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Zusammenfassung

Mastergleichungen spielen eine grofse Rolle in den Naturwissenschaften, da sie die Zeit-
entwicklung der Wahrscheinlichkeitsverteilung eines Systems beschreiben. Wéahrend sie
oft als fundamental zitiert werden, werden fiir Losungen entweder numerische Verfahren
oder Naherungsmethoden bedient. In dieser Arbeit préasentieren wir einen analytischen
Ausdruck einer stationdren Losung der Mastergleichung fiir endliche Systeme, welche auf
der Struktur des Netzwerks besteht, welches die Uberginge des Systems beschreibt. Dabei
wurde der Begriff der kleinsten absorbierenden Menge eingefiihrt. Diese Gleichung ist
iibertragbar auf Markov Ketten mit diskreter Zeit.

Im zweiten Teil dieser Arbeit berechnen wir sie stationédre Losung der Lindblad-Gleichung,
in dem wir deren Sprungdynamik als einen stiickweise deterministischen Prozesses be-
trachten. Durch Vertauschen von Zeit- und Ensemblemittel ist es moglich, Zeitmittel
einer Einzeltrajektorie zu berechnen, indem man die stationdren Wahrscheinlichkeiten
von klassischen Markovketten verwendet und einen klassischen Zustand durch einen
zeitgemittelten quantenmechanischen Zustand ersetzt. Das Ensemblemittel ergibt sich
aus den moglichen Langzeitverhalten der Trajektorien, die den kleinsten absorbierenden
Mengen des quantenmechanischen Ubergangsnetzwerks entsprechen.

Unsere Methode ist limitiert durch die Forderung, dass die Anzahl an quantenmechani-
schen Zusténden direkt nach einem Sprung fiir jede Trajektorie endlich ist. Am Ende
dieser Arbeit diskutieren wir mogliche Verallgemeinerung zu einem abzdhlbar unend-
lichen Zustandsraum oder dem Fall, dass der quantenmechanische Zustand von einem
kontinuierlichen Parameter abhéngt. In beiden Fallen benotigt man eine entsprechende
Verallgemeinerung fiir stationire Losungen von klassische Mastergleichungen auf abzahlbar
unendlich grofsen Systemen.
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Abstract

Master equations play a crucial role in natural science, as they describe the time evolution
of a probability distribution in a system. While they are often referred to as being
essential, computing a solution is often avoided and people refer to numerical methods
or approximation techniques. In this thesis we present an analytical expression of the
stationary solution of a master equation for a finite-size system, which is based on the
structure of the associated state transition network and the notion of minimal absorbing
sets. This formula is also applicable to discrete-time Markov chains.

In the second part of this thesis we compute the stationary solution of the Lindblad
equation by using the quantum jump unravelling. After interchanging the time average
with the ensemble average, evaluating the time average of a single quantum trajectory is
possible using the stationary solutions of classical discrete-time Markov chains and by
replacing the classical states with time-averages quantum states. The ensemble average
corresponds to the possible long-term behaviors, given by the minimal absorbing sets of a
quantum state transition network.

So far our method is restricted to the case that for every quantum trajectory the number
of states directly after a quantum jump is finite. At the end of this thesis, we discuss
possible generalizations, either to a countable infinite state space or to states that depend
on a continuous parameter. Both cases require an analogue expression for stationary
solutions of classical master equations on a countable infinite state space.

vii



1. Introduction

This thesis has two major topics: While Chapter 2 focuses on Markov chains and classical
master equations, Chapter 3 is about quantum master equations and their differences to
the classical case.

Markov chains (both discrete- and continuous-time versions) appear in multiple con-
texts throughout science, whether to describe chemical reactions [Van92; Haa78; Brel4|,
stochastic systems in biology |[GR74; QG21; Brel4|, quantum optics [Aga73|, population
dynamics or migration models [HD83|. More recent applications also include weather
forecasting and election models [Xun21].

A Markov chain is a stochastic process, where the probability for the next state depends
only on the current state [Pril3; Dou+18; Bré20|. Despite (or perhaps because of) its
simple structure, it contains a rich theory, which is still subject of today’s research [Hoh98;
ENO00; Van92; Hon12|.

An equivalent way to study continuous-time Markov chains is the so-called master
equation. It describes the time evolution of all probabilities of the states of the system
and is determined by their transition rates. The master equation is usually formulated as
an initial value problem of a linear differential equation with constant coefficients. The
idea behind it is that the probability flows between the states of the system like a fluid,
where its total amount is being conserved. In this picture, the links between the states
can be interpreted as ‘pipes’ and the link strength as ‘pumping rates’.

A particularly interesting question to ask is the possible long-term behavior, as this
determines the state the system will eventually be in. This leads to the question of
existence and uniqueness of the stationary solutions and whether they are attracting.
While the existence of stationary solutions is guaranteed for a finite state space, the
stationary solution need not be unique and is only attracting for continuous-time Markov
chains, as discrete-time Markov chains can exhibit oscillations. For an infinite state space,
stationary solutions need not exist, as the example of a symmetric random walk on Z
shows |Bré20; Pril3; Dou+18|.

In this thesis, we will focus on Markov chains with a finite state space and show in
Section 2.1 that while a limiting distribution need not exist, the stationary solution of a
discrete-time Markov chain can be computed by taking the time average. The number of




linearly independent stationary solutions is then given by the dimension of the eigenspace
to the eigenvalue one (Equation (2.8)). For continuous-time Markov chains, all stationary
solutions are attracting (compare Section 2.2), giving rise to a formula analogously to the
discrete-time case (Equation (2.25)).

What this means for the state transition network is discussed in Section 2.3: For every
minimal absorbing set B (see definition 6) we can construct a stationary solution p_(py €
B), whose positive entries correspond to the states within the minimal absorbing set.
Moreover, these vectors are linearly independent and span the linear subspace of all
stationary solutions.

The differences between discrete- and continuous-time Markov chains are discussed in
Section 2.4: Every transition matrix for a discrete-time Markov chain can be interpreted
as the generator of a continuous-time Markov chain after subtracting the identity matrix,
and for every continuous-time Markov chain there exists an embedded, discrete-time
Markov chain (defined in Equation (2.47)). This makes it possible to define a ‘jump
unravelling’ of the classical master equation (see 2.4.5).

The stationary solution itself will in general depend on the initial condition and can
be separated into a probability P(B|p,) determining the amount of probability mass
that is accumulated in the minimal absorbing set B (which is also the probability for a
single trajectory to reach this minimal absorbing set) times the stationary distribution
Poo(Py € B) associated to this minimal absorbing set. The full stationary solution is
given by the sum over all minimal absorbing sets, resulting in a Bayes like formula

Poo(Po) = Z P(B|py) Poo(po € B). (1.1)
Be{min. ab. sets }

An analytical expression for both probabilities, relying only on the structure of the state
transition network is derived in Section 2.5.

This result is also applicable to discrete-time Markov chains, due to the similarities
discussed in 2.4.

Section 2.6 focuses on time reversible Markov chains and its connection to detailed balance
and Kolmogorov’s criterion, with connections to the canonical ensemble of statistical
physics being discussed in 2.6.1. As a strongly connected system evolves according
to the master equation, its entropy can be shown to be monotonously increasing (see
Section 2.6.2), compatible with physical intuition.

Quantum master equations describe the time evolution of open quantum systems [BP02].
They are usually formulated as an initial value problem for density matrices and are -




in some sense - a generalization of classical master equations, as they describe not only
the time evolution of probabilities of states (the diagonal elements of a density matrix),
but also of the coherences between different states, which are the off-diagonal elements of
density matrices.

An open quantum system is a quantum mechanical system in contact with an external
environment. In order to derive an equation that describes the behavior of the system,
we (following the arguments in [BP02|) assume that the system is markovian and that it
is only weakly coupled to the environment, to arrive at the so-called Lindblad equation:

aplt) = Lp) = —ilH.p()] +3 (vk p() Vi — 5 {WiVi p<t>})

von Neumann term kel

dissipator term (1 2)

= —i(H.p(t) — p(t) H.) + Z'Yk <Vk p(t) VJ) ;

kel
p(t =0) = py,
where [+, -] and {-,-} denote the commutator and anticommutator, respectively, and the
so-called conditional Hamiltonian H, is defined as

gl ) = g

Hoi=H-3% % (Vk Vk> = H— S A, (1.3)
kel

with i = 1. (1.4)

There exist also other derivations, which are based on different assumptions, like low
density or singular coupling [BP02].

The generator £ of the Lindblad equation guarantees that the solution is trace preserving
and completely positive. On the other hand, it is the only generator that has these
properties. This was first shown by Gorini, Kossakowski, and Sudarshan for the finite
dimensional case in 1975 |[GKS76|, with Lindblad extending this statement for bounded
operators one year later [Lin76]. While on one hand generators of Lindblad type had
already appeared in the physical literature [BP02], a similar statement for unbounded
operators is still unproven [BP02].

The Lindblad equation contains the von Neumann equation, describing a closed quantum
mechanical system, as a special case. The solution of the von Neumann equation is given
by e Ht po et with the self-adjoint Hamiltonian H' = H. Since H. is not self-adjoint,
the (conditional) time evolution operator e~ ¢t is not unitary.




The additional terms can be interpreted as modeling the influence of the environment, in
particular by inducing transitions between states of the system. The so-called Lindblad
Vi p V!
Ti[Vi p V)]’
() £ I C N is a finite index set and 7, > 0 are positive transition rates. We will restrict

ourselves to the finite-dimensional case, that is p, Vj,, H € CN*N | with N € N,N > 2.
When conducting a numerical simulation of a specific model, one often relies on unravellings
of the Lindblad equation, which are ensembles of stochastic trajectories whose average
yields the solution of the Lindblad equation [BP02|. While different unravellings may
yield qualitative different types of dynamics, all measurable quantities depend only on the
solution p(t), while additional properties depending on either a certain type of unravelling
or a specific quantum trajectory are not accessible to experimental observations.

One important aspect in the study of the quantum master equation is its long-term
behavior tlg‘(l)lo p(t| py) and its steady states p.,(py) (with p, defined by L(p,,) = 0), as

operators {Vj |k € I} can be interpreted as causing transitions p — where

this determines the state where a quantum mechanical system will eventually be. When
certain algebraic conditions on the Lindblad operators are satisfied, the steady state is
unique and asymptotically stable. The most prominent theorem about such conditions
was given by Spohn [Spo77]. It requires that the set of Lindblad operators form a basis,
i.e. that the environment couples to all degrees of freedom, which applies only to a limited
set of physical systems and cannot easily be generalized.

Most papers studying the stationary states of the Lindblad equation require additional
properties of the Lindblad operators. Bua and Prosen propose a method which assumes
that the underlying symmetry of the system is already known [BP12|. While being
numerically cheap, finding all the symmetries of an open system can be highly non-
trivial, especially when both ‘strong’ and ‘weak’ symmetries are involved (see [TM21]
for a summary). Another approach was made by Trushechkina, where special kinds
of Lindblad operators were considered, which allow a ‘backwards’ transition for every
‘forward’ transition (see [Trul8|). For the dimension N = 2 a full discussion can be found
in [And+22].

The general nature of the Lindbladian in Equation (1.2) makes it difficult to compute
analytical expressions for all possible steady states. In this thesis, we aim at statements
about the stationary states, without making additional assumptions about the Lindblad
operators. We will address the nature and number of these stationary states, how they
can be determined and how they are related to the long-term behavior that results from
a given initial state.

The standard way to compute the stationary state from a given initial state p, would be
to determine the solution t — p(t| py) of the initial value problem of Equation (1.2) for all




positive times ¢ > 0 and to evaluate the time average (p(t | pg))i>0 = Tlim + fOT p(t|py) dt.
- —00

We propose a different method: We express the density matrix p(¢) in terms of the average
of an ensemble of stochastic quantum trajectories. Then we make use of the fact that
the limit of the time average of a single quantum trajectory exists and that it may be
interchanged with the ensemble limit [KM04]. We will show that both the time average
and the ensemble average of a quantum trajectory can be explicitly evaluated with the
theory of discrete-time Markov chains when certain conditions (in particular the number
of quantum states directly after the quantum jump being finite) are satisfied.

After a short derivation of the Lindblad equation for finite dimensions (Section 3.1), we
introduce the concept of unravellings of the Lindblad equation and in particular the
so-called quantum-jump unravelling, which will be the focus of Chapter 3. The algorithm
for the density matrix unravelling of the Lindblad equation (Section 3.3.1) introduces
what is known as a stochastic quantum trajectory. An outline of our procedure to obtain
a stationary solution of the Lindblad Equation (1.2) using quantum jump unravellings
is given in Section 3.4. This involves computing the time average of a single quantum
trajectory (Section 3.5) and the definition of the state transition network for the quantum
jump unravelling in Section 3.6. After examples in Section 3.7 to demonstrate the basic
idea, we recover the classical case in Section 3.7.4. After proving the existence of an
analytical expression for the time-averaged state (Section 3.8), we put the building blocks
together in Section 3.9 to arrive at the final formula (Equation (3.59)).




2. Markov chains and master equations for a
finite state space

Markov chains are special kinds of stochastic processes that satisfy the so-called Markov
property, which states that the probability for the next event depends only on the current
state and not on the previous history.

Both the underlying state space as well as the time can be discrete or continuous. In the
following (if not stated otherwise) we will restrict ourselves to the case of a finite state
space @ = {1,...,|Q|} with |Q] < co and study the time average of both discrete-time,
and continuous-time Markov chains.

While Markov chains as well as their stationary solutions have been excessively discussed
in the existing literature [Pril3; Dou+18; Bré20], what these proofs lack are intuitive
arguments and simple pictures of what ‘happens’ during the time evolution, that are
mathematically sound at the same time. This work is meant to fill this gap. While the
original ideas in [FD22] were formulated in the language of master equations, they are
applicable to discrete-time Markov chains as well and are needed to determine steady
states of the Lindblad equation as we will see in Chapter 3.

2.1. Discrete-time Markov chains for a finite state space

2.1.1. Defining the system

Let (Xy)nen, be a discrete-time Markov chain on 2, where the transition probabilities
are given by

Qij = qj—i =P (Xn+1 = 1| Xy = j)

2.1
=P (Xnt1=1|Xn=17J,...,Xo=Jo) (compare |Pril3|). @1

This specifies the transition matrix @ € (R> 0)|Q|X|m, which is a column-stochastic matrix
that satisfies




Qi; >0, for all 4,5 € 2 and

€] (2.2)

> Qij=1, forall jeq.

i=1
Our system S is fully described by a directed, weighted graph S = (€2, &, ¢) (which we will
call a network), where the nodes are given by the set of states Q2 and the edges £ C Q x Q
(also called links) are a set of ordered pairs of states which indicate the transition between
these states. The strength of a link is given by its weight function

q:& —[0,1]
When there is no transition from state j to state i, the associated transition probability
vanishes, g;j_; = 0.
To keep the notation simple, we do not distinguish between the index n € {1,...,|Q|}
and the state w,, € {2 with index n:

(2.3)

~

Wn n

A (2.4)

{wi,wg =11, 19} = Q.
We call g a probability vector if ¢ € (R> O)IQ\ and |g|l1 = 1, that is a vector with
non-negative entries that sum up to one. When g(n) is a probability vector describing the
probability distribution of Q at the time n € Ny, then g(n+ 1) := @Q g(n) is a probability
distribution at the next time step n + 1.

Definition 1 (Stationary solution).

A probability vector is called stationary solution of the Markov chain if its probability
distribution does not change after another time step (Qq = gq), that is, if it is an
eigenvector of the transition matrix @) to the eigenvalue A = 1.

2.1.2. Limiting behavior

The goal of this Section is to find an explicit expression for the long-term behavior of
discrete-time Markov chains for a finite state space.

The limiting behavior of a Markov chain is determined by the eigenvalues of the transition
matrix: When v is an eigenvector of @ to the eigenvalue A € C (Q v = Av), we have after
n € N time steps:




v,ifA=1

2.5
0, if |A| < 1. (2:5)

Qv =\"v 22 {
So if every transition matrix ) were diagonalizable (Q = S D S~! with D being diagonal
with the eigenvalues on its main diagonal and the columns of S being the normalized

eigenvectors) and every eigenvalue A were either equal to one or had a modulus strictly
IN N
less than one (A =1 or |A| < 1), we could write any initial state as g = > > ,u(;) vg\z)
Ao (Q) i=1
and compute the limiting behavior (apart from re-numbering the states) to

N K _
4s(qp) == lim @ o =
K—oo -~ N —
S Q0,0
Z ZN)\ Uy
AE€a(Q) i=1

gx
_ (4) . K -1, _
—g gu/\S<Kh_r>rC1>OD)S vy =
—_——

Ao (Q) i=1 — (2.6)
19A:1 0
0 0

€;

gr=1

ST
i=1
(%)

Here, 0(Q) denotes the spectrum of @ (that is the set of eigenvalues), v’ the eigenvector
of the transition matrix @ to the eigenvalue A € C and g, the geometric multiplicity of A.
However, we are faced with two problems: First, not every transition matrix is diago-

7T 4 3

nalizable, as can be seen from the counter-example ) = % , which has the

2 5 3
3 3 6

=

0

Jordan normal of | 0 0 |. Second, there are transition matrices with eigenvalues
0 1

possible such that X # 1 = |)|, as can be seen from figure (2.1). The fact that there are

no eigenvalues with modulus greater than one follows from Gershgorin’s circle theorem
(see Section 27 and |Ger31]).

O = =




gis2 =1

g2—1 =1

Figure 2.1.: The state transition network of a Markov chain with period equal to two: The

corresponding transition matrix equals Q = <(1) (1]) has the two eigenvalues
o(Q) = {—1,1}. Since Q***! = Q and Q** = 1,, the probability distribution
oscillates between g(2k) = (q‘g) andq(2k+1) = (q‘g;) for all natural
numbers k£ € N and the limit kli_;i Q" q, does not exist. K

We will address these problems as follows: Instead of ‘normal’ eigenvectors, we consider
a basis of generalized eigenvectors of the transition matrix, namely h) s € kern (Q —
A1)*\kern (Q — A1)*"1 where s is a natural number, less or equal to the algebraic
multiplicity of the corresponding eigenvalue, s € {1,...,ay}. We know from linear
algebra that an ordered basis of generalized eigenvectors always exists and we can write
the transition matrix as Q = S J S™!, where J is the Jordan normal form of @ and the
generalized eigenvectors are the columns of S.

K—1
Second, we focus on the time average Klim % 3 QF q, instead of the time limit
— 00 k=0
Klim Q% qy. In Figure 2.1, for example, the time limit does not exist, whereas the
— 00

1/2

1/2)°

In order to prove that the time average exists, it suffices to show that the following two
conditions are satisfied:

time average converges to the stationary solution of q., = <

i) For the eigenvalues A = 1 of the transition matrix, the geometric multiplicity gx—1
coincides with the algebraic multiplicity ay—1, which means that Jordan normal




form of ) has the following form:

gr=1
S7lQs =
I

K-1

ii) The time average for every Jordan block Jy.; vanishes: lim K Z JE rz1 =0

K—oo

Then we could replace the time limit lim Q q, by the time average lim %
K—o0 K—o00

in Equation (2.6) and get:

= lim — k =
20 (g0) = lim KZ Q 4o
O5rs QA @y p D
Z My (qo)hx
A€o (Q)i=1
ax
2 A (20) S (Kgn ZJ>
Aeo(Q) i=1 e'z.

=0 0
= Z taz1(go) hyZ,-
=1

In the following we will prove the conditions i) and ii):

i) If gr=1 < ax=1, there would be a generalized eigenvector of @) to the eigenvalue

A =1 of step s = 2, namely

hy i= hy_1 s—2 € kern (Q — 1-1)*\kern (Q —1-1).

Then by definition, by := hy—; s—1 := (@ —1-1) hy is a ‘normal’ eigenvector of @) to
the eigenvalue A = 1 and we have Q ho = ho+ hy. Then we can choose a probability
vector py, a sufficiently small number € > 0 and a normalization constant A, such

that Potchz

is also a probability vector. After n € N time steps we have:

10



i)

QTL p0+6h’2 _pn+€h2+6nh1
N N N

which is not bounded, in contradiction to the fact that
vector.

Po+eha
e

(2.9)

is a probability

Another way to show that ay—1 = gx—1 for stochastic matrices @), is to trace it back
to the fact that ay—o = gr—o for the corresponding generators I'g = @ — 1 of the
embedded continuous-time Markov chain (see Equation (2.51)), which is shown in

lemma 44.

For every analytical function f and any Jordan block

A1
J= € cPxP
Al
A
of size D € N> 2, we have
(D=1) ()
O F e I
f(Ip) = o
YACYRN MO
f(N)
When we choose a specific function
=
_ 1; k _
)= Jim e St
N
1—oK
l—x

forall z € {z € C : |z| <1}\{1},

we get
= 0
lim — k= —0PxD =
dim kz_o (Daz1)” = (1) :

(2.10)
(2.11)
0
: (2.12)
0

1



(@)

Before we start looking at more explicit expressions for p,”,(qq) and hg\i)zl, we first have
a look at continuous-time Markov chains.

2.2. Continuous-time Markov chains and master equations for a
finite state space

Given a time homogeneous, continuous-time Markov process (X¢):>0 on the finite state
space € := {1,...,|Q|}, then we have for all time points t; < -+ < t,, < t,+1 and all
states j1,...,Jn-1,1,7 €

. . .\ Mark . .
P(Xtppr = 0| Xty = -, Xig = jo) === P(Xy,y, = 0| Xy, = J). (2.13)

Time homogeneous means that the transition matrix, whose components are defined as

Qij(ta,t1) = P(Xy, = i| Xy, = j) for t1 <ty (2.14)

depends only on the time difference, that is

time homogeneous

Qij(t2, t1) Qij(ta —t1,0) =: Qy;(t2 — t1). (2.15)

In addition, we assume that t — Q;;(t) is a differentiable function such that

Qij(t+€) = P(Xppe = i| Xy = j) = 01 j + Q;;(0) € + o(e),
~——
for e = 0" and all t > 0.

It follows that Q(t) := (Qi;(t))ijeq € [0, 111X is the time-dependent, column-stochastic
transition matrix, which is completely determined by the following initial value problem:

Q(t) = Q(t = 0) Q(t) =: T Q(t) and
r (2.17)

A formal way to show this, is to explicitly compute the derivative

d s 213 .. 1 B
@Q(t) = lim = Q(t+¢€) —Q(1) el_lféi € (@0) = QO] Q) (2.18)
Q(e) Q) r

12



where we used the Markov property in the second step. Another way to see this, is
look at the Markov property directly, and conclude, that the only function satisfying
Q(t1 +1t2) = Q(t1) - Q(t2) (compare Equation (2.19)), is the exponential ¢4, with the

. . . _d tA _ _
generator A is given by the derivative A = % e o Q(0) =T.
Q(t)
[Q(t2) Q(h)]ij = Z Qir(t2) Qrj(t1)
keQ Y —_

P(Xiy=i| Xo=k) P(Xt,=k|Xo=j)

> P(Xi, =i| Xo=k) P(Xy, = k| Xo =)
keQ

Def Q

P(Xt1+t2 =1 ‘ thzk)

Z (P(th—l-tz = 1| Xy, =k, Xo = ‘7)) <P(th kI Xo= J))
keQ

time homogeneity +

Markov property

P(Xtq 4t =1:X¢; =k, X0=1) P(X¢y =k, X0=1)
P (X, =F.X0=7) P(Xo=7)
_ Z (P(Xt1+t2 = ivth =k, Xo= ]))
P(Xo = j)

ke

P (Xt =0, X0, =k | Xo=J)
= P(Xorer = il Xo = j) = [Q(t2 + 1)l

(2.19)
Moreover, the following two initial value problems are equivalent:
p(t) =Tp(t) = Qo =ren .0
p(t=0)=p, Q(t=0) =1q,
Vi Jfori#j
with Ty; = {

—Z%‘—m ,fori=j.
k=1

When the solution of the left-hand side of Equation (2.20) is given by
p(t|pg) for every initial vector py, we can define the transition matrix Q(t) as

Q(t) == (p(t|py = €))) jeq = (P(t|Py = €1),....p(t| Py = €jq))) ,

which fulfills Q(t) = T' Q(t) and Q(0) = 1jq,.
Vice versa, when Q(t) is given as above, then p(t|py) := Q(t) p, satisfies p = I'p and
p(0) = py.

13



The left-hand side of Equation (2.20) is called the master equation. It is an initial value
problem, describing the flow of probability in a network, where the instantaneous change
of the flow of probability is the difference between in-going - and out-going probability.
Thereby the right hand side of Equation (2.20) depends linearly on the transition rates,
which are probabilities divided by unit time. The strength of these rates can be interpreted
as capacities of pipes or pumping rates. Its component-wise notation, is of the following
form:

12

d .. . A
ap(l) (t) = E (p(])(t) YVi—i — p(z) (1) Yi—sj )
j=1 (2.21)
J#i

p(t=0) =p

The matrix T is called the (infinitesimal) generator of the transition matrix Q(t) of the
network S = (2, &, ) [Bré20).

Note, that from Equation (2.16) it is clear, that both ~v;_; := I';; > 0, for ¢ # j and
> Ii;=0.

1€Q)

While the master equation describes the probability flow for a given initial state py),
the differential equation of the solution operator Q(t) = I' Q(t) describes ‘all possible’
probability flows for ‘all initial states’ at once.

So there are three different ways to define a time homogeneous continuous-time Markov
chain on a finite state space: Via the master equation (left-hand side of Equation (2.20)),
via the solution operator (right hand side of Equation (2.20) ) or via first principles (see
definition (2.13) and the consequence shown in Equation (2.16)). While these definitions
are - in some way - equivalent, they focus on different interpretations or pictures. The
first two definitions focus on what we call the ensemble interpretation, (not to be confused
with the ensemble interpretation of quantum mechanics), whilst the third definition uses
the interpretation as a single trajectory. The differences between these views (in particular
between the ensemble picture and that of a single trajectory) will be discussed in further
details in Section 2.4.6.

