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RANDOM SWITCHING BETWEEN VECTOR FIELDS HAVING A
COMMON ZERO!

BY MICHEL BENAIM AND EDOUARD STRICKLER
Université de Neuchdatel

Let E be a finite set, {F'};cg a family of vector fields on R4 leaving
positively invariant a compact set M and having a common zero p € M.
We consider a piecewise deterministic Markov process (X,/) on M x E
defined by X; = F'(X,) where I is a jump process controlled by X:
PUtts = j1(Xus Ldu=r) = aij(Xe)s + o(s) for i # j on {I; = i}.

We show that the behaviour of (X, /) is mainly determined by the be-
haviour of the linearized process (Y, J) where Y; = A7Y;, Al is the Jacobian
matrix of F! at p and J is the jump process with rates (a; 7(p)). We introduce
two quantities A~ and AT, respectively, defined as the minimal (resp., max-
imal) growth rate of ||Y;||, where the minimum (resp., maximum) is taken
over all the ergodic measures of the angular process (®, J) with ©; = ”li;—i”

It is shown that AT coincides with the top Lyapunov exponent (in the sense
of ergodic theory) of (Y, J) and that under general assumptions A~ = A™.
We then prove that, under certain irreducibility conditions, X; — p expo-
nentially fast when AT < 0 and (X, I) converges in distribution at an expo-
nential rate toward a (unique) invariant measure supported by M \ {p} x E
when A~ > 0. Some applications to certain epidemic models in a fluctuating
environment are discussed and illustrate our results.
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1. Introduction. Let E be a finite set and F = { F'}; < a family of C? globally
integrable vector fields on R?. For each i € E, we let Wi = {lﬂf } denote the flow
induced by F’. We assume throughout that there exists a closed set M C R¢ which
is positively invariant under each W', that is,

vi(M)c M

for all t > 0.

Consider a Markov process Z = (Z;);>0, Z; = (X;, I;), living on M x E whose
infinitesimal generator acts on functions g : M x E — R, smooth in the first vari-
able, according to the formula

(1 Lg(x,i)=(F'(x),Vg' ™))+ Y aij(x)(g' x) — g'(x)),

JjeE

where gi (x) stands for g(x, i) and a(x) = (a;;(x)); jek is an irreducible rate ma-
trix continuous in x. Here, by a rate matrix, we mean a matrix having nonnegative
off diagonal entries and zero diagonal entries.
In other words, the dynamics of X is given by an ordinary differential equation
dX;

ot pl
(2) T =F"(X;),

while [ is a continuous time jump process taking values in E controlled by X:
P(its = jIF1, It = i) = a;j(X1)s +o(s)  for j#ion{l; =i},

where F; = o (X, I5) : s <t}.

This class of processes belongs to the wider class of Piecewise Deterministic
Markov Processes (PDMPs), a term coined by Davis [23], and has recently been
the focus of much attention. Criteria, based on irreducibility and Hormander-type
conditions, ensuring uniqueness and absolute continuity of an invariant probabil-
ity measure have been obtained by Bakhtin and Hurth [4] for constant jump rates
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(aij(x) = a;;) and by Benaim, Le Borgne, Malrieu and Zitt [13] for more gen-
eral rates. Exponential convergence (in total variation) toward this measure and
a support theorem, describing the support of the law of (Z;),>0 are also proved
in [13] when M is compact (see also [16]). In the one-dimensional case (i.e.,
d = 1) smoothness properties of the invariant measure are thoroughly investigated
by Bakhtin, Hurth and Mattingly [5]. When irreducibility fails to hold, the sup-
port of invariant probabilities can be determined in terms of invariant control sets
of an associated deterministic control system (see Benaim, Colonius and Lettau
[8]). When the vector fields are exponentially asymptotically stable in “average,”
exponential convergence toward an invariant measure are obtained for Wassertein
distances by Benaim, Le Borgne, Malrieu and Zitt [11], Cloez and Hairer [20].
Several examples, either linear (Benaim, Le Borgne, Malrieu and Zitt [12], Law-
ley, Mattingly and Reed [35], Lagasquie [33]), or nonlinear (Benaim and Lobry
[14], Malrieu and Hoa Phu [37]) show that the behaviour of the process is not
solely determined by the dynamics of the W’ but can be highly sensitive to the
switching rates. We refer the reader to the recent overview by Malrieu [36], de-
scribing these results among others.

In the present paper, we will investigate the behaviour of the process Z under
the following two conditions:

C1 The origin lies in M and is a common equilibrium:
F'(0)=0 forallieE.

C2 The set M is compact and locally star shaped at the origin, meaning that
there exists § > 0 such that

xeM and |x]|<§ = [0,x]CM,
where [0, x] = {tx,t € [0, 1]}.

Compactness of M is assumed here for simplicity, but some of the (local) results
generalise to noncompact sets. The global results can be extended provided we
can control the behaviour of the process near infinity, for instance with a suitable
Lyapunov function (see Section 3.3).

Briefly put, our main result is that the long term behaviour of the process is
determined by the behaviour of the process obtained by linearization at the origin
and, under suitable irreducibility and hypo-ellipticity conditions, by the top Lya-
punov exponent of the linearized system. If negative, then X = (X;) converges
almost surely and exponentially fast to zero. If positive, and X # 0, the empirical
occupation measure (resp., the law) of Z converge almost surely (respectively in
total variation at an exponential rate) toward a unique probability measure putting
zero mass on {0} x E. Such a correspondence between the sign of the top Lya-
punov exponent and the behaviour of nonlinear system is reminiscent of the re-
sults obtained by Baxendale [6] and others for Stratonovich stochastic differential
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equations (see [6] and the references therein, and Hening, Nguyen and Yin [30]
for similar recent results in the context of population dynamics).

Our proofs rely, on one hand, on the qualitative theory of PDMPs (as devel-
oped in [4] and [13]) and, on the other hand, on some recent results on stochastic
persistence (Benaim [15]) strongly inspired by the seminal works of Schreiber,
Hofbauer and their co-authors on persistence, first developed for purely determin-
istic systems (Schreiber [42], Garay and Hofbauer [26], Hofbauer and Schreiber
[32]) and later for certain stochastic systems (Benaim, Hofbauer and Sandholm
[10], Benaim and Schreiber [17], Schreiber, Benaim and Atchade [44], Schreiber
[43], Roth and Schreiber [41]).

Our original motivation was to analyze the behaviour of certain epidemic mod-
els evolving in a fluctuating environment. A famous, and now classical, deter-
ministic model of infection is given by the Lajmanovich and Yorke differential
equation ([34]). This equation leaves positively invariant the unit cube of R¢ and
models the evolution of the infection level between d groups. Depending on the
parameters of the model (the environment), either the disease dies out (i.e., all
the trajectories converge to the origin) or stabilizes (i.e., all nonzero trajectories
converge toward a unique positive equilibrium). Deterministic switching between
several environment have been recently considered by Ait Rami, Bokharaie, Ma-
son and Wirth [40]. The results here allow to describe the behaviour of the process
when switching between environment evolves randomly. In particular, we can pro-
duce paradoxical examples for which, although each deterministic dynamics leads
to the extinction (resp., persistence) of the disease, the random switching process
leads to persistence (resp., extinction) of the disease.

1.1. Outline of contents. Section 2 considers the linearized system (Y, J)
where Y, = A’'Y,, A" = DF(0) (the Jacobian of F' at 0) and J is the jump pro-
cess with rate matrix (a;;) = (a;;(0)). We introduce two quantities A~ and AT
respectively defined as the minimal (resp., maximal) growth rate of ||Y;||, where
the minimum (resp., maximum) is taken over all the ergodic measures of the an-
gular Markov process (0, J) with ©; = ”g—;” It is shown (Proposition 2.5) that

AT coincides with the top Lyapunov exponent (in the sense of ergodic theory) of
(Y, J) and some conditions are given ensuring that A~ = A™, first for arbitrary
Als (Proposition 2.11) and then for Metzler matrices (Proposition 2.13).

The main results of the paper are stated in Section 3.

e If AT <0, X, — 0 exponentially fast, locally (i.e., for || Xo| small enough),
with positive probability. If furthermore O is accessible, convergence is global
and almost sure (Theorem 3.1).

e If A7 >0 and Xg # 0, the process is persistent in the sense that weak limit
points of its empirical occupation measure are almost surely invariant proba-
bilities over M \ {0} x E (Theorem 3.2). If in addition the F's satisfy a cer-
tain Hormander-type bracket condition at some accessible point, then there is a
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unique invariant probability on M \ {0} x E toward which the empirical occu-
pation measure converges almost surely (Theorem 3.3). Under a strengthening
of the bracket condition, the distribution of the process converges also exponen-
tially fast in total variation (Theorem 3.4).

Section 4 discusses some applications of our results to certain epidemic mod-
els in a fluctuating environment. The focus is on the situation where the F's are
given by Lajmanovich and Yorke-type vector fields [34] (or more generally sub-
homogeneous cooperative systems in the sense of Hirsch [31]). Several examples
are analyzed and a theorem proving exponential convergence of the distribution
(for a certain Wasserstein distance) in absence of the bracket condition is stated
(Theorem 4.12).

Sections 5 and 6 are devoted to the proofs of Theorems 3.1, 3.2, 3.3, 3.4 and
4.12. The proofs of certain results stated in Section 2 are given in the Appendix for
convenience.

1.2. Notation. The following notation will be used throughout: (-, -) denotes
the Euclidean inner product in R?, || - || the associated norm, B(x,r) = {y € R?:
ly — x|| < r} the closed ball centered at x with radius r and S¢~! = {x € R? :
[lx|| = 1} the unit sphere.

Notation for Markov processes. For any polish space X’ such as M, =1 E,
M x E, equipped with its Borel sigma-field, we let P(X’) denote the set of (Borel)
probabilities over X'. We shall consider below certain Markov processes Z (like
Z) taking values in X with cadlag (right continuous, left limit) paths. Given such

a process and u € P(X) we let Pﬁ denote the law of Z on the Skorokhod space
D(R*, X) when Zj has law u. As usual, IP’ZZ stands for IP’(SZZ for all z € X. The

Markov semigroup induced by Z, denoted (PtZ )r>0, acts on bounded measurable
functions f : X — R according to the formula

P2 F@ =E(fZ0) = [ ) apZan.
By duality, it acts on P(X) by

(V“Ptz)f = M(Ptzf)’
where here and throughout wf stands for [ f du. Probability u € P(X) is said

invariant for Z provided uP? =y for all t > 0. It is called ergodic if, in addition
of being invariant, the only bounded measurable functions f : X R for which

sup,>o K(| Pt~Z f — f1) =0 are pu-almost surely constant.
We let PZ, C P(X) denote the (possibly empty) set of invariant probabilities

mv

of Z and PZ, C PZ

erg -, the subset of ergodic probabilities. Recall that PZ_ can also

erg

be defined as the set of extremal points of Pi%v.



RANDOM SWITCHING OF VECTOR FIELDS WITH COMMON ZERO 331

A key property that will be used later without further notice is that whenever
IS Piﬁv (resp., u € Pezrg), ]P’g is invariant (resp., ergodic), in the sense of ergodic

theory, for the shift ® = (©;);>0 on D(R™, X') where

O, (s)=n+s).
We refer the reader to Meyn and Tweedie ([38], Chapter 17) for a proof and more

details.

