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Preface

To write an introduction to the dynamics of open quantum systems may seem
at first a complicated, albeit perhaps unnecessary, task. On the one hand, the
field is quite broad and encompasses many different topics which are covered
by several books and reviews [1-36]. On the other hand, the approach taken to
study the dynamics of an open quantum system can be quite different
depending of the specific system being analyzed; for instance, references in
quantum optics (e.g. [1, 10, 11, 15, 17, 26]) use tools and approximations
which are usually quite different from the studies focused on condensed matter
or open systems of relevance in chemical physics (e.g. [8, 13, 27, 30, 33]).
Moreover, very rigorous studies by the mathematical physics community were
carried out in the 1970s, usually from a statistical physics point of view. More
recently, and mainly motivated by the development of quantum information
science, there has been a strong revival in the study of open many body
systems aimed at further understanding the impact of decoherence phenomena
on quantum information protocols [53].

This plethora of results and approaches can be quite confusing to novices in the
field. Even within the more experienced scientists, discussions on fundamental
properties (e.g. the concept of Markovianity) have often proven not to be
straightforward when researches from different communities are involved.

Our motivation in writing this work has been to try to put black on white the
results of several thoughts and discussions on this topic with scientists of different
backgrounds during the last three years, as well as putting several concepts in the
context of modern developments in the field. Given the extension of the topic and
the availability of many excellent reviews covering different aspects of the physics
of open quantum systems, we will focus here on one specific issue and that is
embedding the theory as usually explained in the quantum optical literature within
the mathematical core developed in the mathematical physics community. Finally,
we make a connection with the current view point of the dynamics of open
quantum systems in the light of quantum information science, given a different,
complementary, perspective to the meaning of fundamental concepts such that
complete positivity, dynamical semigroups, Markovianity, master equations, etc.
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In order to do this, we will restrict the proof of important mathematical results
to the case of finite dimensional systems; otherwise this study would be much more
extensive and potentially interested people who are not expert in functional
analysis or operators algebras, could not easily benefit from this work. However,
since the most important application of the theory of open quantum system
nowadays is arguably focused on the field of controlled quantum technologies,
including quantum computation, quantum communication, quantum metrology, etc.,
where the most useful systems are finite (or special cases of infinite systems), the
formal loss of generality is justified in this case. The necessary background for this
work is therefore reduced to familiarity with the basics of quantum mechanics and
quantum information theory.

Furthermore, we have tried to incorporate some novel concepts and techniques
developed in the last few years to address old problems such that those exemplified
by the use of dynamical maps, Markovian and non-Markovian evolutions or
microscopic derivations of reduced dynamics. We have organized the presentation
as follows. In Chap. 1 we introduce the mathematical tools required in order to
ensure a minimum degree of self-consistency in the review; a mathematical
experienced reader may skip this part. In Chap. 2 we review very succinctly the
concept of “closed quantum system” and discuss its time evolution. We explain in
Chap. 3 the general features of dynamics of open quantum systems and its
mathematical properties. Chapter 4 deals with the mathematical structure of a very
special important dynamics in open quantum systems, which are the Markovian
quantum processes. The microscopic derivation of Markovian quantum dynamics
is explained in Chap. 5, whereas some methods for obtaining non-Markovian
dynamics are briefly introduced in Chap. 6.

Several interesting topics have not been tackled in this study. Examples are
influence functional techniques [21, 23, 33, 37, 38], stochastic Schrédinger
equations [15, 26, 39-42], or important results such as the quantum regression
theorem, which deals with the dynamics of multi-time time correlation functions
[15, 23, 26, 43, 44]. Moreover, recently several groups have addressed the
important problem of introducing a measure to quantify the non-Markovian
character of quantum evolutions [45-52]. However, despite the introductory nature
of this work, we hope that it will be helpful to clarify certain concepts and deri-
vation procedures of dynamical equations in open quantum systems, providing a
useful basis to study further results as well as helping to unify the concepts and
methods employed by different communities.

Finally, we would want to thank to many colleagues for fruitful discussions on
this topic, in particular to Ramén Aguado, Fatih Bayazit, Tobias Brandes,
Heinz-Peter Breuer, Daniel Burgarth, Alex Chin, Dariusz Chruscinski, Animesh
Datta, Alberto Galindo, Pinja Haikka, Andrzej Kossakowski, Alfredo Luis,
Sabrina Maniscalco, Laura Mazzola, Jyrki Piilo, Miguel Angel Rodriguez, David
Salgado, Robert Silbey, Herbert Spohn, Francesco Ticozzi, Shashank Virmani and
Michael Wolf. And we are specially grateful to Bruce Christianson, Adolfo del
Campo, Inés de Vega, Alexandra Liguori, and Martin Plenio for careful reading
and further comments. We thank the financial support by the STREP project


http://dx.doi.org/10.1007/978-3-642-23354-1
http://dx.doi.org/10.1007/978-3-642-23354-2
http://dx.doi.org/10.1007/978-3-642-23354-3
http://dx.doi.org/10.1007/978-3-642-23354-4
http://dx.doi.org/10.1007/978-3-642-23354-4
http://dx.doi.org/10.1007/978-3-642-23354-5
http://dx.doi.org/10.1007/978-3-642-23354-6

Preface vii

CORNER, the Integrated project QESSENCE, the project QUITEMAD S2009-
ESP-1594 of the Consejeria de Educacion de la Comunidad de Madrid and
MICINN FIS2009-10061.

Ulm, June 2011 Angel Rivas
Susana F. Huelga



Contents

1 Mathematical Tools . . .. ...............
Banach Spaces, Norms and Linear Operators . .............
Exponential of an Operator. . .. .......
Semigroups of Operators . ...........

1.1
1.2
1.3

1.4

3.1
32
33
34
3.5

4.1

5.1

1.3.1

Contraction Semigroups. . . ... ..

Evolution Families. . . ..............

Time Evolution in Closed Quantum Systems.

Time Evolution in Open Quantum Systems. .

Dynamical Maps. .. ...............
Universal Dynamical Maps. . ... ......
Universal Dynamical Maps as Contractions . ..............
The Inverse of a Universal Dynamical Map . . .. ...........
Temporal Continuity: Markovian Evolutions. . .. ...........

Classical Markovian Processes . . ... ...
4.2 Quantum Markov Evolution as a Differential Equation . . . . ...
4.3 Kossakowski Conditions. . . ..........
4.4 Steady States of Homogeneous Markov Processes. .. ........

Microscopic Description: Markovian Case . .

Nakajima—-Zwanzig Equation .........
5.2 Weak Coupling Limit ..............

5.2.1
522
523
524

Decompositionof V. . ...... ...
Correlation Functions . ... ... ..
Davies’ Theorem ............
Explicit Expressions for y;, and Sy,

Quantum Markov Process: Mathematical Structure . . ... ... ...

—_—d NN = =

19
21
24
26
28
30

33
33
35
39
42

49
50
54
55
59
60
63

ix


http://dx.doi.org/10.1007/978-3-642-23354-8_1
http://dx.doi.org/10.1007/978-3-642-23354-8_1
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec5
http://dx.doi.org/10.1007/978-3-642-23354-8_1#Sec5
http://dx.doi.org/10.1007/978-3-642-23354-8_2
http://dx.doi.org/10.1007/978-3-642-23354-8_2
http://dx.doi.org/10.1007/978-3-642-23354-8_3
http://dx.doi.org/10.1007/978-3-642-23354-8_3
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_3#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_4
http://dx.doi.org/10.1007/978-3-642-23354-8_4
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_4#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_5
http://dx.doi.org/10.1007/978-3-642-23354-8_5
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec4
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec5
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec5
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec6
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec6
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec6

53
54

Contents

5.2.5 Typical Examples............ .. ... ... ..
5.2.6 Some Remarks on the Secular Approximation and
Positivity Preserving Requirement. . . .. ............
5.2.7 Failure of the Assumption of Factorized Dynamics. . . . .
5.2.8 Steady State Properties . .. ........... ... ... ....
Singular Coupling Limit. . .. .........................
Extensions of the Weak Coupling Limit. . . ...............
5.4.1 Weak Coupling for Multipartite Systems . . . .. .......
5.4.2 Weak Coupling under External Driving. ... .........

6 Microscopic Description: Non-Markovian Case. . . ... .........

6.1 Integro-Differential Models. . ... ........ ... ... ... .....
6.2 Time-Convolutionless Forms. . . .. .....................
6.3 Dynamical Coarse Graining Method . ... ................
References .. ..... ... .. .. .. . . .. e
Index . . ... .. . e

65

70
70
71
73
76
76
78

81
82
83
85
89

95


http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec7
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec7
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec8
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec8
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec8
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec9
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec9
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec10
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec10
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec11
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec11
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec12
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec12
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec13
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec13
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec14
http://dx.doi.org/10.1007/978-3-642-23354-8_5#Sec14
http://dx.doi.org/10.1007/978-3-642-23354-8_6
http://dx.doi.org/10.1007/978-3-642-23354-8_6
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec1
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec2
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec3
http://dx.doi.org/10.1007/978-3-642-23354-8_6#Sec3

Chapter 1
Mathematical Tools

1.1 Banach Spaces, Norms and Linear Operators

In different parts within this work, we will make use of some properties of Banach
spaces. For our interest it is sufficient to restrict our analysis to finite dimensional
spaces. In what follows we revise a few basic concepts [54-56].

Definition 1.1.1 A Banach space ‘B is a complete linear space with a norm | - ||.