From this point on, the focus in this Section will be on the long-term behavior of
continuous-time Markov chains via the master equation.

Similar to the discrete-time case, we have an associated state transition network, where
the states correspond to the nodes and the links (indicating transitions between the
states) correspond to the edges. In contrast to the discrete-time case, the weights are only
required to be non-negative (in contrast to lying in the interval [0,1]) and we explicitly
exclude self-loops:

14



72€—>R20

. , (2.22)
(4,8) = Vji, with v = 0.
This is due to the fact that for the continuous-time Markov chains we have transition
rates instead of transition probabilities, which means that the probability for remaining
in some state is always strictly positive: P(X; =i | Xo =4) > 0 for all times ¢ > 0 and
all states ¢ € Q.
The solution is given by p(t | py) := €' py, with the initial state p(t = 0) = p, € (R>0)
and the solution operator

Ik tk tT\"
tI . :
e’ = E o _nhm (1+n> . (2.23)
k€N

€2

Suppose we start with the probability vector p, and let the system evolve with time. It
can be shown (lemma 26) that the solution p(t|py) is again a probability vector. So
what we will see is probability ‘flowing’ between different states. We are interested in the
following question: What does the solution p(t|p,) look like as t — co and what is its
connection to the state transition network?

First, we notice the following facts about the generator I' :

Proposition 1. i) Since the column sum of every column of the generator matrix equals
zero, A = 0 must be an eigenvalue of I'.

ii) From Gershgorin’s circle theorem (see Section 27 and |Ger31|), it follows that every
eigenvalue A # 0 of the generator of the transition matrix has a real part that is
strictly less than zero, Re [o(I"')\{0}] C R<o.

iii) The geometric multiplicity for the eigenvalue A = 0 agrees with the algebraic multi-
plicity, gx—¢ = ax—g, since otherwise one could construct special initial probability
vectors, whose dynamics would not be bounded.

iv) Every stationary solution of the master equation lies in the kernel of the generator
of the transition matrix and vice versa.

v) The column sum of every matrix power of the generator matrix I' equals zero,
whereas the column sum of the solution operator Q(t) equals one.

For a more detailed proof, see lemma 28 in the appendix.
The question is, what we can learn from these facts about the time evolution p(¢|p,) =
et Py, especially for the limit ¢ — co 7 When writing the initial probability vector as a

15



ax . .

linear combination of generalized eigenvectors of I', namely py = > > ,ugj’) (po) hg\l),
A€o (D) i=1

we know that the time evolution of any generalized eigenvector hy.o, to an eigenvalue

A # 0 will tend to zero, while the eigenvectors for the eigenvalue A = 0 are steady states:

m—1 k .
t hy—0.m=1 = V)= HfA=0
tT At t—00 A=0,m=1 A=0 3
e h =e —hy g ——— 2.24
o ;k! Ak {0 if A0, (2.24)

This means that the limiting state p,(py) := tlim e'l' py exists and is a linear combination
—00

of stationary states vy—o € kern (I'):

9Ir=0 ) )
Poo(po) 1= Jim e py = > 1l (py) v, (2.25)
=1

where vg\z)zo are eigenvectors of the generator matrix to the eigenvalue A = 0 and the
coefficients possibly depend on the initial condition.

So far, we have studied only the generator matrix I', which also encodes the corresponding
state transition network, with the states and possible transitions. But what does it mean
in the languages of directed graphs, when probability ‘flows’ in a network. In order to

address this question, we will need to introduce certain terminology.

2.3. Networks in the context of master equations

While equation (2.25) is the algebraic solution of the steady state of the master equation,
it tells us little about relation of the eigenvectors to the states of the system or the
dynamics of a trajectory. The following Section provides an intuitive picture using state
transition networks (directed, weighted graphs), while an interpretation as well as an
analytical expression for both the coefficient ,LLE\ZLO (pg) and the eigenvector vg\l)zo is given
in Section 2.5.

2.3.1. Definition and preparatory considerations

Definition 2. Walks and paths

If state b € £ can be reached from state a € 2, a # b via a finite series of transitions,
there is a walk from a to b, which we indicate by a ~ b, and we say that state b is
reachable from state a.

16



Formally, this means that we call an n + 1-tupel w € Q" a walk in the network S of
|l

length |w| =n € N if it has a positive weight -, defined as v, := [] Vuwj,—sw,,, Which is
k=1

just the product over all the weights along that walk.

A path is a special walk, where all states (and therefore all links) are pairwise different.

(a) (b)
@ ’714)4 )@ @_ ’“/,1%,1
A AN ;K
: e
I
- Y
V12 t V12 N4 Y34

! \\
! \\
1 ~
|
v

© grwe @ ©

Figure 2.2.: Example and counter example of a path in a network: The blue links w; =
(1,2,3,4) in Figure 2.2a form a path with the corresponding weight ~,,, =
Y12 Y2—3 V3—4, Whereas the dashed red lines w, = (1,2,3,1,4) in Figure 2.2b
only form a walk and not a path, since it contains the state number 1 multiple
times.

We denote with
e R(7a):={be Q|b~ a} the set of states from where a path to a exists and with
o R(a™):={be Q|a~ b} the set of states to which a path from a exists.
Definition 3 (Weak, unilateral, and strong connectedness).
We call the network S = (2, €&, 7)
i) weakly connected if the corresponding undirected graph of S is connected;

ii) unilaterally connected if for all a, b € Q, b is reachable from a OR a is reachable
from b;

17



iii) strongly connected if for all a, b € 2, b is reachable from a and a is reachable from
b, a ~ b AND b ~ a.

Figure 2.3 illustrates the difference.

(a) weakly, but not unilaterally con- (b) unilaterally, but not strongly
nected connected

0, >0« O 0, >0 >0

Figure 2.3.: The differences between weak, unilateral and strong connectivity.

Definition 4 (Subnetworks).

We call a network Sp = (2p,Ep) a subnetwork of S = (£, ) if it contains some of its
states and all the original links between those states, that is:

SpCS «— Qp CQand
&p = {(Z7]) SEAE i, ] EQB}'

(2.26)
(©)

(b)

Y12

Y2—1

Figure 2.4.: lllustrating the concept of subnetworks: With Figure 2.4a being the original
network, Figure 2.4b is a subnetwork, according to definition 4, while Fig-
ure 2.4c is not.

Definition 5 (Absorbing subsets).

We call a subnetwork Sp = (B, p) C S absorbing if there are no edges pointing out of
B, that is if y_pe = 0 for all b € B and b¢ € BC.

18



In the context of master equations, this means that probability cannot flow out of B,
which means that the probability mass focused in B can only increase:

2 (Zpb@)) = an =

beB beB
Z PjYj—=b—PbVb—j
JjEQ

:Z Zp/ﬁ')’ﬁ%b"' Z Pa Ya—b

beB \BeB a€EBC

(2.27)
- Z Z Po Vo5 + Z Py Joa | =
beB \BeB aeBC
= Pa Y Yasbt Y, meg% = prb% >0
a€eBC beB beB BEB beB BeB

0
Note that the intersection of absorbing sets is again absorbing. This follows directly from

the definition. Later, we will use the fact that R(~a)” and R(a™) are absorbing subsets.
The two statements are shown as follows:

e If R(7a)® were not absorbing, there would be a state ¢ € R(7a)® and a state
b € R(7a) such that ¢ ~» b. However, this would imply ¢ ~» b ~» a, which is a
contradiction.

o If R(a™) were not absorbing, there would be a state b € R(a™) and a state
¢ € R(a™)% such that b ~ ¢. However, this would imply a ~» b ~ ¢, which is a
contradiction.

So absorbing sets can be seen as ‘attractors’, towards which the probability mass flows to.
But within such an absorbing set, there can be a sub-structure, namely again absorbing
sets which are strictly smaller than the original. When repeating this process, we arrive
(since the state space is finite) at absorbing sets, which are smallest, in the sense of set
inclusion. This leads to the following definition.

Definition 6 (Minimal absorbing sets).

An absorbing subnetwork Sp C § is called minimal if for all absorbing subnetworks
Sc C S with S¢ C Sp, we have Sg = S¢. In particular, there can be more than one
minimal absorbing subnetwork.

19



We call B C Q a minimal absorbing set, whenever (B,£p) C S is a minimal absorbing
subnetwork.

Every minimal absorbing set B is strongly connected. To see this, assume that there
are two states 4, j € B with i™>2j. Then i € (R(74)° N B) and j ¢ (R(74)° N B).
This implies that (R(74)° N B) is an intersection of two minimal absorbing sets, which
is non-empty (i € (R(77)¢ N B)) and strictly less than B (j ¢ (R(7j)° N B)), in
contradiction to the assumption that B is minimal.

For every state w € € the set R(w™) is absorbing, so it must contain a minimal absorbing
set. This means, that for every state w € § there is a path to some minimal absorbing set,
that is there exists a minimal absorbing set B C €2 and a state b € B such that w ~~ b.

Definition 7 (Directed graph associated to a matrix and adjacency matrix).

For any complex matrix A € CN*¥ with N € N> o the associated directed graph Sy of
A, is the graph with N states, such that two states j and i are connected if and only if
Aij > 0O:

Sa=(Q4,E4) Qu={1,...,N}
Ea=1{(,i) e {l,...,N}? : A;; > 0}.

When A has only non-negative entries (A;; > 0 for all 4,5 € {1,..., N}), then the i-j-th
component of the matrix power A" for n € N> is strictly positive if and only if there is
a path of length n from state j to state 1.

An important matrix for a directed graph is the adjacency matrix, whose i-j-th entry
equals one, whenever there is a link from j to ¢ and zero otherwise:

(2.28)

(2.29)

1 ,if Vi—i > 0 and
Aij =
0 , else.

In contrast to I', the adjacency matrix A has zeros on the main diagonal and only tells
qualitatively whether two links j and ¢ are directly connected. It contains no quantitative
information about the strength of the links.
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Y12

Y2—1

Figure 2.5.: lllustrating the difference between the adjacency matrix A = (0 1) and

the generator matrix I' = <_71—>2 V2—1 >

Y1—2 —V2—1

Figure 2.5 shows an example of a strongly connected network. The corresponding

0 1> and the generator is I' = <_’Yl_>2 72=1 ) Unlike
10 Yi—2 721

the adjacency matrix A, all the column sums of the generator I' equal zero.
The associated graph of the adjacency matrix is the graph itself. In this case, the i-j-th
entry of its n-th matrix power is exactly the number of paths of length n from j to 1.

adjacency matrix is A = (

Definition 8 (Direct sum of two networks).

The direct sum of two networks S; = (21,&1) and Sy = (29, &) is given by S; & Sy :=
{1 x Q9,&1 x E}. The adjacency matrix of the combined network is given by the direct
sum of the two adjacency matrices:

A 0
AS1€B82 = Agl (o) A32 = < (‘)Sl AS ) . (2.30)
2

Then every network is the direct sum of its weakly connected components.
Definition 9 (Diagonal dominance of column vectors).
Let A € CNV*N be a complex matrix.
e For j € {1,..., N}, we call the j-th column of A strictly diagonal dominant (SDD)
if |Aj;] > g; | Aij]-
i

e If every column of a matrix is SSD, then by Gershgorin circle theorem [HWO06], this
matrix is non-singular.
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e The definition of a weakly diagonal dominant (WDD) column of a matrix is the
same as the previous one, but with a ‘>’ sign instead of a ‘>’ sign.

e We call the columns of a matrix A weakly chained diagonal dominant (WCDD)
if every column is WDD and for all columns j € {1,..., N}, there exists a SDD
column jssp € {1,...,N} of A, anindexn € {1,...,N}andapathj=j; — - —
Jn = jssp to the state with this SSD column jggp in the directed graph associated

n—1

to A (see definition 7) , that is J] A,  # 0 for some states jp € {1,..., N}
k=0
and k € {1,...,n}.

It can be shown that matrices with WCDD columns (rows) are non-singular (see Section 29
in the Appendix for a proof).

The reason why we introduced definition 9, is that in the following Section 2.3.2 we
prove that a certain matrix (called I'p, ) is invertible. While SDD matrices are always
invertible (this follows directly from Gershgorin’s circle theorem 27), WDD matices need

1 -1

not be invertible, as can be seen from the matrix <_ 1 1) The condition WCDD is
‘in between’ the other two conditions, in the sense that it is both not as restricting an
assumption as SDD, but at the same time powerful enough to guarantee invertibility.

2.3.2. Structure of the generator matrix I"

Below, we will use the matrix I' in a specific form that can be obtained by re-numbering
the states.
Let B={B CQ : B is a minimal absorbing set } be the set of minimal absorbing sets

and define By := Q\ < U B). We number the states as follows: The first |By| states are
BeB
those not contained in minimal absorbing networks. Then we count the states which lie

in minimal absorbing networks block-wise, that is
15|
By:={L,...,|Bol} =\ [ | JBi
i=1

n—1
By =Y Bl +1:1€{l,...,|Bul} (2.31)
k=0
n—1 n—1
=D IBil+ 1) |Bil+ Bl ¢, forne{1,....|B}.
k=0 k=0
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This means that every set B; for ¢ € {0,1,...,|B|} consists of successive natural numbers.
After this re-numbering of the states, we can write I' in the following form

Iz, olBolx[Bil  lBolx|Bs|l
I'p,—B g o!B1lxIBg|
I'= O,_> ' ' ) with the matrices
' By |x|B 2.32
FBo—>B|B\ 0!Bis|1x|B1] FB|B| ( )
I'p, € RIBolx|Bol I'p, € R|Bilx|Bil
and I'p,_,p, € RIBIXIBol for i e {1,... |B|}.

If there is no matrix I', (|Bo| = 0) and there is only one minimal absorbing set (|B| = 1),
then I is called irreducible [HWO06; HJ12], otherwise it is called reducible.
Figure 2.6 gives an illustrating example.

Figure 2.6.: Example of a network / directed graph with the minimal absorbing sets being
B, = {3}, By = {4, 5} and Bs = {6, 7, 8}

The matrices of the absorbing subnetworks and the full matrix I" for this example are

—y ~ —Y6—7 0 Y8—6

FBl - 07 FBQ — < 4o 5*>4>a F33 - Y6—7 —V7—8 0
Ya—5 TV5—4 0 Nrss =86
— —
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and
g, O 0 0
r— |fB— e 001
I'pp»B, 0 I'p, 0
I'pp»ps 0 0 I'p
—Y1=2 — V123 — V14 Y21 0 0 0 0 0 0
Y12 V21— Y26 0 0 0 0 0 0
Y1—3 0 0 0 0 0 0 0
_ V14 0 0 —Vass V54 0 0 0
a 0 0 0 a5 —754 0 0 0
0 Y26 0 0 0 —Y6—7 0 VY8—6
0 0 0 0 0 V67  — VT8 0
0 0 0 0 0 0 V78 —V8—6

Lemma 10 (If the matrix I'g, exists, it is invertible).

In order to show that the matrix I'p, is invertible, it suffices to show that I'g, is WCDD
(compare the definition 9 of WCDD and the proof of lemma 29, that WCDD matrices are
indeed non-singular).

We assume that I' is of the form (2.32) and B = {Bi,..., B/} is the set of minimal
absorbing sets.

1) I'p, is WDD, since

| Bo €2
Z | (FBo)ij | < Z‘Fij | = ‘Fjj | = (FBo)jj -
i=1, S—— =1,
i#j ITi5] i#]

2) Let by € By be an arbitrary state in By. Then there are two cases:
i) If yp,—p > 0 for some b € Q\ By, then the by-th row is SDD, since

| Bol | Bo| 12
Z ’(FBO)i,bO | < Z ‘Fi,bo’ + |Fb,bo| < Z ‘Fiybo‘ = ’Fbo,bo‘ = | (FBO)bo,bO B
i=1, ~—— i=1 ~— i=1,
i#£bg |F27 bo | i#£bg ’yboﬁb i#£bg

ii) If the bp-th column is not SSD (v, = 0 for all b € Q\By), we know from
Section 6 that there exists a path from the state by to some minimal absorbing
set B € B, that is by — ... — b — b for some state b € Q\By and b, € By.

24




But this again means that if the bg-column is not SDD, there is a path from
bo to the SDD column bj (where Yoy, —sp > 0, for some b € O\ By).

Hence, we conclude that I'g, is WCDD and therefore invertible.
Definition 11 (Relaxing networks).

We call a network § = (£, &) relaxing if there exists a unique stationary state p.,

such that for all initial conditions p, the dynamics of the master equation converges to

this stationary state, that is tlim p(t|Py) = Pso- This means that the eigenspace of T’
— 00

corresponding to the eigenvalue A = 0 is one-dimensional, dim (kern (I')) = 1.

2.3.3. A sufficient criterion for a relaxing network

In the following Section, we are looking for a sufficient criterion for a network to be
relaxing. We start with the following observation:

Observation 12.

Let v be an eigenvector of I' to a real eigenvalue A € R, that is I'v = Av. Then we have

12 | 1€
Mol = [le*vll = [leToli =Y | > (e), v | <
i=1 | j=1
(v & 12| 2 (2.33)
< Z (etr)i]’ il = Z v Z (etl“)ij = ||vl|.
i, j=1 | S~ j=1 i=1

- =1
1
The identity > (etr)ij =1 is shown in lemma 28 in the appendix.
i=1

Now, let v € kern (I"), which means A = 0 and we have equality in the above estimation.
But on the other hand, we have equality in (*) if and only if

((etf)i1 on s (@), g u,m) € (Rx0)? U (R<o)? foralli € {1,...,]Q}, (2.34)

)

that is, when all vectors on the left-hand side of Equation (2.34) have either only non-
negative or non-positive entries.
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If we were able to show that v € (R> 0)|Q| U (R< 0)|Q\ for all v € kern (I'), then we could
conclude that the network were relaxing, since any vector space with only non-negative
entries or non-positive entries must be one-dimensional (see lemma 33 in the appendix
for a formal proof).

Clearly, a sufficient criterion is, when the solution operator
entries, (et1);; > 0 for all 4,5 € {1,...,]Q[}.

However, this need not be the case for an arbitrary network, where the solution operator
can have vanishing entries (see Figure 2.7). Having only non-negative entries is not
sufficient, as the remark 32 in the appendix shows.

C Y12 :

Figure 2.7.: Example of a network with generator I" = (_’YHQ 0> with the solution

e'" has only strictly positive

Y12 0O

—tv1-2 0
, , N T A
operator, whose entries are not strictly positive: e!l’ = (1 et 1)

This sufficient criterion is met, when the corresponding network is strongly connected,
where a proof is given in lemma 30 in the appendix.
This leads to the following theorem:

Theorem 13 (Consequences of a strongly connected network).

When the network & = (€, £) is strongly connected, then it is relaxing, and the stationary
state p,, has only strictly positive entries, p., € (R>0)|Q|. In that case, the network is
called ergodic.

Proof. We know from lemma 30 that a strongly connected network implies strictly positive
entries of the solution operator: e/l € (Rsg)Y for all ¢ > 0.

Following the arguments made in observation 12, this means that the network is relaxing
(dim(kern (I' - 0-1)) = 1).

So let p, € kern (I') N (R> 0)|Q| be the unique steady state, with non-negative entries
and ||ps|l1 = 1. Then p, has only strictly positive components since we have equality
in (2.35) if and only if all components of p., are zero:
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.
p<(>jo) Vi—i
) Jj=1,
@) = #mwi > 0. (2.35)
Yi—j
i=1,
J#

2.3.4. The relation between the dimension of the kernel of the generator
matrix and the number of minimal absorbing sets

Theorem 14 ( gr—o = |B| ).

The number of minimal absorbing sets |B| equals the dimension gy—¢ of the kernel of the
generator matrix I'.

Proof. Let B be the set of minimal absorbing sets and let I' be of the form (2.32), that is

', olBolx|Bil  lBolx|Bgl
T's B I'p olB1Ix|Bg|
r=| """ o (2.36)
L'By—Bg 0/PisilxIBn] Iy,

e First, we show that for every minimal absorbing set, we can construct a steady
state of I' and these steady states are linearly independent: Let pg, € kern (I'g,) N
(Rs0)Pil with g1 =1 for all i € {1,...,|B|}. We know from Section 6 that all
B; are strongly connected and from Theorem 13 that all pg, are well defined and
uniquely determined.

Further, define

P (pOGBZ) = Oa"'aoapBivo"'wO (237)
i—1 |B|
> Bl > 1Bl
k=0 k=it+1
and note that the set of vectors {p,(py € Bi) : i € {1,...,|B|}} are linearly

independent (even pairwise orthogonal).
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The vector p.(py € B) is indeed the stationary probability vector the system
approaches, assuming that the initial probability distribution was restricted to the
minimal absorbing set B, that is p(()b) =1

beB
Then we have
pp. € kern (FBi)
Tps (Po€Bi)=|0,...,0,Tp,pp, 0,...,0 | ———==0"% (238)
—_—— —— ——
il 0 5]
k=0 k=it+1

and hence span ({po(py € B;) : 1 € {1,...,|B|}}) C kern (I").

e On the other hand, we show that every arbitrary element v € kern (I") of the kernel
of I, lies in the span of the stationary states constructed above:

We start, by writing v as

v = (vo,v1,...,Vg)) € RIBol » RIBL 5 ... % RIBn| with v; € RIBi, (2.39)

Then we know that

FBO Vo 0|B0|
Olm v € kern (T") v — FBO—>Bl Vo + FBl V1 I'p, is invertible F31 V1
: =v9=0 .
U'Bo— By V0 + L' V)5 Uy v
(2.40)

The last equality holds because I'g, is invertible, hence vy = 0!B0l. Moreover, since
dim kern (I',) =1 for all i € {1,...,|B|}, we conclude that

v; € kern (I'p,) = span (po(py € B;) : i € {1,...,|B|}), (2.41)

that is v; = \; poo(Pg € B;) for some A € R.
It then follows that
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T
v= |0, ,0, A\ PB,> 7>‘|B| pB‘B‘
|Bol
_ IB] T
> |Bx 2 Bkl
|B] k=0 k=it |B]
—— —
= Z)‘i 0,...,0,pp,, 0,...,0 = Z)\,-poo(po € B;), and hence
i=1 =1
pm(l:geBi)

kern (T') C span ({Poo(Po €B;):ie{l,..., |B|}})
(2.42)

O

This means that we can construct a basis of steady states from the set of minimal

absorbing sets, with every basis vector corresponding to exactly one minimal absorbing
set.

For the example given in Figure 2.6, the vectors pp, are given by

1 ’Y5—>4>
P, =1, pPp,=—"" < ;
B B2 s Y54 \ Va5

1 V7—8 V8—6

Pp; = V8—6 V67 | 5
By 8 Y856 + 1856 V657 + V67 V78 o
V67 V78

whereas the the basis vectors p..(py € B;) are
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0 0
0 0
1 0
Do 0 € B) = | U |, (po € Br) = ———— | 77 | and
0 Va5 T V54 | Vd—5
0 0
0 0
0 0
0
0
0
1 0
Poo (Po € Ba) = V78 Y86 T V86 V67 T V67 V78 0
V7—8 V8—6
Y8—6 V67
Y67 V78
Remark 15.

e In theorem 13 we have seen that a strongly connected network is a sufficient, but
not a necessary condition. With the help of theorem 14, we can say that the master
equation is relaxing if and only if the corresponding state transition network has
exactly one minimal absorbing set.

e In Section 2.2, we have seen what the stationary solution would look like, namely

gr=0
. (2.25) i i
Poo(py) = lim ' py === 3~ uio(po) v}, (2.43)
=1

Now we now that the geometric multiplicity gr—qg of the eigenvalue A = 0 is just the
number of minimal absorbing sets |B|, so we can replace the sum by a sum over all

Ir=0

minimal absorbing sets: )  — > . Further, we know that every eigenvector v,_,,
i=1 BeB

corresponds to exactly one minimal absorbing set B, in the sense that its strictly

positive entries are associated to the states in this minimal absorbing set:
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poo(pOGB): 07"'70va7 07"'a0 . (244.)
i1 |B|
> | Bkl > |Bl
k=0 k=i+1

2.4. Connection between continuous- and discrete- time Markov
chains

We started in Section 2.1 with the study of discrete-time Markov chains and found that
the stationary solution, given by its time average, is a linear combination of eigenvectors
to the eigenvalue A = 1, even though it need not be attracting.

In Section 2.2 we considered continuous-time Markov chain and found with Equation (2.25)
a similar formula, whose connection with the structure of the state transition network
was shown in Section 2.3. In this Section we want to explore both the difference of, and
the connection between continuous- and discrete-time Markov chains.

2.4.1. From continuous- to discrete-time Markov chains

Lemma 16 (The waiting time distribution ).

The waiting time of a state j € €2 is the time, the system remains at that state until the next

jump. It is a random variable, which is exponentially distributed (see Section A.9 in the

appendix for a proof) with parameter v;_, := —I'; ; = > vj, that is 7,5, ~ Exp (y5-).
keQ

When we assume that we already know that the waiting time for a specific transition
J — k is exponentially distributed with parameter ;1 (*), the proof is much simpler:

N {rjsr>t}
kEQ

(2.45)

the random variables {7;_1 : k€Q}

[P >t) =

are mutually independent
keQ

eft"/j—ﬂc

(%) —t > Yok

e keQ — e 1V~
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Lemma 17 ( Transition probability ).

Let the system be in state j € € with ~;_, # 0. Then the probability for the next state
to be i € Q\{j} is given by %
1

Proof.

