ON A KINETIC FITZHUGH-NAGUMO MODEL OF NEURONAL NETWORK

S. MISCHLER, C. QUININAO, J. TOUBOUL

ABSTRACT. We investigate existence and uniqueness of solutions of a McKean-Vlasov evolution
PDE representing the macroscopic behaviour of interacting Fitzhugh-Nagumo neurons. This
equation is hypoelliptic, nonlocal and has unbounded coefficients. We prove existence of a solu-
tion to the evolution equation and non trivial stationary solutions. Moreover, we demonstrate
uniqueness of the stationary solution in the weakly nonlinear regime. Eventually, using a semi-
group factorisation method, we show exponential nonlinear stability in the small connectivity

regime.
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1. INTRODUCTION

This paper undertakes the analysis of the existence and uniqueness of solutions for a mean-field
equation arising in the modeling of the macroscopic activity of the brain. This equation describes
the large-scale dynamics of a model of the central nervous system, taking into account the fact
that it is composed of a very large number of interconnected cells that manifest highly nonlinear
dynamics and are subject to noise. Non-linearities in the intrinsic dynamics of individual cells are an
essential element of the neural code. Indeed, nerve cells constantly regulate their electrical potential
depending on the input they receive. This regulation results from intense ionic exchanges through
the cellular membranes. The modeling of these dynamics led to the development of the celebrated
Hodgkin-Huxley model [21], a very precise description of ion exchanges through the membrane
and their effects on the cell voltage. A simplification of this model conserving the most prominent
aspects of the Hodgkin-Huxley model, the Fitzhugh-Nagumo (FhN) model [17, 29], has gained the
status of canonical model of excitable cells in neuroscience. This model constitutes a very good
compromise between versatility and accuracy on the one hand, and relative mathematical simplicity
on the other hand. It describes the evolution of the membrane potential v of the cell coupled to an
auxiliary variable x, called the adaptation variable. Different neurons interact through synapses
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that are either chemical or electrical. In the case of electrical synapses for instance, the evolution
of the pair voltage-adaptation for a set of n neurons {(v},x}), 1 <i < n} satisfy the equations:

(11) {dv,ﬁ = (vj (vi=N\) (L=v}) -2} + iy Jig(vf - vl) + 1) dt + o dW;

dat = (—axi + bvi) dt,

where the cubic nonlinearity accounts for the cell excitability, I; is the input level, a and b are
positive constants representing timescale and coupling between the two variables, and the processes
{(W{)ss0, 1 <i < n} are independent Brownian motions accounting for the intrinsic noise at the
level of each cell. In the sequel, for sake of simplicity, we assume that 02 = 2 and I, = I € R
constant, but it is likely that some of our analysis can be extend to I; € L= (R, ) converging rapidly
when ¢ goes to infinity. The coeflicients J;; represent the effect of the interconnection of cell j onto
cell . These coeflicients are positive, and incorporate the information of the connectivity map.
Under relatively weak assumptions on the distribution of these coefficients (see Appendix A), it
is relatively classical to show that the system enjoys propagation of chaos property and finite sets
of neurons converge in law towards a process whose density solves the McKean-Vlasov evolution
PDE:

(1L2)  0f = Qe[ F5) f = 0a(Af) + 0u(B=( ) f) + 0, f  on (0,00) xR,
(1.3) A=A(z,v)=ax-bv, B.( F5)=B(z,v;e, 7f),

(1.4) B(z,v;e,j)=v(w-A)(v-1)+z-e(v-j)+ Io, /f:/(f):/]I;QUf(x,v)dvdx,

where ¢ denotes the averaged value of the connectivity coefficients J;; and f = f(t,z,v) >0 is the
density function of finding neurons with adaptation and voltage (z,v) € R? at time ¢ > 0. The
evolution equation (1.2) is complemented by an initial condition

£@0,-,-) = fo(,-)20 in R2.

Since the PDE can be written in divergence form, the initial normalization of the density is con-
served. In particular, consistent with the derivation of the system, we have:

/}1@2 ft,z,v)dxdo = /ﬂ.§2 fo(x,v)dedv =1,

when fj is normalized. Moreover, the nonnegativity is also a classical result of this kind of equations
(for a brief discussion see Section 3), therefore we assume in the sequel that f is a probability
density.

From the mathematical viewpoint, this equation presents several interests. First, the system is
not Hamiltonian and the dynamics may present several equilibria, therefore, methods involving a
potential and its possible convexity may not be used. Second, intrinsic noise acts as a stochastic
input only into the voltage variable (since it modifies the voltage through random fluctuations of
the current), leaving the adaptation equation unchanged and yielding to a hypoelliptic equation.
From the phenomenological viewpoint, this system is particularly rich. It shows a number of
different regimes as parameters are varied, and in particular, as a function of the connectivity
level: the system goes from a non-trivial stationary regime in which several stationary solutions
may exist for strong coupling, to periodic solutions, and eventually to a unique stationary solution
for weak coupling. This is illustrated in section 6, in particular, we present some numerical results
of (1.1) for a large number of interacting neurons.

In order to rigorously analyse equation (1.2), we restrict ourself to the latter regime, and we shall
demonstrate the existence, uniqueness and stability of solutions to the McKean-Vlasov equation
in the limit of weak coupling. More precisely, we shall prove existence of solution and non trivial
stationary solution to the evolution equation (1.2) without restriction on the connectivity coefficient
€ >0, and next uniqueness of the stationary solution and its exponential NL stability in the small
excitability regime.
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1.1. Historical overview of macroscopic and kinetic models in neuroscience. As men-
tioned above, the problem we study lies within a long tradition of works in the domain of the
characterization of macroscopic behaviors in large neuronal networks. First efforts to describe the
macroscopic activity of large neuron ensemble can be traced back to the work of Amari, Wilson
and Cowan in the 1970s [2, 3, 38, 39], where were introduced heuristically derived equations on the
averaged membrane potential of a population of neurons. These models made the assumption that
populations interact through a macroscopic variable, the averaged firing rate of the population, as-
sumed to be a sigmoidal transform of the mean voltage. This model has been extremely successful
in reproducing a number of macroscopic behaviors in the cortex, one of the most striking being
related to pattern formation in the cortex associated to visual hallucinations [14] (see also [7] for a
recent review on the subject). The relatively simplicity and good agreement with neurological phe-
nomena motivated to understand the relationship between the dynamics of individual cells activity
and macroscopic models. This has been an important piece of work in the 1990s in the bio-physics
community, using simplified (non-excitable) models and specific assumptions on the architecture
of the network, including the assumption of sparse and balanced connectivity (the sum of all in-
coming input vanishes). The sparse connectivity assumption was used by the authors to stated
that the activity was uncorrelated [1, 4, 9], and resulted in characterizing different neuronal states.
Alternative approaches were also developed based on population density [12] methods. These
yield complex partial differential equations, that were reduced to a set of moment equations from
which authors may deduce the behavior of the system. The validity of these moment reduction
and their well-posedness is a complex issue debated in the literature, see e.g. [24]. A transition
Markov two-states model governing the firing dynamics of the neurons in the network was recently
introduced. In these models, the transition probability of the system, written through a master
equation, is then handled using different physics techniques including van Kampen expansions or
path integral methods. This modeling recently gathered the interest of the community (see for
example [10, 6, 13, 34]).

The mathematical community also undertook the analysis of the problem since the beginning
of this decade. In that domain, one can distinguish also two distinct approaches: on one side, the
development of mathematical models for simplified or phenomenological neuronal models, and on
the other side works on the precise neuronal models. The dynamics of solutions of macroscopic
limits of phenomenological neuron models is much more developed. The characterization of the
stationary (or periodic) solutions was done in a simplified model, the Wilson-Cowan system, which
has the important advantage to yield a Gaussian solution whose mean and standard deviation sat-
isfy a deterministic dynamical system that may be studied analytically [33, 35] using the analysis
of ordinary differential equations. Artificial spiking neuronal models representing the discontin-
uous dynamics of the time to the next spike were analyzed in a number of situations, including
construction of periodic solutions to the limit equation in the presence of delays [30, 32, 31]. In
the same vein, an important result was demonstrated on integrate-and-fire models in the presence
of noise and excitation: it was shown that too much excitation could prevent the existence of
solutions for all times, as the firing rate blows up in finite time [11]. These approaches make use
of functional analysis of PDEs and nonlocal age-structured type of equations.

1.2. Organization of the paper. The paper is organized as follows. Section 2 summarizes
our main results that are demonstrated in the rest of the paper. Section 3 is interested with
the existence, uniqueness and a priori estimates on the solutions to the evolution equation, as
well as, the existence of stationary solutions. The next sections prove the stability of the unique
stationary solution. Our proof uses factorization of the linearized semigroup allowing to prove linear
stability, which we complete in section 5 by an analysis of the nonlinear stability of the stationary
solution. Along the way, a number of open problems were identified beyond the small connectivity
regime treated here that we present in section 6 together with numerical simulations: we will
observe that the stationary solution splits into two stable stationary solutions as connectivity is
increased, and in an intermediate regime, periodic solutions emerge. Two appendices complete the
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paper. Appendix A investigates the microscopic system and its convergence towards the mean-field
equation (1.2) and Appendix B deals with the strict positivity of stationary solutions.

2. SUMMARY OF THE MAIN RESULTS

2.1. Functional spaces and norms. We start by introducing the functional framework in which
we work throughout the paper. For any exponent p € [1,00] and any nonnegative weight function
w, we denote by LP(w) the Lebesgue space LP(R?;w dx dv) and for k € N the corresponding Sobolev
spaces WP (R?;wdx dv). They are associated to the norms

k
1oy = 1lzrs 1 Bpeniy = 11y + 3 1D F -
j=1

For k > 1, we define the partial v-derivative space W (w) by
WP (w) = {f e WFHP(w); Dif e LP(w) },
and it is natural to associate them to the norm

1715

7 ey = W sy + DS A1,
A particularly important space in our analysis, denoted by H2(w), is

H%(w) = W2?(w) = {f € H'(w) such that 02, f € L*(w)},
together with the set of functions with finite entropy

L' logL! = {f e L'(R?) such that f >0 and J2(f) < oo},

where we use the classical notation J#(f) = [g. f log f. Finally, for £ > 0, let us introduce the
exponential weight function:

(2.1) m=e" MV with M:=1+z%/2+0%/2.

