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Abstract. The Drazin inverse is the mostimportant pseudo-inverse of linear operators of finite-dimensional
vector spaces. One of its applications is in finite Markov chains theory, where they are used to calculate
certain properties such as the average number of times the chain passes through a particular state or the
expected time it takes for the chain to enter it. Since it has been possible to generalize Drazin’s inverse
to linear operators in arbitrary dimension (Core-Nilpotent Operators), the aim of this paper is to use it to
obtain the same results for infinite Markov chains. Furthermore, the results will be applied to a concrete
example.

1. Introduction

Itis well known that a linear operator may not be invertible, meaning its inverse does not exist. Therefore,
it can be very useful to look for alternatives: given a linear operator, find another one that, even if not
invertible, acts as the inverse operator or at least shares similar characteristics. For this reason, generalized
inverses (or pseudo-inverses) were introduced: these have properties similar to inverse operators. One of
the most studied generalized inverses is the Drazin inverse, named in honor of Michael Peter Drazin for
his work in 1958 (see [3]).

The Drazin inverse is particularly useful in the analysis of dynamic systems, where operators are often
defined by transition rules. In particular, Markov chains model dynamic systems that are stochastic rather
than deterministic. In this context, there are linear operators that provide information about the probability
distribution at each stage.

It is reasonable to think that the Drazin inverse can be useful in obtaining certain information about
the chain. Specifically, it allows us to solve or analyze systems of linear equations associated with non-
invertible linear operators. For example, in the calculation of stationary distributions, long-term behaviors
of the chain, recurrence, among other aspects.
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Another important aspect of Markov chains is the classification of states in terms of recurrence and
transience. The Drazin inverse facilitates the study of these properties in finite Markov chains by providing
another perspective on the transition matrix (see [2]).

In addition to the Drazin inverse, other generalized inverses are relevant. For instance, E. H. Moore and
R. Penrose defined a generalized inverse called the Moore-Penrose inverse (see [7] and [9]). Nevertheless,
this definition requires a vestor space endowed with an inner product. In contrast, the Drazin inverse just
uses the vector space structure.

In general, generalized inverses have been shown to be useful tools for the study of Markov chains,
especially in the finite case. Nevertheless, there is less theoretical development in the context of Markov
chains with an infinite number of states. The Drazin inverse, which can be defined for linear operators
over arbitrary vector spaces, namely infinite dimensional ones, using the Core-Nilpotent operators (see [8]),
gives an appropriate framework to approach this type of systems.

For this reason, throughout this work, we will explore in detail the formal definition of the Drazin inverse
and its generalization to the infinite-dimensional case, its fundamental properties, and its application in the
theory of Markov chains with infinite number of states.

We will start with a review of linear operators in spaces with arbitrary dimension and the definition of
the Drazin inverse, followed by an introduction to Markov chains and the application of the pseudo-inverse
to chains with a finite number of states. We will continue with the generalization of some results to infinite
Markov chains and, finally, we will end with the application of these results to an illustrative example.

The main objective of this work is to see that, through a deeper understanding of the Drazin inverse, the
results that Campbell and Meyer proved in [2] are also correct on an arbitrary Markov chain. It is hoped
that this exploration will serve as a motivation for future research about Drazin inverse and its applications
in various disciplines that use linear operators and matrices.

2. Preliminaries

2.1. Drazin inverses and Core-Nilpotent operators

Let k be a field, and let V be a k-vector space. Like it was said before, a linear operator may not be
invertible. For this reason, the theory of generalized inverses tried to deal with this problem. In this section,
we will define a generalized inverse, called the Drazin inverse, and study when it can be defined.

Definition 2.1. A linear operator f : V. — V is core-nilpotent (CN operator) when there exist two f-invariant
subspaces, Uy and Uy, such that f, is an automorphism, fiu, is nilpotent and

V=UoU.
The decomposition V = U; @ U, is called AST-decomposition of f.

