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Abstract

This paper provides a full classification of the dynamics for continuous-time Markov
chains (CTMCs) on the nonnegative integers with polynomial transition rate functions
and without arbitrary large backward jumps. Such stochastic processes are abundant in
applications, in particular in biology. More precisely, for CTMCs of bounded jumps,
we provide necessary and sufficient conditions in terms of calculable parameters for
explosivity, recurrence versus transience, positive recurrence versus null recurrence, cer-
tain absorption, and implosivity. Simple sufficient conditions for exponential ergodicity
of stationary distributions and quasi-stationary distributions as well as existence and
nonexistence of moments of hitting times are also obtained. Similar simple sufficient
conditions for the aforementioned dynamics together with their opposite dynamics are
established for CTMCs with unbounded forward jumps. Finally, we apply our results to
stochastic reaction networks, an extended class of branching processes, a general bursty
single-cell stochastic gene expression model, and population processes, none of which
are birth—death processes. The approach is based on a mixture of Lyapunov—Foster-type
results, the classical semimartingale approach, and estimates of stationary measures.
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1. Introduction

Continuous-time Markov chains (CTMCs) on a countable state space are widely used in
applications, for example, in genetics [20], epidemiology [37], ecology [24], biochemistry and
systems biology [45], sociophysics [44], and queueing theory [26]. For a CTMC on a count-
able state space, criteria for dynamical properties (explosivity, recurrence, certain absorption,
positive recurrence, etc.) are among the fundamental topics and areas of interest.
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A primary source of inspiration for our work comes from stochastic reaction network (SRN)
theory, where examples are abundant. In the present context, SRNs are CTMC models of
(chemical) reaction networks with polynomial transition rates [4] (see Section 4.1 for a pre-
cise definition). In particular, we are interested in one-species reaction networks, where the
reactions take the form nS ——s m$S for two nonnegative integers, n, m, and « > 0, a positive
reaction rate constant. Here S represents a (chemical) species common to all reactions in the
network, and the reaction represents the conversion of n molecules of the species S into m
molecules of the same species. Each reaction has a transition rate, a propensity to ‘fire’. The
transition rate of nS — mS is nx)=«x(x—1)...(x—n+1), x € Ng. Whenever the reac-
tion fires, the corresponding Markov chain on the state space No jumps from the current state
x to the state x + m — n, the number of S molecules after the firing of the reaction. Different
reactions may contribute to the same transition in the state space.

While the chemical terminology may suggest that the usage of such models is restricted,
this is by far not so. In fact, SRNs have widespread use in the sciences with species inter-
preted as agents, individuals, and similar entities, and reactions as interactions among these
[4]. One might emphasize the susceptible—infectious—recovered (SIR) model in epidemiology
as a particular example [37].

Consider the following two examples of one-species SRNs from the recent literature,
consisting of seven and five reactions, respectively [1]:

1 4 6 1 1 3 1
S 28 3S 4S 58S, S=25S+==3S 48S. (1
2 4 1 2 1

A key issue is to understand whether the graphical representation of the reaction networks
determines the dynamics of the corresponding CTMCs, irrespective of their initial values. The
first network is explosive (except if the initial state is 0, which forms a singleton communi-
cating class), while the second is positive recurrent on the positive integers (again O forms a
singleton class) [1], which might be inferred from known birth—death process (BDP) criteria
[5]. However, these criteria are not computationally simple and blind to the graphical structure
of the networks. A simple explanation for the drastic difference in the dynamics of these two
random walks on Ny is desirable but remains unknown [1].

Motivated by the above concern, we provide criteria for dynamical properties of CTMCs on
Np with polynomial-like transition rates and without the possibility of arbitrary large negative
jumps, as in the examples above. These CTMCs are ubiquitous in applications [7]. Specifically,
we provide simple threshold criteria for the existence and nonexistence of moments of hit-
ting times, positive recurrence and null recurrence, and exponential ergodicity of stationary
distributions and quasi-stationary distributions (QSDs) in terms of four easily computable
parameters, derived from the transition rates. Additionally, we provide necessary and sufficient
conditions for explosivity, recurrence versus transience, certain absorption, and implosivity.
These conditions provide simple explanations for the dynamical discrepancies between the
two SRNs in (1).

Our approach is to apply the classical semimartingale approach used in Lamperti’s problem
[29], as well as Lyapunov-Foster theory [12, 32, 33] with delicately constructed Lyapunov
functions (in particular, we make use of the techniques in [32]). The problem of finding neat
and desirable necessary and sufficient conditions for dynamical properties of CTMCs has
existed for a long time [33, 34, 12]. However, the fact that this has not been accomplished yet
indicates that it might be a nontrivial task. A main contribution of this paper is to identify a large
class of CTMCs (without a built-in detailed balanced structure) for which computationally
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TABLE 1. Parameter regions with different dynamical properties. Implosive (E), positive recurrent
(A+B+E), null recurrent (C), transient and non-explosive (D), explosive (F), and impossible parame-
ter combinations (gray); exponential ergodicity (B4E), uniform exponential convergence of QSD (E),
no QSD or ergodic stationary distribution (C+D+F). The parameter regions below o =0 assume €2 is
finite.

a<0 a>0
v<0 =0 <0<y 5=0 £>0

R=1 B A C C C D D
R=2 E A A A C D F
R>2 E E E E E F F

simple sufficient and necessary criteria can be established for dynamical properties of interest.
Our criteria save the effort of constructing Lyapunov functions and applying Lyapunov—Foster
theory case by case. Also, a case-by-case approach is ignorant of the underlying graphical
structure of the Markov chain.

The simple necessary and sufficient conditions for the dynamical properties are determined
by calculating up to four parameters, R, «, 8, and y, that are expressed in terms of the coef-
ficients of the first two terms of the polynomial-like transition rate functions (the specific
assumptions are given in Section 2). For illustration, let €2 be the set of jump sizes, and let

Aw(¥) = apx™ + byx® ™! 4 O(xd72), weQ, )

be the transition rate functions, where d,, is the degree of A, and O is Landau’s symbol. Define
R =maxyeq d, and

a:Z Ay,w, y:Z b,w + Z Ay,w, ﬂ:y—% Z awa)z. 3)

w:dy=R w:dy=R w:dy,=R—1 w:dy=R

Based on these four parameters, a full classification of the dynamical properties can be achieved
(see Theorems 1, 3, 7, and 9) and is summarized in Table 1 below. The parameters «, 8, y
depend only on the coefficients of the monomials of degree R and R — 1. Furthermore, the
parameter o might be interpreted as a sum over the jump sizes, weighted by the coefficients
of the monomials of degree R. Similarly, y might be interpreted as a sum over the jump sizes,
weighted by the coefficients of the monomials of degree R — 1.

To see the power of our results, consider the following SRN, which is not a BDP:

K1 K3 K5
0=—mS — (m+ 1)S — (m+ 3)S, (@)
K2 K4
where m is a positive integer, and k;, i=1, ..., is a positive rate constant. Then R=m + 1,

o =2Kk5 — K4,
m*+m—1 2
B =13 —micy + *=5— k4 — (m” + m + 2)«s,
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and

m(m—+1)
2

Yy =k3 —mky + kg4 — m(m—+ 1)ks.

The criteria established in Section 3 (and collected in Table 1) imply that the SRN is (in the
sense of the underlying irreducible CTMC on N)

(a) explosive almost surely (a.s.) if and only if (i) @ > 0 or (ii)) « =0, § >0, R> 2, and
non-explosive if either (i) or (ii) fails;

(b) recurrent if and only if (iii) @ < 0 or (iv) « =0, 8 <0, and transient if and only if both
(>iii) and (iv) fail;

(c) positive recurrent if and only if (iii), (v) « =0, 8 <0, or (vi) =0, 8 =0, R > 2 holds,
and null recurrent if and only if (vii) « =0, 8 =0, R=2;

(d) implosive if and only if (iii) or (viii) « = 0, 8 <0, R > 2 holds, and non-implosive if and
only if both (ii) and (viii) fail.

Here implosive means positive recurrent with uniformly bounded expected first return time.
(See Subsection 3.5 for the precise definition.) The above example shows the applicability and
simplicity of our results; in fact, the computations could easily be implemented in a software
program that takes a reaction network as input and outputs the network dynamical properties.
Furthermore, the example illustrates the richness of the dynamical properties that might reside
within a single example by varying the parameters of the model. All possibilities for ¢, 8 and
R are covered (the parameter y is irrelevant for SRNs [46]). The stability of the chain depends
only on « (which is independent of m), unless & = 0, in which case the sign of 8 determines
the stability. If so, then B = k3 — mky — 3k5, which depends on m. Thus, if k3 — k2 — 3k5 > 0,
then if m > 1 is chosen large enough, the stability of the chain flips. The parameter o plays
a role similar to that of the largest Lyapunov exponent for o # 0. Analogously, when o =0,
the parameter 8 determines the stochastic stability and hence plays a role similar to that of the
second-largest Lyapunov exponent in the critical case.

Brief description of our approach

Although our approach is essentially based on Lyapunov—Foster-type results, the sharp cri-
teria for diverse dynamical properties of CTMCs are established by combining a mixture of
results [6, 12, 16, 32, 33]; in particular [32] provides useful criteria.

The most prominent difficulties in deriving necessary and sufficient conditions for dynam-
ical properties of general CTMCs, with multiple jump sizes, lie in the non-calculability of
stationary distributions/measures, as well as the nonexistence of orthogonal polynomials [28].
This also explains why, in general, a partial result in terms of a sufficient but not a necessary
condition, by construction of a Lyapunov function, is likely. Here we discover that Lyapunov—
Foster theory and the semimartingale approach are indeed enough to derive necessary and
sufficient conditions. To obtain conditions that are not only sufficient but also necessary, we
check whether the negation of a condition is also sufficient for the reverse dynamical property.
Moreover, to show null recurrence, we also rely on estimates for stationary measures in [6].
Finally, we would like to point out that some of the Lyapunov functions we use appear to be
rarely used in the literature.
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Comparison with results in the literature

Complete classification of dynamical properties seems quite rare in the literature. Here, we
summarize relevant results together with the methods applied.

Reuter provided necessary and sufficient conditions for explosivity of CTMCs (known as
Reuter’s criterion) [38], but these conditions are difficult to check except in special cases, e.g.
for BDPs [28] and competition processes [39]. This is due to the fact that the conditions involve
infinitely many algebraic equations.

