ARTICLE TEMPLATE

Total-Current Population-dependent Branching Processes: Analysis
via Stochastic Approximation

Khushboo Agarwal® and Veeraruna Kavitha?

4Industrial Engineering and Operations Reserach, IIT Bombay, 400076, Mumbai, India

ARTICLE HISTORY
Compiled September 21, 2023

ABSTRACT

We consider continuous-time two-type population size-dependent Markov Branch-
ing Processes. The offspring distribution can depend on the current (alive) and total
(dead and alive) populations. Under finite second-moment conditions, using stochas-
tic approximation technique, we show that the time-asymptotic proportion of the
populations either converges to the equilibrium points or infinitely often enters every
neighbourhood and exits some neighbourhood of a saddle point of an appropriate
ordinary differential equation with a certain probability. We also prove a finite time
approximation result for the stochastic trajectory. Further, we analyse branching
process with attack and acquisition which captures the competition in online viral
markets.
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1. Introduction

One considers the study of growth patterns and limit proportions to analyse vector-valued
Markov chains that are predominantly transient, like two-type branching processes (BPs)
under the super-critical regime (for example, [I [2]). The limit proportions are important
objects and various authors, like in [3H6], have analysed them in the context of BPs. The
literature mainly considers offspring that depends only on the current (alive) population; such
models are essential in several biological applications (for example, [7, [§]). However, none of
the said papers study the dependency on total population, i.e., the dead plus alive population.
Recently, authors in [9, [I0] introduced total-population dependent BPs; in particular, in [9], we
study the content propagation over online social networks (OSNs) where the expected number
of new shares decline with the total shares so far; in [I0], the authors analyse the negative
impacts of growing population over non-renewable resource consumption. However, the two
said papers analyse the BPs which shift from the super-to-sub critical regime based on total-
population sizes, while we are interested in throughout-super-critical BPs (introduced in the
immediate next). To the best of our knowledge, no other work considers such total-population
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dependency; in the second part of this work [IT], we further consider multiple death types,
and apply the results to design warning mechanisms for fake-post detection over OSNs.

In this paper, we precisely investigate the time-asymptotic proportion of population types
for a general class of continuous-time two-type population size-dependent Markov BPs. The
offspring depends on the current as well as the total populations, and can also be negative to
model attack (removal of offspring of another type). We analyse such BPs, when the expected
number of offspring produced by any individual is strictly greater than one, for all population
sizes, henceforth referred to as throughout-super-critical BPs. We will refer to the proportion
of the current population size (of one of the types) as the proportion and the time-asymptotic
proportion as the limit proportion.

Limit proportions are crucial objects for many applications. For example, as already men-
tioned, the second part [I1] and [I2] design warning mechanisms robust against fake posts
propagation, where the control depends on the proportion of posts marked as fake. In [13],
we study the relative visibility of advertisement posts defined in terms of the limit proportion
of unread copies of posts shared by competing content providers. The limit proportions in
prey-predator BP of [14] denote the proportions in which preys and predators co-survive (if
at all).

To analyse proportions, it is sufficient to study the embedded chain of the underlying BP.
This study is derived using stochastic approximation (SA) techniques (e.g., [15]); we have
previously used such an amalgam of SA-based methods in BPs in [9, 12, 13]. In this paper,
we identify a new motion of limiting behavior which we named as hovering around a saddle
point, where the stochastic trajectory moves closer to the point and exits a neighbourhood of it
infinitely often. We proved that hovering around saddle points and convergence to attractors
and saddle points of an autonomous, non-smooth ordinary differential equation (ODE) almost
surely describes the limiting behaviour of proportion. We further prove that the limit set of
a single-dimensional ODE suffices to describe the attractor and saddle sets. We also prove
that the ODE solution approximates certain normalized trajectories of the current and total
population sizes over any finite time window.

Towards the end, we also introduce and analyse a new variant of two-type BP, named BP
with attack, where each population can produce offspring of their type, attack other popula-
tion’s offspring and acquire the attacked individuals; the double-sided attack and acquisition
feature makes BP with attack very different from the prey-predator BP of [I4]. We model the
viral competing markets using BP with attack and draw useful insights about the markets.
Lastly, we numerically illustrate that the derived approximate trajectories are indeed good
approximations to the stochastic BP trajectory.

Related work

There is a vast literature related to BPs, however here we discuss few relevant strands.

Irreducible population-dependent BP with discrete and continuous-time framework are
considered in [Bl [I6] respectively; they do not consider total population-dependent offspring;
further, the population-dependent mean matrix converges to a constant mean matrix, but
we support proportion-dependent mean matrix even at the limit. In [I7], authors consider
continuous-time, but population-independent, irreducible BPs.

In [T4], the prey-predator BP is analysed in discrete-time setting and co-survival conditions
are identified, but the limit proportion is not derived; they also do not consider population-
dependency. There are some more papers on prey-predator BP (like [18] [I9]) but none of
them also consider population-dependency and do not derive limit proportion. In Section [f] we
consider a continuous-time population-dependent BP with double-sided attack and acquisition.
One can also analyse the continuous-time population-dependent variant of prey-predator BP
using our results, as illustrated in arXiv version [20] of this paper.

The Pélya urn literature is closely related to BP literature, as it is shown in [21I] that the
Pélya urn models can be embedded into a continuous-time population-independent BP. Thus,
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the asymptotic analysis of the continuous-time BPs can be derived using the corresponding
analysis of the Pdlya urn models. In fact, SA based approach has been used in the Pélya urn
literature to investigate limit proportions of the balls of a specific colour (see, for example,
[21H24]). However, the urn-based literature majorly deals with non-extinction scenarios and
considers dependency on the current number of balls (not total) in the urn. While, in BPs,
extinction occurs with non-zero probability, even in the super-critical regime. In [23], which is
an exception, the possibility of extinction is considered, but they do not consider population-
dependency. Further, to the best of our knowledge, no finite time approximation trajectories
exist for Pélya urn-based models.

In [22], the authors analyse the urn model with the removal of balls of other colours (not
the chosen one). This is similar to the negative offspring in BP with attack, where deletion of
offspring (attack) from a population type and addition of the same to the other type (acqui-
sition) occurs, in addition to the production of offspring of own type. However, [22] assume a
unique attractor for ODE and a constant number of additions (offspring) to the urn. We again
have a significant generalization with a random number of offspring and where the random
trajectory of the BP with attack can converge to or hover around one of the attractors/saddle
points of ODE.

In all, our paper significantly generalizes the models not only in the BP literature but
also in the Pdlya urn literature by including (total and current) population dependency and
negative offspring. In the arXiv version [20] of this paper, we further consider a variety of
existing and new BPs to illustrate the generality of our result.

In [13], we introduce BP with attack and provide limit proportion for the case with
population-independent and symmetric offspring. We significantly generalize this by consider-
ing total population-dependency and symmetric/asymmetric offspring. We analyse a particular
case of proportion-dependent BP (offspring depend on the proportion of the populations) along
with other co-authors in [I2]. Our results cover the model in [12] and in fact one can study
more generalized models, which is considered in the second part ([I1]).

Organization: The problem is described in Section [2| In section |3}, we discuss the SA
based details. The main result and its proof is provided in Section [d] The ODE analysis is
derived in Section [§] while BP with attack and its application are in Section [0} Section [7]
discusses numerical examples for finite time approximation.

Notations: For convenience, we refer the random variable and the corresponding sequence
by the same symbol when the context is clear, for example, Y,,. We abbreviate infinitely often
as i.0. and almost surely as a.s. We also use acronyms like BP, SA and ODE defined in the
introduction. For any function f and time 7, let f(77) := limy, f(¢) and f(77) := limyy- f(¢).

2. Problem description

We are considering multi-type BPs, see for example, [I]. In particular, we consider two types
of populations, denoted by x and y. Let ¢f, ¢f be their respective initial sizes. Let C*(t) and
CY(t) be the current population sizes, i.e., the number of alive individuals of z and y-type
populations respectively at time ¢. Define A*(t), AY(t) as the total population sizes, i.e., the
sum of the number of alive and dead individuals of respective population types at time t. Define
O(t) := (C*(t),CY(t), A®(¢t), A¥(t)) as the tuple of population sizes and set (A*(0), AY(0)) =
(ch cb).

The lifetime of any individual of any type is exponentially distributed with parameter
0 < A < oo, ie., we consider Markovian BPs. The time instance at which an individual
completes its lifetime is referred to as its “death” time. Consider any n > 1. Let 7, be the
death time of the n-th individual (of any type) dying among the alive population; let 79 := 0.
Let CZ := limy4,, C*(t) be the current-population size of z-type population, just before the
death-time 7,,. Similarly, define ®,, := (C%,CY, AZ AY) and let S¢ := C% + C¥Y be the sum
current population just before 7,,.

The state space of the underlying process is U := {¢ = (c*,c¥,a%,a¥) € (Z*)* : * <
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a®,c¥ < a¥}. Once the population gets extinct, no births are possible as in classical multi-type
BPs, therefore, any state ¢ with s¢ := ¢* + ¢¥ = 0 is an absorbing state. Let v, := inf{n :
S¢ = 0} represent the epoch at which the extinction occurs, with the usual convention that
ve = 00, when S¢ > 0 for all n. The embedded process after extinction is extended by defining
o, =P, and 7, =T, for all n > v,, when v, < co. Observe here that no two individuals
can die at the same time, as for each n, P(7,,41 —7, > 0) = 1, since (7,41 — 75, ) is exponentially
distributed.

