PHYSICAL REVIEW E 103, 062126 (2021)

Diffusive transport on networks with stochastic resetting to multiple nodes
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We study the diffusive transport of Markovian random walks on arbitrary networks with stochastic resetting
to multiple nodes. We deduce analytical expressions for the stationary occupation probability and for the mean
and global first passage times. This general approach allows us to characterize the effect of resetting on the
capacity of random walk strategies to reach a particular target or to explore the network. Our formalism holds
for ergodic random walks and can be implemented from the spectral properties of the random walk without
resetting, providing a tool to analyze the efficiency of search strategies with resetting to multiple nodes. We
apply the methods developed here to the dynamics with two reset nodes and derive analytical results for normal
random walks and Lévy flights on rings. We also explore the effect of resetting to multiple nodes on a comb
graph, Lévy flights that visit specific locations in a continuous space, and the Google random walk strategy on

regular networks.
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I. INTRODUCTION

Diffusive transport and random walk strategies have been
implemented in diverse fields as processes that are able to ef-
ficiently reach hidden targets or to simply explore a particular
region of space. Examples include animal foraging [1], the ac-
tivity of urban transportation systems [2,3], protein searching
for specific binding sites on the DNA [4], and searching and
ranking databases [5,6], among many others. In this context,
there has been in recent years an increasing interest in search
processes with resetting or restart. When a stochastic process
is occasionally reset, i.e., interrupted and restarted from the
initial state, its dynamics is strongly altered. Interestingly, the
average time needed to reach a given target state for the first
time can often be minimized with respect to the resetting
rate [7-10]. Different types of resetting protocols have been
considered [11-14] on a variety of underlying processes, such
as Brownian motion [7,8,15], processes with a drift [16,17],
and models of anomalous diffusion [18-21].

In addition, a huge variety of phenomena can be de-
scribed in terms of dynamical processes on networks [22,23].
The interplay between the topology of a network and the
dynamical processes taking place on it is the key to un-
derstanding many complex systems [22,24,25]. In particular,
random walk strategies that allow transitions between nearest
neighbor nodes on a network are relevant to many problems
and constitute the natural framework to study diffusive trans-
port [24,26-28]. Network exploration by random walks is
now better understood [29-31], including nonlocal strategies
with long-range hops between distant nodes [32-38] and the
collective activity of simultaneous random walkers [39-43].
Random walks on networks under the influence of resetting
have been relatively little explored [44—50]. A couple of recent
studies have established relationships between the random
walk dynamics with resetting to one node and the spectral
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representation of the transition matrix that defines the random
walk without resetting [46,47]. These results highlight that
processes under resetting are promising strategies for explor-
ing different network topologies [47]. In this paper, we extend
the spectral methods developed in Ref. [47] to the analysis of
random walk strategies with resetting to multiple nodes in the
network. Figure 1 exemplifies this process with an agent that
visits different nodes (say, points of interest in a city) with
frequent returns to two specific sites of major importance.
Dynamical processes that consider a set of nodes to which
stochastic resetting can occur find applications in different
contexts, for example, the modeling of routines in human
mobility [51,52], problems of label propagation in machine
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FIG. 1. A random walker under resetting is illustrated as an agent
visiting different points of interest in a network, with restart from
specific locations. From any node in the network, transitions to the
nodes r; (home) and r, (work) occur with probabilities a; and a,,
respectively. Otherwise, the visits to other sites are described by a
transition probability matrix W.
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learning algorithms [53], and the Google strategy, which can
be interpreted as a random walker with uniform resetting
probability to all the nodes of the network [54,55]. Some
related problems were addressed in Ref. [8] in continuous
spaces, namely, a Brownian motion on the line with resetting
to a random position drawn from a given resetting distribution.
Recently, Besga et al. unveiled that the mean first passage
times of one-dimensional Brownian particles with resetting
to a random position with Gaussian distribution could ex-
hibit behaviors markedly different from single-point resetting,
depending on the width of the Gaussian distribution [56].
Despite these studies, resetting processes to multiple points
remain little understood, especially in the context of networks.

The paper is organized as follows. We begin with a sum-
mary of the main results relative to the analysis of ergodic
random walks with resetting to one node. The detailed exten-
sion of these results to two resetting nodes is further developed
for general random walks. We deduce analytical expressions
for the stationary distribution (or occupation probability) and
for the mean first passage times. We explore several exam-
ples, such as two cases on the ring topology: normal random
walks with transitions to nearest neighbor sites and Lévy
flights where transitions between distant nodes are possible.
The latter nonlocal dynamics are generated by considering
the fractional Laplacian of the network. Then, we extend our
analysis to M resetting nodes. We further apply our methods
to study the overall effect of resetting to multiple nodes on
a comb graph, a random walker that visits specific locations
in a continuous space, and on a Google random walker on
regular networks. The methods introduced here provide a
general framework to obtain analytically the eigenvalues and
eigenvectors of operators with reset to multiple nodes and can
be implemented to study different dynamical processes with
restart.

II. RANDOM WALKS WITH RESETTING TO ONE NODE

Let us consider an ergodic random walk on an arbitrary
connected network with N nodes i =1,...,N. We study
the random walker in discrete time r =0, 1,2, ... starting
at t =0 from a node i. The walker performs two types of
steps: with probability 1 — y, a random jump from the node
currently occupied to a different node of the network, or, with
probability y, a resetting to a fixed node r. Without resetting
(y = 0), the probability to hop to m from [ is denoted as
Wi—m, and we assume that the random walk is ergodic and
described by the transition matrix W with elements w;_,,,
for [,m=1,...,N. The transition matrix is general in the
sense that it can be local, i.e., with transitions only between
connected nodes (that we will denote here as “nearest neigh-
bors™), or nonlocal, including jumps between distant nodes,
that are not directly connected to each other.

The occupation probability of the process under resetting
follows the master equation [47]

N
Pit+ Lirny)=0=y)) Put;r,y)wisj+ v (1)
=1

here P;;(t; 7, y) denotes the probability to find the walker at
J at time ¢, given the initial position i, resetting node r, and

resetting probability y (§,; denotes the Kronecker delta). The
first term on the right-hand side of Eq. (1) represents hops
associated to the transition probabilities W and the second
term describes resetting to r. With the introduction of the tran-
sition probability matrix II(r; ) with elements 7, ,,(r; ) =
(1 — Y)wim + ¥ 8:m»> Eq. (1) takes the simpler form [47]

N

Pit+Liry)= ZP;l(t;r, VI (s y), @
=1

where ZZ:I —m(r;y) = 1. The matrix II(r; y ) completely
entails the process with resetting, which is able to reach all
the nodes of the network if the resetting probability y is <1.
The matrices W and II(r; y) are stochastic matrices: Knowing
their eigenvalues and eigenvectors allows the calculation of
the occupation probability at any time, including the station-
ary distribution at = oo, as well as the mean first passage
time to any node. The eigenvalues and eigenvectors of II(r; y)
are related to those of W, which is recovered in the limit
y =0 [47].