Karlin and McGregor established threshold results for explosivity and recurrence, as well
as certain absorption of BDPs with and without absorbing states, by means of the so-called
Karlin—-McGregor integral representation formula [28]. The existence of such a formula is
essentially due to the tridiagonal structure of the Q-matrix. For the same reason, it is delicate
to extend such an approach to generalized BDPs: pure birth processes [14], one-sided skip-free
CTMC:s [13, 15, 16], and recently (higher-dimensional) quasi-birth—death processes (QBDPs)
with tridiagonal block structure of the Q-matrix [22]. There are no restrictions on the types of
transition rates for the results in [28] to hold, except the BDP assumption. In contrast, for our
results to hold, we require the polynomial transition rates to have uniformly bounded degrees,
but we do not require the BDP assumption.

In the context of QSDs, there are few threshold results for certain absorption, existence and
uniqueness, and quasi-ergocidity of QSDs. Van Doorn [42, 43] obtained ergodicity, existence
and nonexistence, and uniqueness of QSDs for absorbed BDPs, also building on the Karlin—
McGregor integral representation formula. Later, Ferrari et al. [23] generalized the results in
[43]. They derived a necessary and sufficient condition for the existence of a QSD on the
positive integers for which zero is an absorbing state, using the so-called renewal dynamical
approach, assuming the CTMC is non-explosive, and that the absorption time is finite and
unbounded with probability one. Then the existence of a QSD is equivalent to finiteness of
the exponential moment of the absorption time, for one initial transient state (and hence all
of them). But such a moment condition is again not straightforward to verify, pending the
assumptions.

To sum up, general checkable threshold criteria for dynamical properties of CTMCs
(absorbed and non-absorbed), other than generalized BDPs, are few. We identify a class of
CTMCs with polynomial-like transition rates and without arbitrary large backward jumps for
which simple, checkable criteria for absorbed and non-absorbed CTMCs are found, based on
the coefficients of the polynomials. The price for this is to impose some further mild regularity
conditions, in addition to the two requirements mentioned above.

Impact of our work and further extensions

The following are some possible extensions of our work from the theoretical perspective:

e The sufficient condition for the existence of ergodic stationary distributions and QSDs
allows us to further investigate the tail asymptotics of these distributions [47] and the
computation of these distributions (in a forthcoming paper).

e The novel combination of the approaches presented here can further be extended to
establish criteria for the dynamics of one-dimensional CTMCs with asymptotic polyno-
mial transition rates, and higher-dimensional CTMCs with Q-matrix of a certain block
structure, in analogy with QBDPs and BDPs.

e A deeper understanding of the threshold parameters may provide insight into the
dynamics of higher-dimensional CTMCs on lattices.
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From the perspective of applications, we have the following:

e The criteria can be applied to completely classify the dynamics of one-dimensional
mass-action SRNs, and in particular, we can prove the so-called positive recurrence
conjecture [2] for weakly reversible reaction networks in one dimension [46].

e The criteria can be used to establish bifurcations of one-dimensional SRNs (in a
forthcoming paper).

Outline

In Section 2, the notation and standing assumptions are introduced. Section 3 develops
threshold criteria for dynamical properties of CTMCs. Applications to SRNGs, a class of branch-
ing processes, a general bursty single-cell stochastic gene expression model, and population
processes of non-BDP type are provided in Section 4. Proofs of the main results are pro-
vided in Section 5. Additional tools used in the proofs as well as proofs of some elementary
propositions are in the appendix.

2. Preliminaries and assumptions

Let R, R>o, R. be the sets of real, nonnegative real, and positive real numbers, respec-
tively. Let Z be the set of integers, N=ZNR.g, and Ng =NU{0}. For x, yeN, let X =
x(x—1)---(x—y+ 1) be the descending factorial of x.

Let (Y;:¢t>0) (or Y; for short) be a CTMC on a closed, infinite state space ) € Ny with
conservative transition rate matrix Q = (gx,y)x, yeys that is, every row sums to zero. A setA € Y
is closed if g,y =0 for allx € A and y € Y \ A [36]. Assume the absorbing set 0 C ) is finite
(potentially empty) and closed. Hence, ) \ 9 is unbounded.

Let Q ={y —x:qyx,y >0, for some x, y € V} be the set of jump sizes. For w € €2, define the
transition rate function by

Aw(X) = Gx x+w, XE V.

Let Q4 = {w € Q : sgn(w) = £1} be the sets of forward and backward jump sizes, respectively.
Throughout, we assume the following regularity conditions:

A1) Q. #£2,Q_ #0.
(A2) #Q_ < oco.
(A3) Y o ro@|w| < oo, forallxe Y.

(A4) There exist u, M € N such that A, is a strictly positive polynomial of degree < M on the
set Y\{0,...,u— 1}, forall w € Q.

(AS) Y\ 0 isirreducible.

If either Q4 = & or 2_ = &, then Y; is a pure birth or death process (possibly with multiple
jump sizes). The classification of states and the dynamics of such processes are simpler than
under (A1). Indeed, one can derive parallel results from the corresponding results under (A1).
Assumption (A2) implies Y; cannot make arbitrary large negative jumps. Assumption (A3) is
a regularity condition that ensures that functions like x, log x, and log log x are in the domain
of the infinitesimal generator of the CTMC, in order to serve as Lyapunov functions. If 2 is
finite, then (A2) and (A3) are automatically fulfilled. In that case, the sums above are trivially
polynomials for large x.
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Assumption (A4) implies that the Markov chain can make all jumps in © with positive
probability from any ‘large’ state x € ), x > u. Moreover, (A3) and (A4) together imply that
Y wea ro(x) and Y o A,(x)w are polynomials of degree <M for xe Y\ {0, ..., u—1}
(Proposition 1). If (A4) fails, simple examples show that )" o A, (x) and ) o A (X)w may
not be polynomials. That these sums are polynomials for large states is an essential property
that we rely on in proofs.

Assumption (A4) is common in applications, especially in the context of chemical reaction
networks and population processes [3, 19]. Assumption (AS) is also standard and is generally
satisfied in applications [12, 32], potentially by restricting the state space. One can show that
(A4) and (AS5) together imply that )\ 9 is infinite; thus the assumptions are not compatible
with a finite state space.

With the above assumptions, the following three parameters are well-defined and finite:

X A — ax®
R=max{deg(Ay): 0w €}, a= lim —Z“’EQ w(x)w’ y = lim Locg oMo —a .

X—00 xR X—> 00 xR-1

If R =0, then trivially y = 0. In particular, if €2 is finite, the following additional parameter is
also well-defined and finite:

B=y — 1 lim Locg oW’ ho (D)

2 x—>00 xR ’

with B < y. The parameter o encodes the sign of the average jump size of the chain. It is
straightforward to verify that (3) is a consequence of the above parameter definitions, owing to
the asymptotic expansions (2) of the transition rate functions.

Example 1. Recall the example (4) in the introduction,

K1 K3 K5
O=—mS—(m+1)S — (m+3)S.
K2 K4

Then Q ={1,2, —1, m, —m}, m > 1, and

Gt ifms 1, .
)\.l(x): . :K3)Cn1 +O(.xm7 )9
by ifm=1,
/(5_)CM lfm # 2, 1 1 2
ha(x) = = tesx" ! — jes D 1 4 O ),
isx™L e ifm=2, ’ | )
foaxHl = gyt K4—m(”§+l)xm + O(xm_l) itm>1,
Ali(x) =

feaxHL o = gt 4 (K2 — K4@)xm + O(x”'_l) ifm=1,
Am(x) =K1 ifm>2,
Am(X) = kox= KX + O(xm_l) ifm> 1.
Hence, R=m + 1, and

m(m—+1)
2

o =2Kk5 — K4, Y =K3—MmKy+ k4 —m(m + 1)ks,

ﬂ:ic3—mi<2+%x4—(m2+m+2)x5,
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TABLE 2. Labeling of the conditions in the main theorems in Section 3.

(C1) a>0,R>1, (C2) a=0,8>0,R>2,
(C3) a <0, (C4) R<1,

(C5) a=0,R=2, (C6) a=0, <0,

((or))] o >0, (C8) a=0,8>0,

(C9) a=0,8<0,R>1, (C10) a=8=0,R>2,
(C11) a=0,y<0,R=1, (C12) a=0,<0,y>0,R=1,
(C13) a=0,R=0, (C14) a=0,<0,R=1,
(C15) a=0,8<0,R=1, (Cl16) a=8=0,R=2,
(C17) a<0,R>1, (C18) a=0,<0,R>2,
(C19) a<0,R>1, (C20) a<0,R<1,

(C21) a=0,8<0,R=2.

a>0: (Cl) = (C7)

a=0: (C{]L])
(C12) (C14) (C10) (C21) (C2)
= | | | 4
(C13) (C15) (C18) (C9) (C16) Y (CB)
R T =
(C4) (C6) (C5)
a<0: (C19) = (C17) = (C3)
P4
(C20) = (C4)

FIGURE 1. Flow diagram of implications among the 21 conditions.

by (3). As mentioned in the introduction, the sign of « determines the stochastic stability of
the CTMC [33]. Hence, « plays a similar role as the largest Lyapunov exponent. Analogously,
when o = 0, the parameter § determines the stochastic stability and hence plays a role similar
to that of the second-largest Lyapunov exponent in the critical case.

3. Criteria for dynamical properties

In this section, we provide threshold criteria for various dynamical properties in terms of
R, o, B, y. Proofs are relegated to Section 5. For ease of comparison, we collect all parameter
conditions used in the main theorems below. These are listed in the order in which they appear
in the main theorems; see Table 2. Figure 1 shows implications among the 21 conditions.

3.1. Explosivity and non-explosivity

The sequence J = (J,)nen, of jump times of a CTMC Y, are defined by Jo =0 and J,, =
inf{t>J,_1:Y;#Y,; |}, n>1, where inf @ = co by convention. The lifetime is denoted by
¢ =sup,, J,. The process Y; is said to explode (with positive probability) at y € YV if P,({¢ <
00}) > 0. In particular, ¥, explodes a.s. aty € Vif P,({¢ < oo}) =1, and does not explode aty €
Yif Py({¢ < oo}) =0 [33]. Hence, Y; does not explode if Yy € d (since 9 is closed and finite),
and E,(¢) < oo implies that Y, explodes at y a.s. Recall that non-explosivity and explosivity
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are class properties. They hold for either all or no states in )\ 9. Hence, we simply say Y;
is explosive (respectively, explosive a.s.) if it explodes with positive probability (respectively,
explodes a.s.) at some state in ) \ 9, and Y is non-explosive if it does not explode at some state
in)\od.

We present necessary and sufficient conditions for explosivity and non-explosivity.

Theorem 1. Assume (A1)—(AS), and that Q2 is finite. Then Y; is explosive with positive prob-
ability if and only if either (C1) or (C2) holds. Moreover, Y; is explosive a.s. whenever it is
explosive, provided 0 = @.

