2, s3):
s1 >0, s9 > 0, s3 > 0, 81+ 82+ 53 < t.

Then, computing the gradient yields the first order condition,

s3=w-(z — s1w — s3v),
s3=wv-(z — s1w — s3v), (5.8)

53 = |z — syw — s3v|?.

Since we work with v # w, there is no solution to the first order condition, so the minimizer
can not be an interior point.
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(if)

(iii)

Assume that the minimum is attained on the edge (s1,0, s3), s1 + s3 € [0,%]. We have by
convention
K(317 07 53) = 032:5111)—1—531) + 51+ s3.

The latter quantity is finite for values of (s1,s3) € [0,¢]? and s + s3 € [0,¢] such that
T = siw + s3v can be achieved. The minimum of the quantity s; + s3 on this set is
necessarily attained on the boundary of the triangle. Thus,

e The minimizer (0,0, £) is available only if £ € [0,#], and then a candidate is .

e The minimizer (,0,0) is available only if & € [0,], and then a candidate is ..

e The minimizer (g:@g’,o, f:?u”

then a candidate is .

) is available only if z € [min(v, w)t, max(v, w)t], and

We check that the latest possibility is always worse than the two others. As a consequence,
one has to take the minimum between the two remaining of these possibilities,

e The minimizer (0,0, ¥) is available only if £ € [0,#], and then a candidate is ¥,

e The minimizer (;7,0,0) is available only if - € [0,1], and then a candidate is 7,

and there is no possible minimum else. We see that the value of the minimum in these
zones is nevertheless given by min(u(t, z;v), u(t, x; w)).

Assume that the minimum is attained on the edge (0, s2, s3), s2 + s3 € [0,t]. We have
K(O7 52, 83) = J(527 83) = M(t7 Z; ’U),
and the optimal times are given through pu.

Assume that the minimum is attained on the edge (s1, s2,0), s1 + s2 € [0,t]. We have
K(s1,52,0) = J(s1,82) = p(t, x5 w).
and the optimal times are given through u.

Finally, assume that the minimum is attained in the interior of the edge s1 + s9 4+ s3 = t.
We have to minimize for

(51,53) E]O,t[2, 0<s1+4 83 <H,

the quantity
K(Sl, S2, 83) =K (Sl,t — (81 + 83), 83) .

The first order condition reads

I(s1,83) €0, 1%, 0<s1+s3<t, T — sqw — s3v = 0,
— Ju €0, 1], Hsle]O,u[,x:u<ﬂw+(l—ﬂ) v),
u u
= Ju €0, ¢, x €u-[v,wl.

Then the corresponding value of the minimum is ¢t. We observe that this possibility is
always worse than p(t,z;v) or u(t, z;w).
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Discussing all the different cases, we see that

min K(s1,s2,83) = min (u(t, z;v), pu(t, z;w)) .
(51,52,83):
0<s1+s2+s3<t

and that the optimal travel times and trajectories are given by the statement of Proposition ?77.
O

With the knowledge of the trajectories in hand, we can now simplify the expression of the
fundamental kernel ¢(¢, z, v; w).

prop:kernel| Proposition 5.2 (Expression of ¢(t,z,v;w)). For all (t,z,v,w) € Ry x R3", one has
LI —
¢(t7 T, v; w) = 7 + min (M(tv x; ’U), :U’(ta x; ?,U)) )
except in the very special case when v =w = x/t, for which
x
t,r,v;w) = —.
Bt v3w) =
We point out the discontinuity in the fundamental kernel due to the initial condition when

w # 0.

Proof of Proposition ??. From Proposition 77, recall that we have

min K(s1,s2,s3) = min (u(t, z;v), p(t, z;w)) .

(s1,82,83):
0<s1+s2+53<t
Thus,
2
wmw@:nm@mﬁQOwwwm@+mmmmmmww@

We can now distinguish various cases, depending on the value of 0,—s, and 0y—,.
. . . 2 .
1. First, if = # vt, we have directly ¢(t, z,v;w) = % + min (u(t, z;v), u(t, z;w)).
2. Now assuming that x = vt, one has

[l

2 2
o(t, x,v;w) = min (min (Ov_w, 2) + E, ‘1}2’ + min (u(t, z;0), u(t, z; w)))
v

(a) If w=wv, then

(b) Now, if w # v, then

o(t,x,v;w) = min(

2
U|2 X
= 5 + min | min (,7/;(15,36;1))) YAUEE w)> ’
v
2
-

Finally, ¢(t,z,v;w) = |[v|?/2 + u(t, z; max(v,w)) unless v = w = x/t for which ¢(t, z,v;w) =
x/w. O
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Cauchypbm

Figure 3: Plot of v — ¢(t,x,v;0): (left) x =5 for ¢t = (1 : 10), (right) = = 10 for ¢ = (1 : 10).

6 Rate of acceleration in kinetic reaction-transport equations

We consider a kinetic reaction-transport problem. We focus on equation (?7) after rescaling
)7, 7,7

V(t,z,v) € Ry x R*™, ¢ (0 f(t,z,v) +v -V f(t,z,v))
= M. (v)p°(t,z) — f(t,z,v) +rp°(t, x) <M€(v) — 5*%f(t,x,v)> . (6.1)

The latter equation satisfies a maximum principle as soon as the initial data f§ is measurable
and satisfies
V(t,z,v) € RT x R" x R, 0 < f§(z,v) <e2 M (v). (6.2)

This readily implies the following estimate on uy :

o]

—+ % log(2me).