In the following, we use Dirac’s notation for eigenvectors.
We denote the eigenvalues of the matrix W as A; (where
X1 = 1), and its right and left eigenvectors as |¢;) and (¢;],
respectively, for / = 1,2, ..., N. These eigenvectors form an
orthonormal base and satisfy the relations

N
(Bilm) =Sim Y i) =1, 3)

=1

with [ being the N x N identity matrix. Similarly, the eigen-
values of II(r; y) are denoted as ¢;(r; y) and its eigenvectors
as |y (r;y)) and (Y (r; )l

The connection between the eigenvalues A; and ¢;(r;y) is
obtained from the relation

O@ry)=0-y)W+ry0@), @

where the elements of the matrix @(r) are ©y,(r) = 6,
Namely, @(r) has entries 1 in the rth column and null entries
everywhere else; therefore (see Ref. [47] for details),

1 for =1,
51(7’7):{(1—y)k, for [=2,3,...,N. &)

This result reveals that the eigenvalues are independent of the
choice of the resetting node r. On the other hand, the left
eigenvectors of II(r; y) are given by [47]

14 (rl@m) -
mls (6
L= =) (rlgr) Pl O

N
Wiyl = (gl +

m=2

whereas (Y;(r;y)| = (¢;| for [ =2,...,N. Similarly, the
right eigenvectors are given by |y (r; y)) = |¢1) and

14 (rlgr)
i (r;y)) = 1) — o), (D
ARV =TT A S h e
for I =2,...,N, where |r) denotes the vector with all its

components equal to 0 except the rth one, which is equal to 1
[47].
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With the left and right eigenvectors at hand, one can use
the spectral representation

N
O(r;y) = Zé“z(r;V)Il/fz(r;)/)ﬂlﬁz(r;)/)l- (®)

=1

In this notation, the occupation probability of the process
described by Eq. (2) is [47]

N
Pi(t;ry) = PP(riy) + ) (1= y)A

1=2

{rln) (¢ulJ)

— .
==y
where |i) and |j) are defined similarly to |r). The first term
of the right-hand side in Eq. (9) defines the long time sta-

tionary distribution P (r;y) = (il (r; ) (Y1 (r;¥)1j). By
using Eq. (6) and | (7; ¥)) = |¢1), one obtains [47]

N T
(rlgn) (ul))
;rr) =B )”Z,:z ==k

X [(ilqb,)(qS,Ij) -v

. (10

where we have used the identity P°(0) = (i|¢1) (¢1]j) for the
equilibrium distribution of the random walk without resetting
[29,31].

As for the asymptotic distribution in Eq. (10), the occu-
pation probability at finite time P;;(¢;r, y) is expressed in
terms of the eigenvalues and eigenvectors of W. By using
the well-known convolution for Markov processes between
P;j at time ¢ and the first passage time distribution [26,29] (see
Appendix A 1 for details), we deduce the exact expression of
the mean first passage time (MFPT) at node j when starting
from i, (T;;(r; v))

R (r;y) =Ry (rsy) + 8
PX(ryy)

(Tij(riy)) = Y

(n)

with the moments R ! (r; y) defined as

R (ry) =) t"{Piltiry) = PPry)}. (12)
t=0

Hence, combining Egs. (9)—(12), one obtains the MFPT for a
random walker that starts at i and reaches for the first time j,
subject to stochastic resetting to the node r [47]

(T riy) = it —
ST = PRy
L i (ilbe) (el ) — lge) el
PX(riy) = 1= (1 =y

13)

III. RANDOM WALKS WITH RESETTING TO TWO NODES

The results of Sec. II describe the effect of random walk
resetting to one specific node in terms of the eigenvalues and
eigenvectors of the transition matrix W. In this section, we
generalize this formalism to consider resetting to two nodes.

We present the general results for ergodic random walks and
analyze local and nonlocal random walks on rings.

A. General approach

Let us explore the dynamics with reset to M = 2 nodes ry,
ry with probabilities a; and a,. The transition matrix of this
process is

I(ri, rsar, a2) = agW + a19(r1) + a20O(12), (14)

with ap = 1 — a; — a,. Equation (14) can be reorganized as
follows:

(r, a1, az)

ap a
= (ap+a 9 r +a 9 ),
(ao 1)|:a0+a1 . (1)} 20(r)
(15)
or, by defining
a
= , 16
5! . (16)
we have
I(r(, a1, az)
= (ap + a)l(1 = Y)W + y10@(r)] + a20(r2)
= (ap + a)(r; 1) + a2O(r2)
= (ap + a1 + a)
ap + a; a
X | ——(ry; + —0()],
|:a0+a1+a2 (ri5v1) pT——— (2)]
)

where we used the matrix II(r;;y;) given by Eq. (4) for
the dynamics with reset to the node r; with probability y;.
Using the fact that ap + a; + a; = 1 and defining y, = a5,
II(ry, r2; a1, ap) can be expressed as

H(ri, ria1, a2) = (1 — y)(ri; y1) + 720(r2). (18)

Since we know all the eigenvalues and eigenvectors of
II(71; 1), we can apply the analysis of the case with one
reset node to write II(r|, rp;a;, ay) in terms of II(ri;yy),
and then express the results in terms of the eigenvalues and
eigenvectors of the original W.

The analysis for the eigenvalues leads to
¢i(r1, 2391, v2) = Land

G(ri,rsyr, v2) = (1= y2)(1 =y, (19)

for/ =2,...,N. In a similar way, we represent the first left

eigenvector of II(ry, r2; a;, ay) in terms of the eigenvectors of
I(ri; 1)

W (r1, rsy1, )l = (W (s v
N
V2
+
,,,2:; I = —=y2)m(ri; 1)

y (2| (ri; v1))
(Y1 (ri; 1))

(Um(ris vyl (20)
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Therefore, considering the results for the reset to one node,
we get

(Wi (ri, ras v, J/z)l
<r1|¢m> T

¢”+Z: T i
Y Y2
t LT d o
% |:<r2|¢m> . Y1 <r1|¢m):| _m| Q1)
(g 1—00 = yDhn (rile1)
or, after rearranging the terms,
(Wi (r1, 25 v1, v2)
T Y1 <r1|¢m)
=B D T i)
V2 -
1-— m
X[ l—u—mxrqu}@'
V2 (ralem) -
- 22
+Zh—ﬂ—nm—mﬁ algny Ol @2

m=2

In order to have a more compact notation, we define the
coefficients
v, = Y2 (23)
I ==y = y)hn

and

. i ( 1_ Y2 )
" 1 _(1 _yl))hm 1 _(1 _VZ)(l _yl))‘m '
which are also related through
Y1
Km = ——————— (1 —vp). (24)
L= =y)im
It is important to bear in mind that v,, and «,, depend on yy,
y» and the eigenvalues 1,,. Hence, the first left eigenvector in
Eq. (22) is given by

