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Dynamics of neural networks with elapsed time model and
learning processes

Delphine Salort*, Nicolas Torres'

Abstract

We introduce and study a new model of interacting neural networks, incorporating the spatial dimen-
sion (e.g. position of neurons across the cortex) and some learning processes. The dynamic of each neural
network is described via the elapsed time model, that is, the neurons are described by the elapsed time
since their last discharge and the chosen learning processes are essentially inspired from the Hebbian rule.
We then obtain a system of integro-differential equations, from which we analyze the convergence to sta-
tionary states by the means of entropy method and Doeblin’s theory in the case of weak interconnections.
We also consider the situation where neural activity is faster than the learning process and give conditions
where one can approximate the dynamics by a solution with a similar profile of a steady state. For stronger
interconnections, we present some numerical simulations to observe how the parameters of the system can
give different behaviors and pattern formations.

Keywords: Mathematical Biology, Neural network, Elapsed time, Renewal equation, Learning rule, Con-
nectivity kernel, Weak interconnections, Convergence to equilibrium, Entropy method, Doeblin Theory.

Mathematics Subject Classification (2010): 35B40, 35F20, 35R09, 92B20.

1 Introduction

The study and modeling of neural networks have been expanded significantly in the past years and still
lead to several stimulating open problems. In the case of homogeneous networks, evolution equations
describing neural assemblies derived from stochastic processes and microscopic models have become a
very active area. Among them, the elapsed time model, has known a growth interest and has been studied
by several authors such as Caiizo et al. in [4],Chevalier et al. in [6], Ly et al. in [16], Mischler et al. in [18]
and Pakdaman et al. in [19, 20, 21]. In particular, the work of Chevalier et al. in [6] establishes a bridge
between Poisson point processes that model spike trains and the time elapsed model.

However, the incorporation of spatial dimension, using those homogeneous models for each unit has not
been investigated much yet. Recent works of J. Crevat et al. in [7, 8, 9] consider the case with spatial
dimension, where each neuron is described via a kinetic PDE derived from FitzHugh-Nagumo model. Else,
the main models used for the incorporation of space variable via integro-differential equations are inspired
from the Wilson-Cowan [25] and Amari [2] models, where several theoretical and numerical results has
been obtained, see Faye et al. in [10, 11, 12].

Here, we consider the evolution of interacting neural networks, where each neural network is governed by
the time elapsed model and has a position = € €, where ) is a bounded domain of R (with d the dimen-
sion), which models the cortex. Neurons undergo some charging process and then a sudden discharge takes
place in response to certain stimulus and this causes other neighboring neurons to discharge, depending on
the strength of interconnections in the network. The time variations of these interconnections determine
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the learning process of the neural network. For simplicity we assume that for each position x we have a
homogeneous network that is considered as a single neuron.

Let n = n(t, s, ) be the probability density of finding a neuron at time ¢, such that the elapsed time since
its last discharge is s > 0 and its position is z € 2. We model the neural network through the following
nonlinear renewal system

on(t, s,x) + dsn(t, s,x) + p(s, S(t, x))n(t,s,z) =0 t>0,s>0,z€Q,
N(t x)::n(t s=0,2) = [ p(s,S(t x)n(t,s,z)ds t>0,2€Q,
= Jqw(t, z,y)N(t,y)dy + I(t,z) t>0,z€Q, 1)
8tw(t,x7y) = —w(t,z,y) + yG(N(t,z), N(t,y)) t>0, z,y €9,
n(t=0,s,2) =no(s,z) >0, wit=0,z,y) =we(z,y) >0 s>0,z,y€Q.

The equation for n and the integral boundary condition correspond to the renewal equation, where the
function p: [0,00) x R — R represents the firing rate of neurons. This function p depends on the elapsed
time s and S(t, «), which is the amplitude of stimulation received by the network at time ¢ and position z,
and we denote I(t, z) an external input. We say that the system is inhibitory (resp. ) if p is decreasing (resp.
increasing) with respect to S.

For the firing rate p, we deal with the two following cases.
Ps < p < Poo, for some constants p., poo > 0. (2a)

Pel{s>s,y < p < poo, fOr some constants p, peo, s+ > 0. (2b)

The hypothesis (2b) is an extension of (2a), since it allows p to vanish for values of s lying on some interval.
We mainly deal with the case (2b) in subsection 4.2. A special example is to consider

P = Poolis>0(s)} 3)

where po, > 0is a constant and o: [0,00) — [0, 0) is a bounded and Lipschitz function. This means that
neurons fire if the elapsed time attains the value o(S). In this article we mostly deal with the case when p is
smooth, but the results are also valid for functions as in example (3).

The function N (¢, z) is the activity of a neuron at time ¢ and position «. This corresponds to integrate with
respect to s the term with firing rate in the first equation of (1). The integral boundary condition of n at
s = 0, states that the elapsed time is reset to zero after a discharge.

The function w € Cy([0, 00) x  x Q) is the connectivity kernel, which depends on the location of neurons.
The third equality of (1) establishes that the amplitude of stimulation received by the network is the result
of connectivity among discharging neurons plus the external input I € C,([0, 00) X ).

N(t, z)

O
O‘ o(t, 2, y)N (¢, y)dy 0)
O

I(t, o)

Figure 1: A neuron located at position « discharges and sends N (¢, z) to rest of the network. At the same time this
neuron in z receives I(t, z) from the external input and w(t, z, y) N (¢, y)dy from a discharging neuron located at y.

Furthermore this kernel evolves in time following a learning rule that depends on the smooth function
G: R? — R and the activity N at locations z,y. Without loss of generality, we assume for simplicity in
computations throughout this article that G that satisfies

[Glloe +[VGlloo < 1. (4)



The impact of the learning is studied in the fourth equation of (1), where v > 0 is called the connectivity
parameter. If v and || g—g |lo are small, we say that the system (1) is under a weak interconnection regime.

As an example of a learning rule we have
G(N(t,x), N(t,y)) = N(t,z)N(t,y),

inspired from the Hebbian learning which has been introduced by Hebb in his seminal work in [14]. This
means that if two neurons have simultaneously high activity their connection becomes stronger. Mathemat-
ical formulations of this rule have been studied for example by Gerstner and Kistler in [13].

Another example is to take

G(N(t,z),N(t,y)) = ¢(N(t,2)N(t,y)) exp (= (N(t, z) = N(t,9))*) ,

with ¢ a sigmoid function. This is inspired from the works of Abbassian et al. in [1] and Amari in [2]
on neural fields and membrane potentials. This means that the interconnection of two neurons becomes
stronger if their activities are similar and large enough.

Other learning models have been studied in neural networks. In the work of Perthame et al. in [23], they
studied the learning process for the leaky integrate-and-fire model (for references about this model, see
[3, 5]). They indirectly generalize the Hebbian learning via distributed synaptic weights, which means that
there is a total activity distributed throughout the network according to some parameter. In contrast, we
present a learning model for the time elapsed dynamics that can generalize directly the Hebbian model via
evolution of the connectivity kernel.

