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Random walks under stochastic resetting from a renewal perspective

by Axel MASO-PUIGDELLOSAS

Stochastic models including resetting have attracted interest from the physics
community due to their simple formulation, their wide range of applicabil-
ity, and the properties emerging on the systems when restarted stochastically
(e.g. the formation of non-equilibrium steady states and the optimization
of the completion time of stochastic processes). In the articles composing
this thesis, we investigate in what manner renewal theory provides an ad-
vantageous scheme to study stochastic processes with resets. We predomi-
nantly focus on diffusive random walks and, in some cases, on other types of
stochastic motion, though most of the results can be straightforwardly gen-
eralized to other systems. We employ renewal equations to generalize some
features of diffusion under Markovian resetting and to introduce novel el-
ements to the previous models, such as an inactive period after resets and
tinite velocity resetting. Using the knowledge from renewal theory, we pro-
pose two novel magnitudes to study stochastic processes under resets: the
conditioned backward and forward times. These are, respectively, the times
since the last and until the upcoming reset given that we know the current
state of the system (e.g. the position).


https://www.uab.cat/web/faculty-of-sciences-1345799658186.html




xi

Acknowledgements

First of all, I would like to thank my supervisor Viceng for his guidance and
helpful advice in such an active research field as stochastic resetting is. Navi-
gating through the enormous quantity of published works in such a dynamic
topic and developing original ideas would have been impossible without his
expertise.

To Daniel for the fruitful discussions during these years. Thank you for
those ideas and suggestions which have by all means left a footprint on the
results of this thesis. Likewise, to the collaborators of the papers which are
not included in the thesis for expanding the horizons of this work. Thank
you Viktor, Trifce, Andreu and Jan.

To my office colleagues (those who have left, those who will leave), as
well as all the people in the department with whom I have exchanged more
than a "Hola, bon dia”, thank you for making this journey more pleasant.

Last but not least, I would like to thank Leo Messi, Arthur Melo, Aki
Kaurismaki, Albert Serra and Gaspar Noé. Thanks to Laura Palmer, Miguel
Noguera and one of the two Vengamonjas, to the people from the bar and
some people in the E3 bus for making me happy every once in a while. And
also to you all -you know who you are-, thanks for making me happy every

single day. I owe you everything.






xiii

Contents
Declaration of Authorship iii
Abstract ix
Acknowledgements xi
1 Introduction 1
1.1 Brief introductiontoCTRWs . . . . ... ............. 1
1.1.1 Diffusionequation . . .. ... .. ............ 6
112 Firstpassagetime. .. ... ... ... .......... 6
1.2 Historical introduction to stochastic resetting . . . . . ... .. 7
1.2.1 Early models. Population dynamics . . . ... ... .. 8
1.2.2 Computer science. Algorithm optimisation . . . . . . . 9
1.2.3 Recent models. Physics perspective . . ... ... ... 11
1.3 Stateoftheart . .. ... ... .. ... .. ... .. ..o .. 13
14 Objectives . . . ... ... . e 16
2 Results 19
21 Firstmodel . . . . ... ... L o 20
2.1.1 Transport properties . . . .. ... ... ... ... ... 21
212 Firstpassagetime. ... ... ... ............ 22
213 Summary ... ... 24
22 Secondmodel . ... ... ... .. o 24
2.2.1 Transport properties . ... ... ... .......... 25
222  Firstpassagetime. ... ... ... ... ......... 27
223 Summary ... 29
23 Thirdmodel . . ... ... ... ... ... . . 29
23.1 Markovianresetting . ... ... ... .......... 30
232 Paretoresetting . . ... ........ ... . ... 32
233 ReturntimePDF ... ... ................ 33
234 Summary ... ... 34

2.4 Conditioned backward and forward times . . . . . . . ... .. 35



Xiv

241
242
243
244

Markovian resetting . . . . ... ... ... oL
Pareto resetting withyg >1 . ... .. ... ......
Pareto resetting with0 < g <1 .............

Summary . ... ...

3 Conclusions

3.1 Open questions and furtherwork . . . . .. ... ... .....

Bibliography

A First Article

B Second Article

C Third Article

D Fourth Article

45

51

61

79

89



XV

List of Abbreviations

CTRW Continuous-Time Random Walk

FPT
FPTD
MSD
MFAT
MFPT
NESS
PDF

First Passage Time

First Passage Time Distribution
Mean Squared Displacement
Mean First Arrival Time

Mean First Passage Time
Non-Equilibrium Steady State
Probability Density Function






XVil

Ja esta, mama.






Chapter 1
Introduction

There are countless systems in nature which suffer from sudden and often
random changes on its behaviour. It may be the case of the extinction of a lo-
cal population of animals due to a natural disaster, a drastic computer shut-
down or the cease/activation of some metabolic processes in our body when
we fall sleep. Resetting can be seen as a particular type of this wide class of
phenomena. It consists on interrupting a process to readily start it again from
its initial condition. There have been numerous attempts from the physical
and mathematical community to model these type of phenomena. In this
chapter we follow the path to which nowadays has become a field by itself:
stochastic processes with resetting. In the articles composing this thesis, the
focus is put on random walks under resets, so, in Section 1.1 of this introduc-
tion, relevant results from Continuous-Time Random Walk (CTRW) theory are
introduced. In Section 1.2 we present an historical excursion through differ-
ent perspectives on the problem of stochastic resetting, and the current state
of the field is summarized in Section 1.3. Finally, in Section 1.4 the objectives
of the further investigation are exposed. After introducing the context and
the purpose of the thesis, Chapter 2 is devoted to summarize the articles in-
cluded in Appendices. The conclusions and new perspectives on the field are

proposed in Chapter 3.

1.1 Brief introduction to CTRWs

The continuous version of a random walk was firstly introduced by Montroll
and Weiss in 1965 [1] as a generalisation of discrete random walks. There,
time is considered as a continuous random variable starting at t = 0. Af-
ter a stochastic time t = t; the walker jumps to the next position, waiting
there until the second jump at t = f;, and so on and so forth. The times
between jumps (At; = t; — 0, Aty = tp — ty,..., Aty = t, — t,_1) are inde-
pendent, identically distributed (iid) random variables called waiting times,
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FIGURE 1.1: [llustrative trajectory of a CTRW from t = 0 to t = 10.
The stochastic jump times t;, the two first waiting times At; and the
two first jump lengths Ax; have been represented. The value of x is
the addition of the jump lengths up to the time t as expressed by Eq.
(1.1).

their distribution being ¢(At;). The jump length Ax, for each step n = 1,2, ...
is an iid random variable too with distribution ®(Ax,) (for a discrete lattice,
P(Ax,) = 6(Axy), with §(+) the Dirac delta). In such a case, defining N(t) as
the number of jumps until time ¢, the position of the walker can be expressed

as

N(t)
x= Y Ax,. (1.1)
n=1

See Figure 1.1 for a sample trajectory.

Since the temporal and spatial variables are statistically independent, they
can be treated separately to obtain the probability density function (PDF) of the
process P(x,t). This is, being g, (t) the probability of exactly n jumps hap-
pening until t and p,(x) the PDF of reaching x with n jumps, we have that

P(x,t) = iow)pn(x), 12)

where the sum is over all the possible number of jumps.
Starting by p,(x), it accounts for all the paths the walker may take to go
from the initial position to x by jumping n times. Since the jump lengths are
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iid random variables, one has that

d(x —xp) forn =0

p”(x) = 00 (9]
[ dx1 P (x1 — x0)... [ dxyP(xy — x-1)0(x —x,) forn >1,
(1.3)

where xy is the initial position of the walker. The last integral ensures that
the walker is at position x after n jumps. Defining the Fourier transform of a

function f(x) as
oo = [ dre (), (1.4)

with i the imaginary unit number and the initial position xy = 0 for simplic-
ity, by the convolution theorem for the Fourier transform one finds (from Eq.

(1.3))
(k) = O (k)" (1.5)

in the Fourier space.

Let us now compute g,(t) from Eq. (1.2) in terms of the waiting time
distribution ¢(t). Before doing so, it is convenient to compute the probability
Qn (t) of the n-th jump being exactly at t. It can be written in terms of Q;, 1 (¢)

as

Qult) = [ aat @y 1(t— Ag(Ar), (16)

This is, the particle jumps for the (n — 1)-th time at f — At and waits a time
At drawn from ¢(At) before jumping once again. Defining the Laplace trans-
form of a function f(t) with t > 0 as

LlF] = F5) = [ dre s (17)

and using the convolution theorem for the Laplace transform on Eq. (1.6),

one readily arrives to the recurrent relation

A A

Qn(s) = Qu-1(s)$(s) (1.8)

in the Laplace space. One can find the expression for n = 1 by seeing that the
first jump comes from the waiting time distribution, i.e. Q1(t) = ¢(¢). Under

this condition,

Qu(s) = ¢(s)". (1.9)
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For further convenience. At this point, one can define the rate func-
tion Q(t), being the total probability of the last event happening at time t,
through its Laplace transform:

A o > A s) = = ’\Si’l: 1
Qls) = L, Quls) = 1, $6)" = 755

(1.10)

Now, we are interested in knowing the probability g,(t) of the walker
having performed exactly n jumps before t. This, in terms of the above, reads

gu(t) :/OOOdAt Qn(t — AP (AD), (1.11)

where -
" (At) = A dAt ¢(At) (1.12)

t

is the survival probability of ¢(At), i.e. the probability of not jumping in the
interval At. Using the convolution theorem on Eq. (1.11) and introducing Eq.
(1.9), one gets

Gn(s) = ¢()"¢"(s). (1.13)

Due to the stochastic independence of the spatial and temporal variables
in Eq. (1.2), one can apply the Laplace transform on ¢ and the Fourier trans-
form on x to have the propagator of the CTRW in the Fourier-Laplace space:

o0

P(k,s) = L n(s)uh) (1.14)

Finally, introducing both the results from Eq. (1.5) and Eq. (1.13) and sum-
ming over 1, one gets the Montroll-Weiss equation, i.e.

'Uo

G
(kys) = — 2 2 (1.15)
1—¢(s)®(k)

Now, depending on the waiting time and the jump length distributions,
the propagator may take myriad forms with different properties and char-
acteristics. Consider only symmetric processes with ®(x) = ®(—x) (i.e. all
the odd moments of ®(x) are null). The arising processes can then be gen-

erally classified in three types in terms of the behaviour of its mean-square
displacement (MSD) (x?(t)): sub-diffusive, diffusive and Lévy flights.

o If the first moment (At), of ¢(At) and the second moment (Ax?)g of
®(Ax) are finite, then the process is diffusive, meaning that (x?(t)) ~ t.
See an example in Figure 1.2. In such a case, in the small s (long ¢) and
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300 A

200 A

—100 -

—200

—-300 -200 —100 0 100 200 300
X

FIGURE 1.2: Sample trajectories for a diffusive CTRW (blue, D in
the plot), a sub-diffusive CTRW (red, SD in the plot) and a Lévy flight
(green, LF in the plot) for t = 10*. With respect to the first and during
the same amount of time, the sub-diffusive trajectory remains closer
to the initial position, while the Lévy flight performs long jumps and
explores remote regions.

small k (large x) limit, Eq.(1.15) reduces to the Gaussian propagator in
the position and time space, i.e.

1 2
VTl (1.16)

P(x,t) =

with D = %. See [2] for further details.

e If the first moment of ¢(At) diverges while the second moment of (Ax)
is finite, the process is sub-diffusive, meaning that (x2(t)) ~ t%, 6 < 1.

See an example in Figure 1.2.

e If the second moment of ®(Ax) diverges, the process is a Lévy flight

and its MSD is infinite too. See an example in Figure 1.2.

Note that, independently of the waiting times and the jump lengths, this
CTRW model does not reach a stationary state. The propagator in Eq. (1.15)
may evolve fast or slow in time but, in all cases, the walker moves away
from the origin. For a more exhaustive dissemination on the topic we refer

the interested reader to Chapter 3 from [2].
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1.1.1 Diffusion equation

The above derivation for the propagator of the CTRW is based on the use
of renewal theory. Nonetheless, for some particular types of walkers, P(x, f)
can be found by other means, e.g. for diffusive motion it is the solution of a

partial differential equation

oP(x,t) DazP(x, t)
or oxz '

(1.17)

which is also corresponds to the Fokker-Planck equation for the propagator
of a Brownian particle. A detailed derivation of the equation and its proper-
ties can be found in [3]. In the right hand side, D is the diffusion constant.
Diffusion equations can be found for other types of motion (e.g. sub-diffusive
random walks -see Chapter 6 from [2]) and give a different perspective for
the understanding of random walks.
The solution of Eq. (1.17) for x € R with initial condition P(x,0) = J(x)
is the Gaussian propagator
1 x2
P(x,t) = e Dt (1.18)

VA Dt

which is the very same result obtained in Eq.(1.16) from a renewal perspec-

tive in the diffusive limit.

1.1.2 First passage time

The time spent to reach a particular position, i.e. the first passage time (FPT),
is another interesting property of random walks. It is a stochastic variable
itself, so it can be characterized by the first passage time distribution (FPTD)
and its first moment, i.e. the mean first passage time (MFPT). Along with the
propagator, the study of the first passage will be central in the course of the
thesis. For this reason it is briefly introduced in this section.

When the random walk is diffusive with propagator in Eq. (1.18), then
the FPTD reads
el 5L L (1.19)

VAarD# t3/2°

where x; is the position of the target. Asymptotically, the FPTD decays as

f(tx) =

a power-law with exponent 3/2, which is a well-known result related to the
Sparre Andersen theorem [2, 4]. Since the exponent is lesser than 2, the MFPT
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is infinite, i.e. the walker may get lost in the state space and never find the tar-
get. This divergence can be addressed, for instance, by confining the walker
to a finite region [5, 6] or adding a bias to the motion [7].

Similarly to the diffusive case, sub-diffusive random walks and Lévy flights
also have an infinite MFPT [8]. Actually, let us point out that it would be
more accurate to call it mean first arrival time (MFAT). This is because, while
for sub-diffusive and diffusive random walks the MFAT and the MFPT are
equivalent, they differ in the case of Lévy flights as a consequence of longer
jump lengths making the walker jump over the target. Nevertheless, MFPT
will be used in the following pages as a general rule to remain true to the
original term, while MFAT will be used when necessary only.

At this point, let us introduce a formula which will be of great importance
in the articles of the compendium. There, the survival probability instead of
the PDF will be often used to compute the MFPT. This is the probability of

not having reached the target at time ¢, i.e.

Se, () = / T A (%), (1.20)

t

Now, from the Laplace transform of the survival probability one can readily
compute the MFPT to be

(B)x, = /0 ()t = ISP+ /Ooo Sy (t)dt = Sy, (s =0).  (1.21)

In the second equality, integration by parts have been applied. The first term
cancels at both limits, while the second one is the Laplace transform of the
survival probability for s = 0.

1.2 Historical introduction to stochastic resetting

Numerous attempts on describing stochastic dynamics with resetting have
been made during the last decades from different perspectives. Here we
present the three main approaches to the problem in a chronological order.
The first resetting models were developed within the mathematical commu-
nity, in the context of population dynamics during the 1970s (Section 1.2.1).
In Section 1.2.2 we briefly introduce some investigations on the benefits of
resetting stochastic algorithms and, finally, in Section 1.2.3 we present the

recent developments made by the physics community.
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1.2.1 Early models. Population dynamics

Population dynamics have been extensively studied from a mathematical
point of view due to the simplicity of its models, but also because it leads
to results which can be readily compared with reality [9]. A first example of
these models is a birth-death process. It describes the evolution of an initial
population of np > 0 individuals, each of which may reproduce themselves
with rate A and die with rate p. Thus, the overall population 1 evolves ac-

cording to the following transition rates, starting from n = ny:

Transition Rate Condition
n—n+1 An n>1
n—n-—1 un n>0

For this class of models, the focus is often put on studying the extinction
properties of the dynamics, as for instance the mean time to extinction or the
probability of extinction. The time-dependent transition probabilities from a
population of n individuals to a population of m individuals are also studied
in some cases, as well as the existence of an equilibrium distribution [9].

The simplicity of the set-up permits the straight-forward introduction
of further features to the model. For instance, a population-independent
rate can be introduced to the n — n + 1 transition to model immigration
[10]. Also, catastrophes can be considered by introducing an additional, in-
dependent rate v to model a sudden decrease in the population, such that
n — n —m, with m < n. This could be either a natural disaster causing the
decease of many individuals or a mass emigration of the population from
a certain region [11, 12, 13, 14]. There, the population decrease in a catas-
trophe m is considered to be stochastic. This type of event is called to be a
partial catastrophe. The main objective in these works is usually to compute
the mean time to extinction or the extinction probability. Even for determin-
istic growth models, sudden catastrophes may provoke the extinction of the
population [15, 16, 17].

Partial catastrophes may lead to the extinction of a population, but still
can not be considered a resetting process. In [18], Kyriakidis and Abakuks
developed an immigration-birth model with total catastrophes, which always
reduce the population size to zero. After that, the number of individuals may
rise again due to immigration. The transition rates of this process are sum-
marized in the following table: where A is the birth rate, « the immigration
rate and vy the catastrophe rate. The aim of the study was to determine an

optimal pest control protocol, minimizing the damage caused by the plague
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Transition Rate  Condition
n—n+1 An+uw n>0
n—0 0% n>1

and the cost of the protocol. This process, with the catastrophes being the
complete annihilation of the plague, may be considered the first model of
stochastic dynamics with resets.

Following the article by Kyriakidis and Abakuks, numerous authors have
studied population models which may suffer total catastrophes and reborn
afterwards [19, 20, 21, 22, 23, 24, 25]. The main interest there is to obtain the
transient probabilities of the process and its stationary state. In [20, 23], the
dynamics are studied by solving the Chapman-Kolmogorov master equation
of the process, whilst in [19, 21, 22, 24, 25] a renewal equation perspective
is employed. This dichotomy between differential equation models and a
renewal formalism during the 2000s augurs what was to come during the
2010s within the physics community studying stochastic processes under re-
setting (see details in Section 1.3). The results by Economous and Fakinos in
[24] are particularly interesting. There, a general formalism based on renewal
equations is presented, which may be used to study a wide class of stochastic
models with total catastrophes, among others.

These models may appear unreal due to the improbable chance of the to-
tal extinction of a group of individuals. Nevertheless, they start to gain prac-
ticality when considering a queue model instead of population dynamics.
Parallel to the aforementioned articles, various works studied queue models
with total catastrophes [26, 27], which may be applicable to solve task pro-
cessing problems in electronic devices. There, catastrophes/resetting would
correspond to the freezing or sudden breakdown of the processor.

1.2.2 Computer science. Algorithm optimisation

The study of stochastic processes has been historically approached from a
mathematical perspective. Nevertheless, since the appearance of the first
electronic programmable computer in the early 40s and the subsequent de-
velopment of randomized algorithms, the concepts of probability and stochas-
ticity began to gain more practical relevance in computer sciences [28]. Ran-
domized algorithms are usually employed to solve problems with a large set
of solutions. In these kind of problems, randomness is beneficial with re-

spect to deterministic methods due to its capacity to optimally explore the



10 Chapter 1. Introduction

full solution space. Problem-solving randomized algorithms can be gener-

ally divided in two different groups:

* Las Vegas algorithms give either the solution or its non-existence as
an outcome. Thus, their running time is a stochastic variable which
depends on the structure of the solution space and the strategy to be
employed.

* Contrarily, Monte Carlo algorithms give an approximated solution to

the problem and its running time remains more controllable.

The performance of randomized algorithms have been usually enhanced
by employing different techniques. For instance, by employing Guided Ran-
dom Search Techniques (see Chapter 5 from [29]) or building dynamic schemes
that can learn from the already visited set of solutions. In [30] a method to op-
timize Las Vegas algorithms by restarting it at stochastic times is developed.
Their method starts by running the random algorithm for a number of steps
t1. If the solution is not found at this point, the algorithm is restarted from the
beginning with an independent seed, and it runs again for a number of steps
tr, and so on. It turns out that if t; = t; = ... = t*, where t* is a carefully
chosen reset time, then the mean running time of any Las Vegas algorithm
is minimized. This is, restarting may be beneficial to optimize a stochastic
search. The very same result was found by Alt et al. [31] from a different per-
spective. They found that Las Vegas algorithms with heavy-tailed running
time distributions could be turned into algorithms with short-tailed running
time distributions by sequentially restarting them.

The capacity of restarts to reduce the running time of an algorithm may be
surprising at first sight. Nevertheless, randomized algorithms may occasion-
ally get lost in the solution space, searching far away from the actual solution
to the problem. In these scenarios, a fresh restart of the process can bring the
algorithm closer to the solution, avoiding long and fruitless searches (see Fig-
ure 1.3).

The results from [30] and [31] provide a universal restart strategy to en-
hance the performance of randomized algorithms, assuming previous knowl-
edge about the running time distribution. This enables to find some general,
theoretical results, but the method is not practical when dealing with most of
the problems, which are often confronted with no previous knowledge about
the running time distribution. This issue was approached some years later
with the so called dynamic restart strategies (see [32], [33] and references

therein). They consist on restarting the algorithm depending on whether it
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FIGURE 1.3: Schematic example of an exploration of the solution
space (blue region). From the initial condition (black dot), in the first
(1) attempt the algorithm explores a region far from the solution (red
dot). By restarting, the algorithm is able to avoid being stuck in the
dead end. After a second (2) attempt, the solution to the problem is
found in the third (3) attempt.

may be beneficial or not, given the knowledge accumulated during its cur-
rent execution. It is worth mentioning that restarting has been proven to en-
hance the performance of other processes in Computer Science. For instance,
it can minimize the time required to retrieve a page in the world wide web
[34] or improve the performance of clause learning to solve Boolean satisfia-
bility problems (SAT) [35].

1.2.3 Recent models. Physics perspective

Resetting models firstly captured the attention of physicists in 1999 [36],
when Manrubia and Zanette studied resetting on a stochastic multiplicative
process, i.e. the variable n evolves according to the following rules:

Transition Probability
n— un 1—-p
n — no p

where y and 1y may (or may not) be stochastic variables. This process
resembles the ones studied many years before by mathematicians as seen in
Section 1.2.1. Nevertheless, in their article, Manrubia and Zanette are inter-
ested in this process for the capacity to generate power-law stationary distri-
butions for n.

The physics community, however, remained unaware of the potential of
stochastic resetting until some years later, when Evans and Majumdar [37]
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FIGURE 1.4: On the left, the plot shows the position of the diffusion
process with resets described by Eq. (1.22), starting at xo = 0 and for
particular values of v and D. Resets happen at t = 2.1, 6.9, 13.1. Be-
tween them, the motion can be described by the usual diffusion equa-
tion (see Eq. (1.17)). On the right, the trajectory of a two-dimensional
random walk with resets is shown. The walker resets its position twice
(dashed black lines), performing three different trajectories starting at
the origin (sequentially: red, blue and green traces) during the simu-
lation time.

developed an easy-to-operate model of diffusion with Markovian resetting.
To do so, they built the Fokker-Planck equation for the dynamics of a Brow-
nian particle initially located at point xy under a resetting Poisson process of
its location to the initial position with a rate r. The propagator p(x, t|xp) of
the particle follows

dp(x, t[xo) _ Dazp(x, txo)
ot 0x?

This corresponds to the usual Fokker-Planck equation for diffusion (see Eq.

—rp(x, t|xg) +ré(x — xp). (1.22)

(1.17)) with two additional elements. The second term in the right hand side
annihilates particles from any position at rate r, while the third reintroduces
them to xp at the same rate. With this, they found a non-equilibrium steady
state (NESS) to be

ps(x) =/ ge VB (1.23)

and also an optimal, finite MFPT. This model is remarkable due to its ca-
pacity of capturing the two features of resetting previously observed by the
mathematical and computer science communities separately. This is, the ex-
istence of a NESS and the ability of resetting to optimize the accomplishment
of certain processes (see Figure 1.3 above) as the mean first passage time.
The simple manner these results were presented in [37] gave rise to many

open questions (see Figure 1.4 for two examples of stochastic processes under
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resets). For instance, does the existence of a NESS and an optimal MFPT hold
for non-Markovian resetting? Does it hold for stochastic dynamics different
than diffusion? What happens if the resetting is inherent to the motion (e.g.
triggering when reaching a boundary) instead of an external element? Do the
main features significantly change? Are there other magnitudes which could
contribute to understand the details of stochastic processes under resets?

Some of these questions have been addressed during the last few years,
yielding a considerable amount of works devoted to stochastic resetting. The
existence of a non-equilibrium steady state (NESS) has been found to be
non-exclusive of diffusion with Markovian resetting. For instance, a NESS
is reached in various CTRW models [38, 39, 40, 41, 42] or variations of dif-
fusion processes such as multi-dimensional diffusion [43], reaction-diffusion
dynamics [44] and diffusion in potential landscapes [45] or bounded domains
[46]. Also, non-Markovian resetting has been shown to be able to generate
NESSs [42, 47, 48].

The optimization ability of resetting has been deeply studied from a phys-
ical perspective as well. In [49] the authors broadened the analyses of the
optimal first passage time of a diffusing particle made in [37] by introduc-
ing a space dependent reset rate and randomizing the resetting position, as
well as the position of the target. Other works have shown that different pro-
cesses can be optimized when restarted, as for instance [50, 51, 52]. A general
framework to study the mean completion time of a process with resets has
been proposed in [50] from a Michaelis-Menten reaction scheme and in [53]
by using renewal equations. Interestingly, in the latter they find that the op-
timal resetting strategy is a sharp reset (i.e. deterministic reset), which was
also found in [30] for randomized algorithms with restart, as mentioned in
the previous section.

These features have attracted a lot of attention from the scientific com-
munity and different techniques have been employed to describe stochastic
processes with resets, most of which have been recently reviewed in [54]. In
the following, the current state of the field is presented to frame the objectives
of the thesis.