In the sequel, we will be brought to vary the constant x involved in the definition of m, therefore
we introduce the shorthand m; = (M- j e N. Unless otherwise specified, these sequences are
constructed under the assumption that the sequence k; is strictly increasing.

2.2. Main results. We start by stating a result related to the well possedness of (1.2) and to the
a priori bounds on the solution. Using classical theory of renormalized solutions, it is not hard to
see that equation (1.2) has indeed weak solutions, which we naturally define as:

Definition 2.1. Let fy be a normalized nonnegative function defined on R? such that F (fo) is
well defined. We say that fi(z,v) = (¢t,z,v) » f(t,z,v) is a weak solution to (1.2) if the following
conditions are fulfilled:

- [eC([0,00); LH(M?));
- for almost any t >0, f >0 and

/]1; flt,x,v)dxdv = [R? fo(x,v)dzdv = 1;

- for any ¢ € C'([0,00); C(R?)) and any t > 0 it holds

(22 Len=[L e [[ [ To0+e- A0 BLF D)D)

Equipped with this definition we can state the
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Theorem 2.2. For any fo € L'(M?)nL'log L* nP(R?), there exists a unique global weak solution
ft to the FhN equation (1.2), that moreover satisfies

(2.3) I fellzr (ary < max(Co, | fol L1 (ary),

and depends continuously in L*(M) to the initial datum. More precisely, if fno — fo in L*(M)
and H(fno) < C then fo.— fi in L*(M) for any later time t > 0.

Furthermore, there exist two norms | - |31 and || - |32 equivalent respectively to | - | g1 (m) and
| | zz2(m), such that the following estimates hold true:
(2.4) I fell 21 (my < max(C1, | foll 1 (m))
as well as
(2.5) | fel2er < max(Ca, | foll 31 ),
and
(2.6) | fellaez < max(Cs, | follz),

where C1,Co,C3 are positive constants.

The other two main results of the present work can be summarized in the following

Theorem 2.3. For any € > 0, there exists at least one stationary solution G to the FhN statistical
equation (1.2), that is

(2.7) Ge e H}(m) nP(R?), 0=0,(AG.)+0,(B:( 7c.)G:) +05,G. in R

Moreover, there exists an increasing function n: R, — R such that n(e) - 0 and such that any
E—>

solution to (2.7) satisfies

|G = GollL2(m) < n(e),
where G is the unique stationary solution corresponding to the case € = 0.

Theorem 2.4. There exists €* > 0 such that, in the small connectivity regime € € (0,e*), the
stationary solution is unique and exponentially stable. More precisely, there exist o* < 0 and
n*(e) : Ry = R, with n*(¢) 7 such that if

E—

foe Hl(m) nIP’(R2) and | fo— G| u1om)y <17 (€),
then there exists C* = C*(fo,%,€) >0, such that
Hft—G”[g(m)SC*GOLW7 Vi>0,

where fy is the solution to (1.2) with initial condition fy.

2.3. Other notations and definitions. We prepare to the demonstration of these results by
introducing a few notations that will be used throughout the paper. For two given Banach spaces
(E,|-llg) and (&, ] -|le), we denote by #(E,E) the space of bounded linear operators from E to
£ and we denote by |- | z(g,e) the associated operator norm. The set of closed unbounded linear
operators from E to £ with dense domain is denoted by € (FE,£). In the special case when E = &,
we simply write B(E) = B(E,E) and ¢(F) =¢(E,E).
For a given a € R, we define the complex half plane
Ay :={z€C, Re(z)>al.

For a given Banach space X and A € € (X) which generates a semigroup, we denote this associated
semigroup by (Sx(t), t >0), by D(A) its domain, by N(A) its null space, by R(A) its range, and
by X(A) its spectrum. On the resolvent set p(A) = C~ X(A) we may define the resolvent operator
R(A) by

VzeC, Ra(2) = (A-2)""
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Moreover, Ra(z) € #(X) and has range equal to D(A). We recall that £ € X(A) is called an
eigenvalue of A if N(A-¢) # {0}, and it called an isolated eigenvalue if there exists r > 0 such that

E(A)n{zeC, |z-¢ <r} ={¢}.
Since the notion of convolution of semigroups will be required, we recall it here. Let us consider
some Banach spaces X7, Xo and X3 and two given functions

S; e L'([0,00); B(X1,X3)) and Sy e L'([0,00); B(X2, X3)),
one can define Sy * S1 € L'([0, 00); (X1, X3)) by
t
(So + S1)(1) = fo So(t—s)Sy(t)ds, V0.
In the special case S; = Sy and X; = Xy = X3, SGn) s defined recursively by SGD = § and

S = 64 §G(n=1) for n > 1. Equipped with this definition, we state the

Proposition 2.5. Let X,Y be two Banach spaces such that Y c X. Let us consider S(t) a
continuous semigroup such that for all t >0

ISz < Cx e, Xe{X,Y},

for some a* € R and positive constants C'x and Cy . If there exists © >0 and Cxy >0 such that

ISy < Oxy 7% |flx, VfeX te(0,1],
then, there exists n € N, and a polynomial p,(t) such that
(28) [SE @y < pa®) e flx, VX t>0.
In particular, for any a > «*, it holds

[SC @) fly < Came® | flx, VFfeX, t>0,

for some positive constant Cyq .

This general result has been already established and used in [19] and [26], but we give an
alternative, and somehow simpler, proof of it.

Proof. Let us start by noticing that for X € {X,Y}, if
(2.9) IS flx < o () e U e, VE20,
for n € N and p;¥ () a polynomial, then
t *
|S D (@) fla < fo [S(t=5)S ™ (s)fxds < prai(B) e | fLx,

for p¥,; = Cx [Ot pX(s)ds. So, by an immediate induction argument we get (2.9) for any n > 1 and

Cn n-1
pf (t) = (ﬁfl)g .
Let us now fix ¢ € (0,1] and, without lost of generality, assume that © ¢ N. In that case, if
(2.10) 1S (1) flly < Cut™ O D™ e, Ve (0,1],

for some n € N and C), a positive constant, then

t/2 t
Jy IS@=9)S I (s) flvds+ [ 18(-)SCD ()1 ds

t/2

|SC @) fly

IN

IN

* 5 *n ¢ a*(t-s *n
Oy (b= P NS ) fdss [ Crer I s)ly ds

IA

t/2 . t "
f Cxx = B @ lxds + [ Ove G @Dl ds

C Cn * t/2 * t
XX fx [ (=)0 s+ Oy Cac I fx [ 57O ds
(n-1)! 0 t/2

Criat™ e f1x,

IN
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for some C),;1 depending only on Cx,Cy,Cxy and (). Once again, by an induction argument,
we get (2.10). Moreover, as soon as © —n + 1> 0, inequality (2.8) holds.
Finally, to get the conclusion in the case t > 1, it suffices to notice that

[S@)fly < CyCxy (t=1t]) e f]x,
where |t] is the largest integer smaller than ¢. A similar argument that the one used for ¢ € (0,1],
allows us to find a polynomial p,, such that (2.8) still holds when ¢ > 1. d

Finally, we recall the abstract notion of hypodissipative operators:

Definition 2.6. Considering a Banach space (X,| - |x), a real number a € R and an operator
A eF(X), (A-a) is said to be hypodissipative on X if there exists some norm |||y on X equivalent
to the usual norm || - | x such that

VfeD(A), 3FopeF(f) suchthat Re{op,(A-a)f)<0,
where (-,-) is the duality bracket in X and X* and F(f) c X* is the dual set of f defined by
F(f) = F ()= {6 X", (.f) = Il = Il )-

One classically sees (we refer to for example [19, Subsection 2.3]) that when A is the generator
of a semigroup Sy, for given o € R and C' > 0 constants, the following assertions are equivalent:

(a) (A - ) is hypodissipative;
(b) the semigroup satisfies the growth estimate |Sx(t)[z(x) < Ce®*, t > 0;
3. ANALYSIS OF THE NONLINEAR EVOLUTION EQUATION

This section is concerned with the analysis of the nonlinear evolution equation. We shall prove
existence and uniqueness of solutions, and provide some a priori estimates on their behavior.

Before going into further details, let us remark that for ¢ fixed, the operator Q.[_#] is linear
and writes

Qa[j] f = QL(Af) +6U(B€(f) f) + a?;vf
In particular, for g € H2(m) we have
[ QLA gdvda = = [ (Adg+ B(7) Dug - 02,9) dvda,
therefore, it is natural to define

Q[ 719 = -Adyg-B.(F)0vg + 02,9

3.1. A priori bounds. We now fix €y > 0. The a priori estimates that follow are uniform in € in
the bounded connectivity regime € € [0,&¢), i.e., they involve constants that do not depend on e.

Lemma 3.1. For f; solution to (1.2) with fo € L'(M) nP(R?), estimate (2.3) holds. Moreover,
there exists Cj >0 depending on a,b,\,Io,e0 and | fo| 11 (ary such that

(3.1) sup| 7 (fi)| < C{.
20
Proof. We first apply Cauchy-Schwartz’s inequality to find

(32) st Lrs(L) (Lo )" =(Len"

for any f € P(R?) n L'(v?). Now, for f; a solution to (1.2), we have

% o St M fRQ(QE[fft]ft)M:fRQ F: (QX[ 75, 1M)
[(- A= B
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Using the definition of A and Be, and then (3.2), we get

d

@fRthdedv < —[RQ(—1+ax2—bxv+vz(v—)\)(v—1)—sv2+mv+10v)ft+6/(ft)2
< K1—K2‘/H;2(U4+x2)ft+6v/ﬂ;2vzft
<

KI—KQ[ f, M dadv,
RQ

where K7 and Ky are generic constans depending only on a,b, A, Iy and ¢y. Using Gronwall’s
lemma we get (2.3) for some Cj > 0. Finally, coming back to (3.2), we get

|7 (fl < fRz V> fr < 2| fileiny < 2 max(Co, [ fol zr(any),
which is nothing but (3.1). O

Lemma 3.2. Forany 7 €R fized, there exist some constants K1, Ko > 0 depending on a,b, A\, Iy, 7,k
and gg such that

(3-3) /Rz Q[ 71 -sign(f)m < K1 floi@e) ~ Kl flrimy, ¥ feL'(m).