Finally, (ng, wo) denotes the initial configuration of the system with
ng € Cb(Q7Li), wo € Cb(Q X Q) (5)

Observe that for each z € Q the L'-norm of n(t,-,z) is formally preserved, i.e. there exists g € Cy(Q2)
non-negative such that

g(z) = / no(s,x)ds = / n(t,s,z)ds >0 Vt>0,x€Q, / g(z)dx = 1. (6)
0 0 Q

The rest of the article is organized as follows. In section 2 we prove that system (1) is well-posed in a suitable
space when the interconnections are weak. Under the same regime of connectivity, we prove in section 3
the existence of stationary states and in section 4 we prove the exponential convergence to equilibrium
in two different ways: via the entropy method and via Doeblin’s theory. Furthermore in section 5 we
study a variant of system (1) where the time scale for learning is much slower than that of elapsed time
dynamics. Finally in section 6 we present some examples of numerical simulations for different external
inputs, connectivity parameters and learning rules.

2 Well-posedness for the weak interconnection case

We prove that system (1) is well-posed under the weak interconnection regime. In order to do so, we start
by studying an auxiliary linear problem where the amplitude of stimulation is fixed and then we proceed
to prove well-posedness of system (1) via a contraction argument.

2.1 The linear problem

Given S € Cp([0, 00) x §2), we consider the following linear problem

O+ 0sn+p(s,S(t,z))n =0 t>0,s>0,z €,
N(t,z) =n(t,s =0,2) = fooo p(s,S(t,x))nds t >0,z €, (7)
n(t=0,s,z) =ne(s,z) >0 s> 0,2 € Q.



We look for weak solutions satisfying n € Cp([0,00) x Q, L1), so that N € C;,([0, 00) x ). Furthermore, in this
linear system the variable x is simply a parameter, since there is no derivative or integral term involving the
position.

Lemma 1. Assume that ng € Cp(2, L) and p € W°°((0, 00) x R) satisfies (2b). Then for a given S € Cp([0, 00) x
Q), the equation (7) has a unique weak solution n € Cy([0,00) x Q, LL) with N € Cy([0,0) x Q). Moreover n is
non-negative and verifies the property (6).

In particular this lemma proves the property (6) for the non linear system (1). Moreover, this lemma is also
valid for p defined in (3) with a similar proof.

Proof. We start by noticing that a solution of the linear system (7) satisfies the following fixed point equation

n(t,s,x) = ¥[n](t, s,x) = no(s — t,x) exp (—/ p(r+s—t,8(r,x)) d7'> Tiosey
° ®
+ N(t —s,z)exp <— / p(r,S(t —s+7,7)) dT) Lio<s<tys
0

with N(t,z) = [;° p(u, S(t,z))n(t, u, z) du, which depends on n.

Let T > 0 and X7 = {n € Cp([0,T] x Q, LL): n(0) = ng}, it readily follows that ¥ maps X7 — Xr. We
prove by the contraction principle that ¥ has a unique fixed point in X for T' > 0 small enough, i.e. there
exists a unique weak solution of (7) defined on [0, T']. Consider ni,ne € X1 so we have

/00 |U[n1] — Ulnso]|(t, s,x) ds < / |N1(t — s,x) — Nao(t — s,2)|ds
0 0

<T sup |N1 —N2|(f,l‘) (9)
(t,z)€[0,T]x 2
<STps  sup  |na(t,2) —na(t, )L,
(t,z)€[0,T]xQ

thus for T' < pi, we have proved that ¥ is a contraction and there exists a unique n € X such that ¥[n| = n.
Since the choice of T' is independent of ny, we can reiterate this argument to get a unique solution of (7),
which is defined for all ¢ > 0.

Next we prove the mass conservation property. Since n satisfies the fixed point equation in (8), it also verifies
the following equality

t
n(tv S, (E) = nO(S —t, :L')]l{s>t} _/ p(s —t+, S(Tv 1’))”(7’, s—t+T, x)]l{s>t—7'} dT+N(t D) ‘T)]l{0<s<t}a (10)
0

hence we get the property by integrating with respect to s on (0, o).

Finally, since ng is non-negative then ¥ preserves positivity, so by uniqueness of fixed point the correspond-
ing solution n must be non-negative. O

2.2 The non-linear problem

We are now ready to prove that system (1) is well-posed in the case of weak interconnection.

Theorem 1 (Well-posedness for weak interconnections). Assume (5)-(6) and that p € W°((0, co) xR) satisfies
(2b). Then for

o
1glloo €21 1| 55 lloo max {{lwollo, v} < 1,

the system (1) has a unique solution with n € Cp([0,00) x Q, L), N € Cp([0,00) x Q), S € Cy([0,00) x Q) and
w € Cp([0,00) x Q x Q). Moreover, n is non-negative for all t > 0.



Proof. Consider T > 0. We fix a function S € C,([0,00) x €2) and define the functions n € Cp(]0,00) %
Q, LY, N € C(]0,00) x Q) which are solutions of (7) by lemma 1. Furthermore, the solution of this linear
system preserves positivity and the condition (6).

The solution w € C,([0, 00) x © x Q) is obtained through the formula

w(t, z,y) = e~ wo(z,y) + V/t e”""IG(N(r,2), N(7,y)) dr. (11)
0

So we have a solution of system (1) defined on [0, 7] if S satisfies for all 0 < ¢ < T and z € €, the following
fixed point condition

S(t,xz) =T[S](t, z) = /w(t,x,y) </000 p(s, S(t,y))n(t, s, y) ds) dy + 1(t,z). (12)

We prove that 7 defines for all 7’ > 0 an operator that maps X1 — X with X1 = C([0,T] x Q). First, we
observe the following estimate for the activity

IN(t,2)] < Pocllglloes  V(t: ) € [0,T] x Q. (13)
And from the equation of w, we get the following uniform
w(t, 2, y)| < max{|[wolloo, v}, V(t,2,y) € [0,T] x 2 x Q. (14)
Let A := max{||wo||oo,v}. This implies that for any S € X, we have
ITTSMlloo < Apoo + [[Hlso

and it is immediate that 7S] is a continuous function, thus 7S] € Xr.

We now prove that for 7" small enough, 7 is a contraction. Consider S;, S; € Xr and observe that the
difference between w; and w, satisfies, by using (11),

|w1(t?$ay) _wQ(thayM < 2’yT||N1 _N2||<X>' (15)
Next, for the difference between N; and N, we have
Ny — No|(t,2) < / 1p(s, S1) 1 — p(s, Sa) ma| ds
0

oo

< / 1p(5, 1) — p(s, S2)| nx ds + / p(5, S)lns — s ds (16)
0 0
< llglloo | 55 lloo 151 = Salloo + Pocllna = nallzp=, 13-
Now we have to estimate the difference between n; and ny. From (10) and estimate (16), we get

lny = n2ll e, £1 < 2T llglloc |55 lloo 151 = S2lloc + 2T pscllny — n2llzpe, 1

Then, for T’ < 5 — we obtain

2T ||g Ip
B

— . 17
t,as 1— 2Tp00 ||Sl 52”00 ( )

Finally by combining the estimates (13)-(15), the operator 7 satisfies

IT18:] - T1S2]| < /|w1 —wn| Ny dy + / fws| [ N1 — Na| dy

< (29Tpoo + [Q2A) [Ny — Nafloo
< C|51 = S2lses

(18)



with C > 0 given by

C = gl |22 1o (24T pos + [2]4) (1 T ) .

1—2Tps
Hence for ||g||0o |2 || g—g lccA < 1 and T small enough we get C' < 1, s0 T is a contraction.

From Picard’s fixed point we get a unique S € X7 such that 7S] = S, and this implies the existence of a
unique solution of (1) defined on [0, T]. Since estimates (13) and (14) are uniform in 7', we can iterate this
argument to get a unique solution of (1) defined for all ¢ > 0.