P( Xt = 1] Xt, =) =/ Vjsie =i P ﬂ {rjimk >t} | dt=
R>0 keO\{i}

H ’P({Tj%k >t})

keQ\{i}

e*t'Yj—ﬂc
| (2.46)
e [ e T Ploas 0| di
R>o keQ\{i}

e i

N / Vj—i e~tho dt= 171 T4
Rs0 Y- Ly

O]

This means that for every continuous-time Markov chain there is an embedded discrete-
time Markov chain, whose transition matrix Qr is given by

(5@‘, if ;=20
Ty : =
5ij + 7(_F;j)’ if Fjj 7& 0
= 0;; — I';; (T'j;)° or in matrix notation
Qr=1-T [diag (T)]°,

where the symbol o denoted the Moore-Penrose pseudoinverse. For a diagonal matrix D,
it is defined as follows:

@Qr)ij =P (Xt =i | Xy, =3) = {
(2.47)

(D%);; = 6ij (Dy)° with

(Di)° = 0, if D;j; = 0 (2.48)
* %, else

We note that the columns of the transition matrix of the associated discrete-time Markov
chain are given by
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ej ) lf ’.Yj—>=0
) —(a-rja r) =/ 2.49
<(QF)”>2'€Q (( [diag (17)] )” i€Q (h> ; else. 24)
Vi /ieQ
An example is given in Figure 2.8
2 0 0 10 0
D=0 £1 0] =D°={({0 £1 0
0 0 0 0 0 O

Figure 2.8.: Example of a matrix and the associated Moore-Penrose pseudoinverse.

The matrix Qr is column-stochastic, which means we can interpret it as the associated
transition matrix of the embedded discrete-time Markov chain, which we call embedded
discrete-time Markov chain associated to the continuous-time Markov chain with the
generator I' (see Figure 2.9 for an illustration).

This is known as the property of competing exponentials [Bré20].
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(b) Embedded network

a) network . -
e 585 = (0,£,7852)
> Y12
Y1—2 Y1io2+71-3

Figure 2.9.: lllustrating the difference between a continuous-time Markov chain with the

generator
—V152 — 713 V2ol 0
I = Y152 —Y251  7Y3—2 | with stationary solution
Y13 0 —Y3-2
Y32 V21
Dy = z% (7152 +71-3) 73—2 | and the transition matrix of the associated
Y2—17Y1-3
0 1 0
discrete-time Markov chain: Qr = [ 5, =272— 0 1| with stationary solu-
’71—3;1:731—% 0 0
1
tionq, = Ziq 1 , Where Z, and Z, are normalization factors.

We further note, that for the minimal absorbing set B € B the sequence < > (Qr)y j>
beB 7 neN

is convergent, since it is both bounded and monotonously increasing;:

Y@, = Y@y Y @y

beB — keB beB
kgﬂ(QF)b,k (QF) 1 (2.50)
B is absorbing Z (Qn
- F)k,j :
keB
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This fact will be relevant in Equation (2.80) in Section 2.5.2, where we look for an
analytical expression for the probability of a single trajectory to be captured by a minimal
absorbing set.

2.4.2. From discrete- to continuous-time Markov chains

Given a discrete-time Markov chain § = (Q,&,¢) with the corresponding transition
matrix @, we can define a continuous-time Markov chain S = (€, £°™, v5°™) with
the generator

Tg:=Q 1. (2.51)

Note, that in contrast to discrete-time Markov chain, state transition networks of
continuous-time Markov chains must not have self-loops.
Figure 2.10 demonstrates this procedure:

(a) (b)
q1—-2 q1—2
q2—1 q2—1

Figure 2.10.: lllustration of a discrete-time Markov chain, given by the transition matrix
Q= (1 — Q152 G2

> and the associated continuous-time Markov
q1-2 1—qo1

chain given by its generator I'y = (_‘h—’? 21 )

q1—2 —42-1

Equation (2.51) also implies that every generalized eigenvector hy (@) of the eigenvalue
A € o(Q) of the transition matrix @ is at the same time a generalized eigenvector
hy_15(g) to the eigenvalue A — 1 € o(I'g) of the generator I':

hy.s(Q) € kern (Q — AL1)*\kern (Q — A1)*~ ! = (252)
hy_15(Tg) € kern (Tg — (A — 1)1)*\kern (Tg — (A — 1)1)5 1. '

When interested in the long-term behavior g, of a discrete-time Markov chain with
initial distribution g, and transition matrix (), one can instead compute the long-term
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behavior of the corresponding continuous-time Markov chain with the generator matrix
FQ =Q - 1\Q| qoo(q(b Q) = poo(q07 Q— 1\Q|)

2.4.3. ‘Switching’ between continuous - and discrete-time Markov chains

We have seen how to switch from continuous-time Markov chains to discrete-time Markov
chains (I' = @) and vice versa (@ — I'). We now look at what happens if one keeps
repeating this process:

Starting with the generator of a continuous-time Markov chain I', then I'g. # T is
possible, but Qr = QFQF:

Def

Qr 1-T [diag (T)]°
Tor =L Qr— 1 =T [diag (I))°

Def :
Qrg, ==1- Tor = |diag Tor -
—— N——
—T [diag (I')]° —I [diag (I)]°
=1-T [diag (I')]° |diag (T [diag (I')]°)| = (2.53)
diag (I [diag (I)]° |
(2.54a) . o : : o1°
1T [diag (D))" [diag (T) [diag (I)]°]" =
diag (T") [‘(;iag (my°
25 4 _p [diag (T)]° diag (T') [diag (I)]° =
[diag (I))°
(2.54c)

1T [diag (D)]° = Qr,

where we used the fact that for a diagonal matrix D we have:

diag (A D) = diag (A) diag (D) and (2.54a)
(DD°)° =(DD°) (2.54b)
D°DD° = D°. (2.54¢)

Equation (2.53) immediately gives us Qrq. = Qr,- When depicting a transition from a
Q

continuous-time Markov chain to a discrete-time Markov chain via a dashed arrow, we
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have the following diagram:

- -
—————

------

(b)
==
<—m Va1 > <0 1) R (—1 1 >
Y2 —Yes1) =-» \1 0 L~
~— —— —_————
N Qr ‘._-—' FQF
s== _
<1 — Q152 Q21 > (—Q1H2 G2—1 ) <0 1) .* ( I 1 >
G2 l—@s1) - \ @122 —@s1) --» \1 0 I -1
Q I:g QFQ ‘. —=" FQFQ

Figure 2.11.: lllustration of the transitions from a (continuous/discrete)-time Markov chain
towards a (discrete/continuous)-time Markov chain and vice versa. While
Figure 2.11a shows the general transformation of transition matrices, Fig-
ure 2.11b shows that it is indeed possible to have I'g. # I, Qr, # @ and

Tor, # -

2.4.4. The connection between stationary solutions of continuous- and
embedded discrete-time Markov chains

Now that we have seen how continuous- and discrete-time Markov chains are connected,
we have a look at the relation between their stationary solutions.

Let I' := I'g be the generator of a minimal absorbing set B C ) of a continuous-time
Markov chain, p. its stationary solution (I'p,, = 0) and Qr = 1 — [diag (I")]°T the
transition matrix of the embedded discrete-time Markov chain, corresponding to the
generator I'. Then
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{1 Jif |Bl =1 (2.55)
Tding Opoln i 1Bl=2

is the stationary solution of the embedded discrete-time Markov chain Qr (note that
(—(diag (F)poo)i)iEQ = (-Ty Y )z‘eQ =0 < Iy =0 for all ¢ € €, so this is well

o0

20 >0
defined):

Qr . = (1 - T [diag (I')]°) [diag (T')] Ps, = oo + I [diag (I')]° diag (T') po,

q I'p, =0 (256)

= 4o

where we used the fact that

(I' [diag (I')]° diag (') pso); = ZFU‘ (T'j5)° (L) p(4) =
JEQ 1-or,,

=D Tiipeci) | + D Tijpoolh) (2.57)

JEQ jen
— r;;=0
Fjj:() =
FijZOViE Q

When on the other hand, the stationary solution of the embedded, discrete-time Markov
chain Qr is given by g, (that is Qr g, = g,), then

{1 Jif |B| =1 .
poo = —[diag (F)]o qo ) .
Mg MF el 1118122

is the stationary solution of the original Markov chain (by a similar argument as made
above, this is well defined):

0
Def p, . o
Ip, —==Tldiag (N)]°qos + (Qr) Coo — oo = (2.59)
1-T [diag (T')]° .
—0.
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2.4.5. Jump unravelling of the master equations

In analogy to the so called quantum jump unravelling of quantum master equation (which
we will consider in Section 3.3), we define a jump unravelling of the classical master
equation. It is a way to ‘extract’ a single trajectory w € U out of the set of all possible
trajectories U.

1) Choose a starting state: X (¢t =0,w) = j € 2 and a final stopping time Tf := Thnal

2) Choose the waiting time according to

Pllgt — tn > t| X (tn) = j) =221l o—t9j- — oty (2.60)

3a) If 7, = 0 the waiting time is infinite, that is P(¢,41 = 0o0) = 1 and hence the
system will remain in that state forever: X (t,w) = j for all ¢ > t,.

3b) If vj_, > 0 the waiting time is finite, and the probability distribution for the next
state is given by:

. . lemma 17  7Vj—i Vi—i Vj—i
P(X(tpr1) =1 | X(t, =7)) —— = = .
(X (tn41) =i | X (tn = j)) e =Ty S vy (2.61)
ke

We now repeat the steps 2) and 3), until the final time is reached, t,11 > T}.

Now that we have computed a single trajectory, the question remains, ‘how likely’ such a
trajectory is, that is, what is the probability density P(w) ? Clearly, when conducting
a numerical simulation, one could compute p® (t|py = e;) by computing multiple
trajectories and taking the average:

N N
i . 1 N>1 1
p(t|py=e;) = ]\}lgloo N 2—21 LX(twn)=il Xo=j) = 2—21 LiX (twon)=i | Xo=j}-  (2:62)

An alternative way is shown in [BP02]: We have p()(¢t|py = e;) = 3 p¥(n,t|p, = €;),
neN

where (p(i) (n,t|py = ej))n cn are the probabilities of reaching state i €  from state
7 € Q after a time ¢ > 0 and exactly n € N jumps and can be computed iteratively:
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p(l) (Tl - 07t‘p0 = e]) = [P(tl —to > t)] . 52,] = (51,] eft’}'jﬁ
—_—

e i~
. t (2.63)
P (n+1,t|py = e;) = / dr Z e "oy i pD(n, 7| py = €)).
0
i
2.4.6. Two different views: Ensemble versus single trajectory
Let us take another look at the master equation. We have:
pltlpy) =" =Y pf e
—~ jeQ S~——
> e, p(t|po=e;)
e (2.64)

=30 pltipe=e) = en®(tIpy=e;)p,
Q . Q
I€ S eip)(t|py=e;) 7S
1€Q

so it suffices to compute
Pt py = ;) :/u AP(wW) P (X (t,w) = | X (t = 0,w) = j).

There are two ways to interpret p(®) (t|py = e;): We can either see it as the fraction
of a ‘probability mass’ which has started at state j and is now (after some time ¢ > 0)
accumulated at state i, or as the probability for a single realization to be at time ¢ in
state ¢, provided that it started at state j.

The connection between these two interpretations, is to interpret the ‘probability mass’
as an (uncountable) ensemble of trajectories (compare Figure 2.12 for an illustration).
Note that a single trajectory need not converge, neither for continuous-, nor for discrete-
time Markov chains. In fact, it converges if and only if the minimal absorbing set the
trajectory is eventually captured in, consists of exactly one state.
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(b) £ >0 (c) t=rc0

3/4
\
L4
(f)
AN AN
@ e [r— @ — — fr—
£ol — A £@| = — —
Sol= i il Sol— i il
_ ) —
toty to taty ts  tg ’ to tity t3  ty ts tg ty |
time %Hne

Figure 2.12.: lllustration of the two different interpretations of the time evolution of the
master equation: The Figures 2.12a to 2.12c show the ‘ensemble interpreta-
tion’, by illustrating the flow of the ‘probability mass’ in the state transition
network. The behavior is similar to that of a fluid, where the states can be
interpreted as ‘containers’, the links as ‘pipelines’ and the link strength as
the capacity of the pipeline or the pumping rate.

On the other hand, the figures 2.12d to 2.12f shows possible trajecto-
ries of a single ‘particle’, hopping between different states. Averaging
over all possible trajectories gives the solution of the master equation:

POt Ipy = e€;) = fi; Lix(rw)=i| Xo—j} dP(w).
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2.4.7. The time average of a single trajectory

In Chapter 3 we need to compute the time average of a single quantum trajectory. In
favor of a better comparison with the quantum case, we will compute the time average of
a single trajectory of a continuous-time Markov chain.

We define:

1 /T
the time average as ();>0 := lim / dt e and the
- T—oo T 0

ensemble average as (®),¢cy := / dP(w)e (2.65)

u
P (W Po = €;) = (L{x (1), X (1=0,w)=j} )0
We know that a single trajectory is eventually being ‘captured’ by some minimal absorbing
set B € B (see Section A.8 in the appendix). Depending on whether the number of jumps
in a trajectory is finite or infinite, its time average differs. In order to compute it, we
have to distinguish these two cases:

i) finitely many jumps
In this case, the trajectory will eventually be in some minimal absorbing set B = {i},
which includes exactly one state:

X (tw)=iVt>tg

, .1 [t
Qlwlpo = e)) lim - /O Lixtw)=ixo=5) A1

T—o0
0
1 [T (2.66)
+ lim /to Lix (tw)=iXo=j} At =1.
11
T

ii) infinitely many jumps

For a fixed trajectory w € U/ with infinitely many jumps and a fixed state s € )
appearing in the trajectory we denote by (k) the position in the trajectory, where
the corresponding state s appears for the k-th time, by J(¢) the number of jumps
before time T' > 0 and by J4(7T') the number of times the trajectory has visited
state s € €, so
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as(k) == as(k,w)

= Ar?ér&ﬂ{X(tmw) : X(tp,w) =sand n < M} | =k} 2.67)
J(T):=Jw,T)={neN :t, <T}

Jo(T) = Js(w, T)={n € {1,..., J(T)} : X(tn) = s}
Note that we define a4(k) only for those states that actually appear in the trajectory.

In particular we have X (tas(k),w) = s for all k£ € N and for all states s appearing
in the trajectory. Moreover, we can rearrange the following sum:

1 J(T)-1
r--L s,
= (2.68)
a1 M .
b . .
— T(ap(k)) for all trajectories w € U,
22 m) w2 Tel) )

where 7, := 7(w,n) ;= t(w,n + 1) — t(w,n) = t,41 — t, is the waiting time defined
in lemma 16. This rearrangement will be used in Equation (2.72) to compute the
time average of a single trajectory for a classical, continuous-time Markov chain.

For all states the waiting times are independent, identically distributed, so by the
law of large numbers we have:

K—
37 r(a(k), S22 7, (2.69)
k=0

[y

==

where 73, is the average waiting time for the state b € (.

Now we are in a position to compute the time-averaged probability, which is the
time-averaged fraction of time the trajectory spends in a specific state. Let 7,5 € €
be two states. Since every trajectory is eventually ‘captured’ by some minimal
absorbing set (compare Section A.8 in the appendix), we have for a transient state
1 € By

[ if i€eB
P (w Py = €5) = (L{x (t)=i, Xomj} 120 === 0, (2.70)
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so the time average vanishes, whenever the final state is not contained in some
minimal absorbing set.

On the other hand, when a trajectory is already contained in some minimal absorbing

set B € B, then for every state s € B the fraction % converges to the stationary

probability qéi) (py € B) associated to this minimal absorbing set:

J(T)-1
Js(T) 1 o, (0
~J(T) . B). 2.71
J(T) J(T) kZ:O 5X(tn),s — 4 (po c ) ( )

Then we can compute the time average of a stochastic trajectory w starting at the
state 7 €  and assume that this trajectory will eventually be captured by the
minimal absorbing set B € B. This time average can be interpreted as the fraction
of time this trajectory spends in the state i € Q:
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pg@ (w ’po =ej,we B eventuauy ) = <1{X(t7w):i,X0:j,wEB eventually }>t20

T—o00

1T
= lim T / dt 1{X(t,w)=i,X0=j} . 1{w€B eventually }
0

/

J(m-1
) St At x (1 w)=i, x0=3}

- TIEI;O T Z Z / dt 1{X(t,w)=i,Xo=j} ’ l{wEB eventually }

= lim
T—o0

= lim k=0 L{weB eventually }

T—o0 % 1{weB/LéB B’ eventually }
) ey 4 A
. {weB eventually } J(T) J,(T) kgo T(ai(k))
= fm o)1

Z 1{w6B’ eventually } Z ?(g)) Jb%T) Z T(ab(k))
B'eB beB k=0

qf,? (PoEB)

Ji(T)—1
. Ji(T) - 1 A
<71£I;O J(T) . l{wEB eventually }> (%grolo JZ(T) Z T(Oéz(k)))

|Q]<o0

J (T))

lim 1 / v
B%B b’eZB’ <T—>oo {we€B’ eventually } J(T)

G
(Thﬂo Ty (T) T(O""(k)))

!
qu )(POEB/)

P (p, € B) 7

14 .
> ¥ (p, € B) 7y
B'eB b eB’

_ qé?(po €EB)T (i)

N ~ Peo

(pO S B)7
(2.72)
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where N := Y Y qgé)(po € B') 7y is a normalization constant.
B'eB b'eB’

We note that this expression (in agreement with Equation (2.58)), is independent
of the initial state py = e; and does not depend on all the states of the trajectory
w € U, but only on the minimal absorbing set B € B it is eventually captured in.

For the general case we have:

P[Py =€) = (L{x(t )i, Xomj,we U B eventually }}¢=0
BeB

= E 1{w€B eventually , Xo=j} * <1{X(t,w):i, Xo=j,wEB eventually }>t20

BeB ,
Lu(jB) (@) P (po€B)
2 s s Owe )
B'eB beB’

(2.73)

where U (j ~» B) is the set of all trajectories that started at state j and are
eventually in the minimal absorbing set B € B, with U (j ~) := |J U (j ~ B)

BeB
and P (U (j ~)) = 1.
When interpreting pff.) (w) as the average fraction of time the trajectory w spends
in state i € 2, then we can conclude from Equation (2.72) that the average time
spent in a state is proportional to the fraction of visits qé@ (w) to that state times
the average waiting time 7; in that state. These considerations will be important in
Section 3.4.

This can be used to show that the time average and the ensemble average commute
for any trajectory, starting at some state j € Q:
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((LX (1) =i, Xo=j} ) t20)wett = /u( | pD(w]py =€) dP(w)
s N—_— ————

P (wpo=e;)

Y (poeB) 75
= Ty (@) PG
Hes U(j~B) N

(i =
— Z QOo(pOAf B) z/ dP(w):

BeB UiG~B)
P(U(j~B))
(1) —
=Y P~ B)) P =T (pONG BT _ (2.74)
BEE T pn)
lemma 31 ;. tT
i (o),

= tlLrEOP(X(t) =i|Xo=j)=
= (P(X(t) =i|Xo=J))iz0 =

(L{x (t,0)=i, Xg=j}weu

= (L x(tw)=i, Xo=j} ) weld ) £>0-

2.5. Analytical expression for the stationary solution of the
master equation

2.5.1. The steady state of a minimal absorbing set

In the following, we derive an analytical expression for the stationary state of the
master equation in the case that the state transition network is strongly connected. In
this case, the kernel of the generator is one-dimensional (see: Section 13) and p., €
kern (I') N (R> 0)‘QI has strictly positive entries and is uniquely determined by ||ps |1 = 1.
This fact is known as the ‘Markov chain tree theorem’. Various proofs can be found in
[MG13; CK78; Wil22; Hil66; LR86|. The original statement was first formulated in 1948
by Tutte [Tut48].

We denote with [A];; the first minor of the matrix A, that is the determinant of the
matrix that results from a matrix A € CV*¥ by deleting row number 4 and column
number j (For a general definition of minors, see definition 41). With this notation, the
adjugate of the matrix A is defined as
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D" AL o (CD)YT Al
dj(A) == (=1 [A]; = : :
adj(4) <( Al )i,je{l,...,N} N NN ’
D) Ay o (DT Al
(2.75)
with the property Aadj(A) = det (A) 1y = adj(A) A.
Since the generator I is singular, we have
0912 = det () 19 =Tadj(I) =T | adj (I)ey,...,adj (I)epgq | - (2.76)
N—— N

0 €kern (T) € kern (T)

This means that all columns of the adjugate must lie in the kernel of I' (adj (I') e; €
kern (T') for all i € Q) and are therefore proportional to the unique stationary solution
adj (I') e; < po,. Hence we have for all i € Q:
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(2.76) . :
DNe;, = D)k -
Ps o adj(l)e ( M )ke{l,...,\m}
(=1)*+ M)k,
(2.75) ki
=) (1 NP -
(—1) ( u,k_, )ke{l,.~-7\Q|}
(—1)k+% Mg, &
>
TeT(—1,S)
[T]1,1
temma 43 : (A.26)
EN[TSINISY
S w
TeT(—|QS) (2.77)
> T
TeT(—1,S5)
f— _L
Poo = 5
yr
TeT(—|QLS)

with the normalization factor

Zq = Z Z ~r and

JEQX TET(=4,S)
T(— j,8) := {in-trees in the network S rooted at the state j € Q},

compare definition 36.

We used the definition of the adjugate, that is expressing its entries via first minors
(adj (T');; = (=1)"™7 [I'];,;) and the fact that for the generator matrix I, every first minor
[[;,i is related to the first principal minors, via [['];; = (—1)"™/[I']; ;. The first principal
minors of I' can be computed via the sums of the weights of all possible in-trees, as shown
in theorem 42.

We now want to talk briefly about the computational complexity needed to compute
all stationary solutions p. (py € B). It is possible to search numerically for strongly
connected components in linear time [GM78|. When merging these strongly connected
components into a single state via graph condensation [GM78| and following a single
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path to its end, one arrives at a minimal absorbing set. This requires O (|| + |£]) time.

Computing the stationary solution pg for a minimal absorbing set B € B can be done

in (’)(\EB\ . NB), where Npg is the total number of in-trees of the subnetwork Sp :=

{B,{(i,j) € € : i,j € B}}. This results in a total time of O(|Q| + |€| + X [€5] - Np).
BeB

(b) In-tree rooted in (1) (c) In-tree rooted in (3)
Y12 Y12

(d) st in-tree rooted in (2) (e) 2nd in-tree rooted in (2)

Figure 2.13.: Example of a strongly connected network (Figure 2.13a) together with the
corresponding in-trees rooted in state number 1 (Figure 2.13b) and 3 (Fig-
ure 2.13c), and the two in-trees rooted in state number 2 (Figure 2.13d and
2.13e). The kernel of T" is the span of a vector whose i-th component is the
sum over all in-trees rooted in state number i of the product of the rates of
all edges that constitute that particular in-tree. In this example we have:

V32 Y21
kern (T') = span Y12 - V352 + V13 - V3552
V2—1 V13
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2.5.2. Explicit expression for the probabilities 1.5(p,)

We note that the coefficients pp in front of the vectors p.(py € B) are non-negative and
sum up to one:

pia(po) = na(Po) - X (PocPo € B)Y = > 15(my) - (Poo(py € B))) 20

= L P (Poo (D))
1
(4)
i 2.78
1=> Poo(Po) = usy) - Y (Polpo € B)Y) = (2.78)
JEQ BeB jEQ
> 1B(Po) - Poo(PoEB)
BeB v
= > un(Po).
BeB

This means, we can interpret (up(pg))pgcp as a probability distribution, with pup(pg)
being the fraction of probability ‘mass’ contained in the minimal absorbing set B € B, or
alternatively, as probability, that a single trajectory is eventually being captured by the
minimal absorbing set B € B, so

uB(py) = P(B|py) =: P(py ~ B eventually ). (2.79)

This means that these coefficients (1p) g, appearing in a basis decomposition of the
initial state (compare Equation (2.25)), have an interpretation as a probability. In order
to find an analytical expression, we consider:

pup(e;j) =P(B|py=ej) =P(j ~ B eventually ) =
= lim ) (e'"), . = lim P(X,, € B[ Xo =) =

t—o00

beB
L/—’ > (QF)IbC,j
P(Xt€B| Xo=j) beB (2.80)

= klgl(;lo Z (QF)]ZJ = Z qu,

beB ‘
we U w(sdis,j — B)
neN

where the sum goes over all walks in the network Sgéfg associated to the embedded,
discrete-time Markov chain (defined in Section 2.4.1) from the state j to any state b € B.
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Note, that we have seen, that the expression klim > (Qp)f ; indeed converges, since it
=X beB ’
is monotonously increasing and bounded (compare Equation (2.50)).

When w = (j = ag,..., ar, ) is a walk of Length L € N from state j to the minimal
~—
€B
absorbing set B, with (ag,...,ar) € QF, then the corresponding weight of this walk is
given by

L-1

qu = da;—ajiq -

]HO%,EL (2.81)
a]—>a]+1

’Yaj%

When we have j € B, then pupg(j) = 1.