We assume that offspring are produced only at the death time by an individual as in [T}, [5];
basically, no offspring will be produced in between two consecutive death times. Let T';;(¢)
denote the (random) number of j-type offspring produced by an i-type individual at its death
time when the population state is given by ¢, for 4,j € {x,y}. If an i-type parent dies at 7,
the system for any t € [7,,, T,+1) (in case n = v, then for all ¢ > 7,,), can be described as:

C'(t) = CL + Ty (®,) — 1, A'(t) = Al +T;(®,),
CI(t) = CI +T4(®,), and A7 (t) = AJ, +T;(®,), for any i,j € {x,y} with j # 4.

Basically, the sizes of i and j-type populations change by I';;(®,) and I';; () respectivelyﬂ
and the current size (not the total size) of i-type reduces by 1 due to death. Thus, the underlying
process is a continuous-time Markov jump process.

Also, observeﬂ that the probability of an x-type parent dying at time 7, is Ca/(ci+c?) =:
B¢, when conditioned on o{®,, }, the sigma-algebra generated by ®,,; here, BE is the proportion
of x-type population among the current population. Further, the conditional probability that a
y-type parent dies at time 7, is 1 — B¢,.

In , the offspring distribution depends on ®,, therefore, we have a total-current
population-size dependent BP. In literature, several current-population dependent BPs are
analysed, for example, see [7, [§]. However, to the best of our knowledge, only [9, [10] study
total-population dependent BPs; as mentioned before, the second part of this work [I1] also
considers total-current population-size dependency along with multiple types of deaths. For
each ¢, let T;;(¢) > 0 a.s. for each i € {x,y}, i.e., each individual produces non-negative
offspring of its type. Since I';;(¢) € Z for ¢ # j, therefore, any individual can produce either
positive or negative (valued) offspring of the other population, depending upon the population-
sizes. Negative offspring are used to model attack.

Many applications can be modelled using the dynamics as in . We now discuss briefly
one application, namely the viral markets on online social networks (OSNs), which requires
several features of the above total-current population-dependent BP.

Ezxample - Viral markets

In online social networks, content providers (CPs) share a variety of content. Each content is
shared in the form of a post with an initial set of users, called seed users. The seed users receive
the post on their timeline, an inverse stack of posts specific to each user. When a seed user
reads the post, it may forward the post to its friends/followers depending upon how much it
likes the post. This sharing procedure is followed by the recipients and the process continues.
The content either gets extinct in the initial phase or gets viral (the copies of the post grow
significantly with time).

Now, there is an important feature about content propagation over OSNs — after reading
the post, the users most likely lose interest in it forever. Thus, reading the post is analogous to
death, while the number of shares by a user is analogous to offspring, when posts from different
CPs are modelled as different population-types. Further, unread and total (read + unread)
copies are analogous to the current and total population respectively. Since the network is

2For each 14, j, the distribution of T';j(®n) depends on the population size ®;,, and not on the value of the
epoch, 7.

3At any time, the residual lifetime of = and y-tpe individuals are exponentially distributed with parameters
ACZ and AC}, respectively, by memoryless property. Thus, the first individual to die is z-type w.p. Cr/(CZ+C¥).
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closed and some users may share with previous recipients who would not be interested in the
post again, therefore, the effective shares (which actually represent the offspring) depend on
total copies.

y-Post is
better!!

. Post by y-CP

—

Post by x-CP
Yy shares el
y-post better !!
[ ]
x-Post is
interesting!!

. Post by x-CP

-

shares \
X-post

Figure 1. Viral competing markets

On OSNs, contents often compete with each other (e.g., advertisements of similar products).
When a new competing post (say y-type) is shared on the user’s timeline of an OSN, the user
might find y-post more attractive than an older residing z-post on its timeline (see Figure .
As a result, such a user would not share x-post. This aspect leads to viral competing markets,
where we say y-post has attacked and acquired the opportunities of z-post. Such attacks can
be modelled as negative offspring.

The contents can also compliment each other. Then, the opportunities of the older y-
post may increase - upon seeing the new x-post, the user might get interested in y-post
and thus, share both. Such shares can be modelled as positive offspring for both content
(population) types. In fact, some advertisement posts may seem complimentary to some users,
while competitive to others. Then, the shares/offspring can either be positive or negative.

One can analyse such viral markets using the BP described in ; more modelling details
and analysis of such markets is provided in sections [6] and [} For now, we proceed towards
providing the analysis of the BP (1), and firstly, begin with some preliminary analysis.

2.1. Preliminary analysis

In classical BPs with population-independent offspring ([I]), it is shown that almost surely, the
population either grows exponentially at a certain rate time-asymptotically, or gets extinct.
When the BP is super-critical, the probability that the population grows exponentially is non-
zero. For example, for a single z-type BP, [I, Theorem 1, Section 7, Chapter III] shows that
limy_, oo C%(t)e METz]=1! exists a.s. and is strictly positive with positive probability when
the mean E[[';,] > 1, which hence is the condition for super-criticality. One says that such
systems exhibit dichotomy — here, the process either gets extinct or explodes. We show that
the total-current population dependent BP exhibits similar dichotomy, when a uniform lower
bound I on the population-dependent offspring is “super-critical”, i.e., when E[[] > 1:

A.1 There exist two integrable random variables I and I which bound the random offspring
as: 0 < T <Ty,(¢) + Tiy(¢) <T as., for each ¢. Also, E[TZ] < oo and E[I] > 1.

Proposition 2.1. [Dichotomy] Let assumption (A.1)) hold and define m =: E[L]. Then:
P ({iminf sge=22=07 > 0 U { 1im S5 =0}) = 1.

n— oo

Proof. See Appendix (A). O
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In the above result, we could not comment upon the exact rate of explosion, nonetheless,
it is clear that the sum current population exhibits dichotomy at limit — either gets extinct
or explodes; in the latter case, the explosion is lower bounded by an exponentially growing
trajectory with rate A(m — 1).

Define m;;(¢) = E[[;;(¢)] for i,j € {z,y} as the mean functions and let M(¢) =
[mij(#)]i jefz,y} be the corresponding mean matrix. Then, the assumption implies that:

Mia(9) +miy(9) > E[L] > 1 for each ¢ and i € {a, y}. (2)

One can view the above condition as an equivalent to the super-criticality for our general
framework which encompasses irreducible BPs, negative offspring, proportion-dependency and
more. For this reason, with slight abuse of notation, we shall call the total-current population-
dependent BP to be in throughout super-critical regime if it satisfies .

We now proceeds towards the main aim of the paper, the time-asymptotic analysis of the
limit proportion (lim,—,« BY) of the BPs described via . We begin by stating and discussing
an important assumption for the limits of the mean functions m;;(¢):

A.2 There is a function mg; : [0,1] — R (referred to as limit mean function) such that

mij () — mEZ (8] < —— as 5° = ¢ + ¥ — ox. 3

(s€)e

for each 4,j € {z,y} and for some « > 1, where 3¢ :=

&

cT+cY

The limit mean functions are generally assumed to be constant (see [Bl [7], [16]). Here we relaxed
this restriction. Moreover, the limit mean functions need not be continuous. Later, in Section
[6] we show that this assumption holds true in our viral market example.

3. ODE-based stochastic approximation for BPs

When one considers a process which explodes with time, like a typical BP, it is a common
practice to scale the process appropriately such that the scaled process converges to a finite
limit; this enables the asymptotic study of the rate of explosion, proportions of various compo-
nents of the process, etc. In Proposition it is shown that the sum current population can
explode; thus, analysis of BP also requires appropriate scaling. We propose one such scaling
in given below, further, the scaling is chosen such that the scaled process can be modelled
and analysed using the stochastic approximation (SA) technique (e.g., [15]). Furthermore, as
we are primarily interested in studying the limit proportion, lim;_, . B¢(t), it is sufficient to
analyse the embedded process, i.e., the discrete-time chain defined at death-times 7,,.

Scaled process:

Analogous to S¢, define the sum total population, S% := A¥ + AY. Further, define the following
ratios, for n > 1, towards constructing the scaled process:

SC xX Sll A(E
Y, = (U, 00,V 0%), where U := = 0F := %,\I/% = —"and © := "= (4
n n n n

with Yo := (¢ +cf, c&, ¢ + cf, ¢&). Observe that the proportion B¢ also equals ©¢ /W¢.
Tterative form:

We now claim that the scaled process in can be written in a form that can be analysed
using SA-tools, and proceed towards the same. To this end, we begin with some definitions.
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For n > 1, let I'y; ,, be the j-type offspring produced by i-type parent at n-th epoch and
let T := Tz + Liyr for i € {x,y}. Define

o 1 if z-type individual dies at n-th epoch,
"o otherwise,

and H, := 1 — H,. Further, define the function L,, := (L¥>¢, LI¢ LY@ L9:2)t as follows:

L%’C = {Hn <Fw,n(q)n—1) — 1) +Fn (Fy,n(én—l) — 1> } 1\ijL71>0 — \I/Z_l,
LZ’C = {Hn (Fww,n(q)n—l) — 1) + HnFya:,n(q)n—l)} 1‘1’2,1>0 - ’fL—l’

B )
L%va — {Hnrm,n(énl) + HnI‘y’n(@nl)}lq,i_po — \112717 and

Lfl’a = {anmyn(@nl) + Hn]-—‘yx,n(q)nl)}]-‘l/;1>0 - 9271'
Using the above definitions, the ratios in Y,, can be expressed as the following iterative form:
1
n

The above equation resembles the typical SA-based iterative schemes, where the step-size
equals 1/n (for example, as in [I5]). Taking inspiration from SA-based literature [I5], we next
suggest an ODE that can approximate the above scheme, which in turn will be instrumental
in analysing the limits of the BP.

