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Abstract

In this article we prove the stability of some mean field systems
similar to the Winfree model in the synchronized state. The model is
governed by the coupling strength parameter x and the natural fre-
quency of each oscillator. The stability is proved independently of the
number of oscillators and the distribution of the natural frequencies.
The main result is proved using the positive invariant cone method for
the linearized system. This method can be applied to other mean field
models as in the Kuramoto model.

Keywords: Stability, coupled oscillators, mean field, interconnected sys-
tems, synchronization, Winfree model.

1 Introduction and Main result

In 1967 Winfree [8] proposed a mean field model describing the synchroniza-
tion of a population of organisms or oscillators that interact simultaneously
[T, [7]. The mean field models are used, for example, in the Neurosciences to
study of neuronal synchronization in the brain [2| 3]. The Winfree model is
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given by the following differential equation

t; = w; — ko(z)R(x;), t >0, x = (21,...,2y),
o(x) = %Z?:l P(xj), Vo = (z1,...,2,) € R", (1)
sup,er P(r)R(z) >0, P, R € C?(R) are 27-periodic,

where n > 1 is the number of oscillators, o(z) is the mean field interaction,
x;(t) is the phase of the i-th oscillator, and z(t) = (x1(t),...,x,(t)) is the
global state of the system. We assume that the natural frequencies are
chosen indifferently in some interval about w =1,

wi € (1—~,14+7), where ~€(0,1). (2)
The coupling strength k is taken in the interval (0,1). Let
M := 16 max{||PV oo ||RV||o : 0 < 4, < 2}, (3)

be a constant used explicitly in some estimates measuring the size of the
mean field.

We first define the notions of invariance and stability. Let n € N* and
F :R™ = R" be a C! vector field. Denote DF its Jacobian and assume

max{sup ||[F(z)||, sup ||DF(2)|} < oc.
zeRn z€Rn

where ||.|| is the usual matrix norm. Let ¢! : R® — R™ be the flow of the
autonomous system

i =F(z), t > 0. (4)
Definition 1 (Invariance). Let C' C R™ be an open set. We say that C is
@' -positively invariant for the system (@), if ¢!(C) C C for all t > 0.

Definition 2 (Stability). Let C' C R™ be an open set. We say that the
system(d]) is ¢'-positively stable on C, if C is ¢'-positively invariant and

IS0, Veel, >0, VyeO:
e -yl <6 = |¢'(z) — o'Wl < Allz—yl, Vt>0.

Let ®' be the flow of the Winfree model ({l). The existence of a synchro-
nization state in the Winfree model is proved in [5] for every number n
of oscillators and every choice of natural frequencies. We recall the main
synchronization hypothesis used in [5],

/0 1—/£P(3)R(s)d >0, V&€ (0,.), (H)
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where Kk, is the locking bifurcation critical parameter x, defined by

Ky 1= <31€1EP(x)R(3:)>_1. (5)

We proved in [5] there exists an open set

UC{(’Y,H)G(O,l)X(O,H*)Zl—’y—£>0}

Rx

containing in its closure {0} X [0, k.|, such that for every n > 1 and every
parameter (v, k) € U there exist two constants D € (0,1) and «(vy, &, D),

1—~v—=MkKD — Kk/ke >0,
2y + MkD?  (2y+ MkD? + MkD)(y + MkD) (6)
1 — K/« (1—~v—MkrD — k/ks)(1 — K/ks)’

a(y, K, D) ==

and a C? 27-periodic function A, ,; : R — (0, D) solution of

d kP(s)R/(s)

EA’Y’R(S) = _T(S)R(S)A%H(S) +a(77 K, D)7 (7)

and a ®!-positively invariant open set (7 . independent of choice of the
natural frequencies (w;)!" 4,

n

Cl = {:17 = (z;)j_; € R" : HZ;%X |l — x| <Ak (% Zml) } (8)

i=1
The following main result asserts that C'J, is positively stable.

Main result. Consider the Winfree model ([l) and assume that hypothesis
(H) is satisfied. Then for every parameter (v,k) € U, for every n > 1 and
every choice of natural frequencies (w;)?_; as in ([2), the Winfree model (1))
is ®'-positively stable on (Gt

Using a more refined version of Theorem 2 in Saito, see [4, [6], one can
prove the existence of a uniform rotation vector p € R such that for every
initial condition x € C7 .

