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Abstract: We consider random time changes in Markov processes with killing potentials. We study
how random time changes may be introduced in these Markov processes with killing potential
and how these changes may influence their time behavior. As applications, we study the parabolic
Anderson problem, the non-local Schrédinger operators as well as the generalized Anderson problem.
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1. Introduction

The idea to consider stochastic processes with general random times is known fore-
most from the classical book by Gikhman and Skorokhod Gikhman and Skorokhod [1].
In the case of Markov processes, random time changes by subordinators were already
considered by Bochner in Bochner [2], showing that it gives again a Markov process, the
so-called Bochner subordinated Markov process . A more interesting scenario is realized
when the random times are given by the inverse of subordinators. Indeed, after the random
time change, the resulting process fails to be a Markov process.

The technically easiest case is the inverse of an a-stable subordinator, « € (0,1).
On the one hand, additional assumptions on the subordinator considerably reduce the
set of time change processes we can count on, resulting in restrictive assumptions for
possible applications. On the other hand, we find technical difficulties in handling general
inverse subordinators. Such limitations can be overcome for certain sub-classes of inverse
subordinators; see, for example, Kochubei et al. [3,4]. Let us underline that the random time
change approach turns out to be a very effective tool in modeling several physical systems,
spanning from ecological to biological (see, for example, Magdziarz and Schilling [5] and
the references therein), and in view of additional applications. All these considerations are
related to the case of conservative Markov processes. However, for Markov processes with
killing potential, the situation is less studied. The aim of this paper is to show how random
time changes may be introduced in these Markov processes with killing potential and how
these changes may influence their time behavior.

The paper is organized as follows. In Section 2, we briefly describe the class of Markov
processes with killing potential we are interested in, their transition probability and the
Markov semigroup. In Section 3, we introduce the class of random time process and the
corresponding time evolution solutions. Section 4 is devoted to the explicit calculations of
the time asymptotic behavior of two families of functions when they are integrated against
the density of the random time needed in the following sections.

In Sections 5 and 6, we consider important examples of Markov processes with killing
potential. Namely, we study random time changes in the parabolic Anderson problem
(see Theorem 1) and in the generalized Anderson problem (see Theorem 4). We also study
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random time changes for dynamics corresponding to non-local Schrodinger operators (see
Theorem 3).

2. Markov Processes with Killing Potentials

Let {X(t), t > 0,P¥,x € R} be a right continuous Feller strictly Markov process
in RY starting at 0 € R?. Denote by L the generator of this process and by (T;);>o the
corresponding Markov semigroup. Following Gikhman and Skorokhod [1], we show
how to construct the transition probabilities of a process with killing potential from the
transition probabilities of the process (X(t))s>o.

Let V: RY — R* be a given continuous function, which is called the killing potential.
Foranyt > 0and x € R4, we define the function

PY(t,x,B) := E¥ {]lB(X(t))exp (— /Ot V(X(s)) dS)],

where B € B(R?) and E*[-] denotes the expectation with respect to the probability P*.
Then PV (t,x,B) is a transition probability and we denote the corresponding Markov
process by (XY (t))s>0. The generator LY of the Markov process (X" (t));>¢ is the potential
perturbation of L, that is,

LV=L-V.

The Markov semigroup (T );>0 associated to the Markov process (X" (t));>0 has the
explicit form (for every x € R? and t > 0)

(V1)) = 0V (3) = B0y exp (- [ Vixeas) |

In the language of mathematical physics, this representation is known as Feynman-Kac
formula and was originally discovered for the case of X(t) = B(t), t > 0, that is, the
Brownian motion on R¥.

For V, f € C,(RY) (the set of all bounded continuous functions), the function

u(t,x) = E¥ [f(x(t)) exp<— /: V(X(s)) ds)}

satisfies the following integral equation:

u(t,3) = (L))~ [ [ ule=s,m) V)P (s, dy) ds

The latter is the integral form of the Kolmogorov equation for XV (t), that is,

d
&u(t’x) = Lu(t,x) — V(x)u(t, x).