Definition 2.2. A CN operator f : V. —> V has index n, and it will be denoted as Ind(f) = n, when Ker f* = Ker f"*1
and Im " = Imf"*1, but Kerf* # Ker f" or Imf" # Imf"~1.

If the convention where f° = Id is used, the previous definition says that Ind(f) = 0 if and only if f is an
automorphism.

Theorem 2.3. (Characterization of CN operators). If f : V. — V is a linear operator, then the following
conditions are equivalent:

1. fis CN operator.

2. Kerf™ = Ker f™! and Imf" = Imf™*! for a certain n € .

3. V =Kerf"®Imf" for a certainn € IN.

4. There exists two linear operators fi,fo : V. — V such that f = fi + fo, Ind(f1) < 1, f, is nilpotent and
fiocfa=frofi=0.
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Proof. See Theorem 3.6in [8]. O
As an immediate consequence of the previous theorem and with the previous notations
Corollary 2.4. Given f : V — V a linear operator
Ind(f) < 1ifand only if V = Kerf ® Imf.
Proposition 2.5. If V is finite-dimensional, then every linear operator is CN.
Proof. One can find a explanation in [§]. O
Now, we will introduce the definition of the Drazin inverse.

Definition 2.6. A linear operator f : V.— V has a Drazin inverse when there exists f° : V.— V such that
o fmlo fD = fm for m > n where n is a certain non-negative integer,
o fPofof?=f",
o« fPof=fofP
Notice that if f is an isomorphism, then his Drazin inverse exists and coincides with his inverse.

Proposition 2.7. A linear operator f : V — V isa CN operator if and only if there exists an unique Drazin inverse
P where n = Ind(f).

Proof. We know that V = U; & U, where fj;, is an isomorphism. We define
P+ 1) = (fiu,)™ (w0, M)

It is easy to see that it verifies the previous definition. Conversely, one can take fi = f o f2 o f and
f>=f—fofPof. ltiseasy to prove that they verify condition 4 of the Theorem For a detailed proof,
check [8]. O

Proposition 2.8. Let f : V — V a CN operator and fP his Drazin inverse. The following properties are satisfied:

D, .
o (fD) = fifand only if Ind(f) < 1.
o fofP=1Idy andId— fo fP = Idy, where V = Uy @ U, is the AST-decomposition.

o (fMP = (fD)mfor all m € N.
Proof. One can easily see all of them from (I). O

2.2. Markov Chains
Let {Xi}ien be a Markov chain and let E be the states set (finite or countable) of the chain. We denote by
pf';.) the probability to change to j-state from the i-state in the n-th step; and by d™ = (d;"))ieE the probability
distribution of the chain. That is,
Pl = PXun = X =0), A =PX, = ).
By the law of total probability, the following holds:

(n+1) _ () ()
d] - di pi,]'/ (2)
i€E
or equivalently
4+ = g . g

where 20" = (pl(,’;.) is the transition matrix.

)i,jeE
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Definition 2.9. A Markov chain is homogeneous when the probability of change states does not depend on the step,
that is Do
pf'; =P, VYn e N.

Unless otherwise indicated, we will always consider homogeneous Markov chains from this point on.
Definition 2.10. If E is a finite set, the Markov chain is said to be finite. On the contrary, it is said to be infinite.

In the next section, we will focus on a specific type of Markov chain. Therefore, it is important to classify
the states and the Markov chains.
Before proceeding, a definition will be introduced to aid in the states classification.

Definition 2.11. Let e, e, € E be two states of a Markov chain, it is said that ey communicates with ep, and it will
be denoted by ey — ey, if it is possible to go from e to e in a finite number of steps. That is

P(X,=eXpg=e1)>0 for some n > 0,
and it is said that ey and e, intercommunicate, denoted by e < e, ife; — ey and e; — ey.

The first and most important distinction between states is based on the system’s ability to return to a
specific state.