O () = pt +pa(t), VE>0

where p,(t) is an almost periodic function.
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2 Invariant cone and stability

We study in this section the stability of a system of the form () using
the positive invariant cone method for the linearized equation. Propositions
and [0 are the two main ingredients that guarantee the stability of the
Winfree model. We actually consider more generally a parametrized linear
system of the form,

y=A(z,t)y, t>0, z€C, (9)

where C'is an open set and A(z,t) is a continuous n X n matrix function on
C x RT. Let % be the fundamental matrix of (@) parametrized by = € C.
The fundamental matrix cocycle of the system (@) is denoted by

Ui (2) = WL (W) N (2), V2 € R, VE >t > 0.
Let V. be the positive cone defined by
Vi={(z1,...,2n) ER": 2, >0, Vi=1,...,n}. (10)

Definition 3. Consider the linear system (@). We say that the cone V. is
! _positively invariant uniformly in x € C' if

36 >0, Vz € C, 3t, €[0,0]: WLi=(V, ) CV,, Vt>t,.

Definition 4. Consider the linear system ([@). Let W’ be its fundamental
matrix. We say that (@) is V! -positively stable uniformly in C if

IA>0, Ve e C, Vit >0, H\y; <A

We study in the next proposition the stability of some classes of nonlinear
systems using the positive invariant cone method.

Proposition 5. Consider the system (). Let be F' := (f1,..., fn). Suppose
that there exists a ¢'-positively invariant open set C C R™ and there exists
a > 0 such that

fi(¢'(x) > a, YzeC, Vt>0, Viec{l,...,n}.
Let x € C and V!, be the fundamental matriz of the linearized system
y=DF(¢'(z))y, t=0. (11)

Suppose that Vi as in ([Q) is WL -positively invariant uniformly in C, then
@) is ¢'-positively stable on C.
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To prove Proposition Bl we use the next Lemma which gives a sufficient
condition of the stability of the system (4] as defined in Definition 2

Lemma 6. Consider the system (). Suppose that there exists a ¢'-
positively invariant open set C' C R™ such that the linear system

j=DF(¢'(z))y, Vt>0, Vz€C, (12)

is Wl -positively stable uniformly in C. Then (@) is ¢'-positively stable on
C.

Proof. The system () can be written as
d ¢ ¢ . ¢ ¢
£.D¢!(x) = DF(¢'(x) D! (x) with W, = De!(x).
Since the system (I2) is ! -positively stable uniformly in C, we have
IA>0, Vo € C, Wt >0, HDqst(x)H <A (13)

Let (21, 22) € C x C such that z(s) := (1 — )23 + sz € C for all s € [0,1].
Then

9

dz(s)

ot - 6 =‘ [ asttonas| =| [ poen® as

Finally, use the fact z(s) € C' and use equation (I3]) to obtain

1
/0 Do (2(5)) (21 — 29) ds

< sup HD(;St(z(s))(zl - ZQ)H .
s€[0,1]

[6e0) = 6} | < Alza = =l ez 0
which implies that the (@] is ¢'-positively stable on C. [l
Proof of Proposition[d. Since V is U!-positively invariant uniformly in C,
36>0,VreC, 3, €[0,0]: 2V, = Ule(2)eV,, Vt>t,.
Let be n:=a~ !, z € C, y € R?, and denote

= lly| F(6" (@) +y and = = nlly] F(¢" (2)) — y.
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On the one hand, 2% := (2,...,25) € Vi and 27 := (27,...,2,) € Vi,

. - + > . . ot . > _ _
min {z7, 2"} 2 qllyll min { inf fi(6% @)} ~llyl = (na = Dyl = 0.
On the other hand, F(¢!(z)) is solution of the linearized system (L))

diip@g(@) = DF(¢*(x))F(¢°(x)),

F(¢'(z)) = U3 F(¢™ (2)).
Since V, is Wi -positively invariant uniformly in C, we obtain

nllyll F(¢'(x)) + Vot (y) = Whts (27) € Vi, VE > t,,
nllyll F(¢'(x)) — Whts (y) = Whts(27) € V., Vit > t,.

Put r := max{||F(¢'(z))|| .|| DF (¢'(x))]|} < +00 we obtain

vt < mriloll, vezo, [l

< exp(rd), Vt € [0,4],

|| <Al veec vizo.

where \ := nrexp(rd). The linearized system (II]) is W.-positively stable
uniformly in C. Lemma [6 implies that (@) is ¢'-positively stable on C. [

We give in the following proposition a sufficient condition for the invari-
ance of the cone V .

Proposition 7. Let p,q : R — R be continuous 2m-periodic functions, and
Gi,hij :[0,400) = R, 1 <14,5 < n, be continuous functions. Consider the
linear non-autonomous ODE
4z _ Ly h Vs >0, V1 <i< 14
= 0i(s)z + ;g (p(s) + hij(s)) 2, Vs> 0, VI<i<n  (14)
Assume there exists a constant D > 0 and a continuous 2m-periodic function
d: R — (0,D) such that

2m
. / p(s)ds >0,
0

o« D= ps)o+as), Vs 20
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q(s) q(s)
< gi(s) < 222 |hya(s)] < 222 > (.
e 0<yg(s) < D’ |hi i (s)| < 3D’ Vs >0
Let %" be the fundamental matriz of (). Then there exists s, € [0, 27]
such that W% (Vi) C Vi for all s > s,.