Furthermore, we conclude from this construction that the non-linear system (1) preserves positivity and
satifisfies (6) like the linear system (7). O

Remark 1. From estimate (13), we observe that we only need the function G to be bounded on the set [0, pso ||| oo
This justifies that we do not lose generality in assuming G normalized according to (4).
The condition on p can be relaxed to wider class of functions, as we see in the following example.

Theorem 2. Consider p defined in (3). Assume in addition that ng € LSS, and wo € Cy(§2 x §2), then the same result
holds if

Poollo”[loo | max {[|wollo, ¥} (In0lloe + Poollgllec) < 1.

Proof. The proof is the same as for the previous theorem. Let 7 be the operator defined before, we have to
verify the contraction principle. The estimates (13)-(15) for N and w remain unchanged.

Now, from the solution of linear problem (7) we get for n the uniform estimate
[n(t, s, )| < [[nollec + Poollgllecs Y(t,s,2) € [0,T] x (0,00) x €.

Let A := max {||wol|c0, 7} and B = ||nglloo + Pocl|9||lco- In this case the difference between N; and N in (16)
is replaced by

oo

|N1—N2\(t,x)§/ 1p(s, S1) — p(s, Sa)| 1 ds+/ p(s, Sa)|n1 — ol ds
0 0

a(S2)
/ ny ds
a(S1)

< Pool|0’ oo B[St = Saloc + Pocllna — nallLge 11

< P

+/ p(s,S2)|n1 — na|ds
0

And from (10), the difference between n, and n satisfies
1 = 2|z 11 < 2TPoo||0”[|oo Bl St = Salloo + 2T pooln1 — nalLse, L1-
Then, for T < ﬁ we conclude similarly

2T oo |0’ || oo B
||7’l1 _ n2||Loo I < w

S1— 592|0o-
m S T _opy. 191

Hence, by combining the estimates for Ny — N, and n; — ng, the operator 7 verifies

IT151] — T1S2]| < /|w1 —wn| Ny dy + / fws| [ N7 — Na| dy

< (29T poc + [QA) [Ny — Nafloo

< C S = S2feo,
with C > 0 given by
C = oo 0|00 B (29T + ) A) (14—
= P ||0 |[oo V4L Poo 1—2Tpe .
Thus for pe||0’]|c0|2|AB < 1 and T small enough we get that 7 is a contraction and this implies the exis-
tence of a unique solution defined on [0, T']. Finally, we can iterate this argument to get a unique globally
defined solution, like we asserted in the previous theorem. O



3 Stationary states

Assume the input I depends only on position. We now study the stationary solutions of (1), i.e. the system
given by

Osn(s,x) + p(s, S(z))n(s, ):0 s>0,z€Q,
N(z) =n(s=0,2) = [ p x))n(s,z)ds x €, (19)
S(x) = [ w( )dy+I( ) x e,
w(z, )—“YG( ( ); N(y)) z,y €1,
wheren € L} ,, N,S € C3(Q) and w € C(Q x Q).
If the amplitude S is given, we can determine n, N and w through the formulas
n(s,x) = N(z)e Jo p(m:5@)dr
1
N(z) = g(x) (f o S p(r.5(2)) dr du) , (20)
w(z,y) =G (g(x) F(S(x)), 9(y) F(S(y)))-
We define F': R — R given by
o0 —1
F(S) = ( / e~ Jo p(rS) dr ds) , (1)
0

and we get that (n, N, S, w) in (20) corresponds to a stationary solution of (1) if S satisfies the following fixed
point condition

S(x) = T[S)(z) = W/G(g(:r)F(S(x)), 9W)F(S(v))) 9(y)F(S(y)) dy + I(x). (22)

The following result asserts that there exists a unique steady state for a given g € C(?), under weak inter-
connection regime.

Theorem 3. Assume that p € W1°°((0,00) x R) satisﬁes (2b) and g € Cp(2). For ~ small enough, the system
(1) has a unique stationary state (n*, N*,S*, w*), with n* € C,(Q, L}) satisfying fo (s,x)ds = g(x) and
N* € Cp(92), w* € Cp(Q2 x Q), which are determined by a unique amplitude of stimulation S* € Cy(Q) satisfying
T[S*] = 5™

To prove the result we use the following lemma about the function F.

Lemma 2. Under the hypothesis of theorem 3, F is a bounded and Lipschitz function.

Proof. It readily follows that I is bounded since it satisfies the following estimate

-1

0< F(S) < (/ e_p‘”sds> = PDoo.
0

On the other hand, F’ is given by the formula

F'(S) = F(S)? UOOO e~ Jo p(r.5) dr ( i gg(r S) dT) ds ] ,

so we have the following estimate

Op [ [ s
’ < 2 / Iy p(7,8)dr
|[F'(S)| < p5o 39 ; e sds

0 e ,
e || [l

dp [ 52
<P % *+*+p

Hence F is Lipschitz. O



Remark 2. In the case of p defined in (3) we get

1

RS )

so I bounded and Lipschitz since o is. Hence the theorem is also valid for this case.

Next, we conclude the proof of our main theorem.
Proof. It is straightforward that in (22) 7 defines an operator that maps C;(2) — C3(€2). Since F is bounded
and Lipschitz we get for Sy, S2 € Cy(Q2)

T151] = T1S2l(2) < 29[gllsc [ Flloo[[F[loo 151 = S2lloc
U s llS1 = Salloc,

Thus for v satisfying
ME lloo (2llglloo [ Flloc +1) <1,

the operator 7 is a contraction and there exists a unique S* € C,(£2) such that 7[5*] = S*. Therefore we get
a unique stationary state determined through the formulas in (20). O

4 Convergence to equilibrium

Our next result about system (1) is the convergence to equilibrium when ¢ — oo, under the weak intercon-
nection regime i.e. with v and || g—g |loo small enough. For the proof of this result we present two different
approaches: the relative entropy method and the Doeblin theory applied to stochastic semi-groups.

4.1 Entropy method approach

Firstly we prove the convergence result when the firing rate p is strictly positive by means of the relative
entropy method studied in [17, 22] and following the ideas in [15].

Theorem 4 (Long term behavior for the weak interconnection regime). Assume (5)-(6) and that p € W1°°((0, c0) x
R) satisfies (2a). For ~ and Hg—gHoo small enough let (n*, N*, S*, w*) be the corresponding stationary state of (1).
Then there exist C, A > 0 such that the solution of (1) satisfies

[In(t) —n7|

L, + llwo — w*| L

T,y

r, +Hllw@) —w < Ce M (||n0 —n*| ) , Ve > 0. (23)

Moreover ||S(t) — S*||ry and |[N(t) — N*| 1 converge exponentially to 0 when t — oo.

In other words, if interconnections are weak then solutions converge exponentially to equilibrium.

Proof. Observe that n — n* and w — w* satisfy

O¢(n —n*) + 0s(n —n*) +p(s,S)(n —n*) = —(p(s,S) — p(s,S*))n*,
I(w —w*) = —(w —w*) + YG(N(t,z), N(t,y)) —vG(N*(z), N*(y)),

so we have the following inequalities

Buln — n*| + Bgln — n*| + p(s, S)n — n*| < H%H 1S — S§*|n*,
Alw —w*| < —fw —w*| +~(IN(t,2) = N*(2)| + [N(t,y) — N*(y)]),



By integrating with respect to the corresponding variables we get

825// \nfn*|dsdx+// (s,9) \nfn*\dsdx</|N N*|d:c+||g|\ooH H /|SfS*|dac,
ﬁ//|w—w*|dxdy§—//|w—w*|dmdy—|—2'y|9| /|N—N*|dm.