Proof. Since ¢ € R is now fixed, for simplicity of notation, we drop the dependence on this
parameter. Using Kato’s inequality, sign(f)02,f < 92,|f], we have

[, @ r-sign(fym 71Qzm
R2 R2

_K“f]Rz |f] (Az + Bov — (1 + kv?))m,

IA

thus
[ @ -sign(fym < = [ pa.v)|fim.

where p(z,v) is a polynomial on z and v with leading term v* + 22. Inequality (3.3) follows
directly. O

Corollary 3.3. Estimate (2.4) holds.

Proof. For f; solution to (1.2), inequality (3.1) tells us that |_#(f;)| < Cj. Moreover, since the
mass is unitary for almost any ¢ > 0, it holds

%fRZlftIm: fRzQa[/ft]ft.sign(ft)mgKl_K2fRz|ft|m,

where K; and K> depend only on a,b, A\, I,e9 and C. Finally, integrating this last inequality, we
get
HftHLl(m) < maX(Cl7Hf0||L1(m))7 VtZO,
for some positive constant C depending only on the parameters of the system, gy and C{. O
Now we analyse the H'(m) and HZ(m) norms of the solutions to (1.2), in particular, we prove a
priori bounds (2.5) and (2.6). Since the equation is hypodissipative, we used the ideas of “twisted

spaces” and the Nash-Villani’s technique (see e.g. [37]) to control the L?(R?) contributions in
function of the L'(R?) norm.

Lemma 3.4. For 0 < k1 < kg, let us consider two exponential weight functions mi and ms as
defined in (2.1). For any # €R fized, there exist K1, K> >0 and 6 € (0,1) constants such that

(3.4) (QcA1f, o < K1l flLa(eey — Kol fl5n, Ve H (mo),

where (-,-Ya1 1s the scalar product related to the Hilbert norm

| £ == Hf“zm(mg) + 5302 HaiEinQ(Tng) + 630, f, Qo f)L2(my) +0 Hafo%2(m2)'
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Remark 3.5. [t is worth emphasising that for § € (0,1) the norm H! is equivalent to the usual
norm of H'(msz). Indeed, the choice of the exponents allows us to write

2 < 2 63/2 _ 65/3 a 2 é a 2 < 2
C§Hf||H1(m2) S HfHLz(mQ) + Y I ZEfHL2(m2) + 5 I vf”L?(m) <[ 150
for some c5 > 0.

Proof. The proof is presented as follows: the first three steps deal with inequalities in L? for f
and its derivatives, while the last one combines these inequalities to control the H' norm. Some
long and tedious calculations are only outlined for the sake of clarity. In the following we denote
by ko, k1 and ko some unspecified constants and drop the dependance on .

Step 1. L*(ms) norm. We start by noticing that
(agvaf)LZ(mQ) = _‘/RQ(avf)ngJ’_’{Q fR2(1+2"i2’U2)f2m§‘
(O (AL), Fhro(my) = lf E A—AM]ﬁmQ - 1[ [a - 2r92(az - bv) | 2 m3
v 7S IL2(m2) 2 Jr2L7* m2 27 9 Jre 2 2

2
and similarly

1
(00 (Bof), )12 () = ifRz [30% = 201+ \)v + A& - 2050 Be | f2 md.

Therefore, we get

(35) (Qf. Nransy = = [, 2@ 0) 1213 = 10031y

4

where p(z,v) is a polynomial in 2 and v with leading term v* + 2. In particular, there exist some

positive constants k1 and kg such that

(3.6) (Qef. f)r2(may < kil FI T2 ey = k2l FI72 a2y = 1900 F 1T gy

Step 2. x-derivative bound. We have

3m2

(0:(0: (AS)): 0 f) 12 = (0 m3

2[ [30.4-4

= 3 /R? [Sa - 2/<;2x(am - bv)](amf)2 m3,
and
(02(Du(Bef)): 00V imsy = [ [00B:00f +0.Bo0,f + B0%, [0, f 3.
Since 0, B, =1, and observing that

[ [0.B.0,1 + B.02,f -

5 ](a fy?m3

we get

(0O Be)), 0u )12y < [ 10110013 +

Using that

](a £)?m3

(0,02, 00 )iy = = [, 102, 0P+ 5 [ (0.0

we finally obtain

(37) (0(Qe), 00 f)rrsy < K100 3eqay — Rl f B sy
02 oy + [, 1021100 f 3.



10 S. MISCHLER, C. QUININAO, J. TOUBOUL

A similar calculation leads to

(3.8) ((00Qef), 00 f)L2(may < Kl Oufl 722y = k2l0o F 72 a1/
02 oy +b [, 10211001 03
+2k2(1+ ) fRQ v f2m3.

Step 8. Cross product bound. The contribution of the cross product term is a little bit more
delicate. We decompose it into five quantities and we study them separately:

(aszf7 avf)L"’(ml) + (a stva f)LQ(ml)
[ [(@eF) (@20 ) + (0uF) (02 1)] 3
Oy ADy f + 0y AD, f + ADZ, f1(0nf) mi

2

[
[02.Bf +20,B8,f + B3, f](8:.f) m?
[

+

+

%\,%\%\

20, A0, f + AD2, F1(0uf) mi

5
f [0,B0,f + 0, B0, f + BO2, (0, f)m? = YT,
=1

We start by handling the first term on the right hand side. Using integration by parts adequately,
we get

Ti= [ @@ mi -2 [ (G20 )m].

Similarly, for the contributions involving A, we have

1 dymi
o= [ [04-a m?](azf)2m%+afm(3rf )9, fym,

and

7= [ [oa- 225 0@ pmt o [ 0,4 )0.)*

Adding these last two expressions, it only remains

8
[ A@a ) mi+ [ [20-4 ml]w 1Y@ Pym3 < D100 1oy + ko [ 100 110,13 m?,

for some constant kg > 0.

For the contributions related to B, involved in 73 and 75, we have

- [ 2ma@u-1- NPt e2 [ 0.B0.)@)md + [ B(02,) @ md,

and

Oy m?
L)@ r)?m3,

1

1
T = /RZ@UB @)@y mi +5 [ [0.B - B.
Finally, for the last contribution in 73, we have

[ BA@LD @y m? < ko [ (02.0)(008) MY,



KINETIC FITZHUGH-NAGUMO SYSTEM 11

getting that there exists kg > 0 such that
(3.9) (02Qcf, 0uf) L2(my) + (0uQcf; 0n f)L2(m1)
<ho [, 10uf110uF 1M} + Ko [ 10251102, f
D100 [y + o [, 102,110 1| M2

+h%/|&jfwﬁnﬁ+kq/ 2 Mm2.
R2 R2

Step 4. Conclusion. To get (3.4), we just put together (3.6), (3.7), (3.8) and (3.9) and we use
Young’s inequality several times. Indeed, the scalar product (-,-)3;1 applied to any f € H'(ms)
writes

<Q5f’f>H1 = <Q€faf>L2(m2)

+53/2<8xQ€f; aa:f)LQ(mz) +0 (a'UQEf’ 8vf>L2(m2)
43 4/3

0 0
+7(31Q5f, 5'vf)L2(m1) + T(ansfa 5zf>L2(m1)-

To give an idea of the method, we only explain how to get rid of a few terms. For example, for
the positive contribution of (3.7), it holds

02010, £ e oy + %2 [ 100 100113 < 82H1 01 F 2 ry + 6100 S iy + 6772 100 32

and for d > 0 small enough these terms are annihilated by the quantities

2 3/2 2 *3b 2
_HafoL2(m2) -9 k2H3fﬂfHL2(M1/2m2) - T”azfﬂﬂ(ml)
present in the right hand side of (3.6), (3.7) and (3.9).
In (3.8), the only delicate contribution is
5°/3b '3

56 [ 100110 1m3 < =102 F 120y + 5 100

but the right hand sides of (3.6) and (3.7) include

_Hafo%%mg) - 53/2k2 Hazf‘|i2(1\/[1/2m2)7

and once again for § > 0 small the sum is nonpositive.
The positive part of (3.9) is controlled using that k1 < k2. Indeed, in that situation

2

5ko [ 102, £10u F| M2 3 < 65 )02, 13 + 32 Ko |00 1y

replacing, if necessary, ko by a larger constant. If 6 > 0 is small we get rid of these terms thanks
to the presence of

=82 k2 |00 72 (ar1/2mgy = O 1020 F 72 (s

in (3.7) and (3.8).
All remaining positive contributions can be handled in the same fashion leading to the conclusion
that one can find K7, Ko >0 such that

(Qef, o < Kilf 72 zey = K2l £l15-

Corollary 3.6. Estimate (2.5) holds.
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Proof. Nash’s inequality in the 2-dimensional case reads: there exists a constant C' > 0, such that
for any f e L*(R?) n H'(R?),

2 C 2 ¢’ 2
(3.10) 11722y < Clflzrge) | Do fllrzey < T(s,"fHLl(R?) + §|\Dz,vf|\L2(R2)~

Coming back to the previous lemma, using the equivalence of the norms H! and H'(ms), together
with the fact that a solution f; to (1.2) is a probability measure, we get that,

d
%Hﬁ\lil ={Qc[ s ) fo fidwr < ka = kol fiell 3
for some k1, ks > 0 constants. Finally, integrating in time, we get
”ft HHI < maX(C27 Hf0||7'll)7

for some Cs > 0 depending only on the parameters of the system and the initial condition. O

Let us notice that we can go a little further in the analysis of the regularity of the solutions
of (1.2). Actually, we can expect that the norm HZ(m) is also bounded. Indeed, there exists ko > 0
such that

(311) <62 Q€f7 12)Uf>L2(m2)
= [ flmd e [ 102 0P e,
6 2
+2[(avA><85Uf>( Dy [ p[o.a- A%
f( BB @2, 1ymd+3 [ (@2,B)(0uf) (02, ) i
/| JJ[50,B: Ba”mQ] 2
my

my
<ol [102,08+ [102, 0P m3+ [1m3+ [ jo.sPm3].

We can therefore state that
Corollary 3.7. Estimate (2.6) holds.