(W1 (r1, r2s 1, o)l

1|¢m <2|¢m>)
' 25
¢"+Z( gy ey )@l @)

On the other hand, for [ = 2,3, ..., N, the left eigenvectors
of Il(r, rp; a1, ay) are given directly by the left eigenvectors
of W, and therefore

(Wi (r, rsvr, vl = (@i yo)l = (il (26)

Following a similar procedure for the first right eigenvector of
M(ri, r2; a1, az), we obtain

(Y1 (1, ras ve, v2)) = 1Y (r; 7)) = ). 27

Ifi=2,...,N, weapply Eq. (7) to get
[V (ri, r2sy1, v2)) = [Yi(ris )
V2 (Y (ri; 1))

Ty = Gy

and, by substituting the corresponding eigenvectors of
(s v1)s

[ (i, r25 71, v2))

B B Y1 <}’1|¢1)
_|¢l> |:1_(1_y1))\1 <r1|¢l)

( )
x 11—
=1 =y =y

V2 (r21¢r)
. 28
L TR T vy (V2|¢1)}|¢1> (28)

In this manner, |y (7, r2; v1, ¥2)) can be expressed in terms

of k,, and v,,, forl =2,..., N,
r
v/< 2|¢1))|¢1).

(r2]¢1)

(rilen)
(rilén)

(Vi (ri, r2s v1, v2)) = ) — (Kz
(29)

Given these eigenvectors, we deduce the stationary distribu-
tion

PE(r1, r 01, v2)

= (il (r1, r2s v, Y)Y (Wi (r1s r2s v, v2)15)

(rl|¢m>
=P>(0
( )+mX;1_(1—J/1))» (r1len)
Y2 . s
]_ m
x [ prp—ee yl)xm]“'d’”(d’ 1)
N
Y2 (ra|m )

=2

From this result, it is clear that if either y; or y, are zero,
we recover the stationary distribution for one resetting node
given by Eq. (10). Pf"(rl, r2; V1, ¥2) can be further simplified
by noting that |¢;), associated to A; = 1, has constant entries
due to the normalization condition ). w;_, ; = 1. There-
fore (l|¢;) = constant for all / and using the coefficients in
Egs. (23) and (24), we get

P(r1, 12571, 72)

N
=P>(0) + Z (em{r11dm) + Vi (r2|@m) Pl j).  (30)

m=2

The general relation for the occupation probability at finite
time ¢,

Pij(t, ri, r2; 71, v2)

N

= P(ri, r2iy1, v2) + Zfz("l, L)
1=2

X (ilY(r1, r2; i, v2)) (Wi (res ras v, v2)1 ) €1}
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. . 0
can be inserted into the moments Rl(.j)(rl, 2 Y1, Y2)-

o0

R,f?)(rl, riVL, V) = Z (P, r, 2501, v2) — PPE(r1, r2 1, v2)
=0
N

_ Z ({1 (re, ros v, vO)) (Wi (res ras vy, v2)1J)
1 -1 =y -y ’

In this way, we can calculate the MFPT for the dynamics with two resetting nodes, by using the general Eq. (11) valid for Markov
processes:

(32)
1=2

8 RO, ras v, v2) — RO (1, ras i, v2)
(Tj(r, rsv1, v2)) = 55 L = = —! . (33)
PX(ri, ras 1, v2) PX(ri, rin1, 7v2)
The two factors that appear in the sum of Eq. (32) can be written as
(il (r1, r2s v1, v2)) = (ildr) — ki (rilgr) — viralgn) (34)
and
(Wi(ri, ras vis v)1J) = (dilj). (35)
By substituting Egs. (34) and (35) into (32), we obtain from Eq. (33) the mean first passage time
N . T . oy
1 (J10) (@il j) — (ilpu) (il j)
(Tij(r1, r2s 1, )>=—[3i-+ . (36)
A G R A 2T = - yon

1=2
This relation is valid for any ergodic random walk and only depends on the eigenvalues and eigenvectors of the transition matrix

without resetting, W. In the following subsections, we apply these results to the analysis of local and nonlocal random walks on
rings.

B. Random walks with resetting on rings

Let us consider an unbiased nearest neighbor random walker with transition probabilities given by w;_, ; = A;;/k;, where
A;j = Aj; = 1 if the two nodes are connected and 0 otherwise, and where k; = Z?’zl Aj is the degree of i. With this transition
matrix, transitions between nodes that are not directly connected to each other are not possible. We analyze the effects of resetting
to two particular nodes on a ring with N nodes. On this network, k; = 2 and the transition matrix W is a circulant matrix with
well-known eigenvalues and eigenvectors [25,57].

These eigenvalues are given by A; = cos ¢;, with ¢; = 2V”(l — 1), whereas the projections of the eigenvectors in the canonical

base are (j|¢;) = %Ne_i¢l(-f_l) and (¢;|j) = T%e“’”“‘”, where i = +/—1. For the problem of resetting to the nodes r; and r,

with probabilities a; and a,, respectively, we recall that y; = a;/(1 — a») and y, = a,. By using Eq. (30), the exact expression
for the stationary distribution reads

POO 9 5 5 = N -
7 (r rs v, v2) + 1= (1 =y = y1)cos gy

N
1 v1€08(Pndjr) (', 2
N Nmzzl—(l—yl)cosgom

1 & Yo cos(@mdir,)
+_Z 2 mtjr, . (37)
N =1 =1 =y = y1)cos g

where d;; is the topological length of the shortest path connecting the nodes i and j, and therefore cos[%”di il= cos[%’(i — DI
for any pair {i, j}. Similarly, we obtain the MFPT from Eq. (36) with the corresponding eigenvalues and eigenvectors:

1 N 1 — cos(¢d;;)
(T raiyn y)) = e | 8+ 2 . (38)
S I BT P i ) | gl—a—n)(l—m)cosw

(

In Fig. 2, we present several examples obtained from the exact a; = 0.01 — ¢, respectively. Hence, the total resetting proba-
expressions (37) and (38) on a ring with N = 100 nodes. Fig- bility a; + a, = 0.01 remains constant. The cases ¢ = 0 and
ure 2(a) displays the stationary distribution P°(r1, r2; ¥1, ¥2) € = 0.01 reduce to a single-node resetting problem. Other
as a function of the position j for resetting to the nodes values of € produce two local maxima, at the resetting points
r1 = 20 and r, = 80, with resetting probabilities a; = € and r; and rp, revealing a greater probability for the walker to
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20 40 60 80

o ¢ =(.0000
e = 0.0025
e = 0.0050
O €=10.0075
o ¢=0.0100

FIG. 2. Stationary distributions and mean first passage times for normal random walks with resetting to two nodes on a ring with N = 100.
Stochastic restart to the nodes r; = 20 and r, = 80 occurs with probabilities a; = € and a, = 0.01 — ¢, respectively. We show the effect of
varying € maintaining the total resetting probability a; 4+ a, = 0.01 constant. (a) Stationary distribution P;"’(rl, r2; V1, ¥2) as a function of
Jj obtained from Eq. (37); the dashed line represents the exponential decay e %192din  (b) MFPT (T, i(r1, 23 v1, ¥2)) given by Eq. (38) as a

function of the target node j, for a walker initially at i = 1.

be in these two points at large times. In Fig. 2(b), we depict
the mean first passage times as a function of the position of
the target node j, given the initial condition at i = 1. It is
interesting to notice that the shortest MFPT is attained when
resetting occurs exclusively to the resetting node (say, ri)
that is closer to j. However, by introducing some amount of
resetting to the other node (say, r»), the MFPT to j increases
mildly, whereas the MFPTs at the nodes that are closer to r,
decrease significantly, by more than one order of magnitude.

To identify some basic properties of diffusive transport
with resetting on rings, it is instructive to express Eqgs. (37) and
(38) in the limit of infinite rings. For readability, let us define
by =1—yrand by = (1 — y;)(1 — y»). Therefore, by taking
the limit N — oo and considering dg = 27”, the stationary
distribution becomes

P(ri, rasv1, v2)

"N 7 cos(ed;r,) Y2 7 cos(ed,,) J
"2 )y 1—bicose 27 Jo 1 —bppcosep
2 d'r
— ylyz/ cos@d) de. (39
27 Jo (1 —bjcose)(l —biycose)
By using the identity [47]
1 (> cos(xf) (L=t 40)
27 Jo 1 —bcos(9) J1=—
we deduce (see Appendix A 2 for details)
1 /2” cos(px) J
2 Jo [ —ycos(p)][l — zcos(p)]
(1+V 1—y2)*x 1+V/T=22 | %
_ Y _ < ( Z ) (41)
y—z J1—y2 y—z J1—-22

and, after simplifications,

—djr,

il — m(l +/1 —b?z)
b

J1 =5 12

" (1+1/1—b%2>_‘1j"2

P(r1, 591, v2) =

+
J1-1, biz
(42)
/112
By defining x = ln[%], or equivalently,
1 1—(—a —a)?
xEm[ +Vi-(d-a aZ)}, 43)
1— a) —ap
we obtain the rather simple expression
o Yi(1 — ya)e X 4 yre=*din
P(r, rsn, v2) = - (44

VI—0 =y —p)?

If either y; or y, are set to zero in Eq. (44), we recover
the nonequilibrium steady state for resetting to a single node
derived in Ref. [47].

By applying the same procedure to Eq. (36), the MFPT for
an infinite ring takes the form
Pe(r, iy, v2)
n 1

PX(ri, ri1, v2)

71— dij
x/ cos(¢ ’)d
0

(Tij(ri, rs 71, Y2)) =

1 — by cos(p) 43)
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In particular, the mean first return time to the starting site
(setting j = i) reads

1
(Ti(ri, sy, V) = 5o (46)
A N A D)
in agreement with Kac’s lemma [58]. For i # j, we get
(Tij( ) 1 1
ij\re, 123 ¥, V2)) =
ST PX(ri,msyi, v2) 1 2
12
_dlj
1+,/1-0b%,
x[1—| —— (47)
b1
or
1 — e xdi
(Tj) = (48)

yi(l = ya)e 2din + yyexdin
Clearly, the behaviors of the stationary state and of the MFTP
(T;;(r1, r2; 1, ¥2)) with respect to dj,,, dj,,, or d;; are con-
trolled by the characteristic length scale x ~', which depends
only on the nonresetting probability b, = 1 — a; — a,.

The exact results in Egs. (44) and (48) for the infinite ring
help us to understand the exponential behavior observed in
Fig. 2(a) around the nodes r; and r,. Since a; + a» is fixed to
0.01 in all these examples, we have bj, = 0.99 or x =~ 0.142.
Therefore, close to the nodes r; and r, the stationary distri-
butions decay exponentially with respect to the distances d,
or dj,,, with the same slope x represented by a dashed line in
Fig. 2(a).

C. Lévy flights with resetting on rings

Let us now explore the effects of resetting on a random
walker with long-range steps. Lévy flights on an arbitrary
graph can be generated by taking a power of the Laplacian
matrix L, with elements L;; = §;;k; — A;;. Let us introduce the
transition probabilities [33]

(@)
(L*);;

w,~_>j(a)=8,~j O<a<l. (49)
In particular, for « — 1 one recovers the simple random
walk with transitions to nearest neighbor nodes. The transition
probabilities in Eg (49) with a < 1 define a Lévy flight with
wi (o) ~ dl.;(H “), where the distance d;; is the length of the
shortest path on the graph between i and j, and where d;; > 1
(see Refs. [32,57,59] for a detailed discussion on Lévy flights
and fractional transport on networks).

In the case of finite rings with N nodes, the Laplacian L
as well as the fractional Laplacian L* and the matrix with
the elements given by Eq. (49) are circulant matrices [57,59].
Therefore, the left and right eigenvectors are the same as
the ones exposed in Sec. III B. However, the eigenvalues
{Al(a)}?’: , of the transition matrix defined in Eq. (49) are
given by [59,60]

1

)»I(Ol) =1- @

(2 —2cos¢p)%, (50)

where ¢; = 2V’T(l — 1) and the fractional degree k' is defined
as [59,60]

N
1

k@ = N;(Z—Zcosrpz)“. (51)

In the case of Lévy flights on rings with resetting to a single

node, we can use Eq. (10) with the eigenvalues (50) and obtain
the stationary distribution

oo L (il¢0) (ilj)
g (”y)_N”;l—(l—mz(m
B l . Z N e*ih“_[:/)(i_‘”
N NS -0 -pk@)
N
_1 npd cos (¢ dij) 52
NNZ 1= =y

l

which is valid for 0 < o < 1. Similarly, from Eq. (13) with
r = i we obtain the MFPT for Lévy flights with reset to the
initial node

N (g (il =il i) (il )
Bij + X T e

(TG p)) = PoGy)
(i

| N i =D
—e

8ij + § L= =(=y)h (@)
PG y)

1 1Y 1 — cos (¢ d;j)
=St T |
P;"’(i;y)[ ! N,;l—(l—y)xl(a)

(53)
The expressions corresponding to Lévy flights with resetting
to two nodes are deduced in a similar way, by replacing the
terms cos(¢;) by the generalized eigenvalues A;(x) in the
relations (37) and (38).