V(t,z,v) € RT x R" x R", ug(z,v) > 5

We recall the following existence result from [?]:

Proposition 6.1 (Global existence: Theorem 4 in [?]). Suppose that f§ satisfies (??). Then
the Cauchy problem (??) has a unique solution f& € C(Ry x R?™) in the sense of distributions,
satisfying

V(t,z,v) € Rpx € R®", 0 < fo(t,2,v) < e2 M.(v). (6.3)

After performing the Hopf-Cole transform u® := —elog f€, the equation satisfied by u® is the
following

1 ugfu/67|v|2/2 /€
V(t,z,v) € Ry xR, Ou+v-Veu® =1—(1+ r)/ e : v+ e e dv.
Rn (27-(5)5 €2 Jrn

(6.4)

In this section, we extend the comparison principle (Theorem ?7?), and the convergence of
(u®) to a viscosity solution of the corresponding non-local Hamilton-Jacobi equation (Theorem
?7?) for bounded initial data. We further extend Theorem ?7 for solutions having locally uni-
form quadratic growth both in space and velocity (Section ??). This class of solutions appears
naturally in our problem (Section ?7). However, we were not able to prove the convergence
Theorem 77 for unbounded initial data. In particular, we were not able to adapt the proof of
uniformly isolated minima (Lemma ??) due to the lack of uniform Lipschitz regularity in space.
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Then, we extend the representation formula (?7) to the case r > 0, but ignoring the quadratic
nonlinearity in (??). This nonlinear term yields a constraint in the limit problem. Usually, this
additionnal constraint is handled by means of the so-called Freidlin condition which asserts
that the solution to the constrained problem can be obtained by truncating the representation
formula of the unconstrained problem so that it fulfils the constraint minu > 0. The latter
condition is an immediate consequence of (?7).

We now define the non-local Hamilton-Jacobi system obtained in the limit € — 0. Formally,
under suitable conditions (see Theorem ?? below), u® converges locally uniformly towards a
viscosity solution of the following non-local Hamilton-Jacobi system,

1. If mingern u(t, z,w) = 0 then, for all v € R™, one has u(t, z,v) = %

2. If mingern u(t, x,w) > 0,

max (8tu(t, z,v)+v-Veoul(t,z,v) — 1u(t,z,v) — m%l u(t, z,w) — 2) =0,
weR™

O (min u(t,a;,w)) < —r,

weR?

O (J)IEI%R% u(t,a;,w)) =-r, if S(u)(t,z) ={0} .
69
3. u(0,-,-) = up(--)-

A function u is a solution of the limit system if, and only if it is both a sub and a super-
solution as described in the following definitions.

Definition 6.2 (Sub-solution). Let T' > 0. A upper semi-continuous function u is a viscosity
sub-solution of equation (77) on [0,T) if and only if for all (ty,zo) € [0,T) x R™:

1. M(Oa y ) S (UO)*
2. If min’wER" Q(th Zo, w) > 0;
(i) It satisfies the constraint
[v]”

(Vv € R")  w(to, zo,v) — min u(ty, zo,w) — ——

<0.
weR™

(ii) For all pair of test functions (¢,1) € C* ((0,T) x R?™) x C* ((0,T) x R™), if (to, %0, vo)
is such that both u(-,-,vo) — ¢(+,-,v9) and min,, u(-, -, w) — (-, -) have a local mazimum at
(to,z0) € (0,T) x R™, then

0 ¢(to, xo,v0) + vo - Vad(to, zo,v0) — 1 <0,

5%1D(t0,1£0) f; —T.

9

2
3. If mingern u(to, xg, w) < 0 then, for all v € R™, one has u(to, g, v) < %

Definition 6.3 (Super-solution). A lower semi-continuous function u is a viscosity super-
solution of equation (??) on [0,T) if and only if for all (to,x0) € [0,T) x R™,
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1. u(0,-,-) > (ug),

2. For all v € R™, one has u(ty, zo,v) > @
3. For all (t,z) € (0,T) x R, v = 0 is a global minimum of u(t,x,-). Moreover, v = 0 is
locally uniformly isolated: for any compact set K C (0,T) x R™, there exists r > 0 such

that S(u)(t,z) N B, (0) = {0} for all (t,z) € K.

4. For all pair of test functions (¢,v) € C* ((0,T) x R*™) x C* ((0,T) x R™), if (to,zo,v0) is
such that both u(-,-,vg) — (-, -, v9) and min, (-, -, w) — Y(-,-) have a local minimum at
(to,z0) € [0,T) x R™, then

2
0¢(to, o, v0) + vo - Vzd(to, xo,v0) —1 >0, if u(to,zo,v0) — Hel]lR? u(to, zo, w) — |v;’ <0,
w n
p(to, xo) > —r, if S(@)(to,z0) = {0} .
(6.7)

We consider the linearized version of (?7?), ignoring the quadratic nonlinearity,

e (at Ft,z,0) +v- Vof(t,, v)) — M. (o) (t,z) — f(t,2,0) + 15 (t, ) Me(v) . (6.8) [eq:kinKPPR

We point out that (?7) and (??) are equivalent after the following change of variables: Let g
defined by g(¥',2',v) = e f(t'/(1 +1),2'/(1 + r),v), then g solves (??). As a consequence, the
corresponding Hamilton-Jacobi system for @ is written

[v]?

max <8tﬁ(t,:):,v) +v-Vyu(t,z,v) — 1,a(t,z,v) — m%l a(t, r,w) — 2) =0,
weR™

Oy <min &(t,x,w)) < —r,

weR™

69
O <min &(t,x,w)) =—r, it S(a)(t,z)={0},

weR™

L%(0, z,v) = up(z,v).