Definition 2.12. Let e € E. We say that e is transient if it is not certain that the chain will return to it after leaving.
Otherwise, e is called recurrent.

Definition 2.13. Let e € E be a recurrent state:
e it is positive recurrent if the mean time it takes to return to e is finite. Otherwise, it is null recurrent.

e it is said to be periodic with period t if it is only possible to return to that state after a number of steps that is a
multiple of t. In the case where t = 1, the state is said to be aperiodic.

e it is ergodic if it is both positive recurrent and aperiodic.

Proposition 2.14. Given a Markov chain, and e1,e; € E such that e; — e. If e1 is recurrent, e is also recurrent
and if e, is transient, e; must also be transient.

Proof. If e — ep and e is recurrent, then the Markov chain is in state e; an infinite number of times and,
due to P(X,, = e2|Xp = e1) > 0, the chain returns to e, with absolute certainty.

Now, suppose that e; is transient. If e; was recurrent, we have just proved that e, is recurrent too, but
this leads to a contradiction. [J

Corollary 2.15. Iftwo states intercommunicate, they are of the same type (positive recurrent, null recurrent, aperiodic
or transient).

During this work, we will only consider ergodic Markov chains. Let us formally define this concept.

Definition 2.16. A Markov chain is said to be ergodic if all states are ergodic and they intercommunicate with each
other.

Theorem 2.17. Consider an ergodic Markov chain. Then there is a unique stationary distribution, that is, there
exists a unique 1 = (11;)icg where 0 < 7t; < 1and ), 7; = 1, such that

n="mn-2, 3)
and, in that case,
7 = lim 40 . 2" (4)

for all initial probability distribution d©.
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Proof. A detailed proof can be found in Section 1.5 of [6]. [
There is a similar theorem, but more useful in some later proofs.

Theorem 2.18. Given a Markov chain whose states all intercommunicate with each other, a stationary distribution
Tt exists if and only if there is a positive recurrent state. In that case, all states are positive recurrent and T is unique.

Proof. See Section 6 of [4]. [

2.3. Aplication of the Drazin inverse to finite Markov chains

Let & be a transition matrix of a Markov chain with m states. Then, for A = Id — &2, it holds that
Ind(A) = 1, as demonstrated by Campbell in Section 8 of [2].

Theorem 2.19. Lef us consider an ergodic Markov chain and A as defined above. One has

Id— AAP = lim 2", (5)

n—oo
where AP is the Drazin inverse of A.
Proof. See Theorem 8.2.2in [1]. O

Henceforth, we will write W = Id — A AP. It is easier to calculate W than AP, because each row of W
corresponds to the stationary distribution. For this reason, the next result is useful.

Theorem 2.20. With the notation of above, one has that
AD = Z(@n - W). (6)
n=0

Proof. See Theorem 8.3.1in[1]. O
Another characterization for AP using W is given in the following theorem.
Theorem 2.21. For A = Id — 2, AP is the unique solution of the equations WX =0and AX =1-W.

Proof. See Theorem 8.5.5in [1]. O

Theorem 2.22. Let N™ be a matrix whose (i, j)-th entry is the expected number of times the chain is in j-th state in
n steps when the chain was initially in i-th state. Then,

AP = lim (N® = (n + W), (7)

n—oo

Proof. See Theorem 8.3.2in [1]. O

Theorem 2.23. Let M be the matrix whose (i, j)-th entry is the expected number of steps before entering the j-th state
for the first time from the i-th state. Then,

M=(d-AP+]AD)D, (8)

where | is a matrix of all 1’s, X is the diagonal matrix of X, obtained setting all off-diagonal entries of X equal to zero
and D = (W,)™!

Proof. See Theorem 8.4.1in [1]. O
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3. Application of the Drazin Inverse to Infinite Markov Chains

Throughout this section, we will consider a homogeneous Markov chain {X,},>0. We will assume that
the state space is E = IN (whether 0 € IN or 0 ¢ IN depends on the context in which the Markov chain is
defined).