Proof. Let be s, € [0,27] satisfying

5(s) = 6(s,). 15
Jax (5) = 0(s+) (15)

Let U5 = (\If‘;’sl, ey \I!Z’sl) be the fundamental matrix cocycle of (I4]). Let
V. be the interior of the set V., z, € Vi fixed, and z(s) = U***(z,). By
continuity,

Js1 > 8,0 2(s) € Vy, Vs € [s4,51).

Define
S:=sup{s>s.: z2(s) € V4, Vs €[si )}

The proposition is proved if we show S = +o0o. By contradiction, suppose
that S < 400, then

2(8) ¢ Vi (16)
Define

n

p(s) == 1 Z zi(s).

n“
=1

By uniqueness of solutions p(s) > 0, Vs € [s4,S]. Then for all s € [s,, 5],

% = gi(8)z; + (p(s) + hi(s))u(s),
where S e
j=114,j\5)%j\8
SRS S eIE
Define
s > i1 9i(8)zi(s) an g1 n .
g(s) = ST () d h(s) ;hz()
Then
0<ge) < G5 ol < 4 Ihio) < 47
Define
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Then
Lol ) =usyem [ a(0)dc)
Since [p(s) + hi(s) —a(s)| = | — g(s) + hi(s) — h(s)| < q(s)/(2D), we have
> (o) + hils)nts),

S

> (o(s) + (st e ([ afc) c).
220 [ )+ ) o) e ([ atcpac) a
+ /Sj a(s") exp </Sj a(C) dC) ds'

> exp </sja(C) dg) 1 / qé‘jj/) exp (/ a(¢) dg) ds.

Multiplying by d(s.) exp ( — fss* a(€) d() and using 0(s.) < D, we get

5(,9;2;;(8) > 6(s5) — 0(55) exp ( - /: a(¢) dC)

—Aj@exp(—/ja(()d{) ds'.

Let 6(s) be the unique solution of

db _ < qls) YO
T —a(s)d + R Vs € [s4,S], 0(sx) = d(5x)-
Then
i) =(s.)exp ([ alc) dc)
: q(; ) exp ( - /: a((€) d() ds'
d(s4)zi(s) (s scls
Notice that
a(s) = g(s) + pls) + (o) 2 p(s) - L2, v [s,, 8]
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Then

d—i < —p(s)g—i— @(1 + %), Vs € [s4, S].

To obtain 2(S) € V. and get a contradiction with (I8)), it is sufficient to
prove that (s) < d(s), Vs € (s, S]. For that, we use the comparison
principle of differential equations. Since 0 < §(s.) = d(sx) < D and
a5
ds
there exists € > 0 such that 0(s) < d(s) for all s € (s, s, + €). Define

(52) < ~pls.)6(5.) + a(5) = 2 (s.)

S = sup {s € [s4, 5] : 6(s') < d(s'), Vs e (54, 8]}
We show that that S = S. By contradiction, if S < S, then §(S) = §(S),

L(8) < —p(8)3(3) + () = 23,

and we could find s < S close enough to S such that (s) > 6(s). We have
obtained a contradiction. Then S = S and §(S) < 6(S) < d(s.). Equation
(I7) implies z(S) € V., which is a contradiction with (IB). We have obtained
z(s) € T°/+ for all s > s,. By continuity of the fundamental matrix cocycle,
we have proved that z(s) € V4 for all z(s,) € Vi and all s > s,. O

3 Proof of the Main result

We prove in this Section the Main result of Section Il We consider the
Winfree model (1)) and its associated flow ®'. We recall that the Winfree
model satisfies the hypothesis (H). The linearized Winfree model is given by

d

d_i :Dw(q)t(x))y7 tz 07 Yy = (y17”’7yn)7

W;(x) :=w; — ko(z)R(x;), == (z1,...,2,) € R", (18)
a2, klo(x)R ()0 + - .

We fix (v,x) € U and an initial condition z, € C7, defined in (8). We
denote by U’ the fundamental matrix of (I8). Let z(t) = ®‘(z,) be the
solution of (I]) starting at x,, and

1 n
= — ; > 0.
plt) =~ ;:1 zi(t), Vt>0
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The main idea of the proof is to rewrite the linearized Winfree model by
making a change of time t <> s and a linear change of the tangent vectors
y <> z. We first notice that the velocity of u is strictly positive,

dp 1§~ 15 R
it ;wz /w(a;)n ;R(%),
> (1—ko(p)R(w)) — (y+&MD) >1—k/ke —v —MD > 0.