Figure 2.14 illustrates what the expression pp(j) means in terms of weight of walks in
the embedded network Sepp. Whereas the maximum length of the walks to the minimal
absorbing sets is bounded in the two figures 2.14a and 2.14b, there are walks of arbitrary
length possible in Figure 2.14¢. For example, the probability for a trajectory starting in
state 1 to eventually reach the minimal absorbing set {3} is given by :

Pl g3 = 2y (e ne Y’

Y1—2 + Y1—3 =0 \ 12 +71-3  Ye—1 T+ Y2—4
152 ! Y21 (2'82)

IS Ss Tt
Y12 V2—1 T V153 V24

1527251 T V13 V24 + V12 Y24

With the initial state being given by py = > p(()j ) e, we have:
JEQ
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(b) P(1{3}) = — =2 4 M2 . s

Y12+ V13 Y12 + V153 Y23 + V24"

— Y1 Y2—
_— P(l ~ {4}) T o1 +3/1—>3 ’ ’Y2—>32+:4Y2—>4'
@) P(1~{2}) = o122 —, s
PR~ 8D =
PU - (3) = e
Y12+ V153
P~ 4 = s
M
Y1—2+71-53

Y21
Y2—1+724

(C) ’P(l ~ {3}) — Y153 Y251 + V153 Y24

Y153 7Y21 + V153 V254 + Y152 V24"

7)(1 ~> {4}) — V12724

Y13 7Y2—1 V153 V24 F Y152 V24’

'P(2 ~ {4}) — Y132 ¥254 + V153 Y254

Y13 Y251+ Y153 V24 Y152 V24’

’])(2 s {3}) — Y13 Y21

Y153 7Y2—1 + V153 V254 V152 V24

Figure 2.14.: lllustrating the analytical expression of the coefficient _
1s(j) = P(j ~ B) for three examples of embedded networks Sdisc

emb-
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> 15(Po) Poo(Po € B) = poc(po) = lim (") py
BeB

Po= 2. p(()J) €j

% Zpé]) t:l_i{& etFej _
JeR N———r
> 1B(ej) P (PoEB)
BeB
= > (X ssle)py” | polpy € B) and (2.83)
BeB \jeQ
MB(po)
— us(p0) = 35 ple;)
JjEQ

N S S

ey w(sdise, j— B)

emb’
neN

2.6. Time reversible Markov chains, detailed balance and
Kolmogorov'’s criterion

In the following Section we will explore conditions under which a Markov chain is time
reversible. This will lead us to the concept of detailed balance and Kolmogorov’s criterion.

Definition 18 (Stationary and time reversible Markov chains).

A probability vector (both for discrete times, as well as for continuous times) on a discrete
state space (2 is called

- stationary with respect to p, := (P(Xy, =1i)),cq € (Rzo)m‘ if

P(th =ij:j€ {1,...,n}> = P(Xt+tj =ij:j€ {1,...,n}> and (2.84)

- time reversible with respect to p, := (P(Xt, = 1)), € (R> o) if
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P(Xe, =ij 1 j € {1n}) =P(Xieg, =1 : G € {L,..,m}), (2.85)
for all times t; < ... < t,, t € R and all states iy,...,1, € Q with n € N.

A reversible Markov chain is always in a stationary state:

P(th = :je{1,...,n}) %P(Xt_tj =i :je{l,...,n})
=0 ”P(X,tj =i :je{l,...,n}) %P<Xt_(_tj):ij :jE{l,...,n})

:73<Xt+tj =1ij:J€ {17-"’”}>'

(2.86)
What reversibility in a Markov chain means, is that a movie of its time evolution (once a
stationary state is reached) looks equivalently, when it is played backwards.
We note that this does not mean we can invert the process in some way, say:

= p(t d
y 41 p(t|py) an (2.87)
Do = p(t ’P1)~

We also note that the ‘time-inversion operator’ e *I" does not necessarily map probability
vectors to probability vectors. We only have

el {etlp, : t >t} — {e T py -t >t} (2.88)
Definition 19 (Detailed balance).

We recall the definition of the stationary solution of a Markov chain. A Markov chain is
defined as

p(t) = I'p(t), for the continuous-time case and (2.89)
Aq, =q,;1 — q, = (Q — 1) q,, for the discrete-time case. ‘

A probability vector is called stationary if the right hand side of Equation (2.89) vanishes:

I'p, =0 <= forallieQ:0= Z(pij) VYi—si —pf) ’)/Z-_>j>

e | (2.90)

(Q—-1)q, =0 < foralliecN:0= Z(qy) Qj—i — qil) qi_>j).
JEQ
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When in Equation (2.90) every summand vanishes (as apposed to the whole sum), we say
that the stationary solution exhibits detailed balance.

Note that a statement about detailed balance is only non-trivial if both states ¢ and j lie
in the same minimal absorbing set.

Theorem 20. A Markov chain is time reversible with respect to p, if and only if, p,
satisfies the detailed balance condition.

Proof of the discrete-time version :

‘=’ Suppose, the Markov chain is reversible. With pfj) :=P(X,, = i) we have:

P iy =P (X1 = j| X =) - P(Xy = i) = P(Xpj1 = j, Xy =)

P(Xn+1=7, Xn=1)

versibl : ; ' ' '

LEEDE P( X1 = i, Xy = j) = P(Xp = j) - P(Xni1 = i| Xy = j)
o o

:p>(kj) © Qi

(2.91)
This means that the Markov chain exhibits detailed balance.

‘ <= " When the condition for detailed balance is fulfilled for every two states we can
define the ‘starting probability’ as P(X1 = 41) := Sfl) and compute the transition

probability according to:

n—1
PXy =ity Xn =in) = [[ P(Xp1 = ipg1 | Xip = i) - P(Xy =i1)
k=1 Qi —ig 41 p£i1)
n—1 n—1
_ (i) detailed balance (in)
=V [[timicn ———= p" [ diioi
Pl successively \,-/ Pt} N——
P(X1=in) P(Xpr1=tx | Xp=tr11)

= P(Xl - in,...,Xn - 21)
(2.92)

This means that the Markov chain is reversible.
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O
Proof of the continuous-time version :
‘=" Suppose, the Markov chain is reversible. With pgkj )= P(X; = j) we have:
; ) . P Xppe=i| Xy =3
p5<]) . ’7]*)1 —_ P(Xt :J) X llm ( t+ ‘ t ])
e—0T €
Xie=1, X4 =7
— lim P( t+ 1, At J)
e—0t €
reversible . P(XtJre = ’i, Xt = ])
—— lim ; (2.93)
Xive=7|Xs =1
_ P(Xt — ’L) X llm 7)( t+e ]| t 7’)
W 6*}0+ €
(i) h
P+ Yi—j
= pil) * Yi—sg-

This means that the Markov chain exhibits detailed balance.

‘—=" When the condition for detailed balance is fulfilled for every two states we can

define the ‘starting probability’ as P(X; = i1) := pgl) and compute the probability

density function

p(-, T) : (Q X Rzo)n — Rzg

for the transition probability for a fixed time 7" > 0 according to:
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'Yz’k—>

n—1 n
detailed balance (in) T Tk Yk—
p*” (H 7ik+1—)ik> e k=1
k=1

n—1
= pgf’”) ( | | i N e Tkl Vigp1— 71k+1_>1k) e T Vi —
k+1

n—1
e Tn i H oy Vig—i o
P (Zl S ees in, T) — p>(|<“) < 'Yik—>e Tk Vig— k k+1> e Tn Yip —
k=1

k=1 ’Yik_;,_l—}
Tn 71
=plin—--—0,T]).

By integrating over all possible waiting times, we get for a given path

T T T n
[ s

k=1
T T
exchangin Tn 71
BUOL d7y--- dmlx plin— - —id, T
integrals 0 0 {kz Tk:T}
=1

:P(in—>~~—>i1, T),

(2.94)
where the notation (i; — --- — 4,) means that the system moves sequentially
through the states i1 to i,, while the notation zTi —> = Z:) additionally requires
the system to stay in the state iy, € €2 for the time 7, > 0.

From Equation (2.94) we can deduce that the probability for one sequence of
transitions is the same as the reverse sequence, hence the Markov chain is reversible.

O]

Theorem 21 (Kolmogorov’s criterion). A Markov chain exhibits detailed balance with
respect to p, if and only if there are no net ‘circular flows’ within a minimal absorbing
set, that is for any finite number of states i1,...,7, € B € B, we have
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n—1 n—1

H Qipy—ipsr * Qin—in = H iy, 1 iy * Qiy—in fOT the discrete-times and

k=1 k=1

n—1 n—1 UKC)

H Vi—ins1 * Vin—vip = H Vi1 =i Vir—in for the continuous-times,
k=1 k=1

where B € B is a minimal absorbing set and n € N a natural number.

proof of the discrete-time version.

4 : )

Suppose the condition for detailed balance holds. Let 41,...,4, € B be states in a
minimal absorbing set, such that there is a closed path iy — ..., — ¢,. Then we
have:

p>(k“) Gi1—is = p>(kZ2) Gios—iy
: : (2.95)
pim) Qip—iy = pi Qiy—in
After multiplying these equations and keeping in mind that (since all states are in

some minimal absorbing set) all stationary probabilities are strictly positive, we
conclude that Kolmogorov’s criterion is fulfilled:

n—1 n—1
H qik—>ik+1 Qin—i1 — H qikJrl—)ik Qi1 —iy, -
k=1 k=1

Suppose, that Kolmogorov’s criterion holds true. To check for detailed balance, we
choose a minimal absorbing set B € B with |B| > 3 (otherwise, detailed balance is
always fulfilled) and three, pairwise different states within it: i, j, z € B.

Since B is strongly connected, every two states are mutually reachable and we
denote with g(i ~ j) the weight of the path from state i to state j.

We define:

Pl = La@~k) for all states k € Q\{z} and
Z gk~ ) (2.96)
p@ =1
* Z’
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where % is a normalization constant, such that (pgj)) o is a probability vector. It
1€

suffices to show that this probability vector satisfies the detailed balance condition
and is therefore stationary.

Note, that definition (2.96) is independent of the choice of the specific path, since
(1) (2) (1)

2
for two paths ¢ ~$ x and ¢ ~$ x, as well as the reverse paths = ~$ ¢ and = (-2 1 we

have:
i ) - gla i) FEEEEEL o D) - gla i)
W @) . (2.97)
_ @) _ g

1 2
Let us now consider a closed path in the network: j ~» x ~» ¢ — 7 and its reversed
path. By Kolmogorov’s criterion, both paths have the same weight, that is:

Kolmogorov’s

q(j ~ x) - qlx ~ 1) - gimsj Qi - q(i > ) - q(z ~ j)

criterion
q(z ~ i) q(x ~ j)
q(i — :L‘) Qi—j Q(j - x) qj—i
Lglx~id) 1 q(x~j)

Z qli = ) Givj = % G =) ¢j—i , for all 4,5 € B\{z} and
—_—— —_——

. . 2.98
ps p¥) ( )
. Kolmogorov’s .
qz—i Q(l ~ 33) ———— Qi>xz Q(w ~ Z)
criterion
1 qg(z ~1
= pgsz) Qe—i = — 7( ) Qi—sz-
& Z 4(i— 7)
1 N—
: R
This means that the condition for detailed balance is fulfilled.
O

proof of the continuous-time version.
Replacing the transition probability ¢;—.; between two states by the corresponding transi-
tion rate ;_; in the above proof for the discrete-time case yields the desired result. []
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Theorem 22 (Equivalent characterization of detailed balance ).

i)

ii)

version with no transient states:

For a Markov chain, there exists a positive value 8 > 0 (representing the inverse
temperature) and an ‘energy-vector’ € € RI2l such that for all states i,j € Q we
have

e fe Yisj = e Pe j—si for continuous times and (2.99)
e Aei Qi—sj = e Pe qj—; for discrete times. '
if and only if the Markov chain has a stationary solution, which exhibits detailed
balance and there are no transient states.

general version:

There exists a stationary solution for the Markov chain, which exhibits detailed
balance if and only if there exists a positive value 5 > 0 (representing the inverse
temperature) and an ‘energy-vector’ € € (R U {oo})I®I\ {{oco}/®I} (where some, but
not all energies can be infinite) such that for all states i, j € Q2 we have

a—Bei Vi) = e PE 7j—i for continuous times and (2.100)
e—Bei Gisj = e B¢ gj—; for discrete times.

Proof. We restrict ourselves to the continuous-time cases, the proof for discrete times is
analogous, when replacing the transition rate by the transition probability.

i)

ii)

version with no transient state:

If the condition holds, we can define a stationary probability as pgf) = %Bei, with

Z:= Y e P%. The condition also implies, that a transition vanishes if and only if
JEQ

the corresponding reverse transition vanishes, ruling out all transient states.

Vice versa if we have detailed balance and no transient states, we can set e A€ = pSf),

which is well defined, since all stationary probabilities in minimal absorbing sets

are strictly positive (compare theorem 13)

general version:
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First, we notice that the condition, that not all energies are infinite is crucial,
since otherwise the condition would always be fulfilled. Moreover, the definition
pg) = % is well defined, since the partition sum is strictly positive.
Vice versa, the definition e #¢ := pgf) now makes sense even for transient states
1 € By, where the stationary probability vanishes:
pii):():>ei:oo.
We note the existence of a stationary solution with detailed balance does not mean
that every stationary solution exhibits detailed balance. A counter example is given in

Figure 2.15 below.

2:5\ ~A '¢';{D;
St @ G V32
Figure 2.15.: Example of a network, whose set of stationary solutions is given by
0 0
al|pp | +(1-a) |0®] :aec(0,1]p,with
0®) Ps,
_ 1 V32
pBl T 2347352 Y253 and
) V56 V6—4
Pp, = V5—6 Y6—4T7Y6—4 Y4—5+74—5 V56 V64745 | but onIy one of them’
Y4—5 V5—6
0
namely | pp, | exhibits detailed balance.
0®)

This is due to the fact that as long as there is a non-vanishing probability
mass ¢ > 0 contained in the minimal absorbing set By = {4, 5, 6}, this
probability will ‘flow in the circle’ 4 — 5 — 6 — 4 indicated by the dashed
links and thus violating Kolmogorov’s criterion.
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2.6.1. The canonical ensemble

When the condition of theorem 22 is fulfilled for all states in a minimal absorbing set
B € B, that is for all 7,5 € B there exists a positive number 5 > 0 and a real vector
€ € RIBl such that

e Py =e Py,

then the stationary solution of that minimal absorbing set is given by the canonical
ensemble, namely

e Pe
Pp=—7 that is o101
—Bey .
e
pB,b = with Z = Ze_ﬁQ)
beB

In the special case when all energies are the same (that is all transition rates are identical),
the stationary solution is a uniform probability distribution:

1
- 1,...,1).
Pr=1p <\_v_, (2.102)
5]

Another way to interpret this is the high temperature limit 8 — 0T,

Proof. Since we know that the entries of the stationary solution are strictly positive, it

(") —ﬁei
suffices to show, that B = &,
 that [ = o

The idea is to turn an in-tree rooted at state ¢ € €2 into an in-tree rooted at some other state
j € Q by reversing some of the links on the path (j ~~ i) :=j = a(0) = --- = (L) =1,
for L € N, while keeping track of the corresponding Boltzmann factors:
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T
)

(G~ i) Ya(l)—a(l+1)

~—_———
8 (carn)—¢a@))

N
Il
=)

Ya(l+1)—=a(l) e

L1 L1
=[] vewvymaq - J] e?Cewn—<ean) = (2.103)
1=0 1=0

L—1
8 % (ca(+1)~a@))
e =0

a(b)=i e Blei—ej)

a(0)=j
This means, that for all in-trees T_,; rooted at state i € Q and for all in-trees rooted
at some other state j € , we have vy, =1, - e P(&=¢) which means for the i-th
component of the stationary probability vector:

y(i ~ j) -

- 1 B (ei—c. 1
pg’o) et g Z ’YT_” = € 18(57, EJ) . } Z ’)/T—}J
TA,Z'ET(—)Z',S) . 675 (ei—¢;) THiET(—)‘j}S)
—j
poo () (2.104)
pgﬂo) e_ﬂ € "
This concludes the proof. O
Y21
:2 Y12 ;
" . N ." A
vt Dol
)“ \“d;/ (@7‘:. o
N R
X{p“ \‘ K .0(@

Figure 2.16.: lllustrating the reversal of links of in-trees in a network, corresponding to the
canonical ensemble. Reversing some the links results in an in-tree, whose
weight has additional Boltzmann factors (compare Equation (2.105)).
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Y13 e_rB (e1—€3)

=
V31

Z YT =

T—>1 ET(%LS)

~
{

Y32 e B lez—c2)

+ V32 Yo

&

Y1spe P le1me2)

+ Y31 Yo

{7

Y152 e*ﬁ (e1—e€2)

= e_’B (e1—€2) Z VT_,»
T o ET(—>2,S)

(2.105)
—efla—e) (7145 V32
——
72%3675(62763)
+ V32 Y12
~——

Yosge P lea—es)
Y1z e Ble1—e3)
=
+ Y31 Y12
~——

Y21 e Alea=en)

= 67’8 (61763) Z ’YT_>3
T_3€T(—3,5)

2.6.2. The maximization of entropy

Given a master equation of a strongly connected network as defined in Equation (2.20).
The goal of this subsection is to define a time-dependent entropy function and to show
that this function is increasing. We follow the arguments given by Kelly [Kell1].

We suppress the dependence of the initial state py, in the sense that

p(t) = p(t|py) and
Py = Poo(Po)-

We first note, that for a stationary solution p, we have
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= el p, and component-wise
D, y. b

P =3 (e Ty, o9 (2.106)
JEQ

Hence the following numbers are non-negative and add up to one:

(eTF)ij pfkj)

>
BN
(2.107)
Z M -1
jEQ pg)
Now let h : R — R be any concave function. Then the function defined as
p(t)
H(t) := Z h| = (2.108)
1€Q P«
is strictly increasing;:
Proof.
> (1), P9 ()
JEQ
/—’\ﬁ
t (t+7
Ht+n) =3 (5 ) )
i€Q p*
T (4) ;
N0 (™), P pOe)
=2 R D — 0
ieQ JEQ P+ Y2
TF () ; (2.109)
h concave Z (4) Z p (p(J)(t)>
(2. 107 i pﬁj)
@)(
(J p ) T
- Z < ) ) Z (e )ij
JEQ i€Q
1
= H(t).
O
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When we choose h(z) := —z In(x) as a special case of a concave function, then the
function

. (4) . .
Hs(t) = =3 _p(t) In (p <f>t)> = KLV Oico | (¢ )ien)  (2110)
P+«

becomes the negative of the Kullback-Leibler divergence (also called relative entropy).
This relative entropy is convergent (since it is increasing and bounded from above),
non-negative and it vanishes if and only if the two probability distributions coincide, that
is when the stationary state is reached p(t) = p, (which is never the case for a finite time
if py # p.).

This means from a physical point of view that a strongly connected system approaching
equilibrium is closely related to the fact that its relative entropy is maximized, where the
maximum of entropy of the system corresponds to its equilibrium state.
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3. The Lindblad equation

3.1. Derivation of the Lindblad equation for finite dimensions

In this Section we give a short derivation of the Lindblad equation following the arguments
from [BP02].

Given the initial state of a quantum system plus environment is a product state p(t =
0) = pg(t = 0) ® pg, where pg € CNV*N is the state of the system and pgy € CPB*P5 ig
the equilibrium state of the bath, which is constant over time.

The quantum state at a time ¢ > 0 is given by first computing the time evolution of
the combined system (system -+ bath) and then taking the average over all the states
representing the environment (this is sometime called ‘tracing’ over the bath, due to the
fact that a quantum mechanical average of an observable is computed by taking a trace
of the density matrix times the observable). This results in the so-called Kraus operator
representation:

ps(t) = Trp [U (t) (ps(0) ® pB)U(t)T] —

. (3.1)
Kraus Z Ci,j(t) Fi pS(O) (Fj)T7

3,7=1

where (Fi)z‘e{l,...,NQ} is an orthonormal basis of CV*¥ with Fp2 := \/LﬁlN and (¢ij); jeq1,..,N2}
is a positive-definite coefficient matrix over the complex numbers. In the following we
will suppress the index S’ of the density matrix of the system.

The generator can then be computed via

£(p(1)) = —-p(1)

‘tzO e—0t €

N-1
. an2 N2 FT—l—F
= —i[H, p(t)] + E a;; F; p(t) F;r + < 5 Iy + D) ),p )

3,j=1
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with a;; :== -Lc;(t) - c;;(t = 0). Since the trace of L(p(t)) must vanish, we have:
t—
' N—-1
0="Te[C(p(t))] =Tr | | 2G+ Y ayF] F; |, p(t)| , which implies
=
2 (3.3)

=0
1 N2-1
ij=1

After diagonalizing the coefficient matrix (aij); jef1,...n2—1) With its eigenvalues 4y > 0,
we can write the generator as follows:

N2-1
clolt) = =ittt 0] + 3 2w (VepO V] + 5 {Vivip0}). 39)
k=1

For more details, see Section B.6.

3.2. The concept of an unravelling of the Lindblad equation

Unravellings are ensembles of stochastic quantum trajectories that are equivalent to the
Lindblad equation in the sense that the state of the system p(¢) at a time ¢ > 0 is given
by the average over all possible trajectories,

p(t) = (Ot ) = / O(t,w) dP(w). (3.5)

u
The parameter w € U labels the quantum trajectories R> ¢ 3 ¢ — O(t,w) € {density matrices}
(see figure (3.1) for an illustration).
In particular, the expectation values of any quantum mechanical observable A, given the
system is in the state p, can be computed from these unravellings, according to

E[A| p] = Tr[p A] = /u Tr[O(w) A] dP(w). (3.6)

Unravellings provide different perspectives on the subject of time evolution of open
quantum systems and can yield new insights since they are tackled by a different set of
mathematical tools: Instead of linear differential equations one has the theory of Markov
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chains, piecewise deterministic processes, and stochastic differential equations at hand
[BP02].

Moreover, unravellings are often superior when it comes to numerical simulations of
specific models, as a ket-state unravelling (defined in Section 3.3.4) requires less memory
storage (linear with the dimension of the system, instead of quadratic [Lid19]).

While unravellings are usually done in terms of ket-states, we want to focus on the so
called mixed-state unravellings, which assume values in the set of density matrices [BP02].
Among the different possible types of unravellings, we will use the quantum jump
unravelling. Other types of unravellings are for example the quantum state diffusion
model (see [GP92]), which relies on stochastic calculus. The main difference between
these unravellings is that a trajectory from quantum state diffusion is continuous in time,
in contrast to the quantum jumps coming from the quantum jump unravelling. One can
say that quantum state diffusion relies on ‘infinitesimal small’ jumps happening at every
time point, whereas the quantum jump model focuses on larger jumps, whose frequency
is determined by some stochastic process.

For a given Hamiltonian H and a given finite set of Lindblad operators {Vj : k € I}, the
quantum jump unravelling is a piecewise deterministic process (see [BP02; Lid19|) where
the continuous, deterministic time evolution is interrupted by discontinuous quantum
jumps at times t,,, where a Lindblad operator V; is applied.

3.3. The quantum jump unravelling: version for density matrices

The quantum jump unravelling is a special Piecewise-deterministic Markov process
(PDMP), which takes values in the density matrices. PDMP have first been introduced
by Mark H. A. Davis in [Dav84] and show both deterministic, as well as stochastic
features. A typical path contains discontinuities (so-called ‘jumps’), but between these
jump times, the time evolution is deterministic and determined by a differential equation
(see Figure 3.1 for an illustration). It is completely determined by the evolution equation,
the rate of the jumps and the transition probabilities [Dav84].
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Figure 3.1.: lllustration of an ensemble of quantum trajectories, originating from the
quantum jump unravelling, which is a special type of piecewise deterministic
processes interrupted by quantum jumps. The average of the trajectories at
a given time t > 0 yields the density matrix p(¢).

So a trajectory of a quantum jump unravelling is completely determined by the sequence
of times (t,)nen C RN (which record when a quantum jump takes place) and the sequence
(Tn)nen € {Vi : k € I}N of indices of Lindblad operators (which records which operator
has been applied at time t,,). We define U to be the set of all possible quantum trajectories,
Tn = tpnt+1 — tn to be the length of the time interval between two jumps and ©,, := ©(t,,)
the state of the unravelling at time ¢,

We use with O(t,w) a different symbol for a state in the quantum trajectory w € U, to
distinguish it from the solution p(t) of the Lindblad Equation (1.2) at time ¢, which is
the average over all quantum trajectories, p(t) = (O(w, t))weu-

We point out that all the sequences of time events (t,)nen, Waiting times (7, )nen and
quantum states (0, )nen depend on a specific unravelling w € U (which we will suppress
in the following):

71



ty = tn(w)
T i= Tp(w) (3.7)
O, = Op(w).

Definition 23 (The operators for time evolution quantum jumps).

To avoid unnecessarily complicated notation, we denote by U; the (non-unitary) time
evolution according to the conditional Hamiltonian H., and by J; the quantum jump
operator, irrespective of the nature of the quantum state, be it a density matrix or a ket
state. Their action on these two types of quantum states is thus given by

Up, Ji : CVN — VN g CY N
U(©) = e ifletgetilt  Uny) =e "'y (3.8)
Jo(©) = Vi, OV Je(¥) = Vit

During the time interval [t,,t,+1) between two quantum jumps there is a deterministic
Ut—tn, (©n)

LT and directly after a quantum jump induced by the

time evolution O(t) =

Lindblad operator Vj the state of the quantum trajectory is given by ©(t,) = r‘f’;[(@% ( we

_A

T [A] for any matrix A).

write ﬁ instead of

Definition 24 (The waiting time distribution function).

Given that the quantum trajectory is in state ©, the waiting time ¢ for the next jump is
distributed according to
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ft10) = -S| vye) | = —Tr | (—im) Ui0)+ Ui©) (H) | =
dt —— ~—— ~——
e—iHct @ei Ht —iH-1A iH—1 A

Ty [H U(©)] — i T [U4(©) H] + %Tr AUL(O)] + %Tr U,(0) A] =
0

Tr{A Uy (©)] (3.9)

A=Y % Vi Vi

= Ty[A U (0)] == ST [Vie i Het@et iyl —
kel o)
=Y wTr[JeoU(©) = Y fH(t]O).
kel o0e) kel
with
FO(E]©) 1= 7 Jp 0 Uy(©) = i Ve i Het @ Ht T (see [BP02]). (3.10)

Note that f(-|©) need not be a probability distribution since fR>0 f(t|©) dt < 1is
possible. In this case, we call © a possible trapping state, which will be discussed below.