1.3 State of the art

In the recent literature, there are two main frameworks to model stochas-

tic processes under resets: via the Fokker-Planck equation of the system or
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from a renewal perspective. The first lets an intuitive, straightforward intro-
duction of resetting to any process with a Fokker-Planck equation which is
already known. The latter allows to build a much more detailed and versatile
model.

Since the beginning, both frameworks have been equally used, depend-
ing on the purpose of the investigation. On one hand, in [37], resetting was
smartly introduced to the Fokker-Planck equation for diffusion and its trans-
port and first passage properties were derived. On the other hand, two
years later, in [38], renewal equations were used to model a monotonous
continuous-time random walk with drifts. The latter is beneficial, in the con-
text of this thesis, because it allows for a much more detailed modelling of
the process. By using renewal equations, one can control each of the elements
conforming the model. An appropriate example to illustrate this point can
be found in [51], where resetting is subordinated to motion, in the sense that
the relocation of the walker is limited to when it is not moving. This de-
gree of detail in the modelling of stochastic processes with resets can only be
achieved by using renewal equations.

The advantage of modelling resetting using renewal equations lies in the
fact that one can describe the entire process by considering the dynamics
until the first reset only. After that, everything starts again. Thus, all the
information about the process is contained in the initial excursion, which is
repeatedly concatenated along time (see Figure 1.4 above). This has been
employed by scientists to model many types of stochastic processes with re-
sets, some of which have been already mentioned in Section 1.2.3. In [39, 55]
renewal equations are used to study the existence of a NESS for stochastic
dynamics under resets and in [40] the Sisyphus random walk is modelled
with them. A renewal framework also allows to consider time-dependent
reset rates [47], power-law reset times [48], or different types of stochastic
processes such as run-and-tumble random walks [56] and ballistic motion
[57].

The vast possibilities of the renewal perspective finds its splendour when
modelling the first completion time of stochastic processes [53, 58, 59]. Since
they allow for a general formulation, one can ask the question about the con-
ditions under which resetting renders an optimal completion time. In such a
case, the process can be modelled as follows. Consider the completion time
without the presence of resetting to be a random variable T and the reset time
to be another random variable R. If the process is completed before the re-

set happens (T < R), then the objective is accomplished in the first attempt.
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FIGURE 1.5: Panel A. In this example the process completes after
three resets at time Tr. In the first attempt, resetting prevents the
process to take a long time to complete since R < T. The process must
restart again (R < T in the second attempt to), before completing in
the third attempt when T < R. Overall, the process is optimal because
the time it would have taken to complete without resetting (first blue
bar) is longer than the time considering resets (first two red bars and
last blue bar). Panel B. Scheme for computing the total completion
time Tt of a process with resets. If the reset time is shorter than the
time required by the process to complete T > R, it restarts and the
reset time is added to the total time. Otherwise T < R, the process is
completed.
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Otherwise, if R < T, the process restarts before finishing and it starts anew
(see Figure 1.5). Therefore, the problem becomes to know how many times
this competition must be repeated so that the first possibility happens. It is
worth mentioning that this formulation allowed Pal and Reuveni to demon-
strate that deterministic restart is optimal among all the possible strategies
[53], answering an important question in the field.

Renewal equations and renewal theory appear as a magnificent frame-
work to study stochastic processes under resets. Its versatility allows to con-
sider very particular processes and, at the same time, general features of the
dynamics. Thus, in light of the above, the starting point of the present thesis
is to investigate the general properties of stochastic processes and, in partic-
ular, random walks under resets from a renewal perspective. Let us state the
hypothesis to be tested in the course of the thesis.

1.4 Obijectives

In the basis of what have been exposed in the sections above, let us present
the main purposes of the thesis. The two ideas to be explained here gather the
objectives that have been pursued in the four articles summarized in Chapter
2. The first objective refers to the connection between resetting and renewal
theory. By the nature of the first, the latter appears as a suitable framework
to study its properties. Therefore:

O1. Employ renewal theory as a natural scheme to model the resetting of

stochastic processes and, in particular, random walks.

Renewal equations allow to build very detailed stochastic models. In the
context of resetting, this feature is shown in [51], for instance, where the re-
sets are subordinated to the motion of the walker. An objective derived from

the previous is, thus:

O1’. Employ renewal equations to introduce new elements to the resetting

model.

The vast majority of stochastic resetting models developed before the be-
ginning of this thesis considered the resetting as an external agent taking the
walker to the initial position instantaneously. This is far from what one can
observe in real systems, where resetting often has a cost (temporal, energetic-
wise...) and its characteristics may also depend on the state of the system. If
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resetting models the return of an animal to the nest, for instance, the far the
animal moves away, the longer it will take to return. Also, the homecom-
ing will be more expansive energy-wise. As another example, in the restart
of a stochastic algorithm, the process is neither instantaneous and it has a
temporal cost to be considered in the running time of the method. Thus, con-
sidering these effects of resetting is important to characterize certain type of
processes.

The second objective is related to the capacity of resetting to generate a
NESS and also render optimal first passage times for random walks. This is:

O2. Study the properties of resetting acting on stochastic processes and,
in particular, on random walks (e.g. existence and shape of the stationary
state, optimal first passage time,...). The properties may vary in terms of

the particularities of the process and the resetting mechanism.

At the beginning of this thesis, the vast majority of works on the topic con-
sidered Markovian resetting, i.e. with exponentially distributed reset times.
They show that a NESS is reached in such cases. This raises the question of
when and under which condition this property holds. One may consider,
for instance, resets at times drawn from non-exponential distributions or in-
clude more complex elements to the model, as done in the compendium of
articles summarized in the following chapter. Similarly, the capacity or reset-
ting to render optimal first passage times is another property of interest for
the community that deserves to be studied from a more general perspective.
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Chapter 2

Results

In this chapter the most important results from the four articles in the com-
pendium are summarized. The crucial points are introduced as a guide to
follow the manuscripts, as well as to connect the results between them, giv-
ing a wider picture of its overall contribution to the field of stochastic reset-
ting. The full texts of the published works are included in the appendices of
the thesis.

The four articles summarized in this chapter are a sequence of models,
each of which introducing novel elements to the previous. On this basis, the
chapter is organized in four sections, corresponding to the four articles, re-
spectively. In Section 2.1, the results from [60] (Appendix A) are presented,
where a general model of stochastic motion with resets is introduced. Then,
in Section 2.2 an inactive period after each reset is introduced to the model.
This is studied in [61] (Appendix B). Section 2.3 corresponds to the results
from [62] (Appendix C), where a non-instantaneous resetting mechanism is
introduced and its effects to the overall dynamics are analysed. All these
models are built on the basis of renewal equations and are focused on study-
ing both the spatial dynamics of the motion and its first arrival (or passage) to
a certain position. In [63] (Appendix D), two novel magnitudes to describe
stochastic motion with resetting are considered, being the conditioned for-
ward and the backward times. The results therein are summarized in Section
2.4.

A note on notation. The results here presented proceed from articles elab-
orated at different moments. Hence, the notation used in each of them was
chosen in terms of the particularities of the work. In this chapter, the no-
tation will be unified to ease the reading and to facilitate a unified compre-
hension of the results. Thus, it may slightly differ from the notation used in

the articles included in the appendix.
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2.1 First model

The main objective of the first work (see Appendix A or reference [60]) is to
develop a general framework to study stochastic motion under resets. For
this purpose, we employ renewal equations to find the general propagator
p(x,t) for a random walk under resetting in terms of the propagator P(x,t)
for the resetting-free random walk and the reset time PDF ¢ (t). In particular,
one finds that

Ls[pr(t)P(x, t)]
1—@r(s)

in the Laplace space for the time variable (see Eq. (2.2) in the article). From

this, the MSD can be readily computed to be

e _ LlOROE D))
A MO

Similarly, one can find the general survival probability of the walker not

p(x,s) = (2.1)

(2.2)

reaching a particular position x to be

0 (S) — ‘CS[QDT{(t)QX(t)]
' 1— Ls[pr(t)Qx(1)]

(2.3)

also in the Laplace space for the time variable (see Eq. (2.10) in the article).
Here, Qx(t) is the survival probability of the dynamics without resetting.
And the mean first arrival time can be obtained using Eq. (1.21):

(£)r = Jo~ Pr(t)Qx(t)dt
T 1 g er(DQu(1)dE

The generality of this formulation permits the analysis of many differ-

(2.4)

ent systems. For instance, one can recover the results from [37] by choos-
ing a Gaussian PDF for diffusive motion and exponentially distributed reset
times. But it also allows us to generalize these results for other dynamics and
resetting mechanisms (see Section III in the article) or studying the effects of
resetting on more intricate processes (see Section IV in the article).

The most relevant results for the scope of this thesis are those in Section
III of the aforementioned article. There, the existence of a NESS and a finite,
optimal MFPT are analysed for different types of stochastic motion and re-

setting mechanisms. More specifically, sub-diffusive motion, diffusion and
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Levy flights are considered, and the reset time PDF is chosen to be a Mittag-
Leffler distribution, i.e.

t'nyl t TR
o= e [ ()] o

TR TR
The choice of this distribution may at first glance seem arbitrary but it
allows us to recover exponential PDFs for yg =1, i.e.

t

pr(t) = —e &, (2.6)

and also study power-law reset time PDFs such that gg(t) ~ t~177® for
YR < 1. In the following, the results on the transport properties and the

tirst passage of the overall process are summarized.

2.1.1 Transport properties

In the article we focus on isotropic random walks ((x(t)),; = 0) with (x?(t)),, ~
t?, where the subindex m means motion. This is, we consider all the processes
without a preferential direction, from sub-diffusion p < 1 to diffusion p =1,
super-diffusion 1 < p < 2 or Lévy flights p = co. With this, from Eq. (2.2)
and Eq. (2.5) we find that the global MSD behaves as

P, f 1
(xz(t)> N tP, for0 < ygr < 2.7)
9,  forygr =1

Thus, all types of motion reach a stationary value for exponential resetting
(yr = 1), which generalizes the results in [37] and other works. Other-
wise, when the resetting time is distributed according to a power-law Mittag-
Leffler PDF (yr < 1), the MSD of the outcoming process scales as the MSD
of the underlying dynamics. In this case the resetting only modifies the MSD
by a multiplicative factor.

When a NESS is reached (yr = 1), the stationary PDF can be readily
found from Eq. (2.1). In the benchmark of the article, this corresponds to the
Markovian choice of the reset time PDF in Eq. (2.6). When the underlying

motion is sub-diffusive, the stationary PDF reads

|x]

pss(x) = L e_\/D_Tg, (2.8)

\/4D1y)
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FIGURE 2.1: Stationary PDF of the overall process for sub-diffusive
motion (SD), diffusion (D) and Lévy flights (LF). The dots, squares
and triangles correspond to the numerical simulations, and the solid
curves to the analytical expressions from Egs. (2.8) and (2.9). Further
details on the simulations can be found in the article.

where v < 1 is the sub-diffusive exponent, with v = 1 corresponding to
diffusion (see Eq. (1.23) with r = 1/1g). Otherwise, for an underlying Lévy
motion, the stationary PDF can be found to be

T cos(kx) 1
pSS(X) = 2/0 mdk ~ W, as |X| — 00 (29)
with « the Lévy exponent (@« — 2 corresponding to the diffusive limit). In the
article, these two expressions are compared to numerical simulations of the

process showing a good agreement (see Figure 2.1).

2.1.2 First passage time

To study the first passage of the walker to a given position x we consider a
general form for the survival probability of the underlying process (i.e. for
the process without resetting) of the form

Qx(t) ~t71, 9 >0, (2.10)

for long t. This is, without resetting, the probability of not having reached
the target scales as Eq. (2.10). The choice includes the survival probability
for sub-diffusion when g = /2 with ¢ < 1 (see [7]), diffusion when g = 1/2
and Lévy flights when g = 1 —1/a with 1 < a < 2 (see [64]). When this
process is restarted at times given by Eq. (2.5), the survival probability can
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FIGURE 2.2: The tail exponent B of the survival probability oy (t) ~
tP of the overall process is shown for sub-diffusive motion (panel A)
and Lévy flight (panel B), both restarted at times given by a Mittag-
Leffler PDF with decay exponent «yr. The solid curves are the limit
between finite (flat pink region) and infinite (gradient) MFPT (MFAT
for Lévy flights) in both plots. In panel A, it corresponds to yr +
v/2 = 1, while in panel B its equation reads yr — 1/a = 0. Further
details on the simulation may be found in the article.
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be found to decay as
ox(t) ~ TR if g+ g < 1. (2.11)

Now, whenever yr + g < 1 the MFPT (MFAT for Lévy flights) diverges (see
Section 1.1.2). Otherwise, if ¢ + yg > 1, the MFPT in Eq. (2.4) is finite. In
Figure 2.2 numerical simulations of the survival time are shown to be in good
agreement with this results.

Interestingly, the MFPT can be finite even when the reset time PDF decays
as a power law with infinite mean (pink region in Figure 2.2). For the sake
of simplicity, let us consider the particular case of diffusion, corresponding
to v = 1 in panel A and & = 2 in panel B. In such a case, the MFPT is finite
when the reset time PDF decays as

@r(t) ~ 7177, with 1/2 < yg < 1.

This is, the overall MFPT may be finite even when the mean reset time di-
verges. Recall that the MFPT of diffusion without resetting also diverges and
its survival probability decays as

Qx(t) ~ t_l/zr

corresponding to a PDF decaying as ¢t ~3/2. Thus, an infinite mean reset time
is capable of rendering a finite MFPT.
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2.1.3 Summary

From renewal equations, a simple and versatile model to study stochastic
processes with resets is formulated. It is employed to study sub- and super-
diffusive motion and different resetting time PDFs. In recent years, other au-
thors have applied the very same ideas to analyse different types of processes
[52, 65, 66].

The results from the article show that, on one hand, the scaling of the MSD
with time is unaltered when the resets come from a PDF with all diverging
moments (yr < 1in Eq. (2.5)). On the other hand, the MSD reaches a sta-
tionary value when all the moments of the reset time PDF are finite (yg = 1
in Eq. (2.5)). This raises the question of whether there is a smooth transition
between the two cases or not. In [65] a Pareto-type distribution has been con-
sidered, which can have none, one, two, or any amount of finite moments in
terms of its tail exponent. There, the authors show that the transition between
non-altered scaling of the MSD and reaching a stationary value is soft and
progressive. In particular, this soft transition happens in the region where
the first moment of the reset time PDF is finite and the second diverges.

In [60] the decay exponent of the reset time PDF is shown to be particu-
larly relevant for the properties of the first passage time of diffusion. While
for yg < 1/2 the MFPT diverges, it is finite when yg > 1/2. The change in
the properties of diffusion with scale-free resetting at yg = 1/2 will be seen

to be non-exclusive of the MFPT in the articles to come.

2.2 Second model

In the second paper (see Appendix B or reference [61]), a novel element is in-
corporated to the model. It consists on a residence period after the resets dur-
ing which the walker remains immobile. The motivation behind this model
lies in that when a process is restarted, it usually requires a recovery period
before starting anew. One may think of the time a random walk needs to
travel to the reset position or the time an algorithm requires to start again.
Similarly to the previous model, we make use of renewal equations to get
the statistics of the overall process. Here, we build a two-state model (one for

the motion and one for the resting period), to get the general propagator

s(a,s)  POIPREIO) Lol (PG, 1)

P 1~ pr(s)s(s) : 212)
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in the Laplace space for the time variable. In the equation, the Laplace trans-
form of @g(t) appears, which is the residence time PDF (i.e. the PDF of the
time that the walker remains immobile after a reset). Note that this result
reduces to the one in Eq. (2.1) when the residence period is chosen to be null,
i.e. ps(t) = 4(t), corresponding to ¢s(s) = 1 and ¢%(s) = 0in Eq. (2.12).
The survival probability of the motion with a target at a given position x

can be computed to give

Ls[pR () Qu()] + Ls [k (£) Qu ()] P35 (s5)

0y (s) = ~7 2.13
(5) 1= L. [pr(DQ:(D]$5(5) 213
and, when existing, the MFPT reads
I + w1p
By = ———=, 2.14
(t)x -1 (2.14)
where o
I = /0 ok (H)Ox (1), (2.15)
I = /0 or (1) Qx ()dt (2.16)

and 7; = fooo tes(t)dt is the mean residence time. Again, these results reduce
to the ones from the previous model when the residence time is null (s (s) =
1in Eq. (2.13) and 75 = 0 in Eq. (2.14)).

The new scenario is analysed similar to the model without residence pe-
riod. Both the reset time and the residence time PDFs are chosen to be of
the form in Eq. (2.5) for the reasons above mentioned. Then, the transport
properties are studied in Sections III and IV from [61], while the first arrival
properties are shown in Section V therein. In the following, the main results

in the article are summarized.

2.2.1 Transport properties

When considering the collective transport of the dynamics, the residence pe-
riod can be though as a dynamic trap at the reset position. Whenever a par-

ticle resets its position, it is forced to stay immobile during a certain time.
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Therefore, this new mechanism will reduce the transport capacity of the pre-
viously studied system. More specifically, if the MSD of the underlying mo-
tion scales as (x%(t)),, ~ t¥, the MSD taking into account resets and the resi-

dence period scales as

(1)) ~ 1 217)
with
vs—1, foryg =1
a=4q p+ys—7r foryr <1, y5 <R
P, foryr <1, vs = g,

depending on the relation between the parameters s and g, being the tail
exponents of the residence and the reset time PDFs respectively. Considering
the residence period gives rise to a rich variety of transport regimes. There

are three possible scenarios:

* When the reset time PDF is short-tailed (g = 1), the motion may either
collapse ((x?(t)) — 0 for s < 1), which is the case of a long-tailed
residence time PDF, or tend to a stationary value ((x?(t)) — tV for y5 =
1). In the latter, the PDF in the NESS can be found to be

|x]

 /Dd
Tg TR € Dt
X) = o(x) + 2.18
Pslx) = L0 + - e (2.18)
for sub-diffusion (diffusion for v = 1), and
Ts TR +oo cos(kx) 1
_ 5 / OV ke~ ——— (21
pss(x) TR + Tg (x)+TR+T5 0 14 TrDgk~ |x |1+ (2.19)

as |x| — oo, for Lévy flights (diffusion when & — 2). Notably, the shape
of both the PDFs is the same as for a null residence period (see Eq. (2.8)
and Eq. (2.9) and compare to the second term of the corresponding
PDFs with residence period), weighted by the portion of time spent in
the exploring state Tr/ (T + Ts). The rest of the time 75/ (Tr + Ts) is
spent at the origin in the residence state, i.e. the PDF of the walker is
0(x) (first term in Eq. (2.18) and Eq. (2.19)).

* When the reset time PDF is long-tailed (yr < 1) and the tail of the res-
idence time PDF is even longer (ys < 7r), the transport regime of the
walker is modified. In Figure 2.3 all the cases are summarized in terms
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FIGURE 2.3: Summary of the transport regimes for an underlying
motion with (x%(t)), ~ tP and reset and residence time distributions
given by Eq. (2.5) with «yg and ys respectively.

of p and the difference between the tail exponents yr — 5. This differ-
ence is relevant because it measures the asymptotics of the time spent
by the walker in each of the two states. If it stays in the residence state
longer than in the exploring state (yr > 7s), the transport capacity of
the system is diminished. For instance, an underlying super-diffusive
process may become diffusive or even sub-diffusive when the reset-
and-residence mechanism applies. Also, a sub-diffusive process may
end up reaching a stationary state and more notably, if the residence
period is long enough, the walkers may end up being trapped at the

reset position (transport failure in Figure 2.3).

¢ When the reset time PDF is long-tailed (yg < 1) and the tail of the
residence time PDF is shorter (ys > 7r), the transport regime of the
walker does not change. This is, when the time spent in the exploring
regime is asymptotically longer than in the residence regime, the first

prevails and the scenario is similar to the previous model (see Eq. (2.2)).

2.2.2 First passage time

The first passage properties of the walker under resets and the succeeding
residence period was also studied in [61] in terms of the underlying motion
and the characteristics of resetting. As in the previous model, we consider a

general decay for the survival probability of the walker, i.e.

Qx(t) ~t71,g>0
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rs =1 rs < 1
YR+ >7s Finite MFPT (Tx(t) ~ t—1=7s)
YR+q <75 | ox(t) ~ === | g (t) ~ t~T=1R=9)

TABLE 2.1: Summary of the different cases for the asymptotic be-
haviour of the overall survival probability o (t). When it decays more
rapidly than oy(t) ~ t~1, the MFPT is finite (top-left case in the Ta-
ble).

for long t. Then, the overall survival probability behaves differently depend-

ing on the reset and the residence time PDFs with parameters yg and s

respectively. In Table 2.1 all the casuistics in terms of the tail exponents are

summarized.

* When the residence time PDF is long-tailed (ys < 1), the MFPT always

diverges because the time the walker stays immobile after a reset is in-
finite (in average). However, the decay of the survival probability in
this case may be determined either by the residence exponent s or the
motion exponent yr + g (see previous article) depending on which of
them is smaller. Then, when the residence time PDF is more important
than the exploration time (ys < g + q), the first is the one determin-
ing the decay of the overall survival probability and o (t) ~ t~(177s).
Otherwise, when the residence time is asymptotically shorter than the
exploration time (ys > 7r + ¢), the latter governs the overall process
and oy (t) ~ t~(1=7R=0),

Otherwise, when the residence time is exponential (yg = 1), the be-
haviour of the MFAT in this scenario is equivalent to the one studied
in [60] (see Section 2.1.2). The difference lies in a finite additive fac-
tor accounting for the time the walker stays at the origin, which does
not affect the asymptotic behaviour. Thus, the MFAT is finite whenever
YR +q > vr = 1 and diverges for ygr +q < s = 1. In the latter case,
the survival probability decays as oy (t) ~ t~(1=7r=4),

As done for the previous model, the general exponent g have a particular

expression for every type of motion. The details on the sub-diffusive and

diffusive cases and the Levy flights can be found in the article from Appendix

B.
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2.2.3 Summary

Using renewal equations to describe stochastic processes under resets per-
mits an easy and straightforward introduction of novel elements to the model.
The residence period that has been included in this article may allow reset-
ting models to describe more diverse scenarios. The residence period barely
affects the dynamics of the process at short times. When it reaches a steady
state, the model with a residence period only differs from the previous in that
a portion of the particles accumulate at the origin. Nevertheless, at longer
times, the residence period may significantly affect the dynamics. Both the
existence of the MFPT and the transport regime depend on the asymptotic
relation between the residence and the reset time PDFs.

It is particularly interesting how the scaling of the MSD of the overall
process may be smoothly modified by the combination of resets and the pos-
terior residence period. Thus, a proper choice of the reset and the residence

time PDFs could be used to tune the transport regime of a given process.

2.3 Third model

In the previous article, a recovery time after is included after the resets and
before the stochastic process starts again. The model presented therein may
serve in certain scenarios, but it considers the reset time and the residence
period as independent random variables. This may be unreal in some cases.
Think of the simple example of a diffusive walker with instantaneous reset-
ting as studied in [37] and in the first article of this thesis. If we aim to con-
sider the non-instantaneous nature of resetting in this case, the time needed
by the walker to start again (i.e. the time it needs to return to the resetting
position) would depend on its position. If the reset comes when the walker is
near the resetting position, the reset will be faster than when far positions are
reached. Thus, the time before starting again is correlated with the stochastic
process and the reset time itself. In the third article of the thesis (see Ap-
pendix C or reference [62]) the transport and stationary properties of these
dynamics are studied.

In the paper, a two-state model is introduced, similar to the one in [61].
The first state is called to be an exploring state described by a propagator
P(x,t) and lasting at a stochastic time given by a reset time PDF ¢g(t). The
second state or returning state consists on a ballistic motion with velocity v

towards the origin. At the origin, the walker starts the exploring phase once
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again. A renewal equation formalism allows us to find the global propagator
of the process in the Laplace space for time to be

m —+o00 _ﬂ
IT*(x,8) + Lew® [[1F dze™ 5°T1(z,s)
p(x,s) = 100 i 5 , (2.20)
1— [ dze”5°TI(z,s)

where

[1(x,5) = Lslgr(H)P(x, 1) 21)

and
IT(x,5) = Lslga(H)P(x, ). 02)

Similarly, in the long t limit (small s), the MSD of the walker with resets
can be expressed in terms of the moments of the dynamics without resetting

(Ix|")p as

sy = LoloR(D G2 + g,—lvﬁs[(PR(f|)<IXI IR

3
1= r(s) + 5 Ls[@R (B) (|x|(£)) ]

In the infinite v limit, the expression for instantaneous resetting can be recov-
ered (see Eq. (2.2)). Note that the absolute odd moments of the dynamics
without resetting are important to describe the MSD with non-instantaneous
resetting.

2.3.1 Markovian resetting

When the reset time PDF is exponential as in Eq. (2.6), the PDF from Eq.
(2.20) reaches a stationary being

P(x,s =1/1R) + T f|+°°dszs:1/TR)

ss = , 2.24
ps() et 2L (]G = /) 229

where the Laplace transform of P(x, t) appears and also its absolute first mo-
ment (|%|(#))p. This expression has been derived in the context of a random
walk with non-instantaneous returns, but it may also describe other stochas-
tic processes with non-instantaneous resets. It is interesting to consider the
stationary state when the free motion is diffusive. From Eq. (2.24), it reads

1 — X/ VT
Pss(x) = \/me ‘ |/ b R~ (225)



2.3. Third model 31

< ® a=0.75

1.9 4

1'8 - T T T T T T T T
0.25 050 0.75 1.00 125 150 1.75 2.00
\%

FIGURE 2.4: Stationary MSD for different fractional Brownian mo-
tion processes (see the article in Appendix C for further details) with
Markovian resetting in terms of the return velocity v. Depending on
the moments of the underlying motion, the MSD may increase, de-
crease or be independent with the returning velocity.