Let V = {(d)ien € TIR: Y. |di| < oo}. There exists an operator &2 : V — V called the transition
ielN ielN
operator, defined as

P((d)ien) = (Z d pi,j] : 9)
jeEN

ieN

Lemma 3.1. The transition operator defined as (9) is well defined.

Zdipi’j < Zdl < 00,

ielN ielN

Proof. Since p;j <1, we have

Furthermore, it should be

2,

jEN

Z dipi

ieN

< Z Z \dipij| = Z Z \dil |pi, 1| < Z |di| < oo.

jeEN i€eIN ieN jeIN i€N

O

We define A = Id — &. We will restrict ourselves to the case where the chain is ergodic and where A is
a CN operator of index 1. Then V = KerA & ImA such that A over ImA is an isomorphism.

Furthermore, since the chain is ergodic, there exists a unique stationary distribution 7 = (7;);en-

In this section, we will attempt to generalize the existing results for finite Markov chains to arbitrary
Markov chains using the theory of CN operators.

The first result deals with the relationship between the stationary distribution and AP.

Theorem 3.2. Let {X,,},50 be a homogeneous ergodic Markov chain and let &7 its transition operator. For A = Id— &

Id— AAP = lim 2", (10)

n—oo

ieEN
vanishes over ImA and it acts as the identity on KerA. Let us see that the limit in the right side of the
equation verifies the same. Let v € KerA. Then Z(v) = v, so

Proof. First, we know thatif ) d; = 1, lim &"(d) exists and coincides with 7. By proposition Id—AAP
n—o0

lim £"(v) = lim v = v.

n—oo

Now, let A(d) € ImA, then
lim 2"(Id — 2)(d) = im (2" — ")) =sn—sn =0,
wheres = Y. d;. O
ieEN

This result is significant because it connects the long-term behavior of the Markov chain, as described
by the limit of ", with the Drazin inverse.
For the rest of the section, we will denote by W the projection onto KerA, W = - A AP.
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Theorem 3.3. Given an ergodic arbitrary Markov chain, it holds that
AD = Z(@k —W). 11)
k=0

Proof. Letv € KerA, then

i(@k - W)(v) = i(z} -v) =0.
k=0 k=0

On the other hand, if A(d) € ImA,

[

Y (ZF =Wy A@) = ) (FHd) - 7 @)

k=0 k=0
= kﬁm (d - 2"(d)) = d - W(d)
Note that A(d — W(d)) = A(d) and that d — W(d) € ImA, we conclude therefore, AP(d) = d - W(d). O

This series can be very useful in practical computations, especially in iterative algorithms for approx-
imating the Drazin inverse, since calculating Drazin inverse explicitly may be expensive in terms of time
computing or even be impossible.

The following theorem gives one of the most interesting uses of the Drazin inverse.

Theorem 3.4. Let {X,},>0 be an ergodic Markov chain and let Nl"; be the expected number of times the chain enters
state j in n steps, having started from state i. If N = (N?;), then it holds that
AP = im (N" — (n + D)W). (12)
n—oo

n
Proof. Tt is known that N") = Y. 2%, Applying the previous theorem, we get
k=0

n
lim (N — (n + )W) = lim Z(gzk —W) = AP,
n—oo n—oo
k=0
|
This result implies that if  is large enough, we can approximate N” by AP + (n + 1)W.
N" ~ AP + (n + HW.

We have talked about the number of times the chain passes through a certain state, now the question
is, how long will it take the chain to reach a certain state? The following theorem allows us to calculate it
using the Drazin inverse.