Recall that a space is complete if every Cauchy sequence converges in it. An
example of Banach space is provided by the set of self-adjoint trace-class linear
operators on a Hilbert space H. This is, the self-adjoint operators which trace norm
is finite || - |1,

AT = TrvVATA = TrvV A2, A e B.

Now we focus our attention onto possible linear transformations on a Banach
space, that we will denote by 7 (¥8) : B + ‘B. The set of all of them forms the dual
space B*.

Proposition 1.1.1 The dual space of B, B* is a (finite) Banach space with the
induced norm
17l

ITI =
xeB a0 x|l xeB, |x||=1

1T, T e®B*

Proof The proof is basic.
Apart from the triangle inequality, the induced norm fulfills some other useful
inequalities. For example, immediately from its definition one obtains that

ITCOIN =< ITHx]l, Vx € B. (1.1)

A. Rivas and S. F. Huelga, Open Quantum Systems, SpringerBriefs in Physics, 1
DOI: 10.1007/978-3-642-23354-8_1, © The Author(s) 2012



2 1 Mathematical Tools

Moreover,

Proposition 1.1.2 Let T} and T be two linear operators in 8%, then
I T2l < 111N T2 (1.2)
Proof This is just a consequence of the inequality (1.1); indeed,

Izl =  sup (T2 < sup (T T2 = T3 T2]I-
xeB,|x||=1 x€B,|x||=1

Q.E.D.
The next concept will appear quite often in the forthcoming sections.
Definition 1.1.2 A linear operator 7'on a Banach space ‘B, is said to be a contraction
if
ITCOI = llx]l, Vx e B,
thisis ||T'|| < 1.

Finally, we briefly revise some additional basic concepts that will be featured in
subsequent sections.

Definition 1.1.3 For any linear operator 7 on a (finite) Banach space ‘B, its resolvent
operator is defined as

Rr(0)=01-T)"", reC.

It is said that A € C belongs to the (point) spectrum of T, A € o (T), if Ry (A) does
not exist; otherwise A € C belongs to the resolvent set of 7, A € o(T'). As a result
o(T) and o(T) are said to be complementary sets.

The numbers A € o (T') are called eigenvalues of T, and each element in the kernel
x € ker(Al — T), which is obviously different from {0} as (A1 — 7)~! does not
exist, is called the eigenvector associated with the eigenvalue A.

1.2 Exponential of an Operator

The operation of exponentiation of an operator is of special importance in relation
to linear differential equations.

Definition 1.2.1 The exponential of a linear operator L on a finite Banach space is
defined as

=D . (1.3)



1.2 Exponential of an Operator 3

The following proposition shows that this definition is indeed meaningful.
Proposition 1.2.1 The series defining e* is absolutely convergent.

Proof The following chain of inequalities holds

o [o/e] o0
Ln Ln L n
et = | B < S S IEE i,
=0 n. =0 n! =0 n:

Since eIl is a numerical series which is convergent, the norm of e” is upper bounded
and therefore the series converges absolutely. Q.E.D.

Proposition 1.2.2 [f L and L, commute with each other, then e L1412 = eL1el2 —
Ly Ly
e2etl.

Proof By using the binomial formula as in the case of a numerical series, we obtain

o o0 n
LitL (Ly + Ly)" 1 n\ koon—k
oty 3 LSS (s
n=0 ’ n=0""" k=0
:Zz LkLn—k:ZZ Lqu:eLleLzzeLzeLl.
| _ |12 1,0 7172
o k!(n — k)! oo, plg!

Q.E.D.

The above result does not hold when L and L, are not commuting operators, in
that case there is a formula which is sometimes useful.

Theorem 1.2.1 (Lie-Trotter product formula) Let L and Ly be linear operators on
a finite Banach space, then:

. Ly Lo\
L1ty — i (e nen ) .
n—00

Proof We present a two-step proof inspired by [57]. First let us prove that for any
two linear operators A and B the following identity holds:

n—1
A" — B" = ZAI‘(A — B)B" k1, (1.4)
k=0

We observe that, in the end, we are only adding and subtracting the products of
powers of A and B in the right hand side of (1.4), so that

An_Bn =An+(An—lB_An—lB)_Bn
:An_i_(An*lB _Anle_i_AanBZ_AanBZ)_Bn
:An+(An—1B_An—1B+An—2B2_An—2B2
+--+AB"' —AB"!) - B".
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Now we can add terms with positive sign to find:

n—1
An + An—lB + - +ABn_1 — ZAI("‘]B"—](—]
k=0
and all terms with negative sign to obtain:
n—1
—A"B— . —AB" B = Ak
k=0

Finally, by adding both contributions one gets that

n—1 n—1
An _ Bn — ZAk+an_k_l _ AkBl’l—k — ZA]((A _ B)Bn_k_l,
k=0 k=0

as we wanted to prove.
Now, we name

X, = Lrtld/n y — GLi/ngla/n

and take A = X,, and B = Y,, in formula (1.4),

n—1
Xp =Yy =) XK(X, — Y)Ykl
k=0

On the one hand,
(L1+Ly)/n k k ILi+Lallk/n
(e ) < elLitLa

< QULIIHILIDK/n < GILIHIL2L g < g

< He(LH-Lz)/”

k
1 X5 =‘

Similarly, one proves that
”lez{” < eHLIH+||L2||, Yk < n.

So we get

n—1 n—1
X, =Yl < Z HX,]i(X,, ) fa H < Z IX4 X, — Yl Y 1)
k=0 k=0
n—1

< z X, — Yn||€2(”L]“+HL2”) =n||X, — Yn||62(||L|||+HL2||)'
k=0

On the other hand, by expanding the exponential we find that



1.2 Exponential of an Operator 5

Therefore we finally arrive at the result that:

n—o00o

n
lim HeL1+L2 - (eLl/”eLz/”) H = lim |X"—Y"| =0. QE.D.
n—oo

Using a similar procedure one can also show that for a sum of N operators, the

following identity holds:
N n
L
e L — lim( e) . (1.5)
n— o0 e

1.3 Semigroups of Operators

Definition 1.3.1 (Semigroup) A family of linear operators 7;(+ > 0) on a finite
Banach Space forms a one-parameter semigroup if

1. T;Ty = T4, Vt,s

2. To =1.

Definition 1.3.2 (Uniformly continuous semigroup) A one-parameter semigroup 7;
is said to be uniformly continuous if the map

t—T;

is continuous, this is, lim,_, ||7; — T|| = 0,Vs > 0. This kind of continuity is
normally referred to as “continuity in the uniform operator topology” [54], and it is
sufficient to analyze the finite dimensional case, which is the focus of this work.

Theorem 1.3.1 If T; forms a uniformly continuous one-parameter semigroup, then
the map t +— T; is differentiable, and the derivative of Ty is given by

W =LT;,
with L = 41|, _q.
Proof Since T; is uniformly continuous on ¢, the function V(¢) defined by
t
V() =/Tsds, t >0,
0
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is differentiable with % = T; (to justify this, it is enough to consider the well-
known arguments used for the case of R, see for example [58], but substituting the
absolute value by the concept of norm). In particular,

V@) . V() =V(O)  dV()
lim — = lim =

= TO = ]l’
=0 t t—0 t dt

t=0

this implies that there exist some #y > 0 small enough such that V (#y) is invertible.
Then,

10 1o
T, = V=)Vt T = V™ (10) / T,Tds = V= (10) / Tysyds
0 0

t+to
=V~ (1) / Teds = V™' (10) [V (t + 1) — V(1)].
t

since the difference of differentiable functions is differentiable, 7; is differentiable.
Moreover, its derivative is
dT; i Tiyn — T

—_— = iim — = lim
dt h—0 h h—0

T, —

1
T, =LT,. QED.

Theorem 1.3.2 The exponential operator T (t) = el

differential problem

is the only solution of the

% =LT(), teRT,
7(0) = 1.

Proof From the definition of exponential given by Eq. (1.3), itis clearthat 7 (0) = 1,
and because of the commutativity of the exponents we find

delt oL+h) _ Lt elh 1
= lim ——— = (lim )e“.
dt h—0 h h—0
By expanding the exponential one obtains
Ceth—1 1+ Lh+00*) -1
lim = lim =L.
h—0 h h—0 h

At this point, it just remains to prove uniqueness. Let us consider another function
S(#) and assume that it also satisfies the differential problem. Then we define

06)=T(s)S(t —s), fort>s>0,

for some fixed ¢t > 0, so Q(s) is differentiable with derivative
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dQ(s)
ds

=LT(s)S(t—s)—T@)LS(t—s)=LT(s)St—s)—LT@)S(t—s)=0.

Q(s) is therefore a constant function. In particular Q(s) = Q(0) for any r > s > 0,
which implies that

T(t) =T(®)S(t—t) = Q1) = Q(0) = S(t). Q.E.D.

Corollary 1.3.1 Any uniformly continuous semigroup can be written in the form
T; = T(t) = e, where L is called the generator of the semigroup and it is the only
solution to the differential problem

[%:LT,, reRt 16
To =1.

Given the omnipresence of differential equations describing time evolution in
physics, it is now evident why semigroups are important. If we can extend the domain
of ¢ to negative values, then 7; forms a one-parameter group of which inverses are
given by 7_;, sothat ;7_, = 1 forall 7 € R.

There is a special class of semigroups which is important for our proposes, and
that will be the subject of the next section.

1.3.1 Contraction Semigroups

Definition 1.3.3 A one-parameter semigroup satisfying ||7;|| < 1 for every t > 0,
is called a contraction semigroup.