This is, the NESS is independent of the returning velocity and its PDF is the
same as for instantaneous resets (see Eq. (2.9) for yg = 1 or reference [37]).
As for the stationary MSD, a general expression can be found in terms of

the moments of the free motion:

(#(s = 1/w))p + 5 {1 £(s = 1/w))p

p
TR + L<|3CA|(S = 1/TR)>p

UTR

<x2>ss =

(2.26)

Again, it reduces to the instantaneous resetting case when v — +oco. What is
interesting here is that the stationary MSD may increase or decrease with the
return velocity depending on the moments of the free motion. Let us define
the ratio

3 (|%](s = 1/r))p(£2(s = 1/7r))p
R (I£2](s = 1/r))p '

Then, if k¥ > 1, the stationary MSD decreases with v, while when ¥ < 1 it

K = (2.27)

increases with the returning velocity. In the limiting case x = 1 the stationary
MSD is independent of the returning velocity (e.g. when the free motion
is diffusive). In Figure 2.4 we show this feature for a fractional brownian

motion which allows us to switch between the different regimes for x.
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2.3.2 Pareto resetting

In the previous articles we used Mittag-Leffler PDFs to study long tailed dis-
tributions. Nevertheless, this choice is limited to decays such that pgr(t) ~
1/t1F7%, with yg < 1, being the yr = 1 case an exponential PDF (see Section
2.1). In the current article scale-free resets are modeled by a Pareto PDF i.e.

YR/ TR
1+ t/TR)HJVR '

or(t) = | (2.28)
This allows us to study an unrestricted range of decay exponents. Note that
this definition is slightly different from the one in the article (see Eq. (2.29)
therein), where r = 1/71R is used instead of 7g. The aim of this choice is to
keep consistency with the notation used in the previous articles. Regarding
the exponent, it can take any real positive value (yg > 0), including the 0 <
vr < 1 region already considered with the Mittag-Leffler PDF above. With
this, reset times with finite mean but diverging second moment (1 < yr < 2)
can be studied too, and similarly for higher moments of the reset time PDFE.

In the following, only diffusion will be considered for simplicity. From
Eq. (2.20), one can see that a NESS is never attained when v < 1. Recall
that in such a case, a NESS is neither attained for instantaneous resetting (see
Section 2.1). Contrarily, when g > 1, the dynamics do reach a NESS with
stationary PDF

—1)/V4ar 1 11 2
VDR + 5 T(yr—1)

|x| 1 3 X2
T — —, = 2.2
+ otz \ TR T )U{ TRt 55 1D )| (2.29)

where U(a,b,z) is the Tricomi confluent hypergeometric function. Asymptoti-

cally, it decays as
1
Pss(x) ~ xR 1

This is, as we increase g, the even moments of the stationary PDF progres-
sively become finite (all the odd moments are null due to the symmetry of the
process). For instance, the MSD diverges when g < 2, and it converges for
YR > 2. Similarly, the fourth moment diverges when yr < 3 and converges
otherwise, and so on and so forth.

The divergence of the MSD can be studied in more detail in terms of yg.
From Eq. (2.23), one can find that, in the long ¢ limit,
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(x*(t)) ~ 1 (2.30)
with
1, for0 < ygr <1
a= 2—qg, forl<yr <2
0, for 2 < ygr

Therefore, diffusion with scale-free, non-instantaneous resetting may still
have a diffusive behaviour whenever the first moment of the reset time PDF
diverges (yr < 1). This result is equivalent to the one found in [60] for instan-
taneous resetting. Nevertheless, if the tail decays more rapidly (1 < yr < 2),
the transport regime becomes sub-diffusive and the exponent progressively
decrease as yg — 2. This is also equivalent to the instantaneous resetting
scenario [65]. Finally, when g > 2, the MSD attains a stationary.

2.3.3 Return time PDF

A natural question to ask about walkers with non-instantaneous resetting is
how much time does it spend to return to the origin. Intuitively, it should
depend on the type of motion: the faster it moves away from the origin, the
longer it will take to return. Also, the longer the reset time is, the far the
walker will be able to reach; therefore, the return time will be longer. Thus,
the return time should depend on both the motion and the resetting.

In [62], an expression for the PDF of the returning time ¢,(t) is found in
terms of the free motion and the reset time PDFs:

or(t) = 20 /0 T A p(ot, ¢ ) pr (). (2.31)

And the n-th moment reads:

(i) = [ Ao (=0 232

This is, there is a one-to-one correspondence between the n-th moment of the
return time PDF and the n-th moment of the motion PDF.

For diffusion with Markovian resetting, one can easily derive the return
time PDF to be

9r(t) = —2—e VO (2.33)
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This is, the return time PDF is also exponential (as the reset time PDF) and

one can define a return rate to be

(%

\/DTR,

which depends on the reset time PDF via the reset rate r = 1/71g, on the

ry =

(2.34)

diffusion via its constant D and also on the return velocity .
If instead of diffusion with Markovian resets we consider scale-free reset-
ting with a Pareto reset time PDF, the return time PDF becomes a bit more

intricate:

_UR 1 11 @ , 1
pr(t) = —\/WTRF (ﬂm + 5) u (fm t3 3t )~ e (2.35)

The n-th moment of the PDF can be also computed from Eq. (2.32) (also from
Eq.(2.35)) to give

T(14+m)T(1+ 5T (g — %) (\/4DTR>H, (2.36)

(1) = i

TR) v
only for yg < n/2. Otherwise, it is infinite. Thus, depending on the tail
exponent of the Pareto PDF <y, the n-the moment may diverge or have a
tinite value. If

R > 2 (2.37)

5
then the n-th moment of the return time PDF converges. In other words, all
the moments such that n < 2y exist, while they diverge for n > 2yg. In par-
ticular, regarding the mean of the return time, it exists whenever yg > 1/2;
again, for scale-free resetting, yg = 1/2 becomes relevant when describing

the statistical properties of the process.

2.3.4 Summary

Renewal equations permits an easy introduction of a finite velocity resetting
mechanism to diffusion. In the case that the reset time is Markovian, the
stationary distribution is independent of the return velocity and equal to the
stationary state found in [37] for instantaneous resetting. Contrarily, when
the reset time PDF is scale-free, a stationary state is only reached when the
first moment of the reset time exists (yr < 1). When considering the MSD
of the position of the walker, it scales linearly with time in such a case. For
1 < yr < 2 a sub-diffusive behaviour with exponent smoothly decreasing
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linearly with yg until yg > 2, where a stationary MSD is reached. This result
is equivalent to the asymptotic behaviour of diffusion with instantaneous
resetting [65].

The return time PDF is also analysed in the article. The distribution is
exponential when the reset time PDF is exponential too, while for Pareto reset
time PDFs it takes the form of a Tricomi confluent hypergeometric function.
In the latter case, the mean return time is finite only when yg > 1/2. This
happens as well for the first passage time of diffusion with instantaneous
resets (see Section 2.1.2).

2.4 Conditioned backward and forward times

In the last work of the thesis (see Appendix D or reference [63]) we recover
the scenario from the first model: a random walk with instantaneous reset-
ting. More in particular, the random walk is considered to be diffusive for
the sake of simplicity, though the results displayed in the following may be
extrapolated to other types of stochastic processes.

The main objective of this paper is to take advantage of the intrinsic rela-
tion between renewal processes and resetting to bring novel tools to analyse
the processes under resets. In the three models presented above (and in the
vast majority of the stochastic resetting literature [54]), the MSD and the first
completion of the process are the main objects of study. Here, the conditioned
backward and forward times are introduced as additional elements to explore
the dynamics of the system.

Similar to the well-known backward and forward times from renewal the-
ory (see [67] and Chapter 7 in [68] for details), the conditioned backward B
and forward F times respectively correspond to the times since the last and
until the next reset given that the position of the walker x(t) is known at the
current time. This is, from a present observation of the process, one can esti-
mate when the time of the closest resets.

In terms of the propagator p(x,t) and Q(t) defined in Eq. (1.10) (i.e. the
probability of the last event happening at time t), the long time limit of the
conditioned backward time PDF can be written as:

L Q) .
f(Blx,t) = o 1) ¢r(B)P(x, B), (2.38)

where P(x,t) is, in this case, the Gaussian PDF of a diffusive process and
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@k (t) the survival probability of the reset time PDF. Similarly, the condi-

tioned forward time PDF reads, in the long time limit:

[y dt'Q(t —t')pr(t + F)P(x, ')
p(x, t) '

F(E|x,t) ~ (2.39)

Especially interesting is when the conditioned backward or forward time

PDFs reach a stationary. Then, we can define

F(Blx) = lim f(B|x, ) 2.40)
and
f(Flx) = }Lm f(Fl|x, 1), (2.41)

respectively. In such a case, whenever the process is measured after a long
time, only the position of the walker (or state, in general) is needed to get
information about the last and the next reset. Note that, for instance, the time
dependence of the conditioned backward time comes from Q(t)/p(x, t) only.
Therefore, if this ratio reaches a stationary value (i.e. lim; . Q(t)/p(x,t) is
finite and non-zero), then a stationary conditioned backward time PDF exists.
Remarkably, these expressions are general for any stochastic process with
resets, though in the article we put the focus on diffusion. In the following,
the results for a diffusive random walker with exponential and Pareto reset

time PDFs are exposed.

2.4.1 Markovian resetting

When the resetting is Markovian, it is well-known that the propagator reaches
the NESS in Eq. (1.23). Also,

lim Q(t) = = — 242
t—o00 Q( ) <t> PR TR ( )
is time independent. Thus, from Eq. (2.38), the conditioned backward time

PDF does not depend on time neither and it behaves as

_B 2

£(B|x) o (2.43)
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FIGURE 2.5: Stationary conditioned backward (panel A) and for-
ward (panel B) time distribution for diffusion and exponential reset-
ting with T = 20 (circles) and under Pareto resetting with Tr = 5
and two different values of the decay exponent: yr = 0.75 (squares)
and yr = 1.75 (triangles). The solid lines have been drawn from the
behaviours in Eq. (2.43) and Eq. (2.46) for the exponential and Pareto
cases of panel A, respectively. In panel B, Eq. (2.44) and Eq. (2.47)
have been plotted, respectively.

Similarly, the conditioned forward time PDF can be found to be

F(E]x) =~ TiRe‘ri. (2.44)
Note that, while in the article from Appendix D the exponential PDF is de-
fined in terms of the rate r, here we use the mean g to parameterize it. They
are related through r = 1/71x.

Therefore, at long times, if the current position is known, the statistics
of the backward and the forward times can be readily obtained. The condi-
tioned forward time PDF, for instance, is exponential and independent on the
position of the walker, i.e. the probability of an upcoming reset is always the
same. This is due to the Markovianity of the resetting process. Otherwise,
the conditioned backward time PDF does depend on the current position of
the walker. In Figure 2.5 a good agreement with simulations of the process is

shown.

2.4.2 Pareto resetting with yz > 1

If, instead of resetting at times given by an exponential PDEF, the reset time
PDF is a Pareto distribution of the form in Eq. (2.28), the dynamics of the
walker become different. In such a case, the long-time behaviour extremely
depends on the tail exponent g and, in particular, on whether the first mo-
ment of the reset time PDF exists or not.
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Let us start by the case where the first moment of ¢ (f) exists, i.e. yg > 1.

In such a case, the dynamics reach a stationary state given by

YR —1 1 11 2
= r - |u -, =, . 245

As for the exponential reset time PDF, lim; ;0o Q(t) = 1/(t) 9z, which is finite

for yg > 1. Therefore, in this case Eq. (2.38) tends to an asymptotic PDF
which behaves as ,
e*fﬁ

VB(1+ B/tR)"®
And from Eq. (2.39), the conditioned forward time PDF also reaches a sta-

(2.46)

f(Blx) ~

tionary form which depends on F via

11 2
YR+ 3:3/ 4D(TR+F))

u (
f(Blx) ~ (14 F/tR)7th

(2.47)

Again, for long enough measurement times, information about the back-
ward and the forward times can be obtained from the current position only.
In this case the PDFs become more intricate, but statistical information (e.g.
mean, variance or higher moments) can still be obtained from these expres-
sions. The simulations for this scenario are also displayed in Figure 2.5.

2.4.3 Pareto resetting with 0 < vz < 1

When the first moment of the reset time PDF diverges (yr < 1) the scenario
becomes more intricate. A stationary state is not reached in this case and the
long time limit of the dynamics is not universal for all values of yg. This is,
when ¢ > T and also t > x%2/D,

r(l_’YR) 1 . 1
i yor & 0<IR<3
plxt) = (2.48)
sin(n'y )F(Z’)/ _1) 1 . 1
ﬂr('ylf)(Dt)lIi’YR ‘X|Z7R*1’ if 5 < YR < 1,

which behave differently for yg < 1/2 than for yg > 1/2. Once again, a
transition between two distinct behaviours is found at yg = 1/2, which can

be observed in numerical simulations too (see Figure 2.6)
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FIGURE 2.6: Panel A: Propagator of diffusion with Pareto resetting
(yr = 0.25) for the simulation of N = 10° trajectories at differ-

ent measurement times t. The multiplicative factor in the y-axis is

Ci(t) = %\/Dt. As the time increases, the renormalized
propagator tends to be flat as found in Eq. (2.48). Panel B: Prop-
agator of diffusion with Pareto resetting (yr = 0.75) for the sim-

ulation of N = 10° trajectories at different measurement times t.

The multiplicative factor in the y-axis is Co(t) = %.

As time increases, the propagator approaches this scaling limit. In
both panel A and panel B, the diffusion constant is D = 0.5 and
T = 1in the Pareto reset distribution. The dots, the triangles and the
squares correspond to the propagator obtained from the simulations.
The solid black curves correspond to the asymptotic behaviour found
in Eq. (2.48). Both panels have been plotted in Log-Lin axis.

In the long f limit,

—TR
TR

M0y 7™ 249

Q(t) ~

and, with this, one can analyse the asymptotic behaviour of the conditioned
forward and the backward times in Eq. (2.38) and Eq. (2.39). Let us start by
the first. While the dependence on B is the same as in Eq. (2.46), the ratio
between Q(t) and the propagator when t > x?/D is

27 \/5 . 1
Q(t) T(yr)T(5—7R) T7R$2 R if 0<7r< 2
~ (2.50)
p(x’ t) 1—( ) |x|2'yR—1 . 1
TR if 3 <9r<1,

I'(2yr—1) DI="RT'R’

which is time independent only for g > 1/2. Consequently, a stationary
conditioned backward time PDF is reached only in this case (see Figure 2.5
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FIGURE 2.7: Conditioned backward (A) and forward (B) time PDF
for diffusion and Pareto resetting with 7 = 5 and yg = 0.25.
Three different measurement times have been plotted, showing that
f(Blx,t) and f(F|x,t) do not reach a stationary shape. Both the
panels A and B have been obtained averaging N = 10° different tra-
jectories with diffusion constant D = 0.1.

for numerical simulations of the process). Furthermore, the conditioned for-
ward time PDF can be found to decay as

f1R"3

Fzt1R’
F(Flx,8) ~ 2.51)

AL I

F%T’YRI or 5 < IR < 1

for0<’)/R<%

with F. Similar to the backward time, there is a transition at yg = 1/2 such
that below this value, the conditioned forward time PDF does not reach a sta-
tionary shape, while it does when yg > 1/2. This has also been corroborated
via numerical simulations. In Figure 2.5 the case yg = 3/4 is shown to reach
a stationary distribution, while in Figure 2.7 the case yr = 1/4 is shown to
be time-dependent.

244 Summary

From the concepts of backward and forward time of renewal theory, one can
define the corresponding times under the condition that the current position
of the walker or, in general, the current state of the stochastic process are
known. Provided that the dynamics started a long time ago, it is sometimes
possible to obtain the PDF of the backward and the forward times condi-
tioned to the position of the walker at the present time. This may be of inter-
est for those cases where the time since the process started is unknown, but
the current state of the system can be easily measured.



2.4. Conditioned backward and forward times 41

In this work we again find a transition in the properties of the system for
Yr = 1/2. Firstly, the propagator of the walker with Pareto reset time PDF
with yr < 1/2 differs significantly from the propagator when yg > 1/2 (see
Figure 2.6). Secondly, this distinct behaviour provokes that the properties of
the conditioned forward and backward times also change at yg = 1/2.
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Chapter 3
Conclusions

In this thesis, the resetting of random walks has been studied from a renewal
perspective, developing three different models with increasing complexity
and proposing novel tools to gain knowledge about the walkers. The conclu-
sions of each work composing the thesis may be found in the corresponding
articles. Here, in order to conclude the thesis as a unity, we review the objec-
tives proposed in Section 1.4, giving an overview of our contribution to the
field of stochastic resetting.

Modelling stochastic resetting by means of renewal equations present
several advantages respecting to the use of the diffusion equation with re-
sets (see O1 in Section 1.4). In the model from the fourth article (see Ap-
pendix D), the temporal dynamics of resetting are treated independently of
the spatial dynamics of the walker. This dissociation is important because the
temporal dynamics of resetting can be described as a renewal process, which
have been thoroughly studied in the literature (see, for instance, Chapter 7
in [68]). During the last years, in fact, many authors have been employing
renewal theory to model stochastic processes under restarts [52, 65, 66].

More importantly, from renewal equations one can build a general frame-
work for stochastic processes under resets (see O1” in Section 1.4). This per-
mits us considering many types of walkers and reset time distributions in a
simple and straightforward manner (see Section 2.1). Furthermore, novel el-
ements can be intuitively introduced to the model, making it more complex
and malleable to describe practical scenarios (see Section 2.2 and Section 2.3).
This point leads us to the last objective.

Using renewal equations to model stochastic motion under resetting has
allowed us to widen the knowledge about this class of processes (see O2 in
Section 1.4). Do resetting always generate a NESS? If not, under which cir-
cumstances does stationarity arise? Does it always render optimal MFPTs?

These questions are considered in all the models described in the previous
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section. In the first model, for instance, the existence of a NESS and an op-
timal MFPT is studied for a general class of dynamics. The very same prop-
erties have been also analysed for more intricate models, as the ones in the
second and the third articles. Notably, for long-tailed reset time PDFs such
that gg(t) ~ 1/t77%, the decay exponent yg = 1/2 becomes particularly
relevant on the description of the system. There are several properties of
the system that change drastically when moving from below (yg < 1/2) to
above (yr > 1/2) this change-point.

Finally, the framework herein employed allows us to define the condi-
tioned forward and backward times in the article from Section 2.4. Studying
these magnitudes contribute to the description of stochastic processes with

resetting, taking advantage of its connection with renewal theory.

3.1 Open questions and further work

To finish, let us highlight some lines of research that may be of interest for
the community, following from the results presented on this thesis. Reset-
ting has been lately considered on many different stochastic processes other
than movement [52, 69, 70]. The list of systems that may be described by
stochastic resetting is endless: computer algorithms, investing strategies, hu-
man behaviour, chemical reactions, etc.

Besides the novel elements introduced in this thesis, another interesting
mechanism to further consideration is resetting triggered by the dynamics
of the process itself. This is, instead of being random, resetting could be
self-triggered when a given condition is fulfilled (e.g. finding food in the
case of animal foraging or getting stuck in a local minimum on a stochas-
tic algorithm). In this same direction, resetting models should be employed
to describe natural processes in more detail. At this point, the vast major-
ity of the works devoted to the topic (including ours) focus on studying the
properties of well-known, academic stochastic processes under resets. Nev-
ertheless, apart from the work in [71], the experimental applications of these
models are yet to be considered.

Furthermore, there are some open questions yet to be investigated. What
is the reason behind the drastic change of behaviour at yg = 1/2 for diffusion
with long-tailed reset time PDFs? Do the results from this thesis hold for
other type of reset time PDFs? Are there other reset-based mechanisms able
to tune the transport regime of diffusion? These and many other questions
may widen our knowledge of stochastic processes under resets.
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Stochastic resets have lately emerged as a mechanism able to generate finite equilibrium mean-square
displacement (MSD) when they are applied to diffusive motion. Furthermore, walkers with an infinite mean
first-arrival time (MFAT) to a given position x may reach it in a finite time when they reset their position. In this
work we study these emerging phenomena from a unified perspective. On one hand, we study the existence of
a finite equilibrium MSD when resets are applied to random motion with (x?(¢)),, ~ t” for 0 < p < 2. For
exponentially distributed reset times, a compact formula is derived for the equilibrium MSD of the overall
process in terms of the mean reset time and the motion MSD. On the other hand, we also test the robustness
of the finiteness of the MFAT for different motion dynamics which are subject to stochastic resets. Finally,
we study a biased Brownian oscillator with resets with the general formulas derived in this work, finding its
equilibrium first moment and MSD and its MFAT to the minimum of the harmonic potential.

DOI: 10.1103/PhysRevE.99.012141

I. INTRODUCTION

The strategies employed by animals when they seek food
are complex and strongly dependent on the species. A better
understanding of their fundamental aspects would be crucial
to control some critical situations as the appearance of invad-
ing species in a certain region or to prevent weak species to
extinct, for instance.

In recent decades, a lot of effort has been put into the
description of the territorial motion of animals [1]. Among
others, random-walk models as correlated random walks and
Lévy walks [2,3] or Lévy flights [4] are commonly used.
Nevertheless, in the vast majority of these approaches, only
the foraging stage of the territorial dynamics is described
(i.e., the motion patterns while they are collecting), leaving
aside the fact that some species return to their nest after
reaching their target.

Having in mind that limitation, Evans and Majumdar [5]
studied the properties of a macroscopic model consisting on a
diffusive process subject to resets with constant rate (meso-
scopically equivalent to consider exponentially distributed
reset times), which introduces this back-to-the-nest stage. For
this process, the mean first-passage time (MFPT) is finite and
the mean-square displacement (MSD) reaches an equilibrium
value. The latter result allows us to define the home range of
a given species being a quantitative measure of the region that
animals occupy around its nest.

From then on, multiple works have been published gen-
eralizing this seminal paper [6—18], by introducing for in-
stance absorbing states [7] or generalizing it to d-dimensional
diffusion [10]. Some works have also been devoted to the
study of Lévy flights when they are subject to constant
rate resets [19,20] and others have focused on the analy-
sis of first passage processes subject to general resets [21—
23]. Also, stochastic resets have been studied as a new
element within the continuous-time random-walk (CTRW)
formulation [24-28].

2470-0045/2019/99(1)/012141(9)
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Despite the amount of works devoted to this topic, the
existence of an equilibrium MSD and the finiteness of the
mean first-arrival time (MFAT) found in Ref. [5] for diffusive
processes with exponential resets have not been explicitly
tested in general. In this work we address this issue by ana-
lyzing these properties for a general motion propagator with
resets from a mesoscopic perspective. From all the existing
papers, in Ref. [29] Eule and Metzger perform a similar
study to ours but using Langevin dynamics to describe the
movement. Our work differs from that one in the fact that we
start from a general motion propagator P(x, t), which allows
us to derive an elegant and treatable expression for the first
moment and the MSD of the overall process in terms of the
motion first moment and MSD respectively [see Eq. (4)].
Moreover, the formalism herein employed eases the inclusion
of processes which are not trivial to model in the Langevin
picture as Lévy flights or Lévy walks.

This paper is organized as follows. In Sec. Il A we find
an expression for the propagator of the overall process in
the Laplace-position space and a general formula for the
MSD of the overall process in terms of the motion MSD; the
first-arrival properties of the system are studied in Sec. II B.
In Sec. III we apply the general results to three types of
movement (subdiffusive, diffusive, and Lévy), and in Sec. IV
we apply the formalism to study the transport properties and
the first arrival of a biased Brownian oscillator. Finally, we
conclude the work in Sec. V.

II. GENERAL FORMULATION

In this section we use a renewal formalism to study both
the transport properties of a random motion and its first-
arrival statistics. Concretely, we derive formulas for the global
properties of the system in terms of the type of random motion
and the reset distribution. We focus in three measures which
are of special interest in the study of movement processes: the
first moment, the MSD and the MFAT.

©2019 American Physical Society
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A. Transport properties

Let us consider a general motion propagator P(x, t) start-
ing at x =0 and t = 0 which is randomly interrupted and
starts anew at times given by a reset-time distribution @g().
When one of these resets happens, the motion instantaneously
recommences from x = 0 according to P(x, ) and so on and
so forth. Then, the propagator of the overall process, which
we call p(x, ), is an iteration of multiple repetitions of P(x, t)
and the running time of each is determined by @g(?).

We start by building a mesoscopic balance equation for
p(x,t). For simplicity, we assume that the overall process
starts at the origin. Then, the following integral equation is
fulfilled:

p(x,t)=<p;3(t)P(x,t)+fO er(Np(x,t —tHdt', (1)

where @5(1) = ftoc @gr(t')dt’ is the probability of the first
reset happening after ¢. The first term in the right-hand side
accounts for the cases where no reset has occurred until #
and, therefore, the overall process is described by the motion
propagator. The second term accounts for the cases where at
least one reset has occurred before 7 and the first one has been
at time t’ < ¢, in which case the system is described by the
overall propagator with a delay ¢'. Notably, we have intro-
duced p(x,t — ') as the propagator of the process starting at
x = 0 at time ¢’ [formally, it should be p(x, ¢;0,¢")]. This can
be done independently of the form of P(x, t) as long as the first
realization of the process does not affect the following ones.
When this is so, the scenario at ¢’ is equivalent to a system
starting at fp = 0 and having a time ¢t — ¢’ to reach x.

Taking Eq. (1) to the Laplace space for the time variable,
we can isolate the propagator of the overall process to be

*
s,y = LROPG O] )
1 — @r(s)

where L[f(t)] = f‘(s) = fooc e~ f(¢)dt denotes the Laplace
transform. We can now obtain a general equation for the first
moment of the overall process multiplying by x at both sides
of Eq. (2) and integrating over x. Doing so, one gets
LIpg @) (x())m]

L — @r(s)
where (x(t)),, is the time-dependent first moment of the mo-
tion process. Nevertheless, usually this process is symmetric
and its first moment is zero. In these cases, the second moment
or MSD becomes the most relevant magnitude to describe the
transport of the system. From Eq. (2), instead of multiplying
by x, if we do so by x? and integrate over x we get

LIgHO 2 (1))m]
1 — @r(s)

(&) = 3

(#() = “
where (x%(¢)),, is the motion MSD. The importance of this
equation lies in the fact that, if we know the motion MSD and
the reset-time probability density function (PDF) separately,
we can introduce them into Eq. (4) and directly obtain the
transport information about the overall process.