Proof. The proof follows the same idea already introduced in the proof of Corollary 3.6. We
consider the norm

2
Jm3

1z = 1130 + 021050 F 22 (o)
and notice that (3.6), (3.7), (3.8) together with (3.11) imply that

d d
ﬁHftH?{g < £|\ft\|§{1

w207 ko| [ 102, fPm3+ [102,5Pm3+ [ \fiPmd+ [ 1o, fiPmd]
< k1= kol file,

for some k1, ko > 0 depending on some ¢ > 0 small and the parameters of the system. Inequality (2.6)
follows. O

3.2. Entropy estimates and uniqueness of the solution. Now we focus our attention on the
problem of uniqueness of the solutions to (1.2). First, we prove that solutions remain in the space
of functions with finite entropy. To that aim, for any positive function f, we define

100 f (2, )2
I = [ dxdv,
I e )
which is understood as a partial Fisher information. When the previous quantity is not well defined
we use the convention I, (f) = +o0. Notice that in any case I,,(-) > 0. Equipped with this definition
we can state:



KINETIC FITZHUGH-NAGUMO SYSTEM 13

Lemma 3.8. For any fo € L'(M) n L'log L' nP(R?) we denote by f; the associated solution to
the FhN statistical equation (1.2) with initial condition fo. It holds

(3.12) swp () + [ () ds <OT),

te[0,T]
where C(T) depend on fo and the coefficients of the problem.

Proof. It is well known that for functions with finite moments, the entropy can be bounded from
below. Indeed, since
rilogry > —ro +1r1logrs, Vry 2 0,r9 >0,
taking ry = f(x,v) and ry = e™™ it holds
0> flogf > —e™-fM,

implying that
(2= [ M= [ fM>-2me ! - max(Co, Lol any):

On the other hand, for any solution of (1.2) with initial datum fy there exists a positive constant
C, depending on the parameters of the system, g and C{, such that

Sty = [ rog() QLA

~1,(f)+ [ (0.A+0,B.(F1))

=L, (fe) + C| fel 22 (ary-
Let us fix T'> 0 and take any ¢ < T', thanks to estimate (2.3), we get that

A <= [ 1) s+ (o) + OT max(Cos U fols )

Since . is bounded by below, we get that I,(f;) € L'([0,T]). Moreover, taking the supremum
on the last relationship, we get

S[UI;]%(ft) < H(fo) + CTmax(Co, | fol L1 (ary)-
te[0,

IA

d

Corollary 3.9. For any two initial data fo, go € L' (M?)n L' log L*nP(R?) the associated solutions
f and g to the FhN statistical equation (1.2), satisfy

sup || fe = gel o ary < C(T) 1 fo = 9ol £ (arys
[0,7]
for some positive C(T). In particular, equation (1.2) with initial datum in L*'(M?)n L'log L' n
P(R?) has, at most, one solution.
Proof of Corollary 3.9. We write
O(fe—9t) = Qe[ I (f)) (fe —ge) +€ F (fe — gt) Ovge

from which we deduce

d
- — | M
dt \/]R2 |ft gt|

IA

K [R2 |fe =gl M +e| 7 (f: —gt)|[R2 0w g:| M

1/2
Ky [ Vo= g + 1101 2lgel ey [ 1= g0,

where K is the constant introduced in the proof of Lemma 3.1. Also, it is not hard to see that

IN

sup] HgtHLl(Mz) < HQOHLl(Mz) + 2(K1 + 1)TmaX(Co, HQOHLl(M))'
T

te[0

The rest of the proof is a direct application of the time integrability of I,(g;) and Gronwall’s
lemma. 1
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Let us finish this section by giving some insights of the proofs of the existence of solutions and
stationary solutions to equation (1.2) which are, however, classical.

Proof of Theorem 2.2. Let us consider an exponential weight m and ¢ e L*(R,) such that
sup|_#| < C{,
20

where C}) is given by (3.1). First, to avoid the non boundedness of the coefficients of the equation,
let us fix R >0, and define a regular truncation function

(3.13) Xr(z,0) = x(x/R,v[R), xeD(R?), 1p01)<X<1p0.2)-

Secondly, to avoid the intrinsic degenerate character of (1.2), we fix some 1 > o > 0, and define the
bilinear form

ao(t; fag) = <avf> 8vg>L2(m) + <avfagXR m72avm2>L2(m)
+0 (02 f,009) L2(m) + 0 (02 f, 9 XR m’Zamm2)Lz(m)

1 _
_§<f7 9XR [0:A - Am™20,m]) r2(m)

S xR DB ) ~ Bel S 20} .

This bilinear form is obviously well defined, a.e. t > 0, for any f,g € H'(m). Moreover, a, is
continuous,

lag(t; £, )| < CrIf | m)y gl m)
for some positive constant Cgr, and coercive. Indeed, we have from (3.6), that

1 o
as(t; f, f) 2 §H3vf“2L2(m) + §HameQL?(m) -k HfH%Z(m)a

for some k1 > 0 not depending on ¢, nor on R and nor on . The J. L. Lions theorem [8, Theorem
X.9] implies that for any fo € L?(m) there exists a unique

f e L?((0,00); H' (m)) n C([0, 00); L*(m)); %f € L*((0,00); H'(m)")
such that f(0) = fo and

d
(%fag>L2(m) +ao(f(t)7g) =0, a.e. t20,Vge Hl(m)

We recall that f_ := min(f,0) belongs to H*(m), therefore we can use it as a test function to
find that

fo=0 = f@&) >0, a.e. t>0.
Let us now fix some 7" > 0. Using f itself as a test function, we get easily that

T
|‘ft‘|2L2(m)+\/g Hav-fSH2L2(7n) ds < eleHfOH%P(m)a

therefore, one can take the limits ¢ — 0 and R — oo, to find that for any ¢ € C*([0,T]; C?(R?))

t
Loeeti= [Leotor [ [ [0+ 000~ A0ups - B F)0upsfuds, 0<t<T,

holds. Taking a well chosen sequence ¢™ — M2, we deduce that

sup | fillrarzy < maX(O" HfoHLl(Mz)),
te[0,T]

for some positive constant C’ that depends only on the parameters of the system. We also notice
that, thanks to renormalisation concepts, we recover the inequality

t
sup H(f)+ [ 1,(f.)ds < H(fo) + KoT max(Co, | fol1san).
te[0,T] 0
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Let us take now fo € L*(M?) n L'log L' n P(R?), and a sequence {f, 0} c L*(m) such that
fno = fo in L*(M). Moreover, let us assume that there is a positive constant C' > 0 such that
H(fn0) < C, for any n € N. From the previous analysis we get a family {f,,} € C((0,T); L' (M))
of functions related to the initial conditions {f,0}. Using the Dunford-Pettis criterium we can
pass to the limit in L*(M) finding a solution to the linear problem

(3.14) Ouf = 0u(Af) +0,(B(70)f) + 05, f.

that depends continuously to the initial datum (in the sense defined in Theorem 2.2). Moreover,
from Corollary 3.9 we get that this solution is necessarily unique.

Finally, we use again the ideas of Corollary 3.9 to find a solution to the NL equation (1.2).
Indeed, it suffices to notice that the mapping

{L""([O,T]) —  C([0,T]; L' (M?))
S =

with f solution of (3.14) for # given, is Lipschitz and contracting when T" > 0 is small enough. O

Existence of stationary solutions will be shown as a result of an abstract version of the Brouwer
fixed point theorem (a variant of [15, Theorem 1.2] and [18]):

Theorem 3.10. Consider Z a convex and compact subset of a Banach space X and S(t) a
continuous semigroup on Z. Let us assume that Z is invariant under the action of S(t) (that is
S(t)z€ Z for any z€ Z and t >0). Then, there exists zg € Z which is stationary under the action
of S(t), i.e, S(t)zo = 29 for any t > 0.

We present the argument briefly in this section. Our aim is to find a fixed point for the nonlinear
semigroup Sg_(t) related to equation (1.2). At this point we do not have any hint on the number
of functions solving

Qa[fF]ona

and the nonlinearity could lead to the presence of more than one. However, in the disconnected
regime ¢ = 0 the nonlinearity disappears, and the multiplicity problem is no longer present.

Proof of existence of stationary solutions to (2.7). Let us fix m an exponential weight and define
for any t >0

S(t): X - X with X = H*(m)n L'log L' nP(R?),
such that S(¢)fy is the solution to (1.2) given by Theorem 2.2 associated to the initial condition

fo. Estimates (2.6) and (3.12) imply that S(¢) is well defined. Moreover, the continuity of S in
the Banach space L'(R?) is direct from the definition of weak solutions, in particular,

S(t) fo € C([0,00); L' (R?)),

with the topology of compact subsets in time.
Finally, defining

Z:= Z(g) = {f € X such that (2.3) and (2.6) hold} c L'(R?),

which is invariant under S} for any ¢ > 0 and convex. Moreover, the compactness of the inclusion
Z c H'(m) = L'(R?) allows us to apply Theorem 3.10 and find the existence of a fixed point for
S(t) and by consequence a stationary solution to (1.2).

It is worth emphasising that the above proof show yet that the map ¢ — G. is locally bounded
in [0, 00), i.e., if g9 > 0 is fixed, then

G. € Z(gg) forany e€(0,g).
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4. THE LINEARIZED EQUATION

The aim of the present section is to undercover the properties of the linearized operator associ-
ated to Q. in the small connectivity case using what we call a splitting method. To illustrate the
ideas we use, let us assume that an operator A on a Banach space X can be written as

A=A+B,

where A is much more regular than B, and B has some dissipative property. If B has a good
localisation of its spectrum, under some reasonable hypotheses on A, we expect L(A) to be close
to X(B).

This is nothing but the Weyl’s abstract theorem (and/or the generalisation of the Krein-Rutman
theorem) from Mischler and Scher [28], that we recall here:
Theorem 4.1. We consider a semigroup generator A on a “Banach lattice of functions” X, and
we assume that

(1) there exists some a* € R and two operators A, B € €(X), such that A = A+ B and
(a) for any a>a*, £ >0, there exists a constant Co ¢ > 0 such that
Vt20,  |Sp* (ASE) ()] mcx) € Care™.