ODE:

Define t,, := Y";_; 7 and let n(t) := max {n : t, < t}. Let T := (¢, 6,9, 6%) be a realisation
of Y. Then, the population sizes can be re-written in terms of ratios as:

¢ = o(X,1) := (0°n(t), (°—0)n(t), °n(t), (* —06%)n(t)). (7)

From and , the conditional expectation of L,, with respect to the sigma algebra, F,, :=
o{®; : 1 < k < n}, equals:

o(Yn,tn) := E[Ly|F,] for @ = (py;, pg, pyy, p§) Where
ﬁp (mmw + mm’lj(¢)) + (1 - BC) (myy(¢) + myw(¢)) - 1} 1{1/)C>0} - 1PC7

{

0= {5 (a0 = 1) + (1= 89m0) 1y 0 )
0= {5 (12s(0) + 1y(9)) 4 (1= 5°) (0 0) 4 100260 ) 10y = 0, and
AT = { 8 mas(6) 4 (1= 5)mya(0) Loy — 0.

In ODE-based SA literature, it is anticipated that the ODE constructed using conditional
expectation provides the limiting behaviour of the SA-scheme. That is, the limits of @
are given by the limits of the non-autonomous (time-dependent) ODE T = o(T, t). However, as
suggested in [I5], one can directly derive an approximation result using a simpler autonomous
ODE constructed using the time-limit of the mean functions, and hence that of . Thus, in
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view of the assumption (A.2), define h := (hfb’ hg, by, h§), where:
15(5%) = (%) + 5 5)) (1 = ) (mi ) + (59 ) 1.
ra(57) = 5 (mES() ~ 1) + (1= BImis (). )
(0% = 5 (S ) 4 m2y 59 )+ (1= ) (s (5) + () ). amd
hg(B°) = B°mg5(8°) + (1 — B)myg(6°),
and then, under assumptions (A.1)-(A.2]), the autonomous, but non-smooth ODE that can
approximate Y, in @ is as follows:
T =g(T) = h(8)lyes0y — T, (10)
with the initial condition:
T(0) € Dy :={Y € (RT)*:0° < ¢° < * and 6* < ¢*}. (11)

Notice that the above subset of the domain is relevant (see ) for systems modelling the
BPs. Since right hand side of the above ODE is non-smooth, one may not have the classical
solution. Nonetheless, we shall derive the results once the ODE has solution in generalised (or
extended) senseﬂ Thus, we next assume the existence of the unique generalised (or extended)
solution:

A.3 There exists a unique solution Y(-) for ODE in the generalised sense over any
bounded interval.

The first important result of this paper, Theorem (ii), focuses on the time-asymptotic
limits of the ratios 7 derived via the limits of the ODE (10). Thus, next, we recall the
definitions of asymptotically stable and saddle points for autonomous ODE (see [25]), that
facilitates the desired a.s. convergence of ratios (Y,,) before stating the required assumptions
- some of the definitions are stated differently to suit our purpose and can also be applied for
the cases with generalised solutions of ODE.

Definition 1. A set E := {T : g(Y) = 0} is called as the set of equilibrium points for the

ODE ([10).
Define open ball, N.(A) := {z : d(z, A) < €} for some finite set A.

Definition 2. A subset A of E is said to be a (locally) stable set for ODE if for any
€ > 0, there exists a § > 0 such that every solution of the ODE Y (t) € N.(A) for every ¢ > 0,
if initial condition Y(0) € Ns(A).

Definition 3. A subset A of the locally stable set is called an attractor or
asymptotically stable set and D4 C Dy is the domain of attraction for ODE if every
solution Y(t) — A as t — oo when Y(0) € D 4.

Let A® be the complement of A.

Definition 4. A set S ¢ A’ N E is said to be saddle set if there exists Dgs such that

t—o0

d(Y(t), A) =X 0 for some T(0) € SENDg and d(1(t),S) =3 0 for some other T(0) € SCND.

Finally, consider the following subset of Dy, which represents the combined domain of
attraction towards AU S:

D= (DAUDs)ND; ={T €Dy : T(t) » AUS ast — oo, if T(0) =T}  (12)

4A function Y(-) is said to be a generalised (or extended) solution of ODE if it is absolutely continuous
and satisfies the equation for almost all ¢ > 0.
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Therefore, if the ODE starts in D, it converges asymptotically to AU S.
All of the above provides the required framework for the main results, and we finally
proceed towards the same in the next section.

4. Main results

The first result focuses on the finite-time and time-asymptotic behaviours of the BP trajectory.
As said before, we shall make use of the ODE based SA-technique for facilitating the analysis.
Classically, the SA results imply the convergence possibility to only the attractors of the
ODE, however, in our case, we shall also see convergence to the saddle set (S), under an extra
assumption given below:

A.4 Let ANDy and S NDy be the attractor and saddle set as in Definition |3| and Definition
respectively. Consider D as in and let D, := DN {¢p* < b}, for some b > 0, be
a compact subset of combined domain of attraction. Assume p, := P(V) > 0, where
Vi={w:Y,(w) € Dy io.}.

Further, we shall see in the coming that the BP trajectory also exhibits a new limiting be-
haviour, which we describe next for any stochastic process.

Definition 5. The stochastic process Y,, hovers around a set S if X,, € N;(S) i.o., for all
4 >0and Y, ¢ Ns,(S) i.o., for some §; > 0.

Thus, when a stochastic process hovers around the set S, it means that its trajectory goes
arbitrarily close to the set S i.0., but still comes out of a neighbourhood of it i.o. Finally, the
result is stated below, and its proof is provided in sub-section[£.2]immediately after highlighting
the key points about the stated result.

Theorem 4.1. Under (A.1)-(A.3)), we have:

(i) For every T > 0, a.s. there exists a sub-sequence (n;) such that:

sup d(Xi, Y(tg —tn,)) = 0 as 1 — oo, where
kity €[tn, tn, +T]

Y(-) is the extended solution of ODE which starts at T(0) = limy, 00 Yo, -
(ii) Further, assume (A.4). Then, P(C; UCsy) > py, where
Cr:={Y, = (AUS)ND; as n = o}, and Cy := {X,, hovers around S}. O

Thus, when BP (Y,,) visits some compact subset of D i.o., then Y, either converges to
the attractor set (LA) or saddle set (S) or hovers around S, with probability at least p, > 0.
We will show that — are satisfied for BP with attack in Section @, with pp, =1, i.e,
the above results are true a.s.; proving that p, = 1 requires an important result which is the
second main result of the paper and is discussed below.

Second main result

The second main result, Theorem 5.1}, is stated in the next section as it requires explanation
of more machinery. This theorem considers the generic form of ODE that can approximate
stochastic processes, like BPs, and provide simpler one-dimensional conditions to verify
and by identifying the attractors and saddle sets of ODE . It will also be proved that
the saddle points are indeed g-attractors (these are special saddle points where convergence,
when possible, is exponentially fast, see Definition m for details), by exploiting the structure
of ODE (|10).
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4.1. Significance of Theorem

BP trajectories - Theorem [4.1{i) provides a novel approach for studying the asymptotic
trajectory of the BPs using ODE solution. Consider the solution of ODE initialised with
limy,, 00 Xp,. Then, for large enough n; and for all k with ¢ € [t,,, tn, + T, Y is sufficiently
close to ODE solution Y(t; — t,,); and, the approximation improves as n; further increases.
This result only requires (A.1) —, and hence is true a.s. for all T < oo and is independent
of pp In .

However, the result only approximates the path of embedded chain with corresponding
points of ODE solution, while the time information of the original Markov jump process is not
captured.

We suggest and numerically illustrate a better finite-time approximation using a non-
autonomous ODE in Section [7] inspired by [9]; the results in [9] capture a saturated total
population-dependent BP - the one which does not satisfy and switches from super-
critical to sub-critical regime.

Limit proportion - Theorem ii) provides an alternate approach to derive limit behaviour
via the attractors or saddle points of ODE (|10).

In extinction paths, where both populations get extinct, ¥,, — 0 as n — oo, say with
probability p. > 0. Thus, extinction paths are in the set V of . While in the survival
paths, the BP either converges or hovers around (AU (S — {0})) N Dy, with probability at
least p, — pe. As an example of convergence to a saddle point, the vector 0 is a saddle point
of ODE (10) (proved in Theorem and is well-known to be a limit in extinction paths.

It is now clear that the ratios Y, facilitate the analysis of the underlying BP, however,
there are few important points one needs to note regarding the individual population, say
about the z-type population: (i) if ratio ©F - 0, then the a-type population does not get
extinct, and the growth rate of C¥ is at least O(n); (ii) if ©¢ — 0, then it necessarily does not
mean that C* — 0; instead, it just implies that C* = o(n). However, by dichotomy proved in
Proposition the ratio ¥¢ — 0 if and only if the sum current population, S — 0. Thus if
the process is irreducible, then ©F — 0 if and only if C¥ — 0.

Population independent to population dependent BPs - One can analyse any general
BP with limit mean matrix (say) M using a population-independent BP with mean matrix
as M*°. The knowledge about limits of the latter BP (if any) can be useful in deriving ODE
limits and, thus, the limits of the former BP. One still needs to show that the former BP visits
the domain of attraction i.o., given that the latter visits the same i.o.

Limitation - By Theorem one can not comment on the individual probability of Y,
converging to a particular limit in (AU S)ND; or the likelihood of hovering around. Further,
B¢ — {0,1} does not always imply the extinction of x or y-type population; however, this is
true for the BP with attack considered in Section @ as proved at the end of Appendix .

4.2. Proof of Theorem

Before we provide the proof, we make an important observation which motivates the derivation
of SA-based scheme @ and also to prove a boundedness assumption for ratios Y,, required
for most SA-based studies.