Theorem 2. Assume (A1)—(AS) and that Q2 is infinite. Then Y; is explosive if (C1) holds, and it
is non-explosive if one of the three conditions (C3), (C4), (C5) holds. Moreover, Y; is explosive
a.s. whenever it is explosive, provided 0 = Q.

Explosion might occur with probability less than one for CTMCs with non-polynomial
transition rates and 0 = & [32]. Reuter’s criterion and generalizations of it provide necessary
and sufficient conditions for explosivity (with positive probability) for general CTMCs in terms
of convergence or divergence of a series [13, 30, 38]. However, these conditions are not easy
to check. In comparison, for CTMCs with polynomial transition rates, Theorem 1 provides an
explicit and checkable necessary and sufficient condition.

3.2. Recurrence versus transience, and certain absorption

For a nonempty subset A C ), let 74 =inf{r > 0:Y; € A} be the hitting time of A, with
the convention that inf @ =oc0. If Yy €A, then 74 =0. Let r: =inf{r>J;:Y; € A} be the
first return time to A. Obviously, T4 = rj if and only if Yy ¢ A. The process Y; has certain
absorption if the hitting time of 9 is finite a.s. for all Y € V.

Theorem 3. Assume (A1)—(AS5) and that Q is finite.

(i) Assume 0 = &. Then Yy is recurrent if either (C3) or (C6) holds, while it is transient if
neither of them holds.
(ii) Assume 0 # @. Then Y; has certain absorption if and only if either (C3) or (C6) holds.

The results show that CTMCs with polynomial transition rates cannot have an infinite series
of critical transitions from recurrence to transience, for varying parameter values. This stands
in contrast to the case of CTMCs with non-polynomial transition rates, as discovered in [32].
One might hope that this phenomenon carries over to CTMCs with polynomial transition rates
in dimensions higher than one.

Theorem 4. Assume (A1)—(AS5) and that Q2 is infinite.

(i) Assume 0 = &. Then Y; is recurrent if (C3) holds, and it is transient if (C7) holds.
(ii) Assume 0 # @. Then Y; has certain absorption if (C3) holds, while it does not have
certain absorption if (C7) holds.

3.3. Moments of hitting times

Below we present threshold results on the existence of moments of hitting times for recur-
rent states only, as transient states have infinite return time. Therefore, in light of Theorem 3,
we investigate the existence and nonexistence of moments of hitting times only for « < 0 and
for « =0, B <0. Moreover, limited by the tools we apply, we do not discuss existence and
nonexistence of moments of absorption times for d # &. Hence, we assume Y; is irreducible on
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Y (equivalently, d = &) and provide existence and nonexistence of moments of hitting times
for states in ).

Theorem 5. Assume (A1)—(AS), 0 = &, and that 2 is finite. Then the following hold:
(i) There exists a finite nonempty subset B C ) such that

Ex(t§)<+oo, Vxe), VY0<e<3$, (5)

for § > 0, provided one of the conditions (C3), (C9), (C10) holds; for 0 < < 1/2, provided

(C13) holds; for 0 < 4§ < %, provided (C14) holds, and for 0 < § < 1, provided (C16) holds.

In particular, Ex(tp) < +00, provided one of the conditions (C3), (C9), (C10), (C11) holds.
(ii) There exists a finite nonempty subset B C Y such that

Ei(tf) =400, VxeY\B, Ve>3s,

for 6 > 1, provided (C13) holds; for § > %, provided (C15) holds; and for § > 1, provided
(C16) holds. In particular, Ex(tp) = +00 provided (C12) holds.

Theorem 6. Assume (A1)-(AS), 0 = @, and that Q2 is infinite. If (C3) is fulfilled and 0 < § < 1,
then (5) holds.

3.4. Positive recurrence and null recurrence

We provide sharp criteria for positive and null recurrence, as well as exponential ergodicity
of stationary distributions and QSDs.

If 0 = @, then 15 = 00 a.s., and the conditional process (Y; : Ty > ) reduces to (¥;:¢>0).
If 0 # @, and 75 < 0o a.s. (that is, ¥; has certain absorption), then the process conditioned to
never be absorbed, (Y;: 7y > 1), is referred to as the Q-process [11, 18].

The process (Y;: 1y > t) on Y \ 9 is said to be exponentially ergodic if there exist a proba-
bility measure ., and 0 < § < 1 such that for all probability measures x on ) \ 9, there exists
a constant C;, > 0 such that

|Pu(Y; € Blty > 1) — (B)| < Cu8',  ¥1>0, BSY\d

(see [25]). The measure u* is also said to be exponentially ergodic. In particular, if C,, can
be chosen independently of w, then (Y;: 7y > ) and p* is said to be uniformly exponentially
ergodic. Moreover, if 0 = &, then u, is the unique ergodic stationary distribution; if 9 # &,
then w, is a quasi-limiting distribution (QLD) [18].
If 0 # @, a probability measure v on Y\ 0 is a QSD for Y; if for all >0 and all sets
BCY\9,
P,(Y; € Bltyg > t) = v(B).

Any QLD is a QSD [18]. The existence of a QSD implies certain absorption, and exponential
ergodicity of the Q-process implies existence of a unique QSD [18]. A probability measure v
on Y\ 0 is a quasi-ergodic distribution if, for any x € Y\ 9 and any bounded function f on
Y\ a [10, 27], the following limit holds:

1 t
lim Ex<— / f(Ys)ds‘ra > t) — [ fdv.
t—00 t Jo W\a

A quasi-ergodic distribution is in general different from a QSD [27].
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Theorem 7. Assume (A1)—(AS) and that Q is finite.

(i) Assume 0 = & and that Y; is recurrent. Then Y; is positive recurrent and there exists a
unique stationary distribution 7w on Y, if and only if one of the conditions (C3), (C9), (C10),
(C11) holds, while Y; is null recurrent if and only if none of the conditions (C3), (C9), (C10),
(C11) hold. Moreover, Y; is exponentially ergodic if either (C17) or (C18) holds.

(ii) Assume 0 # & and that Y; has certain absorption. Then there exist no QSDs if none
of the conditions (C3), (C9), (C10), (C11) hold. In contrast, there exists a unique uniformly
exponentially ergodic QLD, supported on Y \ 0, if either (C18) or (C19) holds. Morevover,
it is also a unique quasi-ergodic distribution and the unique stationary distribution of the
Q-process.

Theorem 8. Assume (A1)—(AS5) and that Q2 is infinite.

(i) Assume 0= . Then Y, is positive recurrent and there exists a unique stationary
distribution 7 on Y if (C3) holds. Moreover; 1 is exponentially ergodic if (C17) holds.

(ii) Assume 0 # &. Then there exist no QSDs if (C7) holds, while there exists a unique
uniformly exponentially ergodic QLD supported on Y \ 0 if (C19) holds.

We provide some perspectives:

e The convergence (or ergodicity) in Theorem 8(ii) is uniform with respect to the initial
distribution, while in contrast, the convergence in Theorem 8(i) is not uniform. Indeed,
for the subcritical linear BDP, the stationary distribution is exponentially ergodic but not
uniformly so [5].

e Indeed, one can obtain uniform exponential ergodicity in Theorem 7(i) with (C18) or
(C19) by choosing a non-reachable absorption set (potentially empty), hence impos-
ing that the time to extinction is infinite. In this case, the QSD is in fact a stationary
distribution [12].

e The subtle difference between the conditions for positive recurrence and for exponen-
tial ergodicity of QSDs lies in the fact that we have no a priori estimate of the decay
parameter

Yo =inf{y > 0: lim inf e""Py(X, =) > 0}

(which is independent of x) [12]. We cannot compare 19 with —a when R > 1, or with
—p when R > 2 and o = 0. Refer to the constructive proofs (using Lyapunov functions)
in Appendix A for details. Hence, one may believe that the condition we provide for
quasi-ergodicity generically is stronger than that for ergodicity.

The only gap cases that remain for QSDs are (C11), (C20), (C21), where neither exis-
tence of a QSD nor exponential ergodicity of the Q-process are known to occur, provided
one of the three conditions hold.

3.5. Implosivity
Assume 0 = &. Then Y; is irreducible on Y. Let B C ) be a nonempty proper subset. Then
Y; implodes towards B [32] if there exists ¢, > 0 such that

Ey(tg) <t., Vye)\B.
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Exponential ergodicity
of the Q-process  =* Existence of a QSD =* Certain absorption
1 I (3

Implosivity =" Ergodicity =* Recurrence
FIGURE 2. Flow diagram of implications among the 21 conditions.

Implosion towards a single state x € ) implies finite expected first return time to the state, and
thus positive recurrence of x. Indeed,

Ex(f;_) <E,(J1)+ SUP{y : y£x) Ey(fx) <00,
where rj = r{J;}, Ty = T(y}, and Jy has finite expectation since x is not absorbing. Hence, Y;
does not implode towards any transient or null recurrent state.
The process Y; is implosive if Y; implodes towards any state of ), and otherwise, Y; is
non-implosive. Hence, implosivity implies positive recurrence. If Y; implodes towards a finite
nonempty subset of )/, then Y; is implosive (see Proposition 17).

Theorem 9. Assume (A1)—(AS), 0 = &, and that Q is finite. Then Y; is implosive, and there
exists € > 0 such that for every nonempty finite subset B C ) and every x € Y \ B,

Ex fxp(t5)) < oo,

if either (C18) or (C19) holds, while Y; is non-implosive otherwise.

Theorem 10. Assume (A1)—(A5), 0 = @, and that 2 is infinite. Then Y, is implosive if (C19)
holds.

3.6. Relations between absorbed CTMCs and non-absorbed CTMCs

It is worth comparing the properties of absorbed CTMC:s to those of non-absorbed CTMCs,
as first discussed by Karlin and McGregor [28]. Indeed, in the case of a finite set of absorbing
states d # & and an irreducible state space ) \ 9, one can add positive transition rates to the
transition matrix from the states in d to a finite subset of states in )\ 9, such that ) is irre-
ducible for the new chain. Conversely, if d = &, then one can prescribe a finite set 3’ C ), and
delete all transitions from 8" to )’ = )\ 9, so that )’ is irreducible and 8’ an absorbing set for
the new chain. These operations can be viewed as simple extensions to those of [28], proposed
in the context of BDPs. As the dynamical properties we discuss generically are determined by
transitions among states of large values, the operations provide a way to link the dynamics of
an absorbed CTMC with that of a corresponding non-absorbed CTMC, and vice versa.