Now one question arises, namely, which properties should L fulfill to generate a
contraction semigroup? This is an intricate question in general that is treated with
more detail in functional analysis textbooks such as [59-61]. For finite dimensional
Banach spaces, the proofs of the main theorems can be drastically simplified, and
they are presented in the following. The main condition is based in properties of the
resolvent set and the resolvent operator.

Theorem 1.3.3 (Hille—Yoshida) A necessary and sufficient condition for a linear
operator L to generate a contraction semigroup is that

1. {A,ReXx >0} C o(L).

2. IRL MW = Re )™

Proof Let L be the generator of a contraction semigroup and A a complex number.
For a > b we define the operator
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b
L(a,b) = / eTHFDI gy
a
Since the exponential series converges uniformly (to see this one uses again tools of

the elementary analysis, specifically the M-test of Weierstrass [58], on the Banach
space ‘B) it is possible to integrate term by term in the previous definition

[ (=21 + L)'s" O (=AL + L) /
. _ n
L(a, b) _/Z—n! dt _Z—n! /t dt
a n=0 n=0 a
_i (=Al + L)" bn-H an+l
- n! n+1 n4+1}|"

Il
=}

n

Thus by multiplying L(a, b) by (A1 — L) we get
O = L)L(a, b) = L{a, b) 01 — L) = [e<—“1+L>“ _ e(_)‘ﬂ+L)b] .

Now assume Re A > 0 and take the limita — 0, b — o0, then as

10 o e [ e
b—00 b—00 b—o00
< lim He—““’H -0,
b—o0
and
lim e Mapla — 1,
a—0
we get
o0 o0
(A1 —1L) /e—““e“dt = /e—““e“dt (Al —L)=1.
0 0

So if ReA > 0 then A € o(L) and from the definition of the resolvent operator
we get

e¢]

Ry (V) =/e_““eLtdt.
0
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Moreover,

o0 o0 o0
IRLW| = / e Mielgr| < / lle e |l dr < / le 2 [ 1eX dt
0 0 0

o0 o8] o0 1
5/||e—““||dt=/|e—“|dt=/e—Re“>'dz= :
Re(2)
0 0 0

Conversely, suppose that L satisfies the above conditions 1 and 2. Let A be some
real number in the resolvent set of L, which means it is also a real positive number.
‘We define the operator

Ly =ALRL(}),

it turns out that L, — L as A — oo. Indeed, it is enough to show that ARy (1) — 1.
Since (0, 00) C (L) there is no problem with the resolvent operator taking the
limit, so by writing ARy () = LRy (}) + 1 we obtain

L
lim AR, (A) — 1| = lim [[LRL (M) < lim [[L||[|RL)] < lim 1) =0,
A—>00 A—> 00 A—> 00 r—00 A
where we have used 2. Moreover,
el || = HEALRL(A)I _ He[,\zRL(A)—m]z <M ARG
< e M IRLMIIE < p=ht A |
and therefore
el = lim M
A—00
is acontraction semigroup. Q.E.D.

Apart from imposing conditions such that L generates a contraction semigroup,
this theorem is of vital importance in general operator theory on arbitrary dimensional
Banach spaces. If the conditions of the Theorem 1.3.3 are fulfilled then L generates
a well-defined semigroup; note that for general operators L the exponential cannot
be rigourously defined as a power series, and more complicated tools are needed. On
the other hand, to apply this theorem directly can be complicated in many cases, so
one needs more manageable equivalent conditions.

Definition 1.3.4 A semi-inner product is an operation in which for each pair xy, x
of elements of a Banach space B there is a complex number [x1, x;] associated with
it such that

[x1, Axo + px3] = Alxy, x2] + wlxy, x31, (L.7)
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_ 2
[x1, x11 =[xt )17, (1.8)

[Lxr, x2]] < [lxr 2l (1.9)

for any x1, xo, x3 € B and A, u € C.

Definition 1.3.5 A linear operator L on B is called dissipative if
Re[x, Lx] <0 Vx € ‘B. (1.10)

Theorem 1.3.4 (Lumer—Phillips) A necessary and sufficient condition for a linear
operator L on *B (of finite dimension) to be the generator of a contraction semigroup
is that L be dissipative.

Proof Suppose that {T;, > 0} is a contraction semigroup, then just by using the
properties of a semi-inner product we have that:

Re[x, (T; — 1)x] =Relx, Tix] — [|Ix||* < |[x, T;x]| — ||x|?
< IxlTex ]l = Ix 1% < IxN2ITe 0 = llx)* < 0,

as ||T;]| < 1. So L is dissipative
1
Re[x, Lx] = lim — Re[x, (T; — 1)x] < 0.
t—0t

Conversely, let L be dissipative. Considering a point within its spectrum A € o (L)
and a corresponding eigenvector x € ker(Al — L). Since [x, (A1 — L)x] = 0
we have

Re[x, (A1 — L)x] = Re()\)||x||2 — Re[x, Lx] =0,

given that Re[x, Lx] < 0, Re(A) < 0. Thus any complex number Re(1) > 0 is in
the resolvent of L. Moreover, let A € o(L), again from the properties of a semi-inner
product we have that
Re(3)||x[* = Re(W)[x, x] < Re(Alx, x] — [x, Lx])
= Re[x, A1 — L)x] < |[x, A1 — L)x]| < [|x[[II(AL — L)xl,
so ||[(A1 — L)x|| > Re(A)|lx]|l,Vx # 0. Then, by setting x = (A1l — L)X in the
expression for the norm of Ry (1):
| R (A)x|

IRl = —_—

xeB x20  lxll

Ral X1 1
= sup - = Pl )
ie®, igkeru1—L) IAL = L)X~ Re() x| Re(d)

and therefore L satisfies the conditions of the Theorem 1.3.3. Q.E.D.
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1.4 Evolution Families

As we have seen semigroups arise naturally in the context of problems involving
linear differential equations, as exemplified by Eq. (1.6), with time-independent gen-
erators L. However some situations in physics require solving time-inhomogeneous
differential problems,

‘zl—f =L{t)x, xe€B
x(to) = xo,

where L(?) is a time-dependent linear operator. Given that the differential equation
is linear, its solution must depend linearly on the initial conditions, so we can write

x(t) = Ty 1)x (1), (1.11)
where T ;) is a linear operator often referred to as the evolution operator. Obviously,
T(49,1py = 1 and the composition of two consecutive evolution operators is well

defined; since for 1, > t; > 1y
x(11) = Tey,19) X (fo) and x(12) = T(zy,1) X (t1).
The evolution operator between 7, and #( is given by

Twy.00) = Ttz Tayn0)» (1.12)
and the two-parameter family of operators 7|, ;) fulfills the properties

Tos)y =TunTeys), t=r=s

1.13
T(s,s) =1. ( )

These operators are sometimes evolution families, propagators, or fundamental solu-
tions. One important fact to realize is that if the generator is time-independent, L,
the evolution family is reduced to a one-parameter semigroup in the time difference
T(;,sy = Tr—;—s. However, in contrast to general semigroups, it is not enough (even
in finite dimension) to require that the map (¢, s) — T{; 5y be continuous to ensure
that it is differentiable,! although in practice we usually assume that the temporal
evolution is smooth enough and families fulfilling Eq. (1.13) will also considered to
be differentiable. Under these conditions we can formulate the following result.

Theorem 1.4.1 A differentiable family T(; sy obeying the condition (1.13) is the only
solution to the differential problems

dT
S = LTy, >
T(s,s) = ]l,

and

! The most simple example is in one dimension, take a nowhere differentiable function f(r) and

define T; 5y = f(t)/f (s) for f(s) # 0.
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dT, s
[ T = —Ty g L(t), =5
Tis,5) = 1.

Proof 1f the evolution family T ) is differentiable

dTesy . Tewnsy —Tasy .. Tatnn — 1
= = lim . = lim : Ty = LT ).
dt h—0 h h—0 h @5) O Tws)
Analogously one proves that
dT(t 5)
— = —T.oL(®).
15 (t.5)L(2)

To show that this solution is unique, as in Theorem 1.3.2, let us assume that there
exist some other S s) solving both differential problems. Then, for every fixed # and
s, we define now Q(r) = T, Ss) fort > r > s. It is immediate to show that

% = 0 and therefore

Tis) = Q(s) = Q1) = Sqr.s)- Q.E.D.

Again opposed to the case of semigroups, to give a general expression for an
evolution family 7 ; ) in terms of the generator L(7) is complicated. To illustrate why
let us define first the concept of time-ordering operator.

Definition 1.4.1 The time-ordering operator T of a product of two operators
L(t1)L(1p) is defined by

TL(t)L(2) =0(t1 — ) L(t1)L(t2) + 0(t2 — t1)L(t2) L(11),

where 0 (x) is the Heaviside step function. Similarly, for a product of three operators
L(t))L(tx)L(t3), we have

TL(t)L(t2)L(13) = 0(ty — 12)0(t2 — t3) L(t1) L(t2) L(t3)
+0(t1 — 13)0(13 — 1) L(11) L(13) L(12)
+ 02 —11)0(t1 — 13)L(12) L(11) L(13)
+0(r — 13)0(t3 — 11) L(12) L(#3) L(11)
+0(t3 —11)0(t1 — ) L(13) L(t1) L(12)
+0(t13 — )0 (2 — 1) L(13) L(12) L(11),

so that for a product of k operators L(t1) - - - L(#;) we can write:

TL(t)-- L) = Zﬂ&(l) =zl Oltr—1) — tr@o 1Ltz ()] - - - Ltz @],
g

(1.14)
where 7 is a permutation of k indexes and the sum extends over all k! different
permutations.