(b) A is bounded, and there exists an integer n > 1 such that for any o > «*, there exists
a constant Co n, >0 such that

VE20,  [(ASE) " (0)]sxy) € Came™,

with Y ¢ D(A) and Y ¢ X with compact embedding;
(2) for A* the dual operator of A defined in X', there exists B> a* and ¢ € D(A*)n X} ~ {0}
such that

A > B
(8) Sa satisfies Kato’s inequalities, i.e,
VfeD(A), AO(f)20'(f)AS,
holds for 6(s) = |s| or 0(s) = s..
(4) =A satisfies a strong mazimum principle: for any given f and v € R, there holds,
|fl e D(A)~ {0} and (-A+~)|f|20 imply [f>0 or f<O.
Defining
A= s(A) = sup {Re(€) : €€ (M)},
there exists 0 < foo € D(A) and 0 < ¢ € D(A*) such that
Afoo = A foos A=\

Moreover, there is some & € (a*,\) and C >0 such that for any foe X

|Sa(t) fo = € (fo,8) fool x < Ce™ | fo = (fo, D) foo | x-

From Theorem 2.3 we know that for any value of e there exists at least one G, non zero stationary
solution of the FhN kinetic equation (1.2). The linearized equation, on the variation h := f - G,
induces the linearized operator

Leh=Q( I (Ge))h+e F(h)0,Ge.
Moreover, let us recall that in Section 3 we proved that
(Q[ I (G fhreomy < Kilfll2rey = Ko fll22(m)

if we could make K7 =0, then the operator Q. together with £, would be dissipative. Since it is
not the case, let us fix a constant N >0 and define

(4.1) B. =% -A, where A=N xgr(z,v);
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with xg given by (3.13). We remark that A e Z(H2(m)), and that Af vanishes outside a ball of
radius 2R for any f € H2(m).

4.1. Properties of A and B.. We now precise the dissipative properties of .Z.. In particular,
we present two lemmas dealing with the hypodissipativity and regularisation properties of the
sppliting A and B.. We use some ideas developed in [27, 19] and [26].

Lemma 4.2. For any exponential weight m, there exist some constants N, R > 0 such that (B +1)
is hypodissipative in H2(m).

Proof. From the characterisation of hypodissipativity given in Section 2, it suffices to show that
there exists a constant C' > 0 such that

158, () | (r2(my) < Ce™, 20,
or simply, to show that for any h € H2(m), it holds
(12) (Beb, ) 3oy < ~ 12 m:

for some norm || - || g2(,,) equivalent to the usual norm | - | gz ().
Let us recall that the operator B, writes

B. =2 -A=(Q:[ Zc.]-Nxr)h+¢e ¢ (h)0,Ge,

and since fg, € R is a real constant, we can use all a priori estimates on (). directly. As usual,
when no confusion is possible, we drop the dependence on _#.. Three steps complete the proof:

Step 1. Dissipativity in L?(m). Let us notice that for any h € L?(m) we have
|7 (M| < C|lh] L2 (m)
for some constant C > 0. It follows that

S0 [@0.Ghm? <17 I9Gel 2y B 12m) € C10uGel 2my [, o

Thus, coming back to (3.5), we find that for N and R large enough one can assume ki = -1,
getting

(4.3) (Beh,hYrany < =Ihl72my = B2l hl72arizmy = 100kl T2 gy

as a consequence, (B. + 1) is dissipative in L?(m).

Step 2. Bounds on the derivatives of B.. For the x-derivative we see that there exists some constant
C" depending on xgr and its derivatives, such that

~N(D(xRh), 0xh) 12(m) < C' Rl 72 () = N1(0eh)/XR|72(m)-
On the other hand, thanks to Young’s inequality, we get

IW) [[@.CH 00 mE = - g (1) [ 0.G.[02,h+ 2500,]m?

IN

1
J(h)? |0,Ge H2L2(m) + iﬂaivhﬂiz(m) + | V2kv 3mh“2L2(m)~
These two inequalities, together with (3.7), imply that for N and R large enough

1
(00 (B=h), 0uh) L2 (my < =0z T2 () g\laiyh\liz(m) +C' Al Ty + fRQ 102 1] [0 h|m®.

Proceeding similarly with the v-derivative we get

S0 [ @G @M = | WOEGel 2y 0. 2o

IN

1
3 105, Gell L2 (m) (C2 IR 2 (1) + 100172 )
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then, coming back to (3.8), we find N, R >0 such that
(05 (Bh), 0uh) L2 (m) < =00l 72y = 102,81 72 (my + C" |11 72y + fR? |0h] [0 h| m?.

Finally, for the second v-derivative we find C’ such that
SN(O2, (xrh), 2 k) p2(my < -N fR XR(D2,1)*m? + O fR (@,h)*m? + fR B 02,k m?,

and for any € >0

(ny:
S0 [0, @nm? s LI (102,Ce 105y +
102, Gl 250 (52, 32 )

If € > 0 is small and N, R large enough, we obtain as an application of (3.11), that there is a
constant C” > 0 such that

<83v(B€h)7agvh>L2(M) < _”81211)}7’”%2(771) + O,[HhH2L2(m) + HaUhH2L2(m) + HaazcvhHQLQ(m) + ”812wh|‘%2(m)]

Step 3. Equivalent norm and conclusion. Let § >0 and hy,hy € H2(m), we can define the bilinear
product

<h1, h2>1:[3(m) = <h1, hQ)Lz(m) + 5(83,h1, axhg)Lz(m) + 5(3Uh1, 811h2)L2(m) + 52(8§Uh1,8fvh2)Lz(m).
and the relative norm
1052 (my = 1222y + 6 [ Dol 22y + 62 10522 1my-
Choosing ¢ > 0 small enough we conclude that for any « € (0,1] one find §,, such that
(Bh, h) gz (my < —ov ||h”§qg(m)-

Since the norm related to H2(m) is equivalent to the usual norm in H2(m), we can conclude that
(B. +1) is hypodissipative in HZ(m). O

Lemma 4.3. There are positive constants N, R large enough and some Cp_ > 0, such that the
semigroup Sp, satisfies

HSBE (t)hHHg(mﬂ < CBst79/2 ||hHL2(m2)> Vte (Oa 1]

As a consequence, for any o > -1, and any exponential weight m, there exists n > 1 and C,, . such
that of any t >0 it holds

(4.4) [(ASB) ™ ()R] 12 (m) < Cne €[] 22m)-

Proof. We split the proof in three steps, in the first one we refine the previous estimates on the
norm of the semigroup associated to the operator B., in the second one we use Hormander-Hérau
technique (see e.g. [20]) to get the first inequality, and finally we prove (4.4).

Step 1. Sharper estimates on B.. We denote for K > 0 a generic constant. From the proof of the
previous Lemma, we know that there are N, R large enough such that for any h € D(B.), it holds

(Bl h)p2gmy) < —K[h|7e [0uh]7

(m2) ~ (m2)

1 1 1
(02Beh, 0xh)2(my) < —iﬂamhﬂiz(ml) - §H8§vh”%2(m1) + KHhHiz(ml) + T&HavhHQLQ(ml)
1
(0uBeh, Ovh)L2(myy < _Hazg)vhHi?(ml) + KHhH2L2(m1) + a”avh”iz(ml) + 6tHal’h’H%2(m1)

1
(00,Bh, 00 k) 12(myy < KBl T2(myy + K00l 72(m,) + 2%

K V0]
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We also notice for any §,¢ € (0,1) it holds

b
(0:(Qc = A, 0uh) 12(myy + (00(Qe = AV, Dph) 12 (myy < -3 102h172 (1)

K
Wl\aivhﬁz(ml) + K18 002, By

102Gl 2,
(7 ()02, G, Buh) 12y + (F (R)0% G, Duh) 12y < %[2/@)2

102,Gellr2(myy [ 2 (h)?
+ 105 h01 72 (myy + 106R]F2 () ] + 9 : )[/w

K
+ K712 ) * 55 100hl 22 oy +

+100uh 2y |
yielding to

b K K
(0:Bch, 0ph) L2 (my + {OuBeh, Oxh)p2(m)y < —Zﬂamhﬂiz(ml) + 5Hh||2L2(m2) + gﬂavhﬂiz(mz)

K

1/10
+W“ ’U’UhHL2(m1)+Kt5/ H ll’hHLz(ml)'

Step 2. Hormander-Hérau technique. For a given h € H2(m1) n L*(msy) we denote h; := Sg_(t)h,
and define F by

]:(h,t) = ”hH%Q(mg) + Clt3||awh”%2(ml) + C2t”8’uh”2L2(ml) + C3t2<8whaavh>L2(m1) + C4t4“83,vh“%2

(m1)?
which, for well chosen parameters, is decreasing. Indeed, thanks to the inequalities found in the
first step, we have

d 5
%]‘-(t,ht) < 27;,

i=1
with
t
T = KfRQ[—ng+2(clt3+02t+04t4)mf+%m%]hf,
b
Ty = fR? [(301+2c2§—Ec:;+2035)t2—01t3](3mht)2m%,
2 2 t2 tK
o= [[- 2m2+c2m?+%m%+%m§+%m§+zc4t4f<mg+ U 2] (D,he)?,
Ty = f - + 9. K61/10](62vht)2m%,
Ts = et + S 4 )(02, )
5 = Co + 61/10 +4cy ]( v t) my.
Choosing

c1=6%, =06 ¢3=6°? and ¢4 =6,

we get that for § € (0,1] small enough, it holds
d
—F(t,h < 0.
S
for any ¢ € (0,1]. Since 0 < ¢4 <c; <c3<cy and cjcg > c3, we finally get that

st (100 ol Fa ) + 10302,y ) < F (8 he) < (O, o) = ol 2

(m2)"
Step 3. Proof of inequality (4.4). From the definition of A we notice that
JASE. ()l 2 my < C¢ e Al L2my, Vte(0,1],

for some constant C’. It is important to remark that since A lies in a compact, we do not need
anymore two different weights m; and mg. Therefore, we apply Proposition 2.5 with X = L%(m),
Y = H2(m), © =9/2 and o* = -1 to get (4.4). O
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4.2. Spectral analysis on the linear operator in the disconnected case. We consider in
this section the disconnected case € = 0. The corresponding FhN kinetic equation is linear and
writes

g = az(Ag) + aU(BO g) + 812;1;9
By=v(v-\)(v-1)+x,

Theorem 2.3 states that there exists at least one function G € Pn H2(m) which is a solution to
the associated (linear) stationary problem

FGo = 05 (AGy) + 3y (BoGo) +92,Go = 0.