Key idea: Consider a BP with population-independent and positive offspring, i.e., in

(A1), assume T';;(¢) + Iiy(¢p) =T for all ¢ and all i € {z,y}. Let II, represent the sample
mean formed by the sequence of offspring plus the initial population size, i.e.,

_ 1 [
II, = — r al. 1

By strong law of large numbers, II,, — m := E[['1] a.s. The ratio corresponding to the sum
of the total population components of BP given in , Ve = (Az+A%)/n, for this special case

Page 10 of



exactly matches with II,, till the extinction epoch v, (i.e., for all n < v,), and beyond that
(i.e., for all n > v,) the population does not change anymore. Thus:

U =T, 1<, + yeﬁye/nlnz%;

hence W2 converges either to 0 (in extinction paths, i.e., v, < 00) or to m (in survival paths);
and ¥¢ respectively converges to 0 or m — 1 a.s. This observation actually completes the proof
for this special case with A4 = {(0,0), (e — 1,7m)}, further when single population (say x-type)
is considered. It is well known that the sample mean can be written as a SA-based scheme
and the iterative scheme for ¥¢ in @ shows that this is true even for the general case. Further,
clearly, becomes an upper bound for all components of Y,,, which helps in bounding X,
uniformly in n and a.s. (see given below), again under (A.T).

Analogous to II,, as in , one can construct a lower bounding sequence using I of ;
this provides a uniform positive lower bound for W¢, which will help the proof. We now return
to the main proof with general offspring as in .

Proof: The proof of part (i) has two major steps: (a) to construct a sequence of piece-wise
constant interpolated trajectories for almost all sample-paths; (b) to prove that the designed
trajectories are equicontinuous in extended sensdﬂ These steps are majorly as in [15], Theorems
2.1-2.2], but for the changes required for measurable g(-). We complete part (i) first.

For part (ii), under , the proof is again inspired from [I5] and [26, Theorem 2.3.1,
pp. 39], even when the solution of ODE is in generalized sense, not the classical one.
However, it requires major changes to incorporate saddle points and hovering around aspect,
and is considered next.

Part (i): For many steps of the proof, we will work only with #¢-component of the vector
T, when the proof for the remaining components goes through in exactly similar manner.
Let X7(-) := (I™°(-), ©@™°(-), U™*(-),©™%(-)) be the constant piece-wise interpolated tra-

jectory defined as below (see @, and recall t, = > 1" | 1 for ¢ := H%)
77(tn+t)71
() =05+ Y &L, forallt >0, (15)

Pme(t), U™*(t) and ©™*(t) are defined analogously.

Towards proving equicontinuity, we first consider upper-boundedness of Y™(0) = Y,,, as
the iterates are trivially lower bounded by 0. The claim is immediately true by strong law
of large numbers a.s., to be more precise on the set {II, — 7}, because of the following

observation (see ([L3))-(6]):
Ve < P2 and ©F < O < ¥ =11, <II, for all n, (16)
and then for any sample path w € {II,, — M} and € > 0, there exists a n.(w) < oo,

sup max{@ﬂ,,c(0)7 \I/n,c(o)7 @n,a(o), \I,n,a(o)}

(17)
< max { max max{0"™°(0), T™(0),©™*(0), T™*(0)}, m + 6} .

n<ne(w)}

5

Definition 6. Equicontinuous in extended sense ([15, Equation (2.2), pp. 102])): Suppose that for
each n, fn(:) is an R"-valued measurable function on (—oo, c0) and (fr(0)) is bounded. Also suppose that for
each T and € > 0, there is a 6 > 0 such that

limsup  sup | falt) = fu(s) < e (14)
n 0<t—s<6,[t|<T

Then the sequence (fr(+)) is said to be equicontinuous in the extended sense.
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Towards the second part of equicontinuity (see in footnote , the interpolated trajectory
for ©™¢(-) in can be re-written in “almost integral form”, for any ¢ > 0 (see (8)):

t
O™(t) := 6 + / p5(X"(s),s)ds + £"°(t), with the difference term,
0

7(tn+t)—1 ¢ (18)
ENE(t) = Z eiLf’C — /0 ps(X"(s), s)ds.
We further re-write the interpolated trajectory using the autonomous ODE :
t
O™4(t) =65, + / g6(X"(s))ds + E1"°(t) + E3°°(t), where
0
(19)

&<t = [ o0 (9)5)ds— [ g50 (s

In Appendix (B), we show that £"°(t) + £;"°(t) converges uniformly to 0, as n — oo, over
any finite time window and further show:

Lemma 4.2. The sequence (X™(-)) is equicontinuous in extended sense a.s. O

Now, consider the set N of all sample paths for which (Y"()) is not equicontinuous -
by Lemma P(N) = 0 (see proof of above Lemma for precise definition of N). Then, by
extended version of Arzela-Ascoli Theorem [15] section 4, Theorem 2.2, pp. 127], there exists
a sub-sequence (Y™ (w,-)) which converges to some continuous limit, call Y(w,-), uniformly
on each bounded interval for w ¢ N such that:

t
T(t)= lim Y, (w) +/ g(Y(s))ds. (20)
T, — 00 0
Thus, for every € > 0 and T' > 0, there exists n(w, e, T') such that:
supd( Xy, Y(t; — tn,,)) < €/2 for all n,y, > n(w,e,T), (21)
leL

where L :={l:t,, <t <T+t,, };observe for any l € L, X" (t) = X; if t =t; —t,,,. Now,
we are left to show that Y(-) in (20)), the solution of the fixed point equation (of the integral
operator), is the extended solution of ODE ((10) starting at T(0) = limy, 00 Xp,, i-€.,

T
=g(T(t)) = d dz(ft) for almost all ¢.

o TR = T(0)
h—0 h

One can easily show that the function g o Y is locally integrable, and thus, by [27, Theorem
3.21], the claim holds. This completes part (i).

Part (ii): The proof is constructed for sample paths w ¢ N, however, for simplicity, we
drop w. By 7 Y, € Dy i.0. Since D, is compact, (Y,,) has a limit point Ty € Dy; then,
there exists a sub-sequence (ny) such that Y,, — Y. Further, by (extended) equicontinuity
of (X™(-)), there exists further sub-sequence (denote it again by (ny), for simpler notations)
(Y™ (-)) which converges to the extended solution Y(:) of the ODE uniformly on each
bounded interval. Also observe, XY"*(0) = Y,, — Yo, and recall T(0) = Yq is the initial
condition for ODE . Under characterization of attractor or g-attractor in , the ODE
solution Y (¢) converges to some T* € (AUS)NDy as t — 0.

We will now show that for any 6; > 0, Y, visits Ns, (¥*) i.o. We will also discuss other
convergence aspects to complete the proof. Towards this, fix §; > 0.

Step A: To begin with, assume T* € AND;. Then, by (A.4) (local stability) it is possible
to choose 0 < d2 < &7 such that any ODE solution, Y(-), satisfies the following:

Y(t) € N5, (Y*) for all t > 0, when initial condition Y(0) € cl(Ns,(Y*)). (22)
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Further, by convergence of solution, Y(t) — Y*, thus there exists T5, < co such that:
d(Y(t),T*) < d2/2 for all t > Ts,. (23)
Now, following similar steps as in part (i) (see (21)), there exists m < oo such that:

sup d(X;,Y(t;)) < 62/2 for all ny, > 7, (24)
LELy,

for Ly := {1 : Ts, +tn, <t; < 2Ts, +tp, }. Using and (24)), for all ny, > n:

sup d(Yy, T*) < sup d(X;, Y(t;)) + sup d(Y(t), T) < de. (25)
leLy leLy leLy,
Thus, Y,, visits Ns,(YT*) i.0., and hence Ny, (Y*) i.o0.
Henceforth, the proof is majorly as in proof of |26, Theorem 2.3.1, pp. 39], except for few

changes to consider convergence to g-attractors, not just attractors. Contrary to the claim,
assume that Y, exits Ny, (T*) i.o. Thus, by ([25)), Y,, moves from N, (Y*) to Dy — Ns, (T*)

i.o. Let TO() be the usual linear interpolated trajectory of Y, i.e.,

= = 4 -t t—1
Y (tn) = Yo, and T (1) = 20 4+ =Yy for ¢ € (tn, tns1).
€n €n
Then, there exists sequence (I;,7;) such that (i) --- > r; > I; > rj_1 > lj—1 > ..., (ii)

ri — oo, (iil) X (I;) € N, (T*), X' (r;) € ON;, (T*), and (iv) T (t) € cl(Ny, (T*)) = Ns, (T%),
for all t € [l;,7;]. Consider the segments (one for each j) of TO('), i.e., consider functions,

q;(t) == To(lj +t) for any ¢t > 0; observe by construction that for each j, we have q,(t) €
{T : 52 < d(T,T*) < 51} for all 0 <t§7”'j 7lj.

Case (a): Suppose there is a T' < oo such that for some sub-sequence (call it j again)
r; —1; — T. Now, consider a sub-sequence of (q,(-)) which (again) converges to some solution
of ODE, Y(-) uniformly over [0, T]{| Then, Y(0) € ONs,(T*) and Y(T) € ONs, (T*). This
contradicts . For T' = 0, there is an obvious contradiction.

Case (b): If r; — I; — oo, then, T(0) € dNs,(Y*) and Y(t) € cl(Ns, (T*)) — N5, (Y*) for
all £ > 0. Then, it is a contradiction to T* being an attractor.
In all, ¥,, — T*; since T* € AN Dy is arbitrary, we have X, — AN Dy.