The renewal formulation used herein differs from the
method most commonly used in the bibliography to study
random-walk processes with resets, consisting on introducing

a reset term ad hoc to the master equation of the process (see
Ref. [5], for instance). Contrarily, it resembles the techniques
employed in Ref. [20] to study Lévy flights with exponentially
distributed resets or in Ref. [23] to study from a general per-
spective the first passage problem with resets. In these works,
processes described by a known propagator or completion
time distribution which are subject to resets are studied using
a renewal approach.

1. Exponentially distributed reset times

Let us study the particular case where reset times are ex-
ponentially distributed [pgr(?) = Tf—ne" /™, keeping the move-
ment as general as before. In this scenario, the real space-time
propagator of the overall process in Eq. (2) can be found by
applying the inverse Laplace transform to be

' 1 ! 4
Pe(x, 1) =€ mP(x,t)+ — / e wmP(x,t)dt’. (5
Tn Jo

Under the condition that the Laplace transform of P(x,t)
exists at s = ti an equilibrium is reached and the distribution
there can be generally written as

P(x. )

m

Pe(x) = (0)
The required condition for the equilibrium distribution to exist
includes a wide range of processes from the most studied in
the bibliography: Brownian motion, Lévy flights, etc. Simi-
larly, an expression for the equilibrium first moment of the
overall process in terms of the motion first moment can be
derived from Eq. (3) reading

(x)o(00) = ~—Tm/Im o
Tm
and for the MSD we have
501
(x2>e(00) = < (rm)>m ©

Equation (8) introduces an extra condition on the type of
motion for it to define a finite area around the origin: the
Laplace transform of its MSD must be finite at s = Ti For
instance, despite Lévy flights reaching an equilibrium state
when they are subject to constant rate resets, since its MSD
diverges so does the MSD of the overall process.

Multiple processes can be found in the bibliography with
a MSD which is Laplace transformable and, therefore, reach
an equilibrium MSD when exponential resets are applied to
them. Some of these processes are Lévy walks, ballistic, or
even turbulent motion [30]. Notably, Eq. (6) is also applicable
to movement in more than one dimension when it is rotational
invariant. In this case, the movement can be described by
a one-dimensional propagator P(r,t) where r is the radial
distance from the origin. Therefore, any process without a pre-
ferred direction as correlated random walks and Lévy walks
in the plane [2] or self-avoiding random walks for arbitrary
spatial dimension [31] are significant processes which form a
finite-size area when they are subject to exponential resets.

012141-2
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B. First arrival

The second remarkable result from Ref. [5] is the existence
of a finite MFPT when diffusive motion is subject to constant
rate resets. Since then, several works have been published
focused on the first completion time with resets [21-23] but
none of them have put the focus on the generality of these re-
sults with respect to the properties of the random motion. Dur-
ing the writing of this paper we have realized that a deep anal-
ysis of the first passage for search processes has been recently
done in Ref. [32]. Nevertheless, besides our general quali-
tative analysis being similar to the one performed there, we
study in detail cases of particular interest in a movement ecol-
ogy context as subdiffusive motion, Lévy flights, or random
walks in potential landscapes. Moreover, we perform numeri-
cal simulations of the process to check our analytical results.

In this work we use the MFAT as a measure of the time
taken by the process to arrive to a given position, instead of
crossing it as is considered in the MFPT. This is motivated
by the fact that for Lévy flights the MFPT has an ambiguous
interpretation due to the possibility of extremely long jumps
in infinitely small time steps. Contrarily, the MFAT can be
clearly interpreted and its properties have been deeply studied
in Ref. [33].

Before focusing on practical cases, let us start with the
general renewal formulation. We build a renewal equation for
the survival probability of the overall process o,(¢) in terms of
the survival probability of the motion Q. (¢) and the reset-time
PDF ¢g(t), similar to the equation for the propagator in the
previous section:

Ox(t)=<0?é(t)Qx(t)+f Pr(t)O:(t ot —1)dt'.  (9)
0

Here, the first term on the right-hand side corresponds to the
probability of not having reached x, nor a reset has occurred in
the period ¢ € (0, t]. The second term is the probability of not
having reached x when at least one reset has happened at time
t. In the latter, we account for the probability Q.(¢") of not
having reached x in the first trip, which ends at a random time
t’, and the probability of not reaching x at any other time after
the first reset o, (t — t’); and these two conditions are averaged
over all possible first reset times ¢’. Applying the Laplace
transform and isolating the overall survival probability we
obtain

Llpr()0x(1)]
1 — LIpr(1)Q:(1)]
This equation, which has been recently derived by similar
means in Ref. [32], is the cornerstone from which the exis-

tence of the MFAT is studied. If in the asymptotic limit the
survival probability behaves as

6,(s) = (10

o, (t) ~ 175, (11)

then for 8 > 1 the MFAT is finite, while for 8 < 1 it diverges.
Since we have the expression of the survival probability in the
Laplace space, it is convenient to rewrite these conditions for
6, (s) instead. Let us consider the following situations:

(1) When B > 1, the Laplace transform of the survival
probability tends to a constant value for small s. The MFAT

is finite and can be found as
o0
Tr = / 1qx(t)dr = lin(l) 6x(5), (12)
0 S5

where ¢.(t) = is the first-arrival time distribution of
the overall process. Concretely, the MFAT can be found in
terms of the distributions defined above as

Jo #kO0x(t)dr
Ty = L .
1- f() (pR(t)Qx(l)dt
(ii)) When B =1, the Laplace transform of the survival

probability tends to infinity for small s. Therefore, in this case,
the MFAT is infinite since

__00:(1)
ar

13)

lim 6, (s) = o0,
s—0
SO
Tr = o0.

(iii)) When B < 1, the Laplace transform of the survival
probability diverges as 6,(s) ~ s#~! for small s. The MFAT
is infinite and the survival probability decays as o, (t) ~ t=#
with time.

Notably, when the reset times are exponentially distributed
[or(t) = %efrt?], the MFAT of the overall process is always
finite for motion survival probabilities which are Laplace-
transformable. Concretely, in this particular case Eq. (13)
reduces to

TIHQX(TL,”)

— 14
Tm — Qx(#) ( )

Tr =

III. FREE MOTION

To get a deeper intuition about the results in the previous
section, let us take generic expressions for both the reset-time
distribution and the motion propagator. In the first place we
study well-known processes which do not have environmental
constrains (potential landscapes, barriers, etc.).

A. Transport properties

Let us start by studying the transport properties of the
overall process for a symmetric motion, i.e.,

<x([))m = 0, (15)
with a MSD scaling as
@) ~ 17, (16)

with 0 < p < 2. This choice includes subdiffusive motion for
p < 1, diffusive motion for p = 1 and superdiffusive motion
with for p > 1. Also, we take the reset-time distributions to be

tyk—l t YR
@r(t) = ?Emm [_(Tm) j|7 (17)

with 0 < yx < 1, where

(=
Eap@) =2, T(an + B)

n=0
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FIG. 1. The asymptotic behavior of the MSD of the overall
process for subdiffusive motion with p = 0.5 is shown in a log-log
plot. Three different exponents yr < 1 for the reset-time distribution
are considered and all of them are seen to scale as the solid black
guide line of slope 0.5. Therefore, the reset exponent y; only affects
multiplicatively to the transport regime.

is the generalized Mittag-Leffler function with constant pa-
rameters  and B. This allows us to recover the exponential
distribution for yg =1 and we can also study power law
behaviors of the type @g(t) ~ t~'77 for yg < 1. For this dis-
tribution, the survival probability ¢j(r) = flw @(t")dt’ reads

t YR
0pt) =Ey 1 [—(t—> ] (18)

For a wide study about the properties of the Mittag-Leffler
function we refer the reader to [34]. In this case, since the
first moment is zero, the MSD becomes the most significant
moment of the process. From Eq. (8) one can see that MSD of
the overall process has two possible behaviors for large ¢ (see
Appendix 1 for details):

t?, foryg < 1

%, for yp=1" (19)

(20 ~ {
Therefore, for power-law reset-time PDFs with any exponent
yr < 1, the MSD of the overall process scales as the motion
MSD, so that a long-tailed reset PDF does not modify the
transport regime. To illustrate this, in Fig. 1 we show sim-
ulations of the asymptotic behavior of the overall MSD for
subdiffusive motion with long-tailed resets. There we see that,
as can be seen from Eq. (19), long-tailed resets only affect the
transport multiplicatively but not modify the regime.
When the motion is a Lévy flight, the MSD diverges for
allz,ie.,

X2ty =00, t > 0.

Hence, from Eq. (4), the MSD of the overall process also
diverges for any reset-time PDF except for the pointless case
@r(t) = 5(t).

Regarding exponential reset-time distributions case (yg =
1), an equilibrium state is reached and we can in principle
compute an equilibrium distribution. We start by considering
a subdiffusive propagator (see Eq. (A2) in Ref. [35]) which,

® sD
0.20 D
A LF
0.15
=
& 0.10 4
0.05
0.00

-75 -5.0 -25 0.0 25 5.0 7.5
X

FIG. 2. Equilibrium distribution of the overall process with sub-
diffusive (SD) with y = 0.5, diffusive (D) and Lévy flight (LF) with
o« = 1.5 motion propagator, all with D = 0.1, and exponential reset
times with 7,, = 10. Each stochastic simulation is compared to the
corresponding analytical expressions Eqs. (21) and (23) (solid lines).

in the Fourier-Laplace space, reads

1
s+ Ds!=vk2’

with D the (sub-)diffusion constant. This propagator describes
subdiffusive movement for y < 1 and diffusive movement for
y = 1. Then, the equilibrium distribution given by Eq. (6)
becomes a symmetric exponential distribution

~v

(k,s) = (20)

x|

e Vo, 1)

1
Pe (x) =
V4Dt

where for y = 1 we recover the equilibrium distribution found
in Ref. [5]. If instead of a subdiffusive propagator we consider
a superdiffusive motion and, in particular, the propagator for
a Lévy flight in the Fourier-Laplace space,

2 1

Pls)= —— 2
Ry T 22

with @ < 2 and D a constant, the equilibrium distribution of
the overall process becomes

¢ cos(kx)
=2 ——dk. 23
Pe(x) /O & 1, Dk (23)
In Fig. 2 we compare both analytical results in Egs. (21) and
(23) with numerical Monte Carlo simulations of the process.
The agreement is seen to be excellent.

B. First arrival
Let us now study the MFAT for a general motion survival
probability decaying as
0.() ~t -,

for long ¢ and the same reset-time distribution defined in
Eq. (17). Under these assumptions, the asymptotic behavior of
the overall survival probability is (see Appendix 2 for details)

qg>0 24)

o,(@t) ~ 7" ifyp+q <1, (25)
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FIG. 3. The tail exponent g of the survival probability o, (¢) ~ t#
of the overall process at x = 0.5 is shown for subdiffusive motion
with exponent y in (a) and Lévy flight motion with exponent « in (b),
both subject to resets at times given by a Mittag-Leffler distribution
with tail parameter yx and 7,, = 10. The values of B have been com-
puted for yx € {0.05,0.1...0.9,0.95}, and y € {0.5, 0.55...0.9, 0.95}
in (a) and o € {1.05, 1.1...1.9, 1.95} in (b). Gaussian interpolation
has been applied to smooth the simulated results. In each plot,
the solid red curve [yr + % =1 in (a) and yg — i =0 in (b)]
corresponds to the limit between finite (flat pink region) and infinite
(gradient) MFAT. The dashed curves are the analytical level curves
for B =0.9,0.8... from top to bottom. The black regions observed
just below the limiting curves are due to the discretization of the
parameter space.

as has been recently found in Ref. [32] by similar means. This
implies that, in this case, Tr = oo. However, when yg + ¢ > 1
the MFAT is finite and can be expressed as

Jo” Bya = ()" 1@t
= o7 2 By — ()] Qc )1

Tr(x) = 26)

The two regions where the MFAT is finite and infinite for
a subdiffusive [Fig. 3(a)] and a Lévy flight motion process
[Fig. 3(b)] are shown in Fig. 3. Let us study these two cases
separately. As shown in Ref. [36], for a subdiffusive motion,
the survival probability in the long-time limit decays as

Q.(1) ~ 173, Q7

with 0 < y < 1. For y = 1 we recover the survival probabil-
ity of a diffusion process. Here we can identify ¢ = £ and
from Eq. (25) the survival probability of the overall process

decays as
o) ~ 1S, (28)

when yg + % < 1 and the MFAT is infinite in this region of
exponents. Contrarily, the MFAT is finite when yg + % > 1.
This result has been compared with stochastic simulations of
the process [Fig. 3(a)], where the limiting curve yg = 1 — %
and the tail exponent for the overall survival probability are in
clear agreement with the analytical results.

We have also studied the survival probability when the
underlying motion is governed by Lévy flights propagator. In
this case, the survival probability decays as

0.(t) ~ 1+, (29)

with 1 < a < 2, as shown in Ref. [33]. Here we can also
recover the diffusive behavior for ¢ = 2. Identifying g = 1 —
i, the overall survival probability reads

ou(t) ~ el (30)

in the asymptotic limit and for yg — é < 0. In this case the

MFAT is infinite while for yg — é > 0 it is finite. In Fig. 3(b)
we present the results to see that these two regions are also
found in a stochastic simulation of the overall process.

Unlike the existence of an equilibrium MSD, the finiteness
of the MFAT is not drastically broken when the reset-time
distribution changes from short to long-tailed. A remarkable
property that we can see in Fig. 3 is that both the reset-time
distribution and the motion first-arrival time distribution can
have an infinite mean value and still the mean value of the
overall process is finite. This property has been explicitly
tested by computing the simulated MFAT for parameters in
the white region in Fig. 3 for both the subdiffusive and the
Lévy flight case, and also for the diffusive limiting case.
The simulated MFAT is compared to the one obtained from
numerical integration of Eq. (13) and the results are shown to
be in agreement (Fig. 4).

IV. BROWNIAN MOTION IN A BIASED
HARMONIC POTENTIAL

In this section we study the transport and the first-arrival
statistics of a Brownian particle starting at x = 0 with a white,
Gaussian noise with diffusion constant D. It moves inside a
biased harmonic potential V (x) = %k(x —xp)? and it has a
drift y. Unlike the cases studied in the previous section, here
the movement has an intrinsic bias towards the point xy. This,
in an ecological context, can be seen as the knowledge the
animal have about the optimal patches to find food.

When this system is constrained by constant rate resets
(i.e., exponentially distributed reset times), an equilibrium
distribution is attained as shown in Ref. [12] by introducing
resets to the Fokker-Plank equation of the system. Instead,
with the general formalism derived in Sec. II, we can first
study the system without resets and introduce the results
to the formulas derived above. Then, we start from the
Langevin equation for the Brownian particle in an harmonic
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FIG. 4. The simulated MFAT for three representative cases of
subdiffusion (SD) with y = 0.5, diffusion (D) with y =1 and a
Lévy Flight with & = 1.5, all with D = 0.1, are compared to the
analytical results obtained from Eq. (13) (solid curves) for different
reset distribution tail exponents yg and t,, = 10. Concretely, the
MFAT is computed at a distance x = 0.5 from the origin.

potential [37]:
dx D 3V (x)

E_yax

+2D(t), 3D

where the over-dumped limit has been implicitly taken and
n(t) is a Gaussian noise so that (n(z)) = 0 and (n(*)n(t’)) =
8(t —t') (i.e., a white noise). For a biased harmonic potential
it becomes

Zi; = —DF(x — xo) + V2D (1), (32)

where F = k/y has been defined. From this equation, the
first moment and the MSD of the particle can be derived (see
Ref. [38] for specific methods and tools) to be

() = xo(1 — &P (33)

and
@O = (% +x§>(1 _ T2DFty

_ 2x§e_DF’(1 _ D1y, (34)

respectively. Introducing these expressions to the main equa-
tions for the moments of the process [Eqs. (3) and (4)] we can
obtain the Laplace space dynamics of the mean

(3(s) = xo[1 - M} (35)
K 1 — @r(s)
and the MSD
oo (1 \[1 _ §k(s+2DF)
W= (F +x°)[s = 0r(5) ]
_ ngsb;é(s + DF) —A<2>R(s + 2DF)7 36)
1 — @r(s)

in terms of the reset-time PDF. For small s, the terms with
1 — @g(s) in the denominator can be neglected with respect
to the term % when the distribution @g(¢) is long tailed. This
is because in the s — 0 limit, the numerator of these terms

remains finite while the denominator 1 — @g(s) ~ s?*, with
yr < 1. Therefore, for long-tailed reset-time distributions,
the first is the dominant term. However, for exponentially
distributed resets we have that

P5(s +2DF) 1 1

= Os°
I —ox) ~ s1g2DFr, o)
and, equivalently,
% DF 1 1
(pR(sJ’_ ) _ +O(SO)

1—¢r(s)  s1+DFt,

Therefore, the equilibrium first moment and MSD of the
overall process can be seen to be

1
v=xo(1 -k, ———— 37
(x(00)) XO< KV’*1+DF1,,1> (37)
and
(x%(00)), = l+x2 11—« _
¢\ 0 Y"1 4+ 2DF,,
DFr,
— K, 2x2 = , 38
w0 T DFo( 1 2DFn)’ O

respectively, with «,, =1 for yg =1 and «,,, = 0 for yz <
1. Then, when the reset distribution is long-tailed, both the
equilibrium mean and MSD are equal to the ones for the pro-
cess without resets. However, when resets are exponentially
distributed, the values of the equilibrium mean and MSD are
diminished by the factors preceded by «,, in the equations
right above. This difference has been tested for the MSD by
means of a stochastic simulation of the Langevin equation
(Fig. 5). As happens for the transport properties of the free
processes studied in Sec. 1II, for this type of movement we
also find that long-tailed reset distributions do not affect the
significant features of the MSD (and also the mean in this
case), while reset times which are distributed exponentially do
affect actively the long-time behavior of the overall process.
Let us now study its MFAT for this system. The first-arrival
distribution g,,(t) at the minimum of the potential for this
motion process has been found to be [37]
ZDe—DFt |X0| { (er—DFI)Z

dx (t) =

7Z(7[3 20y

}, (39
from which the survival probability can be found as
o0
Oy, (1) = / G (t)d’, (40)
t

with o; = (1 — e7Pf)/F. In the asymptotic limit, the first-
arrival distribution decays as gy, (t) ~ e PF" and so does the
survival probability Q,,(t) ~ e~PF" since the decay is expo-
nential. A direct consequence of this is that the global survival
probability also has a short tail. This can be seen by looking at
Eq. (10): When the asymptotic limit of Q,,(¢) is exponential,
the expression of the global survival probability in the Laplace
space tends to a finite value for small s, which is in fact the
first-arrival time of the global process (see Appendix 3 for
further details).

In Fig. 5 we compare the analytical result predicted by
Eq. (13), taking the survival probability in Eq. (39) instead
of the ones studied in Sec. III, with Monte Carlo simulations
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FIG. 5. In (a) we show the MSD as a function of time for a
simulation of a Brownian motion (D = 0.25) with an harmonic
force F = 1 with equilibrium point at x, = 10 subject to resets with
7, = 10 and different y; parameters. For all three yx < 1 the MSD
tends to the same value, which is larger than the equilibrium MSD for
yg = 1.In (b) the simulated MFAT for F = 1,D = 1, and 7,, = 10 is
compared to the analytical result for Mittag-Leffler reset distributions
with different yx (solid curves).

of the Langevin equation in Eq. (32). They are seen to be in
perfect agreement. Here, unlike for the free motion processes,
resets always penalize the arrival to the target.

V. CONCLUSIONS

In this work we have derived an expression for the first
moment, the MSD and the MFAT of stochastic motion with
resets from a unified, renewal formulation. Concretely, we
find them in terms of a general resetting mechanism and the
type of stochastic motion. This opens the analysis of resets
acting on a vast range of stochastic motion processes without
the need of building a particular model for each case.

The existence of an equilibrium MSD and a finite MFAT
has been tested for a wide class of stochastic processes subject
to random resets. The first turns to be extremely sensitive with
respect to the reset-time distribution. On one hand, when the
reset-time distribution is long-tailed, the transport regime of
the overall process is qualitatively equivalent to the regime of
the motion [see Eq. (19) for free motion and Eqs. (37) and (38)
for the biased harmonic Brownian oscillator]. On the other

hand, for exponential distributions of reset times, qualitative
changes are observed regarding the transport of the overall
process. Concretely, we have found that for a free motion
process with MSD scaling as (x2())m ~ 1P, an equilibrium
state with finite MSD is reached. For the Brownian oscillator,
both the equilibrium mean and MSD are modified by the re-
setting mechanism. Therefore, while exponentially distributed
resets actively affect the long-time behavior of both processes,
when long-tailed reset-time distributions with infinite mean
are chosen, the asymptotics of the motion process are not
modified.

Regarding the first-arrival time, we have seen that the
difference between long-tailed and exponentially distributed
reset times is not as marked as for the transport properties. In
fact, the transition between them is seen to be soft [compare
Figs. 5(a) and 5(b), for instance]. Interestingly, for the free
motion process case, we find that a motion process with an
infinite MFAT, when it is restarted at times given by a long-
tailed PDF (i.e., with infinite mean), may have a finite MFAT
(see Fig. 4)
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APPENDIX: ASYMPTOTIC ANALYSIS

In this Appendix we derive the results in Egs. (19) and
(25) about the asymptotic behavior of the MSD Eq. (A1) and
the survival probability Eq. (A2), respectively, for a motion
process with resets. Concretely, we compute them for motion
MSD as in Eq. (16) and the survival probability as in Eq. (24).
Also, in Eq. (A3) we compute the MFAT for an exponentially
decaying motion survival probability.

1. Mean-square displacement of a free process with resets

We start by rewriting the general expression for the MSD
in Eq. (4) as

Ti
(i(s) = T;Ei;

with Ti(s) = LIgz(1)(x*())p] and Ta(s) = 1 — @g(s). To
study the long ¢ limit of the MSD, in the Laplace space we
must study the small s limit. Let us start by 7>(s). In the
Laplace space, the Mittag-Leffler distribution can be seen [34]
to be

(Al

1

1+ (zus)®’ (A2)

Pr(s) =

from which
L ()"

14 (Tus)® 14 (Tus)®

in the small s limit. Let us proceed now with 7 (s). In the long

¢ limit, the Mittag-Leffler survival probability in Eq. (18) can

be seen [34] to behave as

1R, for

et/ for

Tr(s) =1 ~ s (A3)

yr <1

e (Ad)

R(t) ~ {
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Then, with Eq. (16) it follows that

L[tP7R] ~ s?=1=P for yp <1
T](S) {E[tpe—t/rm] ~ SO, for YR = 1 (AS)
Putting the elements together,
R s~1=P for yr <1
((s)) ~ { s for yp=1" (A6)

Finally, applying the inverse Laplace transform one finds

2

() ~ {ﬁf)j

for <1
for =1

(A7)
2. Survival probability of a free process with resets
We proceed similarly to the MSD case. Here we start from
Eq. (25) and we rewrite it as
T{(s)
-7 ()’
with T{(s) = LIpp(1)Q:(1)] and Ty(s) = LIpr(t)Qx(1)]. Let

us start for the latter. As in the previous case, we study the
small s limit, where we have that

6x(s) = (A8)

[o¢] o0

T,(0) = /0 er(Qx(t)dt < /(; er(t)dt =1.  (A9)
In the second step we have used that the survival probability
0O.(t) <1, Vt > 0, and in the last step the normalization of
@gr(t) is used. Then, the denominator of Eq. (A8) is strictly
positive when s — 0, which implies that the decaying of 6,(s)
when s — 0 is exclusively determined by the decaying of the
numerator 77 (s), i.e.,

Tl/ (s)

—no 1Y

(A10)

Gi(s) ~

for small s. Applying the inverse Laplace transform to this
expression one gets the equivalent relation

0x(t) ~ LT/ ()] = p(1)Qx (1)

for long ¢. If the survival probability of the motion process
decays as Oy (t) ~t~4, g > 0, as assumed in the main text,
and @5(t) is again the Mittag-Leffler survival probability,

(Al1)

which decays as in Eq. (A4), we have that

ou(t) ~ 1774 (A12)

asymptotically. On one hand, if yg + ¢ < 1, then the mean
first-arrival time is infinite. On the other hand, if yx + ¢ > 1,
which includes exponentially distributed reset times for yg =
1, then the mean first-arrival time is finite and can be found as

Jo7 @0« (t)dt
1— 7 or()Q:(t)dt”

Finally, taking a Mittag-Leffler reset-time distribution, one
recovers the result in Eq. (13) of the main text.

Tr(x) = 6:(0) = (A13)

3. MFAT for exponential motion survival probability

Here we show that when the motion survival probability
is of the form Q.(t) = e, the overall process MFAT
is always finite. In this particular case and from Eq. (10),
the overall survival probability in the Laplace space can be
written as

. Llgp(t)e "] @rls + r(x)]
(s) = = . (Al4
= T Llone ]~ T—gals+reop. Y
Taking the limit s — O one can get the MFAT:
oL Prlr)]
Tr = lim6,(s) = —————. AlS5
P = T ol A1

The Laplace transform of the survival probability can be
expressed as

gicor = e [~ ontvrar ] = 128,

thus,
1
o)’

which is of course finite for all 7(x) and independent of @g(r).
In fact, this result is obvious because the completion rate of a
process with Q,(¢) = e~"™ is constant in time and, therefore,
resetting it does not modify its completion time. Regarding the
motion survival probability of the process in Sec. IV, since the
finiteness of the MFAT is determined by the long ¢ behavior
of the survival probability, when only the asymptotic decay is
exponential, the mean first-arrival time is also finite.