Thus we have to estimate the terms in the right-hand side of both inequalities. For the difference between
N and N* we get

(24)

/\N N*\dx<||g||ooH H /|5 s1de+ [ | p(s,9)(n - n*) ds| da. (25)

Next, for the difference between S and S* we obtain

[1s-stldr < [[w Nty - N @ldzdy+ [[ Nt - w|dwdy
<slol [ 1N = 8| o+ palgl [ 10— wldody,

Hence from (25), the following inequality holds

15 = s1ae <sigllgle || %] [15 =57 1do 4518200 [[ 00| dsda
0

+poo||g||oo// jw — w*| de dy,

and if 8 == 7|Q| |9l co ” H < 1, we deduce the following estimate

/|S S*|d:10< (*y|Q| // In—n |dsdm+||g||oo/ |lw—w |dxdy) (26)

Thus from (24) we get

s/ n=nldsdo < = [[ " ol Sl =l s+
ot /)y

200 o0 o0

L2 HQH H sl <|Q|// \n—n|dsdx+||9||oo//|w w|dxdy)

Since [~ (n —n*)ds = 0 and p > p, we may use the argument from [18, 22] to get
(p(s,5) = pu)(n —n") ds

// —py)n —n*|dsdx.

Therefore we deduce the following inequality for n — n*

é// |nn*|d5dx§<p*25poo>// |n — n*|dsdx
ot JJo
2 oo oo
2l )

On the other hand from the second inequality in (24) and estimate (25) we get for w — w*

il _ < _ _ ZFFoolld oo _
6t//|w w*|dx dy < //\w w*| dx dy + 15 |lw — w*|dx dy
+27|Q|poo(ﬂ—|—l>// |n —n*|dsdx.
1-5 0

p(s,5)(n —n")ds|dz

(27)

oo

dx = dx

/pr(s,sxn_n*)ds

(28)

(29)



If we add these two inequalities we get an expression of the form

8<// |n—n*|d8daj+/ |w—w*|da:dy>§—(p*—01)// |n — n*|dsdx
ot 0 0

(30)
(1= [[ 1=,

with Cy, C; > 0 given by

op
€y = 21(Slpe (gooasuoo . 55 . 1) |

1-5 1—
28P00 |9l oo || 25 [l oo
Cy = - (1+49]).

If v and || g—g |loo are such that C; < p, and Cy < 1, we conclude, by solving the corresponding differential
inequality, the existence of C, A > 0 satisfying the estimate (23). Furthermore the convergence of NV, S and w
readily follows from estimates (25) and (26). O

4.2 Doeblin theory approach

The previous convergence result for the system (1) can be extended when the firing rate p satisfies the
hypothesis (2b) for a s, > 0 small enough (see [19] for an example). We assert that this result is also valid
when p satisfies the condition (2b) with any s, > 0. In order to improve the convergence, we follow the
ideas of Cafiizo et al. in [4] to study the asymptotic behavior of the linear system (31) by means of Doeblin’s
theory.

4.2.1 The linear case

Given S € Cy(2), we consider the linear problem given by

On + 0sn + p(s, S(x))n = t>0,8s>0,z €,
N(t,z) =n(t,s=0,2) = fooop s,8(x))nds t>0,2€9Q, (31)
n(t =0,s,x) =ng(s,z) 5s>0,z € Q.

From lemma 1 we know that this system has a unique solution n € C,([0, 00) x 2, L}). Since the variable x
is just a parameter, for a fixed = € Q we define from equation (31) the stochastic semi-group P;: L} — L!
given by

Pino(s,x) = n(t,s,x).

A key property on the solutions of this system is the exponential convergence to equilibrium as we state in
the following theorem:

Theorem 5. Consider ng € Cb(Q L) with its corresponding g e Cb( ) and that p satisfies (2b), then there exists
a unique stationary solution n* of equation (31) satisfying [;° n*(s,z)ds = g(x). Moreover, the corresponding
solution of (31) satisfies

[n(t,-,z) —n*(-,z)|[p1 < T e M no(x) = n* (@)l VE> 0,2 € Q.
with o = p,s.e~ 2= and A = —1&{1=2) >

For the sake of completeness, we include the proof of this result done by Cariizo et al. in the theorem 3.12 of
[4]. In our case, functions have mass g(z) instead of having mass 1 with respect to L. We start by reminding
some concepts on stochastic semi-groups and Doeblin’s theorem.
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Definition 1. Let X be a measure space and P,: L'(X) — LY(X) be a linear semi-group. We say that P, is a
stochastic semi-group if P,f > 0 forall f > 0and [, P.f = [, f forall f € L*(X). In other words, (P;) preserves
the subset of probability densities P(X).

Definition 2. Let P;: L'(X) — L'(X) be a stochastic semi-group. We say that (P;) satisfies Doeblin’s condition if
there exists tg > 0, a € (0,1) and v € P(X) such that

P f>av VfePX).

Theorem 6 (Doeblin’s Theorem). Let P;: L'(X) — L'(X) be a stochastic semi-group that satisfies Doeblin'’s
condition. Then the semigroup has a unique equilibrium n. in P(X). Moreover, for all n € P(X) we have

[Pe(n —na)llprx) < e Mn =l x) VE>0,

1-—a
with A = —20=9) ~ ¢,
0

Next, we continue with the proof of theorem 5.

Proof. Let n be the solution of (31). For fixed = € 2, we claim n satisfies the following inequality
TL(QS*, S, :E) = PQS*nO(Sa 1') > P*€72p°°s* ]l[O,s*](s) g(l’) V(Sa Sﬂ) € (Oa OO) x €. (32)

This means that the semi-group P, associated to equation (31) satisfies Doeblin’s condition with t, =
25., @ = pus.e =% and v = 1 ,,(s) for functions ng (-, z) € L} with g(x) = 1.

Let = € Q be fixed and consider P;: L — L! the semi-group associated with the problem

Ohn+ 0sn+p(s,S(x))n=0 t>0,s>0,
n(t,s =0,2) =0 t>0,
n(t=0,s,x) =ng(s,z) s> 0.

In this case the solution is given by
t
Pyno(s,) = no(s — t, z) exp ( / p(s — t +7,5(x)) dr) L osy- (33)
0

Then the solution of (31) satisfies

n(t,s,z) = Ping(s, ) +A Pi_(N(7,2)d0(s)) dr.

Moreover we have the following inequalities

n(t,s, ) > Ping(s,z) = no(s —t, ) exp (— fg p(s —t+71,8(x)) dr) >ng(s —t,x)e P>l .
Pi_ng(s, ) > no(s —t+ 7, x)e*pm(tff)]l{wt_ﬂ.
Then for t > s, we get
N(t,x) = /OO (s, S(x))n(t,s, x)ds
0 o0
Zp*/ n(t,s,x)ds

Zp*/ n(t,s,z)ds
¢

oo
Zp*efp‘x’t/ no(s —t,x)ds
t

> p*e—pmtg(x).