Since the operator now enjoys a positive structure (it generates a positive semigroup S, ), we
can perform a more accurate analysis. Indeed, we can apply the the abstract Krein-Rutman
theorem 4.1 previously stated.

Proof of the stability around € =0 in Theorem 2.3. Let us assume for a first moment that hypothe-
ses of the abstract Theorem 4.1 hold for % with a* = —1. We easily remark that

A= 07 foo = GO ¢ = ]-7
therefore, there exists & € (—=1,0) such that
(L) n Ay = {0,

and
VfoeL*(m), Vt20  [Sg () fo - (fo)Golz2(my < Ce™ | fo = (fo)Goll L2(m)-

Now, for € > 0, we consider G, such that
QE[fGa] GE = O’
then, it holds
0
g(GE—GO)-r.ZO(GE—GO):h, h=e0,((v- _#(G.))G.),

and, thanks to Duhamel’s formula, we get that

t
|G = GolL2(m) < 192, (1) (Ge = Go) || L2(m) + /0 1Sz, (t = 8)h| L2(m) ds.

But G. - Gy and h have zero mean, then
a c a
|Ge = Goll2(my < ClGe = Goll L2 (mye™ +¢ EHGE”H})(Mlpm)(l —e).

Letting t - oo we conclude that there exists Cg > 0 such that
|Ge = GollL2(m) <€ CalGel m1(arr2my-
Finally, thanks to Corollary 3.6, we have
0 = (Q:LF6.1Ce Cehur € Ko~ Kol Geli < Ky =5 Kol Gl -
for any exponential weight ms. If k9 > Kk, we have then
HGeH?qg,(Ml/M) < Crmol GellFri(my) € Crma K1 /5K,
and in the small connectivity regime € € (0, ), constants Ky and K5 do not depend on e. Defining

n(e) = CaqCl 1y K1/cs Ko we get the stability part of Theorem 2.3.

It only remains to verify that the requirement of Theorem 4.1 are fulfilled for .4 in the Banach
lattice X = L?(m).
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(1) (a) the splitting (4.1) has the nice structure. Indeed, the Lemma 4.2 implies that By + 1
is hypodissipative in L?(m), therefore

158, ()| (z2(my) < Ce™*, V>0,

i.e., it suffices to take o* = —1.
(b) if Y = H2(m) and X = L?(m), the desired inequality is consequence of Lemma 4.3.
(2) The requirement is obtained for 5 =0 and ¢ = 1. Indeed, in that case

Lo = Qpl =02 pi.
(3) A side consequence of (3.6) is the positivity of the semigroup:
fo=0 = Sy fo(t) 20, Vtx0.

Moreover, using that L?(m) is also a Hilbert space, we deduce the Kato’s inequalities.
(4) The strict positivity (or strong maximum principle) is a straightforward consequence of
Theorem B.1 in Appendix B.

O

Let us finish this section by summarizing the properties of the spectrum of %, in the Banach
space L?*(m) and by a useful result on the regularisation properties of R g, (2).

Proposition 4.4.
(i) There exists & <0 such that the spectrum %(%) of L in L?(m) writes

E(fo) n Ad = {0},

and 0 is simple.
(i) For any o> @, there exists a constant Cyg1 >0 depending on (a - &), such that

IR 2, (2) | (L2(m), 112 (my) < Crra (L+ 271, VzeC~ {0}, Re(z) > a.
Proof. Tt only remains to prove (ii). Let us consider z € A, \ {0}, and take f, g€ L?(m) such that
(L-2)f =g
Thanks to Lemma 4.2 and the definition of A, we get
Re(2) =) f1Z2my + 100 1F20my < 191 L20m) [ 12(my + N 11720y

Moreover, (i) tells us that 0 is an isolated simple eigenvalue for .4 in L?(m), then R g, () writes
as the Laurent series (see for example [23, Section 3.5])

Ray(2)= 3 #C  Cre B(IE(m)),

k=—1

which on a small disc around 0 converges. Thus, there is some C° > 0 such that |R.#, (2) | #(22(m)) <
CP|2|™! for any z € A,, z # 0. Finally, we notice that

min(L,a - @) | flaimy < (1+ NCO™) |g]r2(m2),

therefore, it suffices to take Cy1 =1+ J/NC®min(1,a - &), with N large enough. d

5. STABILITY OF THE STATIONARY SOLUTION IN THE SMALL CONNECTIVITY REGIME

Now, we establish the exponential convergence of the nonlinear equation. To that aim, we first
notice that, in the small connectivity regime, the linear operator .. inherits (in a sense that we
precise later on) the stability properties of %.
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5.1. Uniqueness of the stationary solution in the weak connectivity regime. As a first
step in the proof of Theorem 2.4, we need a uniqueness condition that, for instance, can be settled
as a consequence of the following estimate:

Lemma 5.1. There exists a constant Cy, such that for any g € L*(m), (g) = 0 and for the solution
feL?(m) to the linear equation Lyf = g there holds

(5.1) Lflv = 1flz2amy + Vo fl2azmy € Cv 9] L2 (m)-
Proof. We easily compute

[ onm? == [ po)f2mt - [ (@) Mm?,

6 4

for some p(x,v) polynomial in & and v with leading term v°® + x*. Therefore, there exists some

constants K7 >0 and 0 < K5 < 1, such that
fRQ(D%f)meQ < K, fR PPm? - K, fR F2M2m? - K, fRQ(&,f)QMmQ.

The invertibility of % in L?(m) for zero mean functions, writes

Zof=geL?(m), (9)=0 = | flrzm) < Calglrz(m),

with C5 given in the proof of the stability part of Theorem 2.3. As a consequence, for any f and
g as in the statement of the lemma, we have

1 K
2072, 2 2 2 2 1 2.2
[1R2me +/RQ(8vf) Mm* < - . Rzngm+ Qfszm

1 22s2 2 1 2 9 chf 2 9
< - M + —= + ,
2 R?f " 2K?2 re? " T Ry S T

from which (5.1) immediately follows. O

Corollary 5.2. There exists €1 € (0,eq) such that in the small connectivity regime € € (0,e1) the
stationary solution is unique.

Proof. We write

Ge-F = e [0((v- f(F)F - (v- 7 (G))C:)]

Efo‘l[av((v - F(F))F.-G.)+ (7 (F.) - j(GE))GE)].

As a consequence, using the invertibility property of %, for zero mean functions, and the uniform
bound (2.5) on G., F¢, we get

[P~ Gely < Calldu((v- 7 (F)(Fx = Ga) + (F(F) = F(C))C) gy
cC|F. -G,

(5.2)

IA

IA

for some C' depending on the parameters of the system and 3. The previous relationship implies,
in particular, that |F. - G.|y =0 for e <& = 1/C. O

5.2. Study of the Spectrum and Semigroup for the Linear Problem. We now turn into a
generalisation of Proposition 4.4 in the case € > 0 small. Since the positivity of the operator is lost,
Krein-Rutman theory does not apply anymore, however we can prove the following result based
on a perturbation argument

Theorem 5.3. Let us fix a € (@,0). Then there exists eo € (0,1) such that for any ¢ € [0,e2],
there hold

(i) The spectrum X(%£.) of £ in L*(m) writes
(L) Ay = {ue),
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where p. is a eigenvalue simple. Moreover, since £, remains in divergence form, we still
have

L*1=0

and then ue = 0.
(ii) The linear semigroup S (t) associated to £ in L?(m) writes

S (t) = e'<'TI. + R.(t),

where I, is the projection on the eigenspace associated to ue and where Re(t) is a semigroup
which satisfies
| Re(8) | 2(L2(m)) < Cz., €,

for some positive constant C, —independent of €.

To enlighten the key points of the proof we present it in three steps: accurate preliminaries,
geometry of the spectrum of the linear operator in the small connectivity regime and sharp study
of the spectrum close to 0:

Step 1. Accurate preliminaries: Let us introduce the operator
P.=%-%=-c0,(v- _Z(G.)))+¢e _Z(-) 0,G-.

Our aim is to estimate the convergence to 0 of this operator in a suitable norm. We notice that,
for two exponential weights my, mg as in (2.1) with %1 < kg, it holds

| PRl 72y

IN

2 2,2 2y, 2 2 2
Ce ./]1&2 (h* +v*0,h[*)mT + Ce® 7 (h)
C€Q(Hh|‘%2(m1)+Havh|‘%2(m2))a

where C depends only on the parameters of the system and, in the small connectivity regime, on
€1. Therefore, there exists Cps1 > 0 such that

IA

||PehHL2(m1) < Cpfl EHhHH%(mQ)'

Step 2. Geometry of the spectrum of %Z..
Lemma 5.4. For any z € Ay, z#0 let us define K.(z) by
K.(z) =-P.-Rg (z) ARp.(2).

Then, there exists n2(e) - 0, such that
e

Vze Qo= A B(0,m2(e)),  [Ko(2) 2 (my) < 1m2(8)(1+7m2(2)).

Moreover, there exists eo € (0,e1] such that for any € € [0,e2] we have

(1) I+ K.(z) is invertible for any z € Q.

(2) % -z is also invertible for any z € Q. and

VzeQ., R (2)=U(2)(I+K.(2))"
where
Us(2) = R.(2) =Rz (2) ARp.(2)-
We thus deduce that
S(£) 0 Ag € B0, 15(2)).
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Proof. We define m; and mso two exponential weights with m; = m. From Lemma 4.2, Proposi-
tion 4.4 and the Step 1 we get that for any z € Q., any h € L?(m)

HKE(Z)hHL2(m) > €CP51 HR“?O(Z)ARBE(Z)I/LHH%('V"AQ)
eCp,, Cry(1+ |2l |ARB. (2)h] 2 (ma)
eCp,, Cry(1+|2[™) Cc, 7]l 2m)

IA N

IA

where C¢, is an upper bound of | ARz, [ %12 (m),12(m,)) and do not depend on e. Defining
n2(e) = (eCp,, Cr C., )2,
it holds
| K- (2) | r2(my) < m2(2)*(L+1m2(2) ™) = ma(e) (L +1m2(€)), V2 eQe,
therefore, fixing €5 > 0 such that
na(e) <1/2, Vee(0,e2],
we obtain the invertibility of I + K.(2).
Finally, for any 2z € Q.:
(Z.-2)U.(2) =T+ K.(2),

then there exists a right inverse of Z. — z. The rest of the proof is similar to the proof of [36,
Lemma 2.16]. O

Step 3. Sharp study of spectrum close to 0.
Let us fix r € (0,-a] and choose any ¢, € [0,e2] such that 72(e,) < r in such a way that
Y(Z)nA, c B(0,r) for any € € [0,¢,]. We may define the spectral projection operator
1
I1, := _7-/|| R (') dZ.

