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Figure 5.3: Display of —u 4 vy—o for (v,u) solution to (5.3.1) with @ = 1 and D = 10,
at successives times t = 5,15, ..., 35, with a colour graduation from blue to red.

It turns out that this is related to the fact that there is no reaction on the road in
(5.3.1). In fact, the term —u+ vy~ may be thought of as a nonnegative reaction term
for the second equation, as shown by Figure 5.3. This is only a heuristic explanation
of the fact that propagation is actually driven by the road. Notice the analogy with a
positive reaction term, as, for instance, flame propagation theory (see [15, 84|). Also
note the dissymmetry of the level sets of —u+v},—o. Thus, the third equation of (5.3.1)
gives 0,v(z,0,t) > 0, for all z € R and ¢ > 0.

To confirm the hypothesis that —u + v,—o acts as a source term, we allow repro-
duction on the road and we take the same rate as in the field :

ov—Av = v—10? reR,y>0,t>0,
du+ D(=0)u = —u+vy—o+ (u—u?), zeRy=0,t>0, (5.3.2)
—OyUly—0 = U — V}y—o, reR,y=0,t>0.

We see, on Figure 5.4 that the exchange term is damped by that of the source term
added on the road.

Figure 5.4 shows that the shape of the level sets of v, solution to (5.3.2) is exactly
the one described in [19]. Figure 5.5 highlights the cone, around the normal to the
road, outside which the speed of propagation is enhanced by the road. This figure also
underlines the effect of a reaction term on the road, on the tangent lines to the level
set of v at y = 0 and t = 35.

The good quantitative agreement between the results of [18, 17, 19], and the nu-
merical simulations is an indication of the validity of the numerical procedure.
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Figure 5.4: Results for « = 1 and D = 10 in (5.3.2): the shape of the level sets of
value 0,5 of the density v, solution to (5.3.2), at successives times t = 10, 15, ...,35 (at
the top), and the density v at time ¢ = 35 (at the bottom).
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Figure 5.5: Level sets of value 0, 5, at successive times t = 10, 15, ..., 35, of the density
v solution to (5.3.1) at the top, and to (5.3.2) at the bottom. In red : the critical cone
in which the level sets are spherical, in blue : the tangent lines of the level set at y = 0
and at time t = 35.

5.4 Fractional diffusion on the road (a € (0,1)) : level
sets in the field

In this section, we focus on the following Cauchy problem

ov—Av = v—12, reRy>0,t>0,

Oru + (—0pe)*u —u+ vy, €R,y=0,t>0, (5.4.1)
—OyUjy—0 = U—Vpy—o, TERy=0,t>0,
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for v € (0,1), starting from the initial conditions v(-,-,0) = 0 and u(-,0) = L.<13 to
illustrate Theorems 4.1.2 and 4.1.3.

In our numerical computations, we fix @ = 0,5, X4 = 200 and Y, = 100, which
means that we work in the domain [—200,200] x [0,100]. From Theorem 4.1.2, the

speed of propagation is expected to be exponential in time, with an exponent equal to
1 1

14+2a = 2°
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Figure 5.6: Results for « = 0,5. Shape of the level sets of value 0,5 of the density v,
solution to (5.4.1), at successives times ¢ = 10, 15, ..., 35 (at the top), and display of v
at time t = 35 (at the bottom).

Figure 5.6 gives the shape of the level sets of value 0,5 of v, solution to (5.4.1), at
successives times ¢t = 5, 10, ..., 35. The level sets displayed on this figure are even and
decreasing in |z| functions g, : R — R, satisfying, for all x € R and for all n € [1, 7],

u(,gu(x), 1) = 5,
where t,, = bn, for n € [[1,7].

Using the values given by Figure 5.6, we can check that the speed of propagation
in the direction normal to the road corresponds to the standard KPP velocity. Indeed,
similarly to the case a = 1, for n € [1, 6], the quantity g,+1(0) — ¢,(0), corresponding
to the expected speed of propagation multiplied by the time elapsed between two
successive level sets, is equal to 2 x5 = 10, which is the value we obtain when analysing
Figure 5.6. Similarly, we can verify that the speed on the road is exponential in time
with exponent equal to 1+;2a Indeed, if, for any n € [[1,7], z, satifies g,(x,) = 0,

tpt1—tn
then, for n € [[1, 6], the quotient 2L is close to e 120 , as expected.