1.4 Evolution Families 13

Theorem 1.4.2 (Dyson series) Let the generator L(t') to be bounded in the interval
[7,s], i.e. |L(t")|| < oo,t’ € [t,s]. Then the evolution family Ty s admits the
following series representation

00 t n tm—1
To=t+3 [ [ [ Lo L, an. i)
m=1l% s

wheret > t; > --- > t,, > s, and it can be written symbolically as

00 t t
! ’ 1
Tysy = Teh L =1 4 > —'/---/TL(tl)u-L(tm)dtl---dtm. (1.16)
m!
m=1 S B

Proof To prove that expression (1.15) can be formally written as (1.16) note that by
introducing the time-ordering operator Eq. (1.14), the kth term of this series can be
written as

t t
1
E/---/TL(tl)---L(tk)dzl---dtk

t Iz tr(k—1)

1
ZEZ// / Ltz - - - Lltzo)dty - - - di
T |

tn Tk—1
Z//"-/L(I])"'L(lk)dl‘k~~~dl‘],
N N S

where in the last step we have used that t > ;1) > --+ > tz¢) = s, and that the
name of the variables does not matter, so the sum over 7 is the addition of the same
integral k! times.

To prove Eq. (1.15), we need first of all to show that the series is convergent, but
this is simple because by taking norms in (1.16) we get the upper bound

o0

m
|t —s|™
ITaoll = 20 ==\ sup ILEOI) =exp| sup ILE)IIe=s] |,

m=0 t'els,t] t'els,t]

which is convergent as a result of L(z") being bounded in [z, s]. Finally, the fact that
(1.15) is the solution of the differential problem is easy to verify by differentiating
the series term by term since it converges uniformly and so does its derivative (to see
this one uses again the M-test of Weierstrass [58] on the Banach space B).

This result is the well-known Dyson expansion, which is widely used for instance
in scattering theory. We have proved its convergence for finite dimensional systems
and bounded generator. This is normally difficult to prove in the infinite dimensional
case, but the expression is still used in this context in a formal sense.
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Apart from the Dyson expansion, there is an approximation formula for evolution
families which will be useful in this work.

Theorem 1.4.3 (Time-splitting formula) The evolution family T 5y can be given by
the formula

0
Ty = lim [T e“ =t fort =1, >+ >10=5. (1.17)
’ max|tj_*_1—t_,-|—>0j_n_1

where L(t;) is the generator evaluated in the instantaneous time t ; (note the descend-
ing order in the product symbol).

Proof The idea for this proof is taken from [62], more rigorous and general proofs
can be found in [59, 60]. Given that the product in (1.17) is already temporally
ordered, nothing happens if we introduce the temporal-ordering operator

max |tj+1—t;[—0

0
Tom=  lim T [] etnten,
j=n—1

—1
— lim Tez_’;=o(’j+l_fj)L(tj)
9
max |tj41—1;[—0

where one realizes that the time-ordering operator is then making the work of ordering
the terms in the exponential series in the bottom term in order to obtain the same
series expansion as in the top term. Now it only remains to recognize the Riemann
sum [58] in the exponent to arrive at the expression

t / !
To.s) = Tels L&)dt .

which is Eq. (1.16). Q.E.D.

In analogy to the case of contraction semigroups, one can define contraction
evolution families. However, since we have now two parameters, there is not a unique
possible definition, as illustrated below.

Definition 1.4.2 An evolution family T ) is called contractive if || T 5| < 1 for
every t and every s such that ¢ > s.

Definition 1.4.3 An evolution family 7 y) is called eventually contractive if there
exist a so such that || T(; syl < 1 for every ¢ > so.

Itis clear that contractive families are also eventually contractive, but in this second
case there exist a privileged initial time s, such that one can have || T, 5|l > 1 for
some s # sg. This difference is relevant and will allow us later on to discriminate
universal dynamical maps given by differential equations which are Markovian from
those which are not.



Chapter 2
Time Evolution in Closed Quantum Systems

Probably time evolution of physical systems is the main factor in order to understand
their nature and properties. In classical systems time evolution is usually formu-
lated in terms of differential equations (i.e. Euler-Lagrange’s equations, Hamilton’s
equations, Liouville equation, etc.), which can present very different characteristics
depending on which physical system they correspond to. From the beginning of the
quantum theory, physicists have been often trying to translate the methods which
were useful in the classical case to the quantum one, so was that Erwin Schrodinger
obtained the first quantum evolution equation in 1926 [63].

This equation, called Schrodinger’s equation since then, describes the behavior
of an isolated or closed quantum system, that is, by definition, a system which does
not interchanges information (i.e. energy and/or matter') with another system. So if
our isolated system is in some pure state [y (¢)) € H at time ¢, where H denotes the
Hilbert space of the system, the time evolution of this state (between two consecutive
measurements) is according to

d i
2V ==z HOW @), 2.1)

where H (¢) is the Hamiltonian operator of the system. In the case of mixed states
p(t) the last equation naturally induces

dp(t)
dr

—%[H(r), p(], 2.2)

sometimes called von Neumann or Liouville-von Neumann equation, mainly in the
context of statistical physics. From now on we consider units where 7 = 1.

There are several ways to justify the Schrodinger equation, some of them related
with heuristic approaches or variational principles, however in all of them it is nec-
essary to make some extra assumptions apart from the postulates about states and

1" One point to stress here is that a quantum system which interchanges information with a classical

one in a known way (such as a pulse of a laser field on an atom) is also considered isolated.

A. Rivas and S. F. Huelga, Open Quantum Systems, SpringerBriefs in Physics, 15
DOI: 10.1007/978-3-642-23354-8_2, © The Author(s) 2012
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observables; for that reason the Schrodinger equation can be taken as another postu-
late. Of course the ultimate reason for its validity is that the experimental tests are in
accordance with it [64—66]. In that sense, the Schrodinger equation is for quantum
mechanics as fundamental as the Maxwell’s equations for electromagnetism or the
Newton’s Laws for classical mechanics.

An important property of Schrodinger equation is that it does not change the norm
of the states, indeed

d d{y @]
7 VO @) (

d|y (1))
T) [V (@) + (¥ )] (T)

i OHT O ) — i OIH @Y 0) =0,

2.3)

as the Hamiltonian is self-adjoint, H(¢) = H T(t). In view of the fact that the
Schrodinger equation is linear, its solution is given by an evolution family U (¢, r),

V(1)) = U, 10)|¥(10)), (2.4)

where U (1, t9) = 1.

The Eq.(2.3) implies that the evolution operator is an isometry (i.e. norm-
preserving map), which means it is a unitary operator in case of finite dimensional
systems. In infinite dimensional systems one has to prove that U (t, fp) maps the
whole H onto H in order to exclude partial isometries; this is easy to verify from the
composition law of evolution families [67] and then for any general Hilbert space

Ut t0)U(t, 10) = U, 1)U (t,19) =1 = U =U"T. (2.5)

On the other hand, according to these definitions for pure states, the evolution of
some density matrix p(¢) is

p(t) = Uty 10)p (o) U (11, 10). (2.6)

‘We can also rewrite this relation as

p(11) = Uay, 1) [p(t0)], 2.7)

where U, 1) is a linear (unitary?) operator acting as

Uy 1091 = U1, 1)U (11, 10). (2.8)

Of course the specific form of the evolution operator in terms of the Hamiltonian
depends on the properties of the Hamiltonian itself. In the simplest case in which
H is time-independent (conservative system), the formal solution of the Schodinger
equation is straightforwardly obtained as

2 Tt can be shown it is the only linear (isomorphic) isometry of trace-class operators. Actually the
proof of theorem 3.4.1 is similar.
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U(t, 19) = e (-0 H/R, (2.9)

When H is time-dependent (non-conservative system) we can formally write the
evolution as a Dyson expansion,

U, 1) = Telo 7O (2.10)

Note now that if H(¢) is self-adjoint, —H (¢) is also self-adjoint, so in this case
we have physical inverses for every evolution. In fact when the Hamiltonian is
time-independent, U (t1,t9) = U(f; — o). So the evolution operator is not only
a one-parameter semigroup, but a one-parameter group, with an inverse for every
element U~ (1) = U(—1) = UT(1), such that U "' (x)U (z) = U()U ' (z) = 1.
Of course in case of time-dependent Hamiltonians, every member of the evolution
family U (¢, s) has the inverse U~ (r, s) = U(s, 1) = U'(z, s), being this one also
unitary.

If we look into the Eq.(2.7), we can identify p as a member of the Banach space
of the set of trace-class self-adjoint operators, and U, 1, as some linear operator
acting on this Banach space. Then everything considered for pure states concerning
the form of the evolution operator is also applicable for general mixed states, actually
the general solution to the Eq.(2.2) can be written as

trodt!
p(t) = Uy, sy p(t0) = Teho X" p(tg), @.11)

where the generator is given by the commutator £;(-) = —i[H (¢), -]. This is some-
times called the, and by taking the derivative one immediately arrives
to (2.2).



Chapter 3
Time Evolution in Open Quantum Systems

Consider now the case where the total Hilbert space is decomposed into two parts,
in the form H = H4 ® Hp, each subspace corresponding to a certain quantum
system; the question to answer is then, what properties does the time evolution of
each subsystem have?

First of all, one must establish the relation between the total density matrix p € H
and the density matrix of a subsystem, say A, which is given by the partial trace over
the other subsystem B:

pa = Trp(p). (3.1)

There are several ways to justify this; see for example [68]. Let us focus first in
the description of a measurement of the system H 4 viewed from the whole system
‘H = Ha ® Hp. For the system H 4 a measurement is given by a set of self-adjoint
positive operators {M} each of them associated with a possible result k. Suppose
that we are blind to the system B, and we see the state of system A as some p4. Then
the probability to get the result kK when we make the measurement { Mj} will be

patk) = Tr(Mpa).