3. Random Times Processes

In this section, we introduce the classes of subordinators, which serve as random
time processes. More precisely, these random times correspond to the inverse of a-stable
subordinator processes. This random time process is well studied in the literature (see
Bingham [6] and Feller [7]) and in Section 4, we apply it to derive the explicit calculations
for the subordination of two families of exponential functions.

From now on, we fix a probability space (Q), F,P) and we start with the basic definition.

Definition 1. A random time process is a map E : [0,+00) x Q — RT satisfying the
following conditions:

1. Foraa w e Q,E(t,w) > 0forallt € [0,+00);
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2. Foraa weQ, EO0,w)=0;
3. The function E(-,w) is increasing and satisfies

lim E(t, w) = oo.
t—oco

Definition 2. A process (S(t));>o is a subordinator if the following conditions are satisfied:

1.  S(0) =0, P-as.;

2. S(t+s)— S(t) has the same law of S(s) forall t,s > 0;

3. if (Ft)t>0 denotes the filtration generated by (S(t))¢>o, i.e., Fr := o ({S(r),r < t}), then
S(t+s) — S(t) is independent of F; for all t,s > 0;

4.t S(t) is P-a.s. right continuous with left limits;

5.t S(t) is P-a.s. an increasing function.

A process which satisfies 1-4 of Definition 2 is called a Lévy process; see, for example,
Bertoin [8], Applebaum [9] for more details, examples and properties. It follows from the
Lévy—Khintchine formula that the Laplace transform of S(#) may be written in terms of a
Bernstein function (also known as the Laplace exponent) ® : [0,00) — [0, ) by

E(e*“(”) —e PN A >0.

Moreover, assuming no drift and killing rate, the function ® admits the representation
(A = /( - e do (1),
0,00

where the non-negative measure o, also called the Lévy measure, has support in [0, c0) and
fulfills the integrability condition

/ (1 AT)do(7) < co.
(0,00)
In what follows, we assume that the Lévy measure o satisfies
7((0,9)) = .
Using the Lévy measure o, we define the kernel k as follows:
k:(0,00) — (0,00), t — k(t) := o((t,00)).

Its Laplace transform we denote by K, that is, for any A > 0, one has

KA) = / e Mk(t) dt. (1)
0
The relation between the function K and the Laplace exponent ® is given by
(L) =AKL(A), VA>O.

Example 1. (a-stable subordinator) A classical example of a subordinator S is the so-called a-stable
process with index a € (0,1). Specifically, a subordinator is a-stable if its Laplace exponent is

o

Puld) = M = s

/oo(l — e M) (H0) g,
0

In this case, it follows that the Lévy measure is doy (T) = ==%—7~ (4% dt. In addition, we have

’ T(1—a)
Ka(A) = A and ka(t) = .
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The inverse of a subordinator (S(t));>0 is a stochastic process (E(t));>o defined by
E(t) :=1inf{s > 0| S(s) > t} =sup{s > 0] S(s) < t}.

For each t > 0, E(t) represents the time at which S(t) hits level ¢. The stochastic process E
is positive and non-decreasing and has all required properties to be used as random time.
However, E is, in general, no more a Lévy process because by construction, E exhibits flat
time periods determined by the jumps of S.