Accessibility. LetF = {F ’~ Jick be a family of bounded C! vector fields on R?
indexed by E. For instance, F = F. We let co(F) denote the compact convex set
valued mapping defined by

co(F)(x) = {Zajﬁf(x) 0 >0,) o= 1}.
JjeE JjeE

Given a closed set A C R? and B C R? we say that A is F-accessible from B if for
every neighborhood U of A and every x € B, there exists a (absolutely continuous)
function 7 : R4 — R¥, solution to the differential inclusion

{ﬁ(t) c co(F)(n(1)),
n(0) = x

such that n(¢) € U for some ¢ > (. An equivalent formulation (see, e.g., Theo-
rem 2.2 in [8]) is that A is reachable from B by the control system

=Y Fi@w;(),
J
x(0)=x,

where the control v € D(R4, {ej}jcg) with {¢;};cr the canonical basis of RE.
Note that this notion is what is called D-approachability in [4].

2. The linearized system. Let, fori € E, A’ = DF'(0) denote the Jacobian
matrix of F' at the origin. We let Cj; C R? denote the cone defined as

Cy={tx:t>0,x €M, |x| <35}

where § is like in condition C2. Here, B stands for the closure of B.

REMARK 2.1. One can check that the definition of Cjs does not depend on
the choice of §, provided § satisfies condition C2.

LEMMA 2.2. Forallt >0 e’AiCM cCy.
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PROOF. We set Dyy = {tx :t > 0,x € M, |x|| <} and first prove that
A Dy C Cpy. The lemma will be then induced by continuity of e’Ai.. Let
x € Dy . For ¢ small enough, by definition of Dy and continuity of ¥, at O
\IJI“ (ex) € M N B(0,6). Hence @ € Cy and letting ¢ — 0 this shows that
DVi(O)x=e4xeCy. O

Define the linearized system of Z at the origin as the “linear” PDMP (Y, J)
living on Cy; x E whose generator L is given by

Lg(y.i)=(A"y. Vg' D)+ D aij(g/ () — &' ().
JjeE
where
ajj = a;ij(0).

A trajectory (Y3, J;)s>0 with initial condition (y, i) is then obtained as a solution
to
dY;

3) dt
Yo=y,

=AJIY[,

where (J;) is a continuous time Markov process on E with jump rates (a;;) based
at Jo=1i.

By irreducibility of (a;;), J has a unique invariant probability p = (p;)icE.,
characterized by

VieE, > (pjaji — piaij) =0.
J
Whenever y # 0, the polar decomposition

Y d—1
(“)t:m,/ot:”Yt” €S NCy xRy
t

is well defined and (3) can be rewritten as

49 _ G’ (@),
dt
“4) dp,
= —(AMe,, 0,0,
di < t t)pt

where for all i € E G' is the vector field on S¢~! defined by

(5) G'(0)=A0—(A'6,0).
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REMARK 2.3. For stochastic differential equations, the idea of introducing,
this polar decomposition goes back to Hasminskii [29] and has proved to be a
fundamental tool for analyzing linear stochastic differential equations (see, e.g.,
[6]), linear random dynamical systems (see, e.g., Chapter 6 of Arnold [1]) and
more recently certain linear PDMPs in [12, 35] or [33].

With obvious notation, the processes
(©,p,J))= ((®l‘a Pt Jt))
and
(©,)=((©, 1))

are two PDMPs respectively living on S9~!'NCy x Ry x E and S~ 'NCy x E.
By compactness of $9=1'N Cys and Feller continuity of (®, J) (see [13], Propo-
sition 2.1), Pi(n(j’“') is anonempty compact (for the topology of weak™* convergence)

subset of P(S4~1'NCy x E).

2.1. Average growth rates. Define, foreach u € 731(3’]), the w-average growth
rate as

©) A(,u):/(Aie,e)u(dedi):Z/Sdilmc (Al9, 64 (d6),
icE M

where 1/ (+) is the measure on $9-1'n €y defined by
wH(A) = (A x {i)).
Note that when u is ergodic, by equation (4) and Birkhoff ergodic theorem
1 log(p)
im

t—00 t

= A(n)

pl@-h
h almost surely.
Define similarly the extremal average growth rates as the numbers

(7 A" =inf[A():neP ) and AT =sup[{A(w):ue PO

erg erg
The following rough estimate is a direct consequence of (6). Recall that p =
(pi)iek 1s the invariant probability of J.

LEMMA 2.4.
Al +(ADHT _ Al 4 (AHT
Zpi)\min<f> <A™ < AT =< Z pi)\max<f>,
i i

where Anmin (resp., Amax) denotes the smallest (resp., largest) eigenvalue.

The signs of A~ and A™ will play a crucial role for determining the asymp-
totic behaviour of the nonlinear process Z. But before stating our main results, it
is interesting to compare them with the usual Lyapunov exponents given by the
multiplicative ergodic theorem.
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2.2. Relation with Lyapunov exponents. Set Q = D(R4, E) and for w € Q
and y € R?, let

1= o(t, w)y
denote the solution to the linear differential equation
y=A"y

with initial condition ¢ (0, ®)y = y.

Then ¢ is a linear random dynamical system over the ergodic dynamical system
(Q, P/, ®), for which the assumptions of the multiplicative ergodic theorem are

easily seen to be satisfied (see, e.g., [1], Theorem 3.4.1 or Colonius and Mazanti
[21]). Thus, according to this theorem, there exist 1 <d < d, numbers

Aj<-r <Al

called the Lyapunov exponents of (¢, ®), a Borel set Q c Q with IP’[J)(Q) =1, and
for each w € Q distinct vector spaces

{0} =V;, (@) CVj(@) C- C Vi) C Vi(w) =R?
(measurable in w) such that
1
(8) thm —log|e(t, w)y| = Ai
—>0
forall y € Vi(w) \ Vit1(w).

PROPOSITION 2.5. Forall u € Péﬁij”’

A € (g ).
If furthermore Cpy has nonempty interior, then
At =14
REMARK 2.6. The second part of the proposition has already been proven by

Crauel [22], Theorem 2.1 and Corollary 2.2, in a more general setting. We adapt
the arguments of his proof for our specific case.

PROOF. Letpu e Pér(g’”. Then, IP’,(L@’J) almost surely

1 g
lim ~tog(lp(t. ) ) = lim — [ 4%, 0,)ds = A(w)

The first equality follows from (3), (4) and the definition of ¢(¢, w). The second
follows from Birkhoff ergodic theorem. Therefore, there exists a Borel set B C
(S4=1'N Cyy) x Q such that for all (0, w) € B

o1
) Jim_ —log(Je(r, @)0]) = A ()
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and P07 (B) = 1, where P07 (6 dw) = ¥ P (dw) ' (d6) is the law of
(®9, J) under Pf?’”.

Let Q C 2 be the set given by the multiplicative ergodic theorem and B =
{(0.0) € B:w e Q). Then B (891 N Cy x ) = PJ(Q) = 1. Hence
PP (B) = 1 and for all (0, w) € B the left-hand side of equality (9) equals
); for some i.

It remains to show that A; = A*. For every w in the set € given by the multi-
plicative ergodic theorem, and for all 6 §9-1'n Cyy, define

.1 N Y LV
10,0 = lim ~log(lo @0 ]) = lim — [ (47 6{(@), Ol @)ds,

where

@(t, w)0
o, @b
By (8), we have L(6, w) = A forall 8 € Vi(w) \ Va(w)N §4-1n Cyr. Let v denote
the normalised Lebesgue measure on $9-1' N Cyy. Because Va2 (w) 1s at most an
hyperplane and Cy has nonempty interior, we get that [ A(0, w)dv(9) = A, for
all w € Q. In particular,

J —
(10) /Q/SdlmcM A0, w)dv(0)dP,(w) = 11.

0% (w) =

Moreover, because (A6, 8)| < max || A’ ||, dominated convergence and (10) imply
that

o1
(11D A= lim -

t—>oo t

13
A% O (w), O (w))ds dv(6) dP’ (w
J oo, [ 1A% €@, ©f @) ds dvie) dB )
Now for all ¢ > 0, define the probability on S4-'nCcy x E
1 t
(12) = [ 0o pPODas.
0

By compactness of S9! N Cy x E, (1;);>0 is tight, and by Feller property of
(®, J), every weak limit points of u; belongs to 73-(@’J)(S”’_1 NCy x E). Let

inv :
w be such a limit point, and (#,) such that p;,, — w. Setting f(0,i) = (A'6,0),
one has u;, f — nf = A(u). Now (9), (11) and Fubini’s theorem imply that 1| =

lim i, f = A(w), which concludes the proof. [

In the multiplicative ergodic theorem, each Lyapunov exponent A; comes with

an integer d; > 1 called its multiplicity and such that Zle d; =d (see Chapter 3
of [1] for more details). A consequence of Proposition 2.5 is the following inequal-
ity which provides, in some cases, a simple way to prove that AT > 0, which is
often a sufficient condition to ensure positive recurrence of Z on M \ {0} x E (see
Propositions 2.11 and 2.13 and Theorems 3.2 and 3.3).
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COROLLARY 2.7.

d

Zp,‘ Tr(Ai) = Zd,‘)n,‘ < dAT.
iekE i=1

PROOF. By Jacobi’s formula,

log(det(p(t, ) _ J§ Te(A®)ds
t t '

By Birkhoff ergodic theorem, the right-hand side of this equality converges, IPIJJ
almost surely, as ¢ — oo, toward Y_; p; Tr(A?); and a by product of the multiplica-
tive ergodic theorem (see, e.g., [1], Chapter 3, Corollary 3.3.4) is that the left-hand

side converges IP’; almost surely, as t — oo, toward Zle dir;,. O

REMARK 2.8. If the matrices A’ are Metzler, meaning that they have off diag-
onal nonnegative entries, a result due to Mierczynski ([39], Theorem 1.3) allows
to improve the lower bound given in Corollary 2.7. We will use this estimate in
Section 4, Example 4.11.

REMARK 2.9. Note that in general
A" # A

Here is a simple example based on [12]. Assume E = {1,2} and d = 2 (so that
the matrices here are 2 x 2). Let A', A% be 2 real matrices having eigenvalues
with negative real parts and such that for some 0 < ¢ < 1, the eigenvalues of (1 —
t)A1 + t A, have opposite signs. It is not hard to construct such a matrix (see,
e.g., [12], example 1.3). Suppose aj» = St and a1 = B(1 —t) with 8 > 0, so
that p1 = (1 —t), p» =t. Then, by Corollary 2.7, the Lyapunov exponents, A, A2
(counted with their multiplicity) satisfy

M4 r=(1—1)Tr(A") +1Tr(A%) <0,

while, it follows from Theorem 1.6 of [12], that AT = A~ > 0 for B sufficiently
large. Hence (for large B)

M<0<i=A" =AT.

2.3. Uniqueness of average growth rate. In this section, we discuss general
conditions ensuring that
AT =AT =1
A sufficient condition is given by unique ergodicity of (®, J), meaning that Pi(n?’h
has cardinal one. However, whenever Cjs is symmetric (i.e., Cyy = —Cyy), for
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each u € Pi(n(g’h there is another (possibly equal) invariant measure p~ given as
the image measure of p by the map x,i — —x, i. Indeed, it is easy to see that

(WP = P
for all u € P(S?~1' N Cy x E). This follows from the equivariance property
G'(—x)=—-G'(x)

satisfied by the G' [see Equation (5)]. Clearly, A(i) = A(i™). Thus, when Cyy
is symmetric, a (weaker than unique ergodicity) sufficient condition is that the
quotient space P.g(r(g’n / ~ obtained by identification of p with u~ has cardinal
one.

EXAMPLE 2.10 (One-dimensional systems). Suppose d =1 and Cyy = R.
Thus S9=1' N Cp = {£1} and Pl = {u, u~} where /(1) = =i (—1) =
pi and p'(—=1) = p='(1) = 0. Hence A~ = AT =i =Y, pja’ where o' =
(F)'(0).

The two following results complement the previous discussion with practical
conditions.