3.3.1. The algorithm for an unravelling

The algorithm for obtaining an unravelling is the following (see [Lid19] or[BP02] for a
detailed proof):

1) Choose an initial state p, and set O¢ := py = p(to).

2) Given that the system at time ¢, is in state ©,,, we calculate the waiting time 7,, to
the next jump according to the following considerations: The probability for 7, to
lie in the interval [0,7T) is given by

T
P (ra € [0,T)|0,) :/0 [0, di=1—Te[Un(0,)].

— L TY[U(On))]

(3.11)
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One way of determining the waiting time is the so-called inversion method (see:
[BP02]): We draw a random number 7, from the uniform distribution of the interval

[0,1] and set
. {flwn [©n) . if o € image (£(-]6) (3.12)
00 , otherwise
An illustration of this procedure is given in Figure 3.2.
17

P(tn+1 — ity < 00 ‘ @) *******************************************************

-
V
s
|
-
5
Qa
>
0 (1)

waiting time 7

Figure 3.2.: Determining the waiting time 7 € R>( U {0}, given a state ©: Choose a
random variable » uniformly distributed over the interval [0, 1] and determine
the positive number 7 that satisfies f(7|©) = . If no such number exists,
set 7 = co. The two cases are indicated in the figure: When the random
number is n(!), the corresponding waiting time is 7(1); when it is (?) the
waiting time is infinite, 7(2) = .

Now we have to distinguish two cases:

i) When tlim Tr[U¢(©,)] = 0, then the quantum jump will occur at a finite time,
—00
P(mn, < 00| Oyp) = 1.
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ii) When tlim Tr[U(©,,)] € (0,1], then there is a nonzero chance that the process
—00

no longer jumps, i.e. the waiting time is infinite (P(r, = o0 |0,) > 0 ) .
In this case, the state of the quantum trajectory after the time ¢, is given
by Ut‘ﬁ'fi“(.@"), and we call Oqp 1= O, a possible trapping state, since it is
possible tLat Ofrap ‘traps’ the discrete quantum trajectory in the sense that
the sequence of quantum states is finite, with Oyap being the last of these

states.

We point out, that only the discrete quantum trajectory ‘stops’, in the sense
that no more quantum jumps take place. The time evolution keeps evolving
according to

Trl...]

Otrap (1)

3) If the waiting time is finite (7, < 00) , choose the operator V;  that is applied at
time t, according to

. f(k)(Tn | On)
a Z f(j)('rn ‘ @n)’ (3'13)

jeJ

P(mn=k|On,7="1y)

with the f)(.|©) defined in Equation (3.10). The next state is then given by

Je \Ur, (On
9n+1 == (Tr[(] )) .

Then for a fixed unravelling w € U, for positive times ¢, € R>p, and (possibly
infinite) times ¢,4+1 € R~ o U {00}, we have

Ut—tn (@n) _ Ut_tn © ']ﬂ'n ° U'rn71 O---0 J7r1 © UTO (pO)
Tr[...] Tr[...]

for t € [tn,tnt1) : O(t,w|py) = ]
O, 1= O(ty,w)

(3.14)
Depending on whether there are finitely many of infinitely many quantum jumps, the set
of states in the quantum trajectory varies:
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i) infinitely many jumps

I, oU;, _,0---0dy olU;
()5 = {py = G0 U { TP O SE )y N, 1 e =

={0,(w) : n € Ng, w = (t;, m)ieN} ,

(3.15)
and the sequence (0,),cny = (O(tn,w|pg)),en is called the discrete quantum
trajectory.

ii) finitely many jumps
Let [ € N be the number of jumps, then the last state must be a possible trapping
state

J7Tl o Utz*tl—l 0...0 J7r1 o Utl (pO)
Tr)...] '

and the set of states in the quantum trajectory is given by

@trap =

Jr, oUy, 0 0y oU,
on (w) = {p() = @0} U { TI'[ ' ] . (pO)

U {<@trap (t)>t20} )

:n €N, w= (ti,m)igl}

(3.16)

O(t) = UgigO2)

[0 =0 =06.=00)] On+1 = O(tn41) = “&[7[]]@)

-

T ' . (4
t=0 tn by <t <tpi1 tnit time ¢

~

Tn = tnt1 —tn

Figure 3.3.: lllustration of a quantum trajectory
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3.3.2. The set of states (2
In a classical Markov chain with finite state space, the states could be associated to the

unit vectors: 2 ={1,...,[|Q|}={e1,..., g/}, with

e;=(0,...,0,1,0,...,0).
—
i—1 |9 —i
Now the system consists of both the states a quantum trajectory attains directly after
the quantum jump as well as the time-averages of all possible trapping states that is

Qo = | Q@) (3.17)
weld

In order to apply the methods of the previous section, we again assume, that this state
space is finite, [Q, | < co. Some important examples will be considered later.

3.3.3. Two examples of discrete quantum trajectories

In this Section we want to illustrate the abstract procedure given above by two concrete
examples, which will come up again in Section 3.7.

Classical jump process between two states with two possible discrete quantum
trajectories.

When we set the Hamiltonian to be trivial and the two Lindblad operators to be ‘classical’

jump operators, that is
0 0 0 1
maari= (00 - (0 0) a9

we get the following two possible discrete quantum trajectories:

CR- (po, Osyy Osyy Osyy Oy .. .,) W%th probab%l?ty p11(0) and (3.19)
(Po: Oss, Osy, Oy, O, ..., ) with probability pg,(0),
with the two states
10 00 o
O, = <0 0> , Oy 1= <0 1> and the initial state
(3.20)
po = <Pl1(0) P12(0)> '
p21(0)  paa(0)
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The set of all possible states €2 is given by

Q = {p07 9827 683}'

Simple case of a possible trapping state

In case of a trivial Hamiltonian and a projection operator as a Lindblad operator, that is

10
Hx1,V, = 3.21
x 4L, V1 <0 0> ) ( )
the initial state is a possible trapping state. This means (in this case) that the initial
state could, but need not be the last state in the discrete quantum trajectory.

This leads to the following two possible discrete quantum trajectories:

(O )nen = (Po,Osys sy, Osy,...,)  with probability py;(0) and (3.22)
nne (po) with probability pgy(0), ’ '
where Oy, is defined as
10
O, = <0 0> . (3.23)

The set of all possible states {2 is given by

Q= {p07 682}'

3.3.4. Connection between unravellings for pure quantum states and
ket-states

If some state in the quantum trajectory is a pure state (0, = Py, = [n) (¢¥n| =1y), the
unravelling reduces to a ket-state unravelling from then on, and equations (3.9), (3.11),
(3.13), and (3.14) become

F(t]4) = ~TeUP,)] = ~Tr[Py; (] = ~ [V ] (3.9
T
Plre Do) = [ de_fel0) _=1=10rl® 5y

— U7 (n)|12
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=T ) _ f(k)(Tn’wn)
TS D (10 | W) (3.13%)

jeJ

P (7rn =k|vYn, T
The states occurring during a ket-state unravelling w € U are given by

Ut—t, (Vn)

-1l
Ut—tn o J7rn+1 o UTn O---0 J7r1 o UTO (\IIO) (314*)

for t € [tn,tns1) 1 U(t,w]| o) =

U, = U(t,,w)

The transition to a ket-state unravelling occurs for instance when a Lindblad operator of
rank one (V = |¢) (¢|) is applied at some point in the quantum trajectory,

1) (¢l Ur,, (On) |) (¢
Tr ]

So, in some sense, Lindblad operators of rank one are ‘quasi-classical’.

@n—i—l =

= ) (Pl =9 (3.24)

3.4. The path to the stationary solution

3.4.1. How to ‘guess’ the stationary solution
In Chapter 2 we have computed the stationary solution of a classical Markov chain to

(2.83)

Poo(Po) > P®o~ B) puoolpy € B)

BeB o
Z Pos (PoEDB) €

(2.73) )
— Z P (po ~~ B) ZP() po € B) e (3.25)

BeB i€ )
450 (POEB) T}
N

€EB)T;
—ZPpOWB ZQOOPO ei7
BeB 1€Q

where the states correspond to a unit vector (for s € Q we have s=es = (0,...,1,...,0))
and the system is constant between two jumps (compare Figure 3.4a).
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(a) Classical trajectory

A
€5, T1 €s, T3
% ‘.---.o ‘.-.<>
+~
<
)
wn
—_
8 €s, T2
= |s R
zZ |52] o---<
<
<
©
oo
: : —_— )
t1 to t3 7
time ¢

(b) Quantum trajectory

quantum mechanical states

4

N
(©s, (1)) tefo,m]
’ N (O (D)) eefo,m]
’¢ﬂ —_—
A
N ¢
<@sz (t)>t6[0,7'2]
—_——
a
'/ <(—)S:s<f)>l,€[0.n}
0"
¢ Y.
‘O
. . . . \
ty to t3 ts ’
time ¢

Figure 3.4.: lllustrating the difference between a classical trajectory and a trajectory
coming from a quantum jump unravelling: While the system is constant
between two time jumps and the states are associated to unit vectors, the
states in a quantum trajectory are density matrices and the system evolves

U:(©)

between two jumps according to the conditional time evolution ¢ — INE

Things are more complicated when it comes to the quantum jump unravelling. Here,
the states correspond to density matrices (for s € 2, we have s=0; ¢ CN*N) and the
system evolves between two jumps according to the conditional Hamiltonian H. (compare

Figure 3.4b).

Since the states are time dependent, we can no longer associate a state with O4(¢) for
some t € [0, 7], but we can do so with the time average: s = (Os(t))scio,r) = Jo° Os(t) dt,
where the time average is taken for the duration of the waiting time. Since this waiting
time 75 is a random variable, with the probability density function 75 ~ f(e|©;), we get

the following analogy:
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Ts - es = (T (Os(t))co,r))r~ 1(-|©)

In the special case of a time independent state we get the same result as for a classical
Markov chain, namely

(Os®))efor))r~f(-105) = Os(T)rnf(.|0) = Os * Ts-
—_———— —_——

O T Ts

(3.26)

3.4.2. Outlining the procedure

Before going into the details, we are going to outline our approach:
The stationary solution p. (p,) for an initial state p, is obtained by taking the time
average of expression (3.5) and interchanging the time average with the ensemble average,

(o) = (O | po))ucts = [ O] o) AP py) (3.27)

where the time average for a single trajectory is known to exist (see [KMO04|) and is given
by

[KMO04]

Ooc (W] pg) := (Ot w| po))i=0

. 1
lim / Ot,w|py) dt.  (3.28)

As we will see in Section 3.5, the set U of all possible unravellings, contains (under some
assumptions) only a finite number of different long-term behaviors, which themselves do
not depend on the initial state pg:

n

UJu

n
oo(w|po) = Z Us) 1y, (w).

This will give us the following expression for the stationary state:

.
[y

(3.29)
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Poo(Po) /@oowlpo dP(w|po)

§ oo (Us) 124, (w)

n (3.30)
=Y 0. /dmrpo ZPurpo (),
=1

\—,_z

P(Z/{i\l’o)

where P(U; | py) is the probability for a certain subset of unravellings U; C U, whose
analytical expression can be derived from the stationary solution of the Markov chain
associated to the quantum state transition network introduced in Section 3.6 (not to be
confused with the stationary solution of the Lindblad equation). For the classical analog
expression, compare Section 2.5.2.

On the other hand, the density matrix O (l;) is indeed a stationary solution of the
Lindblad Equation (1.2), independent of the initial condition, but dependent on the
stationary solutions of Markov chains (compare equations (3.33)), as well as time averages,
for which analytical expressions will be derived in Section 3.8.

Calculating the different building blocks of this expression is the goal of this chapter. We
start in the next Section 3.5 by computing an explicit expression for the time average
O (w | pp) of a single quantum trajectory.

3.5. The time average of a single quantum trajectory

In order to compute the time average for a single quantum trajectory, we perform similar
calculations as we did in Section 2.4.6.

Similar to the classical case, the time average of a trajectory depends on, whether the
number of jumps is finite or infinite:

i) finitely many jumps

When there are finitely many quantum jumps in the trajectory, then the last state
in the ‘discrete’ quantum trajectory must be a possible trapping state ©yap (defined
in the algorithm for the unravelling, Section 3.3.1 ), with a non-zero chance (namely
tlim Tr[Us(Otrap)] > 0) that no more jumps would occur. The time average of that
— 00

trajectory is then given by (Otrap(t))i>0 := (O(t))t> tirap := hm T OT % dt.
In favor of a uniform description, we say that the trajectory makes a transition
towards the time-averaged state (see Figure 3.5 for an illustration).
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(a)
Jim Tr[Uy(Orap)]
@trap """""""""" > g <®trap (t)>t20

(b) (c)

G)traup
n

O
+~
&y
+~
n

o

y (Ouap(t))e>

ttrap time t = Og ttr‘ap time t =

Figure 3.5.: lllustrating the transition from a possible trapping state ©Oyap to the time-
averaged trapping state (Ouap(t))+>0: While the dynamics for ¢ > tyrap is in
fact continuously approaching the time-averaged state (compare Figure 3.5b),

we treat it as an instantaneous transition as depicted in Figure 3.5¢, in order
to be compatible with the state transition network of the discrete-time Markov

chain (see Figure 3.5).

ii) infinitely many jumps
In order to compute the time average of a quantum trajectory (which we know
exists from [KMO04]) for infinitely many jumps, we rely on the same notation as the
classical case, defined in Equation (2.67).

In addition to the average waiting time (see Equation (2.69)) we come across
expressions for the stationary probabilities within a minimal absorbing set, that is

5 anOulpo € B

in probability, for all states s € B € B.

(3.31)

We use the notation ¢ (s | py € B) in contrast to ) (py € B), in order to focus

on the dependence of the density matrix ©; instead of the unit vector e in the

classical case.
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Another expression which appears is the "average of the same ’time averaged states’".
What this expression means, is that a time averaged state (O5(t));co,r,) depends on
the waiting time, which is itself a random variable. By averaging over all outcomes
of this random variable, we get:

[y

1 5=

7 2 T(as(k)) - (Os()teior(as (k)]
k=0

RN (Os(t))teo,)rat(-]©)

_ /0 (04 icton F(104) dr
:/0 dT/O dtO,(t) f(r]0y).

(3.32)

When we assume that the quantum trajectory exhibits infinitely many quantum
jumps and is eventually captured by the minimal absorbing set B € B, we can
compute its time average as follows:
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theorem (B.1)

O (w | Py, w € B eventually ) <@(w7t | pO) ’ 1{w€B eventually }>t20

T
= 711_{130 T ; @(t,w ’ p()) dt - 1{weB eventually } —
) 1 J(T)-1 tnt1 Ut tn(gn)
= o T Z:% tn ﬁ dt - 1{ueB eventually }

™n U(®n)
o TR dt

dt - 1{w€B eventually }

-~

@n(t»te[o,m]

- Jim Z /
Tn -

J(T)—1 1 }
= lim — . - (O (t 1 w€B eventually
dm 7 3 OulOhicor Pyp—
s
Jo(w T) ) Js(w,T)—1 9.5
sez ﬁ {w€B event.} 7 (wT) k:zo Tau(k) * { Oay(k) (t)>te[0,ras(k)]
— hm PO - =
T Jw,T) 1{W€BEBB’ event.}
T(Os(t e f(-| O
400 (©s | poEB) (T(Os(t))tef0,7]) v~ f (-1 ©5)
y Js(w,T)—1
3 JS(("U:T) .
Se%:po <Th—r>r§o ml{w@g event-}> Jim To@.T) kzzo Tag(k) * (Os())iefo,ra, 1)
- Jpr (w,T)—1
Jo(w,T) : 1 b
| 1 / 2 1 -
B/ZG:B b%;y (Tgn fweh’event} J(W,T)) T Jy (w,T) kZ:O Tas(k)
Qw(eb/ ‘PoeB/) pa )
> 4o(Ov] Py € B)(T - (Os(t))icjo,r)rmr (- 100)
_ beB _.0
Tr[...] F VB
(3.33)

We note that the expression (3.33) does not depend on the initial state p, and not
on the details of the quantum trajectory w € U but only on the minimal absorbing
set B € B the trajectory is eventually captured in.
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When the states are constant between quantum jumps, the time averaged state is
just the state times the waiting time ((©s(t))c(0,r) = 7 - ©s) and Equation (3.33)
reduces to

Pp— se .
Op = T[] '

When additionally the conditional Hamiltonian is trivial (H, = 1 for some number
B € R>g ), then all waiting times have the same distribution (7 ~ Exp(3)) and
formula (3.33) reduces again to

ZQM(@s‘pOGB)?S' @s

@B — s€B
Tr[...] (3.35)
=)
Z 4o (Os | py € B) Os.
seEB
For the general case we have:
@00((") ’ pD) = <@(w7t) ’ 1{w€ U B eventually }>t20
BEB
= Z 1{w€B eventually ,©o=py} * <<®(w7 3 | pO) : 1{w€B eventually }>t >0,
BeB d
OB
> 4o(On | pg € B)(T - (Os(t))icfo,r)rf(-|00)
= Z Lut(pyei) (@) -+ | 22
(Po~~5) ..
BeB
Op
(3.36)
where
( (Otrap(t| Po))t=0 , for finitely many
quantum jumps and
Op = (3.37)
2. 4oo(Op | PoEB) (T:(Os (1)) te(o,r)rmf(- | ©5)
b2 ] , when the number of
. jumps is infinite.
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3.6. The transition probabilities of the Markov chain

The set of possible states in the Markov chain was defined in equation (3.17) as

{05 1 5€8} =04 = | Qp, ().

wel

We choose the initial distribution vector g, to be the first unit vector g, = e =
(1,0,...,0) € Rl corresponding to the initial state Py = Og € Qp,, which is the first
element of the set of possible states in the quantum trajectory.

We assume that in all quantum trajectories only finitely many states appear, [Q,,| < oo.
The transition probability P(©5, — ©s,) is the probability that the next state in the
quantum trajectory equals Og,, provided that the last state was @,. It can be computed
to

PO, 04) = /R (1,0, 10.)  dr
—_——
20 f(r104,) - P(Os, | 7.04)

= f(T ’ 951) : P(@SQ | T, @Sl) dr

R> o S—— (3.38)
) (r@s)
kel(s1—s9) Fr10s1)
- Y [ Meley)
k€l (s1—rs2) ¥ R20

where the sum goes over all Lindblad operators Vj, that yield a transition from state ©4,
to Og,, or more formally: I(s; — s2) :={k €I : J,oU(Os,) = O, for some t > 0}.
The following examples illustrate both the states of all possible discrete quantum trajec-
tories as well as the transition probabilities.

3.7. Examples revisited

In this Section we present three examples that illustrate the state transition network €,
for a specific choice of Hamiltonian and Lindblad operators. We note that €2, depends
on the initial state p, and certain transition probabilities can vanish for special initial
conditions (e.g. p;;(0) = 0). The transition network consists of only those states, that
can be reached from p.
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3.7.1. Example with trivial Hamiltonian and two transition operators

We consider a system of dimension N = 2 with a trivial Hamiltonian and two transition
operators as Lindblad operators, that is:

(0 0 (0 1 _(m O
Hocl,V1—<1 0>,V2—<0 0) andA—(O 72). (3.39)
The set of possible states appearing in the Markov chain can be computed to:
_ _ (P11(0) p12(0) _(1 0 (00 }
= {00 = (520) )02 (0 0) 0= (o (340
The transition matrix equals
0 00
Q= 1|p11(0) 0 1],with the ordered states (©5, = py,Os,,Oss) - (3.41)
p22(0) 1 0

In this example there are no possible trapping states.
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Figure 3.6.: State transition network for a system given by Equation (3.39). Every discrete
quantum trajectory starting at the initial state ©,, = p, is after one quantum
jump in the minimal absorbing set B = {O,,, O,,}, where it oscillates be-
tween the two states ©,, (with average waiting time 7, = %2) and O, (with
average waiting time 75, = %).

For py = 1 1,, the three states are linearly dependent.

The stationary state can be computed as follows:

Goo (8] B) (7 (Os(t)iefo,r))r~ f(-|02)

Poc(Po) = Y P(Blpy) Y

Trl...]
BeB seEB
2
B={B} 1
———— P B 50 :7_/ B o @5- _
B:{®S2’®S2} Z M Tr[ . ] Zl q (é ‘ 1) T i i
BEBLL (5, (0)+p25(0))=1 =1y

_ L [rrroy 11 /00
COTr[..] 290 \O 0 245 \O 1
1 L0
= /1 )
T[..] \0
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3.7.2. Example with trivial Hamiltonian and one projection matrix as Lindblad
operator

We consider a system of dimension N = 2 with a trivial Hamiltonian and a projection
operator for a Lindblad operators, that is:

_(t 0 _ (7 0
manvi= ()2 (2 9) o

The set of possible states appearing in the Markov chain can be computed to:

9, ={0n = (510 050) 0= (0 1) o=(5 0)} 6w

In this case, O4, = p, is a possible trapping state, since with non-vanishing probability, it

will be the first and only state in the discrete quantum trajectory. The transition matrix
0 0 0

is of the following form: @ = | p;1(0) 1 0

922(0) 01
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P11(0) “‘/’22(“)
N
1 0 0 0
0= (s o) 0. = (5 1)
R oy
1 1

Figure 3.7.: State transition network for a system given by Equation (3.42). Inthe quantum
trajectory, starting at ©,, = p,, the Lindblad operator V; is either applied
infinitely often (this happens with probability p,;(0) and results in a constant
trajectory, ©(t) = O, for all ¢t > ¢;), or not at all. The latter happens with
probability p22(0) and results in the quantum trajectory converging to the

time-averaged state ©(t) =% O,, = (O, ())>0.

3.7.3. Example of a state transition network with |2| = 5 states and a
non-trivial Hamiltonian

We consider the following system with dimension N = 4, where the Hamilton operator
and the two Lindblad operators are given by:
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Ey 0 0 0 0 0 0O 0 0 0 1
o0 Ey 0 O |0 0 0 0 ({0 0 10
H_00E20’V1_0100’V2_0000’
0 0 0 E 1 000 0 0 0O
. 3.44
El—% 0 0 0 ( )
0 B - 0 0
A= 2 .
0 0 - % 0 '
0 0 0  E-i2
The set of possible states appearing in the Markov consists of the five states
Qp, = {96, = po; Osy, Oy, Oy, Oy} (3.45)
with
p11(0)  p12(0)  p13(0) p14(0)
o. — [P21(0) p2(0) p2(0) p2(0)
* p31(0) p32(0) p33(0) p34(0)
p11(0)  pa2(0) pa3(0) pasa(0)
pa4(0) p43(0)
00 0 0 p33(0§j—p44(0) P33(0§ip44(0) 00
00 0 0 P34 p33(0 0 0
Oy, = 00 p22(0) p21(0) , Ogy = | £33(0)+paa(0)  p33(0)+p44(0)
P11(0)+6§2(0) P11(0)+(622(0) 0 0 0
P12 P11
00 ZH0)+r20 710 +p2(0) 0 0 00
p11(0) p12(0)
p11(01)i|—p22(0) 011(033—@2(0) 0 0 0 0 0
p21(0) P22 0 0 00 0 0
O, = | P11(0)+p22(0)  p11(0)+p22(0) O =10 0o p33(0) p34(0)
0 0 0 0 033(0)4—644(0) p33(0)+644(0)
P43 P44
0 0 0 0 00 p33(0)+p44(0)  p33(0)+p44(0)
and the transition probabilities
ds1—sg = Pll(o) + P22(0)
s, —s3 = p33(0) + pa4(0)
(3.46)
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Vi Vo
Os, Os, O, Os,
Tos V2 T s T3 Vi Tss
QS2%S4 - 1 q83—>55 - 1

Figure 3.8.: State transition network for a system of dimension N = 4, where the Hamil-
tonian and Lindblad operators are given by Equation (3.44). Starting with
the initial state p,, the second state in the discrete quantum trajectory is
either O,, or ©,,, which determines its future evolution: Either we have an
oscillation between the states O;, and ©;,, in the minimal absorbing set
B; = {6,,, ©,,}, or an oscillation between the states ©,, and O, in the
minimal absorbing set B, = {O,,, O,,}.

B 4o (Os [ B) (1 - (Os())ecior))r~£(-102)
Poo(Po) = BXE;P(B | Po) ; Trf...]

1
2

—_———
Z qOO(@Si|B1) Ts; 681
i€{2,4}

(*)

P(B1lpo) T ]

Gsq—so
1
2

/_/% -
Y. (0(Os | B2) Ts O

1€{3,5}
+  P(Bz2]py)
(]‘\l —s3
72(p11(0)+p44(0))  y2(p12(0)+p43(0)) 0 0
Y1+72 Y1+72
72(p21(0)+p34(0))  y2(p22(0)+p33(0)) 0 0
— Y1+72 Y1+72
0 0 71(p22(0)+p33(0))  11(p21(0)+p34(0)) | °
Y172 Y1+72
0 0 71(p12(0)+p43(0))  71(p11(0)+p44(0))
Y1+72 Y1+7y2

where we used in step (*) that B = {B;, B2} = {{Os,, Os, }, {Oss, Os; -
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3.7.4. Recovering the classical case

It is possible to recover the ‘classical’ master equation as the diagonal of a special Lindblad
equation, when we choose the Lindblad operators

Vinn m#n |n) (m| , with rate v, > 0 and

(3.47)
Vinm = |m) (m| , with rate v, >0

as the set of all transition operators |n) (m/|, from state |m) to state |n) as well as all
the projection operators |m) (m/| for all m,n € {1,..., N}, where the dimension of the
Lindblad equation must be chosen to coincide with that of the master equation, N := |Q].
There are two ways, to see this:

The right-hand side of the differential equation

When computing the right-hand side of the Lindblad equation componentwise for the
Lindblad operators given above, we obtain the master equation for the diagonal terms,
while the off-diagonal terms decay exponentially to zero:

N
pii = Z Pmm Ym—i — Pii Vi—m
m=1
N
. it 1 3.48
Pij ==L B <Z Yi—n t ’Yj—m) Pij (3.48)
n=1
Yisi + Vioj
2 P
Without introducing the projection operators |m) (m|, the off-diagonal elements need not
vanish.