In Figs. 3(a) and 3(b), we analyze the dynamics with
resetting probability y solely to the initial node (i = r), on
a ring with N = 2000. Figure 3(a) displays the numerical
values of P]?’o(i ; ) obtained from Eq. (52) as a function of the
distance d;; for « =0.5,0.6,...,0.9. The stationary steady
state exhibits a power-law behavior Pj°°(i; y) X d[.;(Hz“) for
1 «€dij K N/2 and 1/2 <« < 1 [see the dashed lines in
Fig. 3(a)]. This asymptotic behavior is explored analytically
for Lévy flights on infinite rings in the Appendix A3 and
is consistent with the findings of Ref. [19] on continuous
Lévy flights under resetting on the infinite line. The scaling
law contrasts with the exponential decay of the occupation
probability of a simple random walk, P (i; y) ~ @e“/ﬁ s
when the resetting probability y is small [47]. In Fig. 3(b), we
present the MFPT given by Eq. (53).

Likewise, Figs. 3(c) and 3(d) show the results for resetting
to two nodes. The results show the same qualitative features
as in our previous analysis of the local dynamics in Fig. 2.
We considered Lévy flights with « = 0.75 and resetting to the
nodes r; = 400 and r, = 1600, with probabilities a; = € and
a, = 0.01 — ¢, thus maintaining the total resetting probability
ay + a, constant.
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FIG. 3. Stationary distributions and MFPTs for Lévy flights with resetting to one and two nodes, on a ring with N = 2000. For resetting
to one node, we show (a) P y) and (b) (T;;(i; )) as a function of the distance d;; between the initial node i, where resetting occurs, and

the node j for different values of «. The resetting probability is y = 0.2. The dashed lines in panel (a) represent power laws o d[.;ﬂﬁo‘).
For resetting to two nodes, (c) PJ‘?"(rl, r2; 1, ¥2) and (d) MFPT (T;;(ry, r2; y1, ¥2)) as a function of j, considering the initial node i = 1.
In these cases, @ = 0.75 is constant and the resetting probabilities to the nodes r; = 400 and r, = 1600 are a; = € and a, = 0.01 — ¢,

respectively.

IV. RANDOM WALKS WITH RESETTING
TO MULTIPLE NODES

In this section, we extend the methods introduced above
to consider the resetting to M different nodes. We apply this
approach to analyze simple random walks on a comb graph,
Lévy flights that visit points on a two-dimensional region, and
Google’s random walks on regular networks.

A. General results

We consider M nodes ry, r,...,rp to which reset-
ting is performed stochastically with probabilities 0 < a; < 1

(where s = 1, ..., M). The transition matrix of the random
walk with resetting to these nodes reads
O(r, ra, ..., rmsa1, a0, .00, an)
M
=W+ a,0(), (54

s=1

with the same notation as before, where ay =1 — ijl a.

We assume that the total resetting probability g = Zj\jl ag is
such that 0 < B8 < 1.

Let us introduce the simplified notation for the transition
matrix in Eq. (54),

(ri, ro, ..., (501, Go,s - apg) = Mpg. (55)

The matrix I, can be obtained iteratively through the
relation

s—1

m===0% 4 =), (56)
Do Do
fors=1,2,..., M with I, = W. We also define
& 1,2,.... M (57)
J/S = K ’ s = E) 9 ey .
D=0l
Therefore, 2% — | — ¥s and
Do
Hs - (1 - VS)HS—I + V?Q(rs)~ (58)

In the following, we use the compact notation |xpl(°’)) and (Iﬁl(s)|
for the right and left eigenvectors of Il corresponding to the
eigenvalue {1(3). According to Eq. (5), the eigenvalues satisfy
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¢® =1and

(==t =0 =y =y

Y (LS
m=1

By construction, {l(o) = A;, which are the eigenvalues of W.
For the eigenvectors, we have

i) = 1o ™Y) = [ ) =
and, form=2,...,N
(= "= =) = (@l (6])

These two classes of eigenstates remain unaltered with the
introduction of resetting. Conversely, combining Eq. (7) for
I =2,...,N and (60), yields

1=2,3,...,N. (59

= [v\?) = ¢1), (60)

v (v
11— (rslén)

[y ) = [y ) - lp1).  (62)

For the remaining (ﬂs)L one combines Eq. (6) with (60) and
(61) to obtain

(i)
;“(” (rslén)

(] = (0" +Z (Bl (63)

In terms of these eigenvectors, the stationary distribution is
given by

PR(FY) =P, ra, oo s TGV Vs s VM)
= (jlyMONFML ) = Gl (F D)) 64)

The stationary distribution P*(7; 7) is thus obtained from the
eigenvalues and elgenvectors of the transition matrix with-
out resetting W through iterations of Eqs. (59)—(63) until
(1/_/1(M) | j) is retrieved. As this approach allows us to calculate
all the eigenvalues and eigenvectors of II , these can be used
to compute the MFPT of the resetting process to the M nodes.
The moments of the occupation probability P;;(¢;7, ) that
appear in the general relation (11) are given by

3

RO, js#.7) =) [Pt 7. 7) = PP(F )]

t=0
N

Z (M)

(M)X@(M) |j)

I
Nk

=0 [=2
N 1
=2 T L) 69
=2 1
Hence,
ROG, ;7 7) — ROG, jiF, ¥)

o Gl ONE ) = )
1= -
=2

However, from Egs. (61) and (62), we obtain
(001 = ™))

= (il NP = N L)

(, !w<M*2>><¢7;M*”U> = (il ™)

(J |¢(°))<1ﬁf°)|f> — (il )9,”1)
= (jl) (il ) — (ila) (il ))-
Therefore,

ROG, j; 7, 7) — ROG, ji 7, 7)

N
1 _ -
= Z I—W[<j|¢l><¢l|j> = {ilgn )] (67)
=2 - 51

This relation shows that the net effect of having multiple reset-
ting points in the expression RO(j, j; 7, ¥) — ROG, j; 7, )
lies in the modification of the eigenvalues. Therefore, apply-
ing Eq. (11), which is valid for ergodic random walks and an
arbitrary number of resetting nodes, leads to the MFPT

ooy i 1
W) = by T PrE )
N . T . . T
(ilbn) (L) — (il (uli)
* 2 =27 ©"

=2

with 2(7) = [T, (1 = ).