Set G = {G'}ick, Go = G, Gry1 = G U{[G?, V], V € G} where [, ] is the Lie
bracket operation. Following [13], we say that the weak bracket condition holds at
p € 5471 provided the vector space spanned by the vectors {V (p): V € Uk>0 Gk}
has full rank (i.e., d — 1). -

PROPOSITION 2.11.  Assume there exists p € S4~' 0 Cy such that:

(1) The weak bracket condition holds at p;
(ii) Either p is G-accessible from S~ N\ Cyy or, Cyy is symmetric and {—p, p}
is G-accessible from ST~ N Cy.

Then Pi(n?’” in the first case, and Pég’”/ ~ in the second, has cardinal one. In

particular,

AT =AT=2.

PROOF. Existence of an invariant probability follows from compactness and
Feller continuity. By Theorem 1 in [4] or Theorem 4.4 in [13] Condition (i), and
accessibility of p imply that such a measure is unique (and absolutely continuous
with respect to dx ® Y, ;). In case C) is symmetric and {—p, p} accessible, let
§9=1'n Cyy/ ~ be the projective space obtained by identifying each point x with
the antipodal point —x and 7 : =1 N Cy; > §9=1 N Cyy/ ~ the quotient map.
The PDMP (©, J) induces a PDMP (7©, J) = (7(®;), J;) on S~ 'NCy/ ~ X E
for which 7 (p) is accessible and at which the weak bracket condition holds. The
preceding results applies again. [
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EXAMPLE 2.12 (Two-dimensional systems). Suppose d = 2, Cpy = R? and
that one of the two following conditions is verified:

(a) At least one matrix, say A', has no real eigenvalues; or
(b) at least two matrices, say A, A% have no (nonzero) common eigenvector.

Then the assumptions, hence the conclusions, of Proposition 2.11 hold.

Indeed, under condition (a), the flow induced by G' is periodic on S! so that
every point p € S! satisfies the assumptions of Proposition 2.11. Under condition
(b), let o < B be the eigenvalues of G! and u, v € S! corresponding eigenvectors.
If @ < B {v, —v} is an attractor for the flow induced by G! whose basin is ' \
{u, —u}. Since G*(u) # 0, {—v, v} is {G!, G?} accessible and since G*(v) # 0
assumption (i) of Proposition 2.11 is satisfied at point v. If & = 8, every trajectory
of the flow induced by G! converges either to v or —v and the preceding reasoning
still applies.

The next proposition will be useful in Section 4 for analyzing random switching
between cooperative vector fields and certain epidemiological models. In case the
matrices A’ are irreducible, this proposition follows from the Random Perron—
Frobenius theorem as proved by Arnold, Demetrius and Gundlach in [2]. However,
to handle the weaker assumption (iii), the proof needs to be adapted, but relies on
the same ideas. Details are given in the Appendix. Recall (see Remark 2.8) that a
Metzler matrix is a matrix with nonnegative off-diagonal entries. We say that such
a matrix is irreducible if adding a sufficiently large multiple of the identity, the
obtained matrix is a nonnegative irreducible matrix in the usual sense.

PROPOSITION 2.13. Assume that:
(i) Cy=R4,
(i) Foreachi e E, A’ is Metzler,
(iii) There exists « € P(E) (i.e a; >0, ) ;cgpa; = 1) such that
K = Z Ol,'Ai
ieE
is irreducible.

Then Pi(nc;)’” has cardinal one. In particular,
AT =AT =1

2.4. Average growth rate under frequent switching. The definition of average
growth rates [see equations (6) and (7)] involve the invariant measures of (®, J)
whose explicit computation may prove highly difficult if not impossible. However,
when switchings occur frequently, such measures can, by a standard averaging
procedure, be estimated by the invariant measures of the mean vector field; that is,
the vector field obtained by averaging.

More precisely, we have the following lemma.
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LEMMA 2.14. Assume the switching rates are constant and depend on a small
parameter € : a; ; = a; j/& where (a; ;) is an irreducible matrix with invariant

probability p. Denote by (©F%, J) the associated PDMP given by (4), and for any

e > 0, let u® be an element of Pl(n(j ) Then every limit point of (U%)e=0, in the

limit ¢ — 0, is of the form v ® p, where v is an invariant probability measure of
the flow induced by G? :=)"; p;G'.

The proof of this lemma follows from standard averaging results. Details are
given in the Appendix. An immediate corollary is the following.

COROLLARY 2.15. With the hypotheses of Lemma 2.14, assume that the flow
induced by G? admits a unique invariant measure v on S*~1 N\ Cy. Denote by AF
and A the extremal growth rates of (®°%, J¢). Then

11mA+_11mA Zp,/

(A'0,6)v(d6).
e—0 oy S4=1NCy

In particular, if AP :=Y"; p; A’ is Metzler and irreducible, then it admits a unique
eigenvector 0P on S~ N ]Rd and

lim A = lim A, =(AP07,07) = Amax(AP).

e—>0 ° e—0
3. The nonlinear system: Main results.

3.1. Extinction. The first result is an extinction result.

THEOREM 3.1. Assume AT < 0. Let 0 < a < —A™. Then there exists a
neighborhood U of 0 and n > 0 such that for all x e U and i € E,

]P’Z (hmsup —log(IX/l) < oc) > 7.
If furthermore O is F-accessible from M, then for all x ¢ M and i € E,
1
]PZ <hmsup—log(||Xt||) < A+> =1.
3.2. Persistence. The next results are persistence results obtained under the

assumption that A~ > 0.
We let

1 t
H,:;[ 8z, ds € P(M x E)
0

denote the empirical occupation measure of the process Z. For every Borel set
ACMXxE,

1 t
M) = fo 117,ca)ds

is then the proportion of the time spent by Z in A up to time .
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We let M* = M \ {0}.

THEOREM 3.2. Assume A~ > 0. Then the following assertions hold:

(1) Forall & > O there exists r > 0 such that for all x e M*,i € E, Pf,i almost
surely,

limsup IT,(B(0,r) x E) <e.

t—00

In particular, for all x € M*, }P’f’ ; almost surely, every limit point (for the weak*
topology) of (I1;) belongs to PZ, NP (M* x E).

mv

(ii) There exist positive constants 0, K such that for all i € PZ NP(M* x E)

mv

3 / el 0 i (dx) < K.
ieE

(iii) Let € > 0 and 1% be the stopping time defined by
f = inf{t >0: X = 8}.
There exist ¢ > 0, b > 1 and ¢ > 0 such that for all x € M* and i € E,

EZ,(07) < c(1+ Ix1I7%).

Set Fo =F = {Fi};cr and Fiy =F; U{[F!, V], V € F} where [, ] is the Lie
bracket operation. We say (compare to Section 2.3) that the weak bracket condition
holds at p € M provided the vector space spanned by the vectors {V(p):V €
k>0 Fx} has full rank. We let Leb denote the Lebesgue measure on R4,

THEOREM 3.3. [In addition to the assumption A~ > 0, assume that there ex-
ists a point p € M* F-accessible from M* at which the weak bracket condition
holds. Then:

(1) The set Piﬁv NP(M* x E) reduces to a single element, denoted 11;
(i1) II is absolutely continuous with respect to Leb ® (3_;cg 6i);
(iii) Forallx e M* andi € E,

t—00

z
Y ; almost surely.

In order to get a convergence in distribution of the process (Z;);>0, the weak
bracket condition needs to be strengthened. Set Fo = {F L Fl:ij=1,...m}
and Fi41 = Fr U {[FI,V]:V e Fi}). We say that the strong bracket condition
holds at p € M provided the vector space spanned by the vectors {V(p):V €
Uk>0 F} has full rank.
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Given , v € P(M x E), the total variation distance between p and v is defined
as

I = vllTv = sup|(A) — v(A)]
where the supremum is taken over all Borel sets A C M x E.

THEOREM 3.4. Under the conditions of the preceding theorem, assume fur-
thermore that one the two following holds:

(i) The weak bracket condition is strengthened to the strong bracket condition,;
or

(i) Thereexistay,...,aN € R with )" a; = 1 and a point e* € M™* F-accessible
from M* such that Y a; F*'(e*) = 0.
Then there exist k,0 > 0 such that for all x e M* and i € E,

|PZ.(Zi € ) — |y = |8x,i PZ — |y < const.(1+ ||lx[|~%)e™".

3.3. The noncompact case. We briefly discus here the situation where M is not

compact. First, note that all the results given in Section 2 still hold, because they

only deal with the linearised system. Next, local statements remain true without
additional assumption by a localisation argument. Namely, we have the following.

THEOREM 3.5. 1. Assume A* < 0. Let 0 < o < —A™. Then there exists a
neighborhood U of 0 and n > 0 such that for all x e Y and i € E

Z (1 1
PZ, (limsup - log(|| X, |l) < —o ) > n.
"\ >0 1

2. Assume A~ > 0. Then there exist € > 0, b > 1 and ¢ > 0 such that for all
xeM*andi € E,

EZ,(b7) <c(1+Ix17%).

To extend the global results stated above, we make the additional assumption
that the jumps rates are bounded and that there exists a Lyapunov function, con-
trolling the behaviour of the process at infinity.

HYPOTHESIS 3.6. The jumps rate are bounded:

sup maxa;;(x) < 00.
xeM bJ

For a function f : M x E — R, we denote by I'f the function defined by
Cf@i) =Y ay0)(fx, j) — o, D)

JjEE
We also let CC1 denote the space of functions f : M x E — R that are constant
outside a compact set and C! in the first variable.
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HYPOTHESIS 3.7. There exists a continuous function W : M x E — R with
lim |y =00 W(x, i) = 00, a continuous function LW : M x E — Ry, o > 0 and
C > 0 such that:

(i) For every compact set K C M, there exists Wx € C, CI such that

(@) Wik = Wkl|k and LWk |k = LW |k,
(b) Forall x e M, sup{P;(I'Wg),t >0, K compact} < oo

(ii)
LW < —aW+C.

THEOREM 3.8. Under Hypotheses 3.7 and 3.6, Theorems 3.1, 3.2 and 3.3 are
still valid. Moreover, Theorem 3.4 is true, but with the following estimate:

|8+,i PZ — TT|| py < const.(1+ W (x) + [|lx||™%)e™".

EXAMPLE 3.9. We consider a random switching between two linear systems
given by 2 x 2 Metzler matrices AY and A!, with transition rate ai1—i(x). We
assume that AY has two distinct positive eigenvalues A > A» and is irreducible,
whereas A! is of the form

Al _ (—C 0 ) ’
0 —d

with 0 < ¢ < d. Since the eigenvalues of A” are positive, there is no invariant
compact set for WO nor for the PDMP. Moreover, A? and A! being Metzler, M =
R%r is positively invariant for (X;);>o. If the jump rates were constant in x, the
process would either converge to O or to infinity. To ensure positive recurrence on
M*, we assume that the transition rates are such that, near the origin, I; spends
more time in state 0:

d
(13) a10(0) — —ao1(0) > 0.
A2
While near infinity, it spends more time in state 1:
(14) limsup(alo(x) _ iam(x)) <0.
[lx]|— o0 Al

More precisely, we have the following.