We define accordingly the fundamental solution ¢, by performing the same change of variables
in (77).

We refer to it as the unconstrained problem, because the definition of viscosity sub-solution
(resp. super-solution) coincide with Definition ?? (resp. Definition ?7?) except that the constraint
minwu > 0 is ignored, meaning that Item 2 is ignored in Definition 7?7 (resp. in Definition ?7).

By opposition, we refer to the combination of Definition ?? and Definition ?7 as the con-
strained problem.

For the rest of this preliminary discussion, we restrict to dimension n = 1.

We conjecture that a solution to the constrained problem can be built following a procedure
analogous to [?].

Conjecture 6.4. First, solve the unconstrained problem,
u(t,x,v) = (mln) (or(t,z — y,v;w) + up(y,w)) . (6.10) |eq:hopf lax
w

)

Then, truncate the solution by taking into account the constraint minu > 0 in the following way:
for (t,z) such that mind < 0, replace @ by v?/2 on the zone v < x/t (for x > 0), resp. on the
zone v > x/t (for x < 0). This would determine the minimal value minwu for all (t,z) as the
latter is necessarily attained for v = 0.
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Although we were not able to prove that this truncation procedure is valid, this would have
the following consequences on the spatial spreading rate of accelerating fronts for (??). In fact,
we can compute the exact location of the level sets associated with the minimal value of the
fundamental solution ¢,.

Proposition 6.5 (Level lines of p,). Assume that Conjecture ??7 holds. Let w € R. There
exists To(w) such that for all t > To(w), the negative part of the minimum value p, is located as
follows,

{meR)uT(t,x;w)go}: xGR‘|m|<(

This yields formally the rate of spreading for initial data of the form wg(x,v) = 0,—¢ +
min (Ov:w, %) We conjecture that the same rate of spreading holds for initial data which are
growing sufficiently fast at infinity.

Proof of Proposition ??. The spreading rate comes straightforwardly from the expression of
wr. We can infer that

( X
((1 + T)E - Tt) 1%§min(t,(%)3w2) < O’

pr(t, z;w) <0 =

for ¢ sufficiently large.

O]

Although we were not able to prove this Conjecture, we discuss in the rest of this section
several intermediate results supporting it. First, in order to prove that the truncation procedure
might yield a representation of the solution of equation (?7), one needs to check that this solution
is unique. We thus first show a comparison principle for bounded initial data in Subsection 77.
We then extend in Subsection 7?7 this comparison principle to unbounded initial data with an
appropriate quadratic growth rate, this rate being satisfied by the fundamental solution after
positive time. We then discuss in Subsection 77 the validity of the truncation by checking a
Freidlin-type condition for equation (??), although we are not able to prove that this condition
yields the Conjecture.

6.1 Uniformly bounded initial data

Here, we restrict to bounded initial data, as in Sections 7?7 and 77.

6.1.1 The comparison principle

Theorem 6.6 (Comparison principle). Let u and u be respectively a viscosity sub-solution
and a viscosity super-solution of equation (?7) in the sense of Definitions 7?7 and ?77. Assume
that uw and w satisfy (??7). Then u < .
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Proof of Theorem ?77. We follow the same lines as for the proof of Theorem ?7. For the sake
of clarity, we do not reproduce all the details, but we focus on the arguments specific to the
constrained problem. This is the discussion on the minimum min,,cgn u.

Define x and X as in (??)-(??), and define w, Q2 accordingly. For the sake of clarity, we omit
the correcting terms in the following discussion.

Suppose by contradiction that the maximum value € is positive. Let (¢g,xo,v0) be either
(f(), i‘o, 1)0) or (tAo, :i'(), ?)0).
# Case 1: w < Q. If miny, u(tg, xg, w) > 0, then argue as in Section ??7. On the other hand,

if miny, u(to, zo,w) < 0, then by definition we have (Yv) u(to,xo,v) < % But we also have

u(ty, xg,v) > @ Therefore, we have a contradiction at v = vy.

# Case 2.1: w=Q and S(u)(tg,z0) = {0}. If m(to, o) > 0, then argue as in Section ??7. On
the other hand, if m(to, o) < 0, then by definition m(tg, z9) > 0. This is a contradiction.

# Case 2.2: w = and S(u)(to,zo) # {0}. Same as Case 1. O

6.1.2 Convergence of solutions to the kinetic equation

Theorem 6.7 (Convergence). Let u® be the solution of (?7), with the initial data u® = wyp.
We assume that the initial data satisfies conditions (??) and (??7). Then, ase — 0, u converges

towards u, the unique viscosity solution of the limit system, characterized by Definitions 77 and
77

Proof of Theorem ?7. We now show how to pass to the limit in the presence of the nonlinear-
ity. We again follow the same lines as for the linear case, and do not reproduce the technicalities
to focus only on the main features of the argument. We start with reproducing the Lipschitz
estimates. Then, we derive the viscosity procedure.