Having at hand the analytical expressions for the MFPT of
arandom walk with resetting to M nodes, it is also convenient
to define a global first passage time obtained from averaging
that quantity over all the starting and target nodes

LA
TZﬁZZm,). (69)

i=1 j=1
This global time quantifies the capacity of a random walk

strategy to quickly reach any node of the network from any
other node.

B. Random walks on a comb graph

In Fig. 4, we explore the effects of different types of
resetting on normal random walks on a comb graph with
N = 99. Comb graphs are branched structures obtained from
a linear graph with L, nodes by attaching to each node two
side chains of length L,/2 [41,42]. The resulting structure is
a tree with N = L,(L, + 1) nodes. In Fig. 4(a), we present
a network with L, = 9 and L, = 10, and the L, nodes in the
central linear graph are represented with triangles and denoted
as Mg, ..., No.

In Fig. 4(b), we show the global time 7 corresponding to
this network as a function of the total resetting probability S.
We apply the general approach of Sec. IV A to calculate the
mean first passage times (68) in the case of a nearest neighbor
random walk with resetting to different nodes in the central
line of the comb graph. We analyze four cases: resetting to
the central node ns only, with probability 8; resetting to the
nodes 14 and ne with probabilities §/2 each; resetting to the
four nodes 15, 14, 16, ng With probabilities B/4 each; and re-
setting to all the nodes of the central line 1y, .. ., 9, each with
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FIG. 4. Random walks with multiple resetting on a comb graph with N = 99 nodes. (a) Comb graph: The nodes in the central line are

represented with triangles and denoted as 7y, 12, ...

, 9. (b) Global time 7 as a function of the total resetting probability 8; four cases are

explored: resetting with probability S to the central node ns only, resetting with probability §/2 to the nodes 74, 16, resetting with probability
B/4 to the nodes n,, n4, N6, Ng, and resetting with probability 8/9 to all the nodes of the central line. The inset shows the results for 0 < g <
0.15 and the minimum global time 7™ for each curve is represented with a circle.

probability £/9. Our findings show that adding more resetting
nodes from the central line accelerates the exploration of the
network. The behavior of 7 with 8 is nonmonotonic in each
case, and the value 8* that minimizes the global time increases
with the number of resetting nodes. The minimal values of 7
are obtained when we consider the resetting to all the nodes in
the central line.

C. Long-range dynamics on continuous spaces

In this part, we explore the ability of a random walk under
single or multiple resetting to reach specific locations in space.
This problem is inspired by the modeling of human mobility
in urban areas with agents visiting points of interest [2,3,61].
The type of motion considered here is an example of random
walks taking place in a continuous space but modeled with the
formalism of random walks on networks.

Let us consider N points (locations) in a 2D plane labeled
asi=1,2,..., N. The coordinates of each point are arbitrary
and /;; is the Euclidean distance between 7 and j (the distance
lij = lj; = 0 can also be calculated using other metrics [61]).
We define a discrete time random walker (without resetting)
that visits at each step one of these locations according to the
transition probability u)("‘) (R [61]

(a)
i (R)
W (R) = <= (70)
! St QU (R)
where the weights QE?)(R) are defined by [61]
0 if =],
QY (R) = for 0<1l; <R, (71)
(R/l,j) for R <[

Here, o and R are positive real parameters. The radius R
determines a neighborhood around the current position i of
the walker, such that any other point part of this neighborhood
can be visited with equal probability. Hence, these transitions
are independent of the distance between the two sites. That
is, if there are S other sites inside the circle of radius R, the
probability of jumping to any of these sites is constant. For the
locations that are beyond the neighborhood of i, at distances
greater than R, the transition probability decays as an inverse
power law with the distance and is proportional to li;“ [61].
The parameter R thus defines a neighborhood radius and «
controls the probability that the walker performs long-range
displacements. In particular, in the limit @ — oo the dynamics
becomes local, whereas in the case « — 0O the movement to
an(y other pomt occurs with the same probability, namely,
w) (R) =N — 17",

Having deﬁned the random walker with long-range dis-
placements between points, we consider N = 100 locations
distributed in the region [0, 1] x [0, 1] of R? and represented
in Fig. 5(a). The points are generated forming clusters with
10, 20, 30, and 40 points. Each cluster contains a possible
resetting point (represented with a triangle) denoted by 7y, 12,

N3, N4. We use the value R* = ,/I"N as a reference length

that, in the case of uniformly random distributed points, is
the connectivity threshold of a random geometric graph [62].
In our example, a random walker with transitions to near-
est neighbors cannot reach all the points and is trapped in
one of the clusters; however, the random walk strategy with
long-range displacements and spatial information, given by
Eq. (70), is ergodic for 0 < o < oo and R > 0.

Figure 5(b) displays the variations of the global mean first
passage time T for the process generated by Egs. (70) and
(71), without resetting. We vary « for three values of R in
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FIG. 5. Random walks visiting N = 100 points. (a) Distribution of points in the domain [0, 1] x [0, 1], the points 1, withm = 1,2, 3,4
represent possible resetting locations. (b) Global time 7 for the Lévy flight model without resetting given by the transition matrix (70) and (71)

InN

and for different values of « and R; R* =,/ —+

is a reference length. (c) 7 for the same model under resetting to the single node 74, located

in the largest cluster, as a function of the resetting probability 8. (d) 7 as a function of the total resetting probability 8 for the model under

resetting to the four points 7y, ...
in the color bars).

the transition matrix wfi)j(R). For R = 1.5R*, T depends
moderately on «, as far-away points are easily reached even
through short-range steps or large values of the exponent. In
contrast, for the smaller value R = 0.5R*, 7 depends sharply
on «, indicating that the network formed by connecting points
distant by less than R is practically disconnected, although
the walker with « finite is capable of reaching any point.
For a > 1, the time 7 increases very rapidly, and a similar
behavior is obtained for R = R*.