Step S: Now consider T* € SNDy. If v, < oo, i.e., in extinction sample paths, Y,, — 0 and
we are done. For others, liminf,, ¥ > 0 by Lemma [2.1] Thus, with v, = co and T* € SN Dy,
by Definition [7] the initial condition Yo € S(Y*) with 3¢(Yo) = B¢(T*).

Similar to step A, by asymptotic stability ((A.4])), one can show that follows for any
ODE solution Y(-) when initial condition T(0) € N5, (T*) N S(T*). Further, clearly (23)-(25)
also hold for this case. Thus, Y, visits N5, (T*) N S(T*) i.o0.

Further, if for every §; > 0, Y,, does not exit Ns, (Y*)NS(Y*) i.o., then X¥,, - Y¥* € SND;.
Otherwise, for every d; > 0, Y, visits and exits Ng, (Y*) N S(T*) i.o. O

5. Analysis of proportion ODE
Under (A.2)), ¢-dependent mean functions converge to just G°-dependent mean functions, and

thus, one may anticipate that the analysis of 8¢(Y(t)) = 5°(¢) plays a crucial role. In fact,
we claim and prove that the time limits of 8¢, obtained from the following limit ODE for 5¢

6The equicontinuity in extended sense can easily be extended to linear interpolated trajectories.
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(derived using )7 leads to the required analysis:

pge = %9[3(56)1{1&%0}7 where
95(B°) = —=Bmg, (B°) + (1 — B)my3(8°) (26)
e m{mg‘z‘;(m s () — (maS(8°) + mS(6°) }

Further from above, gg depends only on 8¢, thus, one might expect that the asymptotic analysis
of B¢ is independent of other components of Y. We will see that this is indeed true, and in
fact, the asymptotic analysis of all components of T can be derived using just gg.

Before moving towards the analysis of the ODE (126]), we first define a special type of saddle
points which are attracted exponentially to S along a particular affine sub-space, and to A in
the remaining space. Such saddle points are facilitated by the virtue of ODE structure in .

Definition 7. Any non-zero T* € S is said to be (quasi) g-attractor if (i) for any Y(0) €

t—o00 t—o0

S(Y*) == {B(T) = B(T*)}, T(t) — T* exponentially, and (ii) T(¢) — A for other
initial conditions. Further, if Y* = 0 € S, it is called g-attractor if the above happens with
S(r*) := {y¢ = 0}.

Now, we define:

Definition 8. Any point 8* € [0,1] is (projected) p-stable if h(5*) is an attractor for ODE
; a 0* is called p-saddle if h(5*) is a saddle point, more specifically, g-attractor.

Under certain conditions, we will show that the attractors of the following one-dimensional
ODE are p-stable, while the repellersﬂ are p-saddle:

Be = gp(B°). (27)

When 3% is a repeller of (27)), we have gz(8*) = 0. r »
Thus, when ODE is initialised with B°(Y(0)) = | OS50 45
B*, the ODE solution may remain in affine sub-space T(t):zﬂr(m):ﬁ'I ) /\k‘
{B°(T) = B} and may converge to h(3*) (see figure 2). 4 [ SR N
While if 5¢(7(0)) # S*, one might expect the solution f er -
of ODE to repel away from h(S8*), by definition of I
repeller. These observations indicate that £* should be B0 < F(0) < ﬁ'i BO) > = fF -1

p—saddle and we precisely prove thc.e same in our s.econd ) = ) = Ve 20
important result below. This result is instrumental in de-

riving A and S using the limit set of ODE (27)); see Ap- Figure 2. Repeller of leads to
pendix [Bl for the proof. saddle point of

Theorem 5.1. Consider the interval [0,1] such that

g3(0) > 0 and gg(1) < 0. Let T = {z} : 1 < i < n} be the set of dis-continuities with
1<n<ooand J :={yf:1<i<m} C IC be the set of points with m < oo (J is empty
when m = 0) such that:

(a) ga(xz) =0 for eachx € TU T, i.e., TUJ is the set of equilibrium points for ,

(b) for each 1 < i < m, there exists an open/closed/half-open non-empty interval around
z; €I, say N, such that

(i) Ui<i<o N7 =1[0,1] = T and N NN} =0 fori # j,
(ii) g(B) >0 for all B € N :=N;N[0,27), gg is Lipschitz continuous on N,

7Any point 8* € [0,1] is called a repeller of ODE if gg(8*) = 0 and B°(t) » B* as t — oo when
B¢(0) € Ne(B*) for some € > 0.
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(iii) gs(B) < 0 for all B € N; := Ny N (2}, 1], gs is Lipschitz continuous on N;".

Then, ODE satisfies . Further, the set I is an attractor for and p-stable for
; also, J is the set of repellers for and p-saddle for . Furthermore, A .= {h(z}) :
xf € I} is the attractor set, S := {h(y}) : yf € J} U {0} is the saddle set in D; and entire
Dy is the combined domain of attraction for . O

The above Theorem can be extended for gg which is continuous, by standard ODE results,
and is considered in [I1]. However, we require gg to be discontinuous for BP with attack (see
assumption in Section @, and thus the hypothesis of Theorem The last part of the
Theorem asserts that the p-stable/p-saddle points are the only attractors/saddle points of
ODE , other than 0 € S.

6. Branching Process with Attack

Consider a BP with two population types, say =z and y. Each individual of any type lives for
a random time, 7 ~ exp(A), where A € (0,00). Let 7, be the death time of the n-th individ-
ual which dies first among the alive population. Say an individual of (say) z-type produces
&2 (@) offspring of its type, when the system state is given by ¢. Further, it attacks/removes
&2y (cY) individuals of y-type population; naturally, the attacked population can not exceed the
population available to be attacked at the time of death, hence:

K.1 Assume that &;,(c¥) < ¥ as. and &, (c*) < ¢* a.s., when the system state is ¢.

Note that the number of attacks do not depend on the size of the attacking population. The
attacked individuals are then deleted from the y-population, and acquired by (i.e., added
to) the z-population. No offspring are produced and no individual of opposite population is
attacked in between two consecutive death times. Thus, for example, when a z-type individual
dies at time 7,, then the current populations change as follows for any ¢ € [, 7,4+1) (in case
Tn = Ty,, then for all t > 7,):

CH(t) = Oy + Caw(Pn) + &y (CF) — 1, and C¥(t) = Cff — &2y (CF).-

The total and y-population also evolve similarly. We call such a BP as Branching Process with
Attack. The dynamics in capture this BP, when for each i, j:

Lii(¢) == &i(d) + &i(7), and Tyj(9) := —&i5(c7). (28)
Next, we assume:

K.2 For each i € {z,y}, assume that there exist integrable random variables, &, £, such that

0 <& < &i(¢) <€ as. for each ¢, E[§]> < oo and E[{] > 1. Further, let the attack
offspring &;;(¢) be integrable for each ¢ and for each i # j € {z,y}.

The above assumption immediately implies (A.1]). Define the expectations conditioned on ¢
as €;;(¢) == E[&;(¢)] for i,j € {z,y}. We further assume (see (28))):

K.3 Fori,j € {z,y}, let e > 0 with €25 > 0. Assume mg¥(3°) satisfy the following:

mgy(B°) = —egylipe<1y, mye(B%) = —eiligeso},
m;;(ﬁc) = 6;.:; + 6%1{5c<1} and m;Z(BC) = 623 + 6,(;2:.1{ﬁc>0}.

Further, assume the conditions of (A.2)) are satisfied with {(m;;, m{;)}: ; replaced by

{(eij, e55) }ig
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We are interested in the BP where attack is prominentﬁ even at the limit, thus, egy > 0

without loss of generality in [K.3| - If ey = 0, then it leads to single-sided attack at limit, but
recall anything is possible in tranblence Observe the cross-mean function in [K.2] converge to

(almost) constant limit, e.g., ey (¢)° =50 €ayl{pe<1y. The reason behind the indicator is that
there is no attack at limit when 3¢ = 1; thls is because C¥ — 0 when limsup,,_, ., (X)) =1
as proved at the end of Appendix ((A]).

For BP with attack, the ODE (10]) has the following form:

T = h(8°)1{yes0y — Y, where h(3°) := (h{,, h§, > hg), is such that
hfb = ceoo + (1 — ﬂc)e,jz — 17 hg = BC( wa: —|— €$y1{ﬁc<1} — 1) — (1 — ﬂc) 6;;1{ﬁc>0}, (29)
w =B (175 )egz, and hj = 3¢ (engre;‘;l{Bcd}) — (1= 8% egalipesoy-

We begin with the ODE analysis towards providing ODE approximation result for BP with
attack using Theorem

6.1. Analysis of ODE for BP with attack

Define the parameter vector e := {ef¥ : 4,j € {,y}}, and consider the following class of limit
mean functions (by [K.3] the vector e defines M*°):

E:={e:e,, >0tU{e:ey =0and ey, +ez <ey}, which implies (30)

:{e:ey =0}N{e:ey >00rem+emy>e ={e:ey, =0,e7, +exy >eg

Observe that the first and second sub-classes in £ consider double and single-sided attack,
respectively (at the limit); both classes consider acquisition. An important question for a BP
with attack is regarding the survival of the individual types and co-survival. Corollary of
Theorem given later provides answers to such questions. Prior to that, the next theorem
derives the asymptotic analysis of and also shows that this analysis is sufficient for analysis

of (see proof in Appendix.
Theorem 6.1. Assume [K.5 Then, (A.3) holds for [29). Further, we have:

(i) For ODE , no interior ¢ € (0,1) is an attractor, f* = 1 is always an attractor,
but B* = 0 is an attractor only if e € £.

Further, again for in [0,1]: if e € &, then, B, the unique zero of gg, is the only
repeller; while if e ¢ £, then 0 is the only repeller.