Lipschitz estimates. The function b° satisfies :

e _n YE@=bEe)-p 22 T I U S CO N
(O +v-V) () (v)=1—=(1+7r) | (2me)” ze E dv —1—(2 Y e e = du.
" me)2 Jrn

We shall rewrite this equation on the form :

1 be () —bF (v))—|v'|2/2
€

(2me) ‘

w3

(é?t—i-v-Vm)(ba)(v)—(l—i—r)(1—/Rn dz/>+r(p€_1).

The fact that p° < 1 combined with a maximum principle argument for b* gives the uniform
bound. For the space derivative, we write :

1

u® (v)—u® (v))

(Or +v-Vg) (Vaus) (v) = —C M. (v) [Vauf(v) = Vus (V)] e = dvf
R
- / (Vo () = Vo ()] (Mefw)e ™ 1) 5 = ( / e—“qu/> Vo0,

and the result follows from a maximum principle argument. To bound the time derivative, we
write the same type of equation as for the space derivative and redo the argument used for the
linear case.
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Convergence procedure.

# Step 1 : Viscosity super-solution.

We start with the viscosity super-solution step. We first show that u is a super solution of
(??) that is

ou+v-Vyu—1>0 if {(t,x,v)€R+XR2”|u—minw€Rnu—@<0},
(6.11)
O¢ (minyepn u) > —r if S(u)(t,x) = {0}.
in the viscosity sense, and u(t, z,v) > @
The first inequality comes from the fact that p* > 0 and then the same argument as for the
linear case works. Let us set v® = u® + rt, we get

1 vE =0 —|v|2/2
O +v -Vt > (1+7) (1—/ —Fe c dv’).
R (27e)2
Since the r.h.s is now mass conservative, the same procedure as for the linear case applied to v®

gives

weR™

o (min u+ rt) >0 it Sl (t,z) ={0}

and thus the result follows.
From the fact that f¢(t,z,v) < 2 M.(v) for all (t,z,v) € Ry x R?", we deduce

e e [v]* | en
u®(t,z,v) = —elog f(t,x,v) > 3 + ?log(Qws),
and thus u(t,z,v) > @ passing to the limit € — 0.
# Step 2 : Viscosity sub-solution.
Since _,
. e_wdv'

n
65 Rn
is bounded uniformly, the same proof as in the linear case gives

(V(t,z,v) € Ry x R*™), u(t, z,v) < Hl}él u(t, z,w) + |v]?/2.
weR™

The maximum principle on f¢ yields that in the limit, one has necessarily u > |v|?/2. We deduce

|v|2< ? ) < min u(t )+|v|2
— <wu(t,x,v) < min u(t,z) + —.
2 = weR™ 2
Take first a point (¢, ) such that min,egn u < 0. The previous inequality gives u(t,z,v) =
|v|?/2. Take finally a point (t,x) such that min,eg» v > 0. Then in this case p° goes to zero.
Thus, passing to the limit in the viscosity sense in

r u/S
out +v-Veu® <1+ — e e dv.
55 Rn
gives the first inequality of the limit system. The proof in the linear case can be reproduced to
give
weR"L

) (min u> > if S(u)(t,z) = {0}
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6.2 Unbounded initial data
6.2.1 The comparison principle

Here, we explain how to extend the comparison principle Section ?? beyond Hypothesis (?7?),
i.e. uw=v%/2+4 L. Specifically, we consider sub- and super- solutions having locally uniform
quadratic growth at infinity both in space and velocity. This is motivated by the fact that the
fundamental solution that was derived in Section 7?7 has precisely this large scale behaviour after
positive time (see also Figure ?7). The method cannot handle asymptotic behaviour bigger than
quadratic.

Theorem 6.8 (Comparison principle). Let u (resp. @) be a viscosity sub-solution (resp. super-
solution) of (77) on [0,T) x R?™. Assume that u and U are such that there erist constants
A>1,B>0,C >0 such that for all (z,v),

1
ZMZ — Blz|* — C < u(t,x,v),u(t, z,v) < Alv|> + Blz[* + C. (6.12)

Then u < on [0,T) x R?",

An immediate consequence of (??) is that any minimum with respect to velocity, say attained
at vg, satisfies
lvo|? < 24 (B|z|* + C) . (6.13)

Proof of Theorem ?7. We shall not reproduce all the details of proof of the comparison prin-
ciple, but only indicate the major changes that have to be made in comparison with Section ?77.
The major discrepancy concerns the localization of minima with respect to the velocity variable.
Indeed, they are no more confined uniformly with respect to x as in Section 77, see (77). We
have to adapt the penalization terms in x and Y accordingly. A side effect is that a short time
condition T" < Ty is required. However, this does not affect the conclusion since we can iterate
the comparison principle on time intervals of length Ty. Let us define
1

Ty = ok (6.14)

Let T' < Ty. Let >0, R > 0. Let 6 > 0 to be suitably chosen below. We define

e
T—t

%(tv'x’v) = y(tvl‘vv) 7ﬂ(tal’7v) - gev(t_T)|x‘4 -

£t 2) = m(t, ) —m(t,2) — 9l (6.15)

o
Tt

—A (|v|2 — By|z — tv]* - R2)+
(6.16)

for some suitable constants 7, By to be chosen below. The quadratic penalty term in (?7?) has
been turned into a quartic one in order to ensure the existence of a minimum with respect to
space variable. The exponential prefactor is inspired from [?, page 72|. Also, the penalization
with respect to velocity has been extended in order to take into account the nonuniform velocity
confinement.