In Figs. 5(c) and 5(d), R is set to R* and we study the
global time 7 as a function of the total resetting probability
B, for different values of o and M. In Fig. 5(c), we consider
resetting to the single point 14 (that belongs to the largest
cluster). Resetting does not impact substantially 7 for 8 <
1073, independently of «. For larger B, single-point resetting
renders the exploration of the locations by the random walker

, N4, With probability §/4 each. In panels (c) and (d), we take R = R* and ¢ = 1, 5, 10, 15, 20, 25 (codified

rather inefficient, mostly for large o, as much more time is
needed to reach a site on average than without resetting. In
Fig. 5(d), we consider four resetting points 7y, .. ., n4 located
in the four clusters, the resetting probability to each point
being /4. For @« = 1 (bottom curve), the variations of 7T~
are small in the interval 0 < 8 < 0.1, like in the previous
case with M = 1, which shows that these Lévy flights con-
stitute a very good exploration strategy, even in the absence
of resetting. For o« = 5, 10, 15, 20, interestingly, the behavior
becomes nonmonotonic: multiple-point resetting reduces sig-
nificantly the global time and a minimum is reached at a finite
B. At this optimal point, resetting helps the walker to visit the
four clusters, something that would require many more steps
with one resetting point or in the absence of resetting. The
results presented in Fig. 5(d) show that a broad distribution
of resetting points can make exploration by a random walker
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FIG. 6. Google random walks on different types of circulant networks. (a) Circulant networks with N =

106 10° 10¢ 10% 102 100 100

10 nodes, arrows represent the

direction of each edge, and connections including both directions are represented with a line. (b) Global times 7 (8) in Eq. (73) as a function

of the total probability S for circulant networks with N =

with short steps nearly as efficient as a long-ranged Lévy
flight.

D. Case M = N, or the Google strategy

The formalism introduced above with M resetting nodes
can be applied to analyze the Google random walk strategy
that combines a local search to nearest neighbor nodes with
stochastic relocations to any of the N nodes of the network
with constant probability [54,55]. This case can be expressed
in terms of resetting to multiple nodes by considering M =
N and a; = ay = ... =ay. If the total resetting probabil-
ity is B = Y | a, then @y = B/N for I = 1,2, ..., N. From
Eq. (59) and the definition (57), the eigenvalues of the matrix
that defines the Google strategy are

Google __ 1 for =1,
9 {(1—,3),\, for 1=2.3,...N P

Hence, the relation between the eigenvalues of the Google
transition matrix and those of W is rather simple.

Here we explore the Google random walk strategy on
circulant networks. These networks are such that both the
adjacency matrix A and W (with elements w;_, ; = A;;/k;) are
circulant matrices [25]. For these structures, A is not necessar-
ily symmetric (the network can be directed) but k; = Zf’: 1 Ail
is constant or independent of i. On directed networks, k;
represents the out degree of i. Due to this regularity and the
uniformity of resetting, the stationary distribution is constant
and given by 1/N. Therefore, for regular networks, the global
MFPT defined by Eq. (69) takes the form

1 LY (710 (1) — (il (il f)
:NZZ[SWZ 1= (= Bn '

10* nodes with the same topologies described in panel (a).

By using 21;;1 [/){(jl =1 and from the orthonormalization

between (@] and |¢1) in Eq. (3), Y0 (¢ilj) =0 for I =
2,3,..., N, we obtain

N
=1+ 73
T() ; —a _ﬁm (73)

The remaining task is to calculate the eigenvalues of W. In
a N x N circulant matrix C with elements C;;, each column
has real elements cy, ci, ..., ¢, ordered in such a way that
co describes the diagonal elements and C;; = ¢(i—j)modn- The
eigenvalues A; of C are given by [25]

—1
AEDICTE S (74)
e

With this general relation, we can obtain analytically the
eigenvalues A; of W for a local random walker on a circulant
network, directly from the coefficients c,, that define W (see
Ref. [63] for a detailed discussion).

In Fig. 6, we show 7 (8) on different circulant networks
with N nodes. The analyzed topologies are represented in
Fig. 6(a): C, represents a directed ring, with transition ma-
trix defined by a single non-null element ¢; = 1; C, defines
a directed random walk with ¢y =¢; = 1/2; C3 has ¢ =
cy—2 = 1/2. In all these cases, the random walker moves on
a directed network. Conversely, C4 (with non-null elements
cor=0=c=cy_1=cNn2=cN3=1/6),C5 (ci =2 =
¢N—1 = cy—2 = 1/4), and the simple ring C¢ (c; = cy—1 =
1/2) are undirected networks. In all these cases, the dynamics
generated by W is ergodic and the respective eigenvalues are
obtained from Eq. (74).

In Fig. 6(b), we represent the global time 7 (8) obtained
from combining Egs. (73) and (74) for networks with the
topologies described in Fig. 6(a) and N = 10*. We observe
that relocating with probability 8/N the random walk to any
node produces rather diverse and unexpected effects. For the
directed cycles C; and C, the choice § = 0 is optimal and
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T (B) slightly increases with 8. For Cs, the time 7 (8) varies
little with 8, too, but exhibits a local maximum and reaches its
absolute minimum for 8 — 1. In all the undirected networks
C4, Cs, Cg, increasing B greatly improves the capacity of the
walker to explore the network and the optimum is reached for
B — 1.

V. CONCLUSIONS

We have studied the diffusion and first passage properties
of discrete-time random walks on networks subject to reset-
ting to more than one node. Multiple resetting is constructed
by choosing a subset of M nodes in the network of size N
and by assigning a finite resetting probability to each node
of this subset. At every single time step, the walker either
jumps to a node according to a given transition probability
matrix (for instance, to a nearest neighbor as in a standard
random walk) or relocates to one of the resetting nodes with
the corresponding resetting probability. In the limit where
all the nodes act as resetting nodes (M = N) and have the
same resetting probability, the process is the so-called Google
strategy. In this case, the global mean first passage time on
circulant networks is given by the rather compact expression
(73), which is new to the best of our knowledge. The formal-
ism developed here is quite general, though, and applicable
to any kind of connected directed networks, or to any er-
godic underlying process defined by transition probabilities
between pairs of nodes, such as random walks on spatial
networks, where the probabilities depend on the separation
distance between the nodes. The basic quantities of interest
can be calculated iteratively for M from the case M — 1 and
computed ultimately in terms of the eigenvectors and eigen-
values of the random walk transition matrix in the absence of
resetting.

Adding a resetting node to a single-node resetting process
(M = 2) significantly decreases the mean first passage time
at a target node located near the new resetting node, without
strongly hindering the search for targets that are close to the
original resetting node. This effect is illustrated by Fig. 2
for the ring geometry. Therefore, the global MFPT, which
quantifies the ability of the walker to explore a whole network,
typically decreases with the number of resetting nodes; see,
e.g., Fig. 4 for a comb graph. On directed graphs, however, the
effects of resetting on the mean search time can be diverse and
somehow unexpected, as shown for instance by the presence
of a local maximum for the global MFPT with respect to the
total resetting probability (Fig. 6).