IN

The state transition network

An alternative way to see this is to compute the state transition network. The set of

possible states is given by W = |n) (n|.

The transition probabilities can be computed to
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P (O(tr41) = In) (nl | O(t) = m) (ml

—/ A7 Ym—n Tr[[n) (m] Uz (Jm) {ml) |m) (nl]
0 S————
et Ym—/2 [m)(m| et vm—/2

- (3.49)
= / dTeitvmﬁ Ym—n
0

_ Tm—n o d —t Y
= T Yoy €71,
0

TYm—

/

1

which is precisely the transition probability of the associated, embedded discrete-time
Markov chain (compare lemma 17) with the waiting time distribution

N
F(H10 =1 l) = 3 Amon Tr[ln) fml e 1) (1} [m) (n] = s et

m,n=1 —_t
e "= b,
L (3.50)
and the average waiting time
_ 1
= —
Yi—

3.8. Evaluating the stationary state © 3 of the Lindbladian for the
minimal absorbing set B
We now evaluate the stationary states ©p occurring in Equation (3.37).

We write the conditional Hamiltonian H, (see Equation (1.3)) as a direct sum of Jordan
blocks

M Ji
He=@ Jm = , with
m=1 JM
6m 1 (3.51)
Jm = € ComXsm
6m 1
Om
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M
being a Jordan block of size s, € N and ) s, = N.
m=1
We discuss separately the two cases of a finite and an infinite number of quantum jumps.

3.8.1. Infinitely many quantum jumps

When the quantum trajectory contains infinitely many quantum jumps, we need to
evaluate the expression (7 (Os(t))ic(0,7])r~f(-|0,) defined in Equation (3.32).

If O is not a possible trapping state, we can compute the (conditional) time evolution
operator e Het (for details see appendix B.2) and get

(r-(OOhicomlrmsiton = [ I8 7 O0)ep_dr=

_TdTTr[UT(GS)] fOT [{Ftr([QS) dt
partial T Ut(@s) T=o0 /OO UT(G)S)
_ — : (Os)] /i dT =
integration Tr[UT(GS)] / TI“[ . ] dt =0 + TI‘[U (6 )] TI"[UT(QS)] T
0 0
. T Ut(gs) °
= — lim Tr[U,(©;)] / dt +/ U:(©;) dr =
T—r00 [ 0 TI'[ . ] 0
L2 [y 0,) dr 220 / e T, (e e dr =
0 0
- efi JiT 1 1) é(LM) ei JlTT 0
0 0 e tJImT Ml) . é(M,M) 0 eiJAT/IT
einr @M eists | einr @M gidlr
efiJMTé(M’l)eiJlTT efzJMT(,_)(MM) iJL T
Jo et hT o Meil 7 ar . Joe i "M el dr
fooo e t/mT (':)(M’l) T dr .. fooo e t/MT @(M M) e YT dr
(3.52)
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For the component <ZZ:11 St 3, "1 sy + k), we get with 6, = R, +14 I,

OO —idm &M i JT -
(7 (Os(B)rcor)ras(. o, :( / e=idnT @™ i I} dT>
( telo fC )> (ZZSI sutienoi su+k;> 0 ik

s xse (@ IFB—E _1)ja—ita—k (@™ )
ﬂ Za:j Z,B:k ( o — ] ) [i (Elganm)_F[n_*(_[m]afj)igfk ) if In 7& 0 7& Im
0 , else.

(3.53)
In step (*) in the last line we used the fact that since ©; is not a possible trapping state,
a diagonal block of ©4 must vanish whenever the corresponding eigenvalue of A vanishes
</\m =0= C;)imm) = Osmxsm), see appendix B.2, and an inequality that is valid for
all density matrices: [(O) ] < (0s)j; - (Os)kk-
An important special case is when both Jordan blocks are of size one, that is s, = 1 = sy,.
In that case we have

& (msn)
00 ©
—1 - (mvn) i JT ( ) 3
/0 € i Jmt () e’ Tn t dt = [i (Rn_Rm)“l‘Ii}i‘Im] ) if I, 7& 0 7& I, (3.54)
e—idmt el t 1 0 , else.

When the conditional Hamiltonian H, is diagonalizable, then all Jordan blocks are of size
(m,n)

one, the block matrices © € C are scalars, and expression (3.53) becomes:

& (mn)
68 mn .
M _ { [ (Rn—(Rm))-l—In—i—Im] yif I # 07 I,

(- @sctobmscion),, = T3 =5

0 , else.
(3.55)

3.8.2. Finitely many quantum jumps

When the number of jumps is finite, we have to evaluate O = <%> 0’ with Ograp
MRS

being a possible trapping state.

By definition of a possible trapping state, we know that Tr[U(O4rap)] converges to a

positive value: Tr[Ui(Otrap)] 120 g€ (0,1]. Then we have
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Ut(Otra ) e e B i (Ru—Rm) t a(IntIm)t 10— (8K [ a(m.n)
(0O ) 358 e g i ()
pu=1 v=1 a=j =k )
Tr[Ut(Otrap)] Tr[Ut(Otrap)]
—_——
t— o0 q
t—o00 0
if 1,,<0 or I,;,<0
(3.56)
and
1 (T 1 JifAE =0
lim / el APt g = . iAET_q =I0AED- (3.57)
T—oo T 0 Tl—>oo e’LAW =0 s else ’
When we combine the equations (3.56) and (3.57), we get
1T e
i L[ (L)
T—)OOT 0 TI'[] (Z 5u+j725u+k5>
e (3.58)
=01,,000,,,0 R, R * (O ), 1
ny my n,dlm Z (@m,n)

ot
pe{l,...,M:I,=0}

3.9. The stationary solution of the Lindblad equation and
differences to the classical case

Now that we have obtained all building blocks for the stationary solution, let us put them
together. Our starting point was the quantum jump unravelling (Section 3.2) and the fact
that the time and ensemble average can be interchanged (Section B.1) due to the fact
that the time average of a single trajectory exists. We assumed that the set of density
matrices that occur immediately after quantum jumps is finite (|Q,,| < 00), so that a
stationary solution of the corresponding Markov chain always exists. We evaluated the
time average Op := (O(t,w | py))1>0) of a single trajectory w € U (see Equation (3.37)),
and we showed in Section 3.5 that it only depends on the minimal absorbing set B C Q,
the quantum trajectory is eventually captured in. We therefore separated the integral
over the different unravellings into a sum over the minimal absorbing sets in the network,
where the integrand © g is constant over the set U (B) of quantum trajectories that all land
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in the associated minimal absorbing set B C ), . Formally, this leads to the following
steps for obtaining the formula for the stationary density matrix p..(pg), depending on
the initial state pg:

pac(po) = ptlpo) Vim0

N——
<9(W7t|Po)>weu

— (0w, ] po))werd)iz0 = ((O(w t] po))is0)wets

—_— —
6<>‘:>("~"PO)

_ / Onl(w]py)  dPw]pp)

U(py~) —

lu(pg—~B)(W)-Op

=Y o5 [ aPwl)

(3.59)

BeB 0B
P(po~B)

BeB

This expression for stationary solutions of quantum master equations has structural
similarities to the stationary solution for classical master equations, given in equation
(3.25). Both expressions can be decomposed as sums over all minimal absorbing sets of

the state transition network, where each summand is the probability P (gg ~ B) of a

single trajectory to land in this minimal absorbing set (which again depends on the initial
condition) times the stationary solution within such a minimal absorbing set.

There are also differences between the classical master equation and the quantum master
equation. The states are represented by unit vectors e in the classical case an density
matrices ©; in the quantum case. While a single trajectory of a jump unravelling is
constant between two jumps for classical master equations, its time evolution is governed
by the conditional Hamiltonian for the Lindblad equation (compare figure 3.4). Moreover
the stationary solution of the classical master equation is always limiting, which is not
necessarily the case for Lindblad equation. The most important difference however, is the
fact, that different states of the classical Master equation are linearly independent (even
orthogonal), which need not be the case of Lindblad equations (consider example 3.7.1,
with py = 1 1).
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4. Conclusion and discussion

In this chapter, we summarize our results and give an outlook what future work could
look like.

4.1. Summary

In Section 2 we computed an analytical expression for the stationary solutions of Markov
chains. The most striking difference between continuous-time Markov chains and discrete-
time Markov chains is that while discrete-time Markov chains admit stationary solutions
(corresponding to normalized eigenvector of @ to the eigenvalue A = 1), they need
not have a limiting distribution (compare Figure 2.1), in contrast to continuous-time
Markov chains. The algebraic reason for this is the fact that, every non-zero eigenvalue
of continuous-time Markov chains has strictly negative real part (A # 0 = Re [\] < 0)
(compare Propositions 1), while discrete-time Markov chains can have eigenvalues with
A # 1 = ||, where the corresponding eigenvectors could lead to oscillating behavior.
Another reason based on the topology of the state transition network, is the periodicity
of the network, where the period of a state i € Q is defined as

period (¢) :=ged (n € N : (Q™)i; > 0), (4.1)

where gcd denotes the greatest common divisor.

Note that the period is a class property, meaning that all states in the same strongly
connected component have the same period [Bré20; Pril3]. It is possible to define a
discrete-time Markov chain for a given continuous-time Markov chain, such that the
stationary solution is also attracting, by adding self-loops at every state, while choosing
the transition probability between different states to be proportional the corresponding
transition rates (see Section A.11 in the appendix for details).

Let us summarize our method as follows: While it is (at least in principle) possible to
write down the solution operator e’ and compute the limit, finding algebraic solutions for
these eigenvalues is not possible for dimensions larger than four [Wiis13|. This is known
as the Abel - Ruffini theorem. However, the minimal amount of information needed, is
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not the precise value of the eigenvalue, but only the fact that all non-zero eigenvalues have
negative real part and are thus declining to zero (compare proposition (1) and following
discussion).

When we look at the structure of the transition network and ask where the probability
will eventually flow, it leads to the definition of minimal absorbing sets, which can be
shown to be strongly connected (see definition 6). This allows us to write the generator T'
in the form of Equation (2.32), where all transient states and minimal absorbing sets are
clustered.

The search for a sufficient criterion for the uniqueness of the stationary solution (in
which case the network is called relaxing) leads to the positivity of the solution operator
(Section 2.3.3), which is guaranteed if the network is strongly connected (Theorem 13).
Combining this with the structure of the generator matrix I, this leads to the observation
that the number of (linearly independent) stationary solutions equals the number of
minimal absorbing sets and that for each minimal absorbing set, we can construct a
stationary solution, whose non-zero components correspond to the states within this
minimal absorbing set (theorem 14).

This leads to the following formula for the stationary solution, which can be interpreted
as a variation of Bayes’s theorem:

Poo(Po) = D, PPy~ B) Poo(py € B). (4.2)
BEE ppy | B)

The i-th entry of the stationary solution p. (py € B) corresponding to the minimal
absorbing set B € B is proportional to the sum of all weights of in-trees rooted at state ¢
if i € B (see Section 2.5.1), while the probability P(py ~» B) for reaching this minimal
absorbing set is the sum over all possible paths in the state transition network of the
embedded discrete-time Markov chain (see Section 2.5.2).

Section 2.6 provides a physical explanation for the dynamical behavior of the classical
master equation for a strongly connected system: As long as the stationary solution
Poo(Pp) is not reached (which is never the case for a finite time if the initial condition was
not already stationary), the entropy of the system increases, as shown in Equation (2.109).
When a stationary solution additionally satisfies the detailed balance condition (see
definition 19), it is invariant under time reversal, meaning that at the stationary solution
there is no net circular flow (compare Kolmogorov’s criterion in theorem 2.6).

In Chapter 3 we start with a derivation of the Lindblad equation for finite dimensions:
Starting with the unitary time evolution of system and bath and tracing over the subspace
spanning the bath, results in the Kraus operator representation, whose generator can be
shown to be of the Lindblad form (see Section 3.1. This theorem has first been proved
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by Gorini, Kossakowski, and Sudarshan [BP02] for finite dimensions, with Lindblad
extending the proof for bounded operators. The question, of whether an analog generator
for unbounded operators must also be of the Lindblad form is still open (date 2022).
Since the computational complexity of the solution scales quadratically with the dimension
of the system, analytical solutions of larger systems are practically unfeasible (this has
been referred to as the ‘curse of dimensionality’ [Lid19]| ). One way to tackle this problem
is via unravellings, which are stochastic trajectories, whose ensemble average must equal
the solution at a given time. This is usually done in terms of ket-state unravellings, in
order to reduce complexity.

In order to avoid having to check that different decompositions

>_Pi Py = o= D_Pi Puyo
i i
lead to the same density matrix in time

sz' Py, = p(t|po) = ZPQ Pyt

we use density matrices as quantum states and the so-called quantum state unravelling ,
which is what Davies called a piecewise-deterministic process [Dav84].

The stationary solution of the Lindblad equation is given by its time average and we use
the fact that Kiimmerer and Maassen showed that the time average of a single trajectory
exists and one can exchange the time- with the ensemble average (compare [KMO04]).
When the number of quantum states directly after the quantum jump is finite, the
so-called discrete quantum trajectory defines a classical, discrete-time Markov chain with
transition probabilities and minimal absorbing sets, whose stationary probabilities are
given in the previous chapter. Moreover, it is possible to find an expression for the time
average between two jumps using the Jordan normal form of matrices.

In conclusion, we can say that analytical expressions for the stationary solutions of
classical Markov chains on a finite state space exist and have an intuitive picture in the
corresponding state transition network.

Stationary solutions of the Lindblad equation can be obtained from the quantum jump
unravelling, by exchanging time- and ensemble average and interpreting the quantum
states directly after a quantum jump as a Markov chain. In case that the number of
these quantum states is finite (which is in particularly guaranteed, when the action of the
conditional Hamiltonian on these states is trivial), an explicit expression of the steady
state can be computed, using the stationary probabilities of the classical case.
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4.2. Outlook

In this Section we want to look ahead and see what future research in this area could
look like.

For almost all cases throughout this thesis, we restricted ourselves to the case of a finite
system, |Q2] < co. The reason why we made this additional assumption is that for finite
systems we can work with matrices and use theorems like the one of Perron-Frobenius
[Per07; Fro+12] or Gershgorin [Ger31]|, for which there is no analog for the infinite
dimensional case. What is more, having an infinite index set, one has to clarify the
space on which this operator is well defined, that is, satisfying the semi-group property.
However, given the very specific structure of the set of differential equations, one can
be confident that these problems could be overcome, at least in the most common cases
|GLO5].

There are some limit cases where the solution coming from mathematics would surely
coincide with the physical intuition. An example would be an infinite dimensional system
o, for which there exists a finite sub-system, Qoo & Qo, where all the probability
mass is contained in. A slightly more general case would be if for all € > 0 there existed a
finite sub-system €2 & 1, such that the probability mass in € is at least (1 — ¢) for all
times .

On the other hand, a system like the one depicted in Figure 4.1, where the probability mass
is just ‘flowing towards infinity’ will surely not have a limiting probability distribution.

@ Y12 )@ Y23 )@ V3—... )@

Figure 4.1.: Example of a transition network for a continuous-time Markov chain with an
infinite state space: Since the probability p;(¢) for every state converges to
zero, there can be no limiting distribution.

There is slightly more material to be found in the literature concerning infinite, discrete-
time Markov chains. In this case, an irreducible, recurrent and aperiodic Markov chain is
not sufficient to ensure the existence of a limiting distribution - a counterexample would
be the symmetric random walk on Z [Bré20; Pril3; Dou+18]. The reason for this is, that
while a single trajectory starting at the origin will almost surely reach the origin again,
it will take an infinite amount of time to do so. This phenomena is also known as the
‘gambler’s ruin’ as this indicates that even a fair game (throwing a fair dice and winning
or loosing a coin, depending on the outcome) could lead to ruin of the gambler, when the
game is played for only a finite time. A Markov chain with this characteristic is called
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null recurrent [Bré20; Dou+18; Pril3|. However, when having a finite expectation value
of the return time (which is called positive recurrent) rules this out and guarantees the
existence of a limiting distribution.

Analytical expressions for classical Markov chains on an infinite state space are also
crucial for a possible generalization of our result for quantum master equations, where
the assumptions of a finite state space is needed (compare Section B.3).

One has to admit that this assumption is a highly non-generic case, in particular, when
the conditional Hamiltonian acts non-trivially on the quantum states, which will then
depend on the continuous parameter of the waiting time, resulting (in general) in a state
space that is uncountably infinite.

However, it is possible to weaken this assumption a little bit. If trajectories were (even for
an infinite state space) eventually captured by some minimal absorbing set, it would most
likely suffice if the conditional Hamiltonian were to act trivially only for all the quantum
states that lie within some minimal absorbing sets (compare the example in Section B.4).
Another way to generalize this, would be to allow an infinite state space, but requiring
that the number of cluster point for every possible unravelling must be finite. Then
one were in a position to divide every member of the discrete quantum trajectory into
a finite partition of subsequences converging to different limits, where every member of
the discrete quantum trajectory belongs to exactly one subsequence. However, this too
would not cover the general case, since even a sequence consisting of only a countably
infinite number of terms, may have uncountably many cluster points, as can be seen from
a rotation by an angle that is no rational multiple of 2.
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A. Appendix A: Master equation

A.1. Properties of the transition matrix of a discrete-time - and
the solution of a continuous-time Markov chain

Lemma 25 (Eigenvalues of the transition matrix).

The number 1 is an eigenvalue of the transition matrix @ for a discrete-time Markov
chain with a finite state space, while all eigenvalues have a modulus less or equal to one

Proof. With 1 := (1,...,1)” we have

2] 12|
17Q= 1> Qi1 Y Qi | =17, (A1)
i=1 i=1
1 1

so Q71 = 1-1. This means that 1 is an eigenvalue of both Q7 and (since det(Q? —11) =
det ((Q —11)T) =det(Q — 11)) as well as Q.
Let Aps be one of the (possible multiple) eigenvalues of @ with the largest absolute value,
corresponding the the eigenvector v, which we can assume has the one-norm of one. Then
we have:

Au| = [Aul lolly = [} Ao ff < H?h |vll1 (A2)

1 Qu 1

O
Lemma 26 (Properties of the solution function ).

When p,, is a probability vector, then the solution of the master equation p(t | p,) := e’ p,
is also a probability vector for all times ¢ > 0.
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Proof.

When for some state i € {1,...,|Q|} and some time ¢ > 0, the probability p(*) (t) of being
in that state at that time equals one (zero), then the time derivative %p(z) (t) of that
probability is negative (positive), that is

12

19
= me(t) Yj—i = 0.

This means, that the solution p(t|p,) will always have non-negative entries. In order to
show that it is also a probability vector, we notice that the time derivative of the sum of
all its components vanishes:

2] 12| 12
d ; d (2.21) : ,
el @Oy | = Sy ) ==L = DB~y o — oD ()i i) = 0.
i | 200 ) =2 () > (0% p07)
= - i#i
(A.4)
This means, that the sum of the components of the solution p(¢|p,) is constant with
1 L2/
time, so > p@(t) = 3. p(t =0) = 1. O
i=1 i=1

A.2. Gershgorin circle theorem

Lemma 27 (Gershgorin circle theorem and consequences for the eigenvalues of T').

Let B(z,7) := {x € C : |z — x| < r} denote the closed ball around the complex number z
with radius 7 > 0. For a N x N complex matrix (N € N), the spectrum o(A) of A (that

106



is the set of all eigenvalues of A) lies within the union of all Gershgorin circles:

N N
a(A)C | B A, Y Azl
=1 inli
Proof. Let v be an eigenvector of the matrix A € CN*V to the eigenvalue A, that is
Av = Av. We can choose that for some component i € {1,..., N} the corresponding
entry in the eigenvector equals one, v; = 1, and for all other components j € {1,..., N}
we have |v;| < 1. Now we make the following estimation:

N
A=) v, =(\v), =(Av), = Ajju; + Ay v
v ( v)z ( v)z Z JUJ+ ,U ,

=1,
1 i 1

~—~

=1, i=1, j=
i J#i <1 j

N N N
= A= Auil = | D Ao <D Al ol < 1Ay
j=1
J

EN

O
When we apply the Gershgorin circle theorem to the generator matrix I'; we get the
following result:
I' has only eigenvalues with a non-positive real part (Re (o()) C Rgo) and A = 0 is the

only eigenvalue of I' where the real part equals zero <0(F) N(R) = {0})

N
This follows directly from figure A.1 and the fact that —I'; = ) |I';;| foralli €
j=1

i#i
{1,...,N}: The origin is the only point in the intersection of the Gershgorin circle and
the half-space {z € C|Re(z) > 0}.
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Re(:)

~

Figure A.1.: The union of all Gershgorin circles containing all eigenvalues of I.
Hence Re(c(I')) € R<p and o(I') N (¢ R) = {0}.

A.3. Properties of the generator matrix of the master equation
Lemma 28 (Proof of various facts about the generator matrix I, listed in Proposition 1).

i) The number zero is an eigenvalue of the generator I'.

ii) All eigenvalues of the generator matrix I apart from zero have strictly negative real
part, that is Re [o(I')\{0}] C R<y.

iii) The geometric multiplicity for the eigenvalue A = 0 agrees with the algebraic
multiplicity, that is gx—g = ax—o-
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iv)

Every stationary solution of the master equation lies in the kernel of the generator
matrix and vice versa.

]
v) The column sum of every matrix power of the generator equals zero (Z (') = 0) ,
i=1
2]
while the column sum of the solution operator equals one [ > (et'?);; =1 | for all
i=1
je L. .|al.
Proof. O
2]
i) Since sum of all columns of I" is zero | > I';; =0 forall j € {1,...,|Q|} ], the
i=1

ii)

iii)

column vectors must be linearly independent and hence I' can not be invertible, so
A = 0 must be an eigenvalue. Another way to see this, is to compute

1,...,1)-T=(0,...,00=0-(1,...,1),
~—— ~—— ~———
|| times || times || times
which means that (1,...,1)7 is an eigenvector of I'7 (and hence also of T') to the
——
|| times

eigenvalue A = 0.

This follows directly from Gershgorin’s circle theorem (see Section 27 in the appendix)

Let hy,, € kern (I'— A1)™\kern (I' — A1)™! be a generalized eigenvector of the
generator of the transition matrix I' of rank m € N to the eigenvalue A. The action
of the time evolution operator el * on this vector is given by

m—1 ,k

t
el't h/\,m — Mt Z E h)\,m—k7 (A5)
k=0

where we used the Jordan normal form of the generator I' (see [HJ12] for details).

For non-zero eigenvalues A # 0, this tends to zero since Re[\] < 0.

For A = 0, we must have m = 1 since the solution of the master Equation (2.21)
is bounded. If we had m > 2, then for any initial state p, € (R> )19 with strictly
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iv)

positive entries we could choose a small number € > 0 and a normalization constant
N > 0 such that %’”:M is a probability vector. The time evolution of this
modified initial state would be

Py + €hy—0m= el't .
el't < 0 A/): 0,m 2) — Npo +N (h’>\:0,m:2+th)\:07m:1)7

——
€(Rs0)""

(A.6)

which is unbounded, in contradiction to the fact that the solution of the master
equation remains a probability vector for all times (see lemma 26 in the appendix).

A proof that uses no other properties other than the structure of the generator

matrix is given in lemma 44.

This means, that for the eigenvalue A = 0 we only have ‘normal eigenvectors’ of
rank m = 1: hg\l):(),m:1 = UE\Z):o forie {1,...,9\x=0}

When p € kern (T'), then et p = (1 + > (FJ,)"> P = p, so p is stationary. When
n>1
on the other hand, p is stationary, that is e ‘ p = p for all times ¢ > 0, we have
. r .
I'p= lim et%p =0, so p lies in the kernel of T.
t—0t
This is proven by induction over the matrix power n € N> . For n = 1 this follows

from the definition of the generator matrix I'. For the induction step, we have:

(T =) Tk > (™) =0,
=1 T =1 =1 (A7)
kil(F”)ik Tij 0

while for the solution operator we use its representation as a power series

19|
Z (ert)w =
=1

>
n!
n€Ng 6n,0

n 9

Do 2 Ty =1 (A5)

neNg =1
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A.4. Weakly chained diagonal dominant (WCDD) matrices

Lemma 29 (WCDD matrices are non-singular).

Proof. The fact that SDD matrices are non-singular follows from Gershgorin’s circle
theorem [HWO6] (for a proof, see Section 27 in the Appendix).

Now let A € CN*N he WCDD and assume that A is singular. Then A as well as AT
has an eigenvalue A = 0 and a corresponding eigenvector « € kern(A” —0-1), w.l.o.g.
assume that there is an ¢ € {1,..., N} such that 1 = |z;| > |zx|Vk € {1,..., N}, k # 1.
Then we have

N N
0= (AT x); = Z (AT)ik T+ Ajjx; — —Ayx; = Z Ap; vk (A.9)

k=1, — k=1,

ki Ak ki
N N N

(A.9) () A...WDD

= i = | —Aizi | =D Ak Y [ Apil k] <D0 1Akl < | Aul

k=1, k=1, k=1,
ki ki <1 ki

(A.10)
Hence, in line (A.10) we have equality everywhere. In particular:
i) The last equality tells us that the i-the row is not SDD.
ii) Equality in (*) means that whenever Ay; # 0 = |z3| = 1.