Theorem 3.5. For an arbitrary ergodic Markov chain, let m; j be the expected number of steps it takes for the system
to reach state j when it initially starts in state i. Then, it holds that

1 . )
mij = (61 + AP/ = 1)), (13)

where 6; j is the Kronecker delta, t = (ix)ken, AP(d) j is the jth coordinate of AP(d), and 1 = (1t j)jeN is the stationary
distribution of the Markov chain.
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Proof. The expected number of steps to go from state i to state j satisfies the following system of equations

mi,j = 1+ Z PikMy,j — pijmj;.
keN

Let’s see that the expression in the statement satisfies it. Noting that Y, p; AP (yk)j = AP(2(u')) j and that
keN
AAP() = (Id - W)(i') = p' — t, we have

1
1+Zplk—<ék A =) =i

keN
) . 1 ) 1 .
— _D],__D iy, — = AD¢, )y, _ = AD _ iy .
1+njA (1) 7Z]A (Z ) 1+njA (W) n,A (Id = A)(p);

L p, 1 p, o 1 1 D, i i
=1+ — L N (85— 7t = — (8:: + AP (W — 1),
T AP = ARG + =) = (o AP )

O

This theorem provides a powerful method for computing mean passage times using the Drazin inverse
in arbitrary Markov chains. It proves that the Drazin inverse not only helps in understanding the stationary
behavior of Markov chains but also in calculating important dynamical quantities like the expected passage
times between states.

4. Illustrative Example

The most typical example of an infinite Markov chain is the random walk with reflection. Consider
a particle that moves randomly on the natural numbers, forward, with probability p, or backward with
probability 1 — p. In the special case of 0, since it cannot move further backward, we consider that it can
stay in place with probability 1 — p. Then

p if j=i+1
PXn1=jlXy=1)=p;jj=3 1-p if j=i-lorj=i=0 (14)
0 in other case

We can represent this chain with the following diagram.

p p P p p
P T
t-pCo 1 Z2 0 el Sl o

l=p 1-p 1-p 1-p 1-p

In matrix form, the following matrix is obtained

[
=T

It is easily seen that any state can be accessed from any other, but it is not so immediate that all states
are ergodic.

Theorem 4.1. Ifp < 3, the previous Markov chain is ergodic and, therefore, it has a unique stationary distribution.
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Proof. One can find a similar proof of this result in [5]. Let us see if there exists a stationary distribution,
70 = (7;);eg- This distribution should be a solution of the following system,

n-Y=n
therefore, it has to verify

Tip = 71()(1 - P) + 771(1 - p) (15)
= Tip+m(l-p) Vi>0

From the first equation, it follows that

Us! Tto,

:ﬂ

and from the second with i = 1 we have that

1 p \
Ty = ——(m —mop) = (ﬁ) Tt.

1-p
Applying induction, we can conclude that
1 1 p pi
i+1 = — (11 — 74— 1- = - — -
i = (= p) 1—p(a—pw"° T
p i+1
) (1 - P) "

and that (ﬂf—;yno) is a solution of the system 1} For it to indeed be a solution, it must satisfy
ieE
) p i
£ (2 e
o\ P
Since p < 1, then 1%} <1land

i p inz Tl
1-p 0 1- -2~

i=0 1-p

Taking g =1 - %p = %, we determine a stationary distribution. By Theorem all states are positive

recurrent and, therefore, the chain is ergodic due to the fact that the states are aperiodic. [J

Theorem 4.2. If & is the transition operator of the Markov chain of the random walk with reflection, defined in (14),
the operator A = Id — & has index 1.

Proof. Letus see V = {(d;)iso : 2. |dil < oo} decompose into V = KerA & ImA. Firstly, one has that
A((d)iz0) = (pdo + (p — Vdy, ..., —pdi1 +di + (p — D)diy1, ...)

Furthermore, in the previous proof we just demonstrate that KerA = <((1’%p)l) >
i20
Suppose by contradiction that KerA N ImA # 0, so there exists (d;)i>0 € V such that

{ pdy+(p—-1di = 1

—pdia+di+(p—Ddia = oy Vi>0
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Adding first equation with second one when i = 1, we get that

pd1+(p—1)d2=1+%.