We define w, Q2 as in (?7). To establish that w < €, it is enough to check that the penalty
term (|v|? — By|z — tv]? — R)+ vanishes at the minima of @ with respect to velocity. This is
indeed a consequence of (??) and the short time condition. The following lemma replaces the
confinement Lemma 77.
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4AB
m:minconf A| Lemma 6.9. Let B} > 1 1ABT? and R > \/2AC (1 +T2By). For all (t,r) € [0,T) x R",

the additionnal penalization vanishes on S (u) (t, ),

(Voo € S () (t,x)) (!v0|2 — Bz — tw|? — R2)+ =0. (6.17)
Proof of Lemma ?77. Let vg be a minimum, we have:

‘1)0’2 — Bﬂx — tvg‘2 — R2 < (1 — t2Bl) ‘Uo’2+231t.® -V — Bﬂx‘Z — R2

IN

1
(]_ — tQBl) |U0’2 + §B1|x|2 + 2Blt2|’00|2 — Bl|l'|2 —R?

IN

(14 £By) [uf? — %Bl\az|2 _R
< A(1+T°By) (2Bz|* +20C) — %Bl|x\2 - R

The last quantity is certainly nonpositive due to our choice of By and R.

em:0omega A| Lemma 6.10. We have w < .

The proof goes the same as in Lemma 77.
# Case 1: w < Q. We denote by ({9, Zo,v) a maximum point of X, such that X(fo, &g, v0) = Q.
m:velconf A| Lemma 6.11. There exist two constants C1,Co such that

”Uo| S Cl‘i'o’ + CQR + 03,
Proof of Lemma ??. The evaluation X(fo, Z0,v0) > X(0,0,0) gives
A (|U0‘2 - Bl‘.fo - tNov()|2 - R2)+ < Q(fo, Zo, U()) — ﬂ(fo, Zo, UU) — Q(O, 0, 0) + H(O, 0, 0)

- 1
A (Jvo|* = Bi|&g — tovo|* — R?) < (A - A) lvo|? + 2B|Zo|* + C
We expand the left-hand-side, to obtain

1
A (1 =2B185) |vo|* < 2AB|3o|* + AR + (A - A> lvo|? + 2B|&o|* 4+ C

1 1

“A— (A= =) |wl? < Blig)* + C + AR?

3 A

We conclude by taking A = 3(A — 1/A) + 1. O
According to the changes performed in the definitions of ¥, X, we change the definition of X,

to

- 1)
Xg(t,l‘, s, Y, U) = g(t,x,v) - ﬂ(S,y,’L)) - Ze’\/(t_T)‘l’rl

1 1 P G
L (s yl?) — L (s~ Bl by — 30l
— A (jv]? = Bila — to’ = R?)

Let (fe, -, 3¢, §-) which realizes the maximum of e (-, v).
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:1imit t0 A| Lemma 6.12. The following limit holds true,

lim(iﬁjaa gEng) - (5071%077?075:0) .
e—0

onstraint A| Lemma 6.13. There exists g9 > 0 such that for all € < &g,

|vo|?

5 <0.

ﬂ(gaa gaa /UO) - m(géf) ga) -
We now present the test function step
7oA g (te=T) |5 14
¢2(S7y7v) :Q(t&‘axwv) - Ze’y ‘ ’xS,

o 1
T—t. 2

- 5 1 - B
(lte = sI* + |2 — yl*) — B} (Is = tol* +ly — 0l?)
— A (v]* = Bilz — tv]* — Rz)Jr )

associated to the supersolution w at the point (3., ge,v9). Notice that the condition 5. > 0 is
verified for € small enough. This yields

—2(55 — t~5) — (8¢ — t~0) + vg - <—i(g]5 — &) — (e — ig)) —1>0. (6.18) |eq:chain ru

We strongly emphasize a crucial cancellation. Namely, the free transport operator cancels the
velocity penalization (|v|*> — Bi|z — tv]* — R?) - This is the main motivation for considering
such an expression.

On the other hand, using the test function

o
O1(t, 2,0) = U(3e, e, v) + 7ol

o 1 . . 1, . - .
+F T (|t = 5.2+ |z — §*) + 3 (13 — to|* + |7 — 20/?)
+ A (Jv)* = Bi|z — tv]* — R2)+

associated to the subsolution u at the point (f., %, vo), we obtain

« o Py 1, T TV~ 19 1, -
m + Z’Y€’Y(t6 T)’J?g’4 + g(ta — Sg) +vg - <(567(t€ T)‘$g‘2$5 + g($g — y5)> —-1<0. (619) eq:chain ru

By substracting (??) to (??), we obtain

« « s 1 . - - - ~ - -
T2 < m < gette=T) <_4’7|m6|4 - |xa|27}0 : xa) + (Sa - tO) — v+ (J — To) -
- lg

We deduce from Lemma 77 and lim Z. = Z( that
lvo| < Ch|Ze| + CoR + Cs,

for & small enough. Now observe that

1 . - - 1 .. - 1 - - ~
=l = [Fe P - 2o < =S CLE] " + |5 luo| < (01 - 47) |Z<[* + CoR|Ze|* + Cs|2e|* < K(R),
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for some explicit constant K (R), provided that v > 4C. By taking the limit ¢ — 0, we deduce
that a N
72 < 57T K < §K(R).