11



In that case for any s > 0 and ¢t > s + s, we have that
t ~
n(t, s, 7) > / Pr (N (7, 2)0(s)) dr
0

2/ Py (peeP=Tg(x)b0(s)) dr

¢
>pe | So(s—t+ T)e_p‘”Te_p“(t_T)g(iﬂ)]l{s—Hwo} dr

Sx

> p*e_p&t]l{0<s<tfs*} g(x).

Therefore we get the estimate (32) by choosing ¢ = 2s,.. Finally, the exponential convergence to equilibrium

readily follows from Doeblin’s theorem with A = — W > 0 and from normalizing by g(x). O

Remark 3. Doeblin’s condition is also verified for the case p defined in (3), even when o is unbounded. Since the
amplitude S is uniformly bounded in the system (1), we can relax the condition (2b) for S lying in some bounded
interval instead of for all S € R. Therefore the exponential convergence to equilibrium is valid as well.

4.2.2 The non-linear case

The linear theory allows to determine the asymptotic behavior of the non-linear system (1) for the weak
interconnection regime as well. By using Duhamel’s formula, it is possible to conclude the improved version
of theorem 4.

Theorem 7 (Improved convergence to equilibrium). Assume (5)-(6) and that p € W>°((0,00) x R) satisfies
(2b). For v and || 92 || small enough let (n*, N*, S*,w*) be the corresponding stationary state of (1). Then there
exist C, A > 0 such that the solution n of (1) satisfies

In(t) = 0"l n + o(t) = w7 oo < Ce™ (llmo — 0z 11 + 1w — 1) , ¥ > 0.

Moreover ||S(t) — S*||o and || N (t) — N*|| oo converge exponentially to 0 when t — oo.
Proof. Observe that n satisfies the evolution equation

on = Lg[n] = —90sn — p(s, S)n + do(s) /OOO p(u, S(t,x))n(t, u, z) du.
We can rewrite the evolution equation as

on = Lg«[n] + (Lg[n] — Lg+[n]) = Lg+[n] + h. (34)

with (¢, s, z) given by

h= (p(s7 S*(z)) — p(s, S(t,x)))n(t, s,x) + do(s) /Ooo (p(u, S(t,x)) — p(u, S*(x)))n(t,u,x) du. (35)

Let P, be the linear semi-group associated to operator Lg-. Since P,n* = n* for all t > 0, we get that n
satisfies

t
n—n*= P,(ng—n*) +/ Pi_,h(t, s, x)dr, (36)
0

so we need find an estimate for the function ~. Analogously to the proof of theorem 4, we have the following
inequalities:
[15(t) = 5%[loo < Poollw(t) = w"|loo + YN () = N*|loo,

IN() = N*lloo < 155 llocllS(t) = 5% e + pooln(t) = 07|l o1,

12



With C; = ~|Q|]| g—g loo < 1, we get from these inequalities

® Doo * *
[5(t) = 5™ loo < (lw(t) = w*[loo + A2 [In(t) = 2" L2or1) ,

- 1p— 4 N 37)
ING) = Nl < 2% (188 llsello®) = oo + In(t) = n*llze11)
Thus for h we get
12(8) 3222 < 2lglocll B 1ol S() = S oo
20 l|gl | 38 1 : :
< 2522 ([lu(t) = w*loe + 2L In(t) = 0 [ 12013) (38)

1-C4
< G (Jlw(t) = wlloe + [In(t) = n*|lzgor2) »

Op
with Cy == % max{1,7/Q| }. On the one hand, using theorem 5 and the fact that [~ h(t, s, 2) ds =
0, we get from (36)

t
In(t) = nllose s < | Pilro — n)l s + / | Pr ()| 2o 11
0

- | | TR /t A R(r))| d
nog — Nk o e o
=14 0 Lo Ll 1—a T)llLgeLl AT
< | | ;& /t D (Jlw(r) = w* oo + [0(7) = 0"l p2) @
< ng — N ||peo 2 e w(T) — w n(t) —n*||perr) dr,
11—« =7 1 —a o @ s
with a = p,s,e 2P=s \ = —% > 0. On the other hand, from the second inequality in (37) we deduce

t
lw(t) = w*lloo < e flwo — w*lloo + 2y / e TN (T) = N¥||oo dr
0
t
< e flwo — w oo + 03/ e (JJw(r) = w*lloo + [In(7) = n* || pee 1) dr,
0

with C3 = ﬁ%": max{||g—§||oo, 1}. Hence we get

—Xt
e
In(8) = nallpge s + llw(t) — w0 < T—

- t
+ 046_)‘t/ e ([lw(r) = w*]los + [In(7) = n*|| 1) dr,
0

(o = nallLee 1 + llwo — w* (o)

11—’

with X := min{\, 1}, Cy := max { G2 Oy } Therefore, by using Gronwall’s inequality we have

e*(:\*czx)t

[n() = nallLoort + [[w(t) — 0" [|oe < 1o (Ilno = nallLee 1 + [lwo — w*loo) -

So we get the result if v and || %Ho@ are small enough so that Cy < A. The exponential convergence of N
and S readily follows from the estimates in (37). O

Remark 4. If in addition ng € L, the result is also valid for p defined in (3) by replacing the estimates involving
Hg—gﬂm by its equivalent with ||o” || small enough.
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4.3 Effect of large inputs

We now study the asymptotic behavior for a large enough input in the system (1). For k& > 0 consider
n*(t, s, r) a solution of the system

o+ dsn + p(s, S(t,x))n =0 t>0,8>0,z €,
N(t x)::n(t s=0,2)= [ p(s, x))nds t>0,z€Q,
= [qw(t z,y) (t,y)dy+k]() t>0,xeq, (39)
8tw:—w—|—’yG( (t,z), N(t,y)) t>0,z,y €,
n(t=0,s2) =no(s,z) >0, wt=0,z,y) =we(z,y) >0 s>0,z,yc.

We prove by the means of Deoblin’s theroy that if k tends to infinity, then the solutions of (39) converge to
a solution of linear problem (7).

Theorem 8. Assume (5)-(6) with p € W1°°((0,00) x R) satisfying (2b) and such that p(s,00) = limg_,. p(s, S)
exists for all s > 0. Moreover suppose that I(x) > 0 almost everywhere in . Let n° be the solution of linear problem

On + dsn + p(s,00)n = t>0,s>0,z €8,
N(t,x) =n(t,s =0,z) = fo (s,00)nds t>0,z€Q, (40)
n(t =0,s,x) =ng(s,z) 5>0,z € Q.

Then for all t > 0 we have n*(t) — n®(t) in L} , when k — .

Proof. Let L be the operator defined in (34). In the same way we define the operator £, given by
Loo[n] == —0sn — p(s,00)n + dp(s) / p(u, 00)n(t, u, x) du.
0
Thus we rewrite the evolution equation of n* as
onF = Loo[n] + (Ls[n] — Loo[n]) = Loo[n] + h.
with h(t, s, z) given by
h = (p(s,00) —p(s, S(t,x)))n(t,s, z) + 50(5)/ (p(u, S(t,x)) — p(u, 00))n(t, u, z) du,
0
so we get
Iy <2 [ Ip(s,00) — pls, St a)) (e, . ) ds
’ 0

Since S(t,z) > kI(x) we get that for all t > 0 and a.e. z € Q that S(¢,z) — oo when k — oo and thus for all
s > 0 we have p(s, S(t,x)) — p(s, o). From the method of characteristics we get that n satisfies

nk(ta S, Sﬂ) < nO(t -5 JJ) +poog(x)]l{0<s<t}a
hence by Lebesgue’s theorem we conclude for all ¢ > 0 that ||A(t)/[z: , — 0 when k — cc.