PROPOSITION 3.10. Assume that the jumps rates are bounded and that con-
ditions (13) and (14) hold. Then there exists a unique invariant probability Tl €
P(M* x E) and there exists k, 0, q > 0 such that for all x € M* and i € E,

|PZ.(Z € ) — ||y < const.(1+ [Ix]|9 + [lx]|7%)e™".
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PROOF. By Theorem 2.13, AT = A~ := A, and by Corollary 2.7,

Az 3 (poTr(A%) + py TH(41)) = 220 —dp.

ay0(0) ap1 (0)
a10(0)+ao1 (0) a10(0)+ao1(0) *
if a19(0) > %ao 1(0), then A > 0. Now we show that we can construct a Lyapunov
function at infinity. Let ¢ > 0 and By, f1 > 0 and define, for all (x,i) e M x E,
W, (x,i) = Billx||9. Formally, we have

LWy (x,i) = qBi(Aix, x)|x]|”7% + a;1- ) (Bi—i — Bl x]|9.
By assumption on A® and A', (Agx, x) < Aqlx||?> and (A;x, x) < —c||x||>. Hence,
LW,y (x,i) < (—a()gBi + aii—i (x)(Bi—i — B)) x4,

where «(0) = —X; and «a(l) = c. First, we prove that we can choose By and
B1 such that W, satisfies point (ii) of Hypothesis 3.7 for all g small enough.
Then we prove that we can choose g such that point (i-b) holds. By assump-
tion (14), there exists £ > 0 and K > 0 such that, for all x € M with ||x| > K,
ajp(x) < %am (x) — e. This implies that, for g small enough, there exists a, such

that alo(x)(i—‘f +q)— (£ — i—?)am(x) —qog + cq? < 0, which yields

Moreover, it is easy to check that pg = and p; = Hence,

Al
ao1 (x) + oy - i —aq+cq+1.
x>k @01(x) —A1g ~ IxI=K ajo(x)
Now we choose 81 = 1 and By such that
AN ¥ g ey %D
Ix>Kk @o1(x) —A1q IxI=K  ajo(x)

Thus, for || x|| > K, —a(i)qB; + ai,1—i (x)(Bi—i — Bi) < —ay. In particular, for all
for ||lx|| > K, LWy (x,i) < —agW,(x,i). Since LW, is bounded for [lx|| < K,
then LW, < —a, W, + C for some constant C > 0 (depending on g > 0). This has
the consequence (see [15], Theorem 2.1) that for all # > 0,

C C
(15) PW, < e_a"’(Wq - —) +—.
%q %q
The computation of I" gives
TWq (x, i) = aj,1-i(x) (Bo — B Ix 117,
hence
'W, <Cy Wy

for some constant C‘q > (. Hence, choosing p small enough so that (15) holds for
2q, one has

sup P (I'W,) < C~’q sug PiWay < Why,
>

t>0 t
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which proves (i-b). It remains to show that there exist accessible points at which
the strong bracket condition holds. Set F O(x) = A% and F!(x) = Alx the vector
fields associated to A? and A!. There exist «, B,v,8, with B,y > 0 such that
FOx, y) = (ax + By, yx + 8y). Straightforward computations show that

det(FO — F'[FO, F'))(x,y) = (d — ¢) 2By xy + B(d + 8)y> + y (a + ¢)x?).

Since B,y > 0, this polynomial is nonidentically null. To conclude, we prove
that there exists an open set of accessible points. Let v € Ri 4 be the Perron
eigenvector associated with A°. We claim that R v and, therefore, y1+ Ryv) =

U, >0 ¥/ (R, v) are accessible. One can check that for all y € Ryv and all & > 0,
there exists 7 > 0 such that for all x € M* with ||x|| < 7, there exists 7 > 0 such
that ||\11?(x) — y]|| < e. Since 0 is accessible following F!, this makes y accessible.
Hence, 7/1+ (R4 v) is accessible and Theorem 3.8 applies. [J

4. Epidemic models in fluctuating environment. We discuss here some im-
plications of our results to certain epidemics models evolving in a randomly fluc-
tuating environment.

Forty years ago, Lajmanovich and Yorke in a influential paper [34], proposed
and analyzed a deterministic SIS (susceptible-infectious-susceptible) model of in-
fection, describing the evolution of a disease that does not confer immunity, in a
population structured in d groups. The model is given by a differential equation on
[0, 17¢ (the unit cube of RY) having the form

d
(16) %:(1—xi)<2c,-jxj>—1),~xi, i=1,...d,
Jj=1

where C = (Cj;) is an irreducible matrix with nonnegative entries and D; > 0.
Here, 0 < x; < 1 represents the proportion of infected individuals in group i; D; is
the intrinsic cure rate in group i and C;; > 0 is the rate at which group i transmits
the infection to group j. Irreducibility of C implies that each group indirectly
affects the other groups. By a classical mean field approximation procedure, (16)
can be derived from a finite population model, in the limit of an infinite population
(see Benaim and Hirsch [9]).

Here and throughout, for any matrix A we let L(A) denote the largest real part
of the eigenvalues of A. A matrix A is called Hurwitz provided A(A) < 0. Laj-
manovich and Yorke [34] prove the following result.

THEOREM 4.1 (Lajmanovich and Yorke, [34]). Let A =C — diag(D).

If A(A) <0, 0 is globally asymptotically stable for the semiflow induced by (16)
on [0, 174

If L(A) > 0, there exists another equilibrium x* € 10, 1
tion is [0, 117 \ {0}.

[4 whose basin of attrac-
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In this epidemiological framework, O is called the disease-free equilibrium, and
the point x*, when it exists, the endemic equilibrium. It turns out that such a di-
chotomic behaviour is very robust to the perturbations of the model and can be
obtained under a very general set of assumptions, using Hirsch’s theory of coop-
erative differential equations.

We let Ri . denote the interior of the nonnegative orthant Ri. For x,y € RY,
wewritexfy(oryzx)ify—xeRﬂ;x <yifx<yandx #y;and x KL y if
y—x¢€ Ri 4

Following [9] (especially Section 3), we call a map F : [0, 119 — R? an epi-
demic vector field if it is continuously differentiable’ and satisfies the following
set of conditions:

El F(0)=0;

E2 xi=1= Fi(x) <0;

E3d F' is cooperative, that is, the Jacobian matrix D F(x) is Metzler for all x €
[0, 11%;

E4 F is irreducible on [0, 1)?, that is, DF (x) is irreducible for all x € [0, 1)¢;

E5 F is strongly sub-homogeneous on (0, l)d , that is, F(Ax) < AF (x) for all
A>1andx € (0, ).

It is easy to verify that the Lajmanovich and Yorke vector field [given by the right-
hand side of (16)] satisfies these conditions.

Let W = {\{;} denote the local flow induced by F. Condition E3 has the impor-
tant consequence that for all # > 0 \V, is monotone for the partial ordering <. That
is, Wy (x) < W, (y) if x < y. In particular, by E1, W;(x) > 0 for all x > 0. Combined
with E2 this shows that [0, 1]¢ is positively invariant under W.

The following result shows that trajectories of W behave exactly like the trajec-
tories of the Lajmanovich and Yorke system. The first assertion was stated in ([9],
Theorem 3.2) but its proof is a consequence of more general results due to Hirsch
(in particular Theorems 3.1 and 5.5 in [31]).

THEOREM 4.2. Let F be an epidemic vector field and V = {\V,};>0 the in-
duced semiflow on [0, 11¢. Then:

(1) (Hirsch, [31)]) Either O is globally asymptotically stable for V; or there
exists another equilibrium x* € 10, 1[d whose basin of attraction is [0, 14 \ {0}.

(i) Let A = DF(0). Then 0 is globally asymptotically stable if and only if
A(A) <O0.

PROOF. As already mentioned, (i) follows from [31], Theorems 3.1 and 5.5.
We detail the proof of (ii). If L(A) < 0, then O is linearly stable, hence globally sta-
ble by (i). If A(A) > 0, there exists, by irreducibility and Perron—Frobenius theo-
rem, xo > 0 such that Axg = A(A)xp > 0. Hence F(exg) > 0 for ¢ small enough,

2By this we mean that F can be extended to a C! vector field on R?.
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because @ — Axg as ¢ — 0. Consequently, {x : x > exp} is positively invari-
ant and 0 cannot be asymptotically stable.

It remains to show that 0 is asymptotically stable when A(A) = 0. Suppose the
contrary. By (i), there exists another equilibrium x* >> 0. Set y* = x*/2. By strong
sub-homogeneity, 0 = F(x*) < 2F (y*). Let F.(x) = F(x) —ex.Forall ¢ > 0, F;
is an epidemic vector field and O is linearly stable for F, [because A(D F.(0)) =
—e&]. On the other hand, for ¢ small enough, 0 < F¢(y*) so that the set {y : y > y*}
is positively invariant by F,. A contradiction. [

4.1. Fluctuating environment. We consider a PDMP Z = (X, I) as defined in
Section 1, under the assumptions that:

E'l M=]I0,1]%

E'2 Foralli € E, A = DF(0) is Metzler;

E’3 There exists « € P(E) such that the convex combination A = Y icE o Al
is irreducible.

Observe that these conditions are automatically satisfied if F = {F'};c£ consists
of epidemic vector fields but are clearly much weaker.

Relying on Proposition 2.13, we let A.; = AT = A~ denote the top Lyapunov
exponent of the linearized system.

THEOREM 4.3. Assume A < 0 and that one of the following two conditions
holds:

(a) The jump rates are constant (i.e a;j(x) = a;j) and the F i are epidemic; or
(b) There exists B € P(E) such that F = Y BiF s epidemic and

k(Z,B,-A’) <0.
i
Then forall x € M* and i € E,

=1.

1 X
Pii (limsup —Og(”t rlD) < A1>

PROOF. We first prove the result under condition (a). Recall (see Section 2.2)
that 2 stands for D(R*, E). For each w € € and x € [0, 1]¢, let

t—= VY, w)(x)
be the solution to the nonautonomous differential equation
y=F"(),

with initial condition y(0) = x. By conditions E3 and ES5, each flow W is mono-
tone and sub-homogenous (see, e.g., [31], Theorem 3.1). The composition of
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monotone sub-homogeneous mappings being monotone and subhomogeneous,
W(¢, w) is monotone and sub-homogeneous for all + > 0 and w € Q2. Thus, for
alle >0and x| > ¢

(17) Wi, o)) < gy, a))(ix).
€ [l |l

Under the assumption that the jump rates are constant, IP’f ; 1s the image measure
of IP;’ by the map

w > (o, (Y, ©)(x)),20)-
Therefore, by Theorem 3.1, there exists n, € > 0 such that for all x € B(0, ¢)

1 X
Pfi (limsup logdll X 1) < M)
’ t—00 t

(18)

_p/ (limsup log(||W (7, @) (x)|]) < M) >

t—00 t

Combined with (17), this proves that (18) holds true not only for x € B(0, €) but
for all x € [0, 1]¢. A standard application of the Markov property then implies the
result.

Under condition (b), it follows from Theorem 4.2, that O is F-accessible from
M, and the result follows from Theorem 3.1. O

REMARK 4.4. The assumption made in case (a) tha.t the F! are epidemic can
be weakened. The proof shows that irreducibility of F' is unnecessary and that
strong sub-homogeneity can be weakened to sub-homogeneity.

REMARK 4.5. Case (a) (and its proof) can be related with the results ob-
tained by Chueshov in [19], for SIS models with random coefficients (see [19],
Section 5.7.2) and, more generally, for monotone sub-homogeneous random dy-
namical systems. Note, however, that in comparison with Chueshov’s approach, in
case (b), there is no assumption that the F's are monotone nor sub-homogeneous.

EXAMPLE 4.6 (Fluctuations may promote cure). We give here a simple ex-
ample consisting of two Lajmanovich—Yorke vector fields modeling the evolution
of an endemic disease (each vector field possesses an endemic equilibrium) but
such that a random switching between the dynamics leads to the extinction of the
disease.

Suppose d =2, E = {0, 1}. Let F°, F! be the Lajmanovich—Yorke vector fields

respectively given by
o_ (2 1 o_ (6
“=(i 1) 7=0)
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034

and

One can easily check that
AMAY) =r(A)=V5-2>0,

so that for each F’, there is an endemic equilibrium and the disease-free equilib-
rium is a repellor. On the other hand,

A4 Al
A<L> =-1<0,
2
so that the disease free equilibrium is a global attractor of the average vector field
F= %(F '+ F?). Consider now the PDMP given by constant switching rates
ap,1 =aio =B, ap,0=ai,1 =0.