Tn
As in the case a = 1, it seems that, in a neighbourhood of the road, the quantity
Oyv is positive, as explained in section 5.3. Figure 5.6 also displays the density v in
the field at time ¢t = 35 (at the bottom). This figure illustrates the proof of Theorem

4.1.3, where we use the fact that the invasion in the field is given by known results on
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Fisher-KPP type equations, in the half plane {(z,y), x € R,y > 0}, with the initial
condition 1y,—gy. This figure reveals that, at time ¢ = 35, the level set seems not to
be a straight line in the compact [— X, 40, Ximaz) X [0, Yinaz)-

o L L L L L L )
100 80 &0 40 20 [a] -20 -40 -60 -80 -100

Figure 5.7: Level sets of value 0, 5 of the density v solution to (5.4.1), with a = 0,5, at
successive times ¢t = 10 and ¢ = 20, 40, 60, ..., 200 in black. The red straight lines make
it easy to see the decreasing difference between the value of the level set at points
(150,y) and (0,y), for values of y corresponding to the times ¢t = 20, ¢ = 100 and
t = 200.

To investigate this phenomenon, we solve the same problem (5.4.1), with a = 0, 5,
but stopping the procedure at time ¢ = 200 instead of ¢ = 35. Figure 5.7 shows the
result. We can see that, for any y > 0, the difference between the level set at point
(0,y) and the value of the level set at point (150,y) decreases in time. Thus, this
distance seems to be a small perturbation of order o(t), as t goes to infinity, in the
expression of the location of the level sets, which is consistent with Theorem 4.1.3. An
explicit expression of this perturbation is not given in this theorem, in which we focus
on propagation in sets of the form {|z| < ct,y € [0, Yiuae]} With ¢ < cxpp = 2, and
{lz| > ct,y € [0, Yinaz|} with ¢ > cxpp = 2.

5.5 Numerical determination of the asymptotic loca-
tion of the level sets, on the road, in the fractional
case

The problem under study in this section is the same as in section 5.4 :

ov—Av = v—12 reRy>0,t>0,
O+ (=0pp)®u = —u+vy—o, v€R y=0,t>0, (5.5.1)
—OyUjy—0 = U—Vpy—o, TERy=0,t>0,
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for o € (0, 1), starting from the initial conditions v(:,-,0) = 0 and u(-,0) = L. <13
From Theorem 4.1.2, we know that the propagation on the road is exponential in
time. However, this theorem does not give a sharp asymptotics of the location of the
level sets. The aim of this section is to investigate numerically a more precise result.
Our intuition is driven by the estimate of the solution to the linearised problem at 0
associated to (5.5.1), given in Theorem 4.3.1, and recalled here, in the case k = 0.

Theorem 5.5.1. Let o € (5,1), and ro > 1 be the solution to 1§ = r3* + 1. There

: (1
existc € | —,

1) and a constant Cy > 0 such that for |x| > 1, the solution u to (5.5.1)
To

satisfies

with
R(aj7t) < 6(1—c2r(2) cos(2¢))t +efe” || sin(e) -t 6(1_T%)t7

where € > 0 satisfies c*rg cos(2e) > 1.

Thus, the dynamics of the level sets of u is given, for large values of |x| and ¢,

et

V ||1+Tt3/2 This proves rigorously that the level sets can not move faster than
x

¢~ 70+2] ¢ 772 . This raises the following question : would, by any chance, the solution
to the linearised problem at 0 related to (5.5.1) give the correct asymptotic expression
of the location of the level sets?

To see this, we rescale problem (5.5.1) in the z-variable, defining the functions v
and u, on R x R, xR, by

0(Z,y,t) = v(et™™T,y,t) and w(T,t) = u(et"T, 1),

where | = ﬁ, and m > 0 is the constant that we want to investigate. The couple

(v, u) solves for T € R

IS

0 — (I = VT30 — e 22" 00 — D0 = U — 0, y>0,t>0,
o — (I — %)x@;u + em20ltgZom (9. = —U+ Vg, y=0,t>0, (55.2)
—8y5|y:0 = u- f77|y:0, Yy = 0, t>0.