For any t > 0, we denote by G;(7), T > 0 the marginal density of E(t) (when it exists)
or, equivalently,

Gi(7)dr = a%p(fs(t) < 7)dr— a%p(sm > f)dr = —%p(sm < f)dr.
Remark 1. If (S(t));>0 is an a-stable subordinator process, a € (0,1), then the inverse process
E(t) has Laplace transform (cf. Proposition 1(a) in Bingham [6] or Feller [7], Piryatinska et al. [10])
given by

E(ef/\E(t)) _ ooef/\TG dr — - (_)‘ta)n
= [ e Gimdr= )

) E (=AY,
= T(na+1) al )

where Ey is the Mittag—Leffler function. The asymptotic behavior of E, ensures that E(e *E(t)) ~
Ct™%ast — oo. It is possible to find the density G;(T) explicitly using the completely monotonic
property of the Mittag—Leffler function E,. The result may be expressed in terms of the Wright
function W, , as a series

(=t")"
—a(n+1)+1)

Gi(T) =t " W_gio(tt™) =t"" ZO n!T( ¥

See Ref. Gorenflo et al. [11] for more details. We use the short notation G¢(T) =: t~*M,(t*71)
and later, we need the moments of the function M. These moments are given by the formula (see,
for example, Mainardi et al. [12])

I'(n+1)

°° n —
/0 "My (7)dT = Tna 1)’

n=0,1,2,.... 3)

Introduce the random time change process
Y(t) := X(E(t)), t>0,

that is, the subordination of (X (t));>o by the random time (E(t));>o. The process (Y (t))¢>0
is a non-Markov process, and when (E(t));>0 is the inverse of an a-stable subordinator,
then the process Y (t) was used in models of biology and other branches; see Baeumer and
Meerschaert [13], Meerschaert and Scheffler [14] and special examples of the initial process
(X(t))t>0 (see, for example, Magdziarz and Schilling [5], Li et al. [15], Mimica [16]).

As a basic characteristic of the new random time change process (Y (t));>0, we may
study the time evolution

u(t,x) = BX[f(Y(£))]

for a given initial data f.

As it was pointed out in several works (see, for example, Toaldo [17], Chen [18] and
references therein), if X has generator L, then u(t, x) is the unique strong solution (in some
appropriate sense) to the following Cauchy problem:

Diun(t,x) = Lug(t,x), ua(0,x) = f(x). 4)
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Here, D} denotes the Caputo—-Dzhrbashyan fractional derivative defined by
" (k) d rf
190 =D p(t) = 5 [ kalt = 5)(9(5) — 9(0)) ds ©)

with the kernel k, () = r(tl;—aa)' see Example 1.
Let u1(t,x) be the solution to a similar Cauchy problem (4) but with ordinary
time derivative

2un(tx) = Ln(tx), 1(03) = f(x).

In stochastic terminology, it is the solution to the forward Kolmogorov equation corre-
sponding to the process (X(t));>o. Under quite general assumptions, there is a conve-
nient and essentially obvious relation between these evolutions that is known as the
subordination principle:

uy(t,x) = /Ooo u1 (7, x)Ge(T) d.

where G; is the density of E(t), t > 0.
We say that the functions f and g are asymptotically equivalent at infinity, and denote
f(x) ~ g(x) as x — 0o, meaning that

)
M) "

Below C is a constant whose value is unimportant and may change from line to line.

4. Asymptotic Behavior of Particular Families

In this section, we want to study the time asymptotic behavior of the subordination of
the family of functions

fie(t) == e and Qr(t) == e, t>0, x&>0.

By a subordination of a function, we mean the integration against the one-dimensional
distribution of an inverse subordinator which corresponds to the subordination principle.
More precisely, if G¢(7) denotes the density kernel of an inverse w-stable subordinator E(t),
then the objects to look at are

Ee(f) = ./O'm Fo(T)Gi() dT = /O'w e ™ Gi(r) dr

and

He(t) i= ./O°° 2:(1)Gi(7) dt = /O°° &X' Gy(7) dr.

4.1. The Case f(t) =e ',k >0
For this case, we may use the series (2) in order to compute the integral, that is,

Fe(t) = / e 7" Gy(t)dr = / e T M, (%) dr
0 0

=t~ i ()" /Oo e Trhdr
=il (—a(n+1)+1) Jo

ey () r(e)
=t rg n T(—a(n+1)+1)
r(%) _tfza r(%)
rl—a) r'(1—2a)

= tia

+o(t73%),
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It follows that the time asymptotic of Fi(t) is

K t*lX

TS

ast — oo.