By Corollary 2.15, this implies that A1 < 0 provided g is sufficiently large. Thus
the conclusion of Theorem 4.3 holds.

EXAMPLE 4.7 (Fluctuations may promote infection). We give here another
simple example consisting of two Lajmanovich—Yorke vector fields for which the
disease dies out, but such that a random switching between the dynamics leads to
the persistence of the disease.

With the notation of Example 4.6, assume now that

1 4
0_ o_ (2

16

1
cl = [? 16 |, D‘:@).
4 2

and
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FI1G. 2.  Example 4.6, some trajectories of (X;) for B = 20.

Straightforward computation shows that

A% =r(Ah)y=-1/2 <0,
A0+ Al
A(T) =33/32>0,

and that the endemic equilibrium of F is the point x* = (33/113,33/113). Then x*
is F -accessible and one can easily check that the strong bracket condition holds at
x*. Thus, for 8 sufficiently large, this implies by Corollary 2.15 and Theorem 3.4
the exponential convergence in total variation of the distribution of Z; (whenever
Xo # 0) towards a unique distribution IT absolutely continuous with respect to
Leb ® ) ;cr é; and satisfying the tail condition given by Theorem 3.2(ii). Fur-
thermore, it follows from ([13], Proposition 3.1) that the topological support of I1
writes I' x E where I is a compact connected set containing both 0 and x*, and
whose interior is dense in I".

FI1G. 3.  Example 4.7, Phase portrait of FO and F'.
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FI1G. 4. Example 4.7, some trajectories of (X;) for B = 20.

REMARK 4.8. In [16], we show that the previous example can be generalised
in the following way. Assume that F© and F! are two epidemic vector fields in
dimension 2 such that:

1. M(A% <0and A(A") <0;
2. There exists s € (0, 1) such that A(A®) > 0, where A* =sA! + (1 — 5)A°.

Then [16], Lemma 3.7, show that there exists an accessible point at which the weak
bracket condition holds. Moreover, since A(A%) > 0, Theorem 4.2 implies that
condition (ii) of Theorem 3.4 is satisfied. Thus, by this theorem, we can conclude
that there is convergence in total variation to a unique invariant probability measure
provided A1 > 0. This happens for example with switching rates of the form

ap,1 = sp, aio=(1—-s)B, ap,o=ai,1 =0

for B large enough (by Corollary 2.15.)

REMARK 4.9. In the preceding example, the matrices A! are Metzler and
Hurwitz but A; > 0 because the convex hull of the {A'} contains a non- Hurwitz
matrix. This leads to the natural question of finding examples for which

A1 > 0 and every matrix in the convex hull of the {A?} is Hurwitz.

For arbitrary (i.e., non-Metzler) matrices, such and example has been given in
dimension 2 in [35] and more recently in [33].

Now, if we restrain ourselves to Metzler matrices, a result from Gurvits, Shorten
and Mason ([27], Theorem 3.2) proves that, in dimension 2, when every matrix
in the convex hull is Hurwitz, then O is globally asymptotically stable for any
deterministic switching between the linear systems. In particular, this implies that
A1 cannot be positive.
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FI1G. 5. Simulation of Y; for p = 10.

However, they show that it is possible in some higher dimension to construct
an example where all the matrices in the convex hull are Hurwitz, and for which
there exists a periodic switching such that the linear system explodes. Later, an
explicit example in dimension 3 was given by Fainshil, Margaliot and Chiganski
[24]. Precisely, consider the matrices

-1 0 0 10 0 10
A=110 =1 o0 |, Al=1 0 =10 0
0 0 -—10 0 10 -1

It is shown in [24] that every convex combination of A% and A! is Hurwitz, and
yet a switch of period 1 between A and A! yields an explosion. Some simulations
made on Scilab (see Figure 5) let us think that this result is still true for a random
switching, with rates

ao,1 =ai0 =B, ap,0 =ai,1 =0.
Here, B has to be chosen neither too small nor too big. Using the formula,
1 t
L [ateneds) =np.

and Monte-Carlo simulations we can estimate numerically A1 (8). The results are
plotted in Figure 6 and show (although we did not prove it) that A; > 0 for 3 <
B < 30, providing a positive answer to the question raised at the beginning of the
remark.

lim E(

—00

EXAMPLE 4.10 (Fluctuations may promote infection, continued). Remark 4.9
can be used to produce two Lajmanovich—Yorke vector fields F°, F! on [0, 1]
such that:
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FIG. 6. Approximation of »1(B) by Monte-Carlo method.

(i) For all 0 <t < 1, the disease free equilibrium is a global attractor of the
vector field F' = (1 — ) FO +¢F!;

(i) A random switching between the dynamics leads to the persistence of the
disease.

Observe that F' is the Lajmanovich—Yorke vector field with infection matrix C’ =
(1 —1)C°%+¢C" and cure rate vector D' = (1 —1)D° +¢D'.

To do so, one just has to choose C?, C', D°, D! in such way that A’ = C! — D',
For the simulation given here, we have chosen

11
D'=1[11],
20

and
20
D'=|20
11
When (see Figure 6) § is such that A; > 0, then by Theorem 4.12 below, Z

admits a unique invariant measure IT on M* x E. Moreover, by Theorem 3.2,
there exists 6 > 0 such that

Z/ x| =P I (dx) < oo.

iek
Figure 7 and 8 illustrate this persistence of the infection. In Figure 8, we have
plotted || X, |1 = X! + X? + X3
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F1G. 7. Example 4.10: Simulation of X; for B = 10.

4.2. Exponential convergence without bracket condition. Throughout this sec-
tion, we assume that the vector fields F are epidemic and that the jump rates are
constant. Recall (see proof of Theorem 4.3) that this implies that for all w € 2 and
t >0, W(¢, w) is monotone and strongly sub-homegeneous. A very useful conse-
quence of this fact is the strict nonexpansivity of W (¢, w) on Rfi  with respect to
the Birkhoff part metric p, the definition of which is recalled below. Now if we as-
sume that A; > 0, we have a Lyapunov function and nonexpansivity, so we might
expect uniqueness of the invariant measure on [0, 1] \ {0} x E and convergence
in law of (Z;) towards it. Here, we prove that this is indeed the case, and even
that we have an exponential rate of convergence towards this invariant measure
for a certain Wasserstein distance, thanks to a weak form of Harris’ theorem given
by Hairer, Mattingly and Scheutzow [28]. But before to do so, we explain briefly

0.5

0.45 o

0.4 4

0.35 4

0.3 4

0.25 -4

0.2 4

0.15 o

o T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

F1G. 8.  Example 4.10: Simulation of || X1 for g = 10.
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why we cannot expect to have convergence in total variation without additional
assumptions with the following simple example.

EXAMPLE 4.11. Supposed =2, E ={0, 1}. Let FO F!bethe Lajmanovich—
Yorke vector fields, respectively, given by

-t w-()
o33 =)

One can easily check that the point x* = (1/2, 1/2) is a common equilibrium of
F! and F?2. In particular, IT = 8,+ ® (8o + 81)/2 is an invariant probability of Z.
Moreover, for all x # x*, i € E and ¢ > 0, one has ]P’f’i(Z, €{x*} x E)=0 so
16x.i PtZ — I}ty =1 for all # > 0. Now let us quickly show that X, converges al-
most surely exponentially fast to x*, for all switching rates. Let 11(0) = A1 [resp.,
A1(x*)] denote the top Lyapunov exponent of the linearized system at the origin
(resp., at x*). By Proposition 2.13, this exponent coincides with the unique aver-
age growth rate of the corresponding linearized system. We claim that A;(0) > 0
and A1(x*) < 0. The first inequality follows from the Kolotilina-type lower esti-
mate for the top Lyapunov exponent mentioned in Remark 2.8 due to Mierczyrniski
([39], Theorem 1.3). In our setting, this estimate ensures that

1 . ——
M) = 5 Y piTr(AY) + ) piy AL AL,
i i

which is positive because Tr(A% = Tr(A') = 0 and the other terms are positive.
Let B' = DF(x*). Then the second estimate follows from Lemma 2.4 because
one can easily check that Apax (B! + (B)T) < Amax (B +(B")T) < 0. So applying
Theorem 3.1, we have a neighborhood U of x* and n > 0 such that for all x €
andi € E,

and

1 Ar(x*
(19) Pf,i(limsup;log(ﬂxt ) < M ))
—00

2

On the other hand, because A1 (0) > 0, there exists by Theorem 3.2 & > 0 such that
for all x £ 0,

(20) PZ;(r <o0) = 1,

=N

where T = inf{t > 0: | X;| > &}. Finally, because x* is a linear stable equilibrium
for FO with basin of attraction contains M*, one can show that there exists a con-
stant ¢ > 0 such that for all x € M with || x| > ¢,

(21) PZ,(Z;eU x E) > c.
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Combining (19), (20), (21) and the Markov property implies that
1
PZ, (limsup —log(]| X; — x*[) < x (x*)) =1,
’ t—oo I
for all (x,i) € M* x E (see [14], Theorem 3.1, for details on a very similar proof).

Before stating our theorem, recall the definition of the Wasserstein distance. Let
Y be a Polish space, and d be a distance-like function on ). That is d satisfies
the axioms of a distance, except for the triangle inequality. Then the Wasserstein
distance associated to d is defined for every u, v € P()) by

Wa(u,v)= inf fd(x,ymn(x,y),
) Jx2

meC(u,v

where C(u, v) is the set of all the coupling of © and v. When d is a distance, so is
W, and in every case, Wy (i, v) =0 if and only if u = v.
Set Y =1[0,1]9\ {0} x E.

THEOREM 4.12. Assume the F' are epidemic vector fields, (a;;) are constant

and A1 > 0. Then there exists a distance-like function d ,to>0andr >0, such
that:

(1) forallt > ty, for all w,v € P()),
Wi(uP?,vPF) <e™""Wi(u, v).
(i1) (PtZ ) has a unique invariant measure Il on Y, and for all u € P(Y),

Wi(wPZ, T) < e "' Wi, ).

5. Proofs of Theorems 3.1-3.4: A stochastic persistence approach. As indi-
cated in the Introduction, the proofs will be deduced from the qualitative properties
of PDMPs combined with general results on stochastic persistence proved in [15]
along the lines of the seminal results obtained by Schreiber, Hofbauer and their
co-authors for deterministic systems.

5.1. An abstract stochastic persistence result. The results in [15] concern cer-
tain Markov processes on a (possibly) noncompact metric space satisfying a weak
version of the Feller property. Here, for simplicity, we shall state a simpler version
of these results tailored for Feller processes on a compact space.

Let X be a compact metric space and Z a cadlag Markov process on X. To
shorten notation, we write Py, Py, (P;)1=0. Piny» Perg in place of PZ, PZ, (P#);>0.
PE,, PZ,. We let

inv> 7 erg*

1 t
[;=-1 65 d
t l](; ZSS
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denote the empirical occupation measure of Z. We let C(X) denotes the space of
real valued continuous functions on X equipped with the uniform norm | f|| =

sup, ey | f ()]

We assume that (P;);>¢ is Feller. That is,

(a) Forall t >0 P; maps C(X) into itself,

(b) Forall f € C(X)limy_q||P f— f|=0.
We let £ denote the infinitesimal generator of (P;) and D its domain. Recall that
D is defined as the set of f € C(X) such that %(P, f — f) converges in C(X), and,

for such an f, £ f denotes the limit. We let D> C D denote the set of f € D such
that 2 € D. For f € D? the Carré du champ of f is defined as

(22) L(f)=Lf2=2fLFf.

We assume that

HYPOTHESIS 5.1. there exists a nonempty compact set Xy C X called the
extinction set which is invariant under (Py);=o. That is,

Pl]l)(() = ]l.)(()

where 1 x, stands for the indicator function of Xp.