The choice § = (T 2K (R)~1)/2 yields a contradiction.

# Case 2: w = Q. We denote by (fo,Z¢) a maximum point of X.

# # Case 2.1: We first consider the case where S(u)(fo,20) = {0}.

In this case, the spatial derivative of the transport equation is not used, however the time
derivative of the test function being different, one has to perform slight changes. The new
function x. is

o
)A(E(twrwsay) = m(t,l’) —m(s,y) - Zey(tiT)’w‘Ll
@ 1 2 oy _ 1 P P
(= —y) - = (s—1 - .
2 (sl e ) — 3 (s o+~ 20f)
Lemma 6.14. There exists g > 0 such that the set S(u)(Se, Je) is reduced to {0}, provided that

e <ep.

We now use the test function

I O i,
Pa(s,y) = m(te, &) — zev(tg T)‘$6‘4
« 1
Tt 2

- 1 -
(fte = sl* + 12 = yf*) = 5 (Is = fol” + [y — 20[)

associated to the supersolution 7 at the point (S, 9.). Notice that the condition §. > 0 is
verified for € small enough.
The second criterion in (?7?) writes as follows,

1 . .
——(8: —ts) — (8c —t9) > 0. (6.20) |eq:chain ru
g

On the other hand, using the test function

D o
Yi(t,z) =m(5:,9:) + 167(2& T)|x|4
o 1 . R 1,. - N A
gy g (1= 8l o = 5el?) + 5 (18 — fol” + I = dl”) .

associated to the subsolution m at the point (f.,.), we obtain

1) ? 1.
1’)/6’Y(tg—T)‘j'€‘4 + (Tf[f)2 + g(ta —5.) <0. (6.21) |eq:chain ru
€

By substracting (??) to (??), we obtain

. N « 1) T «
)2 G et 2

Passing to the limit € — 0, we get a contradiction.
# # Case 2.2: There exists some nonzero vy € S(@)(to, Z0)-

Oomega eq A| Lemma 6.15. Assume w = Q, and let vy € S(u)(to, 20) \ {0}. Then,
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1. (o, &0,v0) realizes the supremum of X,
2. vg is a minimum velocity also for g(fo,af?o, ).

Similarly as in Case 1, we define the following auxiliary function,

~ 1)
Xa(t,ﬂf, S, Y, ’U) = Q(t,ﬂ?,?)) - ﬂ(s,y,v) - Ze’yaiT)‘j&ﬁ

a_i_z 2
o =5 (= s 1o —yP?)

1 - .
—5 (|s — to\Q + |y — x0|2) —A (|v|2 — Bylz — tv\Q — R2)+ .

Let (., Zc, 3, §-) which realizes the maximum value of X (-, v9). We can prove as in Lemma ?7?,
that the following limit holds true,

li

im
e—0

nstraint2 A| Lemma 6.16. There exists g > 0 such that for all € < e,

(t~67'i'€7 géaga) - (5073/}07{07@0) .

|vo?
2

ﬂ(gg,:ljg,vg) - m(gmga) - <0.

Therefore, we can use the test function

~ O i «
— wlt.. 7 9 e 5 4 _
¢2(3,yﬂ/) Q( 5,.%'5,’[)) 46 |.CC5| T—1.
- B 1 - .
|t — s> + & — yI?) — 5 (Is — o> + Iy — #0|?)

a 27:( 2
— A(jv* = Bi|Z. — 0 = R?) _,

associated to the supersolution @ at the point (8., 7., vg). Notice that the condition 5. > 0 is
verified for € small enough. This yields

%(56 —te) — (8 — to) +vo - <_i@6 — &) — (P — a}o)> —-1>0. (6.22)

On the other hand, using the test function
61(t,2,) = T(Ee, G, v) + 37Dl 4+ 2
1(t, 2, e Jesv) + € o'+ 7
+ 2% (It =3+ |o = 5el”) + % (18 — ol + |7 — 20f*)
+ A (Jv|* = Bi|z — tv]* — Rz)Jr
associated to the subsolution u at the point (f, %, vo), we obtain

Q 1 - 1

S5 - -
etz Ay & (3 . D)5 125 4+ (7. —7.) ) —
e |Ze|* + T 1) + 8(tE Se) +vo <567 |Ze|*Te + 8(:35 y5)> 1<0. (6.23)

4

We conclude as in Case 1, except that the confinement estimate on vy is given by (?7) rather
than Lemma ??7. The proof of the comparison principle can be ended exactly as in Section
77?. O
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epsestimate

Reproducing the same proof as for the proof of Theorem 7?7, we obtain as a corollary a
comparison principle for the constrained system (?7).