(i) The attractors and repellers of ODE determine the attractor (A) and saddle (S)
sets of ODE respectively:

{h(1),h(0)}, ifecé, o J{OB(E)}  ifeck,
A= {{hu)}, pege O {

{0,h(0)}, ife¢ &, where
for example, h(1) = (e25, — 1,e55 — 1,25, e3%) and h(0) = (efs — 1,0,¢55,0).
(iii) The combined domain of attraction of AUS, i.e., D =Dy deﬁned in (1. O

6.2. Analysis of random trajectory of BP with attack
By Theorem the following holds (proof in Appendix :

81f both €2y €ge = 0, then it will lead to two independent (non-attacking) BPs at limit; if required, one can
derive the analysis for this case, as done in Theorem @
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Corollary 6.2. Consider the BP as in , and assume |K.INK.8. Then, we have:

(i) The assumption (A.3) holds for ODE ([29), and hence Theorem [4.1)(i) is applicable.

(ii) The following is true w.p. 1 for BP with attack:

e ife € &, either X, converges to {0,h(0),h(B8*),h(1)} or hovers around {0,h(5})},
where B is as in Theorem [5.1] and

o ife ¢ &, either X, converges to {0,h(0),h(1)} or hovers around {0,h(0)}. O

Recall from Theorem ODE for has three types of saddle points: h(0) when e ¢ &,
h(B}) when e € £ and vector 0 for all cases. The sample paths in which BP hovers around 0
or h(0) or converges to/hovers around h(g}) indicate co-survival. Both populations survive in
insignificant numbers in the first case, z-population is comparatively small in the second case
and both populations survive in large numbers in the last case. Further, only x or y-population
survives when the process converges to h(1) or h(0) respectively, see the end of Appendix .

We re-iterate that our approach does not provide the probability with which BP converges

or hovers around different limit points of the ODE .

C
5

Convergestoh(1)

h(1)

N((B)))
i

/ : : : v

Nac(h(B7)) " l',\ Converges to h(0)

ke ks ly ks epoch (n)

Figure 3. Behavior of BP with attack trajectory when e € £

Now, we would like to explain the behaviour of the BP with a pictorial representation in
figure [3| Consider e € £ and survival paths. Say, the process enters e-neighbourhood of h(3)
at epochs say ki, ks,... (for some e > 0), remains in its 2e-neighbourhood for some epochs
and then exits at epochs I3, 12, ... At every exit, it can either get attracted to h(0) or h(1) or
it can re-enter the neighbourhood. The solid red line in the figure represents the sample path
when the trajectory enters and exits the e-neighbourhood i.o0., i.e., hovers around h(3}) with
01 = 2e. Some sample paths can converge to h(3F) - see blue dashed line. Similar behaviour is
exhibited when e ¢ £. Such hovering around is also observed in [28], where switching between

super-to-sub critical regimes occurs due to current-population dependency.

6.3. Analysis of Viral competing markets

In section |2, we briefly discussed the viral markets with content providers (CPs) competing
for the propagation of similar posts over OSNs. Recall that the posts from respective CPs (say
x and y) can be viewed as x and y-type populations. The unread and unread plus read copies
of each post respectively correspond to the current and total population of the respective
population-type.

Whenever a new user reads the posts, and shares the preferred post (say a-post), it creates
new unread copies of the z-post. Now, some of the copies of the post are shared to the friends
who either (i) have not received the other competing post, or (ii) have already received the
competing y-post before, or (iii) have received the z-post before. In the first case, copies of the
post are referred to as offspring, &,.., of the z-type population. While in the second case, the
copies of the post are denoted as &;,. One can view these copies as the ones where the friends
of the user will not prefer the older residing y-post, as it is deep down on their timelines.
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The friends of the third kind will not be interested in another copy of the post again, and
hence accounts for reduction in the offspring; to be more precise, e, (¢$) reduces with total
population. Thus, the viral competing markets have the attack and acquisition aspect, and
can be modelled using the BP with attack (see [I3] for modelling details).

In [13], we analysed such markets in a restricted setting, while Corollary can handle
the generality mentioned here. Both the posts are prominent when the process converges to
or hovers around h(8}). While, the convergence to h(0) or h(1) represents the dominance of
one of the posts.

From Corollary [6.2] one can get more interesting insights. For instance, let y-CP be more
influential, and thus y-post is shared more on average in the limit, so ez; < ejo. If the
competition is ignored, the analysis is provided using independent BPs. Such analysis indicates
the possibility of co-virality (both posts get viral simultaneously). However, when a typical
user receives both posts, it may find z-post more appealing, leading to ez + €2 > ejy with
ege = 0. Therefore, e ¢ &, thus h(1) is a limit, which implies that z-post can dominate the
post of more influential y-CP. Further, none of the limits indicate co-virality.

On the other hand, when some users prefer the y-post (egff; > 0), while others prefer the
x-post, then, co-virality is possible due to interior saddle point h(5}).

7. Finite horizon approximation

In Theorem |4.1{(i), we proved the finite-time approximation of Y, using the autonomous ODE
(10); such an ODE is obtained using the limit proportion-dependent mean functions (mgs (3¢)).
However, directly using the population-dependent mean functions m;;(¢), one may anticipate
better approximation in transience.

We claim that ODE, T = o(T,t), constructed using the actual conditional expectation,
E[L,|F,] = o(Y,t) given in better approximates the BP; recall, the difference term £7'(+)
of converges to 0 as shown in the proof of Theorem The approximation should
further improve when the new ODE is initialised with Y, , and not with lim,, _~ YX,,, asin
Theorem u From , the new ODE is non-autonomous and discontinuous. Also by ,
the right hand side o(Y,t), converges to that of ODE ((10), g(Y), as ¢t — co. Approximation
by such non-autonomous ODE is proved for super-to-sub critical total population-dependent
BP in [9].

We support our claim using a numerical example; more examples are in [20]. Let C*(0) =
C¥(0) = 1200 and let the dynamics be as in BP with attack till S* is below a certain threshold,
and then let the population progress with proportion-dependent mean offspring. Specifically,
M(¢) = Mt(¢)1{sa§1o4} + Mm(ﬂc)l{sﬂ>1o4}7 where

t 4 - min(2, Cy) 00 ( aC
MO = | - in(1, ¢) 2.2 and M (5)
Observe that (2)) holds.

One can view the above dynamics to capture the propagation of new posts over OSNs, which
advertise about complimentary products. In the initial phase of sharing (when 5% < 10%), the
users are new to both the products, and therefore, some users prefer product advertised in
z-post, while others prefer the y-post (see M?(¢)). That is, the dynamics are as in branching
process with attack. But, thereafter, when both posts achieve good response from the users
(in terms of likes, shares), the new users may buy both products (see M>°(3¢)). Thus, the
dynamics shift from being foe-type to friend-type.

We plot one sample path of BP and the corresponding solutions of autonomous and non-
autonomous ODESH (for all n > n,, = 100 and 7" = 12). The current and total populations
are in figure [4) while the proportion 5°(Y,,) is in figure [5} From the plots, one can see that the
non-autonomous ODE solution (dashed lines) better approximates the random BP trajectory

48¢+1 9p°+1
88°+1 2.28°+1|

9The ODE trajectories are estimated using the well known Piccard’s iterative method (e.g., [25]).
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Figure 4. Finite horizon approximation (current on left, and total on right side)

(dotted lines), than the autonomous ODE (solid lines). As seen from the sub-figures, the
non-autonomous ODE well captures the transition, unlike ODE .

Initially, z-type individuals attack more aggres-
sively than y-type and thus, the y-population depletes 1
faster. In fact, by transition epoch (1300) proportion 09

——random trajectory
- - -non-autonomous ODE trajectory
—autonomous ODE trajectory

B¢ = 1. Later, M(¢) = M>(5°) does not have at- 08
tack component, the y-population is regenerated and o7
B¢ declines to ~ 0.51 indicating co-survival. This ex- 0s
ample also illustrates that the dynamics in transience 0s
(here, BP with attack) does not influence the limiting 04
behaviour. ’ ®° vansiionepoch () 1ot

Figure 5. Proportion trajectory, S5
8. Summary and conclusion

We studied time-asymptotic proportion for a class of

two-type continuous-time total-current population-dependent Markov BPs. We extended the
stochastic approximation result to include the notion of “hovering around the saddle points”
of an appropriate ODE and to analyse BPs. The summary to derive the limiting behaviour is:

(s.i) if the BP satisfies the assumption (A.1]), then the sum current population exhibits
dichotomy with probability 1 (see Lemma

(s.ii) identify the limit mean functions mgy(5¢) satisfying , if required using the
discussion in Appendix for BPs with negative offspring or attack;

(s.iii) identify the attractors and repellers of one-dimensional ODE (27));

(s.iv) identify the attractor and saddle sets of ODE using (s.iii) and Theorem
these provide the limit proportion;

(s.v) Theorem also facilitates the proof of assumption to conclude about limiting
behaviour of BP via Theorem 1]

Interestingly, the limit proportion of any BP depends only on the limit mean matrix,
irrespective of the dynamics in transience. A finite-time approximation result is also provided.
We analysed a recently introduced variant of BP with attack and acquisition under significantly
more general conditions; such BP captures essential aspects of competing content propagation
over online social networks. We could also analyse the transient behaviour of many interesting
variants, for example, the foe-to-friend BP where the populations attack (and acquire) in the
initial phase and later compliment each other.
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Appendix A. Limit mean matrices for BPs with negative offsprings

In this Appendix, we state some important auxiliary results, which are also helpful in further
understanding of the subject at hand. The Proposition [2.1and the discussion thereafter provide
insights into the derivation of the limit mean matrices of (A.2]).