Let P, be the semi-group associated to L. Since P;[ng] = n™ we get that n* satisfies

nk — > /PtTTSZ‘d

Since [, h(t, s, ) ds = 0 we conclude by Doeblin’s theorem that
t
In*(t) = n>(1)] S/O 1Pe—rh(T)l| 1, dT
t
< [ eIy, dr
0 s,

And since [|h(t)[|1 | < 4peo, we conclude the result by Lebesgue’s theorem. O
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Remark 5. In the case of p defined in (3) the same result holds if limg_, o(S) exists. Moreover for the particular
case o(S) = S, the result is straightforward from the fact that p(s,o0) = 0 and N* — 0 so n is solution of a simple
transport equation.

5 Slow learning dynamics

From a neuroscience viewpoint we can assume that the learning dynamics are much slower than the elapsed
time dynamics. This is represented by the rescaled system

edin + dsn + p(s,S(t,x))n =0 t>0,8>0,z €,

N(t,z) ==n(t,s =0,z) = [, p(s,S(t,z))nds t>0,2€Q,

St,z) = [w(t,z,y)N(t,y)dy + I(t,x) t>0,zeQ, (41)
Ow =—w+yG(N(t,x),N(t,y)) t>0, z,y €,

n(t=0,s,2) =no(s,z) >0, wt=0,2,y) =we(xz,y) >0 s>0z,y¢€,

with € > 0 small enough. This means that the time scale for w is of order 1, while n relaxes very quickly
to equilibrium with time scale e. Well-posedness and exponential convergence results are also valid for this
system.

Let n°(t, s, ) be the solution of (41), we are interested in the asymptotic behavior of n° when ¢ — 0. In order
to do so, consider the formal limit system which corresponds to take ¢ = 0 in (41)

Osn + p(s, S(t,z))n =0 s>0,2 €9,

N(t,z) =n(t,s =0,2) = [, p(s,S(t,z))nds t>0,z€Q,

St,z) = [w(t,z,y)N(t,y)dy + I(t,x) t>0,z€qQ, (42)
ow = —w +yG(N(t,z), N(t,y)) t>0,x,y €9,

w(t=0,z,y) = wo(z,y) z,y € Q.

The question here is to determine if n°, the solution of system (41), converges to some solution of (42) when
€ vanishes. In order to address this question, we first prove that problem (42) is well-posed under the weak
interconnection regime.

Theorem 9 (Existence for system (42)). Consider g € C,(2) and F be the function defined in (21). Then under the
condition
max {[|wol[oe, Y} | F' oo <1

the system (42) has a unique solution satisfying [ n(t, s, ) ds = g(x) for all t > 0.

To prove the result we need the following lemma.

Lemma 3. Consider w € Cy([0,00) x Q x Q) fixed. Then the operator T : Cy ([0, 00) x ) — Cp([0, 00) X ) defined
by
TISI(t2) = [ w(t..)gP(S(t) dy + 1(t.0)

has a unique fixed point S € Cy([0, 00) if |w] oo || F” |0 < 1. Moreover, S is a locally-Lipschitz function of w.

Proof. We first notice that 7 is a contraction. In fact for S, S € Cp([0,00) x Q) we have
IT1S1] = TTS2llloe < llwlloo |l F oSt = S2floo-

Hence by Picard’s theorem there is a unique fixed point S[w] € Cp([0,00) x Q).
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Now consider S[w;], S[ws] the respective fixed points associated to w;,ws. Then we have the following
estimate ~ - - ~
1S[wr] = Swalllee < [Fllocllwr = walloo + l[walloe [ F[loo | S[wi] — S[wa]ll

and hence
£ ]|

[wz2loo [ ]| oo

so S is a locally Lipschitz function of w. O

1S[wi] = Slwollee < 7= [w1 — w2lo

In this setting, we continue with the proof of theorem 9.

Proof. First observe that n satisfies
n(t,s,z) = N(t,x)e” J5 p(7,5(t,2)) dr

and by integrating with respect to s, we get the following expression for N

N(t,z) = g(x) ( /0 e Jpnseay ar ds)_l = g(x)F(S(t,z)).

Hence the problem is reduced to the following system for (.S, w)

St,z) = [w(t,z,y)9(y)F(S(t,y)dy +1(t,z) t>0,z€Q,
dw = —w +~G (g(x)F(S(t,2)),9(y) F(S(t,y))) >0, 2,y €, (43)
w(t:07x>y) :w0($>y) LL’,yEQ.

Since we have a uniform estimate for w in (14), we conclude that S[w] is a Lipschitz function restricted to
the set
U ={w € Cp([0,00) x @ x Q) [lwloo < max{|wolloc,v}}

if max{||wolloos Y}HF'|lc < 1. So by applying the Cauchy-Lipschitz-Picard theorem, we conclude that sys-
tem (43) has a unique solution, defined in some time interval [0,7]. Finally, by noting again that w is
uniformly bounded as in (14), we can iterate this argument to get a solution globally defined in time. O

By replicating the proof in theorem 4, we get for system (42) its asymptotic behavior when ¢t — oo.

Theorem 10 (Long term behavior for system (42)). Assume (5)-(6) and that p € W1°°((0,00) x R) satisfies
(2a). For v and || g—g |loo small enough, consider (n*, N*, S*, w*) the corresponding stationary state of (1). Then there
exist C, A > 0 such that the solution of (42) satisfies

In(t) = n|

o, +lw(t) - U’*“Li,y < Ce M||lwy — lU*”Li,yv vt > 0. (44)
Moreover ||S(t) — S*||1 and || N(t) — N*||L1 converge exponentially to 0 when t — oo.

Next we prove the convergence of n° for the case of weak interconnection when the firing rate is strictly
positive, by means of the entropy method.

Theorem 11 (Convergence for (41) as ¢ — 0). Assume (5)-(6) with ny € I/VSII1 and that p € W ((0, 00) x
R) satisfies (2a). For max{||lwo| oc,v} small enough, let (n®, N¢, S, w*) be the solution of system (41) and let
(7, N, S, w) be the unique solution of system (42).

Then for all T > 0 we have n® — i in L'((0,T) x (0,00) x Q) and w® — w in L'((0,T) x Q x ). Moreover
N¢ — Nand S¢ — Sin L*((0,T) x Q).

Proof. Let (n°, N¢, S, w®) be the solution of system (41). We start by reminding the following uniform
estimates
IN“(B)lloe < Poollglloe, 1w llee < max{llwolloc,},  VE =0, >0, (45)
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The first step is to estimate u = 9,n°, which satisfies the following equation

edvu + Osu + p(s, S%)u + %(3 S€)0:S°n® =0,

thus we have the following inequality
ed|u| + Oslu| + p(s, S%)|u| < H H |0p.S | n

By integrating with respect to all variables, we get

T 0 o) T
/// p(s,5%)|u|dsdx dt < 5// |u|(0, s, z) ds dx + / / |O:N®|(¢, x) da dt
0JJo 0 0

i (46)
. [ st
> Jo

Thus we have to estimate each term in the right-hand side. For the first it readily follows that
E//OOO |u|(0, s, z)ds dz < //000 |0sno| ds dx + //000 p(s,5°(0,2))nods dz < [|no|[yy11 + poc.  (47)
Next, for 9, N¢ we have
OeNe(t,x) = 0:5° (¢, x) /O00 g—g(s, Se(t,x))n(t, s,x)ds + /000 p(s,S%(t, x)) Oen® (¢, s,x)ds.
Thus for the second term we get

/0 T/ 0,N%|(, 2)

On the other hand, for 9,5° we get

Yuds| dx dt. (48)

/l@f it + |

0Se(t,x) = /@ws(t,x,y)NE(t,y) dy—&—/ws(t,x,y)atNE(t,y) dy + O I(t, ).