211
‘We have then the
Lemma 5.5. The operator I1. is well defined and bounded in L?(m). Moreover, for any ¢ € [0,¢,],
it holds
e = o |l (L2 (my) < n3(e),

for some n3(e) — 0.
E—>

Proof. Let us notice that

1 1
m, = _7,] (Ri (2) — Ry ARz, () d2' = 7_[ Ry ARp, () d2'
21t J|2!|=r 21t J|2'|=r
and
1
L= o [ (Re() R AR, (D) + Ke()) ™ d
- if R, (') K. () (I + K.(='))" d='
21t J|z'|=r
1
+7,f Ry AR5, () (I + K.(2') " d2.
211 |2!|=r
Then, we deduce that
M. -1, = zi/u R, (') K.(")(I + (') d’
T 2=r
1
+— Ry A(Rp.(2") - Rp, (7)) d2’
21y J|2!|=r
1
+o— Ry ARp. (2 )(I - (I+K:(2")™")d,

21t J|2'|=r
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here, the first and third terms are going to 0 because of the upper bounds of K.(z). For the second
term, it suffices to notice that

Rp.(2") = Rp,(2') = R, (2") (B - Bo) Rp.(2),
and use that (B. - By) = P-. O
To conclude the proof we recall the following lemma from [23, paragraph 1.4.6]

Lemma 5.6. Let X be a Banach space and P, Q two projectors in (X)) such that | P-Q| zx) < 1.
Then the ranges of P and Q are isomorphic. In particular, dim(R(P)) = dim(R(Q)).

Provided with this lemma and fixing ¢’ such that n3(e’) < 1, we get the
Corollary 5.7. There exists € >0 such that for any ¢ € [0,&’] there holds
Y(Z)nAy ={p} and the eigenspace associated to p. is 1-dimensional.

5.3. Exponential stability of the NL equation. In the small connectivity regime ¢ € (0,¢’),
let us consider the variation h := f. - G, with f. the solution to (1.2) and G, the unique solution
to (2.7) given by Theorem 2.3. By definition, h satisfies the evolution PDE:

Oth = Loh -0y (vh) +e F(fe)0ufe —€ 7 (G:)0yGe = Leh+€_7 (h)Oyh,
moreover, the nonlinear part is such that

le 7 (h)Ouh|r2my < Celb]Lz(m)|Ouh]L2(m)

for some positive constant C'.

Proof of Theorem 2.4. Let us first notice that, thanks to inequality (2.5) and the definition of
F(-), we have that

|\5j(h)8yh||L2(m) <CnLe HhHL2(7n)7 Y hg € Hl(m),
where
CNL = cglmaX(CQ,HhOHH1(m)).

On the other hand, Duhamel’s formula reads

h=Sg ()ho+ fot Se. (t-3)(c7 (h)D,h) ds,

then, we have that

t
u(t) = |hlr2gmy < HSxE(t)hoHLz(mﬁfO |S2.(t = 5)(e.7 (M)Duh) | L2(m) ds

t
ngl €atHh0HL2(m) + Cgal CnLe [0 e (t=5) HhHLQ(m) ds

A

IN

¢
Cg., e u(0) + Cg. CnLe f =)y () ds.

0
In particular,

u(t) < Cop, u(0) (> 0 Onralt
Summarising, it suffices to define n*(¢) := Cs/+/ to get that for any fy such that
| fo = Gellmrmy < n7 (),
it holds
Ife(®) = Gell2gmy < Caz, | fo = GellL2@mye™ ¥,

with
= a+Cg 5 CaVe* <0,

if £* is small enough. (]
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6. OPEN PROBLEMS BEYOND THE WEAK COUPLING REGIME

In the weak coupling regime, we have demonstrated that existence and uniqueness of solutions
persist. In that regime, noise overcomes nonlinear effects and the system is mixing: one finds a
unique distribution with an everywhere strictly positive density. As coupling increases, highly non-
trivial phenomena may emerge as nonlinear effects of the McKean-Vlasov equation. For instance,
it is likely that in another asymptotic regime in which coupling is non-trivial and noise goes to
zero, Dirac-delta distributed solutions shall emerge (in which all neurons are synchronized and
their voltage and adaptation variable are equal to one of the stable fixed point of the deterministic
Fitzhugh-Nagumo ODE).

Here, we numerically explore the dynamics of the Fitzhugh-Nagumo McKean-Vlasov equation
using a Monte-Carlo algorithm. We observe that complex phenomena occur as the coupling is
varied. That numerical evidence tends to show that several additional equilibria may emerge, the
stability of stationary solutions may change as a function of connectivity levels, and attractive pe-
riodic solution in time may emerge. These regimes are particularly interesting from the application
viewpoint: indeed, among important collective effects in biology, from large networks often emerge
bistable high-state of down-states (characterized by high or low firing rates), and even oscillations.
These two phenomena are particularly important in developing and storing memories, and this
occurs by slowly reinforcing connections [22]. Interestingly, these two types of behaviors emerge
naturally in the FhN McKean Vlasov equation beyond weak coupling. For instance, for fixed
o = 0.5, we present the solutions of the particle system varying the connectivity weight beyond
small values, both in the bistable case (in which the FhN model presents two stable attractors) and
the excitable regime, the most relevant for biological applications, characterized by a single stable
equilibrium and a manifold separating those trajectories doing large excursions (spikes) from those
returning to the resting state directly. In both cases, we observe (i) that the unique stationary
solution is not centered close from a fixed point of the dynamical system: neurons intermittently
fire in an asynchronous manner for small coupling. As coupling increases, a periodic attractive so-
lution emerges, before the appearance of distinct stationary solutions (two in the bistable case, one
in the excitable case). These phenomena are depicted in Fig. 1. Proving, for larger coupling, the
existence and stability of a periodic solution or distinct and multiple stationary solutions constitute
exciting perspectives of this work.

These phenomena are actually conjectured to be generic in coupled excitable systems subject
to noise.

APPENDIX A. MEAN-FIELD LIMIT FOR FITZHUGH-NAGUMO NEURONS

Let us start by a well known result with is a simple application of global existence and path wise
uniqueness for system of SDE, see [16, Chapter 5, Theorems 3.7 and 3.11] for example. Consider
the particle system for 1 <7 < N:

J N . .
dvi = (vl (v = N) (1 =v}) =zt + I, — —vl ) dt +dW;
(A.l) t (t(t )( t) t 0) NZ:( t) t
dr! = (—az! + bvl)dt,
with initial data (X, V{) for 1 <i < N distributed according to fo € Py(R?), i.e., a probability
measure in R? with finite second moment. Here the (W} );s are n independent standard Brownian
motions in R. This result was stated in [5]. In that paper, the authors use a stopping in the n-

voltage variables which requires finely controlling all trajectories. We prove here a simpler version
of the result based on a-priori estimates.

Lemma A.1. Let fo € P(R2) be a probability with finite second moment, and a set of random
variables (.X(Z)[VO’L) with law fo. Then (A.1) admits a path wise unique global solution with initial
datum (X, Vy) for 1<i< N.

Proof. The system (A.1) can be written in R*V as the SDE
dzl = oV dBY + b(ZY) dt,
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FIGURE 1. Permanent (non-transient) regimes of the FhN particle system for
N =2000. Top row: J =0.1 (A) and J =3 (B), bottom row: J = 1. The unique
stationary solution in the small coupling limit analyzed in the manuscript visits
both attractors transiently (A), while in the high coupling regime (B), the system
remains around one of the attractors (the system has at least two such solutions).
In an intermediate regime, the system shows periodic oscillations (bottom row).

where ZN = (z},v},..., 2N, o]V), o is a constant 2N x 2N sparse matrix, (B2 )¢ is a standard
Brownian motion on R?Y, and b : R?N - R?Y is a function defined in the obvious way. It is easy
to see that b is a locally Lipschitz function, moreover, letting (-,-) and | - | the scalar product and
the Euclidean norm on RV respectively, then for all ZV = (xl, ol N ),
N , N . , J N
(ZV,b(Z™)) = Y a'(—ax’ +bv') + Y v (v (v = A) (L-v)) -2t + Ip) + N S vt (vt - o)
i=1 i=1 ij=1
N, N 4 . J N
< S (-Dzv' + Y (TP -al2'?) - = > v +ON
i=1 i=1 N 5%
< C+[z")?).
This is a sufficient condition for global existence and pathwise uniqueness (see e.g. [25]). O

Mean-Field limit. Now we turn to the propagation of chaos property. We already know the
existence and uniqueness of the particle system (A.1), moreover the nonlinear SDE:

d’L_/t = (T/t(’l_}t - A)(l _@t) - Tt +I) dt + J/]R;?(l_}t —U) dft(ZII,’U) dt+th,
(A.2) dzy = (—aZ + buy)dt
fe =law(Z¢,0y), law(Zo,T0) = fo.

is also well-posed for fy € L'(M?)n L'log L' nIP(R?), as a consequence of Theorem 2.2. Then, for
instance, we can sate the

Theorem A.2. Let fy be a Borel probability measure and (X, VOZ) for1<i< N be N independent
variables with law fo. Let us assume that the solutions to (A.1) and (A.2) with initial data (X{,Vy)
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and fo are well defined on [0,T] and such that
(A3) sup { [l + [oP) dfy(z,0)} < +oo.
[o,7] * JR?

with f; = law(Z%,v}) (which actually does not depend on i by exchangeability). Then there exists a
constant C' >0 such that

o o C
(A.4) E[|xi - f1|2 + v - 6t|2] < NeCt.