Since A is WCDD we know there exists a path ¢ = ig — iy — -+ — i = j to the SDD

row number j. In particular, we have A;, ;, # 0 KN |z;,| = 1. Repeating the argument
from the beginning, we get from i) that the é;-th row is not SDD. When we keep iterating,
we finally get, that the j-th row is not SDD which is a contradiction. O

A.5. The solution operator - positivity and long-term behavior

Lemma 30 (Positivity of entries of the solution operator and the reachability of the
corresponding states).

Given a network S = (2, &,7) with two states 7,7 € € such that state i is reachable
from state j, j ~~ ¢, then the i-j-th entry of the solution operator is strictly positive,
(etr)ij > (0 for all ¢ > 0.

In particular, for a strongly connected network S, the solution operator has only strictly
positive entries for all times, et € (R>0)|Q‘X|Q| for all t > 0.
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Proof. O

Let i,j € Q be states in the network, such that state ¢ is reachable from state j, j ~~ i.

Since we know that the limit e!" = lim (1 + %)” exists, it suffices to show that that the
_)

sequence e

12 €2

<<<1+tnr>">”) :gl...kﬂzlzl<1+1:>i7kl...<1+1;f>kn_hj (A.11)

neN

has a strictly positive lower bound.

(a) Original network S

Figure A.2.: lllustrating the difference between the original network S and network S,,
associated to the matrix 1+ % with the modified link strength and additional
self-loops.

The walk (1,1,2,3,3,4) € WP(1 = 4, S,,) € W(1 - 4, S,,), after remov-
ing the self-loops, becomes a path, where as the walk (1,2,3,1,2,3,4) €
w1 -2 4,8,)\WP(1 - 4, 8,,) does not.

We call S,, := (Q, g, %) the network associated to the matrix 1 + %, provided that n € N
is large enough, such that all links are positive (in particular, 1 + %Fii is positive for all
i € Q). It can be recovered from the original network S, by modifying the links between
different states with a factor of % and adding a self-loop at every state with a weight of
1+ tLes for all s € Q.
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We need the following definitions:

Fpin :=min{ly : 1€ {1,...,|Q|}} <0

W( i, S) :={ all walks w € Q" of length n € N from state j € Q
to state ¢ € 2 in the network S}

P(j =i, S) :={ all paths w € Q" of length n € N from state j € Q
to state ¢ € 2 in the network S}

WP(j =i, 8) :={ all walks w € """ of length n € N from state j € Q@ (4 19
to state ¢ €  in the network S,
which become paths after removing the self-loops}
Pl ~i,8) =] PG4, 8)
neN
= { all paths of arbitrary length from state j € Q
to state ¢ € () in the network S

Clearly, we have
PG i, S) CWP( i, 8) CW( =514, S).

A non-zero summand in the right hand side of Equation (A.11) can be interpreted as the
weight v of a walk @ € W(j —= i, S,,) of length || = n from j to i.
When we look only at the weight of a special walk

|| ||

D EWP( —5i,8,) CW( —> i,8n),

then this weight can be separated into the weight of the corresponding path

||

w e P(j — i, S) times a scaling factor (%)M times the weight of the self-loops:

u ol ¢tT
Yo = H Voo—Dat1 = H n Ywp—wiy1 H (1 + nss) >
a=1 k=1

se{self-loops(@)}

=) > (14 Tpin ) ¥ (A.13)

t |w] tFi |o0]—w]
o (&) o2
n n
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where the product is taken over all self-loops of @.

(a) The walk (b) The path

5 =(1,1,2,3,3,4) e WP(1 225% 4.8, w=(1,2,3,4) e P(1 =% 4.5,

and self-loops.

1+

T'9

Figure A.3.: lllustrating the separation of the weight of a walk © € WP(1 M 4,8,)
into the weight of a path w € P(1 L1=3, 4,8,) and a product of the weights
of self-loops.

|l |&|=5

For a fixed path w = (1,2,3,4) € P(1 ““=% 4,3,,), there are (623 =

|©[=5

10 many @ € WP(1 —— 4,8,,) that include the original path, with only
additional self-loops, namely

o1 =(1,1,1,2,3,4), & =(1,1,2,2,3,4), @3 =(1,1,2,3,3,4),

4= (1,1,2,3,4,4), @5 =(1,2,2,2,3,4), @6 = (1,2,2,3,3,4),

w7 =(1,2,2,3,4,4), @&z =(1,2,3,3,3,4), @9 =(1,2,3,3,4,4),

and wyp = (1,2,3,4,4,4).

For a given path w € P(j N i) and some fixed natural number |@| greater or equal to

|wl, [@] € N> ||, there are (m) many walks @ € WP(j A, i), which include the original
path, but have additional self-loops (out of |©| many transitions, choose the positions of
|w| non-trivial ones).

For a last estimation, we notice that the following two sequences are both monotonously
increasing (denoted by ) and converge, which allows us to make the following estimation
for a fixed, but sufficiently small number ¢y > 0 and for sufficiently large number n € N> q|
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n!
=

o e I B

n—|w|)!-nlel

(A.14)

> > Vo
we WP(j%i,Sn) > o (£) (1+trmin)”*|w\

n

SO NO NS R

- ¥ n! SO RN U
(n — |w)!nll  |w|! n
~—_— —

wEP(jwi,Sn)

2(1760) 2(1—50) et I'min

(A14) (1 — ¢y)2 Yot
> etrmin w
- 2 Z |w|!

wEP(jwi,Sn>
> 0.

In the fourth step, we used both the estimate of Equation (A.13) and the fact that every
‘walk-path’ can be separated into a path and self-loops and in the last step the fact that
wl < 12 < n.

This concludes the proof.
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Lemma 31 (The structure of the ‘stationary’ solution operator lim etl).
—00

Let B € B be a minimal absorbing set and pg the corresponding stationary state, given

by Equation (2.77). Then pg - (1,...,1) is the matrix, whose columns are the vector pp:
——
|B|
(1) (1)
| bPp" --- Pp
pg-(L,....0)=|pp ... Pp|= DR € (Rs ) PXI5! with
B o (1BI) (I1B))
|B] Pp ... Pp
Y7 (A.16)
TeT(—1,B)
Pp = :
>
TeT(—|B|,B)
0/Bolx|€
P(Bo— B1)pp, - (1,-..,1)  pp, - (1,...,1)
—— ——
lim e''! = - - , =
t—o0 ..
P(BO_>B|B\)pB‘B‘ (1771) pB|3‘ (1’51)
|B1] Bgl
0 - 0
0 - 0
| | | |
_| P(Bo—B1) |pp Pg, Pp, Pp,
| | | |
| | |
P(Bo— Bg) | PBs -+ PBy Ppy,

Remark 32 (Non-negative entries of e'!" are not sufficient).
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Let v € RY be a vector and A € (R>()V*" is a matrix with non-negative entries such
that for all ¢ € {1, RN N} we have (Ai,l V1, ... ,Ai’]\[ ’UN) S (Rzo)N U (Rgo)N. Then we
can not conclude, that v € (R>o)" U (R<o)V

= ()

Al,l Ul,Al,g V9 = (0, —1) (S (Rgo)N:2 and
~~ =~~~

, as the following example show:

(A17)
0 1 -1

Aoy v1 ,Asp va | =(1,0) € (Rso)V=2

P

Lemma 33 (Any linear subspace of RY contained in (R )N U (R< 0)" must be on-
dimensional ).

Proof. O

An abstract argument is, that the vector space, when removing the zero vector, is no
longer path connected, and this is only the case for one-dimensional vector spaces.

A technical proof using only tools from linear algebra is given below. The idea is to use
assume the vector space were at least two dimensional and then construct a vector with a
strictly positive and a strictly negative entry.

So let v1 and vy be two linear independent vectors and without loss of generality we
assume that both the two vectors as well as their difference have only non-negative entries,
V1, V2,1 — V3 € (Rzo)N.

Then for all components i € {1,..., N} we can choose an ¢; € [0, 1] such that ¢; v%l) = vgl).
We define €, (€p7) be the smallest (largest) of these epsilons and iy, (ip7) to be the
corresponding index, that is

€m :=min{¢ : 1€ {1,...,N}} im:=argmin{e¢ : i€ {1,...,N}}

A18
ev:=max{e¢ :i€{l,....N}} iy :=argmax{e :ie{l,..., N} }. ( )

Since v, and vy are linearly independent, we know that €, < ej;. Then for any
€ € (em,€n), that is €, < € < €y, the vector ev; — v has both strictly positive as well
as strictly negative components:
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. ; ; ; irg) Def enr,i
component iy ;. € vglM)—ng) <6Mv§lM)—véZM)&o

o (im) _, (im) (im) _, (im) Def em,i (4.19)
. Tm Tm im Tm el €Em, tm
component i,, : € v — Uy > €mv) ) — Uy =————= 0.

>em
This is a contradiction to the assumption that two linearly independent vectors exists,

which concludes the proof.

A.6. In-trees and in-forests of a network

Definition 34 (In-trees).

We call a network 7' = (€2, &) with no self-loops an in-tree (also called anti-arborescence
[GMT78]) rooted at state ig € € if for all states i € Q there is a unique directed walk
leading from state i towards the root ig. An example is given in Figure A.4, where the
root is state number ig = 2. Note, that since the walk is unique, it has to be a path,
meanig that all states must be different. The weight of an in-tree is the product of the
link-strength of all edges of the in-tree: v := [  7isj.

(4.5)€ET

Figure A.4.: Example of an in-tree rooted at state number 2. There is a unique directed
walk from each state of the tree leading to state number 2. Its weight equals

yr=II  visj = Yo27752 V752 Va7 Y67 V3—4 V56
(4,5)€E(T)

Definition 35 (In-forests).
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We call a network F,p = (2,EF) an in-forest rooted at the states B C  if its weakly

connected components are in-trees, that is F.,p = €@ T-,;. In-trees are special in-forests,
beB
with exactly one weakly connected component.

This means that for all states ¢ € {2 there is a unique state b € B and a unique directed
path leading from state i towards this state b € B (for i € B, this would be the trivial
walk ()).

In particular, this means that the set {R(— b) : b € B} is a partition of €, that is

U R(— b) = Q and
beB (A.20)
R(—) bl) N R(—) bg) = (Z), for by # bo.

Analogously to in-trees, the weight of an in-forest is defined as the product over the links

of its edges: vp:= [  7visi = 11 70—
(4,5)€EF beB

An example is given in Figure A.5, where the roots are given by B = {2,3,6}.

=
\
w»

O ©

Figure A.5.: Example of an in-forest rooted at the set B = {2,3,6}. There is a unique
directed path from each state of the tree leading to either one of the states
2,3 or 6. Its weight equals

VP = H Yi—i = VT2 * VT3 " VT — V1—=2V7—2 * V54 V4—3-
(l»])egF

Z P

Further, we define the set of possible in-trees and in-forests of a given network as follows:

Definition 36 (The set of partitions of a set, the set of possible in-trees and of possible
in-forests of a network).

Le © be any set and () # J C Q be a non-empty subset. We denote with Part($, J C Q)
the set of all partitions of {2 into |J| many elements §; (that is |J ;¢ ;€2 = Q) such that
j ey forall jelJ.
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Let § = (2, &) be a network with ig € Q and J C Q, J # (). Then

T(—=i0,S) : ={(QEr) CS : (Q,Er) is an in-tree rooted at the state igp € 2 }
F(—= J,8):={(Q2,Er) CS : (Q,EF) is an in-forest rooted at the states B C Q }

= U U D (.er) ¢

mdiogem  (Erigr, e @ Ea; i<t
(ijgTj) ET(—)],(Q],ng)>
with Eq; : = {(a,b) € Q? : (a,b) € &}
(A.21)
It should be noted, that an in-tree T" of a network S need not be a subnetwork defined in
4. In fact, T can only a subnetwork of original network S, if § itself is an in-tree.
An illustration is given in the figures A.6 and A.7.

(b) In-tree T (c) In-tree Ty (d) In-tree T3

2 2
7 -
Xlu? &uﬁ
723 Y2—3
>
&uﬁ

(e) In-forest (f) In-forest I,

@/@@@%

Figure A.6.: Example of a network, whose in-trees rooted at state 3 are given by
T(— 3,8) = {T1,T>, T3} and whose in-forests rooted at the states {2, 3} are
given by ‘F(_> {273}78) = {FlvFQ}'
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(a) (5T37€T53‘€Ts) - ({}’{(271)7 (la?’)’ (475)}7{(6a 7)7 (77 8)})

Figure A.7.: Example of three possible in-forests rooted in the set J = {3, 5,8}, while
fixing the partition (Q3,95,Qs) = ({3},{1,2,4,5},{6,7,8}). Other ele-
ments of Part(Q2, J) are ({1,2,3},{4,5},{6,7,8}),({3},{4,5},{1,2,6,7,8}),
({1,3},{4,5},{2,6,7,8}) and ({3}, {1,4,5},{2,6,7,8}), making a total of 15
in-forests, rooting in the set J = {3, 5, 8}.
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For a given link (a,b) € &, we call the state a € Q a starting point. Then we can
characterize in-trees as follows:

Lemma 37 (Characterization of in-trees and in-forests).

A network (€2, &) is an in-tree rooted at the state ig € Q, if and only if the following
three conditions are satisfied:

i) All states j € Q\{ip} are starting points of some link
i) Jer] = () — 1
iii) The network contains non cycles

Proof. Let (€2, &r) be an in-tree. Since for every state j € € there is a unique walk to the
root (j ~ ip), every state j € Q\{ip} must be the starting point of some link. This also
implies |E7| > 2| — 1. At the same time, no state can be the starting point of more than
one link, since then the walk to the root would no longer be unique (if @ — b ~~ iy and
a — ¢ ~ ig for b # ¢, there are are at least two walk from state a to the root ig ). This is
also the reason why there can be no cycles: With a cycle one is able to construct walks of
arbitrary length ( if a & b — ip, we have a — b — ip, a — b — a — b — iy, etc. ).

Vice versa, assume that a given network satisfies the above conditions. We can construct
a walk from every state to the root as follows: Take an arbitrary state j € Q. If j = ig,
we have the trivial walk (i9) and are done. Otherwise there will be a link j — j2 to some
other state jo € Q. If jo = iy, we are done, otherwise we repeat the process. Since there
are only finitely many state and no cycles, this process must come to an end, meaning,
the constructed walk must reach a state, which is no starting point. This state can only
be the root ig, as it is the only state, which is no starting point. Moreover, condition )
together with condition #i7) implies that every state other than the root is the starting
point of exactly one link, making the walk constructed above unique. This means, that
the network is indeed an in-tree rooted at state ig. O

Since every connected component of an in-forest in an in-tree, we also have a characteri-
zation of in-forests:

A network (2, Er) is an in-forest rooted at the states J C €, if and only if the following
three conditions are satisfied:

i) All states j € Q\J are starting points of some link
i) [Ep| = [Q| = ||
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iii) The network contains non cycles.

Lemma 38 (In-trees and minimal absorbing sets ).

For a given network & = (2, £), the set of possible in-trees rooted at the state a € Q is
non-empty, if and only if the state a lies in the only minimal absorbing set, that is

T(—>a,8)7$@ — ac ﬂ B (A.22)
BeB

Proof. ‘=" We know from definition 6 that all states lead to some minimal absorbing
set. If this minimal absorbing set B € B is unique, then all states must lead to B
and since B is strongly connected, then there must be a path from all other states
to state a € B, so there is at least one in-tree of S rooted in state a.

‘=’ We prove this by contraposition: Suppose, there were a minimal absorbing set
By € B with a ¢ By. Since By is absorbing, the state a cannot be reached by any
state in By (Bp™<.a), so the set of in-trees of S rooted at state a is empty.

O

Lemma 39 (In-forests and minimal absorbing sets ).

The set of possible in-forests rooted at the states J C €2 is non-empty, if and only if the
intersection of every minimal absorbing set with J is non-empty:

F(— J,8) #0 <= for all B € B the intersection of B

. : (A.23)
with J is non-empty: BN J # ()

Proof. ‘=" We prove this by contraposition: Let By € B be a minimal absorbing set
such that BoNJ = (). Then no state in J can be reached by any state in By (that
is j™~bg for all by € By and j € J ) and thus there can be no in-forest rooted at
the state J C Q.

‘=" We prove this again by contraposition, so we assume that there is an in-forest rooted
at the states J C ) and we choose an arbitrary minimal absorbing set B € B. From
the definition of an in-forest, we know that for all states b € B there exists a state
Jb € J such that b ~» j,. Since B is absorbing, this can only be true, if j, € B.
Since B € B was arbitrary, the claim follows.

O

Corollary 40 (Indicator term of multiple minimal absorbing sets).
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For some fixed natural number j € N, the term Y>> ~p vanishes, if and

JelPolw ) FeF(—J,S)

only if there are strictly more than j many minimal absorbing sets, that is |B| > j.

Proof. We have

0="> 2 (A.24)

TePow | () FEF(—J,S)

if and only if for all subsets J C Q with |J| = j elements, there are no in-forests rooted
at the set J. By lemma 39, this is the case if and only if for all J C Q with |J| = j
there exists a minimal absorbing set By € B such that By N J = (). This can only be the
case, when there are more than |.J| = j minimal absorbing set (since otherwise one could
choose J = {b1,..., b5, b5/+1,-- -, b7 }) and vice versa, when |B| > |J| there can be no
in-forests rooted at the states in J. O

A.7. Analytical expression for the principal minors of the
generator matrix

In the following, we need the notion of minors of matrices, which are determinants of
smaller submatrices.

Definition 41 (minors of matrices).

Let M, N € N> 2 be natural numbers, A € C¥*¥ be a matrix and 1 S{l,....M},J &
{1,..., N} be subsets of the first M (IN) natural numbers. We denote by Ar; €
CM=ILN=1JI the submatrix of A that is obtained by deleting all rows i € I and all
columns j € J and set [A],; to be the determinant of Ay s ([A][7J = det(ALJ)), pro-
vided that A; ; is a square matrix. [A]  is called a principal minor if I = J (compare
the two example in Figure A.8 ).
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(a)

mi1 Mi2 M3 Mi4 M5
M1 Ma22 M23 M24 M25
m31 M3z MM33 MM34 M35
Mgl M4z M43 44 M4s

an a2 a3
A= a2z a2 as|, M =
asr as2 ass

ain U a3

Apyy=| 0 0O 0O E mD S S mD
az U ass Musyps4 = | o 522 O 0O D%
[A]2,2 = [A] {2} {2y = O mep O O mys
_ | @1 a3 | _ may Mo
asy ass [M]{1,3},{1,3,4}:’ Mas  Mas
= aji1 a3z —as a3 = 92 M45 — 1M42 TM45

Figure A.8.: Example of the minors of two matrices: In example A.8a, we delete the row
number 2 and the column number 2, whereas in example A.8b we delete
the rows 1 and 3 and the column with the numbers 1, 3 and 4. [A];9} 2} IS @
principal minor whereas [M];; 33 1,34} is NOt.

In the following we want to show that the principal minors of the (negative) generator
matrix can be computed via sums of weights of in-forests.

Theorem 42 (Principal minors of the generator matrix).

Let T be the generator matrix of a network § = (£, &), given by Equation (2.21), and
J CA{1,...,|Q|} be a subset of the first |©2] numbers. Then the principal minors of the
negative generator matrix are given by:

[T, = Z TF = Z H Z Ty =

FeF(—J,S) {Q  kEJ}EPart(Q,JCQ) jJEJ TiET (—5,Sk)

- Z Z H Ty (A.25)
€ J

{9 : k€I }ePart(Q,JCQ) j
(Tr)nesc <k@J T(—”‘%Sk)>
€

with the subnetwork Sy := (Q, {(a,b) € £ : a,b,€ Qi }).
For J = {j}, this reduces to
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[Ty =D, = Y g (A.26)
TjGT(-}j,S)

Proof. We follow the proof given in [MG13|. First, a few definitions:
- We denote by Perm(Q\J) the set of all permutations of the set Q\.J

- For a permutation 7 € Perm(2\J), we set Fix(7) := {i € {1,...,|Q\J|} : 7(i) =i}
to be the set of fixed points of 7 and C := {cycles of 7w} the set of all cycles of the
permutation .

- The weight of all the cycles of the permutation 7 is defined as

VO 1= I1 Viosm(i)
i€Q\(JUFix(r))

We can write any permutation m € Perm(2\.J) as a product of cycles, namely m = ¢; o

(i) (i) W Wl
... o€y, With the cycles ¢; := (w;”, ..., w,) = %Z.) ’fzi) forie {1,...,|Cx|}.
! Wy ... W
The principal minors of the negative generator matrix are given by

= Y. sen® [ (-Degya- (A.27)

mePerm(Q\J) aeQ\J

The sign of a permutation 7 € Perm(Q\J) can be computed to

|Cxr | [Crl

> ki—|Cxl
sgn(r) = [ [ sen(e:) = (—1)= = (—1)f=Hiel (A.28)
i=1 ]
(=1t
|Cx|
with K := Y k; = |Q\(J U Fix(m))|.
i=1

For the product, we get:
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H (_F)ﬂ(a),a: H (_F)Li ) H (_F)ﬂ’(ﬁ),ﬁ

«a i€Fix(m ix(m
eQ\J E€Fix(m) % . BE(JUFix( ))(*1)'7,;—”7(/3)
€2
= IT > v [T Dwsne (a2
1€Fix(m) ji=1 BeQ\(JUFix(m))
’yl‘”z (_1)K7T YCr

[T
je{l,..., ‘Q‘}|F1x(7r)| 1€Fix(m)

= (=1)"" e, > I i

Fe{1,...]Q}IFix(m] icFix(r)

where the first sum s over the ‘vector index’ j € {1,..., |Q[}Fx(I,
When we put these together, we end up with

[_F]J,J = Z Sgn(ﬂ-) H (_F)ﬂ'(a),a =

m€Perm(Q\J) ace\J
Sy Y e T e 40
wEPerm(Q\J) JE{1,...,|Q}Fix(m)] i€Fix(m)

monomial

For a given network S, we call a product of weights of links a monomial of size k € N, if
this product constitutes of k£ different links with & different starting points.

Every summand in Equation (A.30) is a product over K, + |Fix(r)| = || — |J| many
different links, whose starting points are the set Q\J.

Now we consider a fixed monomial vy, and ask, with how many permutations m €
Perm(Q\J), we can construct this monomial.

Since the term  [[ 74, can yield additional cycles, we set Cps := { cycles in M} D Cx
1€Fix(m)

to be the set of cycles in M.

For every cycle in C)s, we can either construct it with permutations via the term ~¢,, or

with the help of fixed points via the term  [[ 7;—j,. So for every k € {0,...,[|Cr|}
1€Fix(m)

there are |Cl§4 |> many different ways to choose a permutation 7 € Perm(Q\.J), such

that |Cr| = k.

Although the monomial «y; will be the same for all permutations, the sign can vary
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due to the term (—1)I%=l. So for a fixed monomial vy, with a positive number of cycles
(|ICn| > 0), we have:

|Cl
Y <\CI§4I> (41)/C =k (Z 1Yk = (1 — D)IOu] — (A.31)
k=0

Y1—2

Y4—5 Y12
Y4—5
= OO O 0
2 V54 %3&
g V54
(@) m =(123)(45):
|Cry| =2, (1)1l =1 (b) w2 = (123) :
TM = V15272373 —1V4—5V5-4 Cry| = 1, (=1)IC2l = —1,

TM = V1—-272—-373—=1 Y4—=575—4

Y1—2
Yi—5
> O 0O
&V V5—4
(c) w3 = (45): (d) 74 = Identity :
|C7T3| =1, (_1)ICW3| = -1, |C7T4| =0, (_1)|CW4‘ = 1,
TM = V1-272—373—=1 V4—575—4 YM = V1—272-373—1 Y4—=575—4

Figure A.9.: Example of the associated network of two cycles of the monomial
|©2[=5

IM = Y1-272-373—=1 VY4—57V5—4 = > Yo, 11 > Yi—ji-
rePerm({1,...,5}) i€Fix(m) ji=1

There are four different permutations that lead to these cycles with |C/| = 2.

This means, that all monomials with a positive number of cycles cancel out and only the
monomials with no cycles (|Cps| = 0) remain.

These monomials correspond to a subnetwork of S, with no cycles and || — |J| many links,
whose starting points are all states in \J.
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By lemma 37, these networks are exactly the in-forests of the network S, rooted at the
set J. This finishes the proof.
O

Lemma 43 (First minors of the generator matrix ). In order to evaluate [I']; ;, we first
have a look at a more general case:
Let A € CN*(V=1) pe an arbitrary matrix, whose columns sum up to zero, that is
(1,...,1)A = (0,...,0). Then the first minors [A];;; 9 of A, which are obtained by
—— —— ’

N times N—1 times
deleting row number ¢ and taking the determinant of the resulting sub-matrix, satisfy the
relation

[Algiye = 1D Ay, (A.32)

with the notation introduced in Definition 41.

Proof. The statement is trivial for ¢ = 1, so let us assume that ¢ > 2. We define the
square matrix

el A+el A Ap+Ain .0 Ainvaa+ AN
62T A A271 v A2,N71
_ : _ : : Nx(N—1)
el A AN AN N-1

where a box around an entry means that this entry is missing. We notice that all its

column sums vanishes, so B must be singular and its determinant must be equal to zero:

A ... Aina A . AN
0 = det (B) = ‘Ai,l‘ ‘Ai,Nfl‘ + ‘AiJ‘ Ai,Nfl =
: : : : (A.34)
An1 ... AnnN-—1 An1 ... AnnN—1
[Aliy,0 (—1)i’;r[f4]{1},w

[Aliyo + (1) [Al gy 0
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In the last step (%), we have used the fact that the determinant changes its sign when
interchanging two rows and we have move the first row e; A = (4;1,..., Ain-1) = (A e;)
successively ¢ — 2-times to the bottom. O

In particular, the column sums of the matrix I'g 1,1 (that is, deleting the j-th column
from the generator matrix) equals zero, so we can compute:

Def i—
[Tl [To.453] %/ (-1 [To.453] {1},0
— —

=1 [Co,15)) (19,0 (=171 Po.3] 5,0

= (DT T o]y = GO I
(—1)iti 0

(A.35)

13

This means that we can compute all first minors [I'] ;; of the generator matrix I' from

its first principal minors [I'] T This can be used to compute the stationary state of a
strongly connected network, as done in Section 2.5.1.