Now one argues that if we are viewing only the part A through the measurement My,
we are in fact observers of an extended system H through some measurement Mj
such that, for physical consistency, for any state of the composed system p compatible
with p4 which is seen from A (see Fig. 3.1), the following holds

pa(k) = Tr(Myp).

But assuming this is true for every state p4, we assume that M is a genuine mea-
surement operator on H, which implicitly implies that is independent of the state p
of the whole system on which we are making the measurement. Now consider the
special case where the state of the whole system has the form p = p4 ® pp, then
the above equation is clearly satisfied with the choice My = M; ® 1,

A. Rivas and S. F. Huelga, Open Quantum Systems, SpringerBriefs in Physics, 19
DOI: 10.1007/978-3-642-23354-8_3, © The Author(s) 2012
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© jA@@—Q

@ﬁ ;CI B M,

M,

Fig.3.1 On the left side we perform a measure over the combined system A and B, which we
denote by My, but we have “disconnected” the information provided by B. If one assumes that this
situation is equivalent to a measure M} only the system A, this is illustrated on the right side, then
My = My ® 1 (see discussion on the text)

pak) =Tr(Mypa) = Tr[(My @ 1)pa ® ppl = Tr(Mrpa)Tr(pa) = Tr(Mipa).

Actually this is the only possible choice such that M;, is independent of the particular
states p4 and pp (and so of p). Indeed, imagine that there exist another solution, My,
independent of p, which is also a genuine measure on H, then from the linearity of
the trace we would get

pak) = Tr(Mipa) = Tr(Mx ® 1p) = Tr(Myp) = Tr[(My — My ®@1)p] = 0
for all p4 and so for all p. This means
Tr[(My — My ® 1)o] =0,

for any self-adjoint operator o, therefore as the set of self-adjoint operators forms a
Banach space this implies ]l7[k — M; ® 1 = 0 and then Mk =M, ®1.

Once established this relation, one can wonder about the connection between p4
and p. If {|1/f;.‘>|1pf)} is a basis of H then

patk) =T (M ® 1)pl = D (WML |(My @ Dply ) )
Jt

= > WML ol ) = Tr(Mipa),
J.t
hence p4 is univocally given by the partial trace

pa =D (WElolyf) = Tra(p).

J4

One important property of the partial trace operation is that, even if p = | ) (/]
was pure, p4 can be mixed, this occurs if [y) is entangled.

Given the total density matrix p(fy), by taking the partial trace in (2.6), the state
of A at time t1, pa(t1), is given by

pa(t1) = Trp[U (11, 10) p (1)U (11, 0)]. (3.2)
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Provided that the total evolution is not factorized U (¢1, tg) = Ua(t1, t0) QUpB(11, tp),
both quantum subsystems A and B are interchanging information with each other
(they are interacting), and so they are open quantum systems.

3.1 Dynamical Maps

Let us set A as our system to study. A natural task arising from the Eq. (3.2) is trying
to rewrite it as a dynamical map acting on H4 which connects the states of the
subsystem A at times 7o and #;:

Etr.1p) : pA(t0) = pal(ty).

The problem with this map is that in general it does not only depend on the global
evolution operator U (1, fo) and on the properties of the subsystem B, but also on the
system A itself.

In order to clarify this, let us write the total initial state as the sum of two contri-
butions [69]:

p(to) = pa(to) ® pp(to) + pcorr (f0), (3.3)

where the term pcorr (%) 1S NOt @ quantum state, satisfies

Tralpcorr (t0)] = Trg[pcorr (fo)] = 0,

and contains all correlations (classical as well as quantum) between the two subsys-
tems. The substitution of (3.3) in (3.2) provides

pa(t) = Trp{U (11, t0)[pa(t0) ® pB(to) + peorr (t0)1U T (11, 10)}
= > LTrp{U(t, 10)[palto) ® i) (Wi U (11, 10))}

+ TrplU (11, 10) peorr (1)U (11, 10)]
=D Ka(t1,10)pa(to) K (11, 10) + 8p(t1, to)
o

= .10 oa(to)], (3.4)

where o = {i, j}, Ky jy(t1, 1) = Jk—i(wj|U(t1, t0)|v¥;) and we have used the spec-
tral decomposition of pp (o) = >°; Ai|¥;)(;|. Apparently the operators K, (1, o)
depend only on the global unitary evolution and on the initial state of the subsystem B,
but the inhomogeneous part dp(t1, to) = Trp[U (11, to),ocorr(to)UT(tl, fp)] may no
longer be independent of p4 because of the correlation term pcorr 1 That is, because

1 Leaving aside the case of factorized global dynamics U (11, 1)) = Ua(t1, ty) ® Up(ty, to),

see: D. Salgado and J. L. Sanchez-Gémez, Comment on “Dynamics of open quantum systems
initially entangled with environment: Beyond the Kraus representation” arXiv:quantph/0211164
(2002); H. Hayashi, G. Kimura, Y. Ota, Phs. Rev. A 67, 062109 (2003).
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of the positivity requirement of the total density matrix p(fy), given some p4 (fo)
and pp(fp) not any pcorr(fo) is allowed such that p(#y) given by (3.3) is a positive
operator; in the same way, given p4 (fp) and pcorr (fo) not any pp(fo) is allowed.

A paradigmatic example of this is the case of reduced pure states. Then the fol-
lowing theorem is fulfilled.

Theorem 3.1.1 Let one of the reduced states of a bipartite quantum system be pure,
say pa = |¥)a(¥|, then pcorr = 0.

Proof Indeed, let us consider first that p = |¢) (| is pure as well. By using the
Schmidt decomposition of [) = >". A;|u;, v;), where for all i in the sum A; > 0,
and {|u;)} and {|v;)} are orthonormal basis of H 4 and H p respectively, we obtain

pa =Trp ZAA i, vi)(uj, vjl Zkzm (3.5
ij

It is elementary to show that a pure state cannot be written as non-trivial convex
combination of another two states [70, 71]; then one coefficient, say A;; must be
equal to one, and A; = O for all i # i’. This implies that p has the product form

p = luir)(uir| & |vir) (virl = V) AW @ [¥) (Y.

If p is mixed, it can be written as convex combination of pure states

p = > plvi) (Yl
k

if )01(41{) = Tra(|yk) (¥k]), the state of A is
k
pA = 2 PkP( )

but as p4 is pure, we have only two possibilities, either some py = 1 and py = 0 for
k # k' or ,0/(4]() is the same state p4 for every k. In the first case p is pure obviously,
for the second option let us introduce the Schmidt decomposition again for each state

Vi) = D7 hikluik, vik):

pa = py = Tra(ly) wn—Zx,km Muikl, Vk

so both A; x and |u; x) can be taken to be independent of k, and
pa =D Aflui)ui
i

This equation is actually the same as (3.5) and so one A; is equal to one, and A; = 0
for all i # i’. With these requirements we get |Yx) = |u;7, vi7 &), and finally
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P—ZPHW (Yl = Zpkluzuvﬂk uir, Vit k|
= |ui) (| ® D plvir k) (ir il = [¥)a (W] ® pa.
k

and hence pcorr = 0. Q.E.D.

As a result, the positivity requirement forces each term in the dynamical map to
be interconnected and dependent on the state upon which they act; this means that a
dynamical map with some values of K (1, 7o) and 8p (1, t9) may describe a physical
evolution for some states p4 (fp) and an unphysical evolution for others.

Given this fact, a possible approach to the dynamics of open quantum systems
is by means of the study of dynamical maps and their positivity domains [72-77],
however that will not be our aim here.

On the other hand, the following interesting result given independently by Salgado
et al. [78] and Tong et al. [79] provides an equivalent parametrization of dynamical
maps.

Theorem 3.1.2 Any kind of time evolution of a quantum state ps can always be
written in the form

pa(tt) = D Ko (t1, 10, pa) pa(t0) K} (11, 0, pa), (3.6)

o
where Ky (t1, to, pa) are operators which depend on the state pa at time tg.

Proof We give here a very simple proof based on an idea presented in [75]. Let p4 (t9)
and p4 (#1) be the states of a quantum system at times #p and #1, respectively. Consider
formally the product p4(t)) ® pa(t1) € Ha ® Ha, and a unitary operation Uswap
which interchanges the states in a tensor product Uswap|¥1) ® [¥2) = |¥2) ® |¥1),
so Uswar(A ® B)US’TWAP = B ® A. It is evident that the time evolution between
pa(to) and p4 (f1) can be written as

E.imlpalto)] = Trp [USWAPPA (to) ® pa (II)UQWAP] = pa(t1),

where Tr, denotes the partial trace with respect to the second member of the com-
posed state. By taking the spectral decomposition of p4(¢1) in the central term of the
above equation we obtain an expression of the form (3.6). Q.E.D.

Note that the decomposition of (3.6) is clearly not unique. For more details see
references [78, 79].

It will be convenient for us to understand the dependence on p4 of the operators
Ky (t1, 19, pa) in (3.6) as a result of limiting the action of (3.4). That is, the above
theorem asserts that restricting the action of any dynamical map (3.4) from its posi-
tivity domain to a small enough set of states, actually to one state “p 4 if necessary, is
equivalent to another dynamical map without inhomogeneous term §p (1, tp). How-
ever this fact can also be visualized as a by-product of the specific nonlinear features
of a dynamical map as (3.4) [80, 81].
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As one can already guess, the absence of the inhomogeneous part will play a
key role in the dynamics. Before we move on to examine this in the next section,
it is worth remarking that Rodriguez et al. [82] have found that for some classes of
initial separable states p(fp) (the ones which have vanishing quantum discord), the
dynamical map (3.6) is the same for a set of commuting states of p4. So we can
remove the dependence on p4 of K, (#1, tp, p4) When applying (3.6) inside of the
set of states commuting with p4. The converse statement is also claimed to be true
[83].