Instead of solving (5.5.2) from t = 0, we choose to solve the initial problem (5.4. 1)
up to a time t > 0, and then to solve the rescaled problem (5.5.2) starting at t = .
This technique avoids restrictive CFL conditions, due to the coefficient 7, and ensures
the solution to be close to its stationary state in a non empty compact set. The time
t is numerically defined as the first time for which the density u, solution to (5.4.1),
reaches its stationary state 1.
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The numerical procedure used to solve (5.5.2) is the same as in section 5.2 : the
first and third equation of (5.5.2) are treated with a finite difference method, whereas
a Strang splitting method solves the second equation of (5.5.2). Let us describe this
splitting that have to include a transport term. Let ¢y be a positive constant and wy,
be any piecewise continuous function, # 0, decaying faster than |§|_(1+2a) at infinity.

1. The first step of the splitting includes the diffusive term of (5.5.2), which is

w(T,tg) = u(z), TR (5:5:3)

{ Ot + e~ 2eltg2am(_g Yo = () TER,t> 1o,
The solution to (5.5.3), denoted by X uy,, is explicitely given, for ¥ € R and
t > to, by

Xt (7,6) = F~! (5 eI i s (¢ )) (%),

where F and F~! are respectively the Fourier transform and the inverse Fourier
transform in the space variable. The solution X', is computed for small values
of (t — ty) using the following first order approximation

t
/ 6—2al582amd8 — (t o t0>6—2alt0t3am + O(t . to),
to

and using Fast Fourier Transform (FFT) techniques. Note that FFT solvers
require a small step size of discretisation in the z-variable.

2. The reaction and transport terms of (5.5.2) appear in the second step of the
splitting, which is given by the transport equation :

Oi(F, 1) — (I — ™)FOsU(T,t) = —u(F,t)+0(F,0,t), TER,t>0,
w(@,te) = Ty (3), FeR.
(5.5.4)

The solution, denoted by ?tuto, has the explicit expression

t
Y, (7,t) = e 07, (et 7) +/ e~y (7™M, 0, 5)ds.

to
We fix constants )Zmax > 0 and T > 0, and solve (5.5.4) in the bounded domain
[—)N(max, )?max] for t € [to, to+T]. The transport term is treated with a backward
difference method if * > 0, and a forward difference method if z < 0. More
precisely, given any large constants J € N* and N € N*, the numerical procedure
used to solve (5.5.4) consists in constructing, for j € [0, J] and n € [0, N], a
sequence u that is supposed to approximate u(7;,t,), with dv = 2%, dt = %,

T; = —Xyae + jdz and ¢, = ndt. The sequence uj is defined by
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— forall j € [0,J] : @) = @y, (),
— foralln e [0,N —1] and j € [1,J —1] :
~n+1 ~n dt m ~ [(~n ~n ~n ~ (1~ o
uytt = Uy + . [ — . Ti(uyy —uy) +di(—uj +v(75,0,t,)), if 7; >0,

and

- - dt myY - ,—, ~ o~ i~ o~
u;?+1 =)+ o (l — t_) zi(uy — i) +dt(—uj +v(7;,0,t,)), if 7; <O0.
for all n € [0, N], the boundary conditions u} and u'; have to be imposed. A
first guess would consist in Dirichlet or Neumann boundary conditions. To
check if one of these choices is relevant, we solve numerically the transport
equation

Ow(z,t) — cOpw(x,t) = w(w,t) —w(x, t)?, r € Rt >0, (5.5.5)

for a constant ¢ > 0, completed with an initial condition wq at time 0. The
explicit solution is

wo(xe)
wo(zet) + (1 — wo(zet))et’

w(z,t) = (5.5.6)

Three cases are possible regarding the long time behaviour of w :

— if wo(z) =0 <|xlfl> as |z| — 400, then
w(z,t) — 0, uniformly in z,
t——+o00

1

¢ =0 (wy(z)™!) as |z| — +oo, then

— if |z

w(z,t) — 1, uniformly in x,
t——+o00

— if the function x — wo(x) |x|% is bounded for large values of |z, then

1
c

z— w(x,t) |z is bounded as time ¢ goes to +o0, uniformly in x.