Lemma 44 (Connection between ay—o and |B| ).

The algebraic multiplicity ay—q for the eigenvalue A = 0 of the generator matrix I' equals
the number of minimal absorbing sets.

Proof. Let the characteristic polynomial of the matrix I' be given by

det (¢1—T) =t 4+ 3 171 4 b x50 + a1t X -
—~—

(A.36)
0
When a := a)—¢ is the algebraic multiplicity of the eigenvalue A = 0, we have:
=0=...= —(a—1) that is
X|Q ’ X[Q|—(a~1) (A.37)
X|o|-i =0 for alli € {0...,a -1}
We know from [HJ12] that the absolute value of x|q—; for j € {1,...,]Q[ — 1} is given

by the sum over all principal minors of I' of order j, namely

[HJ12] Thim 42
‘X|Q\—j‘— Z [F]J,J Z Z VE- (A.38)

JePow () JePow () FG]'—(*)J, S)
|J1=34 [T1=4

By Corollary 40, this vanishes, if and only if there are strictly more than j minimal
absorbing sets in &

130



O p—
Xiel=(a=1) — B >a (A.39)
0= X|Q|-(a—1) = |B]>a

This means that there are at least ¢ many minimal absorbing set, which results in

(A.39

)
a0 < Bl 2= gr_o < aro. (A.40)

This also gives an elementary proof that the geometrical multiplicity ga—g must coincide
with the algebraic multiplicity ay—g of the generator matrix I' for the eigenvalue A = 0.
Since for any column stochastic matrix () we can interpret the matrix I'g := Q — 1/ as
a generator matrix, this is also an elementary proof that the algebraic multiplicity ay—1
of the stochastic matrix () agrees with its geometric multiplicity gy—1:

A.40

ax= = a)= -1 — )= -1 = gr= .
x=1(Q) = ax=0(Q F 2)) r=0(@ - 2) = 9=1(Q) (A.41)

(a) Three in-trees rooted at the states 3, 5 and 7 (b) Three in-trees rooted at the states 3, 4 and 8

P

“’ .~
U DTS :

V5—4

Figure A.10.: Example of two decomposition of the network €2 into three in-trees each.
Since Q has three minimal absorbing sets, it is not possible to decompose
it into less than three in-trees.
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15 = (23, &) = {{3}, 0} Ts = (03,85) = {{1,3},{(1,3)}}
Ts = (5,85) = {{1,4,5},{(1,4), (4,5)}} Ty = (4, &) = {{4,5},{(5,4)}}
Tr = (7, &7) Ts = (0, &)
={{2,6,7,8},{(2,6), (6,7), (8,6)}} ={{2,6,7,8},{(2,6), (6,7), (7,8)}}
Fiasn ={Em} Frzagy = {2 Em}
Erm ={(1,4), (4,5), (2,6), (6,7), (8,6)} &r ={(1,3), (5,4), (2,6), (6,7), (7,8)}
]

A.8. Facts about trajectories in discrete-time Markov chains

Lemma 45 (Trajectories in discrete-time Markov chains and minimal absorbing sets).

In a classical, discrete-time Markov chain with a finite state space a trajectory (X, )nen will

eventually be captured by a minimal absorbing set, that is Y P(X,, € B{ eventually }) =
BeB
1.

Proof. We know that for every state s € {2 in the network there is a path to a minimal
absorbing set B C Q (see definition 6 ). This means that there are a finite number of
states s = so,...,5, € B with g5, s, , > 0 [FD22]. We now let [, be the length of
the shortest (non-zero) path to the minimal absorbing set b € B and ¢p be the largest
probability for reaching the set B € B in lp time steps, namely

Il := llgli\ln{(wozs,...,wl € B) 1 qu;—w;, > 0forall je {O,...,l}}
0

L= l
rggg{ B}

Ip—1
qB = errslltla;;(+1 H Quj—w;y1> With wp = s and wy, € B
w .
=0

qo = glelg{QB}-

Further, be let L (qo) be the largest (smallest) of the I (¢p). For a fixed natural number
m € N we define the event that a trajectory w € QN after L-m time steps is not contained
in a minimal absorbing set
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Ap ={we Nt wpy ¢ U B}. (A.42)
BeB

The corresponding probability for A,, to occur can be estimated to P(A,,) < (1 — go)™.
Since the sum over all probabilities of A,, is finite ( > P(A4;,) < 00), we know by the
eN

m
lemma of Borel-Cantelli that the probability for A,, to occur infinitely often vanishes,
P(A,, infinitely often ) = 0.
O

A.9. From Markov chains to exponential waiting times

In this Section we prove the fact that a continuous-time Markov chain leads to exponential
waiting time. To see this, we first compute the probability that the waiting time 7 in
some state j € €1 is larger than t + €, provided we already know that the waiting time is
larger than t:

P(T>t+€’X0:j)
,P(T>t’X0:j)
 P(Xige =4, X5 =37V € (0,t]| Xo = j)
P(Xs=jV0e(0,t]| Xo=13)
=P (Xise =J| Xs=3V6€[0,1]) (A.43)
2O D (Xppe = | Xi = j)
P(Xe:j‘ XO:j)

Pir>t+elr>t, Xo=7) =

time
homogeneity
=1— ;5 e+ o(e) for e = 0T,

where v, = > Vj—k is the sum of all outgoing transition rates.
keQ

When taking the (right-sided) time derivative of the logarithm of the above equation, we
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get:
—dln<P(T >t Xo = ]))
dt i
.1 . )
:el—l>I(I)l+E In P(r>t+elXo=)) —In(P (r > t| Xo = j))
L P(r>t| Xo=j) - P(r>t+e|7>t, Xo=J)
— lim 2 | P>t X0 =)
T 0k e T 0 J
L 1= - e4o(e)
NN
_fy‘j—h

(A.44)
where we used in step (x) the fact that f(e) = 1 — ;- - € + o(e) for € — 07 implies
In(f(e)) = —vj— - €+ o(e) for e — OT.

Equation (A.44) implies P (1 > t|Xo = j) = e 7%~ when we keep in mind that the
waiting time is almost surely positive.

A.10. The effect of including self-loops for discrete-time Markov
chains

Suppose, we are given an irreducible, continuous-time Markov chain on a finite state
space with generator matrix I' and (unique) stationary solution p,. How can we construct
a discrete-time Markov chain Q(T'), with the same stationary solution ?

This question has not been answered, with Section 2.4, since the associated, embedded
discrete-time Markov chain Qr has (usually) a different solution (compare Figure 2.9).
But, choosing the transition probabilities proportional to the corresponding transition
rates, while at the same time adding a self-loop at every state not only results in the
same stationary solution, but guaranteeing at the same time that this stationary solution
is attracting.

Theorem 46. For a given generator matrix I' of a strongly connected network, a transition
matrix (Qij)ijen = (¢j—i)ijeq defined as

Qj—i = Yi—i At € [0, 1)

qj—j = 1-— Yi— At € (0, 1]

RN |
with > max y;_s.
At JeQ J
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has the same stationary solution p, as the original network and this stationary solution
is attracting.

Proof. The fact that the stationary solutions coincide, follows from the fact that Q(T') =
1+ AtT' and that the stationary solution for a strongly connected network is unique:

dim (kern (Q(T') —1-1)) = dim (AtT —0-1)) 22212 g,

AtT

(A.45)

What remain is to show that this stationary solution is indeed attracting, that is
lim Q)" g9 = p..
The choice of At guarantees that every state has a self-loop (gj—; > 0), which ensures
that the whole network is aperiodic and every discrete-time Markov chain on a finite
state space, which is both irreducible and aperiodic (and therefore also positive recurrent)
has a unique limiting distribution [Bré20; Dou+18; Pril3|.
Another way to see this, is to apply Gershgorin’s circle theorem, which guarantees that
every eigenvalue is either equal to one or has a modulus strictly less than one: |\ <1
and [\| =1 <= X = 1. By the reasoning of subSection 2.1.2, this is sufficient for an
attracting solution.

O
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Figure A.11.: The union of all Gershgorin circles of the matrix Q(I"). Apart from the
(non-degenerate) eigenvalue X\ = 1, all eigenvalues have an absolute value
strictly less than one, resulting in the fact that all (discrete) trajectories
q,(qy) = (Q(T"))" q, converge to the stationary distribution.
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B. Appendix B: Lindblad equation

B.1. The time average and the ensemble average

From [KM04]| we know that for almost all w € U the time average

1T
Ous(io] o) 1= (O(t. | po))izo i= Jim - [t Ot o) (B.1)

T—o00

exists and it commutes with the ensemble average

{0, w[po))iz0)weu = ((O(t,w | po))wert)>0- (B.2)
Here O (w|pg) is a random variable whose expectation value is the time average of
Pt po)-

B.2. Auxiliary calculations for Section 3.8.1

The form of the (conditional) time evolution operator

With respect to a suitable basis, we can write the conditional Hamiltonian in the Jordan
normal form, that is

M Ji
He=@P Jm = , with
m=1 JM
6m 1 (B.3)
. . M
T = - € ComXsm  with Zsm:N.
5m 1 m=1
Om

The eigenvalues of H, are then given by {01,...,dx}

137



This makes it easier to compute matrix exponentials, in particular the conditional time
evolution operator

1 th t(sm—1)
1! ) (L(em—lz))!
—i it tlsm—
e 1J1t 0 M M 1 i (sm—2)!
e—iHet _ — Pt =) eitnt :
0 e*i Jut m=1 m=1 a
i
1
(B.4)
When applying the conditional time evolution to a density matrix ©g, we get
e~ i T 0 é(l’l) é(l’M) el Jrr 0
U‘r(@s) = . : : . =
0 e_iJIMT (:)(M,l) . (:)(M,M) 0 eiJI’{/IT
—’LJ1T®(1 1) iJlTT e—iJlTé(l’M)eiJ}CIT
eflJM‘r@(Ml) ’LJlTT e*’LJMT@(MM)eiJ]ET
(B.5)

When we look at the components ( Z su+ 7, Z Sy + k) of Equation (B.5), we get:
p=1

(UT(@S))<ml - ) — ( —szr@( m) ol JE T )jk _

Z SIJ‘+.7'7 Z sl’+k
(e—iJmt)ja (émm>aﬁ (eu@t)ﬂk _

p=1 v=1

Il M:

—_—————
N———

—ibpmt @70 (B—k)

™ e Mi<ad eidnt Cst Lik<sy

I
il Mg

Z o (87 —0m) t t(a—j') | +(B—k) ' (@(mm)) |
B=k el (Rn—Rm)te—(In+Im)t (Of—j) (/B_k) a,B
(B.6)

138



Auxiliary Calculations for Equation (3.52)

When ©, € 2, is a state in the quantum trajectory that is not a possible trapping state,
then

. T Ut(@s)
lim Tx[U, (O, / ——— dt=0. B.7
1im Tr[Ur(©;)] EOACH) (B.7)
Proof. It suffices to show that the left hand side of Equation (B.7) is a positive semi-
definite matrix with vanishing trace. To see this, we take an arbitrary vector 1) € CV and
compute

W00, ) = (e Ty |0 et ) > 0, (B:8)

where we used the fact that the density matrix O is positive semi-definite. Since
multiplying by a positive scalar and integrating over the interval [0, 7] does not change
positivity, we have shown the first part of our claim.

For the second part we use the Jordan normal form of H. (see Equation (B.3))

We recall that for non-possible trapping states ©4 the trace U;(Og) vanishes as ¢ tends to
infinity (see the algorithm for the unravelling in Section 3.3.1, 2 ii)) and compute

M sm
©; is no possible . T Z Z .
0 trapping state t]i>no—lo Tr[Ut(Gs)] B tli}l‘glo - (UT(QS)) (mil su—i-j,mil S;ri‘j) B
p=1 p=1

(ef’i(]m‘ré(m’m) el I r) (B.9)

Ji
‘ M sm  $m . te=i)  ¢B=3) . (mm)
Sim Y Y e o (O )

This means that whenever the imaginary part of an eigenvalue of the conditional Hamil-
tonian equals zero, then the corresponding block of ©, must vanish

A (m,m)

Im [6,,] =0 = © = QFmXsm, (B.10)

When we now take the trace over the left side of Equation (B.7), we get

tim (0] o | [ B 0 L0

N~
T

(B.11)
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since multiplying Equation (B.9) by a factor of 7 does not influence the limiting behavior.
O

B.3. The need for a finite state space

Now that we have derived a formula for the stationary solution of the Lindblad equation,
which is valid when certain assumptions are satisfied, we will look at these assumptions
and check whether they can be dropped.

One crucial assumptions was the need for a finite state space |S| < co. When dropping
this assumption, the formula does no longer hold true in general, as the following counter-
example shows:

2
1 0 0 1/2 t MmO

For 1 = 9, the set of possible states appearing in the Markov chain can be computed to

Qp, = {po, O, : ke No} (B.13)
with
o. — ; p11(0) pzli/(g)
gl pen \ G 5
(B.14)

1
o __ 1 1 5
S2k+1 T 1 1 1 1 :
ok + 9k/2 2k

The probability for applying the Lindblad operators Vi and V5 is given by

Y2 (@n)22
P41 =1[0x) =1 - '
(Th+1 ) Y +72 28 (0n)1 + (On)yy (B.15)
Y2 (QH)QQ

P(mip1 =2|0y) =

Y+r2 28 (On)yy + (On)yy
Then, by the lemma of Borel-Cantelli, the probability for applying the operator Vs
infinitely often is zero (for p;;(0) # 0), since Y P(mp41 = 2|0y) < 0.

=0

Hence we know almost surely that from a certain time step k € N onward only the
Lindblad operator V; will be applied (so the system will eventually follow the black arrow
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of Figure B.1). This means that all states are transient states and hence no stationary
distribution for this Markov chain exists.

a1° (k)

Figure B.1.: State transition network for the the Lindblad operators of example B.12. All
states are transient states and the system will eventually follow only the black
transitions, indicating the application of operator V5.

Clearly, this can not happen, for finitely many states. The fact that there is no stationary
solution of the corresponding Markov chain in the previous example, does not mean, that
no stationary solution for the original Lindblad equation exist. And indeed, the stationary
10

00

The reason for this discrepancy is the fact that the sequence of states in the dis-
crete quantum trajectory (©,), .\ converges, while the classical states are unit vectors
(€n)pen € 1*(N), which do not converge ( with e, = (0,...,0,1,0,...)).

solution is given by p., =
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B.4. Example of a state transition network with an infinite state
space, where the number of recurrent states is finite

Let the Hamiltonian and the Lindblad operators be given by

Vs =

H.=

Ey O
0 E
0 O
0 O

0 0 01 0 O
0 0 1 0 0O
Es 0 V1= 1 0 0 O
0 FEj 01 0 O
0 29 0 0 0
ol ,_[0 2u 0 o0
1'* 7o 0 4 o
0 0 0 0

0 0 0
Es —im 0 0

0  Es- 0

0 0 Ey-ip

aVQZ

o O O O

o o o O

— o O O

o O O O

(B.16)

The set of possible states appearing in the Markov consists of the five states

with

on = {981 = Po> 9827 6537 9547 655}-

(B.17)
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and the transition probabilities

QS1—>81 = 07

0s,—so = p11(0) 4 p22(0),

QS1 —S3

:07

Qs1—s4 = p33(0)7
q81—>85 — p44(0)1

qS4—>81 - 07
Qsy—so = 07
Qsy—s3 = 0,
Qsy—s4 = 0,

q84~>55 - 13

qss—)sl - 07
Qs5s—s9 = 0,
q85—)83 - 0?
(JS5~>S.1: 17

q‘S54)S5 - O

p13(0)  p14(0)
p23(0)  p24(0)
p33(0)  p34(0)
p43(0)  p14(0)
p22(0) pa1(0) €TETE) - po, (0) eiTE1ER) p22(0)
p12(0) e~ (F1—F2) p11(0) p12(0) e_z'T(El_EZ)
p12(0) e~ i(Er—Ez) p11(0) , p12(0) e~tr(E1=F2) |7
p22(0) pa1(0) €TETE) - po, (0) @i (E1—ER) p22(0)
p11(0)  p12(0) p12(0)  p11(0)
p21(0)  p22(0) p22(0) p21(0)
p21(0)  p22(0) p22(0) p21(0) |’
p11(0)  p12(0) p12(0) p11(0)
0 0 0 O
0 0 0 O
and Oy, = 00 1 0
0 0 0 O
(B.18)
%2%31 = 07 %3%31 = 07
_ 1
qSQ*}SQ (i, q83—)82 = 57
QS2—>S3:§7 qs34>53 =0,
¢ _ 1 pu(0) . _ 1 p»(0)
272 p19(0) + pa2(0) B2 p14(0) + p22(0)
¢ _ 1 p(0) . _ 1 pu(0)
72 pu(0) + poa(0) T2 pua(0) + p2a(0)
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This results in the following state transition network, which consists of an infinite number
of states:

Os, = Po
54
o Qsy—s3
QS3~>52
{Bs,(7) : 720} <€ O
q81*>84 q51*>85
q82~>54 /\'53‘ %9 QS3—)S5
05? Dtsg
(Qsy—s5 — 1
684 ) @85
qss—>.s’4 — 1

Figure B.2.: State transition network for a system of dimension N = 4, with an infinite
number of states due to the set of states {O,,(7) : 7 > 0}, but only finitely
many states within a minimal absorbing set B = {9;,, ©,, }, between which
every quantum trajectory oscillates.

Since the number of states in each quantum trajectory remains finite, the stationary
solution can still be computed, according to:
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B={B1}= i€{4,5}
{{04,,045 1} \(—1,—“/ Tr)...]
0 0 0 0
0 0 0 0
= ol
00 ZEL 0
00 Y2 +78

B.5. The limit of two fractions

Lemma 47. When the number of quantum jumps in a quantum trajectory is not bounded,
then the time point ¢ 77y of the latest time event divided by the time 7" converges in
probability to one.

Proof. Fix € > 0, then we have:
tary

P (|

where we used the fact that © () can never be a possible trapping state, since the number
of quantum jumps is by assumption not bounded, so the quantum trajectory will almost
surely jump at some point. O

T—o0

1‘ > 6) =P (T - tJ(T) > GT) = TI“[UGT (@J(T))] —0, (Blg)

B.6. Auxiliary calculations for Section 3.1

Let the quantum state of the bath and the time evolution operator be given by

Dp

= Aslos) (pal € CPP>P5, (B.20)
B=1

Then we get for the time evolution:
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PB
Dp Dp
=Y (1@ wal)U) | ps@ @D Aslos)wsl | U0 (10 @ 10a))
a=1 B=1

V% (1058165)) p5(0) (10520081 ) V35

— % m<1Ds ® <90a‘) Ult) <1Ds ® “Pﬁ>) ps(0) <1DS ® <(‘05‘) u)! (1DS ¢ ’QPOJ)
a,8=1

Wa,,@(t)

[(1DS®<%|) u) (1Ds®|saa>)]T Now

Dp
= 3 Wasl)ps(0) (Waslt))

a,f=1
with
Wolt) = /35 (1, 5t (1 ) €277

(B.21)
For the Kraus-operators W, g(t) the following relation holds:
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Dp
Z Wa,ﬁ(t)T Wa,ﬁ(t)
a,B=1
Dp
= > VA (Los @ (sl UM (10s @ Iea)) (10s @ (wal) UE) (L0 @ I05)) Vs
a,f=1 ~~
1D5®“pa)<§9a|
1pg
—_——~
DB DB
=% (105 @ (osl) U (105 © Y lea) (al ) UM (105 ®105))
B=1 a=1
1pg
Dp
= Aslps (vsles)
=1 Al,_/
Dp
= 1> s 1ps
B=1
1
(B.22)
Let (Fi)ie{1 D2} be an ordered basis of CPs*Ps with
s D2
1
FD% = 7@ 1DS and
Dg

Waﬂ(t) = Z Fi TI‘[FZ' Wa,g(t)].

=1

Then we can write pg(t) as follows
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s
w
=
I
NS
o
=
®
=

ps0)  (Was)'

CM,,BZI N——r

D% D2
7,; F; Te[F; Wo, 5(1)] < FJ.T Te[F; W5 ()]
7=t (B.23)
Ds Dg
=S S TR W (0] B Was 0] | s (0) F,
ij=1 \a,B=1

2

cij(t)

where the coefficient matrix (¢;;(?)); jeq1,... pzy is self-adjoint and positive semi-definite:

cij(t) = ¢ji(t) and

D§
(v,cv) = Z i cij(t) v;

i,j=1
Dp D?S‘ D?g

= D [T [D_wEWas(®)| Tr | D viFy Wapl(t) (B.24)
a,f=1 i=1 = |

D% 2
| e
>0,

for all v € CP3

In order to compute the generator of the semi-group, we need to compute the time
derivative at t = 0.

with
d . Cl](e) - 57:,D2 6]',D2 N
aij = —ge(t)| _ =it =0) = lim DRSDE and
;| D (B.25)
F = ﬁ ; az'D?9 F;
we get:
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2
DS

,ZICU(E) FipyF) — py
)=

d

L(p(t) = —p(t)| = lim () =PO0) iy

‘t:O e—0+ € e—0t €
Dg—1
T
—apzpzpo+ Y aijFipyF,
ij=1

Dg—1

Dg—1
1 1
+ 75 a;p2 Fi | po+p 75 e all
(VDS i=1 e 1) P\ VDs j=1 s

/

F it

(F=F1) po—po (F=F1) , (F+FT) po-+po (F+FT)
2 2

Dg—1
| /F—Ft ap2p2 F4 Ff S
e ~ / i,j:l
H =G
Dg—1
. Fi4+F
= —i[H, p(t)] + Z ai; F; p(t) F]T + { (aDg,Dg 1ps + 5 )’P}-
i,j=1

-~

G
(B.26)

For the time evolution to be trace preserving, the trace of £(p) must vanish:
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Dg—1
0=Tr[L(p(t))] = 2Tx[G p(t)] + Y ai; Tx[F; p(t) F]]
N —

1,7=1
T(F] F p(0)

Dg—1
=Tr [ [2G+ D a; FI Fi | p(t)
ij=1

0

= Llp) = ~ilHp0)+ Y (o) (R ] +{F] Fip})

s
> Sik vk (ST)i;

D%-1 D%-1 D?%-1 D%-1 D%-1

+ Z% ZFiS“‘f p(t) ZFJTSI];J‘ + ZFJ'TSIZJ" ZFiS“‘f
k=1 i=1 j=1 j=1 i=1

Vi \/k]L VJ Ve

D%-1
:‘4uﬂpﬁﬂ+’E:W%O@P@”€4”hgvhp}>-
k=1
(B.27)
In the last step, we used the fact that the coefficient matrix (a;;); ;e {1....D2-1} is positive
semi-definite, hence there exists a unitary coefficient matrix (Sij)i,je{l,...,Dgfl} and non-
D%-1
negative eigenvalues ('7;@),66{1,..”1);5_1} such that a;; = > Sy (ST
k=1
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C. Appendix C : Nomenclature

S =(92,¢, z) Directed, weighted graph
with weight function Zijﬁfl‘]}
Do = (p(()l)v tee 7p(()|QD Initial state
— 1) (1) f continuous-time
9 = (qo RRRRE ] ) OT' & jiscrete-time

Markov chain

p(t|po) = (P (t|py),- .. PV (t | py))
a(nlqy) = (¢ (n]qo),...q"(n]qy))

probability vector of the

continuous-time : t>0

discrete-time at time neN?
given the initial state Zg.

The stationary solution of the

continuous-time .
discrete-time Markov chain

corresponding to the
initial state ’q’g.

Q transition matrix for a
discrete-time Markov chain
Q(t) transition matrix for a
continuous-time
Markov chain
r generator of the transition

matrix for a continuous-time
Markov chain
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Vj—si probability rate of a continuous-time
Markov chain between the states
j € Q and the state
i€
Yios 1= D Yisj The sum of the
JEQ
i

outgoing rates

from state 7 € Q)

qi— = Z qi—j
JEQ
J#i

The sum of the

outgoing probabilities
from state ¢ € Q

(iz0 1= lim 7 Jo ot

time average

U

set of all
possible unravellings

Quen = Jy dPW)

ensemble average

ged greatest common divisor
ay and gy algebraic and geometric
multiplicity of the
eigenvalue A.
Subnetworks see: definition 4
Perm(.J) the set of all permutation of the set J
Fix(m) the set of all fixed points

of the permutation w
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Pow (Q2)

The power set of the set 2

h)\,s = hA,s(A) S
kern (A — A1)¥\kern (A — A1)~}

The generalized eigenvector
to the eigenvalue A
of the matrix A

of step s € N
in-trees see definition 34
in-forests see definition 35
T(—34,8) and
F(—= J,S) see definition 36
%[] = Tf?A] for every matrix A
(©n)neN discrete quantum trajectory
H Hamiltonian operator
{Vk : kel} set of Lindblad

operators with |I| < oo

A= w Vi Vi

kel
H..=H — % conditional Hamiltonian
not self-adjoint, H/ %+ H,
determines the time evolution
between two quantum jumps
O, = 0O(w,ty) n-th state in the

discrete quantum trajectory

Uy(©) 1= e~itHe @ (e—itHc)T

time evolution
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without normalization

time evolution according to

the conditional Hamiltonian H..

disjoint union of sets, that is

U with A; N A; =0, for i # j.

el
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