Proof. We start by writing X/ = 2} -z} and V; = vj - 9. For notational convenience we drop the
time dependence subindex and take J = 1. Because z} and Z; are driven by the same Brownian
motion, we have that
i Qg i\ _ i i i L& o i
dvi=(v' (v = A)(1-0") =o' (@ - N)(1-0") - X )dt+NjZ;(vt—vg)dt—[R2(v —v)dfy(x,v) dt
dX" = (~aX" +bV")dt,
We define a(t) = E[|X 42+ |Vi|2] which is independent of the label ¢ by symmetry and exchange-
ability of the system. It is not hard to see that
1d

[ i i 7]2 b
5£1[4:[|X| | =E[bIX"||V'| - alX"| ]sia(t),

and
E[VP] = E[VI(o'(v' =2 (1 -v") ="' - A\)(1-2") - X7)]
i N 4 4 .
E[VFZ(v,f—vi)dt—V’[W(Tﬂ—U)dft(m,v)] =8 +8s.

Estimate for S1: Let us first notice that
V(@ =1 -0) =0 (0 - N (1= = (P = ) + (LX) (o - [0']) - AV
—Vi(|vi|2+viﬁi+|vz|) (1+/\)Vi(|vi|+|17i|)—)\Vi,

therefore
Si = E[VP(' P -o' o' = [0 + (L+ ) ('] + [0°]) - )] - E[V'X7],
and by consequence there is some constant C' > 0 such that
(A.5) S1 < Ca(t).
Estimate for So: By definition, it holds

7

E[V'(v] - f)-W

MZ

Sz
1

( i—/wvdft(a:,v))]
B[V -~ [sz( —/D;deft(:c,v))].

7=1

2

Moreover, by symmetry we know that Sy does not depend on a particular ¢, therefore we take i = 1
to get

1 1/2 N o 1/2
Sy<E[[V'[P]+ N(E“VIF]) (E [’ Z (vg —[R2Udft(l'v’l)))’2:|) .
Now, defining Y7 = v/ - Jge vdfi(x,v), for j # k, we find that
E[y/y*] = E[E[Y7 | (', a")]E[Y* | (&', aY)]),
but

E[Yj | (571,171)] :E[vg - fR2 vdft(aj,v)] =
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Hence, fixing j, € {2,...,N}

E[|§:2(vg —[R2vdft(x,v))|2]

(N~ DE[ | - fR vdfi(x,0))[ ]

2
W-1) [ (0= [ vdi(@.0) dilyw) OO -1),
since the second moment of f; is uniformly bounded in [0,T]. Finally we conclude that
12 €

VN
Finally, going back to the bounds on a(t), we put together (A.5) and (A.6) to find

(A.6) Sy < a(t) +alt)

d 12 C C
aa(t) < Ca(t) +2a(t)Y Wi <Ca(t) + N’

and using Gronwal’s Lemma,

a(t) < (a(O) 4 %) oCt = %eCt

which finishes the proof. O

APPENDIX B. STRONG MAXIMUM PRINCIPLE FOR THE LINEARIZED OPERATOR

In this final appendix we shall extend the result provided in [37, Corollary A.20] to our frame-
work. These local positivity estimates are classical in hypoelliptic equations and they are a nec-
essary condition for Theorem 2.3. Here, our result is time dependant and by consequence more
general than it is needed in the applications.

In the sequel, we shall use the notation

B, (z0,v0) = {(z,v) eR?; |v—wo| <, |z —z0] <),

and come back to the classical notation V., = D5, and 8?w = A,. Also, we simplify the problem
by choosing a = b =1, but the proof can be easily extended to the general case.

Theorem B.1. Let f(t,z,v) be a classical nonnegative solution of
(B.1) %f -A,f=A(t,x,v) Vo f + B(z,0) Vo f + C(t,z,v) f

in [0,T) x Q, where Q is an open subset of R?, and A,C : [0,T) x R? and bounded continuous
functions and B(x,v) = x —v. Let (29,v9) € Q and A and C upper bounds of respectively | Al|p=
and |C| L.

Then, for any r,7 > 0 there are constants A, K > 0, only depending on A, C and r?|T such
that the following holds: If Ba,(zo,v0) ¢ ©, 7 < min(1/2,-log(r3/2|xo — vo|)) and f > § > 0 in
[7/2,7) x B.(z0,v0), then f > K¢ in [7/2,7) x Ba,(x0,v0)-

Theorem B.1 implies, via covering arguments in variables ¢, z,v the

Corollary B.2. If f > 0 solves (B.1) in [0,T) xQ and f > >0 in [0,T) x B.(x0,v9), then for
any compact set K c Q containing (xo,vo) and for any to € (0,T), we have f > 6" >0 in [to, T) x K
where 0" only depends on A,C, K,Q,xg,vg,r,10,9.

Proof of Theorem B.1. We only explain how to adapt the proof of Theorem A.19 given in [37]. Let
g=e“tf(t,z,v); then g > fand Lg > 0 in (0,7) x Q, where

L=0+(v-2)Vy—-Ay—A(t,z,v) Vy.

Next, we construct a particular subsolution for £. In the sequel, B, stands for B, (xg,vo) and
we define X;(zg,v0) = vo + (20 — vg)e".

Step 1. Construction of the subsolution.
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For t € (0,7] and (z,v) € Q\ B, let

%—g(v—vo)(x—Xt)-wy

with «, 8,7 >0 to be chosen later on. Let further define
p(t,0) = 5 Pe)

where j1,e > 0 will also be chosen later on. If we assume that 32 < o, then P is a positive quadratic
form in the variables v — vy and = — X;. Clearly

Lo=-psctTE(P),

(LE —Xt)Z,

P(t =
(t,2,0) = a -

where
E(P)=0P+(v-x)VoP—-A,P+p|V,P?-A(t,z,v) V,P.
By straightforward computation we find that £ = & + &, with

o v —1g)2 v-v9)(z - X4
&(p) = (Naz—g—ﬁ)%wL?(ﬁﬁL%—uaﬁ)(O)t#
2 37 (17—Xt)2
e
and
£(P) 5&2:@%§;§Q_a%
_y (z —t3Xt) _aA(t,x,vt)(v—vo) +5A(t,x,vt)2(x—Xt)'

Now we notice that & is defined by the quadratic form
e
pa’-S -8 B+l -pap
7 2_37
ﬂ+2 pap wp 5
which is nothing but a quadratic polynomial on (v —wvg)/t and (x — X;)/t?. As u — oo
tr M, = p(a®+52%) +0(1)

2 2
ragy-p -2 o),

M, =

det M, = u[ 30;'6

both positive quantities if 8> a and av > 2. In particular, for =2« and v =8a,
tr M, =50 u+0(1)
det M, =20° u+O(1),

and letting ;1 — oo the eigenvalues of M, are of order 1 3% and B. So, for any fixed C' > 0 we may
choose a, 8, and p such that

N2 _ 2
eu(py = op( (R, oK
Second, if t € (0,1) then
(r-X)* 3B(v-w0)* 3B(z-X,)? 2 B
Ea(P) 2 4B - 2 BT R T

and making 7 < 1, we get,

E(P) > const g[C( (v —tvo)z + (z _tg(t)2 ) - 1] )

with C' arbitrarily large.
Let us briefly describe the rest of the proof. Recall that (z,v) ¢ B, so

(1) either |v —vg| > 7, then E(P) > const.(3/t)[Cr?/r - 1], which is positive for C > 7/r?;
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(2) or |x —x0| > 73, and then, if 7 < %min(l,—log(ﬁ)) then for any t € [0,7)

Y2 2 2 6
|z — X3 5 |z —@o[* | Xt — o T

12 22 2 T 4
so E(P) > const.(B/t)[CrS /473 — 1], which is positive as soon as C > 473 /rS.
Summarizing: under the assumptions, we can always choose constants v > 8 > a > 1 and
a~y > 32, depending only on A and 72/7, so that

|X;: — 2ol <7*/2  and

Lo>0, in[0,7)x (Bx~ By),

as soon as 7 < min(1/2, —log(r3/2|xg — vol)).

Step 2. Boundary conditions. We now wish to prove that ¢ < g for ¢t = 0 and for any (z,v) €
O(Bxr \ B,.); then classical maximum principle will do the rest.

Let us first notice that the boundary condition at ¢ = 0 is obvious (¢ can be extended by
continuity by 0 at the initial time). The condition at 0B, is also true since V (x,v) € 9B,:
p<o<g.

It remains to fix the remaining parameters in order to conclude that ¢ < g in dB),.. From the
choice of a, § and #, it is easy to see that for any (x,v) € 9By, :

a/(v-v9)? (z-X)*\_a . (A2 X6y aX? % S
P(t,x,v)zz( ; + 3 )szm( ey )2 T: m1n(7,—3),
notice that we are imposing A > 1. Choosing
22 2 .6

- _ka T
6—5exp( 16 mln(T,TB)),
we get ¢ =6 e PP (LEY) _ e <0 on OB),. By consequence ¢ < ¢ on the whole set By,.

Let us finally notice that at this point we have uniform bounds for g on By, \ B, for any
te[7/2,7). Indeed,

_ 2 - X,)2 2 102616 2 .6
P(t,x,v)SM((U w)” , (=X s27(8i+ 0267 ) <2068 max (=, )
-

t t3 T T3 T3

Then, for A big enough we find Ky > 0 such that

p(t,z,v) > 5[exp(—2068,u7 max(?, :—Z)) —exp(— M?GAQ min(:j, :—z))] > Ky,
because v = 8, to find such A it suffices that
2068 x 16 x 8 max(é, ;Z) <\ min(é7 :—Z),

by consequence A depends only on r2/7. o
Finally, we find K, A > 0 depending on A, C' and 72/ such that

F>Kode™C on [r/2,7)x (Bar~ B,).
O

Remark B.3. Let us notice that we can extend Theorem B.1 to some cases when A or C' are not
necessarily bounded and 2 = R%. It suffices to take any r,7 >0 and fix X (which as we saw only
depends on a numerical constant and the ratio r*/7). We can then fit R >0 big enough, in order
to have that \r < R and study the equation into Br, where by continuity A and C attain their
mazimum in the compact set [0,7] x Bg.
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