Tr (A16)
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1. Introduction

The territorial dynamics of animals are compound multi-stage processes. When they
are seeking for food, their behaviour is completely different than when they are resting
or socializing around their nest or just exploring potential areas to migrate. Therefore,
a complete model to describe spatial occupation of animals should consider a combina-
tion of different states and the overall process would end up determining their region
of influence, which is technically called the home range [1].

Among these states, the movement for searching has been the main object of study
[2-5] but resting phases [6] or migrations [7] have also been analysed. Also, data-ori-
ented models [8] and macroscopic models based in the Fokker—Planck equation [9, 10]
have been employed to study the home range of animals in practical cases. Nevertheless,
a mesoscopic multi-stage formulation is still lacking.

The inclusion of resets in diffusive motion [11] is a first step in the formulation of a
model able to capture the global dynamics from the multiple internal states of the ani-
mals. After that, multiple works have been devoted to study many types of processes
with different resetting mechanisms [12-32], some of them focusing on the completion
time of the processes [33, 34], or using resets to concatenate different processes [35, 36].

Generally, resets have been treated as an instantaneous action that connects two
different realisations of a given process. This, for most of the applications of stochas-
tic search (including movement ecology), is not realistic. Nevertheless, some works
have introduced a penalizing period after a reset happens using the Michaelis—Mentens
reaction scheme. In particular, search processes with constant rate restarts and finite
time overheads were studied in [37, 38] and an equation for the first completion time
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distribution of a process with constant rate restarts and a general PDF for the time
overheads was derived in [39]. Also, in [40] a stochastic process with Poissonian resets
followed by a generally distributed quiescent time has been recently studied using a
renewal approach.

Following this line, we study the transport properties and the first arrival statistics
of a walker which may experience resets after which we introduce a residence (or rest-
ing) quiescent period before starting anew. Unlike the previous works, our most inter-
esting results correspond to the particular case where both the reset and the residence
time PDFs have a power-law decay. For this case we show that the inclusion of the
residence period generates a wide variety of transport regimes. Previous models have
already shown this capacity of resting states to modify the transport regime of a pro-
cess (see for instance [41, 42] or [43] for a successful application).

In an ecological context, the residence period can be interpreted as the time spent
by an animal at the nest between two consecutive foraging trips. Furthermore, assum-
ing that the animal ceases to do any task when it decides to return to the nest, the qui-
escent time could also include the time spent by the animal to go there. This partially
solves the unphysical instantaneous nature of resets.

This paper is organised as follows. In section 2 we present the model and we derive
an expression for the probability of the walker being at position z at time ¢. In sec-
tion 3 we find a formula for the overall mean square displacement (MSD) in terms of
the MSD of the movement process and its long-term behaviour is analysed, while in
section 4 we study the case where a stationary state is reached. Finally, in section 5
the first arrival statistics of the process are studied and, in the cases where it is finite,
a general expression for the mean first arrival time (MFAT) is found. We conclude the
work in section 6.

2. The process

Let us introduce the general formulation of the process studied in this paper. In order
to describe both the movement process and the resting of the walker in the nest, we
define two different states. The first state, ¢ =1, corresponds to the movement stage,
while in the second state, i = 2, the walker rests at the origin. First, we study the trans-
ition probabilities between the two states. Let @r(t) be the reset time PDF (i.e. the
distribution of times the walker spends travelling) and ¢s(t) or residence time PDF (i.e.
the distribution of times that the walker stays at the origin before moving again). Then,
the probability of arriving at state ¢ = 1,2 at time ¢ can be written as

Jit) = () + / Jalt — ¢)ps(t')at’ @.1)

t
Jalt) = / it — )on(t)at, 2.2)
0

where the 0(t) in the first equation indicates that the process starts at state i= 1.
The second term in the first equation and the second equation are the probabilities of
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reaching the state 7 from state ¢; which is the probability of reaching the state ¢’ at
any past time ¢t — ¢/ and stay there for a time t', when the walker switches back to i.
Transforming equations (2.1) and (2.2) by Laplace for the time variable we get

1
) = T A @3
~ o @R(S)
]2(8) - 1— @R(S)SaS(S) (24)
where L[ f(t)] fo e * f(t)dt is the laplace transform of f(¢). The next step is

to introduce the spatlal motion in the model. The overall probability that the walker
is at point z at time ¢ can be split into two parts p(x,t) = pi(z,t) + pa(z,t), where
pi(z,t) is the partial probability when it is at state i. For the state i =1 we define the
propagator P(z,t) as the time-dependent distribution of the walker position during a
single movement stage. On the other hand, we take the position of the the walker to
be fixed at x= 0 when it is in the resting state (i = 2). With these considerations, the
time-dependent PDF for each of the states becomes

t
pi(z,t) = / dt'ji(t — )R (1) P(z, 1), (2.5)
0

pa(w,t) = 0(z) /0 dt'ja(t — ) 5(t) (2.6)

where ¢f, 5(t) = [ ¢rs(t)dt’. These equations can be read as follows: the position dis-
tribution of the walker in each of the states ¢ = 1,2 at time ¢ is the probability of getting
there any time before (ji(t —t') and jao(t — t'), respectively), stay there for the remain-
ing time (¢f (t') and p§(t') respectively), with the dynamics of the walker described by
the corresponding propagator (P(z,t') and 6(z), respectively). Transforming by Laplace
in time, and substituting the transition probabilities by their explicit expressions given
in equations (2.3) and (2.4) we get

A _ Ller(t) P, t)]

I NP D

p2(,8) = 1_1;{)()()()5(95) (2.8)
Hence,

A, ) = P§(s)¢r(s)d(z) + L[ph(H) P, t)] 2.9

1 — @r(s)ps(s)

is the PDF of the overall process. In particular, when the time PDF at the origin is
taken as @s(t) = d(t), this expression reduces to the case in [44]. Also, if we consider
only exponentially distributed resets, this expression reduces to the first result in [40].
There, the case where the reset time and the residence period (refractory period therein)

https://doi.org/10.1088/1742-5468 /ab02f3 4
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are correlated is also considered and a general propagator for the resulting process is
derived.

3. Transport regime analysis

In the previous section we have derived an expression for the probability p(z,t) that
the walker is at point z at time t. Here we will study the asymptotic behaviour of the
MSD. Particularly, we study how the tails of the reset and residence time PDF's modify
the transport properties of the overall process, leaving for the next section the study of
the cases where the walker reaches a stationary state.

To do so, we start from equation (2.9). If we multiply at both sides by 2? and inte-
grate over the whole spatial domain we get an equation for the overall MSD in the
Laplace space in terms of the time PDFs and the movement MSD:

£[<$2(t)>] —_ £ [@E(t)<x2<t)>m} (3 1)

1— ¢r(s)Ps(s) '
Here, the subindex m in (2%(t)),, indicates that the MSD corresponds to the movement
stage, while the expression without subindex (z*(t)) corresponds to the overall process.
In order to study more explicitly the MSD we choose a particular expression for the

time PDFs:
=" [ (L))
)= B |- (£)] 69
with
Eop(2) = nio F(gﬁnm (3.4)

being the Mittag-Lefller function, and 0 <; < 1 and 7; (for ¢ = R, S) are characteris-
tic parameters. In the large time limit and for 7; < 1 we have that ¢;(t) ~ t~17%. The
choice of these PDFs is motivated by the fact that we can recover exponential PDFs
for yr = 1 and we can also study power-law behaviours for yg < 1. The first correspond
to constant rate events, i.e. at any time there is the same probability of switching from
one state to the other. As for the latter, they are a type of PDFs with infinite mean
frequently used in the modelling of movement processes. Particularly, sub-diffusion
processes are usually modelled by introducing power law tails in the waiting time
PDF between two consecutive jumps (see [5]). The difference here is that the resetting
mechanism constantly forces the system to wait at the origin, which makes the effect
of the long tailed waiting time PDF at the origin much stronger.

Let us also assume that the movement proces follows a general MSD which scales as

(2 () ~ L7, (3.5)

https://doi.org/10.1088/1742-5468 /ab02f3 5
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with 0 < p < 2. Then, the asymptotic behaviour of the overall process MSD can be
found by taking the small s limit of equation (3.1) and performing the inverse Laplace
transform on the result. Doing so for the whole range of parameters, one finds three
different behaviours (z%(t)) ~ t* depending on the relative values of yg and 7s:

s — 1, s <=1
a=P+r—Mm B<Mm<I (3.6)
D, Ys 2w < L.

This expression, which groups the main results of this section, shows that the
inclusion of the residence at the origin generates a competition between the tails of
the PDFs pg(t) and pg(t). This produces a rich diversity of transport regimes for the
overall process in terms of the exponent of the MSD for the movement process and the
reset-and-residence mechanism. In the following we study the different cases of equa-
tion (3.6) in detail.

3.1. Long tail o (t) PDF

Let us start with the cases for which the reset time PDF has a long tail (yr < 1). In
figure 1 the exponent of the MSD at the asymptotic limit, obtained with Monte Carlo
simulations, is shown for the whole range 0 < vs < 1 and 0 < g < 1, for both a sub-
diffusive and a super-diffusive case. There, we can observe the two bottom cases in
equation (3.6) separated by the analytical limiting case yr = ¥s (red line). Below the
red line, the asymptotic exponent of the MSD does not depend on the values of yg and
vs while above the red line the asymptotic exponent decreases like g — 75, as we have
found in the second case of equation (3.6).

Interestingly, shape of the regimes in equation (3.6) does not depend on the move-
ment transport regime exponent p. Therefore, the competition is exclusively between
the tails of the reset and residence time PDFs. When the tail of pr(t) decays equally
or slower than the tail of pg(t) (75 = vr < 1), asymptotically there are less walkers
resetting their position than leaving the origin, which makes the residence stage neg-
ligible. On the other hand, when the tail of ¢g(¢) decays slower than the tail of @r(t)
(78 < 7r < 1), the residence PDF becomes significant and the overall transport regime
is affected by the reset and residence time PDFs. In fact, this change of behaviour is a
consequence of the requirement of the walker to have restarted its position for the resi-
dence mechanism to be triggered. Therefore, when the reset times are asymptotically
longer than the residence times, the asymptotic behaviour of the MSD is as if there was
no residence [44]. Otherwise, when the residence times are asymptotically longer, the
effect of the particles stacked at the origin becomes qualitatively relevant.

3.2. Exponential pr(t) PDF

When the reset time PDF ¢g(t) is exponential, the asymptotic behaviour of the MSD
changes drastically. This case includes both power law and exponential PDFs for opg(t).
In figure 2 we show the simulated MSD for long tailed residence time PDFs and different
movement: sub-diffusive and diffusive processes, and super-diffusive Lévy walks. In all
three cases, the MSD increases for short times until it reaches a maximum value and
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Figure 1. Exponent a of the asymptotic behaviour of the MSD of the overall
process {z2(t)) ~ t* with respect to the long tailed reset and residence time PDFs
exponents vg and g respectively is shown. The plots correspond to simulations
of two different movement processes: a sub-diffusive process with p = 0.5 in (A)
and a super-diffusive Lévy walk with p = 1.5 in (B). For both cases, in the region
below the red line (yg = 7s) the exponent is constant and equal to the movement
MSD exponent a = p while in the region above the line the exponent diminishes
progressively.

starts to decrease as predicted with the first case in equation (3.6). The asymptotic
decay depends exclusively on the residence time PDF exponent s and in this regime
the movement process only modifies multiplicatively the overall MSD.

To summarize, in figure 3 we present a phase diagram with the possible transport
regimes. There we can see that a super-diffusive process (p > 1) can be transformed to
a sub-diffusive (or diffusive) process when the reset-and-residence mechanism is taken
into account. Similarly, a sub-diffusive process (p < 1) can derive into a transport

https://doi.org/10.1088/1742-5468/ab02f3 7
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101 4

<x2(t)>

160 10t 162
t
Figure 2. The time evolution of the MSD of a simulation of an overall process
with 7g = 1 and 5 = 0.5 is plotted for a sub-diffusive (SD), a diffusive (D) and a
Lévy walk (LW) super-diffusive motion. In all three cases the MSD decreases as
t0% in the long time limit as predicted by the first case in equation (3.6). See the
guide line (black line in the plot) for comparison.

2.00

0.0 0.2 0.4 0.6 0.8 1.0
YR~ Vs

Figure 3. Schematic plot of the different overall transport regimes in terms of
the transport regime of the movement process p and the difference between the
decaying exponents of the reset and residence time PDFs vgr — 75. In the red region
the overall behaviour is super-diffusive. In the yellow region it is sub-diffusive and
the pink represents the values for which we have transport failure.

failure regime. Therefore, the reset-and-residence mechanism can be also seen as a tool
to slow down the transport regime.

4. Stationary state

In the previous section we have derived in a general manner the transport regime of
the overall process and we have also studied how the reset-and-residence mechanism

https://doi.org/10.1088/1742-5468/ab02£3 8



Appendix B. Second Article 71

Stochastic movement subject to a reset-and-residence mechanism: transport properties and first arrival statistics

affects the long term behaviour of the system. In this section we study the special case
where both the residence and the reset time PDFs are exponential (7s =vr = 1), so
a stationary state is reached. Concretely, we derive a formula for the overall MSD in
terms of the MSD of the movement and we find the stationary distribution for some
well-known movement processes.

To do so, we start from equation (3.1) and the time PDFs from equations (3.2) and
(3.3) with vyg = 1 and s = 1 respectively. With these parameters the Laplace transform
of the overall MSD reads

£lta?(ay) = F A Ol (@

T (+mms)(A+7ss)

In order to find the asymptotic behaviour of the MSD we make use of the final value
theorem limy; o, f(t) = lims_,o L[ f(¢)]. Doing so, the stationary MSD can be easily
found from equation (4.1) giving

t

T — /Oooe‘fm@?(t»mdt- (4.2)

Tm + Ts

For a motion with (z2(t)),, = 2Dt? with D, p positive constants, the stationary MSD
takes the simple form

p+1

2, =2DT(p+1)—m
(%) st (p+ )Tm+TS (4.3)

This result has been compared with Monte Carlo simulations in figure 4 for three
different types of movement. Let us now calculate the stationary distribution. Doing so
it is easy to see that the stationary distribution can be written in terms of the propaga-
tor P(x,t) as

Ts 5 P(I7S:$) (44)
puld) = O T |

which has been recently found in [40]. For a propagator of the form
1

SD _
PRk = p s

in the Fourier-Laplace space, which corresponds to a sub-diffusive process for v <1
and diffusive for v = 1, the stationary distribution is

__ =]
T, Ty € VP
P () = ——0(x) +

7-m"'Ts Tm+7-s \/4D,YT»,’¥L.

If instead of a sub-diffusive (or diffusive) motion we consider a Lévy flight, its propaga-
tor is

(4.5)

1

P (k,s) = s+ DulH"
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Figure 4. Stationary MSD for a sub-diffusive (SD), a diffusive (D) and a Lévy
flight (LF) propagator when they are subject to reset times which are exponential
distributed with 7, = 10 and retained at the origin during a time given by an
exponential PDF with different means 7,. For the propagators we have chosen
p=0.5, D=1.05-10"2 for the sub-diffusive, p=1, D =2.63-10"% for the
diffusive and p = 1.1, D = 6.11 - 1072 for the Lévy walk. The crosses correspond to
the simulated distributions while the solid curves show the analytical result given
in equation (4.3).

in the Fourier-Laplace space, where a < 2 and D,, is the corresponding diffusion con-
stant. The stationary distribution reads

LF T Tim *  cos(kx)
= ) 2 dk.
Psi (T) -t (z) + -~ +Ts/o 1+ 7, D ke (4.6)

This distribution has divergent second order moment since it decays as leﬁ for

large |z|. Therefore, despite a stationary state is reached the average region of space
covered by the walker around the nest is infinite. Contrarily, for the sub-diffusive and
diffusive movement processes we have a finite stationary MSD, the value of which is
given by equation (4.3) with properly chosen parameters.

5. Mean first arrival time

In the previous section we have analysed the long-term behaviour of the overall process.
Here we perform a first arrival time analysis which is still lacking despite of the previ-
ous works including a quiescient period after the resets. It consists on determining the
conditions for which the MFAT is finite, taking into account finite and infinite mean
PDFs for the reset and residence time PDFs. To do so, we build up a mesoscopic equa-
tion for the overall survival probability o, (t), which is the probability of the walker not
having arrived to x at time t. Let us separate the overall survival probability into three
temporal non-overlapping processes. If the walker starts at the origin but is moving
(i.e. at the state 1 = 1), the three contributions to the overall survival probability are:

https://doi.org/10.1088/1742-5468 /ab02f3 10
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(1) The walker has not yet restarted at time t. This happens with probability ¢} (¢)
and in this case the overall survival probability is the same as the motion survival
probability Q(?).

(i) The walker has restarted its position once at time t' < ¢, during which it has
not arrived to z, and during the period (¢',t) it has not left the origin. The first
happens with probability ¢r(t')Q.(t")dt’, the second with probability ¢(t —1t')
with 0 < ¢ < t.

(iii) The walker has restarted its position at least once at time t' < ¢ and it has not
reached z before t', which happens with probability ¢gr(t')Q.(t')dt’ as in the
previous case. However, here the walker leaves the origin after a time ¢/ <t — ¢/
and in this case the walker is exactly at the initial scenario but instead of
having a time ¢, we have to subtract the time of the first non-triggering journey
(t =t —t' — t"). This happens with probability s(t")o,(t — t' — t")dt” given that
the first reset was at time t’. These scenarios must be taken into account for all
" <t—t and t' <t.

Putting the three contributions together we get:
t
7.0 = GO0+ [ ent)Qu)ei(E - V)it
0

t t—t'
+ / goR(t’)QI(t’)dt’/ @S(t”)az(t —t - t”)dt”, (5.1)
0 0

where (,(f) is the survival probability of the movement process and the first, second
and third terms in the rhs correspond to cases (i), (ii) and (iii), respectively. Applying
the Laplace transform to equation (5.1) we get

o Lah0Qu0)] + Ller()Qu(0]E5(5)
o) = T o0 (Dlgs(s) 62

which has been also found as a particular case in [40] by assuming non-correlated reset
and residence time PDFs on their general result. This equation is completely general
so it is valid for any survival probability of the movement process @),(f) and any reset
and residence time PDFs g (t) and ¢g(t), respectively. Here we focus on studying the
asymptotic behaviour of the overall survival probability for Q,(t) ~ ¢t~? with 0 < ¢ < 1.
This choice encompasses some processes associated with animal foraging as shown in
the particular examples below. For pr(t) and @g(t) we consider again expressions (3.2)
and (3.3), respectively.

The existence of a MFAT can be determined by taking the limit s — 0 in equa-
tion (5.2) (Tg = limg_,¢ 6 (s)). In this limit, corresponding to the long ¢ limit, the domi-
nant term in the numerator of equation (5.2) depends on the tail exponents of the PDFs
wr(t) and ps(t). Concretely, we can distinguish three different cases:

(a) 75 2 Yr + ¢q. At long times, the first term in the numerator of equation (5.2)
dominates over the second (or they are equal in the limiting case). The MFAT is
infinite since the survival probability decays as

https://doi.org/10.1088/1742-5468 /ab02f3 11
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oa(t) ~ Tt (5.3)

(b) vs < wr+4q, 7s < 1. At long times, the second term in the numerator of equa-
tion (5.2) is the dominant term. Here, the MFAT is infinite again, with a survival
probability decaying as

ou(t) ~ 3L (5.4)

(¢) vs <Yr+ ¢, vs = 1. In this scenario, the MFAT is finite and it can be written as

L+
T = (5.5)
with
[e'e] t TR
I =/ E 1 [— () ]Qz(t)dt (5.6)
0 Tm
and
[e'e] t'yR—l t MR
]2 :/ WEWRKYR |:_ <> :| Qz(t)dta (57)
0 Tm Tm

where we have made use of equations (3.2) and (3.3).

From this we see that, when studying the overall survival probability, the reset time
PDF couples to the survival probability of the movement process and is the joint tail
the one which competes with the residence time PDF. Therefore, the type of movement
has a direct effect on which distribution determines the tail exponent of the overall
survival probability. To illustrate this, we next study these general results for some
particular cases.

5.1. Infinite MFAT

Let us leave the case (¢) in the previous Section apart for the moment. From cases (a)
and (b) we see that there are two different regions in the state space where the govern-
ing tail differs, limited by the plane 75 = yg + ¢. In the following we test this for two
different movement processes: a sub-diffusive random walk (figure 5(A)) and a Lévy
flight (figure 5(B)).

The survival probability of a sub-diffusive jump process has been studied in [45],
where it was found to be

)
S VDt
QD Dtvz0 k+1|r 1_,_kv) (5.8)

with 0 < v < 1. This, in the large time limit decays as
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Figure 5. Exponent b of the asymptotic behaviour of the survival probability of
the overall process o, (t) ~ t~* with long tailed reset and residence time PDFs is
shown. Their exponents are yg and 7s and the plots are for simulations of two
different movement processes: a sub-diffusive process with v =0.5 in (A) and a
super-diffusive Lévy walk with o = 1.5 in (B). For both cases, in the region above
the red line (ys = yr + ¢ with ¢=0.25 in (A) and ¢= 0.33 in (B)) b only changes
horizontally with g while below the line b only varies vertically with yg. These are
the results predicted by the cases (a) and (b) in the main text respectively.

QP ~ 173, (5.9)

For v =1, we can recover the well-known decay for the survival probability of a
diffusive process. From the asymptotic expression we can identify ¢ = 3 and, there-
fore, in this case the limiting plane is 75 = 7r + 3, which is illustrated as a red line in
figure 5(A) for the particular case v = 0.5. There we can see that, below the line, the
tail exponent of the overall survival probability increases upwards and remains con-
stant in the horizontal direction, which means that it depends on the reset tail only.
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Figure 6. The simulated MFAT (crosses) with an exponential residence time PDF
with mean 7, = 10 and for three representative cases of subdiffusion (SD) with
v = 0.5, diffusion (D) with v =1 and a Lévy flight with a = 1.5, all with D = 0.1.
We compare our simulations to the analytical result in equation (3.4) (solid curves)
for different reset time PDF tail exponents g and 7,,, = 10. Concretely, the MFAT
is computed at a distance z = 0.5 from the origin.

Contrarily, above the red line the decaying exponent of the overall survival probability
increases from left to right and remains constant in the vertical direction. Therefore,
in this case, it only depends on the residence tail, which is in agreement with cases
(a) and (b) above. This general behaviour becomes less clear near the red lines, where
the tail competition is evener. This can be amended by running considerably longer
simulations.

Regarding the Lévy flight process, an expression for the Laplace transform of the
first arrival survival probability was derived in [46]:

ALF aDYesin(r/a) /°° 1 — cos(kz)
pu— dk-
Qx (3> ’/TSI/O‘ o s + Dka

(5.10)

This scales asymptotically as
QL (1) ~ ta (5.11)

Here 1 < a < 2, being o = 2 the diffusive limit. In this case, the limiting surface is
s =R + i, which has been plotted for the particular value o = 1.5 in figure 5(B) as a
red straight line. As for the previous example, the line separates two different regions
in which the dominant exponent is s above the red line and g below.

5.2. Finite MFAT

From the three different cases from equation (5.2), the (c) scenario is the only one where
the MFAT is finite. In this case, equation (5.5) gives us its value for different movement
survival probabilities. As for the previous situations, we consider the two cases where

https://doi.org/10.1088/1742-5468 /ab02f3 14
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the motion is sub-diffusive and a Lévy flight, the survival probabilities of which are in
equations (5.8) and (5.10) respectively. In figure 6 we show the simulated MFAT for
a sub-diffusive, a diffusive (as a limit of the first) and a Lévy flight process in the (c)
scenario. The simulations are compared with the result obtained by numerically inte-
grating equation (5.5) for the different cases.

6. Conclusions

We have studied how a stochastic residence period at the resetting position affects the
overall dynamics of a random walker. More specifically, we have employed a renewal
approach to derive analytical expressions for the MSD and the survival probability (or
MFAT when it is finite), which have been validated with Monte Carlo simulations of
different processes such as diffusion, Lévy walks or Lévy flights.

For the MSD we have found that, on one hand, for long tailed reset and residence
time PDFs the MSD of the overall process depends strongly on the relation between
the tail exponents of both PDF's (g for resets and g for residence times). Concretely,
for yr = s the overall MSD exponent is the same as the one for the movement pro-
cess while for yg > <5 the exponent of the movement process is diminished by a factor
Yr — 7s. On the other hand, for exponentially distributed reset times, if the residence
time PDF is long tailed the overall process collapses to the origin while for an exponen-
tial residence time PDF a stationary MSD is reached (see equation (4.2)).

Regarding the decaying exponent of the survival probability when both time PDF's
are long tailed, we have seen that the tail of the residence time PDF competes with
both the tail of the movement process survival probability and the tail of the reset time
PDF. In this case the MFAT is always infinite. Contrarily, when the residence time
PDF is exponential, a finite MFAT may be found but only when g + yg > 1 with ¢ and
Yr being the tail exponents of the survival probability of the movement process and the
reset time PDF respectively.

We note that, in the context of movement ecology, resets are a natural mechanism
to concatenate different trials of a particular behaviour of the animals. In this work
we have tried to include explicitly the period that they spend in the nest separating
excursions for feeding, mating or any other basic functions. The next step towards a
complete model could be the introduction of multiple search strategies with different
movement patterns to be chosen during the resting period, similarly to what has been
done in [35, 36] for instance. Also, regarding the interpretation of the quiescent time
as the time needed by the animal to return to the nest, a further step to be addressed
in future works would be the introduction of a process driving the individual gradually
towards the nest instead of leaving it in a motionless state.