In particular, for x = 1, then f1(t) = e~ has an exponential decaying, while F;(t) has a
decaying power.

4.2. The Case gi(t) = e, ® > 0
We have to compute the integral
Hi(t) = / "t M, (Tt %) dT = / e M, (1) dt.
0 0

To this end, we expand the exponential and use the explicit moments (3) of the function
M,, that is,

2 (k)"
Hi(t) = ) (&)

n=0

— /Ooo T"M,(t)dt = n;or((f:_)m) = E,(RtY).

It follows from the asymptotic of the Mittag-Leffler function that

gl/at

Hz(t) ~ Ce as t — oo.
Remark 2. Note that both gz and its subordination Hz by G¢(T) exhibit the same type of exponen-
tial growth.

5. Applications to Parabolic Anderson Models
5.1. Anderson Problem

We briefly describe the Anderson model in the framework of Markov processes with
killing potential. The Anderson Hamiltonian is a random operator

Ly=A-V(,7),

where A is the Laplace operator in R? and V(x,y) > 0 is a random potential, x € R,
v € T(R?) (the configuration space over R?). The study of the Anderson model is a big
area in modern mathematical physics and stochastics. In the stationary situation, the main
focus goes to the spectral analysis of L.,; see, for example, Pastur and Figotin [19]. Denote
(as above) the Markov process with this generator by X" The related parabolic problem
concerns the study of the solution to the following Cauchy problem for the evolution
equation x € RY, we Q,

%u(t, x,v) = Au(t,x,v) = V(x,v)u(t x,v)
u(0,x,7v) =1.

In ecological terms, the interpretation of this solution of the Cauchy problem describes
the evolution of the density starting with a uniformly distributed population. In the
terminology of Section 3, we are dealing with the Brownian motion X(t) = B(t), t > 0,
in RY with the killing potential V(x,7). As in the general case, the solution u has the
representation

u(t,x,v) =E" [exp(— /Ot V(B(s),7) ds)}
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The random potential V is specified as follows. Let ¢ : R — R* be a given
interacting potential, which is an even function. Define

V(x,7) =) ¢(x—y), (6)

yer

where v is a Poisson random point field on RY with the intensity parameter A > 0. The
corresponding Poisson measure on the configuration space we denote by 7,; see, for
example, Albeverio et al. [20] for more details. Of course, the decay properties of ¢ are
essential for the analysis below; see Lemma 1 below.

Our aim is to study the properties of the time changed process Y (t) = X" (E(t)). More
precisely, we want to investigate the asymptotic of the solution v(¢, x,y) to the related
fractional evolution Kolmogorov equation, i.e.,

{ng)v(t, X, z)/) = Av(t, X, ’)’) - V(X, W)U(t' x"Y)’ ()

v(0,x,7) =1,

where the operator ng) is defined in (5).
Under quite general assumptions, the relation between the two evolutions u and v is
given by the following subordination formula:

o(t,x,y) = /OOO u(t,x,v)G(t)dr. 8)

Below, we investigate the annealed case, that is, we are interested in the average

1) = (0(6,0,)) = [ Gi(n)](x)dr,

0

where (-) = E; (-) denotes the expectation with respect to the Poisson measure 7, of the
configuration space I'(R?), and J(t) = (u(t,0,-)) denotes the expectation of the annealed
density u at time ¢; see (9) below.