Let A := max{||wo||oc, 7}, by using the uniform estimates in (45) we obtain

T T T
[ 1087t < ol [ [ NFdydr ot [ [ 103 dyde + 00T
0 0 0

T (49)
0
Let 31 = || 22| oo max{|lwo|oc, 7} < 1. Hence from (48) we conclude
T 1 T 9]
| 1057t )t < 24poT + 0T o+ Apec [ [ [ luldsdvar ). (50)
0 1-p 0JJo
Therefore we can deduce from (46) the following estimate
/// (s,5%)|uldsdxdt < Hn0||W1 1+ Poo + % (24p00 + |0t || o)
28 p (51)
e / // |u| ds dx dt + p(s, S%)uds| dx dt.
1—p 0JJo 0
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At this stage we can use again the entropy trick from [17, 22]. Since fooo uds = 0 and p > p,, we have the

following inequality

(s, S%)uds|dx dt = p(s,5%) — ps)uds

As (3 is small enough, we conclude the L' norm of u = 9yn® is uniformly bounded in .

(= 220) [ [ tonlasaed < DET 0y o

+ ”nO”WSla} + Doo-

da:dt</// (s,5%) — ps)|ul ds dx dt.

(52)

The next step is to estimate n° — 71, by using a similar argument. Let N, S and w be the terms associated to

7 in the system (42), so that we have
as(ns - ﬁ) +p(87 SE)(nE - ﬁ) = _Eatng - (p(87 SE) - p<57 5))ﬁ

Hence we have the following inequality
Ouln = il + pls, %) n* — 7| < elome| + || 35 1S

By integrating with respect to all variables we get

T oo T 00 T
/// p(S,SE)|n5—ﬁ|d$d$dt§€/// |8tn5|dsdxdt—|—//|N€—N|dmdt
0JJo 0JJo 0
[é) T Q
+lolle || %] [ [ 15" = S1awa

So we have to estimate the respective terms involving N and S. For N — N we have

T
//|NE—N|dxdt§||g||ocH //\55 Sldedt+ |
0

In order to estimate S° — S, we need to estimate w® — @ first. By using formula (11) we obtain

T T t
///|w—u7|da:dydt§27|9|/ /e_(t_T)HNE—NHL;(T)det
0 0 0

T t
<290 / / e || N — N (r) dt dr
0 T ’

T - T
<20 [ I8 - Nl ([ e at)ar
0 T
so we conclude the following estimate
T T -
///|w7w|dxdydt < 27|19 //|N5 — N|dzdt.
0 0
Thus, for S¢ — S we get

//\56 S|dzdt<///|w w|N5ty)dxdydt+\Q|||w\|oo//|N5—N|dydt

< (27190peslglloo + 1$214) //|N6 N|dz dt.

p(s,5%)(n® —n)ds

18
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Let B2 = 27|Q|pos |90 + [QA. If B2 22|l <1, from (54) we obtain
T T oo
//|58—§\dxdtg P2poo ) /// In® — 71| ds dz dt. (56)
0 1— 05 b N 0oJJo
Let B3 := —222=____ then from (53) we deduce the following inequality

o)
1-falsll|| 5 |

T 00 T [e9) T 9]
/// p(s,SE)\nE—ﬁ\dsdydtge/// |3tn€\dsdydt+263/// |n® — 7| dsdydt
0JJo 0JJo

p(s,5%)(n® —n)ds

(57)
dy dt.

Since [~ (n® — 1) ds = 0 and p > p,, we have the following inequality

p(s,5%)(n® —n)ds|dydt = p(s,58%) — pi)(n® — ) ds

< / / / (p(5, %) — p.)In® — 7l ds dy dt.

As v is small enough, we finally conclude the following Poincaré-like estimate for n° — 7

T [eS) T [eS)
(ps — 203) / // [n® — 7| dsdydt < E/ // |0¢n®| ds dy dt. (58)
0JJo 0JJo

And we obtain the result by taking ¢ — 0, since the L' norm of 9;n° is uniformly bounded in . The
convergence of N, S and w is straightforward from estimates (54), (55) and (56). O

dy dt

Remark 6. For a firing rate p satisfying (2b) is not evident to apply Doeblin’s theory to deduce theorem 11. Indeed,
for a fixed S € C,(Y), consider Pf the semi-group defined by the linear problem

edin 4 0sn + p(s, S(x))n =0 t>0,5s>0,z €,
N(t,z) =n(t,s=0,2) = [["p Vnds t>0,z €, (59)
n(t =0,s,x) =ng(s,z) s>0,2 €Q,

so that by replicating the proof of theorem 5 we can prove the following lower bound
Py ng > Epye 2Pooss Tjo,5.1(5) g(x), to = 2es..

And we lose Doeblin’s condition as € vanishes.

6 Numerical results

6.1 Elapsed time dynamics

We present numerical simulations of the system (1) in order to observe the dependence on parameters like
connectivity v and the input I. For these simulations the domain for position « is 2 = (0, 1) and the firing
rate is given by p = 1, 51. We compute numerical solutions with a standard upwind scheme.

We focus in displaying the activity N (¢, z) and the amplitude S(¢, z) since these two elements determine the
general behavior of system (1). We explore a spatially-homogeneous case and an inhomogeneous one, both
with a different learning rule for w. In every example the initial connectivity kernel is given by

wo(z,y) = 10exp (—10(z — y)?) .
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6.1.1 Spatially-homogeneous input

We start with some examples when the external input [ is constant and positive. For this sub-section the
initial probability density is given by ng(s,z) = (z + 1)e*@*1, so that ¢ = 1. Moreover, we consider a
learning rule of Hebbian type with the evolution of the kernel given by

Opw = —w + yN(t, 2)N(t,y).

In this particular example there exists a unique steady state determined, through the formulas in (20), by a
unique amplitude of stimulation S*, which is constant. This is given by the unique positive solution of the
equation
v
S=——5+1
1+5P

Figure 2: Casey =1land I = 1.
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In figure 2 we observe that for v = 1 and I = 1 the activity N and the amplitude S stabilize very fast in time
and become spatially-homogeneous, this means that the numerical solution n of the system (1) converges
to the equilibrium which is independent of variable x. Moreover, we observe 2c¢ that ||w(t) — (w(t)) |0, With
(wy = Q72 [[ wdx dy, decreases to 0 in time so the numerical connectivity kernel w is converging to a
constant. We essentially observe the behavior of theorem 7.

Figure 3: Casey = 15and I = 1.
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If we increase the value of to v = 15, we observe in figure 3 that V and S converge also converge to a steady-
state and they become spatially-homogeneous. We observe in figure 3c that ||w(t) — (w(t))||oc decreases to 0
with time, so the connectivity kernel w is converging to a spatially-homogeneous pattern as well.