3.2 Universal Dynamical Maps

We shall call a universal dynamical map (UDM) to a dynamical map which is inde-
pendent of the state it acts upon, and so it describes a plausible physical evolution for
any state p4. In particular, since for pure p4 (f9), Pcorr(fo) = 0, according to (3.4)
the most general form of a UDM is given by

pa(t1) = Eu i lpat)] = D Ko (11, 10) pa(to) K} (11, 10), (3.7)

in addition, the equality

D K{ (1, 10) Ko (11, 10) = 1 (3.8)

is fulfilled because Tr[p4(f1)] = 1 for any initial state pa(f9). Compare (3.6)
and (3.7).
An important result is the following (see Fig.3.2):

Theorem 3.2.1 A dynamical map is a UDM if and only if it is induced from an
extended system with the initial condition p(ty) = pa(ty) ® pp(to) where pp(toy) is
fixed for any p4(tp).

Proof Given such an initial condition the result is elementary to check.
Conversely, given a UDM (3.7) one can always consider the extended state
p(to) = pa(to) Q@ |¥)p(¥|, with |¥)p € Hp fixed for every state p4(tp), and so
Ky (t1,t0) = {(da|U(t1, t0)|Y) B, Where |, ) p is a basis of Hp. Since Ky (11, to)
only fixes a few partial elements of U (t1, tp) and the requirement (3.8) is consistent
with the unitarity condition

D BIUT (1, 10)be) B (e |U (11, 10) 1) 8 = B(WIUT (11, 10)U (11, 10)1¥)

(VI @1L|y)p
1,

such a unitary operator U (1, ty) always exists. Q.E.D.
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U(ty,to)
pa(to) ® pp(to) ——— 3 pan(ti)

T‘I‘B TrB

g(thto)
palto) » palt)

Fig.3.2 Schematic illustration of the result presented in Theorem 3.2.1

Moreover UDMs possess other interesting properties. For instance they are linear
maps, that is for pa(f9) = >, )»ipx)(to) (with 2; > Oand >°; A; = 1), a straight-
forward consequence from definition of UDM is

Ein[pat0)] =D ki [Py (t0)].

In addition, UDMs are positive operations (i.e. the image of a positive operator is
also a positive operator).

Furthermore, a UDM holds another remarkable mathematical property. Consider
the following “Gedankenexperiment”; imagine that the system AB is actually part of
another larger system ABW, where the W component interact neither with A nor with
B, and so it is hidden from our eyes, playing the role of a simple bystander of the
motion of A and B. Then let us consider the global dynamics of the three subsystems.
Since W is disconnected from A and B, the unitary evolution of the whole system is
of the form Uyxp (11, o) ® Uw(t1, ty), where Uw (1, to) is the unitary evolution of
the subsystem W. If the initial state is p4pw (fp) then

papw (1) = Uap(t1, 10) @ Uw(t1, 10) papw (to))U g (11, t0) ® Ugv(ll, fo).

Note that by taking the partial trace with respect to W we get

pap (1) = Uap(t, 10)Try [UW(IL tO)pABW(tO)U‘TV(tl’ to)] U;B(fl, fo)
= Uap (01, 10)Trw [Ujy (1, 100U (11, 10)pasw (10)| U 11, 10)

= Uap(11, tO)PAB(tO)U,ZB(fl, f),

so indeed the presence of W does not perturb the dynamics of A and B. Since we
assume that the evolution of A is described by a UDM, according to the Theorem
3.2.1 the initial condition must be pap(ty) = pa(ty) ® pp(ty), and then the most
general initial condition of the global system which is compatible with that has to be
of the form papw (to) = paw (to) ® pp(to), where pp(to) is fixed for any paw (1).
Now let us address our attention to the dynamics of the subsystem AW:
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paw (1) =Trg [Uap(t1, 1) ® Uw (11, t0) paw (10) ® pp (to) UJ;B(H, 10) ® U;V(ll, lo)],

by using the spectral decomposition of pp(fg), as we have already done a couple of
times, one obtains

paw(t)) = D Ko (11, 10) ® Uw (11, t0) paw (10) K] (11, 10) ® Uy (11, 10)
[04

= E11.,10) @ Uity 10) Loaw (10)].

Here &£, 1) is a dynamical map on the subsystem A and the operator U, ;p)[-] =
Uw (11, to)[-1U ;fv (1, tp) is the unitary evolution of W. As we see, the dynamical map
on the system AW is the tensor product of each individual dynamics. So, if the
evolution of a system is given by a UDM, &, 1), then for any unitary evolution
Uty 1) of any dimension, Eq, 1) ® U 1) 1s also a UDM; and in particular is a
positive-preserving operation. By writing

g(ll,to) Q Uty 1) = [E(IIJO) ® IL] [1 ®M(11,t0)]v

as 1 ® U, 1) 1s a unitary operator, the condition for positivity-preserving asserts
that £y, 4,) ® 1 is positive. Linear maps fulfilling this property are called completely
positive maps [84].

Since we can never dismiss the possible existence of some extra system W, out of
our control, a UDM must always be completely positive. This may be seen directly
from the decomposition (3.7). The reverse statement, i.e. any completely positive
map can be written as (3.7), is a famous result proved by Kraus [7]; thus the formula
(3.7) is referred as Kraus decomposition of a completely positive map. Therefore
another definition of a UDM is a (trace-preserving) linear map which is completely
positive, see for instance [21, 53].

Complete positivity is a stronger requirement than positivity, the best known
example of a map which is positive but not completely positive is the transposition
map (see for example [53]), so it cannot represent a UDM. It is appropriate to stress
that, despite the crystal-clear reasoning about the necessity of complete positivity
in the evolution of a quantum system, it is only required if the evolution is given
by a UDM, a general dynamical map may not possess this property [72-75, 78,
80, 81]. Indeed, if 6p (11, o) # 0, &4 given by (3.4) is not positive for every state,
so certainly it cannot be completely positive. In addition note that if pspw (fo) #
paw (fo) @ pp(tp) we can no longer express the dynamical map on AW as £y, 1) ®
U1, .10)» so the physical requirement for complete positivity is missed.

3.3 Universal Dynamical Maps as Contractions

Let us consider now the Banach space B of the trace-class operators with the trace
norm (see comments to the Definition 1.1.1). Then, as we know, an operator p € B
is a quantum state if it is positive-semidefinite, this is



3.3 Universal Dynamical Maps as Contractions 27

(Wlply) =0, [¥)eH,

and it has trace one, which is equal to the trace norm because the positivity of its
spectrum,

p € ‘B is a quantum state < p > Oand ||p||; = 1.

We denote the set of quantum states by BT C 9B, actually the Banach space B
the smallest linear space which contains B in other words, any other linear space
containing B also contains 8.

We now focus our attention in possible linear transformations on the Banach
space £(°B) : B +— ‘B, and in particular, as we have said in Sect. 1.1, the set of these
transformations is the dual Banach space %%, in this case with the induced norm

1€l }

1€l = {
peB.p20 L 1ol

Particularly we are interested in linear maps which leave invariant the subset B,
i.e. they connect any quantum state with another quantum state, as a UDM does. The
following theorem holds

Theorem 3.3.1 A linear map £ € B* leaves invariant B if and only if it preserves
the trace and is a contraction on *B

€M < 1.

Proof Assume that £ € B* leaves invariant the set of quantum states B, then it is
obvious that it preserves the trace; moreover, it implies that for every positive p the
trace norm is preserved, so ||E(p)|l1 = |lpll1. Leto € B buto ¢ BT, then by the
spectral decomposition we can split o = o™ — o, where

[0+—ij|wj><vf,-|, for i > 0,
o = =2 Ajly) ¥yl ford; <0,

here A are the eigenvalues and |;) (/| the corresponding eigenvectors. Note that
o and o~ are both positive operators. Because |/;) (i j| are orthogonal projections
we get (in other words as ||o||] = Zj [A;D):

ol = llotlli + llo~ I,
but then
€@l = 1E@T)=E@ ) = NEG@HI+IE@ )N = lloThi+lo lhi=lol,

so £ is a contraction.

Conversely, assume that £ is a contraction and preserves trace, then for p € B+
we have the next chain of inequalities:
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ol =Tr(p) = Tr[E(p)] = 1€ < llplh,

so €)1 = llpll and Tr[E(p)] = [€(p)|l1. Since p € BF if and only if
llolli = Tr(p) = 1, the last equality implies that £(p) € B for any p € BT.
Q.E.D.
This theorem was first proven by Kosakowski in the references [85, 86], later on,
M. B. Ruskai also analyzed the necessary condition in [87].

3.4 The Inverse of a Universal Dynamical Map

Let us come back to the scenario of dynamical maps. Given a UDM, &, ), one can
wonder if there is another UDM describing the evolution in the time reversed sense
Ey,ny) in such a way that

-1
Eao. i) = gy i) = 1.

Note, first of all, that it is quite easy to write a UDM which is not bijective
(for instance, take {|1,)} to be an orthonormal basis of the space, then define:

E(p) = 22, 18)(Wnlpl¥n) (@l = Tr(p)|¢) (4], being |¢) an arbitrary fixed state),
and so the inverse does not always exist. But even if it is mathematically possible to

invert a map, we are going to see that in general the inverse is not another UDM.