Figure 2 shows the implications among the properties, in agreement with the parameter con-
ditions derived in the main theorems. In Examples 2 and 3 below, counterexamples are given.
It remains unknown whether exponential ergodicity of the Q-process implies implosivity, and
whether ergodicity implies existence of a QSD; see Figure 2.

Example 2. (i) Consider the sublinear BDP on Ny with birth rates A; = a and death rates u; = b
for j € N. We have d = {0}, R=0, and @ = a — b. Hence, the process is non-explosive for any
initial state by Theorem 1. By [43], the process has certain absorption with decay parameter
Yo = (f — \/3)2 when a < b, and it admits a continuum family of QSDs when o < 0. This
shows that existence of a QSD does not imply exponential ergodicity of the Q-process in
general.
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(ii) Consider the linear BDP on Ng with birth rates A; = aj and death rates u; = bj for j € N.
Assume a < b. We have d = {0}, R=1, and @ = a — b. Hence, the process is non-explosive for
any initial state by Theorem 1. By [43], the process has certain absorption with decay parameter
Yo = (f — \/5)2 when a < b, and it admits no QSDs for « =0 (hence,  =—a<0=y),
while it admits a continuum family of QSDs for a < 0. This shows that the process has certain
absorption, but no QSDs for « = 0, which is also justified by Theorem 7(ii). Moreover, it also
shows that ergodicity of the non-absorbed process does not imply uniqueness of a QSD or
exponential ergodicity of the Q-process.

(iii) Consider the superlinear BDP on Ny with birth rates A; = 7% and death rates W= 7
forj e N. We have 0 = {0}, R=2, « =0, and B = —1 < 0. Hence, the process is non-explosive
and has certain absorption by Theorem 1 and Theorem 3(ii). By [43], the process admits either
no QSDs or a continuum family of QSDs. This shows that certain absorption does not imply
exponential ergodicity of the Q-process.

Implosivity is indeed a stronger property than positive recurrence (e.g., when R < 1, o < 0),
as shown in the following example (see also Table 1).

Example 3. Let Y; be an irreducible BDP on Ny with 2 = {1, —1} and
Aoix)=x, Ax)=1, xeNj.

In this case, R=1 and « = —1. By Theorems 7 and 9, Y; is positive recurrent and admits an
ergodic stationary distribution, but Y; is non-implosive.

4. Applications

4.1. Stochastic reaction networks

A reaction network (C, R) on a finite set S = {S1, . . ., S,,} (with elements called species) is
an edge-labeled finite digraph with node set C (with elements called complexes) and edge set
R (with elements called reactions), such that the elements of C are nonnegative linear com-
binations of species, y= 7, yiS;, identified with vectors y = (yl, ceey y") in Njj. Reactions
are directed edges between complexes, written as y — y'. We assume that every species has a
positive coefficient in some complex, and that every complex is in some reaction. Hence, the
reaction network can be deduced from the reactions alone, and it is customary simply to list
(or draw) the reactions. If n = 1, the reaction network is a one-species reaction network.

A stochastic reaction network (SRN) is a reaction network together with a CTMC X (),
t>0, on Ng, modeling the number of molecules of each species over time. A reaction y — y'
fires with transition rate 7y_,(x), in which case the chain jumps from X(r) =x to x+y" —y
[4]. The Markov process with transition rates 7y, : Ng — R>0,y — ¥ € R, has Q-matrix

qx,x+w = Z Ny—y' (x).

y—>YeER 1y —y=w

Hence, the transition rate from the state x to x + w is

o= D ).

y=>YeR 1y —y=w
For (stochastic) mass-action kinetics, the transition rate for y — y’ is

!
Ny—sy (X) = Koysy/ (x(f_)))' Ll wsy(x),  x€ NS
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(in accordance with the transition rate introduced in the introduction for one-species reaction
networks), where x! := ]_[;-1=1 x;!, and k,_, is a positive reaction rate constant [3, 4]. Generally,
we number the reactions and write 7, k2, . . . for convenience.

In this section, we apply the results developed in Section 3 to some examples of SRNs.

Example 4. Consider the following two reaction networks:

A «B B
1 1 K3
A) g9<=—=3S, and B) 9+=—=S5, 25— 38,
5 1

with Q = {—1, 1} in both cases and with transition rates

M) = dx, M) =,

Alil(x)=K§x, X?(x):fcf—i—icfx(x— 1),

respectively. By Theorem 7, the first is positive recurrent and admits an exponentially ergodic
stationary distribution on Ny, since o = —Kg‘ and R = 1, while by Theorem 1, the second reac-
tion network is explosive for any initial state, since o = Kf > 0 and R =2. Indeed, these two
reaction networks are structurally equivalent in the sense that there is only one irreducible
component Ny [48].

Example 5. Consider the following pair of SRNs from the introduction:

1 4 6 1 1 3 1
S PA 3S 4S — 58, S=2S+==3S—4S. (6)
2 4 1 2 1

For the first reaction network, R=4, « =0, and 8 = 1, and for the second, R =3, « =0, and
B =0. By Theorem 1, the first is explosive for any initial state and the second does not explode
for any initial state.

Example 6. (i) Consider a strongly connected reaction network:

K3
§ —1> 25 —25 39

For the underlying CTMC Y;, Q = {1, —2}, and
M) =k1x +rox(x — 1), Ao(x) =k3x(x — 1)(x —2).
Hence Y; is irreducible on N with O a neutral state. Moreover, R=3 and o = —2«3. By

Theorem 7, there exists a unique exponentially ergodic stationary distribution on N.
(i1) Consider a similar reaction network including direct degradation of S:

K3
o <t g L, 9 B2 2 gg

The threshold parameters are the same as in (i). Let d = {0} with Ny \ d = N an irreducible
component. By Theorem 7, the network has a uniformly exponentially ergodic QSD on N.
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4.2. An extended class of branching processes
Consider an extended class of branching processes [16] with transition rate matrix Q =

(%c,y)x,yeNo :
ruly—x+1) if y>x—1>0 and y#ux,

—r)(l —p() if y=x=1,

Gx,y = qo.y if y>x=0, @)
—q0 if y=x=0,
0 otherwise,

where p is a probability measure on Ny, go = ZyeN qo,y» and r(x) is a positive finite function
on Ny. Assume the following:

(H1) w(0)>0, n(0) +u(1) <1;

(H2) ZyeN qo.yy <00, E= ZkeNo kp(k) < oo;

(H3) r(x) is a polynomial of degree R > 1 for large x.

The next theorem follows from the results in Section 3. We would like to mention that the
results below provide conditions for different dynamical regimes in terms of only R and M.
In contrast, the condition for positive recurrence in [16] also depends on the integrability of a
definite integral as well as summability of a series, which nonetheless never appear.

Theorem 11. Assume (H1)-(H3). Let Y; be a process generated by the Q-matrix given in (7)
and Yy #0. Then Y; is non-explosive if one of the following conditions holds: (1) R <1, (2)
E <1, (3) R=2, E=1, while it is explosive with positive probability if (4) E> 1, R> 1.
Furthermore, the following hold:

(i) If qo > O, then Y; is irreducible on Ng and is

(i-1) recurrent if E < 1, and transient if E > 1;
(i-2) positive recurrent and exponentially ergodic if E < 1;
(i-3) implosive if R > 1 and E < 1.

(ii) If qo =0, then 0 ={0}, and Y; has certain absorption if E < 1, while it does not if
E > 1. Moreover, the process admits no QSDs if E > 1, while it admits a uniformly
exponentially ergodic QSD on Nif R> 1 and E < 1.

Proof. For all ke NU {—1}, let

_Jrouk+1)  ifxeN,

A
KO=0 ifx=0.

By (H1), w(k) >0 for some ke N. Note that )\ 9 is irreducible, with 9 =& if gg >0
and d = {0} if go =0. Hence, regardless of go, by positivity of r, (A1)—(A2) are satisfied
with Q_ ={—1} and Q1 ={y:goy > 0} U (supp w \ {0, 1} — 1). Moreover, (H2)-(H3) imply
(A3)~(Ad). Let r(x) = ax® + bx®~! + O(xR~2) with a > 0. Since R> 1, it coincides with
max{deg(Ay) : w € Q}. It is straightforward to verify that

a=a(E—-1), B=(fa+b)(E—1)—1aE, and y=bE-1),
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where E' = ZkeN k(k — 1)u(k) > 0. Hence « has the same sign as £ — 1, and < 0 whenever
E =1 (or equivalently, @ = 0). Furthermore, « = 0 implies y = 0. In addition, in light of the
fact that R > 1, the condition E > 1 decomposes into three possibilities:

E>1, or E=1,R>1, or E=R=1.

Then the conclusions follow directly from Theorems 1, 3, 7 and 9. O

Corollary 1. Assume (H1)-(H3), that . has finite support, and that {y : qoy > 0} is finite. Then
Y; is non-explosive if and only if either R=1 or E < 1. Furthermore, the following hold:

(i) If g0 > O, then Y; is irreducible and is

(i-1) recurrent if E < 1, and transient otherwise;

(i-2) positive recurrent if and only if E <1, or E=1, R > 1, while it is null recurrent
if and only if E=R = 1; furthermore, Y, is exponentially ergodic if E < 1, or if
E=1R>2;

(i-3) implosive if and only if either of the two conditions R > 1, E<1,0orR>2, E=1
holds.

(ii) If go =0, then 0 = {0}, and Y; has certain absorption if and only if E < 1. Moreover,
the process admits no QSDs if E> 1, or E=R=1, while it admits a uniformly
exponentially ergodic QSD on N if either R> 1, E<1,0orR>2, E=1.

Proof. Based on the proof of Theorem 11, the conclusions follow from Corollaries 2, 4, 8,
and 10. O

The extended branching process under more general assumptions (allowing more general
forms of r) is addressed in [16]. In that reference, the conditions given for the dynamic behavior
of the process seem more involved than here and even become void in some situations (e.g., in
[16, Corollary 1.5(iii)], where the definite integral indeed is always infinite under (H1)-(H3).)

4.3. A general single-cell stochastic gene expression model

To model single-cell stochastic gene expression with bursty production, we propose the
following one-species generalized reaction network (consisting potentially of infinitely many
reactions) with mass-action kinetics:

mm(K m
mS I S, m=0,..., 01,  mS-sm—1S, m=1,....J2, (&)
where ¢, >0 form=0,...,J;,rp,>0form=1,...,J2,J1 €Ng, Jo €N, and p,,, for m=
0, ..., J1, are probability distributions on N. Assume the following:

(H4) J1 <J2,¢c0>0,¢c5,>0,r1 >0, and ry, > 0.
(H5) E =ZZ‘;1 kpm(k) < oo, form=0,...,J;.