Proof of Proposition Let C*(0) = ¢ and C¥(0) = ¢f. Consider a fictitious single (z)
type population-independent BP. Let Z(0) = ¢ + ¢§. Each time an individual dies in the new
process, assume that random number of offspring, distributed as [ in , are produced.
Further, assume that exactly 1 individual is immigrated into the new system, if Z(¢) = 0 for
some t < co. Thus, Z(-) is a classical continuous time branching process with state-dependent
immigration as in [29]. Observe Z]O‘;z JP(L = jlog(j) < oo due to finite second moment
assumption on I in (A.T)). Thus, by [29, Theorems 6 and 8], P(Z(t) — o0) = 1, under (A.T).

For completing the proof, we couple the embedded chains of the two BPs, for all n < v,
where v, is the extinction epoch of the given system. If v, < oo, then S¢ = 0 for all n > v,.
Otherwise, by coupling arguments, S5 > Z,, for all n, and thus S, — oo as n — oco. Further,
in the latter case, by [30, Theorem 1, Chapter 1], the growth rate of S¢ is at least as large as
that of Z,, i.e., A(m — 1). O
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Limit mean matrices for BPs with negative offspring:

In BPs with negative offspring, in the the survival sample-paths, by Lemma@ Sg — 00.In
such cases, one needs to identify the limit mean matrix of . Say 0 < liminf,, o 5°(Y,) <
limsup,, ., 8¢(Y,) < 1. Then, for such sample-paths, both populations would have exploded,
ie., (C*,C¥) — (00,00). Hence, there are sufficient number of individuals to be attacked of
both types, which results in the saturation of the number of attackﬂ thus, it is appropriate
to consider mZ; (3¢) as some constant for all ¢ € (0, 1), and so is the case with mgg (5°).

On the other hand, say limsup,,_, . 8°(Y,) = 1, then, 5¢(Y,) = 1 i.o. This implies
B¢(Y,) = 1 for all n large enough, as 8¢(Y,) = 1 is an absorbing state for processes with
attack, like BP with attack and prey-predator BP. Thus, clearly m%;(ﬂc) = 0 for g¢ = 1.

Similarly, mgs (3¢) = 0 for 8¢ = 0.

Appendix B.

Throughout the Appendix, we will consider the solution of the integral operator as the gener-
alized solution of ODE . The fact that these two solutions are equivalent, is proved towards
the end of the proof of Theorem i).

Proof of Lemma By (I7), (X™(0)), is bounded. We will now prove (14) for (©™(t));
18]

it can be proved analogously for other components of X" (-). Observe from ([18) and that
the interpolated trajectory can be re-written as:

n(tn+t)—1

t t
Ome(t) = Of + / GO ()ds + > el - / g5(X"(5))ds
0 — 0

t
=0, + / g5(X™)ds + M™% (t) + p™0<(t) + D™%<(t), where
0

n(tn+t)—1
n.0.c 6,c c
M™Oe(t) = Z € (Li - Pe(Tiati)) ) (B1)
n(tn+t)—1 t
pnﬂ,c(t) — Z Eigg(Ti) _/0 gg(’rn)ds, and
n(tn"l‘t)_l
D"’e’c(t) = Z €i (pg (X, ts) — gp(X3)) -

Now, fix T > 0 and define the set S% ={(s,t) : 0<t—5<6,0<t<T}. Then:
sup |©™°(t) — ©@™(s)| < sup

t
/ g5(X™)dr| 4 sup |M”79’c(t) — M"’G’c(s)’

5% 5% 5%
T sup [ 0<(t) — g0 (5)| 4+ sup | DOe(t) — DMOe(s)]. (B2)
5% 54

To prove our claim, we begin with the first term of (B2)). From and (17), |g§(X)| < 7 for
an appropriate m > 1, for any Y, and, thus:

t
/ g5(X)dr

¢
< m(t—s), so, sup/ lg6 (X™)| dr < o7
S9. Js

10To be realistic, the number of attacks by a single individual should saturate, i.e., for example,
lmey 500 Mgy (c¥) = mi";! < o0. The case with unsaturated attacks in easier to analyse, and one can eas-
ily prove for BP with attack that only one of the two population types survives with probability 1.
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For the second term of (B2), define Mf¢ := Zl o €i (L?’c - pg(Ti,ti)). Then, it is easy to

prove that (M?°) is a Martingale with respect to (F,). Thus, using Martingale inequality, for
each p > 0 (where, E,(-) denotes the expectation conditioned on (F,)):

2
E, Y0 e (Lf’c - p( Xy, ti))‘

P{ sup |Mf’c—Mgf > }S 5 .

m<j<n 7

Observe, E {(Lf’c — pg(Ti,ti)) (L?’C - pg(Tj,tj))} =0 for ¢ < j. Using this:

) 2
= pg(Xi,ty)

n—1
L Sl en,
Pq sup [M;° — M©| > <

m<j<n

Note that under (A.1)) and (17), for some K > 0:

sup En|LfL’C — (X4, t:)|? < sup B, (fn — 1)2 +sup B, |p5( i, t)|> < K.

Thus, for every n > m:

K oo
P{ sup | M — Mﬁ;CIZM}SQZE?-

m<j<n H i=m

By first letting n — oo (and using continuity of probability), then, letting m — oo,

lim P{sup |M0C

m—r o0

} = 0 for each p > 0. (B3)
Now, by (B3)) and continuity of probability, for each p > 0:

P{ lim sup \Mec Mbe| > ﬂ} =0. (B4)
m—0o0 m<]

Let Ay := lim,, 00 SUP,, < |Mj9’c — M| < 1/k, then, P(Ay) = 1 for each k > 0. We further
restrict our attention to sample paths w ¢ N := (NgAy)° U {II -» m}. Now, the second term
in (B2) is upper bounded by 2sup, -, [M™%<(t)|. For any w ¢ N:

sup [\ 0(0)] = sup M

O,c| _ 0, 0,
(i) — M, ¢| = sup |M] ¢ — M
t>0 jizn

— lim sup |M™%¢()| < lim  sup |M%C . — MOC| < 1/k,

tn+t
n—oo S% n—oo ’I’](thrt)Z’n 7]( U )

where the last inequality holds because we have considered sample paths which are not in V.
Letting k — oo, we get, M™%¢(.) — 0 uniformly on each bounded interval.

For the third term in (B2), observe that when t = t; —t,, (k > n), p™%¢(t) = 0. Thus, for
any [t| < T (following similar steps as in first term, and noting €, ++) < €,):

t

o) = 96(X")ds| < enrin.

Ly(tn+t)~tn

Thus, p™%¢(-) uniformly converges to 0 as n — oo on each bounded interval.
For the last term in (B2), we claim that D™%¢(¢) also converges to 0 uniformly on each
bounded interval in (0,00) as n — oo, for each w ¢ N. Towards this, first consider w €
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Nen{S; — 0}, i.e, extinction paths. Then, p§(X;,t;) = 0 and g5(¥;) = 0 for all i > v,. Thus,
trivially lim,, ., D™%¢(t) = 0 for all t € (0, c0).

Next, consider w € N°¢N {S¢ - 0}; for such sample paths, we first derive a uniform
positive lower bound for ¥¢, required to prove the claim. To this end, analogous to II,, defined
in , one can define II, using I given in . Then, following similar steps as before, i.e.,
using strong law of large numbers and computing as in , we get W& > ¥e > A for an
appropriate A > 0, for all n > 1. Thus, we have for each i > 1 (see §° component of ,

and assumption (A.2])):
| D7) = [Bf (e (B) = m35 (BY)) + (1 = B (mye(®5) — mys (BY))| <

This implies that, (recall ¢; = 1/(i + 1))

'fl(tn-i-t)—l 9 n(tn+t)_1 2 oo 2
Dn,e,c )| = 74D < < f t.
| 0 ; i = ; Ai(i +1) _;Ai(z’—l—l)’ or any

Thus, D™%¢(t) uniformly converges to 0 as n — oc. In all, by (B2) and above analysis, it is clear
that for each 7' > 0 and for any e > 0, there exists n. such that supgs [0™(t) — ©™“(s)| <e

for all n > ne; hence (©™°(+)) is equicontinuous in extended sense. O

Proof of Theorem Recall 8¢(Y) := 6°/¢°. Consider the initial condition Y(0) € Dy
with 1¢(0) = 0, then ODE simplifies to Y = —7, which clearly has a unique solution and
further Y(t) — 0 as ¢ — co. We claim that 0 € S as we next show that with °(0) > 0, the
solution T converges to other equilibrium points.