We set
X=X\ A,

Piny (X—I—) = Pinv O P(X+)a Pinv (XO) = Pinv N P(XO), CEC.

Extinction of Z amounts to say that trajectories of (Z;) converge almost surely
to Xp. Let A be the e-neighborhood of Xj. Using a terminology borrowed to
Schreiber [43] and Chesson [18], we say that Z is stochastically persistent (or
almost surely persistent), respectively, persistent in probability, provided

lim limsup IT,(X§) =0

e—>0 r—o0

P, almost surely for all x € X;. Respectively,

lim limsup P, (Z; € ;) =0
e—>0 t—o00
for all x € X
General criteria ensuring extinction or persistence are given by the existence of
a suitable average Lyapunov function V as defined now.
In addition to Hypothesis 5.1, we assume the following.

HYPOTHESIS 5.2. There exist continuous maps V : X +— Rt and H : X
R enjoying the following properties:
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(a) For all compact K C X, there exists Vg € D? with Vik = Vklkx and
(LVK)|k =Hlk;

(b) SUP(k:K cXy K compact} IT (V) < oo
(c) lim,_, x, V(x) = 00;
(d) Jumps of V(Z;) are bounded: AA > 0 such that |V (Z;) — V(Z,_)| < A;

Let Perg (Xp) = Perg NP (Xp). Define the H-exponents of the processes as

AT(H)y=— inf puH and A (H)=— sup uH.
UEPerg (Xp) JLE Perg (Xo)

We call the process H-persistent if A~ (H) > 0 and H -nonpersistent if
AT(H) <0.

By the Ergodic decomposition theorem, note that A~ (H) > 0 [resp., AT (H) >
0] if and only if wH < O (resp., > 0) for all & € Perg(Xp).

We say that A C & is accessible from B C X if for every neighborhood U of A
and x € B there exists t > 0 such that P11y (x) > 0.

We call a point p € X' a Doeblin point provided there exists a neighborhood U
of p, a bounded (positive) measure v on X and some number s > 0 such that

O Py > v
for all x € U. The following theorem is a consequence of Theorems 4.4 and 4.10
and Proposition 8.2 in [15].
THEOREM 5.3. Suppose that the process is H-persistent. Then:

(1) The process is stochastically persistent. In particular, for all x € X, Py
almost surely, every limit point of {I1;} lies in Py (X+) = Piny N P(X).
(i1) There exist 0 < p < 1 and positive constants 0 > 0, K > 0, T such that

Pr(e’) < pe”’ +K;
(iii) Let € > 0 and t¢ be the stopping time defined by
tf =inf{r > 0: Z, € X¢).
Then there exists € > 0 such that forall 1 < b < %, there exists ¢ > 0 such that for
all x e X+
Ey (b7) < c(1 + &Y™,

(iv) If, furthermore, there exists a Doeblin point x € Xy accessible from X
then Piny (X4) reduces to a single measure I1 and for all x € X,

16 P, — |1y < const.(1 4V )e !

for some k > 0.
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The next result is a general extinction result.

THEOREM 5.4. Suppose that the process is H-nonpersistent. Then

(i) Forall 0 < a < —AT(H), there exists a neighborhood U of Xy and n > 0
such that

V(Z
P, (liminf (Zo) Zoz) >
t—00 t

forallx e U;
(i1) If furthermore Xy is accessible from X,

—>0o0

V(Z
P, (liminf (t 2 > —A+(H)> =1
forall x e X.

PROOF. Since the proof is very similar to the one given in [14], Theorem 3.1,
we only give a sketch of it. Let 0 < @ < —A™T(H). The proofs of Propositions
8.2 and 8.3 in [15] (see also [14], Lemma 3.5) adapt verbatim in the nonpersistent
case to prove that there exist 7 > 0, 6 > 0, ¢ > 0 and 0 < p < 1 such that, for all
7€ X5\ Ap:

1) PrV(z)—V()=aTl,

(i) Pre?(z) < pe V.
Here and throughout this proof, X5 = {z € X1 : V(z) > —log(e)} U Xp. We set
7o =inflk > 0: Zxr ¢ X3}, We claim that:

1. There exists n > 0 such that for all z € Xé/z, P,(te = o0) > n;

V(Zy)
t

2. On the event {t, = 00}, and for all z € X(f/z, liminf;_, >a.

In particular, this implies point (i) of the Theorem with U = XOS /2. Point (ii) easily
follows by Markov property. We prove the first claim. We set for k > 0, Wy =
e*GV(ZkT). Due to point (ii) above, (Wiaz, )k>0 1s a supermartingale. In particular,
forall z € Xos/z \ Xo,

6
&
IEz(‘/Vk/\rgﬂrg<c>o) =< e—V(z) =< (5) .

By dominated convergence, this gives

P 0
0
&P, (1 <00) < <§) s
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which proves the first point with n =1 — 279 We now prove the second claim. We
set My, =3 4 _1 PrV(Z—11) — V(Zi1). The sequence (M,),>1 is a martingale,

and on the event {t, = oo} and for all z € X(;:/z \ A0,

Mn > — V(ZnT).

n n

Hence the strong law of large numbers for martingales implies that, on the event
{te = 0o} and for all z € X;/%\ Xy,

V(Zur)

(23) liminf >a.

n—oo

Now, Lemma 7.4 in [15] implies that for all z € X, the process
~ [ ~
MY =V (Z)—-V(z) —/O H(Zy)ds
14

is a martingale such that, almost surely, lim;_, MT’ = 0. Since H is bounded, this
implies that for all 7 € [0, T],

i Y = V(Z)

1m =

n—oo n

0.

This, together with (23) proves the second claim. [

5.2. Proofs of Theorems 3.1-3.8. In order to apply the results of the previous
section, we rewrite the dynamics of Z = (X, I) in polar coordinates. Let ¥ : M™* x
E — R% x §9-1 % E be defined by W(x,i) = (J|x]|, ﬁ, i) and

Xy =V (M* x E).
Whenever Xg € M*, the process Zi =W(Z) = (p;, Oy, I) € Xy satisfies the Sys-
tem
dp
dt

24y 14O _ 2 -
(24) d_l‘tzFI[(pt,(’Dz)_<®t»F1t(Pt’®t))®l’

P(lrys = jI1F1) = aij(p:Or)s + o(s) fori # jon{l; =i},

= (®t, F (or ®t)>pt7

where

.. Fi(pb
Fi(p.0) = (00)

for all p > 0 and 6 € S?~!. By C? continuity of F, the map F' extends to a C'
map F': R, x §9~1— R? by setting

F'(0,0) = A%0.
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Thus, using this extension, (24) extends to the state space
X=X =X, UX)

where Xo = {0} x (S"'NCy) x E. )
This induces a PDMP (still denoted Z) on X', whose infinitesimal generator £
acts on functions f : X — R smooths in (p, 8) according to

- aft . , .y
‘Cf(lov 9’ l) = a—(p’9)<9’ Fl(lov 9))10 +<V0fl(p70)v Gl(p’e))
0
(25) . :
+ Z aij(pd)(f'(p,0) — f'(p,0)),
JjeE
where G'(p,0) = Fi(p,0) — (8, F(p,6))6. By [13], Proposition 2.1, Z is Feller.
Moreover by equation (24), Hypothesis 5.1 is verified. The following lemma gives
V and H that fulfil Hypothesis 5.2.

LEMMA 5.5. Forall (p,0,i) e X, set H(p,0,i) = —(ﬁi(p,G),Q), and for
p#0,V(p,0,i)=—log(p). Then V and H satisfy Hypothesis 5.2.

PROOF. The definition of £ and V imply that EV(,O, 0,i) = H(p,0,i) for
all (p,0,i) € X4. For all K C X compact, there exists ¢ > 0 such that p > ¢
on K. Let log, : R — R be a smooth function coinciding with log on [¢, co[. Set
Vi (p,0,i) = —log.(p). Then (a) is satisfied, and because Vi doesn’t depend on
i I'(Vg) = 0 so that (b) is also satisfied. (c) and (d) are clearly satisfied. [J

Now we link the H -exponents of 7 with the extremal average growth rates of Z.

LEMMA 5.6. With the notation of the previous sections,
AY(H)=A" and A~ (H)=A".

In particular, Z is H -persistent if and only if A~ > 0 and H -nonpersistent if and
only if AT < 0.

PROOF. On Xo, Z, = (0, O, J;) where (O, J;) is the process given in Sec-
tion 2. Now, (A'0,0) = —H (0,6, i), and the result easily follows from the defini-
tions of AT/~ At/~(H) O

Thanks to these lemmas and theorems of the previous sections, we can now
prove our main results.

PROOF OF THEOREM 3.1. Here, we assume A" < 0, thus by Lemma 5.6 7 is
H - nonpersistent. Theorem 5.4(i) then gives exactly the first part of Theorem 3.1
because V (Z;) = —log(p;) = —log(]| X;||) for all x # 0.
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Assume furthermore that 0 is F' - accessible from M. By [13], Proposition 3.14,
this implies that {0} x E is accessible from M x E for the process Z and thus
that Ap is accessible from X for the process Z. Then Theorem 5.4(ii) proves the
second assertion of Theorem 3.1. [

To show the other theorems, we use the following lemma for which the proof is
omitted. Here, ¢ denotes W~!.

LEMMA 5.7. The map

Pl (Xp) — Py

mv

(M* x E),
[M—1TIlo <p_1
is a bijection. Moreover, for all (x,i) € M* x E,and all t > 0
Hf’i = l:I;y(x’i) ) (p_l.
Thus, by bi-continuity of V, Hf’i converges almost surely to some Il if and only if

l:I;IJ(x’i) converges to Tl o W—1,

PROOF OF THEOREM 3.2. Here, we assume A~ > 0, thus by Lemma 5.6 Z
is H - persistent. Then Theorem 5.3(i) and Lemma 5.7 imply (i) of Theorem 3.2.
Moreover, by Theorem 5.3(ii), we have for some positive 6, K, T

Pr(eV) < pe’V + K.

Let 1 € PiZV(XJF) and set W = ¢V, Then integrating the previous inequality
against {1 gives AW < paW + K, thus
o K
(26) W < —.
I—p

Now let u € PZ,(M* x E) and set W(x,i) = ||x||~?. Then uW = (no ¥l o

mv N
W= (oW H)(WoW™ ). ByLemma5.7, uo W' e Pifv(/lﬁr), and because
WoWw l=w, (26) proves (ii) of Theorem 3.2. Point (iii) is immediate from (iii)

of Theorem 5.3. [

PROOF OF THEOREM 3.3. By Theorem 3.2, Piiv(M* x E) is nonempty. So
the weak bracket condition implies by [13], Theorem 4.5, uniqueness of IT and
the absolute continuity. Moreover, for all (x,i) € M* x E, (TT;")¢>0 is tight and

admits a unique limit point IT, so that I1;*" converges almost surely to IT. [J

PROOF OF THEOREM 3.4. Assume that the weak bracket condition holds at a
point p that is F-accessible from M™* and that condition (i) or (ii) of Theorem 3.4
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holds. Then [13], Theorem 4.2, in case (i) (resp., [16], Theorem 2.6, in case (ii))
implies that for all i, W (p,i) [resp., W(e*,i)] is a Doeblin point, which is ac-
cessible for the process Z from X,. Thus by point (iv) of Theorem 5.3, for all
= (10’97l) € X+,

|8:Pr = TTo W™ ||y <c(1+W(2)e ™.

Now, for all A € B(M x E) and all (x,i) € M* x E, §,;Pi(A) — [1(A) =
Swix.iy P (W (A)) — TTo U1 (W(A)), so that

185, P — Tty = [Swieiy Pr — o W1y
<c(l+W(W(x,i)))e ™
=c(l4+ W(x,i))e ™.