Theorem 3.4.1 A UDM, &, 1), can be inverted by another UDM if and only if it
is unitary Eq, 1) = Uty 1) -

Proof The proof is easy (assuming Wigner’s theorem) but lengthy. Let us remove the
temporal references to make the notation less cumbersome, so we write £ = £, ).
Since we have shown that UDMs are contractions on ‘B,

€@ < llolli, o€ B.

Let us suppose that there exists a UDM, £ —1 which is the inverse of &; then by
applying the above inequality twice

lolli = IET'E@) I < IE@Ih < lolh,
and we conclude that

€@ = lloll, VYo €B. (3.9)

Next, note that such an invertible £ would connect pure stares with pure states.
Indeed, suppose that |v) (v| is a pure state, and £ () (]) is not, then we can write

EqVYW D =po1 +(1—p)p2, 1>p>0,
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for some p| # p2 # E(|¥)(¥]). After taking the inverse this equation yields

) (| = pE~ (1) + (1 — p)E~ (p2),

and since £7! is a (bijective) UDM, £~ 1(p1) # £~ (p2) are quantum states. Thus
such a decomposition is impossible as |v) (/| is pure by hypothesis; and a pure state
cannot be decomposed as a non-trivial convex combination of another two states.

Now consider o = %(|1//1 Y(W1] —|¥2) (¥r2]) for two arbitrary pure states |1 ) (V1|
and [yn)(y]|. We can calculate its eigenvalues and eigenvectors by restring the
computation to the two dimensional subspace spanned by |v1) and |Y»); because
any other state |y/) can be decomposed as a linear combination of |v1), |¥»2) and
[¥r1), such that 0¥ ) = 0. Thus the eigenvalue equation reads

o(a|yn) + Blv2) = Malyn) + Blya),

for some A, « and B. By taking the scalar product with respect to ({| and (Y],
and solving the two simultaneous equations one finds

1
A=toyl- (W2 ly) 12,

so the trace norm ||o ||| = Zj |A ;| turns out to be

ol = /1= [{¥aly)]? (3.10)

However, since £ connects pure states with pure states,

1 1 - - - -
E(o) = 3 [EAY 1) (W1D — EY2) (Y2 D] = E(I%)(lﬁll — [¥2) (¥2D),
and therefore from Eqgs. (3.9) and (3.10) we conclude that

l(Walvn)| = [(@aldn)].

Invoking Wigner’s theorem [67, 70], the transformation £ have to be implemented
by

E=VpVT,

where V is a unitary or anti-unitary operator. Finally since the effect of an anti-
unitary operator involves the complex conjugation [67], that is equivalent to the
transposition of the elements of a trace-class self-adjoint operator, which is not a

completely positive map; we conclude that V has to be unitary, ¢, 1) = U 19)-
Q.E.D.

From another perspective, the connection between the failure of an inverse for
a UDM to exist just denotes irreversibility of the universal open quantum systems
dynamics.
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UDM
UDM

tO tl\/t2

not UDM

Fig.3.3 General situation describing dynamics of open quantum systems in terms of a UDM.
At time #( the total state is assumed to be factorized, p(f9) = pa(to) ® pp(to), and the dynamical
maps from this point are UDMs. However it is not possible to define a UDM from some intermediate
time #; > fy, because generally at this time the total state can no longer be written as a tensor product

3.5 Temporal Continuity: Markovian Evolutions

One important problem of the dynamical maps given by UDM is related with their
continuity in time. This can be formulated as follows: assume that we know the
evolution of a system between o and ¢, &, s, and between ¢ and a posterior time
12, Ey.1y)- From the continuity of time, one could expect that the evolution between
fo and f, was given by the composition of applications, £, .10) = Ew.i)Et1.10)-
However, the exact meaning of this equation has to be analyzed carefully.

Indeed, let the total initial state be p(ft9) = pa(fo) ® pp(ty), and the unitary
evolution operators U (12, t1), U(t1, to) and U (f2, t9) = U(t2, t1)U (1, tp). Then the
evolution of the subsystem A between o and any subsequent 7 is clearly given by,

Ewriypalto)] = Trp[U (11, 10)pa(to) ® pp(to)UT (11, 10)]
=D Kq (11, 10) pa(t0) K} (11, 10),

and

En.imlpa(to)] = Trp[U(t2, t0) pa(to) ® pB (to)U (12, 10)]
=" Ky (12, 10) pa(t)) K] (12, 10).

The problem arises with £, 4):

Ewplpa(t)] = Trp[U(r2, 1) p(t) U (2, 11)]
=D Ko (12,11, pa) pa(t)K] (12, 11, pa),

o

being p(t1) = U(t1, t0)[pa (t0) @ pB (10)1U T (11, 19). Since p(r1) is not a tensor prod-
uct in general, and it depends on what initial states were taken for both subsystems,
Ey,1) has not the form of an UDM (see Fig. 3.3).

Let us to illustrate this situation from another point of view. If the application
Ew 1) 18 bijective it seems that we can overcome the problem by defining
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—1
Enn) = Ewin) €y 1) (3.11)

which trivially satisfies the relation £, 1) = Ey,1)Eqy.19)- However, as we have just
seen, £ " 1 1) is not completely positive unless it is unitary, so in general the evolution
Ety.1y) is still not a UDM.?

The same idea can also be used to define dynamical maps beyond UDM [88].
That is, given the global system in an arbitrary general state p(fp), if this is not a
tensor product, we know that at least in some past time fjyjtja1, before the subsystems
started interacting, the state was factorized p(finitial) = 04 (finitial) ® 0B (finitial)-
If we manage to find a unitary operation U ~L(ty, tinitia) Which maps p(tp) to the
state o (finitial) = A (finitial) ® P8 (tiniial) for every reduced state p, (fo) compatible
with p (o), having pp (tinitia1) the same for all p4 (f9), we can describe any posterior
evolution from fy to 7 as the composition of the inverse map and the UDM from
tinitial t0 71 as in (3.11). However to find such an unitary operator can be complicated,
and it will not always exist.

On the other hand, as a difference with the dynamics of closed systems, it is
clear that these difficulties arising from the continuity of time for UDMs make it
impossible to formulate the general dynamics of open quantum systems by means
of differential equations which generate contractive families on B (i.e. families of
UDMs). However, sometimes one can write down a differential form for the evolution
from a fixed time origin fy, which is only a valid UDM to describe the evolution
from that time #y. In other words, the differential equation generates an eventually
contractive family from 7y on B (see Definition 1.4.3).

To illustrate this, consider a bijective UDM, & 4, then by differentiation (without
the aim to be very rigorous here)

dpa(®) _ d€a,u) dE 1) c

. T lpat)] = — R [pa] = Lilpa®], (B.12)

d& _ .. . . . . .
where £, = gt’"’) & @ lto). This is the ultimate idea behind the “time-convolutionless”

method which will be ’brieﬂy described in Sect. 6.2. If the initial condition is given at
fo, then, by construction, the solution to the above equationis pa (t) = E,1)[pa (f0)].
Nevertheless, there is not certainty that the evolution from any other initial time is a
UDM. Indeed, as we may guess, it is not difficult to write solutions given the initial
condition p(t1) (11 > fg) as (3.11).

Definition 3.5.1 We will say that a quantum systems undergoes a Markovian evo-
lution if it is described by a contractive evolution family on ‘B and thus we recover
the composition law for the UDMs

5(12,10) = g(’Z’Zl)g(TIJO)’ (3.13)

2 Note that the composition of two completely positive maps is also a completely positive map.
However the composition of two arbitrary operators can be completely positive regardless of whether
they are individually completely positive or not.
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which is the quantum analogue to the Chapman—Kolgomorov equation in classical
Markovian process (see next Sect.4.1). This property is sometimes also referred as
“divisibility condition”.

Typically, the dynamics of an open quantum system is not Markovian, because
as we have already said both systems A and B develop correlations pcorr during their
evolution and so the reduced dynamical map is not a UDM from any intermediate time
t1. However if the term which goes with p¢orr does not affect so much the dynamics,
a Markovian model can be a good approximate description of time evolution. We
will analyze this deeply in Chap. 5.


http://dx.doi.org/10.1007/978-3-642-23354-8_4
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Chapter 4
Quantum Markov Process: Mathematical
Structure

Before studying under which conditions can an open quantum system be approxi-
mately described by a Markovian evolution, we examine in this chapter the structure
and properties of quantum Markovian process.

4.1 Classical Markovian Processes

To motivate the adopted definition of a quantum Markov process, let us recall the
definition of classical Markov processes. More detailed explanations can be found in
[14, 21, 89, 90]; here we just sketch the most interesting properties for our purposes
without getting too concern with mathematical rigor.

On a probability space, a stochastic process is a family of random variables
{X(t),t € I C R}. Roughly speaking, a stochastic process is specified by a random
variable X depending on a parameter ¢ which usually represents time. Assume that
I is a countable set labeled by n, then a stochastic process is a Markov process if
the probability that the random variable X takes value x,, at any arbitrary time t,, is
conditioned only by the value x,_; that it took at time 7,1, and does not depend on
the values at earlier times. This condition is formulated in terms of the conditional
probabilities as follows:

P n, talXn—1, ta—1; .. .5 X0, t0) = p(Xn, thlxpn—1), Vi, €l. 4.1)

This property is sometimes expressed in the following way: a Markov process does
not have memory of the history of past values of X. They are so-named after the
Russian mathematician A. Markov.