This network encompasses several single-cell stochastic gene expression models in the pres-
ence of bursting; see e.g. [8, 17, 31, 41]. Ergodicity and an exact formula for the ergodic
stationary distribution (when it exists) are the main concerns of these references. The first set
of Jp reactions accounts for bursty production of mRNA copies with transcription rate ¢, and
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burst size distribution p,,. The second set of J, reactions accounts for degradation of mRNA
with degradation rate r,, [17, 41].
The network (8) reduces to the specific model studied in the following references:

e [17, Section 4] (see also [31, Section 3.2]), when J; =0, J, =1, and g is a geometric
distribution.

e [40], when J; =0, J> =1, and g is a negative binomial distribution.
e [31, Example 3.6], when J; = J> =1, and ¢ = w1 are geometric distributions.

e [21] when J; =2, J, =3, o =381, up =8 for some k € N, and ¢; = r, = 0. Here §; is
the Dirac delta measure at i.

Theorem 12. Assume (H4)-(H5), and that w,, has finite support whenever c,, > 0 for m =
0, ..., J1. Then the process Y; associated with the network (8) is irreducible on Ny, and it is
positive recurrent and there exists an ergodic stationary distribution on Ng if and only if one
of the following conditions holds:

(i) Ji<Jo,

(ii) J1 =Jyand cj,Ej, <1y,
(iii) J1 =J2>2, cp,Ep, = rp,, and cpy—1Epy—1 < 15,1 + 3¢5, (Ey +E)),
(iv) i =Ja=2, cpE}, =ru, and cjy 1Epy 1 < rpy1 + 3c (En + E)),
v) Ji=h=1c5,E;,=rp,and cj,1Ej_1 <rj,-1,

where E,, =Y 2, k2 j1,n(k). Moreover, the stationary distribution is exponentially ergodic if
one of (i), (ii), and (iii) holds. Furthermore, the process Y; is implosive if and only if (iii) or
Jy > 1 with (i) or (ii).

J
Proof. We have Q = {—1}U (UJ;O supp ,uj>, and
J2

Ji
=) rxd, 0= cuikox,

j=1 =0

for k€N and x € Ny, where x! = Jl;é (x —7) is the descending factorial. By (H4), (A1)-
(A2) are satisfied; moreover, the irreducibility of Y; also follows from [48]. Under (H5), the
mass-action kinetics yield (A3)-(A4). Since J; < J, by (H4), we have R =J, > 1. Since

Ja Ji
Z ro(X)w = — Z ijl + Z (CjEj — rj)xl + coEp,
weQ j=h1+1 =1
J Jq
D re@eo’= Y ral 4+ (GE] 4 r)x! + coEy,
weQ =T+ =1

we have a = cj, E, 85, 1, — ¥J,, Where §; j is the Kronecker delta. When o = 0, we have

Ji=J, cpEp=rp, yv=cp-1En-1—71n-1,

1
,3 = C‘lzf]Eszl —Trjp—-1— ECJZ (EJZ +E‘//2)

https://doi.org/10.1017/apr.2022.20 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2022.20

338 C. XU ET AL

The combination of the conditions (i) and (ii) is equivalent to « < 0; the condition (iii) is
equivalent to R> 2, « =0, B <0; the condition (iv) is equivalent to R=2, « =0, 8 <0;
the condition (v) is equivalent to R=1, « =0, y <0. The conclusions then follow from
Theorems 7 and 9. U

Corollary 2. Assume (H4)-(HS), and that py, has infinite support and ¢, > 0 for some m =
0,...,J1. Then Y; is irreducible on Ny, and is positive recurrent with an ergodic stationary
distribution if one of Theorem 12(i), Theorem 12(ii), and Theorem 12(v) holds. Moreover, the
stationary distribution is exponentially ergodic if either Theorem 12(i) or Theorem 12(ii) holds.
In addition, the process Y; is implosive if Jo > 1.

Proof. Based on the proof of Theorem 12, the conclusions follow directly from Corollaries
8 and 10. ]

4.4. Stochastic populations under bursty reproduction

Two stochastic population models with bursty reproduction are investigated in [8].
The first model is a Verhulst logistic population process with bursty reproduction. The
process Y; is a CTMC on Ny with transition rate matrix Q = (gx,y)x,yeN, satisfying

cu(px  ify=x+j, jeEN,
Gr,y = %xz—i—x ify=x—1¢€Ng,

0 otherwise,

where ¢ > 0 is the reproduction rate, K € N is the typical population size in the long-lived
metastable state prior to extinction [8], and w is the burst size distribution. Assume the
following:

(H6) Ep, =Y 32| ku(k) < oo.

Approximations of the mean time to extinction and QSD are discussed in [8] against various
burst size distributions of finite mean (e.g., Dirac measure, Poisson distribution, geometric dis-
tribution, negative-binomial distribution). Nevertheless, the existence of a QSD is not proved
there. Here we prove the certain absorption and ergodicity of the QSD for this population
model.

Theorem 13. Assume (H6). The Verhulst logistic model Y; with bursty reproduction has cer-
tain absorption. Moreover, there exists a uniformly exponentially ergodic QSD on N trapped
to zero.

Proof. We have Q =supp p U{—1}, A_1(x) = %xz + x, Ap(x) = cu(k)x, for ke N and x €
N. Let d = {0}; then Ny \ 9 = N is irreducible [48]. Hence (A1)—(AS5) are satisfied. Moreover,
R=2 a= —% < 0, and thus the conclusions follow from Theorems 3 and 7, together with
Corollaries 4 and 8 for finite supp u and infinite supp u, respectively. U

The second model is a runaway model of a stochastic population including bursty pair
reproduction [8]. This model can be described as a generalized reaction network, where c, K,
and p are defined as in the first model. The survival probability of this population model is
addressed in [8]. Nevertheless, it turns out that this model is explosive for any initial state.

Theorem 14. Assume (H6). The runaway model is explosive.
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Proof. We have Q2 = supp n U {—1}, Ax(x) = %/L(k)x(x — 1, 1(x)=x,forkeNand x
N. Let 9 ={0, 1}. Then Ng \ 9 =N\ {1} is irreducible [48]. Hence (AS) is valid. Moreover, it
is easy to verify that (A1)-(A4) are also satisfied. In addition, R=2, ¢ = %Eb > 0, and thus
the conclusions follow from Theorem 1 and Corollary 2 for finite supp © and infinite supp u,
respectively. O

5. Proofs

5.1. Proof of Theorem 1

Hereafter, we use the notation [m, n]; ([m, n[;, etc.) for the set of consecutive integers from
m to n, with m, n € Ny U {+00}. The notation is adopted from [48].

Moreover, throughout the proofs, we assume without loss of generality that ) = Ny, and
0 C {0} for ease of exposition. Indeed, the dynamical properties of the CTMCs discussed in
this paper depend only on the transition structure of the states x € ) with large values of x. By
Assumptions (A4)—(AS), all jumps in 2 are possible. When 9 # &, it is standard to ‘glue’ all
states in d to be a single state 0, since 9 is finite and the set of states in ) \ d one jump away
from 9 is also finite, by (A2).

We prove the conclusions case by case.
(a) Assume 0 = &. Then Y; is irreducible on Ny, and one can directly apply Propositions 2
and 3 with appropriate Lyapunov functions to be determined.
(b) Assume 9 # @.’l_,et Z; be the irreducible CTMC on the state space ) \ d with Zy = Y and
transition operator Q being Q restricted to ) \ 9:

Gxy=4qxy, forallx, yeY\dandx##y.

In the following, we show that Z; is explosive if and only if Y; is explosive, and hence the case
(b) reduces to the case (a). This equivalence is not quite trivial. There is a positive probability
that, starting from any non-absorbing state, the chain will jump to an absorbing state in a finite
number of steps. So we need to show that this will not happen with probability one. Otherwise,
explosivity is not possible. Assume first that Z; is explosive. Then Qv =v for some bounded
nonnegative nonzero v. Let uy = vy1yn5(x), Vx € V. Itis straightforward to verify that Qu = u.
By Proposition 4, Y; is also explosive. Conversely, assume that Y; is explosive; then Qu = u for
some bounded nonnegative nonzero u. Let w = uly, i.e., w, = u, for all x € 3. Since Q|; is a
lower-triangular matrix with nonpositive diagonal entries, and w > 0, it is readily deduced that
w =0 by Gaussian elimination. This implies from Qu = u that Qv = v with v = u[y\ 5. Hence
Z; is explosive. To sum up, Z; is explosive if and only if Y; is explosive.

Based on the above analysis, it remains to prove the conclusions for the case (a) using
Propositions 2 and 3. We first prove the conclusions assuming 2 is finite.

(i) We prove explosivity by Proposition 2. Let the lattice interval A = [0, x9p — min€2_[;
for some xp > 1 to be determined. Since #Q2_ < oo, A C Ny is finite. Let f be decreasing and
bounded such that £(x) = L.y (x) + ¥ L[y, 00, (x) for all x> xo, with § >0 to be deter-
mined. Obviously, Proposition 2(i) is satisfied for the set A. Next we verify the conditions in
Proposition 2(ii). It is easy to verify by straightforward calculation that

Of(x) < —e forallxeNy\A,

where € = da/2 provided (C1) holds with§ <R — 1, or € =§(8 — §9) /2 provided (C2) holds
with § < min{B8/9, R — 2}, and x is chosen large enough. Since § > 0 can be arbitrarily small,
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in either case, there exist § and € such that the conditions in Proposition 2 are fulfilled, and
thus E ¢ < 400 for all x € Y. In particular, Y; is explosive a.s.

(i) Now we prove non-explosivity using Proposition 3. Let f(x) = log log(x + 1) and g(x) =
(l|] + | 8| + 1D)(x 4+ M) for all x € Ny, with some M > 0 to be determined. One can show that all
the conditions in Proposition 3 are satisfied with some large constant M > 0, provided neither
(C1) nor (C2) holds. Hence Y; is non-explosive.

5.2. Proof of Theorem 2
We first prove explosivity under the condition (C1). Let f be as in the proof of Theorem 1(i),
and let

. ZweQ_ Ao . Zme§2+ Ap(Xw
a_ = lim ===——F%—, ay = lim =—H——
X—00 X X— 00 X

Then o = a4 + o—. Since o > 0, we have Ry = R and there exists €y € ]0, 1[ such that o +
(1 — €g)ay > 0. By Proposition 1, there exist Ny, u’ € N such that

Zwe§2+ﬂ[1,N0]1 ro(X)®
Zw652+ )\'w('x)a)

>1—¢y forallx>u.