Acknowledgments

This research has been supported by the Spanish government through Grant No.
CGL2016-78156-C2-2-R.

https://doi.org/10.1088/1742-5468 /ab02f3 15



78 Appendix B. Second Article

Stochastic movement subject to a reset-and-residence mechanism: transport properties and first arrival statistics

References

(11
[2]

(31

(4]
[5]

(6]

(7]

(8]

[9]
[10]
(11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

Burt W 1943 J. Mammal. 24 346

Viswanathan G M, da Luz M G E, Raposo E P and Stanley H E 2011 The Physics of Foraging: an Intro-
duction to Random Searches and Biological Encounters (Cambridge: Cambridge University Press)

Okubo A and Levin S A 2002 Diffusion and Ecological Problems: Modern Perspectives vol 14 (Berlin:
Springer)

Bartumeus F, da Luz M G E, Viswanathan G and Catalan J 2005 Ecology 86 3078

Méndez V, Campos D and Bartumeus F 2014 Stochastic Foundations in Movement Ecology (Berlin:
Springer)

Hillen T 2003 Eur. J. Appl. Math. 14 613636

Bauer S and Klaassen M 2013 J. Animal Ecol. 82 498

Worton B 1987 Ecol. Modelling 38 277

Giuggioli L, Abramson G, Kenkre A V M, Suzan G, Marc E and Yates T L 2005 Bull. Math. Biol. 67 1135

Giuggioli L, Abramson G, Kenkre V M, Parmenter R and Yates T L 2006 J. Theor. Biol. 240 126

Evans M R and Majumdar S N 2011 Phys. Rev. Lett. 106 160601

Evans M R and Majumdar S N 2011 J. Phys. A: Math. Theor. 44 435001

Whitehouse J, Evans M R and Majumdar S N 2013 Phys. Rev. E 87 022118

Montero M and Villarroel J 2013 Phys. Rev. E 87 012116

Evans M R, Majumdar S N and Mallick K 2013 J. Phys. A: Math. Theor. 46 185001

Gupta S, Majumdar S N and Schehr G 2014 Phys. Rev. Lett. 112 220601

Evans M R and Majumdar S N 2014 J. Phys. A: Math. Theor. 47 285001

Durang X, Henkel M and Park H 2014 J. Phys. A: Math. Theor. 47 045002

Kus$mierz £, Majumdar S N, Sabhapandit S and Schehr G 2014 Phys. Rev. Lett. 113 220602

Kus$mierz £. and Gudowska-Nowak E 2015 Phys. Rev. E 92 052127

Pal A 2015 Phys. Rev. E 91 012113

Majumdar S N, Sabhapandit S and Schehr G 2015 Phys. Rev. E 92 052126

Campos D and Méndez V 2015 Phys. Rev. E 92 062115

Christou C and Schadschneider A 2015 J. Phys. A: Math. Theor. 48 285003

Méndez V and Campos D 2016 Phys. Rev. E 93 022106

Pal A, Kundu A and Evans M R 2016 J. Phys. A: Math. Theor. 49 225001

Nagar A and Gupta S 2016 Phys. Rev. E 93 060102

Eule S and Metzger J J 2016 New J. Phys. 18 033006

Falcao R and Evans M R 2017 J. Stat. Mech. 023204

Boyer D, Evans M R and Majumdar S N 2017 J. Stat. Mech. 023208

Shkilev V P 2017 Phys. Rev. E 96 012126

Belan S 2018 Phys. Rev. Lett. 120 080601

Pal A and Reuveni S 2017 Phys. Rev. Lett. 118 030603

Chechkin A and Sokolov I M 2018 Phys. Rev. Lett. 121 050601

Montero M and Villarroel J 2016 Phys. Rev. E 94 032132

Montero M, Masé-Puigdellosas A and Villarroel J 2017 Eur. Phys. J. B 90 176

Reuveni S, Urbakh M and Klafter J 2014 Proc. Natl Acad. Sci. 111 4391

Rotbart T, Reuveni S and Urbakh M 2015 Phys. Rev. E 92 060101

Reuveni S 2016 Phys. Rev. Lett. 116 170601

Evans M R and Majumdar S N 2019 J. Phys. A: Math. Theor. 52 01LT01

Kumar N, Harbola U and Lindenberg K 2010 Phys. Rev. E 82 021101

Harbola U, Kumar N and Lindenberg K 2014 Phys. Rev. E 90 022136

Brockmann D, Hufnagel L and Geisel T 2006 Nature 439 462

Mas6-Puigdellosas A, Campos D and Méndez V 2019 Phys. Rev. E 99 012141

Rangarajan G and Ding M 2000 Phys. Lett. A 273 322

Chechkin A V, Metzler R, Gonchar V' Y, Klafter J and Tanatarov L 'V 2003 J. Phys. A: Math. Gen.
36 L537

https://doi.org/10.1088/1742-5468 /ab02f3 16



79

Appendix C

Third Article

Transport properties of random walks under stochastic
non-instantaneous resetting

Axel Maso6-Puigdellosas, Daniel Campos and Viceng¢ Méndez

Grup de Fisica Estadistica. Departament de Fisica, Universitat Autonoma de
Barcelona, 08193 Bellaterra, Spain

This paper has been published in Phys. Rev. E 100, 042104


https://journals.aps.org/pre/abstract/10.1103/PhysRevE.100.042104

80

Appendix C. Third Article

PHYSICAL REVIEW E 100, 042104 (2019)

Transport properties of random walks under stochastic noninstantaneous resetting

Grup de Fisica Estadistica, Departament de Fisica, Facultat de Ciéncies, Edifici Cc, Universitat Autonoma de Barcelona,

Axel Mas6-Puigdellosas, Daniel Campos, and Viceng Méndez
08193 Bellaterra (Barcelona), Spain
® (Received 20 June 2019; published 4 October 2019)

Random walks with stochastic resetting provides a treatable framework to study interesting features about
central-place motion. In this work, we introduce noninstantaneous resetting as a two-state model being a
combination of an exploring state where the walker moves randomly according to a propagator and a returning
state where the walker performs a ballistic motion with constant velocity towards the origin. We study the
emerging transport properties for two types of reset time probability density functions (PDFs): exponential and
Pareto. In the first case, we find the stationary distribution and a general expression for the stationary mean-square
displacement (MSD) in terms of the propagator. We find that the stationary MSD may increase, decrease or
remain constant with the returning velocity. This depends on the moments of the propagator. Regarding the
Pareto resetting PDF we also study the stationary distribution and the asymptotic scaling of the MSD for
diffusive motion. In this case, we see that the resetting modifies the transport regime, making the overall transport
subdiffusive and even reaching a stationary MSD, i.e., a stochastic localization. This phenomena is also observed
in diffusion under instantaneous Pareto resetting. We check the main results with stochastic simulations of the

process.

DOI: 10.1103/PhysRevE.100.042104

I. INTRODUCTION

Living organisms and moving particles in general can
rarely exhibit free motion independent of environmental or
internal constraints. One of these constraints consists of the
presence of a privileged location, which is visited with a
higher frequency, either for natural or artificial reasons. For
instance, in a movement ecology context, the term central-
place foraging [1] is often used to describe how animals seek
for food near their nest. In other scenarios, such as human
visual search [2], a fixed location is also used as a reference
point.

From a physical point of view, this topic has been often
addressed using stochastic motion models. Historically, the ef-
fect from the central point has been modeled via an attracting
potential [3]. This allows the authors to analytically study the
problem from a treatable perspective. However, these models
do not consider the possibility of the walker returning directly
to the central point, instead of (or in addition to) feeling an
attraction for it. A possible mechanism that could mimic this
is the random resetting of its motion to the origin.

It was not until 2011 that a simple model of stochastic
motion with a strong bound to a given position was published
in the physical literature [4]. There, a diffusive particle is
studied when it may occasionally reset its position with a
constant probability and the authors find that a nonequilibrium
steady state (NESS) is reached and the mean first passage time
of the overall process is finite and attains a minimum in terms
of the resetting rate. The existence of a NESS has been further
studied for different types of motion and resetting mecha-
nisms [5—18], showing that they are not exclusive of diffusion
with Markovian resets. Aside from these, other works have

2470-0045/2019/100(4)/042104(8)
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shown that the resetting does not always generate a NESS
but transport is also possible when the resetting probability
density function (PDF) is long tailed [19-22] or when the
resetting process is subordinated to the motion [10,12].

However, the above-cited stochastic resetting models lack
some realism as long as resetting is treated as an instantaneous
process. Some recent papers include a quiescent period after
the resetting [23,24], which could mimic the time required by
the walker to return to the origin. But this only serves as a
partial solution to the problem since it does not consider the
back-to-the-origin movement explicitly. In a slightly different
context, this notion of costly resetting has also appeared in
some works where search processes with restarts are stud-
ied from a Michaelis-Menten reaction scheme perspective
[25,26].

In this direction, we propose a two-state model to describe
both the exploratory motion and the return to the origin, which
we assume to be ballistic. We analyze the main consequences
that the application of a noninstantaneous resetting has on
the results known for the instantaneous case. Particularly, we
derive an expression for the overall propagator to study the
transport properties of the overall process for different types
of resetting PDFs. We also study the statistics of the returning
time in terms of the motion and the resetting PDF.

The paper is organized as follows. In Sec. II, the model is
introduced and general expressions for both the overall PDF
and the overall MSD are derived. Afterwards, in Sec. II B, the
PDF of the time required by a walker to go back to the origin
is studied in terms of the propagator and the resetting PDF. In
Secs. III and IV we study the particular cases of Markovian
and scale-free PDFs, respectively. Finally, we conclude the
work in Sec. V.

©2019 American Physical Society
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II. MODEL

‘We model the dynamics of the walker by considering two
different states: an exploring state (state 1) where the motion
is described by a general propagator P(x,t) and a returning
state (state 2) where the motion is ballistic with velocity v
towards the origin defined by x = 0. The exploring state ends
at a random time according to the resetting time PDF @g(t),
while the returning state ends when the motion reaches the
origin. At this time, the process is renewed.

Let us start by introducing the flux of particles between
these two states. On one hand, assuming that the motion starts
at state 1, the rate of walkers arriving at the exploring state
(state 1) is

, R L ol 12l
Jl(t)=5(t)+f dz/ dt'jo(z,t — 1) ¢t -—)
—00 0

@2.1)

where the integral term is expressed in terms of the rate of the
particle arriving at state 2 at point x at time ¢, ja(x, t). This
term implements the probability of entering state 2 at position
z at any time ¢ — ¢’ < ¢ and subsequently reaching the origin
ballistically within time ¢’ [§(#' — |z|/v)]. The first term on the
right-hand side is the initial condition. On the other hand, the
rate of walkers arriving at the returning state (state 2) reads

t

(1) = /0 J1@ = 1)er()P(x, t)dt', (2.2)
which, unlike for state 1, depends explicitly on the position x
(i.e., the rate is not spatially uniform). Here, the probability of
arriving at state 2 at position x and time ¢ is the probability
of having arrived at state 1 at any past time ¢ — ¢/, times
the probability that exploration finished at time t’, given
the walker has reached position x. Transforming these two
equations by Laplace and isolating for the rates we get the
explicit expressions

+00 ] -1
Jis) = [1 —/ dze_%sl'l(z,s)}

oo

2.3)

and

+00 1l

-1
fg(x, s) = I(x, s)[l — / dze v *Tl(z, s)] s 2.4)

—0o0

where we have introduced the notation

I(x, s) = LIer(t)P(x, 1)], (2.5)

and
Fs) = LA = / I f(o)de
0

is the Laplace transform of f(z).

Let us now introduce the spatial dynamics for each of the
states. We write the global propagator as p(x,1) = p;(x,t) +
p2(x,1), i.e., the overall motion is described by the com-
bination of the propagators in states 1 and 2. Defining the
probability that no reset has occurred until time ¢ as @}(t) =
ftoo r(t')dt’, the probability of finding the walker at the

exploring state at point x and time ¢ can be written as

t
pi(x,t) = f Jit =g )P(x, t))dt'. (2.6)
0

Transforming by Laplace and inserting Eq. (2.3), we have

+

o 1
pr(x, s) = IT"(x, s)[l —/ dzef%sn(z,s)] . @27

—o0
with

IT*(x, 5) = LIgxp(t)P(x, 1)]. (2.8)

For the sake of simplicity we will restrict to symmetric
random walks, i.e., P(x, t) = P(—x, t). Then, for the returning
state (we consider x > 0, which is labeled by a plus sign in the
following, to later generalize this result for x < 0) we have
that

+00 t
oF (x, 1) = / dz/ dt'ja(z,t —t)8(x — z + vt'). (2.9)
X 0

This is, to be at position x > 0 at time ¢ in the returning state,
the motion had to reach this state at a previous time ¢ — ¢’ and
position z > x and, during the time #', the returning ballistic
motion must have gone from z to x. Transforming by Laplace,

we get
e;’f.r +00 L
/ dze” V' ja(z, $).
v Jx

Now, introducing Eq. (2.4) and generalizing it for the negative
positions [i.e., x — |x| in Eq. (2.10)], we get the general
expression for the propagator in the state i = 2

,?);r(x, s) = (2.10)

l Ix|

R b, T dze PG s)
Px, s) = 5e

l—fj;o dz,e“%sl'l(z, s).

s

2.11)

Finally, putting both propagators together, the overall prop-
agator p(x, s) = pi(x, s) + p2(x, s) turns out to be

) IT*(x, ) + L [ dze™ T T1(z. 5)

plx, s . (2.12)
L —o(s)
where
oo Izl
o(s) = / dze” v 'TI(z, $)
—o0

vs [T I1(k,s)

== dk——2 (2.13)
7T J o k2v? + 52

with T1(k, s) the Fourier-Laplace transform of IT(x, 7).
Therefore, for a general resetting PDF @g(¢) and prop-
agation P(x,t), one can in principle find the PDF of the
overall motion process. In the numerator we have the contri-
butions of the exploring and returning states clearly separated.
However, the first term, corresponding to the exploring state,
is velocity-dependent since in the denominator v appears
explicitly. Therefore, both the exploring and returning states
are actively modified by the finiteness of the resetting velocity.
Transforming Eq. (2.12) by Fourier one finally gets, after
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some calculations,

p(k, s) = l%w(s)[n*(k, 5) +s%;f2m
b2k / oodzsin(kz)n(z,s)], (2.14)
JEREaC A
where

M(k, s) = / ~ e r()P(k, 1)dt. 2.15)
0

One can check that p(k =0,s) = 1/s, so p(x,t) is conve-
niently normalized.

A. MSD
The MSD can be obtained as

¥ p(k, S)]
LS

Using Eq. (2.14), after some calculations one obtains

LIgxOEPD))p] + L LIgr() (X2 (1)) p] — 25 D(s)

(#(s)) = —[ (2.16)

A2 _
(F() = = o)
2.17)
where
O(s) = sLIGr(O(IxI))p] + vI@(s) — gr()]  (2.18)
and
wne = [ Ppends,
- (2.19)
at'ane =2 [ 2P,
0
with n = 1,2, .... In the large time limit, that is, s — 0 we

can simplify Eq. (2.17) keeping the leading-order terms. One
gets, after some algebra

LIgr@) (x> () p] + 55 Llpr@){|x1 (1)) p]
1 — @r(s) + 5 LLor(@){Ix](1))p]

Therefore, a finite returning velocity makes the overall asymp-
totic MSD depend explicitly on the first and third absolute-
value moments of the propagator, in addition to the second
moment. Crucially, this dependence disappears when the limit
v — oo is taken to recover the equivalent expression for
instantaneous resetting [20].

In Secs. III and 1V, we explore this and more properties
on particular scenarios to analyze in more detail the effect
that a finite resetting velocity has at long times, comparing
our model to some of the most significant results obtained for
instantaneous resets.

(#2(s))

. (2.20)

B. Returning time PDF

After a resetting event, the random walker is forced to
interrupt its motion and go back to the origin with constant
velocity v. During the time required to go back to the origin
and restart its motion, the walker remains in a state, which
hinders the overall propagation. Similar models have been
studied in the literature, where the walker is forced to remain

inactive at the origin after resetting [23,24]. Nevertheless,
in none of these models the duration of the nonpropagating
period is considered to depend explicitly on the motion of the
walker, which is a natural correlation to be taken into account.

In Ref. [20], the asymptotic behavior of the overall MSD
is studied for a stochastic motion process which resets its
position at times distributed according to a resetting PDF, after
which remains at the origin during a period determined by a
residence time PDF. There, the scaling of the overall MSD is
shown to strongly depend on the resetting and the residence
time PDFs. In the current model, while the resetting PDF is
explicitly introduced, the PDF of the nonpropagating period
emerges from the combination of both the resetting time PDF
@g(t) and the stochastic motion performed by the walker, i.e.,
the propagator P(x, t). Therefore, it is convenient to study the
stochastic properties of the returning time for a later analysis
of the overall transport properties of the system.

In general, the PDF of the returning time can be written as

toe |x| < / /
o (1) = / dx 8<t — 7)/ dt'P(x, t")er("), (2.21)

00 0

which is the probability of the exploratory motion ending at
a given position x (¢ integral) times the probability of the
returning state to last at time ¢ from this position (§ term),
averaged over all the possible positions. The integral in x can
be performed to give a general expression for the returning
time PDF in terms of both the propagator and the resetting
PDF:

@ (t) =2v /oop(m, er()dt’ = 2v TI(vt,0),  (2.22)
0

with T(x, s) defined from Eq. (2.5). An equation for the nth
moment of the returning time PDF can be also found by
multiplying both sides of Eq. (2.22) by ¢" and integrating over
t>0:

1 o0
) =— fo PR (Ix(O)]") pdr. (2.23)

n

It is interesting to observe that the contribution of the

motion to the nth moment of the returning time PDF comes

exclusively from the nth absolute moment of the motion

propagator. In the following we dig into these results for two
different types of resetting time PDFs.

1. Markovian resetting

As a first case, we analyze the returning time PDF when
the resetting is equally probable at any time. This consists on
choosing a reset time PDF of the form

¢r()=re”". 224)
The general expressions derived above reduce to
@ (t) = 2vr P(uvt, 1) (2.25)
and
n r 2 n
(1) = — (=) p. (2.26)
v

Notably, if the nth moment of the motion has a finite Laplace
transform, the nth moment of the returning time PDF con-
verges to a finite value. This includes, for instance, all the
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FIG. 1. On the left (a), the returning time survival probability ¢} (t) = ftoo @ (t")dt' = eV for diffusion with D = 5 under exponential
resetting with » = 0.25 is shown for different values of the returning velocity v in a stochastic simulation of the process. On the right (b), the
returning time distribution for the same motion is shown with exponential resetting for different » and returning velocity v = 1. In both cases,
the PDF is represented in a log-linear axis and the exponential behavior can be clearly observed to be in agreement with the corresponding

analytical prediction (solid lines).

cases where the moments grow as a power law in time. Be-
tween these, let us consider diffusive motion with a Gaussian
propagator of the form P(x, t) = exp(—x?/4Dt)/~/4m Dt. Af-
ter some simple calculations, the returning time PDF can be
found to be exponential

r _, /&
o t)=v /Be o5t

This result has been compared to stochastic simulations of the
process and it has been seen to be in agreement with them
(Fig. 1).

Therefore, for diffusive Gaussian motion, when the reset-
ting PDF is exponential, the duration of the returning state
also follows an exponential distribution. In other words, the
transition from the returning state to the exploring state is also
Markov process and happens at a constant rate, which can be

identified to be
\/7
r=uv,/—.
D

Remarkably, the return-to-explore transition rate depends on
the explore-to-return rate as a square root. This is, by increas-
ing r, the rate of the return-to-explore transition will be less
increased than the rate of the explore-to-return transition. It
is also interesting to observe that the returning rate depends
linearly with the velocity v. So, aside from the weight factor
/r/D related to the propagation ability of the motion, the
velocity can be interpreted as the actual transition rate from
the returning to the exploring state.

2.27)

2. Scale-free resetting

Let us now explore the case where the resetting PDF is
scale free, meaning that in the long time regime it decays as

or(t) ~ t'17, (2.28)

with y a real, positive number. To do so, we employ a partic-
ular form of the resetting PDF, being a Pareto distribution of
the form

yr

wr(t) =

with ¥ > 0. As a difference with the exponential PDF, this
choice allows us to study a resetting PDF with diverging
moments, having that the mth moment will exist whenever
y > m. In particular, here we will consider diffusive mo-
tion. Introducing the resetting PDF and the propagator to
Eq. (2.22), one can formally write

r 1 11 r?
W) = vy, | —T(y+5 Sosiott). @
@r(t) = vy D (7/+2>U(7+2 5 4Dt> (2.30)

where U (a, b;z) is the Tricomi confluent hypergeometric
function or confluent hypergeometric function of the second
kind (see Sec. 13 in Ref. [27]). Now, from the long time
behavior of the Tricomi function we can obtain the decaying
of the returning PDF:

0 (t) ~ 1702 a5 1 5 0. 2.31)

Therefore, the returning PDF always decays faster than the
resetting PDF [see Eq. (2.28)]. This decaying has been also
obtained in stochastic simulations as shown in Fig. 2.

0
10 b LS y=0.75
=Ll e v =
RS y=125
\-QT\\ —- y=1.75
1071 4 S
NS
— N
=z \
< 102 4
10*3 4
1074 4 . .
10° 10!
t
FIG. 2. The returning time survival probability ¢ () =

[ @ (t")dt' ~ 1/t is shown for three different simulations with
the corresponding y parameters. A diffusion process with D =5
with resets with » =1 and returning velocity v =1 have been
employed. Straight solid lines of slope —2y have been included as a
guide for the eye.
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Let us now derive the moments of the returning PDF. To
do so, we employ Eq. (2.23) and use the expression for the
nth absolute moment of a Gaussian distribution

(e = F(” b 1)\/@&.
2 T

This way, one can express the moments of the returning PDF
as

(2.32)

<tr">:2vyrU<g+l,g+l—y;O>. (2.33)
Now, the Tricomi confluent hypergeometric function
U(a,b;z) at z =0 does not converge when b < 1. This
establishes a condition for the moments of the returning time
PDF to exist, being that the nth moment of ¢, (f) exist when

n

> —.

Y73

In particular, the returning time will have a finite mean (n = 1)

only if y > 1/2. Therefore, for 1/2 < y < 1, despite the

exploration (resetting) time has diverging mean value, the
mean returning time to the origin will be finite.

(2.34)

III. MARKOVIAN RESETTING

In this section we analyze the large time behavior of the
propagator p(x,t) and the MSD (x2(1)) for a random walker
under noninstantaneous resettings when the resetting times
are drawn from an exponential PDF [Eq. (2.24)]. This has
been the most studied case in the literature and various random
walks have been tested under this type of resets. For this
particular case, one has from Eqgs. (2.5) and (2.8) that

M(x,s)=rP(x,s+7r) 3.D
and
I1*(x, s) = P(x, s 4+ 7). (3.2)

If P(x, t) has nondiverging moments, in the large time limit
(small s), Eq. (2.13) reads

sro 2
o(s)=1—sr— ;<|x(s =r)|)p+ O(s) 3.3)
and the overall propagator reaches the NESS
Px,s=r)+L [ P(z,s=r)dz
py(x) = — (34)

;R =nhe

r

Here we have made use of Eq. (2.14) and inverted by Fourier.
It is interesting to note that this is a general result for any
symmetric propagator P(x, t) with finite moments under ex-
ponential resetting times.

Despite the tedious calculations employed to reach it, this
result is extremely simple to interpret from a physical point
of view. We have two different contributions to the PDF at
the NESS: the first term in the numerator accounts for the
propagation of the stochastic motion, while the second term
accounts for the walkers returning to the origin at a finite
velocity, after suffering a reset at a position |z| > |x|. In
fact, taking the limit v — o0, corresponding to instantaneous
resets, one recovers the result recently found in Ref. [20] for
Markovian resetting applied to a general propagator P(x, t).

In Ref. [24], a model with instantaneous resetting followed
by a random residence period at the origin was studied.
There, it was seen that considering a residence period does
not modify the shape of the NESS. In particular, this occurs
if one considers the returning time distribution obtained in
Eq. (2.25). Contrarily, in Eq. (3.5) one can see that considering
a finite returning velocity does modify the shape of the NESS.
Therefore, from the model in Ref. [24] with the distribution
in Eq. (2.25) one cannot emulate the NESS arising from the
noninstantaneous resetting model.

More specifically, for a diffusive random walks the prop-
agator follows a Gaussian distribution, which in the Laplace
space takes the form P(x, s) = +/1/4sD exp(—|x|/s/D). In-
serting this result into Eq. (3.5) we obtain

— [ D
Ps(x) D¢ ,

which is independent of the returning velocity. This is a well-
known result already obtained for diffusing particles under
Markovian instantaneous resettings [4]. Regarding the MSD,
inserting the exponential distribution for the resetting times
into Eq. (2.20) one readily finds that the MSD tends, in the
t — oo limit, to

3.5)

0 ®s=rPp+ £ (86 =rP)p
X )S = 1 P80 —
s+ 5 =n)e

r

(3.6)

Notably, the overall stationary MSD does not depend only on
the MSD of the motion (x?)p as does when the resetting is
instantaneous [4,20] but also on its first and third absolute-
value moments.

Let us analyze how the overall MSD depends on the
velocity. An extreme (either maximum or minimum) for the
MSD in terms of the velocity v does not exist. Nevertheless,
depending on the relative values of the three first moments of
the motion, the overall MSD may increase, decrease or remain
constant with v. General conditions can be indeed established
for any propagator under exponential resetting PDF. Thus, we
have that the MSD decreases with v if

(s =r)Pp > 3r(lits = NpEGs =rp,  GB.7)

and the MSD remains constant with v. It is independent on the
velocity if

(G =nPp =3r(lfGs = )pEGs =r))p.  (3.8)

In this case, it reduces to the instantaneous resetting value
(x?)s = r{&(s = r)*)p [20]. Finally, the MSD increases with
v if

(I8 = DIP)p < 3r(&(s = r))p(E(s = r)*)p.