5.2. Annealed Asymptotic

At first, we study the behavior of the annealed density (u(t, x,-)) using its semigroup
representation. Explicitly, the density u(t, x, ) has a representation via the semigroup as

u(t,x,7) = expltL]1 = exp[t(A — V(x, 7)1

which, by the Feynman-Kac formula (given above), yields

u(t,x,7) = E¥ [exp(— /Ot V(B(s),7) dsﬂ :

Because the asymptotic behavior of this density is independent of the starting point, we set
x = 0 and denote

J(t) == (u(t,0,-)) == Ex, [u(t,0,-)]. ©)

Using the Lemma from Pastur [21] (that is, a direct application of the Jensen inequality),
we obtain the following bound:

() < (e O,

The expectation with respect to 7ty with V(0,7) = ¥, ¢(y) leads to

J(t) < exp [—/\ /]Rd (1—e W) dy].
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Lemma 1. Assume that there is C; > 0 and
C
P(x) = W(l +0(1)), |x| = oo, (10)

with @ > d. Then there exists C > 0 such that the following bound holds:
J(t) < exp[—)\Ct%}.

Proof. First note that assumption (10) ensures the existence of the integral [p, (1 — e W) dy.
For each t > 0, define the subset D; of R4 by

D;:={x e R?| |x| < C}/t1/9} c R

Then, x € D; holds t¢(x) > 1 and then

/ (1—e N dx> | 1—e®W)dx>(1—e1) [ dx=Cr/?,
Rd Dt Dt

The claim of the lemma follows from this lower estimate. [

Remark 3. Note that in Donsker and Varadhan [22], it was shown that for 6 > d + 2, the following
bound holds: .
J(1) < explCtiz]

which is better for these values of 6 than our bound. Actually, in Donsker and Varadhan [22], the
authors obtained even the asymptotic for J(t). However, for d < 6 < d + 2, our bound is stronger.

We are now ready to state the main result of this section on the average I(t) = (v(t,0,-))
of the subordination of the density u(t,x,7) by the distribution of the inverse
a-stable subordinator.

Theorem 1. Assume that the conditions of Lemma 1 hold and let v(t, x,y) be the solution of the
Cauchy problem (7) given by (8). Then the average 1(t) = (v(t,0, -)) satisfies the following bound:

I(t) < Ct* +o(t72%), C>0.

Proof. The statement of the theorem follows from the result of Section 4.1 and
Lemma 1 above. [

6. Applications to Non-Local Schréodinger Operators
6.1. Ground State Problem

The contact model in the continuum was introduced in Kondratiev and Skorokhod [23]
as a Markov process in the configuration space T'(R?) over R?. This process describes
the branching of particles with a dispersion kernel a(x — y) and independent deaths with
a mortality intensity (x). We assume that a is a probability density on RY and m > 0.
The evolution of states in this process has a very easy recurrent description of correlation
functions evolution; see Kondratiev et al. [24], Kondratiev et al. [25].

In particular, the evolution equation for the density u(t, x) of the system is given by

%ua(t,x) = ./H‘{d a(x —y)ua(t,y) dy — m(x)uu(t, x).
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It is useful to rewrite this equation in terms of the jump generator:

Stalt, ) = [ aC =yl y) — walt, 0] dy + (1m0t )
=:(Lg+ (1 —m(x))uy(t, x).

Itis clear that, for m(x) = 1, we have a stationary solution. For the initial density u,(0,x) =1,
in this case, u,(t, x) = 1 for all x € R?. Introducing the potential V(x) = 1 — m(x), we can
obtain the Markov generator for the process with killing as L) := L, + V. We denote the
corresponding Markov process by X;/ (t),t > 0. When V = 0, the process X,?(t), t > 0, has
generator L,, which coincides with the compound Poisson process or a random walk in R?
with the jump kernel a(x — ).

In the study of the behavior of the density u,(t, x), we have two obvious situations.

1. If the mortality m(x) > mg > 1, then u,(t,x) — 0, t — oo exponentially fast and

uniformly in x.