By (A3), 2\ INy, ool is finite. Hence, choosing xo > u’ large, we have for all x € Y\ A

=Y r®(+o) 7’ =x7)+ Y r®((x+o) 7’ —x7)

we_ wey
<) @G+ —x)+ Y A@(@ ) =)
we2_ weQN[1,Nolq
<x? Z Ao ) (—08x +0O(x72)) +x7° Z ho@)(—w8x™" +0(x72))
weQ_ weQN[1,Noly

= —So_xR17% 4 O(fozf‘S) —sx 1 Z Ao
weQN[1,Noly

< —So_xR-170 4 O( _2_5) —8(1 —eg)x™ 178 Z Ao(X)w

weR

= —S(a_ + 1 - eo)a+)xR7178 + O(fozf‘S) < —¢,

where

8(a— + (1 — e)a)

€= ,
2

and § < R — 1. The rest of the argument is the same as that of the proof of Theorem 1(i).
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Next, we prove non-explosivity under (C3), (C4), or (C5). Let f and g be as in (ii) in the
proof of Theorem 1. By (A3), for some large M > 0 to be determined, for all x € Ny,

Of(x)= Y ho()(loglog(x+ 1+ w) — log log(x + 1))

we_
+ Y ho@)(loglog(x + 1+ w) — loglog(x + 1))
weRy
log(1 4+ -2 log(1 + -2
= > Ao log (1 +—1g( X?)) + > Ao log (1 +—1g( )‘“1”)>
o ogx+1) ot ogx+1)

_ I -2 ~1
= Z xw(x)<(x+1)log(x+l)+o((x+1) (log (x + 1)) ))

weR_
+ w§+ Ao(x) log (1 + %)
< (,;z:, Mx)(mrl)fsm +0((+ 2 (log (x + 1))‘1))
+ 3 R G T gy
e,

1

= R-2 —1
T G+ Dloge+ 1) g ho(@ +O((r+ DF2(og (x+ 1))

_ (x+ DR R2 »
-« log(x + 1) + O((x + 1" “(og (x + 1)) ) <g(f(x)),

provided (C3), (C4), or (C5) holds. The rest of the proof is the same as that of Theorem 1(ii).

5.3. Proof of Theorem 3

Let hy =Py, (ta < 00) be the hitting probability [36]. In particular, h4 is called the absorp-
tion probability if A is a closed communicating class. To verify conditions for certain
absorption requires the following property for hitting probabilities. For any set A C ), we
write h4 (i) for hy, to emphasize the dependence of the hitting probability on the initial state
i € Y. In particular, if A = {x} is a singleton, we simply write &y for h4.

Assume without loss of generality that ) = Np, and 9 C {0}.

(i) We first show recurrence and transience. The idea of applying the classical semimartin-
gale approach originates from [29]. It suffices to show recurrence and transience for the
embedded discrete-time Markov chain Y, of Y;.

To show recurrence, let Z, =log log(1~/n + 1). Since a one-to-one bicontinuous transfor-
mation of the state space preserves the Markov property and recurrence, it suffices to show
recurrence for Z,. In light of the expression for the transition probability of Y,, we have

1
E(Zy+1 — Zn|Zy =loglog(x + 1)) = m Z Ao(x)(log log(x + w) — log log x).
we o we
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By tedious but straightforward computation, we have the following asymptotic expansion:

axk + a1 — 9xf~1(log x)~! + O(xR~2)
(14+x)log(1+x) Y, cq rol) ’

E(Zyy1 — ZnlZy =loglog(x + 1)) =

From this asymptotic expansion, and noting that > 0, we have
E(Znt1 — Zy|Z, =loglog(x+ 1)) <0, VneNy, for all large x,

provided either (C3) or (C6) holds. From Proposition 6 follows the recurrence of Z,,, and thus
the recurrence of )~’n as well.

Next, we prove the transience of )N’n under the reverse conditions (that is, neither (C3) nor
(C6) holds). Let Zy=1- (1 + ?n)_é, with § > 0 to be determined. Again, Z, is a Markov
chain, and Y,, — oo if and only if Z;l — 1, which implies that (14) is fulfilled for Z,’z with
M =1, since Y, on a subset of Ny is irreducible. Similarly to the above computation, we have
the asymptotic expansion

5
T ATy, o k)

E(Zp1~ 202 =1- (1407 (o + (B — 59K 1+ O(xF2)).

Hence
]E( =2z =1—(1 +x)*5) >0  VneNg

for all large x (and so for all values of z = Z,’z in some interval C <z < 1), provided o > 0 or
a=0, B>0withd < g. By Proposition 7,
IP’( lim z,;zl):l,

n— oo
that is,

n—oo

P( lim IN/n:oo) —1,

meaning 17,1 18 transient.
(ii) Let @ € Q.. Let ko = min{/ € N : I € N}. Define Z; to be a CTMC on Ny with transition
matrix Q = (¢y,) satisfying, for all x #y, x, y € Ny,

qxy ifxeN,
dy=11 ifx=0andy=jo, j=1,..., ko,
0 otherwise.

It is easy to verify that Z; is irreducible on Ny. In the following, we show that the recurrence of
Z, is equivalent to the absorption of Y;, which yields the conclusion.

On the one hand, applying (i) to Z;, we have that Z; is recurrent if and only if (C3) or (C6)
holds. On the other hand, from Proposition 9, Z; is recurrent if and only if hg(i) =1 for all
i€}, where hg(i) is the hitting probability for Z;. By Proposition §, hg(i) =1forallie ) if
and only if (1, ..., 1) is the minimal nonnegative solution to the linear equations

HMZI’ i=0,
Zjea\{i} qij(xi —x))=0, ieN,
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which, by the definition of é are identical to

X = 1, i= 0,
: ®)
Yjewn 9i(xi —x) =0, ieN.
By Proposition 8, Y; has certain absorption if and only if (1, .. ., 1) is the minimal nonnegative

solution to (9). Hence the recurrence of Z; is equivalent to the certain absorption of Y;.

5.4. Proof of Theorem 4

If Q is infinite, then by (A3), 2 is also infinite, while €2_ is finite. Hence, the asymptotic
expansions of the sum over all negative jumps in Q2_ in the proof of Theorem 3 remain valid,
while the asymptotic expansions of the sum over all positive jumps in €24 might fail, in that the
sum is infinite. Nevertheless, an upper estimate of Qf (x) for certain Lyapunov functions is still
possible, as demonstrated in the proof of Theorem 2. A careful examination of the arguments of
Theorem 3 shows that the desired upper estimates of Qf (x) hold under the respective conditions
listed in Theorem 4, by replacing the asymptotic expansions by one-sided inequalities.

5.5. Proof of Theorem 5

Assume without loss of generality that J = Np.

We first prove the existence of moments of hitting times assuming €2 is finite, by applying
Proposition 10(i) case by case. We now prove the existence of moments under (C13) for 0 <
8 < 1/2. Let f(x) = +/x+ 1 for x € Ny. One can directly verify that for every 0 <o =26 <2,
there exists 0 < ¢ < +00 such that Qf° (x) < —cf° ~2(x) for all large x. By Proposition 10(i),
there exists @ > 0 such that

]EX(TE"ga}) <400, Vxe)l, V0<e<o/2.

Moreover, {f < a} is finite since lim,_, o f(x) = +00.

Analogous arguments apply to the cases (C16) for 0 < § < 1 and (C10) for § > 0 with f(x) =
log (x + 1); the condition (C14) for 0 < < % with f(x) = +/x + 1; the condition (C9) with
f(x) =1loglog(x + 1), and the condition (C3) with f(x) =x + 1.

Next we prove the nonexistence of hitting times by Proposition 10(ii) assuming €2 is finite.
For all cases, let f(x) = g(x), and specifically, let f(x) =x + 1 in the cases (C13) for § > 1 and
(C15) for 6§ > %, and f(x) =log(x + 1) in the case (C16) for § > 1. Note that in the case
(C15) for 6 > ﬁ%, we have that —g < 1 is equivalent to y > 0. The tedious but straight-
forward verification of the conditions (ii-1)—(ii-4) in Proposition 10 is left to the interested
reader.

5.6. Proof of Theorem 6

As alluded to in the proof of Theorem 4, the desired upper estimate of Qf (x) with the same
S under (C3) still holds as in the proof of Theorem 5, by replacing the asymptotic expansions
by one-sided inequalities.

5.7. Proof of Theorem 7

Assume without loss of generality that ) =Ny and d € {0}. We prove this theorem by
Propositions 12—13, assuming €2 is finite. We emphasize that the nonexistence of a QSD rests
only on the failure of certain absorption.
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(i) Since ; is recurrent, we have that ¥, is recurrent by Proposition 5. Let 7 be its unique (up
to a scalar) invariant measure. By [36, Theorem 3.5.1], and since ) Lo(x) > 0 is bounded
away from zero uniformly in x,

we

T(x) 7T (x)

qx - Za)eﬂ )\,w(.X)’

m(x)= x € Np, (10)

is a finite stationary measure for Y;. Let

Ao
b fim 2wcato® Y do.

—R =
xX— 00 X
dy=R

Note that when R =0, we have y =0, and hence R=0, y # 0, and 8 < 0 cannot occur (see
Table 1). Thanks to Theorem 3, we only need to show the following:

e Y is positive recurrent if one of (C3), (C9), (C10), (C11) holds.
e Y, is null recurrent if one of the following conditions holds:

o R=0,aa=0;

o R=1l,a=y=0;

o R=2,0a=0,8=0;

o R=1,a=0,<0<y.

First, we show positive recurrence and exponential ergodicity. Notice that (C9)U(C10)
=(C18)U(C21). Moreover, (C3) can be decomposed into (C17) and (C17) R=0, « < 0.

For (C11) or (C17), let f(x) = x + 1; for (C21), let f(x) =log(x + 1). Then one can verify
(using the asymptotics of Of in Appendix A.7) that there exists € > 0 such that Of (x) < —e for
all large x. With an appropriate finite set F, by Proposition 11, X; is positive recurrent and there
exists a unique ergodic stationary distribution on Np.

For (C17), let f(x) = x + 1; for (C18), let f(x) = log log(x + 2). Then one can similarly ver-
ify that there exists € > 0 such that Of(x) < —ef(x) for all large x. By Proposition 12, Y; is
positive recurrent and there exists a unique exponentially ergodic stationary distribution on Ny.