Corollary 6.17 (Comparison principle for the constrained system). Let u (resp. u) be
a viscosity sub-solution (resp. super-solution) of (??) on [0,T) x R?". Assume that u and U are
such that there exist constants A > 1,B > 0,C > 0 such that for all (z,v),

1
Z|v|2 — Blz|* — C < u(t,z,v),a(t,z,v) < Ajv]? + Blz|* + C. (6.24)

Then u <@ on [0,T) x R?",

6.2.2 Quadratic bounds

The purpose of this section is to provide crude a priori bounds for both the fundamental solution
in the case r = 0, and the solution of the Cauchy problem (?7?) for compactly supported initial
data, in the case r > 0. We show that in both cases u® = —elog f¢ is naturally bounded
above by (A/2)v? + Bx?/(t?) + C. Thus, it would be natural to extend the uniqueness result
(Theorem ??) to such unbounded solutions, in order to prove that the solution of the Cauchy
problem coincides with the solution built from the representation formula. In this direction, we
establish such a uniqueness result for solutions satisfying a uniform quadratic bound involving
(A/2)v* + Bz?>+ C on [0,T] x R x R.
We deduce immediately from the expression (??7) that the fundamental solution ¢ satisfies

+ ot (6.25)

For this, simply choose so = t in the minimization problem. Note that a similar bound can be
derived for ¢, when r > 0.

Equation (??7) has the property of infinite speed of propagation. We make this property
quantitative in the next proposition.

For the sake of simplicity, we restrict to initial conditions compactly supported in z, with a
Gaussian velocity distribution,

fi(@.v) = [Lay ()] - [0 ()] (6.26)

for some is some open interval Gy.
The next proposition establishes quantitative estimates of f(¢, xz,v) from below, which yields
some locally uniform upper bound for u® (¢, z, v).

Proposition 6.18. For all € > 0, for all (t,z,v) € Rt x R" x R", one has

2 2 2
vt € v 1 (x| + (t/2)|v] + 1

— — —log(2 < ut(t < —4t+ = .
5 20g(7rs)_u(,x,v)_2 2( 12

Proof of Proposition ?7?7. First, we claim that we can restrict to the case without the non-
linear term (r = 0), since the contribution 7p(e'/2M — f) is nonnegative. From the Duhamel
formula, we deduce that f¢ is bounded below by the damped free transport equation,

fE(tm,0) > folw —to,v)e /e, (6.27)
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Hence, we have

F(t ) > / fol@ — tw, w)e e dw
R

w2

> et/s/ 14gy (z — tw) exp <—2> dw
R 9

Up to elementary spatial rescaling, we assume that Gg contains the interval (—1,1). Plugging
this bound into the Duhamel formula with » = 0 , we deduce

t 2
[t 0) > Me(v)/o (6_(t_s)/€ /R Ligo} (z — sv — (t — s)w) exp (—i) dw) e /5ds

r—sv+1

t poosvtl w?
> Mg(v)e_t/a/ / exp <) dw ds
0 rx—sv—1 25

t—s
t r—sv+1 2 2
e 1 —sv—1 - 1
S M.(o)e e / / = ep [~ L max (Hf) <fﬁ$v+> dw ds
0 Je=seol 2e t—s t—s
32 1 (|| + sjv] + 12
- v t/s/ 2 I Rl N I
2 Me(v)e 0 t_s P 2e t—s °

/e L (ol + (t/2)v] + 1)
> M. (v)e "% exp (—25< 72 ))

This estimate from below, combined with (??) yields the following estimate on ¢,

v e v? 1 [ |z + (t/2)|v] + 1\?
— — —log(2 < uf(t < —4t+ = .
5 2og(7r£)_u(,x,v)_2+ +2< 12 >

(6.28)

6.3 Non-local Freidlin’s condition

Here, we restrict to dimension n = 1.

We now continue our discussion about the limit system. This limit system appears to be
an obstacle problem, subject to the constraint minu > 0. It is analogous to the following
constrained Hamilton-Jacobi equation,

Y(t,xz) € Ry x R", min (O,U + D|V,U[* +r,U) =0,

which can be derived from the Fisher-KPP equation (?7) using the same methodology as de-
scribed above [?] (see also [?] for earlier works using a different framework based on large
deviations).

6.3.1 The case of the Fisher-KPP problem

Assume that the initial data Uy = Up is an indicator function of some open bounded interval
Go (asin [?, 7)),
Uop = 0zcq, - (6.29)
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The so-called Freidlin condition allows to solve this obstacle problem by the following trun-
cation procedure: First, solve the unconstrained problem

QU+ DIV, U2 +7r=0 (t,z)e (0,+00) xR

U0,z) =0 z € Go (6.30)
limU(t, z) = 400 x € R\ Gy
t—0

Then, truncate the solution U by taking into account the constraint minU > 0:
U(t,zr) = max (ﬁ(t, x), 0)

The solution U can be written using the Hopf-Lax representation formula,

Ota)= ik {/Ot {’””(5”2 _ 7’] ds + Uy(x(0)) | a(t) = x}

zeH] (0t 2

t d 2
— ot S TEOE a0y e G, o - o).
zeHp, ((0,6),R") Jo 2

loc

The Freidlin condition states that, starting from a final point (¢,z) such that U(t,z) > 0, then
tracing backward a minimizing trajectory z(s), it verifies U(s, z(s)) > 0 for all s € (0,¢). This
implies the following modification of the Hopf-Lax formula,

Otr)= il {/Ot [‘””(;)’2 - r] ds | 2(0) € Gy , a(t) = ., (v) U(s,2(s)) > 0} ,

loc

Alternatively speaking, trajectories ending in the unconstrained area (i.e. U > 0) have gone
through the unconstrained area only. The Freidlin condition holds true for the unconstrained
problem (?77).

6.3.2 Formal extension to the kinetic transport-reaction problem

Here, we assume that the initial data g = ug is the indicator function of some open interval G

in the space variable,

U2

uo(x,v) = Ozeq, + 5 - (6.31)

For the sake of convenience, we set Go = (—1,0).