Then Theorem 3.4 is proved. [

PROOF OF THEOREM 3.8. It suffices to show that Theorems 5.3 and 5.4 re-
main valid under Assumptions 3.6 and 3.7. For Theorem 5.3, we show that Hy-
pothesis 3 in [15] holds. That is, we have to check that there exists a continuous
function W : M x E — R with limy— o0 W(x, i) = 00, a continuous function
LW:M x E— Ry,a>0and C >0 such that:

(i) For every compact set K C M, there exists Wx € D? such that

(a) W|g = Wk|k and LWk |g = LWk,
(b) Forall x e M, sup{P;,(I'Wk),t >0, K compact} < oo

(ii)
LW < —aW+C.

The only difference with Hypothesis 3.7 is that here W has to be in D2. so we
are done if we prove that C Cl C D2, which is equivalent to C Ll C D. Here, we use
the weaker notion of domain given in [15]: a function f is in D if:

1. Lf(x,i)=Ilim,_ M exists for all (x,i) e M x E;
2. Lf is continuous bounded;
3. supg;<i 1P f — £l < o0

Let f eC Ll Since the jumps rates are bounded, the proof of [13], Proposition 2.1,
adapts verbatim to the noncompact case provided the derivative of f vanish outside
a compact set—which is the case by definition of C!. For Theorem 5.4, we note
that point (i) and (ii) in its proof are still valid since in our case, the set Xj is
compact (see Propositions 8.2 and 8.3 in [15]). Thus, point (i) of Theorem 5.4 can
be shown by the same argument even if X" is not compact. Now, the existence of
a Lyapunov function implies that there exists a compact set K C M containing O,
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such that, for all (x,i) e M x E, P, ;)(Tx < 00) = 1, where Tk is the hitting
time of K. Moreover, due to the accessibility of 0, for all neighborhood U of 0,
there exists § > 0 such that, for all (x,7) € K x E, P ;)(Ty < 00) > §. Hence,
by Markov property, P, ;)(Ty < 00) > 6 for all (x,i7) € M x E and point (ii) of
Theorem 5.4 follows. [l

6. Proof of Theorem 4.12. Before proving our convergence theorem, we first
recall the definition of the Birkhoff part metric and some properties of monotone
and sub-homogeneous random dynamical systems given in the book of Chueshov
[19]. Let D be a nonempty subset of {1,...,d} and let Ri+,D be the subset of
X € Rfi such that x; > 0 if i € D and x; = 0 otherwise. Then Ri%D is called a

part. The Birkhoff part metric is defined, for all x, y € Rfﬂ by
p(x, y) = max|log(x;) — log(y)|
ieD

if x and y are both in the same part Ri +.p forsome D, and p(x, y) = +00 other-
wise. By monotony and strong sub-homogeneity of ¥, [19], Lemma 4.2.1, ensures
that W is nonexpansive under the part metric on every part and strictly nonexpan-
sive on RL. In other words, for all ¢+ > 0, for all w € €2, for all D C {1,...,d},

d
forallx,yeRJrJnD,

p(V(t, 0, x), ¥(t, 0, y) < px,y),

and the inequality is strict if D = {1,...,d}, x # y and ¢t > 0. We would like
to have a contraction, meaning that there exist « € (0, 1) such that p(V (¢, w, x),
U(t,w,y)) <ap(x,y). The following crucial lemma states that this is true if we
restrain ourselves to compact subset of Ri 4

LEMMA 6.1. Let¢: Ri — Ri be a C* monotone strongly sub-homogeneous
map and K be a compact subset contained in Ri 1. Then ¢ is a contraction for p
on K, that is,

. ple(x), ¢(y)
x(p):= sup ————<
x,yeK , x#y p(x,y)

1.

PROOF. First, note that for all x, y € K, with x ## y, one has W < 1.
In particular, by continuity of p and ¢, for all € > 0 there exists o < 1 such that

pp(x), o(y)) “y

(27)
xyeA(K) P&, Y)

’

where Ay (K) = {(x,y) € K?: p(x,y) > &} is compact. It remains to prove that
such a bound holds when x and y are close, uniformly in x € K. To do so, we use
the following fact: a monotone map ¢ is strongly sublinear if and only if, for all
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x>0, Dp(x)x < ¢(x) (see, e.g., [19], Proposition 4.1.1, or [17], Proposition 6).
Componentwise, this means that for all 7,

(Vei(x). x)

(28)
@i (x)
By Taylor expansion, for all i and all x, y € K,
(Voi(x),y —x)
log gi(y) —log i) = 5=+ Ri(x, »)lx =1,
]

where R; is continuous, thus uniformly bounded on K2 by some constant C.
Moreover, one can easily check that for all ﬁ <u <2M, one has

lu— 1] < el — 1 < [logu|(1 + M|logul).

Now there exists M such that for all x, y € K and &, ﬁ < yr/xx <2M. Thus, for
all k,

(29) lyk — x| < xk(L+ Mp(x, y))p(x, y).

Forall x,y e ]Ri 4 and x # y, there exists i such that

Vi (x),y—
P, 9(y) | TERES= 4 Ry, y)llx — I

pix,y) p(x,y)
. _ 2
- (Vei(x),y x>|+|R,~(x, ||I =yl
i(x)p(x,y) p(x,y)

Now by (29) and nonnegativity of Vg; (x) (recall ¢ is monotone), we have for all
x,ye K, forall x #y,
Ple().¢() _ (Vi) x(1+Mpx.y) . llx =yl
= + .
px,y) @i (x) px,y)

Inequality (28), continuity of ¢ and compactness of K imply that there exists a
constant T < 1 such that, for all x € K and all 7,

(Vgi(x), x) <z
@i(x)
and thus
2
X), X —
Plp(x), 9(y)) §t(1+Mp(x,y))+C” I
p(x,y) p(x,y)
By compactness of K, p(x, y) and “;C( xy y”) converges to 0 uniformly in x € K when

y converges to x. Thus, we can find & > 0 such that " = sup, cx yepy (x.e(x) T+
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2
Mpx,y)+C H;;(; yy”) < 1, where Bk (x, €) is the intersection of the ball of center

x and radius € with K. In other words,

(30) sup p(cp(x),w(y))<T/
wyeasky  pLy) T

Combining (27) and (30) gives the result with g (¢) = max(a, /) < 1. O

Recall that Y = [0, l]d \ {0} x E and setd : )? [0, 1] the distance defined by
p(x,y) A 1)’
C

d((x,i),(y, ) =1ixj + ]1i=j(

where C is a constant to be chosen later and p(x, y) is the Birkhoff part metric.
Define also V : YV — Ry with V(x,i) = [lx]|~¢ where 6 is given in Theorem 3.2
and the function d : > — R, by

d(z,5) = Jd@ D1+ V(@) +VE).

As already mentioned, Theorem 4.12 is a consequence of the weak form of Har-
ris’ theorem due to Hairer, Mattingly and Scheutzow [28], Theorem 4.8 and re-
mark 4.10. More precisely, it states that point (i) of Theorem 4.12 holds, provided
the three following assumptions are verified (here we let P, denoted P?):

Al Vis a Lyapunov function for Py, that is, there exists Cy, v, Ky, to > 0 such
that for all ¢ > 1, forall z € X,

PV(z)<Cye "'V(x)+ Ky;

A2 There exists t* > 1, > 0 such that for all # € [z, t*], the level set Ay ={z €
X :V(x) <4Ky} are d-small for P;, meaning that there exists ¢ > 0 such that for
allz,z€ Ay,

Wa(8, P, 8:P) <1—¢;

A3 For all t € [¢,, t*], P, is contracting on Ay, meaning that there exists o €
(0, 1) such that forall z,z € Ay withd(z,2) < 1,

Wd(SZPt? (SZPZ) S Otd(z, Z)
Moreover, P; is nonexpansive on X, thatis forall z,z € X,

Wa(8:Pr,8:P) =d(z,2).

REMARK 6.2. In [28], Theorem 4.8, Hypotheses Al and A3 are a little bit
stronger: A1l should holds for every ¢ > 0, and the contraction in A3 should holds
on the whole space X for d(z,7) < 1. However, a quick look at the proof given
in [28] shows that it is enough to have the Lyapunov function for ¢ large, and that
when z, 7 are such that 1 4+ V(z) 4+ V(z) > 4Ky, the proof “Far from the origin”
is true independently from the fact that d(z,z) < 1 ord(z, z) > 1.



366 M. BENAIM AND E. STRICKLER

To prove Theorem 4.12 it is thus sufficient to show that Al to A3 are satisfied.
For Al, it is a consequence of a stochastic persistence lemma. For A2, we show
that a good choice of the constant C appearing in the definition of d is sufficient
to have the small set. Finally, A3 is a consequence of the contracting properties of
U(t, w).

PROOF OF THEOREM 4.12. Al. We have the following lemma.

LEMMA 6.3. For0 <o < Ay, there exists T > 0, ¢ > 0 and C > 0 such that,
forallt € [T,3T/2], forall z € ),

PV () < T Dy (),

where 6 = é"—T, Vo={x,i)eY:lxll<e}and V(x,i)= llx]1~7.
PROOF. Follows the lines of the proof given in [14], Lemma 3.5. [

In particular, putting y = %0‘, then for all t € [T, 37/2], for all z € )j,
PV (2) <"V (2).
Now by Feller continuity of P; and compactness of [T, 37/2] x Y\ )§
C= sup P V(z) —V(z) < o0,
(t,2)€[T, 3T /21X Y\ Ve
and, forall t € [T,3T /2] and all z € ),
PV(z)<e’'V(z)+C.
If t > 2T, then there exists s € [T, 37 /2] and n > 1 such that t = ns. Thus
n—1
PV(@)=PuV(@) <™ V@) + Y e’k e,
k=0

proving Al with 1o =27 and Ky = l—eI*VT C.

A2.Set My = {x € [0, 119\ {0} : |lx|| =% < 4Ky}. We first prove that for all r* >
t« > 0, there exists a compact set contained in Ri . such that for all 7 € [z, t*],
and all w € Q, W (¢, w, My) is included in this compact. For this, let Sys,, denotes

the set of all the solutions of the differential inclusion
iﬁ(r) C co(F)(n (1)),
n(0) =x,
with x € My. Then because My is compact, Sy, is a nonavoid compact subset

of C(Ry, RY) (see, e. g., Aubin and Cellina [3], Section 2.2, Theorem 1). This im-
plies that W, »(My) = {n; 1t € [t«,t*],n € Sy, } is a compact set of [0, 114.
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Moreover, by strong monotony of n;, ¥, ~(My) is included in (0, 119 and
for all ¢ € [, t*], w € Q, V(t,w, M) C ¥y, +1(My). Now by compactness of
;. +](My) and continuity of p, there exist K > 0 such that for all € [z, *],
(31) sup PV, w,x),¥(t, o, y)) < sup pla,b) =K.

X, YEMy;w,0' €Q a,be\Il[t*,[*J(Mv)

To prove A2, for any (z,2) = ((x,i), (v, j)) € )2, we consider the coupling
(Z,, Z,) = ((Xs, 1), (Yy, Jy)) of §; P and &; Py construct as follows. If i = j, then
I; = J; forall t > 0. If i # j, then I; and J; evolves independently until the first
meeting time 7 and then are stick together for ever. In other words,

Py j(I: # Jp) =Pi j(T > 1).