Numerous studies since Refs. [7,8] have shown that re-
setting typically makes a search process more efficient and
that there often exists an optimal resetting rate for which
the mean search time is minimal. In other cases, resetting is
detrimental to search. A similar paradigm seems to emerge
here for multiple-node resetting (varying the total resetting
probability), with some important amendments, though. For
instance, in Fig. 5, the MFPT is an increasing function of the
resetting probability for a random walk under single-node re-
setting, whereas the same quantity becomes nonmonotonous
and exhibits a minimum if other resetting nodes are intro-
duced. It would be interesting to seek a general principle able
to predict when multiple-node resetting is beneficial to search

that would generalize the criterion exposed in Refs. [9,64,65]
for standard resetting.
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APPENDIX

1. MFPTs for ergodic random walks

In this Appendix, we present the deduction of the mean first
passage times for random walks on networks with stationary
distribution PJ‘-’O, j=1,2,...,N. The results are general and
can be implemented for the analysis of ergodic Markovian
random walks. We apply an approach similar to the formalism
presented in Refs. [26,29]. We start representing the occupa-
tion probability P;;(¢) as [26]

t
Pij(t) = 8,08 + Y Pyt — t)F;(t),
t'=0

(AD)

where F;;(t") is the probability to reach the node j for the first
time after ¢’ steps given the initial position i. By definition
F;j(0) =0, and P;;(t —t') is the probability to be located at
the position j again after + — ¢’ steps. The first term in the
right-hand side of Eq. (A1) enforces the initial condition.

By using the discrete Laplace transform f(s) =
Y 2, e f(1) in Eq. (A1), we have

Fj(s) = (Pj(s) — 8;j)/P;j;(s).

In terms of F;;(¢), the mean first passage time (7;;) is given by
[26]

(A2)

(Tj) = ) 1F;(t) = —F}(0). (A3)
t=0

Using the moments Rg” of the probability P;;(¢) defined as

[o¢]
R ="t {Pyt) — P}, (A4)
=0
the expansion in series of F, i(s) 1s
Pi(s) = po_ 1 + i(—l)”RV”i (A5)
Y (1 =e) e Yopl

Introducing this result into Eq. (A2), the MFPT is obtained:

1
— 0) (0)

<le>—}%[R” _Rij +811] (A6)

J

2. Deduction of Eq. (41)
We calculate the integral
1 2
L5 OO g, )
2w Jo (I —ycose)(1 —zcosg)
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that appears in Eq. (39) for the stationary distribution of sim-
ple random walks on an infinite ring. Considering the partial
fraction decomposition

1
(1 —ycose)(1 —zcosgp)

1 y z
= - ; (A8)
y—z| 1 —ycosgp 1—zcosg
one obtains
T —zT
=" 1, x) —z 1(2,X)’ (A9)
y—2z
where we have used the identity [47]
1 (>  cosxg)
Db = o [ T
27 Jo 1 —bcos(p)
(1+M)*x
b
= 7 (A10)
V1 — b2
Therefore, Eq. (A9) gives
Ira/1-y2y = 1+4/1-22\ ¥
IZ — y ( y ) < ( 4 ) (Al 1)
N

3. Lévy flights with reset on an infinite ring
In this part, we specify the stationary distribution of Lévy
flights on an infinite ring with resetting probability y to the
single node r. Considering the limit N — oo for the stationary
distribution in Eq. (52), we obtain (0 < o < 1)

2w
PE(riy) = l/
0

21

cos(d¢)dy
e
(A12)

The limit &« — 1 recovers the result discussed in Ref. [47]
for nearest neighbor random walks on an infinite ring. Lévy
flights in Eq. (A12) correspond to a < 1, where k® is the
fractional degree defined by Eq. (51). For an infinite ring, it
takes the form [59]

T(—o)l (1 +20)

k@ = . Al3
Tt in(ro) (A13)
We have
2
4 cos(djrp)de
PX(riy) = 2—[ o >
TJo 1—-(1-— y)[l — = sin(p/2) "‘]
Y /” cos(2d;,6) 40
o 1= (=)l = Z(sing)=]
1 /” cos(2d;,.0)
S mJo 14 D2 (sin )

cos(2d;.0)

1 T
SR I [ T'Y Al4
F1d /0 1 + D, (sin9)% (Ald)

1— 2a . . .
where D, = % % However, using the series expansion of

the denominator in Eq. (A14),

l & d
P;x’(r; y)=— Z(_D"‘ )”f (sin )" cos(2d;,0)d6.
T n=0 0

(A15)

Let us now consider the asymptotic limit d;, > 1. We use the
identities

T
/ (sin 6)%*" cos(2x0)d0O
0

_ 272 cos(mx)I(1 + 2an)
T T 4 an—x)T(1 4+ an + x)

I'(x — an)

= —p g (4 2an)—————. (Al6
sin(man)I'(1 + 2an) Mot 1+ an) ( )
For x > 1, I'(x +m) ~ I"'(x)x™; therefore,
I'(x — an) 1
~ (A17)

Fx+14+an) x!t2en’

By combining Eqs. (A15)-(A17), we obtain for d;, > 1

o0

PX(ryy) ~ Z (=)D sin(ran)T'(1 + 2an)

—~ T Q2an d]!;r%m , (ALB)
whose leading term is given by
Dy sin(mo)I'(1 +2a) 1
P;o(r; V) ~ 722 dl+20¢
Jr
(1 —yp)sin(wa)I'(1 +2a) 1
(a) 142
vk dir
I—-y\I'd+a) 1
~ — cee A19
( y ) Fay aie T (AP

This result serves as a guide for understanding the asymptotic
dependence of the stationary distribution P7°(r;y) with the
distance d;,. The result in integral form in Eq. (A14) is ex-
act; however, the relation obtained from the series expansion
in Eq. (A15) is conditioned to its convergence. A different
approach for the analysis of the effect of resetting on Lévy
flights using fractional dynamics on an infinite continuous line

establishes the same asymptotic relation P;’O(r; y) ~ dl.% as

above, but for 1/2 < o < 1 (see Ref. [19] for a detailéd dis-
cussion).

In addition, applying the same approach to the analysis of
the MFPT in Eq. (53) for Lévy flights in the limit N — oo,
we have

(T;; (A v))
1 1

==+ ="
y PrGy)

1 2w d(/)
x 8i<i+2_/ 2 . ) .
T Jo 1—(1—y)[l—Z5sin(p/2)%]

(A20)
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However,

| [ do

5/0 1= (1= )1 = 22 sin(p/2)%]
1 do

;/0 1= (1= )1 = Zsin(@ =]
e 6

ymJo 14 ELEsin(0)>

1 /” do Lo
= — - = , o),
v Jo T4+ Dysin@pe 5=

where we defined G(y, ) that depends on y, « but is inde-
pendent of the distance between i and j. Therefore,

(167 = - + [a,»- SRl

. (A2l

PraGL T Ty } (A2D

In thisway, forO <y < 1,1/2<a < 1
(Tij(isy)) ~ dF, diy > 1. (A22)

A relation that agrees with the result is reported in Ref. [19].
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