In our case, due to the Strang splitting, we know that the initial condition
considered in (5.5.4) comes from the solution to (5.5.3) at time t, + %,
where dt is the time scale of the splitting. Consequently, it behaves like
2|72 at infinity. Let us take

1

- 1_|_ ’x‘1+2a'

wo ()



158 CHAPTER 5. NUMERICAL SIMULATIONS

Figure 5.8: Problem (5.5.5) with ¢ = 2 at time ¢ = 5 : comparaison between the exact
solution and the numerical solutions with Dirichlet or Neumann boundary conditions.

With this choice and using the explicit expression (5.5.6) of the solution to
the transport equation (5.5.5), with ¢ = ﬁ, we know that, at any time,
1+2«

this solution decays like 2|~ at infinity.

Figure 5.8 shows that Dirichlet or Neumann boundary conditions are not
precise enough to study long time behaviour of such a transport equation.
Thus, natural boundary conditions are, for all n € [0, N|

i |x1|1+2a

1—W’&g and Uy =

A (5.5.7)
J-1

Figure 5.9 suggests that this choice is relevant.

Figure 5.9: Problem (5.5.5) with ¢ = 2 at time ¢ = 5 : comparaison between the exact
solution and the numerical solution imposing the boundary conditions given in (5.5.7).
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We refer to section 5.2 for a description of the numerical procedure used to solve
the first and third equation of (5.5.2). Note that, as explained when analysing the
behaviour of the solution to the transport equation (5.5.5), the boundary conditions

of v on {— Xmax} 0, Ymax] and {Xmax} [0, Ymax] have to be carefully imposed. We

use that this function should decay like |:1c| (1420) ot infinity. This result is not proved

in the thesis. However, since v has the same decay as v at infinity, the result proved in
section 4.2.2 is useful. Indeed, we have bounded from below a subsolution to (5.4.1)
at time 2. The result obtained in Lemma 4.2.2 is valid at any time ¢ > 0. An upper
bound of the function v could be computed using the linearised problem at 0 and the
same computations as the one in section 4.3, where we have proved that the function
u decays faster than |z|~""2*) at infinity.

_ Let us describe the numerical results obtained for a = 0,5, )?max = 2000 and
Yinaz = 500. Recall that we are investigating the rescaled problem (5.5.2) for v and u
defined on R x R, x R, by

0(Z,y,t) = v(et™™T,y,t) and w(T,t) = u(etT"T, L),

with [ = - +2 and m > 0 the constant that we want to study.
(6%

Figure 5.10: Evolution of the density u solution to (5.5.2), with a = 0,5, for m = 0
(on the left) and m = H%a (on the right), at successive times ¢ = 30,40, 50, ..., 200
with a colour graduation from blue to red.

The left side of Figure 5.10, that concerns m = 0, shows that the level sets move
faster than eﬁr%a which illustrates Theorem 5.5.1. The right side of Flgure .10, that
concerns m = 5= +2 , shows that the level sets move slower than ¢~ T e THEa Indeed, it
seems that, in this case, the rescaled density u tends to dy as t goes to infinity.
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Figure 5.11: Evolution of the density u solution to (5.5.2), with o = 0,5, for m =
m, at successive times t = 30,40, 50, ...,200 with a colour graduation from blue
to red.

Figure 5.11 concerns the particular choice m = m, suggested by the upper
bound of Theorem 5.5.1. On compact sets, the rescaled density u seems to converge
to a function that does not move in time. This investigation hints that the asymptotic

3
expression of the location of the level sets should by like ¢ 20+22) T,



Conclusion and Perspectives

In this thesis, we have set up a new method to study the long time behaviour of so-
lutions to reaction problems involving integral diffusion. The starting point was to
sharpen estimates of Cabré and Roquejoffre in [26]. This has enabled us to treat prob-
lems that would have been difficult to attack with the previously known arguments.

Part I of the thesis has been devoted to a rigorous analysis of the asymptotic
location of the level sets of the solution to two different problems.