This is the coupling considered in [11]. As stated in [11], Lemma 2.1, we easily
control the above probability: there exists p > 0 such that for all 7, j € E and all
t>0,

Pi (I, #J) =P (T >1)<e ™.
Let (z,2) = ((x,1), (¥, J)) € A%, and € [t4, t*]. Then
Wa(8:Pr,6:P1) = Eqy 3 (d(Z,, Zz))

P(Xi,Y0)
§Pi,j(1z7éfz)+E(z,2)< é )
K
< p— Pt _
<e +C,

where the last inequality comes from (31). Thus, choosing C = one has

_K
1—2e—Ptx
Wa(8 P, 8:P) < 1+e P —2e P <1 —e Ph,

proving A2 with & = e,

A3. We first prove that P; is nonexpansive on ). Is suffices to show the result
for (z,7z) such that d(z,z) < 1, the bound being trivial otherwise. In particular,
i=jwherez=(x,i)andz=(y, j),and d(z,2) = @ < 1, which implies that
x and y are in the same part. We consider the same coupling (Z;, 7;) as above.
Then because i = j, I; = J;, and thus X; = W (¢, w, x) and Y; = ¥V (¢, w, y), and so
by nonexpansivity of W (¢, w) on every part, one has p(¥(t, w,x), V(t, w, y)) <
p(x,y), which gives the result for P;.

Now we prove that P; is a contraction on Ay. Let ¢ € [t,,t*] and (z,2) € A%,
such that d(z,z) < 1. In addition with the consequences cited above, this also
implies that x, y € My . Choose 0 < fy < t, then one has

PV, w,x), ¥(t,w,Y))
=p(V(t — 10+ 10,0, %), ¥(t — 1o+ 10, w, )
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= P(qj(t — I, ®l()a))\ll(t09 w, x)? llj(l’ — I, ®t()a))\lj(t0’ w, y))
< Tw, (M) (Y (t — 10, Oy ) (¥ (20, @, x), ¥ (to, @, ¥))
< tw, (my) (Wt — 1o, O)) p(x, y),

where r\ytO(MV)(\IJ(t — 1y, ®,w)) < 1 is the contraction constant given by

Lemma 6.1 on the compact ¥, (My) C Rf’H. Because r‘l’t()(MV)(le(t — Io,
O,,)) < 1 for every w, then

o= miaxIEi [T\Ilto(MV)(\Ij(t — 10, Orw))] < 1,

and

p(W({t, 0 x), ¥, o, y))>

Wa(8; P, 8: P) < IE‘J(x,i),(y,j)( C

<Py
- C
proving A3 and the (i) of the theorem.
Because A1 > 0, Theorem 3.2 insures existence of an invariant measure for Py
on Y. The uniqueness of the invariant measure and thus point (ii) follows immedi-
ately from point (i). [

=ad(z,2),

APPENDIX

A.1. Proof of Proposition 2.13. Recall (see Section 4) that Ri . denotes the
interior of ]Ri, (i.e., the cone of positive vectors). Set Sifl =s4-1n Ri and
Si:Ll =5-1n Ri - The principal tool is the projective or Hilbert metric dy on
Ri o (see Seneta [45]) defined by

maxi<j<d Xi/yi

dg(x,y) =log — .
mini<j<q X; /yi
Note that
X
(32) dH(—, i) = dy(x.y)
lxll Nyl

so that dg 1s not a distance on RflF > however, its restriction to Sijrl is. Further-
more, forall x, y € Sijrl,

(33) e =yl < ey —1.

Let M denote the set of d x d Metzler matrices having positive diagonal entries,
and let M C M denote the set of matrices having positive entries. By a theo-
rem of Garret Birkhoff, there exists a continuous map t : M4 — ]0, 1] such that
forall T e M4 y,andall x,y € ]RL_,

(34) dy(Tx,Ty) <t[Tldu(x,y)
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The number 7[T] is usually called the Birkhoff’s contraction coefficient of T, and
is given by an explicit formulae (see, e.g., [45], Section 3.4) which is unneeded
here.

We extend t to a measurable map 7 : M4 +—]0, 1] by setting 7[7] = 1 for all
T € M4\ My,. By density of M, in M and continuity of dg on ]R‘j_Jr, it is
easy to see that (34) extends to M.

For each w € 2, the map t — ¢(, w) is solution to the matrix valued differential
equation

amM ©
35) vVt >0, W:A "M, My=1,.
Thus,

@(t’w) € M+

for all # > 0. Indeed, for all i € E and r > 0 large enough A’ +rI; € M, so that
etAi — efrtet(Ai+r1d) c M+.

We claim that there exists a Borel set Q C Q with IP)l.J (fZ) =1foralli € E, and
such that for all w € Q:

() In e Np(n, w) € M4

(i) Vn e Nlimsup,_, o, Ww 0.

Before proving these assertions, let us show how they imply the result to be proved.
For all w € Q and n given by (i),

ot + 1, ®) = (1, 0, ())p(n, ) € M,
as the product of an element of M, with an element of M. Thus, by (ii), for

all o € Q and x,y e RL \ {0},

(36) litn_l)solipélogdH(go(t—i-n,a))x,(p(t—|—n,a))y) <0.
For x € Sﬁlr_l, set

o(t, w)x

lo(t, w)x|l”

Let f: Si_l x E — R be a continuous map. It follows from (36), (32), (33) and
the continuity of f that

| f (D, w)x, ;) — f(O(t, w)y, &) — O

O(t,w)x =

forall x,y € Si_l and w € Q. Moreover,

PO fx, i) = (F(®(t, 0)x, ),
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and thus
lim P f(x,i)— PO f(y.i)

—00

:tl_i)n;oEiJ(f(fb(t,w)x,wt) — f(®@t, 0y, ) =0

by dominated convergence. Now take u, v € Pl(n(g ") Then one has

@D Jim Y [ (RO f ) = PO p i@yl =0,
i +

where 1(-|i) = ! (-)/ pi. But by invariance of p and v, the left-hand side of (37)
equals uf — vf for all ¢, giving wf = vf for all continuous f. This proves unique
ergodicity of (®, J).
We now pass to the proofs of assertions (i) and (ii) claimed above.
Irreducibility of A implies that eA € M, ;. LetU C M, be a compact neigh-
borhood of e4. Since A.M € co(A))(M), it follows from the support theorem
([13], Theorem 3.4), applied to the PDMP (35), that for all i € E,

P/ {weQ:¢o(l,0) U} >0.

Thus, by the Markov property or the conditional version of the Borel-Cantelli
lemma, for }P’ij almost all w, ¢(1, ©,(w)) € U for infinitely many n, and conse-
quently, for n large enough,

(p(n’ a)) = (p(lv ®n71a)) . (p(la Cl)) € M++‘

This proves assertion (i). By the co-cycle property and Birkhoff ergodic theorem,
for ]P’; (hence IP’Z.J ) almost all w,

lim sup ; log(t[e(r, w)])

t—00

§limsupllog( [¢(n, w)]) <limsup — Zlog ¢(1, Ok_1(®))])

n—oo N n—oo N k=1
= E]J)(log(r[w(l, w)])) < sup log(r[M])IF’IJ,(a) eQ:¢o(l,w) el) <0.
Meu

Replacing w par @, (w) proves assertion (ii).

A.2. Proof of Lemma 2.14. Before proving Lemma 2.14, we prove the fol-
lowing lemma, which is a consequence of results from Freidlin and Wentzell [25].

LEMMA A.4. Assume the switching rates are constant and depend on a small
parameter €: a; Lj=ai ,j/€ where (a; j) is an irreducible matrix with invariant
probability p. Denote by (X?, J¢) the PDMP associated with a glven by (2). Let
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W denote the flow induced by the average vector field FP :=Y"; p; F' Then for all
6>0andall T >0,

. ' - _
(38) lim s, (orfntafxT\Xt W, ()| > 8) =0,
uniformly in (x,i) e M x E.

PROOF. According to [25], Chapter 2, Theorem 1.3, it suffices to show that
forall§ >0andall T > 0,

(39) lim P/ (

e—0

to+T .
/ (F/ (x)—Fp(x))dt‘>8)=0,
fo

uniformly in tp > 0 and (x,i) € M x E. Note that

to+T R to+T . .
/to (Fr (x) — Fp(x))dt’ = _/;0 (ZFJ(X)JIJ;:J' —ZPij(x)> dt’
0 J J

0

. to+T
=XIP [ ey = o at]
J

so (39) is proven if we show that f,g“T 1e—;dt converges in probability to

p;T uniformly in 7 > 0. By Fubini’s theorem and invariance of p,
IEJ (flo+Tq Je=jdt) = p;T, so Bienaym-Tschebischev inequality gives

fo
to+T VI (ot (@2 dr)
]P,]</ (Mye=j— Pj)dt‘>6)< » U iy
I

0 )
where VJ is the variance associated to IE;. Hence we can conclude if

IEJ[(ftt°+T Tye—; dt)?] converges to (pjT)2 uniformly in 79 > 0.

Denote by Q the intensity matrix of J!, then for all & > 0, the intensity matrix
of J¢is Q/e and forall i, j € E and ¢t > 0,

. t
Pi(Jf=j)= (esQ)i,j‘
By ergodicity of J/, the above quantity goes to p; when t — 00 so also for every
fixed t when & goes to 0. Now we have

to+T 2 to+T ,t
El{[(/t 11J;:jdz) ] 2 }P’ p(JE=ji JE = j)dudt

0 fo

to+T
/ = j)pjdudt
1

0
t()+T u
/ /(etTQ)j’jpjdudt,
o 1o
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where the second inequality resulted from the Markov property. Now because for
all 1, 1 —u € [0,T], (e = 2) j,j converges almost everywhere to p; and thus the
lemma is proven by dominated convergence. [J

With the notation of the preceding lemma, let

Ms c ’P'(XS’JS), Ve = Zui,s.
i

mv
The proof of the next lemma is similar to the proof of [7], Corollary 3.2.

LEMMA A.5. Let v a limit point of (v¢) when ¢ — 0. Then v is an invariant
measure of FP.

PROOF. For notational convenience, we assume that v® converges to v.
Let g : M — R be a continuous map, then for all # > 0 and all € > 0,

‘/g(\llt)dv—/gdv
< ’/g(\lf;)dv—/gdvg

< } [swrav— [ gwya

—I—‘fgdve—/gdv

where we have use invariance of v and v¥. The first and the last term of the right-
hand side converge to 0 by definition of v, and the second one also converges to 0
by Lemma A.4. [

—l—‘/gdvg—/gdv

+ ‘_/-g(‘lft)dv"3 —/E(g(@f)) dve

’

Now let  be a limit point of (). For notational convenience, we assume that
u® converges to . We prove that © = v ® p, which implies Lemma 2.14. For
every continuous f: M x E — R, every t > 0 and ¢ > 0, one has

o f —unf
- /MXEE(x’i)(f]f (X)) x5 = ;p/’ /M fi (W (x)) dv(x)
- /MxEE(x’i)(f]’g (X)) i) = /MXEE(X”.)(JCJ[S(\IJI)) dp’(x, 1)

[ B (o (B i e —;Pj [ riw@)dut

MXxE



RANDOM SWITCHING OF VECTOR FIELDS WITH COMMON ZERO 373
+ZP1/ Ji (W () dpf (x, i) — Zp,f £ (W, (x)) dv(x)

=A+B+C.

We have

sup  Eqplfre(X7) = fre(W)l <max  sup  Eq i) (f;(X7) — fi (%),

(x,i))eMXE ] (x,i)eEMXE

where the right-hand side converges to 0 when ¢ goes to 0 thanks to Lemma A.4,
so A converges to 0. Next,

1B| < Z/M B0 = ) = o115 (v o) i G,
j X

because E(y i) (f7: (V1)) = X; P;(Jf = j) fi(¥:(x)). Thus B converges to 0 be-
cause |IP;(J{ = j) — pj| converges to O uniformly in i and j. Finally, by definition
of v¢

C= fM ;pjfj (W () dp* (x, i) — /M ; P fi(¥i(x))dv(x),

proving that C converges to 0 by definition of v, and thus the lemma.
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