If we take v = 35 and also increase the value of input I, the numerical solution exhibits again convergence
towards equilibrium when the time is large enough. Like the previous cases, the activity N and the ampli-
tude S become spatially-homogeneous in figure 4. For the connectivity kernel we have that ||w(t) — (w(t))|| oo
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decreases to 0 in time as we observe in figure 4c, so the numerical connectivity w is converging to a constant.
Moreover, this is also compatible with the large connectivity case studied in the article of Pakdaman et al.
[19].

Figure 4: Case y =35and I = 5.
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More generally, we can conjecture that when g and the input I are constant, then N, .S and w lose its spatial
dependence as time passes.

6.1.2 A spatially-inhomogeneous example
6.1.3 Spatially-inhomogeneous input

Now we present an example with a non-constant input to see the activity and the connectivity kernel
depending strongly on position. For this subsection the initial probability density is given by ng(s,z) =
exp(—s—(m—0.5)2)
fol exp(—(2—0.5)2) dz

. We consider a learning rule with the evolution of the kernel given by

exp (—(N(t,z) — N(t,y))?)
1+ exp(—2N(t,z)N(t,y) +2)

ow = —w + v

Consider first I(x) = sin?(27z), so for v = 1 we observe in figure 5 that both N and S converge in time to a
stationary state. Moreover in figure 5c, we observe that the connectivity kernel converges to a particular pat-
tern that exhibits a symmetric behavior in spatial variable. Like the corresponding spatially-homogeneous
example of figure 2, we observe again the behavior of theorem 7.

Figure 5: Case v = 1 and I = sin?(27z).
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Figure 6: Case v = 10 and I = sin*(27x).
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As in the previous example, if we increase the connectivity parameter to v = 10, the behavior of the activity
N and the amplitude S is essentially the same, as we can see in figure 6. The connectivity kernel converge
the pattern shown in figure 6¢ and it presents higher values than those in figure 5c.

Figure 7: Case v = 20 and I = 5sin?(27z).
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(a) Activity N (¢, z). (b) Amplitude of stimulation S(¢,x).  (c) Connectivity w(t, z,y) att = 75.

Finally, in the case of vy = 20 and I = 5sin?(27z), the numerical solution exhibits convergence towards an
equilibrium when the time is large enough as it is presented in figure 7. The numerical connectivity kernel
w converge to pattern presented in figure 7c.

From these examples, for both spatially-homogeneous and inhomogeneous cases, we conjecture that if the
system is inhibitory, then all solutions of system (1) converge to a steady-state. This result is also conjectured
for the classical elapsed-time model studied in [19].

Moreover when the input I is large enough, we expect a similar convergence result. Theorem 8 states
that solutions converge pointwise to a solution of a simple linear problem when the external input is large
enough in both spatially-homogeneous and inhomogeneous cases. This theorem could be a first approach
to verify the general convergence result.

6.2 Limit system with ¢ = 0.

We present some numerical simulations of the limit system (42) under the same setting of domain, firing rate
and initial kernel. We show the homogeneous and inhomogeneous cases with the same respective initial
densities, learning rules and parameter combinations of their counterparts of system (1). We contrast the
numerical simulations with the convergence theorem 11 when ¢ vanishes.
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6.2.1 Spatially-homogeneous input

In figure 8 we observe that for v = 1 and I = 1 both N, S converge fast in time to equilibrium and become
spatially-homogeneous. Moreover the figure 8c shows that |jw(t) — (w(t))||« is converging to 0, so w is
converges to a constant. This corresponds essentially to the same behavior of the numerical simulations in
system (1) and it is compatible with the convergence result of theorem 11.

Figure 8: Case v = 1 and I = 1 for the limit system.
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When we increase the value to v = 15 numerical solutions keep the same behavior of convergence to equi-
librium and spatial homogeneity as we see in figure 9. From figure 9c we observe that the numerical con-
nectivity kernel verifies that ||w(t) — (w(?))|| is converging to 0 and w converges to a constant.

Figure 9: Case v = 15 and I = 1 for the limit system.
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Case v = 35 and I = 5 for the limit system.
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If in addition we take v = 35 and increase the value of input to I = 5, we observe in figure 10 the same
behavior for N, S and w as in previous cases. Therefore we can conjecture that when g and the input I are
constant then the system (42) simply converges to a spatially-homogeneous equilibrium, like we observed
in the corresponding numerical simulations of system (1).

6.2.2 Spatially-inhomogeneous input

Now we show some numerical simulations of the system (42) under the same previously presented non-
constant inputs.

If I = sin®(27z) and v = 1 we see in figure 11 that both N and S converge in time to a stationary state
as expected. With respect to the kernel w, we observe in figure 11c a similar pattern formation as in the
corresponding simulation for the system (1) in figure 5c. Furthermore, this example is compatible with the
result of theorem 11.

Figure 11: Case v = 1 and I = sin?(2nz) for the limit system.
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Figure 12: Case v = 10 and I = sin?(27z) for the limit system.

04 : 20

Time t 0 o0 ' Pos.x Time t 0 o Pos. x 0 0.2 0.4 06 0.8 1

(a) Activity N (¢, z). (b) Amplitude of stimulation S(¢,x).  (c) Connectivity w(¢, z,y) att = 25.

Next, when we increase the value to v = 10, we still observe in figure 12 the convergence in time for N and
S. Furthermore, the numerical kernel w exhibits in figure 12¢ a similar pattern to that observed in figure 6c,
the corresponding simulation of system (1).

Finally in the case of ¥ = 20 and I = 5sin®(27x), we observe in figure 13 that the numerical solutions exhibits
again a convergent behavior in the variables N and S, while the kernel shows essentially in figure 13c the
same pattern as the corresponding simulation of the system (1). We conjecture that the general dynamic of
the limit system (42) is simply a convergence to stationary state. Furthermore, we conjecture that theorem
11 is also true for a strong interconnection in the inhibitory case or for a large external input.
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Figure 13: Case v = 20 and I = 5sin?(27z) for the limit system.
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7 Perspectives

From the previous theoretical results and numerical simulations we observe that only the case with very
weak interconnection begins to be well understood for the Cauchy problem and the asymptotic behavior.
More complex dynamics, such as oscillations, that could emerge with stronger interconnections or even
convergence to a stationary state for a general case are far from being fully understood.

Concerning well-posedness in the system (1), it remains unsolved studying the case of a strong connec-
tivity and determine if multiple solutions arise. This means studying the number of solutions for S(¢, x)
in the fixed point equation in (12). It also remains open the well-posedness for limit system (42) with its
corresponding fixed point problem.

Regarding convergence to equilibrium, it is necessary to give a more detailed description of how the size
of the kernel w affects the general behavior of system (1) in order to have a clearer idea of the bifurcation
diagram in the connectivity parameter ~.

Furthermore, it is pending to study the convergence to equilibrium of system (1) for a general large input in
order to improve theorem 8. This include to consider the case when the external input I goes to infinity in
localized regions of 2. Moreover, it remains open to prove when the function g and the external input are
constant then the system approaches to spatially-homogeneous profile as it was observed in the numerical
simulations.

Finally for the system with slow learning (41), we expect the convergence theorem 10 for weak interconnec-
tion is also true when p satisfies the lower bound (2b). Furthermore, for the limit system (42) we expect a
simple convergence to equilibrium regardless the value of ~.
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