Applying induction, we obtain that

i k
pis = = Y (12

k=0

Since }.d; < oo, limd; = 0. Then, the left member of the expression above goes to 0, but the right-hand
i>0 1—00
side goes to ;——, which leads to a contradiction.
Now, let (,uz);o € V. To see if it is in KerA + ImA, let us see if the following system has a solution.

pd0+(p—1)d1+a Ho
-p di1+d; + ( 1)d1+1 + a(l > i Yi>0

Reasoning analogously to before, we conclude that for any i > 0 it holds that

pdi+(p—1)di+1+a2(1 p) Zyk (16)

k=0 k=0

And as i — oo, we obtain that

_1 ZPZyk

Finally, solving from , one determines (d;);>o through the recurrence formula

o= g Lo B (5] )

We need to check if (d;);»9 € V. For this, we use the ratio criterion.

i k
=t () -pal
lim i1l 50 K0 -

= Iim
i—0co |d,| i—oo Idz|(P - 1) 1- p

Thus, the series ) |d;| converges.
Based on the above, it has been proven that V = KerA ® ImA and by Theorem 2.3} A has index1. O

Now that we have shown that we are under the hypotheses of the theory from the previous section,
we can apply it. To proceed, we need to compute the Drazin inverse of A. Let u = (u;)iso. We know that

there exist d = (d;)i>0 € V and v € KerA such that y = A(d) + v. In the same way, we can write d = A(E) +7,
sod -7 € ImA and A(d) = A(d — ). Consequently, AP(u) = A71(A(d)) = d — 0. It is easy to check that

5= (12”2d)(( ))Oand

L= )
APy =|d;-| —= Y 4 || —
ol (= B,
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where (d;)ix0 is recurrently calculated by

div1 = (Zyk— 2(1 p)k—Pdi}

k=0 k=0
By Theorem [3.4} the expected number of times the chain is in jth state in 1 stages when the chain was
initially in ith state, N;';., can be approximated by (i, j)-th entry of AP + (n + 1) W. For example, if we want to

know how many times the chain is in 0 state, we need to calculate the Oth coordinate of AP( yi )+ (n+1) W(pi)
where ‘u; =0, j, and 0; ; is the Kronecker delta.

If AP (yi) =d) -7 and d) = (di.) ), with patience, one can find

.) 2 F () () o iz
d’ =

R iR ) @)

Consequently, the Oth coordinate of AP(u’) matches with
1- 2P 1-2p P\ (r Y
LL— 7
Z‘[P 12(1 P) (1—17)22(kJr )(1—;7 Hip) @
B 1-2p w —z) 1- 2p 1-2p o
Ty Z( ) Ty L

j
where d 1 2 (1 ) 1 2p2 Z (k+ 1)( ) and we used the convention ), ax = 0if j < 0. Notice that
T ko ‘P -p) =0

it does not depend on the (d;);>o we used to calculate it.
Given that W = lim 7", it follows that W(u') = 7, where 7t is the stationary distribution. Finally, we

n—oo
have that

1-2p 1-2
N’?):_—PZd_jO)+(n+1)—1 P

1,0

Now, we can consider the expected number of steps the chain needs to reach the state j from the state i.
By Theorem 3.5 this number matches with L (61 i+ AP — ') j). Since

; —) 1-2 —i)
AP =d; - p( ) de :

k>0

one can get

C1-p(1-p —) = —) =
m”_1—2p( g )(6,]+d -4 Z(dk 4).

k>0

To conclude the section, we will use the software Wolfram Mathematica to perform some computation
and verify experimentally that the theoretical calculations are correct.
. . i) . . .
First, a function to compute djl is created (Figure . Then, using p = 0.1, we compute the expected
number of times the chain is in Oth state in 1000 stages when the chain was initially in 41th state ,N 1009 and

41,0 7
the expected time to reach the Oth state for the first time, 1141 o (Flgure. The results are 844.361 and 51.25

respectively.
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1 J-1-1
n=dlp , 1,3 ] = —
p-1 k-0