Since (x?), is directly related to the width of the NESS
distribution, its shape is affected by the returning velocity
v in those cases where (x?), depends on v, that is, when
one of the conditions (3.7) or (3.9) is fulfilled. Let us be
more specific and consider two cases: the propagators for
Brownian motion and for fractional Brownian motion (fBm).
In the former case P(x,t) = [4nrDt]~'/? exp(—x?/4Dt) and
the moments involved in Eq. (3.6) are, in the Laplace space,

(3.9
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FIG. 3. The results of a stochastic simulation of the stationary
MSD for two fractional Brownian motions with « = 0.75 and o =
1.25, and a normal Brownian motion with ¢ = 1 with noninstan-
taneous resetting (r = 0.2) are presented in terms of the returning
velocity v. The multiplicative constant has been chosen to be K =
r*/I'(1 + «) in order to have the same instantaneous resetting limit
(large v) for all of them. The solid lines are the corresponding
analytical predictions from Eq. (3.12).

given by
(R(s)*)p = 2D/s*
(1&())p = VD/s*?

(12 = 6D /572, (3.10)

Introducing these results into Eq. (3.6) and simplifying one
finds (x?); = 2D/r, so that the overall MSD in the large time
limit does not depend on v. Note that in this case, condition
(3.8) is fulfilled and the NESS distribution does not depend
on v.

For a fBm, the propagator is given by P(x,t)=
[47K1*]~ /2 exp(—x?/4Kt*) and the moments we are inter-
ested in are

(£(s))p
(I8N = «/ﬁl‘(l + %)/ﬁs1+%

B P)p = (41<)%r(1 + %"‘)/ﬁw%‘ 3.11)

in the Laplace space. It is easy to check from (3.7)—(3.9) that,
unlike the normal diffusion, the overall MSD increases with v
when 0 < @ < 1 while it decreases with v when 1 < @ < 2.
When a = 1 we recover the normal diffusion case and the
MSD does not depend on v. The overall MSD is found from
Eq. (3.6) and Eq. (3.11), which leads to

=2KT(1 + a)/s'*

ar(+3) Jagr-$
) 2KT(1+ o) '+ 57mm00 0 G12)
Xls s ERIEE)) r(1+ ) VAR % ’

v

In Fig. 3 we show three representative cases of this result
compared to stochastic simulations. There, one can see that
for motion processes, which are prone to stay near the origin,
as fBm with o < 1, the stationary MSD increases with v.

Otherwise, for processes that quickly move away from the
origin, as fBm with @ > 1, a larger returning velocity v makes
the stationary MSD decrease. Finally, when o = 1, which is
the case of Gaussian propagator, the overall stationary MSD
is shown to not depend on the returning velocity.

IV. SCALE-FREE RESETTING

In this section we consider a Gaussian propagator and a
Pareto for the resetting time PDF. For practical examples of
phenomena that may generate scale-free reset times we refer
the reader to Ref. [14]. The interest of this distribution is
that the exponent y controls the existence of finite moments.
When 0 < y < 1 the distribution lacks moments and behaves
like a Mittag-Leffler distribution in the large time limit, i.e.,
it decays as t~!=7. However, when 1 < y < 2 only the first
moment is finite and there exists a characteristic resetting rate,
when 2 < y < 3 only the first and second moments exist and
so on and so forth.

Our first goal is to study the large time behavior of the
overall distribution. To this end we take the limit s — 0 in
Eq. (2.12). For a diffusive propagator for the exploring state
and the resetting times PDF in Eq. (2.29) we obtain that the
NESS is reached when y > 1 and it reads

y =1/ 4”D r 1 U 11
|40 51 B U)K U S
v I(y—-1)

rlx| 1 1 3 rx?

—7Tr U 4.1
+ 55 <y+2) <y+224D 4.1
This has been shown to be in agreement with the results from
stochastic simulations of the process [see inset in Fig. 4(a)].
As for the stationary state with Markovian resetting, this result
shows that the returning state modifies the shape of the NESS.
Particularly, in Fig. 4(a) one can see that the NESS becomes
wider when increasing the velocity, showing an asymptotic
tendency to the instantaneous resetting NESS.

Our second goal is to find the overall MSD by using
Eq. (2.20). To this end we need to compute separately the

Laplace transforms that appear in this equation. The Laplace
transform of the Pareto PDF is

ps(x) =

Pr(s) = yU(, 1 —y;s/r). (4.2)

U33 s
22 VY

D\ (55
LIgr@){Ix®)*)p] = 6)’(7) U(E’ 5

Analogously,

s

LlprO){(Ix)N)p] =y

v: 5>, 4.3)
r

where we made use of Eq. (3.10). Finally, since the survival
PDF is gi(t) = (1 + rt)” we get

LIzt x(t)*)pl = 2D/r*U (2,3 — y;5/7). (4.4)

Taking into account the asymptotic expansions for small
arguments of the Tricomi functions (see Sec. 13 in Ref. [27]
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FIG. 4. Diffusive motion reset according to a Pareto PDF with r = 0.2 has been stochastically simulated. On the left (a), we show the
NESS from simulations with exponent y = 2.25 in the Pareto PDF, diffusion constant D = 0.05 and different returning velocities. The solid
black line corresponds to the instantaneous resetting case, which can be obtained by taking the v — oo limit in Eq. (4.1). As an inset, we
include the relative distance between the different noninstantaneous resetting NESS and the instantaneous resetting NESS for simulations
(squares, dots and triangles) and the corresponding analytical distribution from Eq. (4.1) (solid curves). On the right (panel B), the stationary
MSD is plotted in terms of y for three different values of the returning velocity and with diffusion constant D = 5.

for details) we find that, for s/r <« 1,

v <
1 — r(s) ~ {SS” ;’;ll 4.5)
and from (4.3) we obtain
-1 1
Llgr@)(x@))p] ~ {“O BeE @.6)
NS T
\ 2y <2
cmﬂmuaf»rvr@’ylz, @7
AV*%, < 3
LwﬂnwaW»yvrw7yl%3 4.8)

Inserting the results (4.5)—(4.8) into Eq. (2.20) we find the
overall MSD in the large time limit. The temporal scaling
depends critically on the value of the exponent y as follows:

t, 0<y <1
o) ~ {1777, 1<y <2, 4.9)
0 y>2

where, for y > 2 the following stationary value is reached:
Ly=3/2) /
N = 2D 1+ 555 VD

T -1+ 1B D

Therefore, when 0 < y < 1 the overall MSD is diffusive,
when 1 < y < 2 is subdiffusive and when y > 2 there is
stochastic localization, i.e., it saturates to a constant value with
the consequent formation of a NESS. So that, as y increases,
the resetting PDF decays faster, i.e., the reset rate increases by
hindering the overall transport process. It is interesting to note
that if the instantaneous resetting limit (v — o0) is taken, the
asymptotic scaling of the MSD remains the same. This can be
explained with the result in Sec. II B in which we have found
that the resetting PDF always decays slower than the returning
PDF. This means that, at long times, the former becomes more
relevant than the latter and therefore the effect of the latter
is negligible. Seeing this, the asymptotic equivalence of the

(4.10)

MSD scaling for instantaneous and noninstantaneous resetting
is not surprising. In fact, this result resembles what has been
recently found for a stochastic motion with a residence period
after resetting [24]. There, it is shown that when both the
resetting and the residence PDFs are long tailed, the residence
only affects the asymptotic transport properties of the overall
process when its PDF decays slower than the resetting PDF
(i.e., it becomes more relevant at long times).

In Eq. (4.10) one can see that the stationary MSD is
sensible to the returning velocity [see Fig. 4(b) for numerical
confirmation] and in this case the MSD is always an increasing
function of v. In addition, the Pareto PDF for resetting times
makes possible the coexistence of a subdiffusive behavior [see
the MSD in Eq. (4.9) for 1 < y < 2] with the existence of a
NESS given by Eq. (4.1). This counterintuitive phenomenon
is explained by noticing that the NESS for this case has
divergent MSD. The subdiffusive scaling measures then the
speed at which the second moment of p(x, ) diverges. Actu-
ally, the NESS in Eq. (4.1) exhibits the asymptotic behavior
ps(x) ~ 1/|x/*~! when x? > 2D/r, which resembles the tail
of a Lévy distribution precisely when 1 < y < 2.

V. CONCLUSIONS

We have developed a two-state model to describe resetting
as a noninstantaneous movement towards the origin. In one of
the states the walker is exploring and performs a random walk,
while in the other it travels ballistically until it reaches the
origin to start exploring again. In some way, the returning state
can be seen as an exploration cost, which depends on both the
type of movement in the exploring state and its duration.

We first focus on the case where the resetting (exploring)
times are drawn from an exponential distribution and we
derive an expression for the stationary distribution attained in
this case. It is seen that it does not depend on the returning
velocity for a diffusion process and the distribution for the
exponential instantaneous resetting case is recovered [4]. Re-
garding the stationary value of the MSD, a general formula
is found in terms of the first, second, and third absolute-value
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moments of the propagator, the resetting rate and the returning
velocity. It is seen to be an increasing function of the returning
velocity for exploring motions, which are more likely to stay
close to the origin (fBm with @ < 1) and a decreasing function
when the exploring motion is more likely to occur away from
it (fBm with o > 1). Therefore, depending on the type of
exploration, increasing the returning velocity may help or
harm to have a bigger area of influence.

In the case of diffusion with resetting at times drawn from
a Pareto PDFs, we find that the asymptotic scaling of the
MSD in the noninstantaneous resetting model does not depend
on the returning velocity and, consequently, is equivalent
to the scaling observed in the instantaneous resetting limit.
This is, the MSD scales linearly with time for y < 1, when
1 < y < 2 the overall transport is subdiffusive and for y > 2
the MSD reaches a stationary value. In this case there is a

NESS with a shape that depends explicitly on the returning
velocity.

From a practical point of view, the results of this work may
also help us to understand the underlying dynamics of certain
processes. For instance, in a central-place foraging context
where animals explore their environment and occasionally
return to their nest, the model gives the particular relation
between the dynamics of exploration and return to the nest,
on one side, and the stationary distribution on the other. This
relation could in principle be validated by empirical data.
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Stochastic resetting can be naturally understood as a renewal process governing the evolution of an underlying
stochastic process. In this work, we formally derive well-known results of diffusion with resets from a renewal
theory perspective. Parallel to the concepts from renewal theory, we introduce the conditioned backward B and
forward F times being the times since the last and until the next reset, respectively, given that the current state
of the system X (¢) is known. These magnitudes are introduced with the paradigmatic case of diffusion under
resetting, for which the backward and forward times are conditioned to the position of the walker. We find
analytical expressions for the conditioned backward and forward time probability density functions (PDFs), and
we compare them with numerical simulations. The general expressions allow us to study particular scenarios.
For instance, for power-law reset time PDFs such that ¢(t) ~ t~'=¢, significant changes in the properties of the
conditioned backward and forward times happen at half-integer values of o due to the composition between the
long-time scaling of diffusion P(x, ) ~ 1/+/t and the reset time PDF.

DOI: 10.1103/PhysRevE.106.034126

I. INTRODUCTION

The temporal dynamics of point processes are described by
successive events in the time axis. At each of these events, an
action is performed and the system is modified in some way. It
may be the flip of a spin in a magnetic system, the breakdown
of a machine in a factory, or lightning strikes during a storm.

In many cases, the time spotted between two successive
events can be described by independent, identically dis-
tributed (iid) random variables. These type of processes are
called renewal processes [1]. The statistics of renewal pro-
cesses can be analyzed in terms of the density function of
the time between two events, i.e., the holding time probability
density function (PDF). Some examples of these properties
are the number of events that occurred until time ¢ or the
occupation times of different states of the system [2,3]. Two
important magnitudes in renewal theory are the forward and
the backward times, being the time until the next and since
the last event, respectively. The statistical properties of the
forward and backward time PDFs depend on the properties of
the holding time PDF. For instance, if the holding time PDF
is exponential, the forward and backward times have been
shown to be exponential too in the long ¢ limit [2]. Fat-tailed
holding time PDFs have also been investigated thoroughly in
[2,3].

In the past few years, a particular type of renewal pro-
cess has been studied exhaustively in the scientific literature:
stochastic resetting [4,5]. Resets are usually treated as a
renewal process forcing another stochastic process to start
again. For instance, a diffusive random walker would follow
its path until an event (reset) happens. Then, the walker is
set to be at its initial position to diffuse until the next event
(reset). Since diffusion with Markovian resets was studied in

2470-0045/2022/106(3)/034126(11)
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[6], many stochastic processes have been analyzed when they
are suddenly set to start again. For instance, resetting applied
to Levy flights [7-9], run-and-tumble random walkers [10,11],
and subdiffusive [12,13] random walkers has been studied,
as well as other types of stochastic processes [14-21]. Also,
different types of resetting mechanisms have been considered,
apart from instantaneous Markovian resetting [22-27].

The vast majority of these works focus on two measures:
the propagator and the mean first passage time of the pro-
cess. While the first captures the spatial behavior, the latter
provides information about the possible convenience of re-
setting to facilitate reaching certain interesting areas in a
minimum amount of time. Their properties have been studied
extensively for different dynamics and resetting mechanisms,
as has recently been reviewed in [5]. Particularly, renewal
equations have been employed to derive general features of
stochastic search with resets [28,29]. Renewal theory may also
provide supplementary tools to analyze stochastic dynamics
with resets [11,30,31]. For instance, in [31] the forward time
has been shown to be crucial to the understanding of resetting
expediting first-passage times. In this work, we introduce the
conditioned backward and forward times, which are the times
since the last reset and until the upcoming reset, given that we
know the current state of the process. For a random walker,
this would be the backward and forward times conditioned on
the walker being at position x. This is particularly interesting
when asymptotically it does not depend on the measurement
time ¢. In such cases, the properties of the backward and
forward times may be induced from the current state only.
This may be useful, for instance, in financial applications.
Suppose a particular investor occasionally withdraws capital
to accumulate profit. Then, from the current gains one could
get statistics about the time until the next withdrawal. Also,

©2022 American Physical Society
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it may have industrial applications: by knowing the current
state of a certain part of the assembly line, one may have
information about its lifetime.

With this aim, in the following we consider a random
walker described by a propagator P(x,?), starting at x = 0,
which resets its position at times given by the reset time
PDF ¢(t). The resulting motion can be seen as a compound
process from two individual stochastic processes: a temporal
process for the resetting mechanism and a time-dependent
spatial process for the position of the walker between two
successive resets. In Sec. II we study the temporal dynamics of
the process from a renewal theory perspective, and in Sec. III
we include the spatial variable. In Sec. IV we introduce the
conditioned backward and forward PDFs, and we conclude
the article in Sec. V.

II. RENEWAL THEORY FOR STOCHASTIC RESETTING

A renewal process is a counting process where the times
between successive events 7;, happening at times #; and #;4
(i.e. T, =tiy1 —t;), are variables distributed according to a
holding time distribution ¢(7;). With this simple, general
setup one can study multiple features in terms of the distri-
bution ¢(7;), as the number of events at a given time ¢, or the
time of the last and the next event given that the measurement
time is . We refer the interested reader to Chap. 7 in [32] for
a detailed viewpoint on renewal processes.

In the context of random walks, a renewal perspective has
been extensively employed since [33]. In the current work,
we are mainly interested in its applications to resetting, which
has already been explored in recent articles [28,29]. The first
step is to study the distribution of the times since the last reset
and to the next one at a given time 7, namely the backward
(B) and forward (F) times, respectively. To do so, we derive
an expression for the probability QOn(¢) that the Nth event
happens at time ¢. For a renewal process, the probability of the
Nth event at time ¢ is equal to the probability of the (N — 1)th
event happening at any past time ¢ — ¢/, times the probability
of a single event in the remaining time ¢". This is

On(t) = / Ovo1(t — D)’ (1)
0
or

On(s) = On—1()P(s), 2)

where f(s) =L[f()] = fooo e~ f(t)dt is the Laplace trans-
form of f(¢) with respect to the variable ¢. This recurrence
equation can be easily solved with the initial condition
Ql(s) = (@(s) to obtain

On(s) = @()". 3

Summing over N, we can get the overall PDF Q(¢) of the last
event happening at time . In the Laplace space, it reads

[ee]
A 1
0) =) o) = ——. “
NX:;) 1 —=(s)
In renewal theory, Q(¢) is called the rate function. In the limit
of long times, and assuming that the mean holding time is
finite, we have that Q(t) ~ 1/(t). This is just the time deriva-

tive of the mean number of renewals in the interval (0, ¢), i.e.,
(N@)) ~1/{7) [3].

Now, the probability that exactly N events have happened
before the measuring time ¢ and the last reset happened at the
previous time ¢ — B is thus

fB(N,t,B)=/0 dt/QN(t/)S(t_[/_B)/ dyp(y). (5)
B

Now, summing over N, the PDF of the backward time B at the
measurement time ¢ reads

ffa.By=Y / di' O ()8(t —1' — B) / p()dydt’
N=0 0 B

= ga*(B)/ ot — )8t — B)dt'
0

= 0@t — B)p*(B). (6)
o*(@t) = ftoo @(t")dt’ is the survival probability of the holding
time, which in the Laplace space reads
1 —(s)
—

@*(s) =

Transforming Eq. (6) by Laplace in both ¢ and B, with con-

jugate variables s and u, respectively, and using Eq. (3), one

finds a formal expression for the backward time PDF in terms
of the holding time PDF:

N 1 1—o(s+u)
fosou)y = — : ™
1—0(s) s+u

Let us now derive a similar expression for the forward time

distribution f F (¢, F), which is the PDF of the time until the

next event F' given that the measurement time is ¢. In this case,

fF<N,r,F)=/ On(T)g(t + F — 1)dr. ®)
0

The forward time PDF is then

ff@Fy=Y ff(N.t,F)

N=0
=Z/ On(D)g(t +F —v)dt,  (9)
N=0"0

which after transforming by Laplace in ¢ and F, and using
Eq. (6), turns into

PP (s, u) = 1A pa) = p(s) (10)

1—¢(s) s—u

The forward waiting time plays an important role when study-
ing aging phenomena in random walks (see Chap. 4 in [34])
or the first passage of random walks with resetting [31]. Equa-
tions (7) and (10) for the backward and forward time PDFs
have already been derived and studied intensively in previous
works [2,3].

III. PROPAGATOR

The temporal dynamics of a renewal process can be used
to describe the resetting of a physical system. Resets are re-
newals of an underlying stochastic process. Here, we combine
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the spatial dynamics of a diffusive random walker with the
renewal benchmark presented in the previous section. For a
general, stochastic process with a time-dependent PDF P(x, 1)
and resets happening at random times distributed according to
the PDF ¢(¢), the overall propagator can be written as

plx, 1) = / fB(t, B)P(x, B)dB
0

=/ Q(r — B)p*(B)P(x, B)dB, an
0

where f5(t, B) is the distribution of the last reset (event) hap-
pening at time ¢ — B, i.e., the backward time PDF as defined
in Sec. II.

The propagator of a diffusive random walker is

P(x,1) = e~ (12)

1
4 Dt

so that its Fourier transform for the spatial variable reads

oo
Pk.1) = / P, 1) = eI, (13)
—00
Introducing this expression into the Fourier transform of
Eq. (11), we obtain

pk,1) = / O(t — B)p*(B)e *PEdB. (14)
0

And performing the Laplace transform on the time variable,
one gets the global propagator in the Fourier-Laplace space in
terms of the reset time PDF:

1 — (s + Dk?) 1 _ @*(s + Dk?)

s+DK> 1—9(s) 1—9(s)
where we have used Eq. (4) to express the result in terms of
the backward time PDF. Then, the behavior of p(x, #) depends
exclusively on the reset time PDF.

In the following, we study the overall propagator for dif-
ferent types of reset time PDFs. We first analyze distributions
with a finite first moment to later consider distributions with
all the moments diverging.

Pk, s) = ., (15)

A. ¢(¢) with a finite first moment

We start by considering reset time PDFs with a finite first
moment. This includes the cases in which all the moments
are finite [e.g., Markovian resetting ¢(t) = re~"], but also the
cases in which only the first moment converges [e.g., a power-
law PDF decaying as ¢(t) ~ ¢t~ for large t with 1 < a <
2]. In all these cases, the reset time PDF can be expanded in
the Laplace space as ¢(s) ~ 1 — (t),s + o(s). In the long-time
limit (small s), Eq. (15) reads

A% 2
Bk, 5) ~ LK) (16)
(t)gs

Taking into account that
oo
9" (Dk?) = / e Pl 1), an
0

and applying the inverse Fourier and Laplace transforms for
the spatial and time variables, respectively, the propagator

reads

00 . 00 2.7
plx, 1) =~ f dke™ / dt'e P p*(r")

o) 0

2w (t)y
, @)

1 o0
= — dt
(t)w v/() /4 Dt

Since this is time-independent, a stationary state is reached in
this scenario, and the propagator is given by

() = wadr’ D (19)
<t>¢7 0 \/47‘[Dl/

This is general for any type of reset time PDF with a finite
first moment. Therefore, under this condition, the resetting is
always capable of stopping the expansion of the diffusion and
reaching a stationary distribution in space. Let us consider
specific types of resetting PDFs. To deal with Markovian
resetting, we consider the exponential PDF, i.e.,

p(t) =re’", (20)

.\'2
e, (18)

where r is the constant reset rate. Inserting Eq. (20) into

Eq. (19), one has
1 /r
pox) = 3 [P, @21

which is a well-known result in the resetting literature [6].
Otherwise, for non-Markovian resetting we consider a power-
law reset time PDF of the form

a/T
(1 +t /T)l+ot
with @ > 1 (i.e., a Pareto type II or Lomax distribution), such
that

o) = (22)

P () = (23)

1
(L41/T)y"
Then

@) ae—lF 1 U 11 x? 24)
x)= ——I|a— = o—=, =, — ).

P Van DT 2 2'274DT

Here, U (a, b, z) is Tricomi’s (confluent hypergeometric) func-
tion (see Chap. 13 in [35]). This result was also found in
[22] by similar means. In the limit x — 0O, the argument of
the Tricomi function is small, and using the expansions from
Sec. 13.1 in [35], we have

_-Dl'ae—-1/2) a-1
ps(x) = JabTT@) 20T
and at the resetting point it reaches a finite value
(¢ — DI'(x — 1/2)
VADTT(a)

When the argument is large, i.e., x> > 4DT, using Eq. 13.1.8
of Ref. [35], we obtain

(¢ — Dl(a — 1/2) («/4DT>2Q1
VAx DT |x] '

Equations (21) and (24) are in agreement with numerical
simulations of the process, as shown in Fig. 1. The stationary
state in Eq. (24) is reached if > 1 and hence the solution

|, (25)

ps(0) = (26)

Ps(x) = @n
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FIG. 1. Log-lin plot of the stationary distribution for diffusion
with an exponential reset time distribution (red) and two Pareto reset
time distributions with different decay exponents « (green and blue).
The simulations have been performed for N = 10° trajectories with
D =0.5,T =1 (r =1 for the exponential), and measurement time
t = 10*. The solid curves show the analytical results in Egs. (21) and
(24).

is time-independent. However, when o < 1 a natural steady
state does not always exist, as we show below.

B. ¢(t) with all diverging moments

‘We consider now the scenario in which all the moments of
the reset time diverge. We can express the distribution in the
Laplace space as

()~ 1 —bys* with 0<a <1 (28)

for small s. This corresponds to a power-law decay of the form

t~1"% as t — oo. For a Pareto distribution, by, = T*T'(1 — a)
with ¢ < 1. Plugging this result into Eq. (4), we have that

O(s) ~ sT < 1. (29)

(1l —a)sT)’
Applying the inverse Laplace transform, we get
(1l — )l (o)’

which is decreasing with measurement time. Let us analyze
p(x,t) by studying the bulk of the distribution and its tail
separately.

o) ~ t>T, (30)

1. Bulk:t » x*/Dandt > T

When the measurement time is much larger than the posi-
tion, the integral in Eq. (11) can be simplified with Eq. (30).
Working out the resulting integral, one arrives at the following
expression for the propagator in this region:

1

1
VarD I'(1 — )l (@)
dB
) /o VB —B) (T 1 B

If we analyze the long-time limit# > T, the propagator in the
bulk region can be expressed as (see Appendix A 1 for further

plx, 1)

(€29}

details)
r(3—e) | . 1
2 if O0<a<s,
ple, 1) = 3 OB G
sin(ma)'Qe—1) 1 if 1 <o <1.

T (a)(Dt)l=o  |x|2e-1 2

It is worth noting that the long-time behavior of the prop-
agator does not have a unique expression for all values of
a < 1. While for @ > 1/2 it decays as t~'*%, when a < 1/2
it decays as t~/2, i.e., independent of the exponent o. This
change of behavior below or above o = 1/2 has been ob-
served to appear for various measures of a diffusive process
under resetting times drawn from the Pareto PDF given in
Eq. (22). For instance, in [23], the mean first passage time
is shown to converge only when « > 1/2, and the PDF at
the origin p(0,7) has been seen to behave differently for
a <1/2 and o > 1/2 [25]. The two distinct behaviors of
Eq. (32) have been numerically studied, and the results are
presented in Fig. 2. There, it is shown that for « < 1/2 the
propagator tends to be flat when x> « 4Dt, while it behaves
as p(x, 1) ~ 1/|x)**~ ! when o > 1/2.