Next, we show null recurrence case by case, applying Proposition 16 as well as nonexistence
of moments of passage times in Theorem 5.

o Assume R=0, o =0. Then

ro(X)=a,, e, Z a,w =0,

weR

since A, are polynomials. Let c = — min€2, g(x) =x + ¢, h(x) = (x + ¢)'/2, and f(x) = 1. Hence
it is easy to verify that Proposition 16(i) and Proposition 16(iii) hold. Let F,, be the filtration
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to which 17,1 is adapted. Then

E(h(Yar1 — h(Ya)|Fn)) = > ao <\/17,, +o+c— \/?n + c)

weR

2 =

weQ \/17,,+w+c+\/17,,+c

—Z (27314 _ Ay
weQ \/T/n+w+c+\/17n+c \/17,1+c+\/17,,+c
\/17n+c—\/?n+w+c

& 2\/17,,+c(\/17n+w+c+\/17,,+c)

2
0
2/ Y, + ¢ wee <\/)7n+w+c+\/i7n+c>

which shows that Proposition 16(ii) also holds for the finite set A = [0, c];. Moreover,

/IN0)

E(Yor1 — YalFn) = Z apw=0<1=f(x) P,as. on{ts>n},

we
which shows Proposition 16(iv) also holds. Since
7(j)
Za)eQ o ’

by Proposition 16, we have ZjeNO 7 (j) = oo. By the uniqueness of stationary measures under
the recurrence condition [35], we know Y; is null recurrent.

n(j)=

e Assume R=1,a =y =0. Then

2 weq PoX)e
ZweQ )‘CU(x)

for all large x. Applying [6, Theorem 3.5(iii)] with &g = 1/2 and a > 1, we have

E(Yot1 — YalVy =x) = =0

#()
= 00. 11
P i (11)

j=2

From (10), (11), and the fact that deg ( >_,,cq Aw(x)) = 1 for large x, it follows that

Z 7(j) — 00

=2 log;

which implies that ijz 7 (j) = oo. The rest of the argument is the same as in the case R =0,
a=0.
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e Assume R=2, o« = =0. Let gs(x) = (log x)? for some 1 <& < 2. Choose g=g h=
8372, and A = [0, a] for some large a > 0 to be determined. Then it is straightforward to verify
(using the asymptotics of Of in Appendix A.7) that

- ~ s
E(gs(Yut1) — g5(Yn)IF0) = 8(8 — l)zx_z(log 02+ 0(x(ogx)’H).

Hence it is easy to show that /& and g satisfy Proposition 16(i)—(iii).
Moreover, it is easy to show that there exist C = C(#, b) > 0 and f(x) = Cx2 such that

E(g(Yut1 — 8(Ya)IF) <f(Ya) Pe-as. on {ta>n}.

By Proposition 16,
> FDFE) = 0.
jey
Since > weq ro(X) = bx? + 0, substituting (10) we obtain

> () =co.

jey

Hence Y; is null recurrent.

e Assume R=1,a =0, y > 0. To prove null recurrence, it suffices to show that there exists
x € Ny such that E, (rj) =00. Let BC Ny be as in Theorem 5(ii) and x = max B € Ny. Hence
Yy, € 2+xC Nypa.s. and (224 +x) N B = . By the Markov property of Y7,

Ex(fx_-]”Yll =J) =Ej(ty), VjeNo\{x}.

Hence by the law of total probability,

Ee(r}) =B+ Y Ei@oPe(Ys, =j) + Y Ei(r)Pe(Ys, =))
JENo\B JjeB
> Y Bir)Pu(Ys, =j)
JjeNo\B
= Pu(Yy, € Q4 + X)jeiI\IIlof\ 5 ()

_ Zw€Q+ Ao(X) .
 Yoca ko)

00 = 00,

since
Zw€Q+ Ao (X)
_ >
ZweQ Aw(X)
and E;(zp) = oo for all j € Ny \ B, by Theorem 5(ii), under the respective conditions.

(ii) By assumption, d = {0} and ) \ 9 = N. We first show nonexistence of QSDs. Construct
an irreducible process Z; on Ny with transition rate matrix é as in the proof of Theorem 3.
Applying the conclusion (i) to Z;, Z; is not positive recurrent when none of the conditions of
(C3), (C9), (C10), (C11) holds. It thus suffices to show that the existence of a QSD for Y;
implies positive recurrence of Z,. Assume that ¥, has a QSD on N. By Proposition 14, there
exists ¢ > 0 such that

VEi(ro) = Ei(¥70) < Ei(exp (¥70)) <00,  VieNo.

’
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Let EiZ(ro) be the expected hitting times for process Z;. B}L Proposition 15, (EiZ(ro))l. €Ny is
the minimal solution to the linear equations associated with Q. By a similar argument as in the

proof of Theorem 3, (Elz (TO))i <N, 18 also the minimal solution to the linear equations associated
with the transition matrix Q, anc{) thus

EZ(t9) = Ei(t9) < 00, Vie Np.

Since Z; is irreducible, we have that Z; is positive recurrent, owing to the classical fact that an
irreducible CTMC that positively recurs to a finite set positively recurs everywhere (cf. [32]).
Next, we prove the ergodicity of the Q-process. For either (C18) or (C19), Y; is non-
explosive by Theorem 1; let f(x) = (2 — x‘l)]ly\a(x). Under the respective conditions, it is
straightforward to verify that
ofx)

1m =
= f(x)

which implies that the set

D={xey\a:%z—wo—l}

is finite. Then, with such f, D, and §, the conditions in Proposition 13 are satisfied and the
conclusions follow. Note that suppv = N comes from the fact that the support of the ergodic
stationary distribution of the Q-process is N by the irreducibility.

5.8. Proof of Theorem 8

As discussed in the proof of Theorem 4, the desired upper estimates of Qf (x) with the same f
under the respective conditions still hold, by replacing the asymptotic expansions by one-sided
inequalities in the proof of Theorem 7.

5.9. Proof of Theorem 9

First we prove implosivity. Assume (C18) or (C19) holds. Hence Y; is recurrent by
Theorem 3. Let f(x) =1 — (x + 1)~L. One can show that the conditions in Proposition 18(i-1)
are fulfilled, and implosivity is achieved.

Next we turn to non-implosivity. Assume neither (C18) nor (C19) holds. Since Y; does not
implode towards any transient state, it suffices to prove non-implosivity assuming a recurrence
condition, i.e., (C3) or (C6), by Theorem 3. Let f(x) =log log(x + 2). It is easy to verify that
the conditions (with § = 2) in Proposition 18(ii) are fulfilled, and Y; is non-implosive.

5.10. Proof of Theorem 10

As discussed in the proof of Theorem 4, the same functon f under the condition (C19) also
serves as a Lyapunov function as in the proof of Theorem 9.

Appendix A. Classical criteria for dynamics

Let ¥ be a CTMC on a state space ) C No with transition matrix Q = (qx,y)x,yey, and
let (V) o, be its embedded discrete-time Markov chain. Let g = >y Gy X €Y. The

transition probability matrix P = (px,y)x,ye) Of ?,, is given by

. Gry/qx if x#y, g #0, . 0 if gy #0,
P 0 if x#y, g«=0, Prx 1 if ¢g,=0.
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Let § be the set of all nonnegative (finite) functions on ) satisfying

D @+ o) <400 Vxe.

we

Since ) is discrete, § is indeed a subset of nonnegative continuous (and thus Borel measurable)
functions on ). The associated infinitesimal generator is also denoted by Q:

Q=) r) fx+w)—f(), Vxed, feF.

we2

By (A3), ¥ is a subset of the domain of Q. In particular, functions with sublinear growth rate
are in §. When € is finite, § is the whole set of all nonnegative (finite) functions on ).

Before presenting the proofs, we recall general Lyapunov—Foster-type criteria for the
reader’s convenience [12, 32, 33]. The proofs are mainly based on constructions of specific
Lyapunov functions. To avoid tedious but straightforward verifications against the corre-
sponding criteria, we simply provide the specific Lyapunov functions we apply and leave the
straightforward verifications to the interested reader.

The next proposition is used to estimate Qf for a Lyapunov function f. Let Ry =
max{deg(Ay) : @ € 4} and recall R = max{deg(A,) : w € 2}. It holds that R, Ry <M.

Proposition 1. Assume (A1)—(A4). Let f,(x) = ZweQ% w<n ro@)w for neN. Then f, con-
verges nondecreasingly to a polynomial f of degree R4 on Y \ [0, u[j,

fW= Y r®o, xeV\I0,ul, (12)

weRy

with u as in (A4). Furthermore, ), o Ao(X)w is a polynomial of degree at most R on Y\
[0, ul1, and ZweQ Ao (X) is a polynomial of degree R on Y\ [0, ul1. Moreover, there exists

u' > u such that
. S = fulx)
1 ——— =0. 13
nooe DT F(x) (13)

xX>u

Proof. Assume without loss of generality that u=0. Otherwise consider A,(-4u).
Furthermore, assume )Y =Nj. Let n, =min{w € Q4 : deg(A,) =R4+}. Then (f)p=n, 1S a
nondecreasing sequence of polynomials on Ny of degree R, as the coefficient of x®+ is non-
negative in 1, (x). By (A3)-(A4), f as defined in (12) is a nonnegative finite function on N,
and f;, converges to f pointwise on Np.

Write f,(x) = Z] Oaf/)xj as a sum of descending factorials. Since f,,(j) — f(j) for j=

0,...,Ry by assumptlon we find 1nduct1vely in j that (x(]) — a for some o/ eR, j=

0,...,Ry. Let f(x)= Z R+ aDxl. Then f, — f pointwise on Ny, which implies f = and
that f is a polynomial on No By the definition of n, and the monotonicity of (f;),>,, we have
a,(lR” (R” > 0 for n> ny, and «®H) =1lim,_ o & ( +) 5 0. Hence deg(f) = Ry. Similarly,
by (A2), one can show that ) _q Au(®)w is a polynomlal of degree at most R on Ny, and

Y wea Ao(x) is a polynomial of degree R on Ny. It remains to prove (13). Indeed, for all x € N,

R . > . R . .
S0 —fi) _ Xy @V — el o5 e — o
O YR T YR alnd
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Since there exists u’ > u such that f(x) > %a(R+)xR+ for all x >/, we have

@ —fu) 25 10D —
U <
L f) o ®D) )

x>u

which implies (13). O

A.1. Criteria for explosivity and non-explosivity

Proposition 2. ([32, Theorem 1.12, Remark 1.13].) Assume Y; is irreducible on ). Suppose
that there exists a triple (€, A, f) consisting of a constant € > 0, a set A that is a proper finite
subset of Y such that Y \ A is infinite, and a function f € §, such that

(1) there exists xg € Y \ A with f(xg) < miny f, and
(i) Of(x) < —eforallxe Y\ A.
Then the expected lifetime E,(¢) < +oo forallx € ).