+

1-p)  a-p)i{

(p kK 1-2p 4%

—i
Figure 1: Function to compute d; .

n12)= p=0.10;

1:41,’
n=1000;
jmax = 2000;
1-2 P jmax ] ) 1-2 [
- PICICIE NS IRRCRS
1-p &4 1-p

jmax
> (dlp, i, 31 -dlp, @, 31)
j-0

ou(is)= 844.361

ou(17)= 51.25

N1000)

7732

-1 k
(k+1) [_p ]
~ 1-p

—i
Figure 2: Computation of N, /" and 141,0. To reduce computing time, the series ). d; is approximated by a

partial sum.

N1000)

In Figure [3| one can see the code for approximatin .
g ppP & Ny10

For this propose, 2000 simulations of the

random walk have been done, and the number of times it passes thought Oth state has been measured.

Finally, the average of this data has been calculated.

In(18) =

meanRecurrenceTimes = (};
Do [
in= i,’
count = 6;
Do[
in=If[in == @, in + RandomChoice[(1-p, p} » (0, 1}],
in + RandomChoice[(1-p, P} =» (-1, 1}]];
If(in==0, count++];
LI
AppendTo[meanRecurrenceTimes, count];
, 2000]
Mean [meanRecurrenceTimes] // N

ou20)= 844.426

/1000

Figure 3: Experimental calculation for N, "

Similarly, the analogous process has been carried out to approximate 141 .
Figure 4]

The code can be seen in
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meanPassageTimes = (};
Do[
in= i,‘
time = 0;
While[in # O,
in = in + RandomChoice[{(1-p, p} » (-1, 1}];
time++;
15
AppendTo[meanPassageTimes, time] ;
, 2000)
Mean [meanPassageTimes] // N

ouw(z3)= 51.292

Figure 4: Experimental calculation for 43 0.

The results obtained experimentally coincide with the theoretical ones.

References

[1] Campbell, S. L., The Drazin Inverese of an Infinite Matrix, SIAM J. Appl. Math (1976).

[2] Campbell, S.L. and Meyer, C.D., Generalized Inverses of Linear Transformations, Soc. Ind. Appl. Math (2009).

[3] Drazin, M.P.,, Pseudo-inverses in associative rings and semigroups, Amer. Math. Monthly 64(7) (1958), 506-514.

[4] Grimmett, G. R. and Stirzaker, D.R., Probability and Random Processes. Fourth Edition, Oxford Univ. Press, (2020).

[5] LECTURE 26: Infinite Markov chains. Continuous time Markov chains., MIT OpenCourseWare, https://dspace.mit.edu/
bitstream/handle/1721.1/121170/6-436j-fall-2008/contents/lecture-notes/MIT6_436]F08_lec25.pdf

[6] Levin, D. A. and Peres, Y., Markov Chains and Mixing Times, second edition, Amer. Math. Soc. (2009).

[7] Moore, E. H., The fourteenth western meeting of the american mathematical society, Bull. Amer. Math. Soc 26(9) (1920)

[8] Pablos Romo, F., Core-Nilpotent Endomorphisms of Infinite-dimensional Vector Spaces, Mediterr. ]. Math. 18(84) (2021).

[9] Penrose, R. A generalised inverse for matrices, Proceedings of the Cambrige Philosophical Society 51(3) (1955)


https://dspace.mit.edu/bitstream/handle/1721.1/121170/6-436j-fall-2008/contents/lecture-notes/MIT6_436JF08_lec25.pdf
https://dspace.mit.edu/bitstream/handle/1721.1/121170/6-436j-fall-2008/contents/lecture-notes/MIT6_436JF08_lec25.pdf

	Introduction
	Preliminaries
	Drazin inverses and Core-Nilpotent operators
	Markov Chains
	Aplication of the Drazin inverse to finite Markov chains

	Application of the Drazin Inverse to Infinite Markov Chains
	Illustrative Example