2. On the other hand, for m(x) < my < 1, this density grows exponentially fast
to infinity.

The non-trivial case is when the mortality has some fluctuations below the critical value

m = 1. In terms of the potential V, we are interested in fluctuations of V over the level

V = 0. Hence, a key question is formulated as follows: does a small positive fluctuation of

V create global growth of the population density u,?

The answer to the above question is closely related to the existence and uniqueness of
the ground state of the operator LY in L?(R¥), that is, a function ¢, such that LY ¢y = Ay,
where A > 0 is the maximal eigenvalue of L .

An example and related analysis was considered in Kondratiev et al. [26].

Theorem 2. Assume there exists 6 > 0 such that V(x) = 1 for every x € By (a ball of radius 6).
Then, the following holds:

1. The ground state ) of LY exists.

2. Py € G(RY), Yy (x) >0, x € RY

3. For the density u,(t, x), the following asymptotic formula holds:

ug(t,x) = eMCyhy (x)(1+0(1)) ast — oo. (11)

Remark 4. We would like to stress that even local fluctuation of V on a very small region will
create the growth of the density of the population everywhere in space X.

Consider now the random time E(t), t > 0 corresponding to the a-stable subordinator
and the time changed Markov process Y (t) = XY (E(t)), where X is the Markov process
with generator LY. That is, we have the evolution equation (Kolmogorov equation) for the
density u,

d
gug(t,x) = (Laug)(t,x) + V(x)uu(t, x),
ug(0,x) =1,

and the evolution equation (fractional Kolmogorov equation) for the density v,

{(]D)Ek)vﬂ)(t,x) = (Lata) (t, x) + V(x)ua(t, x), 12

v,(0,x) =1,

where the fractional operator ID)Ek) is defined in (5). The relation between the two densities
u, and v, is given by the subordination formula, that is,

va(t, x) = /Ooo ug(7,x)Ge(7) dt. (13)
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Hence, combining the result in (11) for u,, the results from Section 4.2 and the sub-
ordination formula above for v,, we obtain the following asymptotic behavior result for
density v, of the fractional Kolmogorov equation.

Theorem 3. Assume that the conditions of Theorem 2 hold and let v, be the solution of (12) given
by (13). Then the following asymptotic behavior of v, holds:

va(t, x) ~ ceM’"t as t— o

Proof. The claim follows using u, given in (11) and the result from Section 4.2. [

6.2. Generalized Anderson Problem

A generalized Anderson Hamiltonian is a random operator

where the random potentials V are defined above (6). Note that the result of Lemma 1 is
valid for the compound Poisson process as well as for Brownian motion.

Let X} (t), t > 0 be the Markov process with generator Ly, and Y/ (t) := X} (E(t)),
t > 0, the random time change process where E is the inverse of a a-stable subordinator.
The corresponding evolutions for these processes 7, and 7,, respectively, are related via
the subordination formula, that is,

fult,x,7) = [ (%, 7)Gi(x) d, (14)

where G;(-) is the density function of E(t), t > 0. We proceed as in Section 5.2 and consider
the average

L(t) = (0,(8,0,)) = [ Tu(x)Gi(x) d,
where
Talt) := (a(£,0,)) = B [1a(1,0,)].

This leads us to the following theorem on the asymptotic upper estimation of I.

Theorem 4. Assume that the conditions of Lemma 1 hold and let i, and 9, be the evolutions
related by (14). Then the average I,(t) = (0,(t,0,)) satisfies the following bound:

L(t) <Ct™™+o(t™), C>0.

Proof. As the result of Lemma 1 is valid for the compound Poisson process, the statement
of the theorem follows using the result of Subsection 4.1. [

7. Conclusions

We studied random time changes in Markov processes with killing potentials. More
precisely, we investigated how random time changes may be introduced in these Markov
processes with killing potential and their influence in the time behavior. Applications to
the parabolic Anderson problem (see Theorem 1), the non-local Schrédinger operators (see
Theorem 3) and the generalized Anderson problem (see Theorem 4) were worked out.
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