Let ¢¢(0) > 0, and say without loss of generality, 5¢(T(0)) € N, for some i. By Lemma
¥e(t) > 0 for all t > 0, thus ODE (10) simplifies to T = h(3°(Y)) — Y. Consider the
following smooth ODE, with initial condition T(0) (by (c), the right hand side given below is
Lipschitz continuous):

T = f(8°) — T, where

fll(x) = h(x)l{:r<x:‘}ﬂN7* + h;(l{szz*} + hfleAi, with (B5)
h} = 1111;1 h(z,), h? ;== lim h(z,), and Al := inf{8°(T) : B°(Y) € N;}.
ntoy T lA]

Then, by [25, Theorem 1, sub-section 1.4, pp. 6], the above smooth ODE has a unique solution,
say T1(t). Let 7 := inf{t : B¢(T1(t)) = z}, then by Lemma T < 00. Observe that the
solution of the original ODE (I0), with the same initial condition Y(0), coincides with Y!(-)
for all ¢ < 7, as ¢°(t) > 0 for all ¢ > 0 by Lemma for such initial condition. Now, let
Y7 := T!(7) and observe 3¢(T7) = z}. Using similar logic, one can prove that x} is an attractor
for ODE . Further, by uniqueness of the solutions of the smoothE ODE:s, the solution of
ODE for t > 7 is given by:

T2(t) = (¥°(1), 2] we(1), ¥°(1), 0°(1)), (B6)

where the three components of YT2(-), defined as Q(-) := (¢°(-),¥(-),0%(-)) is the solution of
the following initial value problem (IVP) for all ¢ > 7 (see (10])):

O =h; — Q, with Q(7) := Q(T*), where constant, h; := ( wr g P)

e (BY)

Observe that 8¢(t) = x} for all t > 7 by (a). With this, T(¢) := Y'(t)1;<r + T2(t)1;> is the
unique solution, which satisfies ODE for all ¢t # 7, and with initial condition Y(0). Thus,
satisfied (A.3|). Clearly from (B7),

T(t) = h(z}), where h(x]) = (hy, z]hy, by, hg)

* .
L5

HThe ODEs (BE) and (B7) are the two smooth ODEs.
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Similarly, one can show that Y(¢) — h(z}), if 3(Y(0)) € N;".

Thus, h(z}) is an attractor for ODE , with domain of attraction as D; := {Y € Dy :
Be(Y) € N} n{y¢ > 0}. Since =} € T is arbitrary, A = {h(z}) : =7 € 7}, with corresponding
domain of attraction as D4 = Ui<;<nD;. Also, T is an attractor for .

By hypothesis (b.i), any initial condition Y(0) with 3(Y(0)) € [0,1] — J is already con-
sidered above. Now con81der Y(0) with 8¢(Y(0)) =y € J, ie., Y(0) € S(h(y})). Then, the
analysis follows as in 1.' to show that Y(t) — Y(y}) as t — oo; the exponential conver-
gence is clear from ODE (B7). This proves that h(y}) is a saddle point for ODE (T0). Clearly,
by (a), (b.ii)-(b.iii), yf € j is a saddle point for ODE (27). Hence, the theorem follows, as

similar things are true for O. O
Lemma B.1. The time 7 defined in the proof of Theorem[5.1] is finite.

Proof. By hypothesis (b), gs(-) > 0 and continuous, for all 3¢ € N,”. Further, a:;* is a point
of discontinuity for gg and gg(x}) = 0; thus B°(h}) = lim,, 1. gﬂ(:zzn) >0 (see (B5))), which
implies, inf { BeeN T} gg(ﬁ ) > 0. Observe 7 is determined by ﬂc—component of T1(-), the solution

of ODE . From , the latter is a continuous extension of the original ODE ( . thus,
the ﬁC_component of the ODE can be uniformly lower bounded by inf 5.\~ 95(5%) > 0.

Thus, by Lemma [B.2(a.ii), 7 < cc. O

Lemma B.2. Consider an initial value problem # = f(z,t), with z(0) € (2}, 24) where f is a

measurable function with finitely many discontinuities.
(a) Say f(z,t) >0, for all z € (2}, 2%) and all t. Then:

(i) z(-) is an increasing function of t till 7" :=inf{t : z(t) > z4}.
(i) Say f(z,t) > & for some § >0, for all z € (z},2%) and all t. Then, T* < occ.
(b) If f(z7t) < 0, for all z € (2},2%) and all t, then t ~— z(t) is a decreasing function

till 7 = inf{t : 2(t) < 2L}, and if in addition f(z,t) < =& for some & > 0, for all
z € (2}, 2%) and all t, then T < oo.

Proof. We will provide the proof for part (a), and it can be done analogously for part (b).
Contrary to the claim, let 71 < 72 < 7% be two time points such that z(71) > z(m), with
2(m1), 2(12) € (2}, 24). Then, we have:

0> 2(m) —2(m) = /T2 f(2(s),s)ds

which is a contradiction to the hypothesis. Now if possible, let 7, = oo, then z(t) < z¥
for all ¢ and t — z(t) is an increasing function (as proved before). Further, since z(t) =

0) + fo s)ds > z(0) 4 ¢4, there exists Ty > 0 such that z(¢) > z{ for all t > T, which
contradlcts T = o0. O

Lemma B.3. Let and hold. Define
= inf{mS (8°) + mg, (B°) : B¢ € [0,1],7 € {x,y}}, and
i= sup{mg, (8°) +mg, (6°) : 8 € [0,1],i € {z,y}}.

For any 0 < e <e—1, define Ac :=[ge — 1 — €, — 1+ €. In case, ¥°(0) € int(A.) (interior)
for some € > 0, then ¥°(t) € A for allt > 0. Thus, if 1¥°(0) > 0, then, ¥°(t) > ¢(0) — 4 for
allt > 0 and for any § > 0.

|

(B8)

0]

Proof. Recall from ., ODE for Y is ¢ = he (60)1¢,c>0 — 9¢. Now, one can lower bound
hy, (B¢) — ¢ as, for all ¢ (by (A.1) and ( B3)):

h(B%) =9 > e+ (1 - —1—-9=e—1-9" (B9)
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It is easy to observe (by Weierstrass Theorem) that there exists a strict positive uniform lower
bound /; for any closed interval I C (0, — 1) as below:

e > 15 > 0 when ¢¢ € I and for all ¢. (B10)

For the first part, in the above, consider I = [1)(0),& — 1 — 5], where ¢°(0) ¢ A.. By Lemma
a), we have 7% :=inf{t : ¢)°(t) > ¢ — 1 — §} < o0, i.e., ¥°(-) enters A, from the left.

We will now explicitly show that 1°(-) can not exit A, once it enters/starts in it (set 7% = 0
when 1°(0) € int(K,.)). In contrast, say ¢° leaves A, and to the left. Observe ¢ (%) > e—1—e.
For ¢ to exit A, by continuity of ¢ (and Intermediate Value Theorem, IVT), there exist
e—1—e<v<U<e—1such that for some ty > t; > 7%, ¥°(t2) = v and ¢¥°(¢t1) = . Then,
by MVT, we have:

by L) ) _ v

<0,

—-v
lg =11 -t
for some s € (t,t2). This is a contradiction as ¢°(t) > 0 for ¢¢ € (0, — 1) and any t.
Conclusively, ODE solution 1°(-) enters A, from left when ¢°(0) < € — 1 — ¢, and does not
exit A, from left.
Similarly from (10)), hy,(8¢) — ¢ can be upper bounded as (by and (B8)):

hi(B°) — ¢ < BE+(1-B)e—1—9p°=2—1-1°, (B11)

and ¢ <F—1—1° < uy <0 for all ¢ and for any ¢¢ € I where I C (—1,00) is any closed
interval. Then, applying similar arguments as above, one can show that ¢°(-) enters and does
not exit A, from/to right as well. O

Proof of Theorem We first study ODE , using which we then analyse ODE
/. Observe by definition of mgg (-), mge(-) in that 0,1 are equilibrium points

of ODE (27). Further, gs(3°) is convez or concave in only (0,1), respectively if m> < 0 or
> 0, as can be seen from below (see for definitions):

93(8°) = (—el‘jf; + Bm™ — (B8°)*m™) 1gee(o,1), Where
yx?

(B12)

e 00 o0 o0 oo . 00 oo
m™ = ez, +eg, — ey + e, and m™ = e — e,

At first by Lemma 0 is a saddle point for ODE and hence for . Now, let
m® > 0, and consider the following two sub-cases.

Sub-case 1: €25 > 0 and e, > 0. Since gg(+) is continuous in (0,1):
9p(07) = lim gp(6) = —egs, <0, and gg(17) = lim gg(1 — &) = €35, > 0. (B13)
6—0 6—0

Therefore, there exists a unique zero of gg, say 5 € (0,1). Further by concavity, gz(8¢) < 0
when 3¢ < 8% and gg(8°) > 0 when 3¢ > . Thus, the result follows for this case by Theorem
with 27 = 0, 5 = 1 and y* = 3. That is, {0,1} is the attractor set, {8} is the repeller
set for ODE (27)). Thus, A = {h(0),h(1)} is the attractor set and D = {0, h(5})} is the saddle
set for ODE (|10), with combined domain of attraction, D as in (v) of the Theorem.

Sub-case 2: eg; > 0 and ej; = 0. Observe ez < ey is not possible here, as it would
contradict m> > 0. Thus, €35 > efo. Therefore, for any 8 € (0,1), gs(8) = B(1 — B)(egs —
egy) T Begy > 0. Further, gg(17) > 0, as in case 1. Thus, the result follows for this case as well
by Theorem [5.1] with z7 = 1 and y* = 0.

This completes parts (i) and (ii) for the case when m® > 0. Analogously, one can prove

(i) and (ii) when m® < 0. Then, the proof is complete using Theorem O
Proof of Corollary [6.2, Given limit mean functions as in [K.3] the assumption (A.3|) is
A.4).

guaranteed by Theorem [6.1} We now prove the assumption (|
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A and S are the attractor and saddle sets of ODE respectively, with subset of the
combined domain of attraction as Dy, as identified in Theorem [6.1} Towards getting a compact

sub-domain of Dy, from , and one can bound ¥¢ as:

min{ve,n}
—a

\I’z < \Iln = Z (Ewm,k +Eyy,k:) 1{‘Pz>0} + 86
k=1

3=

As before, U — E[Eml + &,y1] a.s. in survival paths and T — 0 in extinction paths,
as n — oo. Thus, Dy := Dy N {Y:¢* € [0,E[E,, , +&,,]]} is the compact subset of D;
and p, := P(Y,, visits D i.0.) = 1. Hence, by Theorem and Theorem ii), we have
Y, - AUS with probability 1. a
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