In Chapter 1, we have applied our method on a Fisher-KPP model in periodic media
with fractional diffusion. We have been able to construct precise explicit subsolutions
and supersolutions. Thus, we have proved that the transition between the unstable
state and the stable one occurs exponentially fast in time, and we have obtained the
precise exponent that appears in this exponential speed of propagation. This has led to
the proof of the convergence of the solution to its stationary state on a set that expands
with an exponential in time speed. Numerical simulations have been carried out to
understand the dependence of the speed of propagation on the initial condition at lower
order in time. Although the different numerical results, done for the homogeneous
model in dimension two, have given a precise idea of what is happening, a mathematical
proof should be undertaken. Indeed, it seems that there is a symmetrisation of the
solution, in the sense of Jones in [57]. Proving this observation requires an estimate
of the gradient of the solution, which is not done in this thesis. This geometric result
of symmetrisation could also be studied in periodic media. Moreover, as suggested
by numerical investigations, it seems that the diffusive term of the reaction-diffusion
equation only plays a role for small times. It would be interesting to show it rigorously.
Finally, one could think of further perspectives. A first one consists in getting similar
results for integro-differential equations, and thus obtaining more precise asymptotics
as the ones proved in [47]. More general heterogeneous media might also be analysed,
media for which the notion of generalised eigenvalues is needed.

In Chapter 2, we have treated a cooperative reaction-diffusion system including
fractional diffusion. Once again, the method given in the introduction of the thesis
leads to the construction of explicit subsolutions and supersolutions to the system.
This enables us to prove that the solution spreads exponentially fast in time, and we
find the precise exponent of propagation depending, among others, on the smallest
order of the diffusive terms involved in the system. The transition between standard
reaction-diffusion systems and fractional reaction-diffusion systems remains to be in-
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vestigated.

Part II of the thesis deals with a two dimensional environment, where reproduction
of Fisher-KPP type and usual diffusion occur, except on a line of the plane, on which
fractional diffusion takes place. The plane is referred to as "the field" and the line
to "the road", as a reference to the biological situations we have in mind. Indeed,
it has long been known that fast diffusion on roads can have a driving effect on the
spread of epidemics. This new model shows the limits of the method described in the
introduction of the thesis.

In Chapter 3, we have described the framework, using Hilbert spaces and the
theory of sectorial operators. These choices have several advantages. The main one
is to allow the computation of the fundamental solution through a Laplace integral.
Also a comparison principle has been easily obtained. This framework is especially
relevant as it has led to the existence, uniqueness and regularity of the solutions, for
particular orders of the fractional diffusive term (a € (1/4,1)).

In Chapter 4, we have studied the long time behaviour of the solution, composed
of the densities on the road and in the field, to this two dimensional environment. We
have proved that the speed of propagation is exponential in time on the road, whereas
it depends linearly on time in the field. Contrary to the precise asymptotics obtained
in Part 1 of the thesis, for this model, we are not able to give a sharp location of
the level sets on the road and in the field, at least up to an O(1) error. This lack of
precision is due to the explicit subsolution, that we have constructed in a strip of large
width. It would be of interest to find a subsolution in the whole half plane. Moreover,
the study in the field could be improved, in order to get a more precise expansion
shape. A Bramson type shift may occur, which would be interesting to understand.

In Chapter 5, we have carried out numerical simulations, that have outlined quite
interesting perspectives. First, we have illustrated the theorems proved in [18, 17, 19|,
which has given an indication of the validity of the numerical procedure. The results
have shown a surprising phenomenon close to the road. Indeed, the tangent lines to
the level sets of the density in the field, at points touching the road, make an angle in
[0, 7) with the road. Moreover, this angle seems to decrease as the diffusion coefficient
tends to infinity. It looks as if this phenomenon comes from the exchange term, that
might play the role of a source term. It would be of interest to prove it rigorously.
Then, we have illustrated the results of Chapter 4. This has shown a more precise
shape of the expansion set in the field. Once again, this is something which needs to be
mathematically investigated. Finally, we have carried out the numerical determination
of the asymptotic location of the level sets on the road. Again to our surprise, our
results have shown that the upper bound of this location, given by the supersolution
that we have computed in Chapter 4, seems to give the precise expression of the speed
of propagation. To understand this, perhaps with probabilistic tools, is a fascinating
open problem.
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