2. Tail: x* x 4Dt andt > T

When x? is comparable to Dt, one has to deal with Eq. (15)
differently. In this scenario, both 7 and x?/D are large, so s and
s + Dk? are small enough to consider that

(s 4+ Dk?) ~ 1 — by (s 4+ Dk>)*. (33)

Then, the propagator in the Fourier-Laplace space can be
approximated by

bk, s) ~ m = %g(%), (34)

where we have introduced the scaling function
1

In Appendix A 2, we analyze this expression following the

same procedure as in [2]. Doing so, we get the formula for the
propagator when x> o 4Dt as

g = (35)

1 e_% U 1 n x2 (36)
———Ula, = +a,— ).
'l — o) /4Dt 2 4Dt
This result was found in [22] by different means. This has

been compared to numerical simulations of the process for
two distinct exponents «. The results are shown in Fig. 2.

plx, 1)

IV. CONDITIONED BACKWARD AND FORWARD TIME

Renewal theory provides information about the backward
and forward times of a temporal process given that the current
absolute time (measurement time) since the dynamics started
is known. Nevertheless, in some scenarios, the measurement
time may not be an available quantity. For instance, for a ran-
dom walker that occasionally resets its position by returning
to the origin, it is clear how to determine the current posi-
tion, while it may not be obvious how to determine the time
since its motion started. With this in mind, in this section we
introduce the concepts of conditioned forward and backward
time PDF's, being the PDF for the forward and backward times
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FIG. 2. (a) Propagator of diffusion with Pareto resetting (o« = 0.25) for the simulation of N = 10° trajectories at different measurement

2al(1—a)

times ¢. The multiplicative factor in the y-axis is C;(t) = 1)

+/Dt. As the time increases, the renormalized propagator tends to be flat

as found in Eq. (32). (b) Propagator of diffusion with Pareto resetting (o« = 0.75) for the simulation of N = 10° trajectories at different

measurement times ¢. The multiplicative factor in the y-axis is C,(t) =

2T (a)(Dr)!
sin(ma)'(2e—1)

. As time increases, the propagator approaches this scaling

limit. In both panels A and B, the diffusion constant is D = 0.5 and 7 = 1 in the Pareto reset distribution. The solid colored lines have been
drawn from Eq. (36), while the dots, the triangles, and the squares correspond to the propagator obtained from the simulations. The solid black
curves correspond to the asymptotic behavior found in Eq. (32). Both panels have been plotted on the log-lin axis.

given that the current state of the system x is known. We
study this magnitude for different types of reset time PDF and
determine the conditions under which a stationary form for
long ¢ is attained. This is particularly relevant since it permits
the study of the backward and forward times by only knowing
the current state, independently of the measurement time of
the process. In the following, only the position of a diffusive
random walker will be considered for an in-depth study of the
conditioned forward and backward times, though some of the
results herein derived are general for any stochastic process.

A. Conditioned backward time

Let us start by computing the time since the previous reset,
given that the walker is currently at position X(¢). This is,
DBl 1) = pB,xlt) _ p(xlB,t)p(BIt)’ 37)
pxlt) p(x|t)
where Bayes’ law has been employed twice. Now, we de-
fine f(B|x,t) = p(B|x,t) to be the conditioned backward
time PDF. On the right-hand side, p(B|t) = f5(z, B) is the
backward time PDF, p(x|t) = p(x,t) is the propagator of the
process with resets, and p(x|B,t) = P(x, B) is the Gaussian
propagator. Note that the latter is independent of ¢ since the
position of the walker only depends on the time elapsed since
the last reset. Introducing the expression for the backward
time PDF in Eq. (6), one gets

(B, x|t) _ 0@ — B)p*(B)P(x, B)
p(x, 1) px, 1) '

In the following, we derive f(B]|x,t) from a different
perspective, which will be used afterwards to obtain the equiv-
alent distribution for the conditioned forward time. We start by
computing p(B, x|¢) in Eq. (37). This is the joint PDF of the
walker being at position x and that the last reset happened at a
previous time z-B, given that measurement time is 7. As for the
usual backward time, we start by finding the equation when

SBlx, 1) = (38)

exactly N resets have happened before the measuring time,
ie.,

PP(N, B, xlr) = / On(1)8(t — T — B)p"(B)P(x, B)dr,
0
(39)

where we have included the condition that the walker must
be at position X(B) at the measurement time 7. Adding all the
contributions for N, we get

ACEDEDY f On(1)8(t = 7 = B)p* (B)P(x, B)d.
N=070

(40)

Applying the Laplace transform and using Eq. (3), one obtains

o0
PP (B, xIs) = " (B)P(x, BYe ™" Y~ On(s)
N=0
e—.yB .
= "o ? BP.B), (4D
o(s)

and applying the inverse Laplace transform to the result back
to t, taking Eq. (4) into account, we readily obtain

PP(B.xlt) = Q(t — B)p*(B)P(x, B). (42)

It is easy to see that integrating Eq. (42) over x one obtains
the marginal PDF for B given in Eq. (6). On the other hand,
the marginal PDF obtained by integrating p®(B, x|s) over B is
the propagator of a process with resets given by Eq. (11). Now,
the backward time distribution conditioned on the walker be-
ing at position x at time ¢ reads

FBgy = PEAD _Qu-B BB
px, 1) p(x,1)

which is the same as Eq. (38).

034126-5



Appendix D. Fourth Article

95

AXEL MASO-PUIGDELLOSAS et al.

PHYSICAL REVIEW E 106, 034126 (2022)

(a) 10 -1 ]

10—2 4

10*3 4

<
21074
10 -5

10—6 4

107 +— . .
10 1é)2 10°

(b)

10*3 4

f(BIx.t)

1074 4

10 10° 10°
B

FIG. 3. (a) Stationary conditioned backward time distribution for diffusion and exponential resetting with » = 0.05 and Pareto resetting
with T = 5 and two different values of the decay exponent «. The solid lines have been drawn from the behaviors in Eqs. (46) and (47) for the
exponential and Pareto cases, respectively. (b) Conditioned backward time PDF for diffusion and Pareto resetting with 7 = 5 and o = 0.25.
Three different measurement times have been plotted, showing that f(B|x, t) does not reach a stationary shape. The solid lines correspond
to the behavior in Eq. (47) with the time-dependent normalization defined in Eq. (49). Both panels (a) and (b) have been obtained averaging

N = 10° different trajectories with diffusion constant D = 0.1.

Let us study the long-time limit (+ >> B) of this expression,
where we have that Q(t — B) >~ Q(¢). This approximation is
accurate for systems where the measurement time scale of the
process is many orders of magnitude smaller than the time
elapsed since it started. Thus, in this scenario,

f(Blx,1) ~ &w*(B)P(x, B). (44)

px, 1)

The time dependence of f(B|x, t) comes from the normaliza-
tion factor only. So, if Q(¢)/p(x, t) attains a stationary value
for long ¢, then a stationary conditioned backward time PDF
f(B|x) exists that only depends on the current position x.
Despite focusing on the position of a random walk, let us
recall that this expression is general for any stochastic process
&(t) with propagator P(£,t) and resets happening at times
given by ¢(¢). In the following, we analyze the characteristics
of the conditioned backward time PDF for different reset time
distributions.

1. @(t) with a finite first moment

When the reset time PDF has a finite first moment, the
diffusion process attains the stationary state given by Eq. (19).
Also, in the asymptotic limit ¢ >> T, one has Q(t) =~ 1/(t),.
Therefore, the ratio Q(¢)/p(x, t) reaches a stationary value,
and from Eq. (44) the conditioned backward time PDF tends
to

. 2
OB) i

fB=—YE > T.B 45
f()oc dr'e (G )e*W
NG
considering a diffusive process [Eq. (12)].
When the resetting PDF is exponential, the stationary PDF
behaves as

efrBfﬁ
S (Blx) ~

———, t>»T,B. 46
VB o

Thus, the PDF of the conditioned backward time explicitly
depends on the position of the walker even if the resetting is a
Markov process. In Fig. 3(A) we compare Eq. (46) (solid line)
with numerical simulations (circles). An excellent agreement
is observed.

If the reset time PDF is a Pareto distribution with o > 1,
the behavior of the stationary PDF with B is as follows:

5

e_AXT)B
VB(1 4+ B/T)’

which has been corroborated by numerical simulations of the
process in Fig. 3(a) (triangles). We can identify two different
regimes. For small B, such that B o< x2/4D, the diffusion
process dominates the behavior of f(B|x) and its shape is
Gaussian. However, when B > x?/4D, the effect of the re-
setting becomes more important and the resulting conditioned
backward time PDF is a power law of the form

f(Blx) ~ t>T,B, 47

F(Blx) ~ as B> x?/4D. (48)
Note that when 1 < @ < 3/2, while the reset time PDF has
a finite mean, the conditional mean (B|x) apparently di-
verges. Nevertheless, f(B|x) is the asymptotic distribution of
f(Blx, t), which has a cutoff at 7. Therefore, even when 7 is
large, the cutoff prevents the first moment of the conditioned
backward time PDF from diverging.

Bo+1/2

2. @(t) with all diverging moments

Let us study the behavior of the conditioned backward time
PDF for power-law resets of the form Eq. (23) with infinite
first moment (o < 1). In this case, if # > x>/DB, we have

27 VD . 1
01) | re@r(I-a) el if 0<a<y, 49)
pl, 1) | _re ! if Leca<l

TQa—1) DIeT« 2

So, for a < 1/2, it decays as t*/2 and consequently

f(Blx, t) does not reach a stationary distribution in this case.
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In Fig. 3(b) we show numerical simulations on which the
conditioned backward time PDF varies with # even in the long
t limit. However, it does reach a stationary distribution when
1/2 < o < 1. This case is shown in Fig. 3(a), where we com-
pare the result in Eq. (47) with the numerical simulations for
o = 0.75 (squares). Here, the ratio Q(t)/p(x, t) is finite when
t — oo and therefore f(B|x,t) converges to the distribution
in Eq. (47) as when o > 1 [see Fig. 3(b)].

B. Conditioned forward time

We can proceed similarly for the forward time PDF. In
this case, we are interested in knowing the time F until the
upcoming reset, given that we know the position of the walker
and the measurement time 7. We start again by computing the
joint PDF of the walker being at position x at time ¢ and the
following reset happening at time ¢ 4+ F. Given that exactly N
resets have occurred since the process started, the joint PDF
reads

PF v, F,xlt):/ ON ot +F —t)P(x,t —t')dt,
0

(50)
which is similar to Eq. (8) introducing the probability of being
at x at time . Summing over N, we have that

pr(F x|t) = Z/ On(t)p(t +F —t)P(x,t —1')dt,
N=070

(51
and performing the Laplace transform on ¢, we obtain

5 (F. xls) = Lilp(t + IT)P(x, t)], 52)
L —(s)

where we have used Eq. (3). Using Eq. (4), the above equa-
tion can be inverted by Laplace to obtain

pF(F,x|z)=/ 0t — e + F)P(x,tYdt'.  (53)
0

Now, one can recover the general propagator p(x,?) in
Eq. (11) by integrating over F. The PDF for F is thus

AGEDE Jo Ot —t)o(t' + F)P(x,t")dt'

JEx == p(e. 1)

(54)
Again, this expression has been derived for the position of
a random walker, but it is general for any stochastic process
&(t) with resets. As we have done for the backward, in the
following we study the behavior of this PDF for different
types of reset time distributions.

1. @(t) with finite first moment

Let us first consider resets happening with a finite mean
time. In Sec. III we have seen that the system reaches a
stationary state under this condition. So, in the long ¢ limit,

[y Ot —tYe(t' + F)P(x,t")dt'

JEx, 1) ~ o)

(55)

and, applying the Laplace transform for ¢,

P(Flx.s) ~ Q) Lp(t" + F)P(x, t’)]. 56)
0s(x)

Now, recalling that O@s)~ 1 /{t),s for small s (large 1), we
have that

I @t + F)P(x, t')dt’
(t)p0s(x)

f(Flx) = llim f(Flx, 1) >~ (57)

If the resets are exponentially distributed as in Eq. (20), the
conditioned forward time PDF approximation takes the same
exponential form,

fF|x) ~re”T, (58)

which does not depend on the position of the walker x. This is
due to the Markovianity of the resetting process. Regardless
of the moment (or position) we consider, the time until the
next reset is equally distributed.

If, instead, the reset times are drawn from a Pareto PDF
according to Eq. (22) with @ > 1, the stationary conditioned
forward time PDF can be approximated by

a(otf%) U(a-i—%,%,m).

JFx) = =
T(1+ ?)%M Ul = 3.3 3p7)

(59)

We refer the reader to Appendix B for the detailed deriva-
tion. For small arguments, the Tricomi function tends to a
constant value. Therefore, in the limit F >> x*>/4D, the only
dependence on the forward time comes from the power-law
factor, and the conditioned forward-time PDF scales with F
as

T4 1

T as F > x?/4D, (60)

J(Fx) ~

as can be seen in Fig. 4(a), where we show some examples
of the distribution obtained from numerical simulations of
the process. It is worth noting that the conditioned forward
time PDF seems to have a long tail when the reset time PDF
scales as ¢(t) ~ t~!=* with @ > 1. This happens fora < 3/2.
So apparently for 1 < o < 3/2, the mean conditioned for-
ward time is finite while the mean reset time diverges. This
strangeness comes from the nonvalidity of the approximation
when F o t. In Eq. (57), when eliminating the current time
by taking + — oo, we are implicitly considering the F' < t
limit, where the scaling in Eq. (60) is valid. Nevertheless,
this behavior varies when F o< ¢, where the properties of the
forward time are significantly different (see [3] for further
details). Thus, the approximation employed herein to describe
the conditioned forward time is only valid for F < . This
explains the apparent paradox of having a finite mean condi-
tioned forward time when the mean reset time is finite.

2. ¢(t) with all diverging moments

Finally, we study the conditioned forward time PDF when
all the moments of the reset time distribution diverge. Intro-
ducing Eq. (31) into Eq. (54) and proceeding analogously, we

034126-7



Appendix D. Fourth Article

97

AXEL MASO-PUIGDELLOSAS et al.

PHYSICAL REVIEW E 106, 034126 (2022)

(a) 10 -1

10—2 4
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F
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FIG. 4. (a) Stationary conditioned forward time distribution for diffusion under exponential resetting with r = 0.05 (circles) and under
Pareto resetting with 7 = 5 and two different values of the decay exponent: & = 0.75 (squares) and o = 1.75 (triangles). The solid lines have
been drawn from the behaviors in Eqgs. (58) and (59) for the exponential and Pareto cases respectively. (b) Conditioned forward time PDF for
diffusion and Pareto resetting with 7 = 5 and « = 0.25. Three different measurement times have been plotted, showing that f(B|x, t) does
not reach a stationary shape. The solid lines correspond to the power-law behavior in Eq. (60) for « < 1/2. Both panels (a) and (b) have been
obtained averaging N = 10° different trajectories with diffusion constant D = 0.1.

obtain (see Appendix A for detailed calculations)

P e o oo K S
T 5 B Ve )

(61)

Similarly to what we have done for the propagator, we can
get the long-time limit7 > T, ¢ > F, and F > x?/4D is the
scaling behavior of the conditioned forward time PDF with F
in terms of « to be

T f0r0<a<%,

2

fElx,0)~q ", (62)
;li for%<a<1.
2

As in the finite-moment scenario, the conditioned forward
time PDF attains a stationary shape when « > 1/2. However,
when the tail of the resetting distribution is wider (o < 1/2),
the conditioned forward time PDF depends explicitly on time
even in the 1 — oo limit, similarly to what happens with the
conditioned backward time PDF. This has been checked nu-
merically, and the results are shown in Fig. 4(b). Once again,
the value o = 1/2 is relevant to describe both the conditioned
forward and backward time PDFs.

V. CONCLUSIONS

In this work, we have introduced the conditioned forward
and backward times for stochastic processes with resetting.
Interestingly, for a diffusive process with resets, under certain
conditions (see Sec. IV) we are able to find a PDF for the
forward and backward times that is independent of the mea-
surement time 7, depending only on the position of the walker.
This result may be of particular relevance when considering
processes for which the measurement time is inaccessible.
In such cases, one can have statistical information about the
forward and backward times by only knowing the current
position of the walker. It may be interesting to study the con-

ditioned backward and forward times for dynamics different
from the diffusive random walker.

We have found that the behavior of the conditioned back-
ward and forward time PDFs for Pareto distributed reset times
is different for @ < 1/2 than when o > 1/2. The appearance
of @ =1/2 as a turning point is not new in the resetting
literature [23,25], and it appears to be a general characteristic
of diffusion with power-law resetting. Particularly, it arises
when studying temporal features of the process. Somehow,
the long-time behavior of diffusion P(x,7) ~ 1/ A/t adds on
the reset time PDF scaling ¢(¢) ~ ¢!~ when the focus is put
on the time variable. As a result, for diffusion with power-law
resetting, significant changes on the dynamics occur when o
is a half-integer instead of an integer. It would be interesting
to study this aspect in much more detail to acquire more
knowledge on the precise mechanism behind the junction of
the temporal behavior of diffusion and the resetting.
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APPENDIX A: PROPAGATOR WITH
INFINITE-MEAN RESETTING

1. Bulk x?/4D « ¢t

Computing the Fourier transform of Eq. (31), we obtain

aae—Dk*t 1

eDkzty
1 dy
FI'd —a) Jo y'=e( —ay)®

plk,1) =

)

where we have introduced the new variable y = 1 — B/f, and
we have defined
t/T
a=—.
1+1t/T
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In the long-time limit # >> T one has a =~ 1, and the integral
can be expressed in terms of Kummer’s M function as

Bk, 1) ~ e P M(a, 1, DK*) if 0 < o < 1. (AD)

Since we are interested in obtaining the expression of the
propagator in the bulk region, we consider x> <« Dt, which
is equivalent to Dtk? > 1. Kummer’s M function M(a,c,7)
admits the asymptotic expansion for a large argument (see
Eq. 13.1.4 in [35]),

N C(b)ezo=" 4
M(a,c,z) x> W[l + O(lz|7)].
Thus, from (A1),
~ N (Dl‘)a71
P = Tt

which after Fourier inversion yields

1 o k
plx, t) =~ f cos ( x)dk
0

Al (a)(Dr)'— |k |2(0-)
sinra)l@e—1) 1 1 |
= - < < 1.
aT@)(Dr) = et "2 ¢

(A2)

Alternatively, we can make use of the power-series expansion
of Kummer’s M function (see Eq. 13.1.2 in [35]) before in-
verting by Fourier. Hence, inserting

1 X T(x+n)

2 —_
M(a, 1, Dk*) = @ 2y

(DK*t)"

into Eq. (A1), we find
1 o0

' +n)
() Z (n")2(Dt)=™"

e 41)/ ZF(O{ +I’Z)F n+ )
2nr(a)f (n!)?

1 x2
xM|—n, -, — ).
2 4Dt

In the bulk region, X2 < 4Dt and then e~ 3 ~ 1 + O(%/Dr)
and M(—n ) ~ 14 O(x?/Dt). On the other hand,

o0 2
k*" cos (kx)e ™ PX ' dk

plx, 1) ~

(A3)

’ 2 4Dr
) 1 1_
5 PeatmPitd) TE-—el@ . 1
(n)2 'l —ow) 2

n=0

Finally, from this result and (A3) one readily finds

r(i-—e) 1
27T(1 — a) /Dt

1
plx, 1)~ if0<a< 3 (A4)

2. Tail x* « Dt

To derive the expression for the propagator when x?/4D o
t, we will demonstrate the four points enumerated in Ap-
pendix B from [2] for the unconditioned backward time PDF.
Here, we reproduce the derivation for the propagator p(x, t).

a. Existence of a limiting distribution

To demonstrate that a limiting distribution exists, we study
the asymptotic behavior of the moments of the global prop-
agator p(x, ). To do so, we employ the well-known formula
for the nth moment in terms of the Fourier transform of the
propagator,

3"k, s)
A5
() = [ o (AS)
in the Laplace space. The nth derivative of (AS) can be ex-
pressed in terms of the Bell polynomials by using the Faa di

Bruno formula [36]

bk )] _ X
ok 1

9*D($)B,,1(0,2D, 0, ...,0)
1=¢(s)

5

(A6)
where the exponent (/) means derivative of order /. Note
that the Bell polynomials B, ;(0, 2D, 0, ..., 0) # 0 only when
n is even. Thus, the (2n — 1)th derivative of the prop-
agator and, therefore, the (2n — 1)th moments are 0 as
expected due to the symmetry of the process. Then for even
n, only the term [ =n/2 is different from 0. In particu-
lar, B, ,/2(0,2D,0,...,0) = n!D”/z/(n/Z)!. Therefore, from

(A5) and (A6),
(*(s)) = ﬂ@“m(n&n,n(o, 2D,0,...,0)
1 —a(s)
~x(n)
1y (A7)

nl sg*(s)’
where we have used that 1 — @(s) = s¢*(s). In the small s
limit (or long ¢), this can be inverted by Laplace to yield
I'(a)

)il 1.1

I'a —n)l'(n)

In this limit, all the even moments of the global propagator
scale as (x*'(¢)) ~ t". Therefore, there must exist a limiting
distribution py (y) for the variable y = x/ N

o)) ~ (—

as t —> o00. (A8)

b. Expression of the scaling function g(x) in terms
of the limiting distribution py(y)

Let us find the integral expression of the scaling function
in terms of the (yet unknown) limiting distribution of the
previously defined variable y. In the Fourier-Laplace space,
the global propagator can be expressed as

. o ) 0 )
Pk, s) = / dre™ () = / dre™! (VD)
0

’ (A9)
where, in the second equality, the expected value is computed
with respect to the new variable y instead of the original po-
sition variable x. Taking the expected value out of the integral
and performing the Laplace transform within the brackets, one
gets

2 1 kf 22|, ky
p(k,s):; 2v3/2<ye is |:l+erﬁ<2—\/§>i|>y. (A10)

The expected value has to be taken with the limiting distribu-
tion py (y).
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Now, in the long-time limit (small s), the propagator can be
described by the scaling function defined in Eq. (35), as shown
in Eq. (34). From this relation, one can isolate the scaling
function to be

NI _ A2 X
gx)=1—~——x(ye 7 erfi XN
2 2 )],

where we have used that (ye™* /4y, = 0 due to symmetry.

(All)

c. Expression of the moments of the limiting distribution

Let us now expand the expressions of g(x ) from Egs. (35)
and (A11), and compare to get the moments of py (y). Starting
from the first, its Taylor series for x gives

r 1-
g(x)—Z(—l)" Lot 120) gy,

i T (A12)

while by expanding the derivative of the imaginary error func-
tion in the expected value of Eq. (A11), we obtain

2n

- n X 2n
800 =) (=)' oo m——— ("), (A13)
ng; 2120 — !

Now, comparing both expressions term by term, one can
isolate the even moments of the limiting distribution to be

F(n+Hrn+1-a)
Jil(l—a)

The odd moments are null due to the symmetry of the process.

(") = (4DY" (Al4)

d. Expression of the limiting distribution py (y)

Finally, we can gather the information in the moments of
pr () to get an expression for it. The characteristic function
of the limiting distribution can then be computed from the
moments

o0

zkv
Z (2n)'

=0

py (k) = (A15)

so that

% k2 )n

=2
prik) = 5 _a) Z

=M —a, l,—Dkz),

I'h+1-—a)

where M(a, b,z) is Kummer’s M function. To invert by
Fourier, we express Kummer’s M function in integral form,
1 1 e*Dkzu
du
L)1 —a) Jy ue(l—u)t-

M( —a,1,-Dk*) =

Then
2
e~ bt

1 1 oo
- d
pO) Ce)T(1 —a)/4zD J1 /z(z— 1D~ ¢

1 e~ U 1 + y?
= —=— o, =+, ),
I'd —a) /4nD 2 4D

where U (a, b, z) is Kummer’s U function. If we undo the
change of variable y = x/+/f, we get the PDF
1 e’;Tz»

1 x2
7 Ula,z+a, ). (Al6
T —a) vanDi ("‘ 2t 4Dr> (A1)

APPENDIX B: DERIVATION OF EQ. (59)

plx, 1) =

Inserting Eqgs. (12) and (22) in the integral of Eq. (57), one
has

/ o(t' 4+ F)P(x,t)dt'
0

o 1
~ J4nDT (14 £yt

00
X/ ue= ’(1—|—M) 1— %o 4D(T+F) “du
0

__a  Tla+y)
~ VARDT (1 4 £t

11 x2
Ule+ .50 1 )
2°2°4D(T +F)
B
where we have introduced the variable u = (T + F)/t’. Com-
bining Egs. (24) and (B1), we finally obtain Eq. (59).
APPENDIX C: DERIVATION OF EQ. (61)

Let us begin with the calculation of the numerator in
Eq. (54) in the limit # > T. Introducing Eqgs. (12), (22), and
(30) into the integral of Eq. (54), we obtain

/ Ot —tHo(t' + F)P(x, t')dt’
0

o

= 132/4x DT ()T (1 — @)

—iy (THE 4 - —l-a
Xf Ty dy. (€
1 yrte(y — i«

where we have defined the variable y =r/t'.
write the factor as

lea o0
() = ()
n=0

It is useful to

t
as power series of y~!, where A, are the corresponding coeffi-
cients of the Maclaurin expansion:

L t \'"TrU+n+a) t\
"T\F+T (1 + a)n! F+T)"
Plugging the above expansion into Eq. (C1), we express the

integral in the following form:

t
/ Q(t —tHo(t' + F)P(x, t')dt’
0
L et ix U<a Lo, ) (C3)
T R aRDr(1 —a) ="\ 2 T

where we have made use of Eq. 13.2.6 in [35]. The denomi-
nator in Eq. (54) is merely the propagator. It can be obtained
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by inserting Eqgs. (12), (23), and (30) into (11). After defining
the new variable y = 7/B, one has

1
Tot1/2=¢\/4x DT ()T (1 — @)
2
1) efﬁy T 4 -1\«
y / TEH) T
1 yl+a(y _ 1)1_"‘

which holds in the limit 7 >> T'. Making use of the Maclaurin
expansion, the factor (% +y~ 17 reads

T N | «-Ta+a) \" _,
(F0) =ral o (r)

n=0

px, 1) >~

and the integral in Eq. (C4) can be computed using again Eq.
13.2.6 in [35]. One readily finds

2

e‘iﬁ
(x,1) ~
p Tot1/2=2 /4x DT (@) (1 — «)
o0
I'n+ ) t\" x2
— (=) Ula,—n,— ). (C5
Xg ! (T) (“ n4Dt)( )

Dividing Egs. (C1) and (C5), we finally find Eq. (61) in the
main text.
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