Variables are changed as previously: (¢',2',v) = (¢'/(1+7r),2"/(1+7),v).

The following representation formula of the unconstrained problem (?7), analogous to the
Hopf-Lax formula, is solution to the non-local Hamilton-Jacobi system,

2

w
i(t,z,v) =  inf (T — y, v; 2. 6.32
r) =t <¢< 2 —y,viw) + 2) (6.32)

In Section 77?7, we derived explicit formulas for extremal trajectories. Let define the following
set,

Z, = {(t,x,v)e&x&xﬂ@)tgf}.
v

An important observation is that extremal trajectories ending in Z, remain in Z, in backward
time.
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trajil

%|(1 —0—r)m|2/3 —rt

Figure 4: Extremal trajectories in the zone Z,, superimposed with the possible values of the
function p,(t,x,w): case 1. (blue) and case 2. (magenta).

Let (t,x,v) € Z;. Clearly, y = 0 is an optimal choice in (??). We deduce from Proposition
7?7 that an extremal trajectory joining (0, wp) and (z,v) is necessarily given by one of the two
following choices,

1.
x
™ fo<r<s =, if0<r<s
xz(r) =4 5 v(r)i=4¢ °
T, if s<7<t, 0, ifs<7<t,
where the transition occurs at time
. _1, 2
8:m1n<t,(1+r) 3|z]d>
T T
woT , 1f0§7-§7 wo , 1f0§7‘§—
- Wo L wo
x(7) = oz v(T) == oz
x, if — <7<t 0, if — <7<t
wWo wo

The choice between the first case (referred to as trajectory 1), and the second case (referred
to as trajectory 2) is set up according to Proposition 77, see also Figure 7?7 for a sketchy diagram.

We propose the following extension of the Freidlin condition: Let (z,v) € H'(0,t) be an
extremal trajectory such that the ending point (¢,z(t),v(t)) = (t,x,v) belongs to Zy. Assume
that (¢, x,v) is such that min, @ (¢, 2,v") > 0, then for all 7 € (0, ),

mi%ﬂ (r,2(7),v") > 0. (6.33)
v'e

We refer to it as a non-local Freidlin condition, as the sign condition is required for all w along
the projected backward trajectory (7, z(7)).
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We prove below that this condition holds true. Let (7,2(7),v(7)) be such an extremal trajec-
tory belonging to Z,.. We denote by (0, wy) its starting point. The condition min, @ (¢,z,v") > 0

is rewritten using (?7)
2

(Vw) (b, 5 w) + % >0, (6.34)

and the requirement is:

w?
(VT € (0,t)) (Vw) pp (7, 2(7);w) + -5 > 0, (6.35)

We can conclude, provided that the function 7 — p, (7,2(7);w) + w?/2 has the following
monotonicity for 7 € (0,¢): increasing, then decreasing. Indeed, it is nonnegative at 7 = 0 and
at 7 =1t (?77?). Therefore, it is positive for 7 € (0, t).

Lemma 6.19. The function 7 — p, (1,2(7); w) is increasing, then decreasing for T € (0,t).

There is some subtlety here, because, the trajectory is associated with some parameter wy,
which is generally different from w. It means that the typical trajectories shown in Figure 77
are not necessarily in phase with background areas delimited by the plain red curves.

Proof of Lemma ?77. There is quite a number of cases to discuss. However, we can overcome
the complexity of the picture, by remarking that the trajectory always finish with a constant
part, (1) = . On this part, the function p, (7,x;w) is clearly decreasing.

To conclude, it remains to prove that the function pu(7) = p, (7,2(7); w) is concave on the
linear part of the trajectory. Let it be x(7) = ¢, for some positive speed c¢. On each of the
zones A, B, C, p is concave: it is linear on A and C, and it is equal to (3/2)(1 +7)%/3|er|?/3 —rr
on B. In addition, there are two possible junctions: the one from A to B, and the one from C'
to B (see Figure 77).

Junction from A to B (Figure ??7a): let 79 be the time of transition from A to B. It satisfies
cro=(1+ 7")1/2703/2. The slope at 7 = 19— is equal to 1. The slope at 7 = 1+ is

9 \ —1/3
1+ r)2/302/37(;1/3 =+ 7,)2/302/3 <1C+T> —r=1. (6.36)

There is no slope discontinuity at this junction.
Junction from C to B (Figure ??b): let 7 be the time of transition from C' to B. It satisfies
(14 7)ero = (3/2)3w3. The slope at 7 = 79— is

1+ 7‘)% —r. (6.37)
The slope at 7 = 19+ is
5 1/3
(1+7)2B2B 3 = (14 r)2/362/3 3y _w —r= 2(1 + 7”)3 —r. (6.38)
0 2) (1+r)c 3 w

The slope is necessarily decreasing at this junction.

We conclude that p is globally concave on the linear part of the trajectory, wherever it goes
through. Then, it is decreasing on the constant part of the trajectory. Consequently, g has the
required monotonicity. ]
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Figure 5: Extremal trajectories associated with the initial velocity wg, superimposed with the
possible values of the function pu,(t, x, w), for w # wy. There are two possible transitions occuring
on the linear part of the trajectory: (a) transition from A to B, and (b) transition from C' to

ig:junction| B. The concavity of pi, (7,2(7);w) accross each of these junctions is proven.
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