Proposition 3. ([32, Theorem 1.14].) Assume Y; is irreducible on ). Let f € § be such that
limy—, o0 f(x) = +00. If
(i) there exists a nondecreasing function g : [0, oo[ — [0, oo[ such that G(z) = OZ % <
400 for all z> 0 but lim,_, o, G(z) = +00, and )
(i) Of(x) <g(f(x)) forallxe,
then Py({ =+o0)=1forallxe ).
We give Reuter’s criterion on explosivity of a CTMC in terms of the transition rate matrix.

Proposition 4. ([38, Theorem 10], [9, Theorem 13.3.11].) Assume Y; is irreducible on Y with
transition matrix Q. Then Y; is explosive with positive probability if and only if there exists a

nonzero nonnegative solution to
Ox = Ax,

for some (and all) ). > 0.

A.2. Criteria for recurrence, transience, and certain absorption

To prove Theorem 3(i), we rely on the following equivalence in relation to recurrence and
transience between a CTMC and its embedded discrete-time Markov chain.

Proposition 5. ([36, Theorem 3.4.1].) Assume that Y; is irreducible. Let )~’,, be the embedded
discrete-time Markov chain of Y,. Then the following hold:

(i) Y; is recurrent if and only if ?,, is recurrent.
(ii) Y; is transient if and only if Y, is transient.

Apart from the above equivalence, we need the following two properties to prove recurrence
and transience for an irreducible discrete-time Markov chain.

Proposition 6. ([29, Theorem 2.1].) Let Z,, be an irreducible discrete-time Markov chain on a
subset of No. If
E(Z,H_l — ZnlZ, :x) <0, VneNp, forall large x,

then Z,, is recurrent.
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Proposition 7. ([29, Theorem 2.2].) Let Z,, be a discrete-time Markov chain on the real line.
Assume that there exists a positive constant M such that

0<Z,<M<x Vn € Ny,

P(lim sup Z, =M) —1. (14)

n—oo

If there exists a constant C < M such that

E(Zn+1 —ananx)SO Vn e Ny, forall x> C,
then

IP( lim zn:M) —1.
n—0oo
Recall the definition of A; the transition probabilities P = (py,y)y yey of 7,, are
Prrto= e )
o =S T )
TN peq 2o yﬂ(ﬂ_)gﬂsupp A@)

Pxx=1-—1 x), xeNy, weQ.
ym(_Uqupp A@)

Proposition 8. ([36, Theorem 3.3.1].) Let A C Y. The vector of hitting probabilities (ha(i))icy
is the minimal nonnegative solution to the following linear equations:

ha(i) = 1, i€A,
Yjewiy 4iiha@® — ha(j)) =0, i€ Y\ A.

(Minimality means that if x is another nonnegative solution, then x; > h(i) for all i € ).)

Proposition 9. ([36, Theorem 1.5.7, Theorem 3.4.1].) Assume Y; is irreducible on Y. Then the
following hold:

(1) Y; is recurrent if and only if hj(i) =1 for all i € Y and some (and all) j € Y.

(ii) Y;is recurrent if and only if ha(i) = 1 for all i € Y and some (and every) nonempty subset
AC ).

Proof. Recall that by irreducibility, Y; is recurrent if and only if one (and every) state i € ) is
recurrent, which is equivalent to /;(i) = 1. The conclusion (i) is a direct result of [36, Theorem
1.5.7, Theorem 3.4.1].

To show (ii), by irreducibility, P;({Yz, =j}) > 0 for all j€ A and 7; =74 conditional on
Y, =j. Hence, by the law of total probability,

Pi(ta <00)= Y Pi({¥y, =j}P(1j < 00),
jeA

which implies that h4(i) =1 if and only if h;(i) for all j € A. On the one hand, given any
nonempty A C ), by (i), since Y; is recurrent, we have h;(i)) =1 for all i €  for all j € A, and
thus /4 (i) = 1. On the other hand, if h4(i) = 1 for all i € Y and some (and all) subsets A C ),
then 4;(7) = 1 for all j € A, and by (i) we know Y, is recurrent. O
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A.3. Criteria for existence and nonexistence of moments of hitting times

Proposition 10. ([32, Theorem 1.5].) Assume Y; is irreducible on Y. Let f € § be such that
limy, o0 f(x) = +00.

(1) If there exist positive constants ci, ¢z, and o such that f° € § and
Of° (x) < —caf° "2(x) Vxelf >ci},

then By (r;ffc]}) < tooforall0<e<o/2andallx €.
(ii) Let g € §. If there exist
(ii-1) a constant ¢1 > 0 such thatf < c1g,
(1i-2) constants ¢y, ¢3 > 0 such that Qg(x) > —c3 for all x € {g > c2},

(ii-3) constants c4 >0 and § > 1 such that g° € § and Qg’(x) < c4g®~'(x) for all x e
{g > 2}, and

(ii-4) a constant o >0 such that f° € § and Qf°(x) >0 for all x € {f > cic2}, then
E, (t{?sq}) =400 forall e >0 and all x € {f > ¢2}.

A.4. Criteria for positive recurrence, ergodicity, and existence of QSDs

For the reader’s convenience, we first recall the classical Lyapunov—Foster criteria.

Proposition 11. ([32, Theorem 1.7].) Assume Y; is irreducible on Y and recurrent. Then the
following are equivalent:

(1) Y; is positive recurrent.

(ii) There exists a triple (€, A, f) with € >0, A a finite nonempty subset of X, and f € §
satisfying Qf (x) < —e forallxe Y \ A.

Proposition 12. ([33, Theorem 7.1].) Assume Y; is irreducible on ). Then Y; is positive
recurrent and there exists an exponentially ergodic stationary distribution, if there exists a
triple (¢, A, f) with € > 0, A a finite subset of ), and f € § with lim,_, » f(x) = 00, satisfying
Of (x) < —€f(x) for all x ¢ A.

Proposition 13. ([11, Theorem 1.1], [12, Theorem 5.1, Remark 11], [27, Theorem 2.1].)
Assume 0 # & and the Q-process of Y; is irreducible. Then there exists a finite subset D C
Y\ o, with Py(Y1 =y) > 0 for all x, y € D, such that the constant

Yo = inf{y eR: 1itr3£fe‘/”m(y, =x) > 0}

is finite and independent of x € D. If in addition there exist Y1 > max{y, Sup,cy\y Zzea Gx.z}
and a function f € § such thatf|y\a > 1,f|3: 0, supy\y f < 00, and

Z qxyf(y) <00 Vxe Y\ o, Of(x) < —vYnfx) Vxe (V\d)\D,
yeN\\{x}
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then there exists a unique QSD v on Y \ 0 with positive constants C and § < 1 such that for all
Borel probability measures L on Y \ 0,

H]P),L(Yt c.lt<ty)— UHTV <8, Vi>0.

In addition, d§(x) = ¢ (x)dv(x) is the unique quasi-ergodic distribution for Y;, as well as the
unique stationary distribution of the Q-process, where { is the nonnegative function

¢ = lim VP (t < 1y) xeY\a.
—00

To show the nonexistence of QSDs, we rely on the following two classical results.

Proposition 14. ([18, Lemma 4.1].) Assume 0 % & and the Q-process of Y; is irreducible. If
there exists a QSD for Y; supported on 0, then the uniform exponential moment property holds:

there exists W > 0 such that E,(exp (¥15)) <oco Vxe ).

Proposition 15. ([36, Theorem 3.3.3].) Let A C Y and ka(i) =E;(t4) for all i € Y. Assume
qx #0 for all x € Y\ A. Then the vector of expected hitting times (ka(i));cy is the minimal
nonnegative solution to the following linear equations:

ka(i) =1 if ieA,
ey Gitka@) —ka() =1 ifieV\A.

A.5. Criterion for non-summability of functions with respect to stationary measures

Proposition 16. ([6, Theorem 1, Remarks 3—4].) Let ) be an unbounded countable subset of
Rxqg and (Y, F, P) a probability space with a filtration {F,,} nen,. Assume that Z, is a discrete-
time JF,-adapted irreducible aperiodic Markov chain on Y, which is recurrent with unique (up

to a multiplicative constant) stationary measure v. Let f be a nonnegative function defined on
Y. Then

> @) = oo
xey

if there exist some finite set A, some 7 € A, and some nonnegative functions g and h such that
(i) limy—s oo h(X) = 00 and limy_s oo % =00,
(ii) whenever 7 € E C Y \ A, the process {(Zyar,)}neN, is a PZ/-submartingale,
(iii) E(g(Zn)11,~n) is finite for all n € N, and

(v) E(g(Znt1) — 8(Zp)| Fn) = f(Zp), Pr-a.s., on T4 > n.

A.6. Criterion for implosivity and non-implosivity

Proposition 17. ([32, Proposition 2.14].) Assume Y; is irreducible on ). If there exists a
nonempty proper subset B C Y such that Y; implodes towards B, then Y; is implosive.
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Proposition 18. ([32, Theorem 1.15, Proposition 1.16].) Assume Y; is irreducible on ).
(1) The following are equivalent:

(i-1) There exists a triple (€, F, f) consisting of a positive constant €, a finite set F, and
a function f € § such that sup,y f(x) < +00 and Of (x) < —€ wheneverx € Y \ F.

(i-2) There exists ¢ > 0, and for every finite A C ) there exists a positive constant Cy,
such that Ey(t4) < C4 and Ex(exp (ct4)) < 00 whenever x € Y \ A. In particular,
Y; is implosive.

(ii) Let f € § be such that limy_,  f(x) = +00, and assume there exist positive constants
a, ¢, € and § > 1 such thatf‘3 € §. If, in addition,

Of(x) > —e, OFf () <cf’'(x), wheneverxe{f>al,
then the chain does not implode towards {f < a}.

A.7. Asymptotic expansion of Of for Lyapunov functions f used in the proofs

We provide an asymptotic expansion of Qf(x) for all large x, for various Lyapunov
functions f. Let § € R.

e Letf(x)=x%. Then
0f (x) = 8x {(M—l (B +89)R2 4+ o(ﬁ”)} .

Let f(x) = (x(log x)!)’. Then

0f(x) = §(x(log x))° [a (1 _ (logx)*‘) R
n ((ﬂ +89) — (B +269)(log x)_1> R2 O(xR_z(log x)—2)} .

Let f(x) = (xlog x)°. Then

0f (%) = 8(x log x)° {a (1 + (log x)*‘) R L (B + 59 )k2

+ + 5002 log ™! +0(x2(log ) |

Let f(x) = (log x)°. Then

0f (x) = 8(log x)*~! {«M‘l + AR 4 (5 — DAk 2(log )~ + 0()8*—3)} .

Let f(x) = (log log x)%. Then

Of (x) = 8(log log x)‘sfl(log x)fl-
{axR_l 4 xR — 3R 2(log )~ + O ()JH(log 0~ !(log log x)_l)} .
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