The first inequality uses the definition of the constant M in (B), the estimates
([2) on the natural frequencies, the fact that C7 . is positively invariant, that
A, ;. defined in () is bounded from above by D, and the simple estimate,

lzi — p] <Ay e(p) <D, VI<i<n,
1 n M n
o(W)R(p) — = o(x)R(x;)| < ” > Ja — pl < MD.

n 4 X
=1 =1

The second inequality uses the definition of £, in (B]) and the third inequality
uses the bound from below (@). Let be s, := 1(0). The map

t € [0,400) — pu(t) € [ss, +00)
is a smooth diffeomorphism admitting as inverse map
S € [84,+00) = T(8) € [0, +00).

Define for t = 7(s) & s = u(t),

o(s) = L,
fils) = HU(w(tzj)(Jj)’(wz(t))
f(s):= Jnax fi(s),

. KkP'(s)R(s)
pls) == 1 —kP(s)R(s)’
(1 — H/R*)a(77 K, D)
a(s) 1—kP(s)R(s)
pR(xi(t) P(x;(t) = kP(s)R(s)
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Lemma 8. Then

i 1 ‘
. ((i:l—z = gi(s)zi + E (p(S) + hi,j(s))zja Vs > O7 V1 <i< n,

2m
2. / p(s)ds >0,
0

3. p,q: R — R are continuous and 2w-periodic,

a(s) q(s)

- 0<ygi(s) < —=, |hij(s)| < o=

fo<a) < 8D nse) < 10

Proof. Using the change of variable Z;j(s) = y; o 7(s), Zi(s) = x; o 7(5),
equation (I8) becomes, v(s) := Lo 7(s),

dfi 1 dyl K ~ 1~ N\~ 1 ~ S~ N~
)= o @ =~y (PR @)a + D REIP)5).
= )5+~ 3 (0ls) + hig(5) %

j=1

Making the scaling z;(s) := Z;(s) exp(f:* f(u) du), one obtains item [Il Item
is a consequence of hypothesis (H) and

d log kP(s)R'(s)

1
ds (1 - HP(S)R(S)) = pls) - 1 —kKkP(s)R(s)’
/0 p(s)ds—/o 1—/1P(8)R(s)d > 0.

Item [B]is true by definition of p and ¢. Using |Z;(s) — s| < D, the estimate
on h; j is given by

K| R(s)P'(s) — R(Zi) P'(Z:)]
1 —kP(s)R(s)
L BIRE@)[P(E:)]Jo(s) — (1 =~ P(s)R(s))|
v(s)(1 = KP(s)R(s))
< kM [ v+ xMD
~ 8(1 — kP(s)R(s)) 1—K/ke —y—KMD
_olimD) 1-nfe (o)
~ 8D 1-—kP(s)R(s) 8D’

|hij(s)] <
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The estimate on g; is given by

Klo(@)| R (#:) — R'()]

9i(s) < 15‘?2(” v(s)
kM D n KM D(1 — kP(s)R(s) — v(s))
~ 4(1 = KP(s)R(s)) dv(s)(1 — kP (s)R(s))
kM D ¥+ kMD q(s)
4(1 — kP(s)R(s)) [1+ 1—/<;//£*—’y—/<;MD] = 4D H

We now conclude the proof of the main results: we will show that V is
V! _positively invariant uniformly in C7 ; proposition [§] will imply that the
Winfree model is ®!-positively stable uniformly on (C6p

The fact that V. is positively invariant is a direct consequence of propo-
sition [0 applied to the linearized Winfree model written in terms of the
new variables z(s) = (z1($),...,2,(s)). Part of the hypotheses of proposi-
tion [7 have been proved in lemma[8l We prove in the following lemma the
remaining hypothesis.

Lemma 9. There exists a continuous 2mw-periodic function 6 : R — (0, D)

such that
do

—_— =— > 0.
7, = P(s)d+als), Vs=0

Proof. Let A, .(s) be the positive 2r—periodic function as in (7). Define

2s) =7 _1/;13’({3()/{1;(5)“’”(3)'
Then § < A, < D, and
a5 _ (1= r/r)e(P()R(s) + PER() \ L=k/k. ddy,
ds (1 — kP(s)R(s))? W 2 kP(s)R(s) ds
= ORI g Lm0l D) 54 ) .

4 Conclusion

We studied the stability of the Winfree model in its synchronized state. The
proof is based on the positive invariant cone method. The main synchro-
nization hypothesis used in [5] is again a critical hypothesis for the linear
stability.
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