Consider now this process on a continuous interval /, then #,_1 is time infinitesi-
mally close to ,. So for any ¢ > ¢’ just from the definition of conditional probability
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px,t;x', 1) = p(x,t|x", i) p(x', 1),

where p(x, t; x', 1) is the joint probability that random variable X takes value x at
time 7 and x” at time ¢’. By integrating with respect to x” we find the relation between
unconditional probabilities

plx, 1) = /dx’p(x, tx', pix’, 1),
and let us write it as
p(x,t) = /dx/K(x, tx', Hp(x', ¢’y with K(x,t|x',t") = p(x,t|x',t)). (4.2)

The Markov process is called homogeneous if K (x, z|x’, t’) is only a function of the
difference between the two time parameters involved K (x, t|x’, ') = K,_ (x|x').

Next, take the joint probability for any three consecutive times t3 > #, > #; and
apply again the definition of conditional probability twice

D(X3,13; X2, 125 X1, 1) = p(x3, 13]x2, 125 X1, 1) p(x2, t2; X713 1)
= p(x3, 13]x2, 125 X1, t1) p(x2, t2|x1, 11) p(x1, 11).

The Markov condition implies that p(x3, 13]x2, t2; X1, 1) = p(x3, 13]|x2, 12), then by
integrating with respect to x» and dividing both sides by p(x1, t1) one gets

p(x3, t3|x1, 1) =/dX2p(X3,t3IX2,tz)p(Xz,tzl)Cl,tl),

which is called Chapman—Kolgomorov equation. Observe that with the notation of
(4.2) this is

K (x3, 13]x1, 11) =/dX2K(X3,t3IXQ,tz)K()Q,lzIXLtl). 4.3)

Thinking of K (x, t|x’,t") as propagators of the time evolution between ¢’ and ¢
(see Eq. (4.2)), Eq. (4.3) shows that they form evolution families. Moreover, since
K (x, t|x’, ) are conditional probabilities they connect any probability p(x’, ') with
another probability p(x, t) so in this sense they are universal (preserve the positivity
of p(x’,t") and the normalization).

We can now draw a clear parallelism with a quantum setting. In the definition
of quantum Markov process (Definition 3.5.1), the role played by the probabilities
p(x, t)isplayed by the density operators p (¢) and the role of conditional probabilities
p(x,t|x’, 1) is played by UDMs & ), such that (3.13) is the quantum analog to the
classic Chapman—Kolgomorov equation (4.3).
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4.2 Quantum Markov Evolution as a Differential Equation

For positive €, consider the difference

pt+e)—pt) =[Eute, 00 — Eu,0)1p(0)
= [Epe,y — LEG, 0)[p(0)] = [Erye, ) — Llp (1),

provided that the limit ¢ — 0 is well defined (we assume that time evolution is
smooth enough). We can obtain a linear differential equation for p(¢) (called master

equation)
dp(t) _ . pt+e)—p@) . [Egyen —1]
— =lim —— = lim ————
€

dt e—0 € e—>0 p1) = ,C”O(t), (4'4)

where by definition the generator of the evolution is

& -1
£, = lim M
e—0 €

If some quantum evolution is Markovian according to our Definition 3.5.1, we
may wonder what is the form of these differential equations. The answer is given by
the following theorem, which is the most important result of this chapter.

Theorem 4.2.1 A differential equation is a Markovian master equation if and only
if it can be written in the form

dp(t) . 1
— = —ilH®. o] + Zk] 20! [vkmp(t)vk*(t) -5 {Wovo. p(r)}},
(4.5)

where H(t) and Vi (t) are time-dependent operators, with H(t) self-adjoint, and
vk (t) > 0 for every k and time t.

Proof Let us show the necessity first (for this we follow a generalization of the
argument given in [9] and [21] for time-independent generators). If £y, ;) isa UDM
for any f, > f; it admits a decomposition of the form

Ew.mlpl =D Kultr,t1)pK} (12, 11).
o

Actually, let {F;, j = 1,..., N*} be a complete orthonormal basis with respect to
the Hilbert—Schmidt inner product (£}, Fy)us = Tr(F;,r Fy) = 8k, in such a way

that we chose Fy2 = 1/+/N and the rest of operators are then traceless. Now the
expansion of the Kraus operators in this basis yields

Enmlpl =D il n)FipF.,
J.k
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where the elements

ciktr. 1) = D (Fj. Kalt2. 1)) ys (Fir Ko (62, 1)y

o

form a positive semidefinite matrix c¢(#2, #1). Indeed, for any N2_dimensional
vector v we have that

2
(v, c(t2, t1)v) = Zvjfcjk(tz, vk = Z > 0.

J k o

(Z vk (Fi, Ko (12, tl))Hs)

k

Since this holds for any #; > #1, let us take #; = ¢ and #, = ¢ + €, then the generator
reads

£1(p) = lim Z Cjk(t +€,t)Fij]j -1 — lim iCNzNz(l‘-i—G,t) — N
5—>Ojk € e—>0| N €
N2-1
1 ]Nz(t-l—é t) Csz(t+E,t) ¥
7]\7 Z ( Fip+ 6 PF;
j=l1
N2l et .
+ L FipF] | (4.6)
j k=1 €

Now, we define the time-dependent coefficients a i () by

. cyen2(tt+e,t) — N
an2y2(t) = lim NN ,
e—0

€
asz(t):éli_%w, j=1... N —1,
“-”‘(’)ZEEM’ jok=1,...,N>—1,
the following operators,
N2—1

F(r) = f Z ajn2 () F;,

G(r) = “gjyz 1+ % [F'0+ Fo].

and
H(t) = [FT(I) _ F(t)]

which is self-adjoint. In terms of these operators the generator (4.6) can be
written like



4.2 Quantum Markov Evolution as a Differential Equation 37

N2-1

Li(p) = =ilH®), p1+ (G0, p} + D" aju(OF;pFy.
J-k=1

Since the UDMSs preserve trace for every density matrix p,

N2-1
0="Tr[L(p)]=Tr{|26()+ D ap®FF;|pt.
j k=1
and therefore we conclude that
1 N2-1 .
Gty =—3 jél aje(t)F F;.

Note that this is nothing but the condition Z(x K (I (12, 11) Ky (12, 11) = 1 expressed
in differential way. Thus the generator adopts the form

NZ—1
+ 1 +
Lip) = —~i[H®), pl+ > aje(0) [F,»pF,; - {Fl . p}]
k=1

Finally note that because of the positive semidefiniteness of ¢ ¢ (¢ + €, t), the matrix
ajk@®), j,k =1,..., N2 — 1 is also positive semidefinite, so for any ¢ it can be
diagonalized by mean of a unitary matrix u(z); that is,

> i (O)ajiOw(t) = Y (8mn,

Ik

where each eigenvalue is positive y,(f) > 0. Introducing a new set of
operators Vi (1),

N1 N1
Vi) = D" uf;(0F;, Fj= > wj)Vi(),
j=1 k=1

we obtain the desired result

1
Li(p) = —ilH @), pl+ D yi(0) [Vk(t)PVkT(t) -5 {Wovo. p}}

k

with y,(¢) > 0, Vk, t.

Assume now that some dynamics is given by a differential equation as (4.5). Since
it is a first order linear equation, there exists a continuous family of propagators
satisfying
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5(t2,t0) = 8(lz,t1)g(t1-,to)v
Ee,n =1,

for every time 1, > t; > ty. It is clear that these propagators are trace preserving
(as for any p, Tr(L;p) = 0). So we have to prove that for any times t, > ¢| the
dynamical maps &, ;,) are UDMs, or equivalently completely positive maps. For that
we use the approximation formulas introduced in Chap. 1; firstly the time-splitting
formula (1.17) allow us to write the propagator like

0
. L, —t)
En.) = lim e T 4.7
(12,11) , 0
maxltj_'_lftj|a jmn—1

where tp =1, >t | > ... > 1) = 1. Next, take any element of this product

£/‘L’g
e, T=ty,—1,>0,

and since the constants y () are positive for every time, we can write this generator
evaluated in the instant 7, as

~ ~ 1~ ~
£¢o=—ma@mn+§1wwxwﬂ@—Ehﬂ@w@xmﬂ,
k

where Vk(té) = /¥ () Vi(t;). Now we split this generator in several parts,

M o~
Ly=2 L.
k=0
where
_ Moy,
Lo() = =ilH . (] = > 3 {Vhap V). O}, (48)
Lr() = Viap OV @), k=1,...,M, (4.9)

and here M is the upper limit in the sum over k in (4.5). On one hand, differentiating
with respect to T one can easily check that
For ([Finep-z iV apviap]e}  A[imep-2 30 apTiap]e)

ep=e pe ,

which has the form OpO7, so it is completely positive for all 7. On the other hand,
fort >0
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~ X _m
" ~ ~
= VIV ).

m=0 "

has also the Kraus form Om,oO,E, so it is completely positive for all k. Now
everything is ready to invoke the Lie—Trotter product formula (1.5), since

. N \"
eﬁ’ér = e(z’l‘v:oﬁk)r = ’11Lngo (H eﬁnk)

k=1

is the composition (infinite product) of completely positive maps eLHT/M it is com-

pletely positive for all 7. Finally, because this is true for every instantaneous 7, the
“time-splitting formula” (4.7) asserts that £y, ;) is completely positive for any #,
and t1, because it is just another composition of completely positive maps.

Q.E.D.
This result can be taken as a global consequence of the works of Kossakowski
[85, 86, 91] and Lindblad [92], who analyzed this problem for the case of time-
homogeneous equations, that is, when the UDMs depend only on the difference
T =1t —11, Eun, 1) = & and so they form a one-parameter semigroup (not a group
because the inverses are generally not a UDM, see Theorem 3.4.1). As we know,
under the continuity assumption, & = ¢£7 can be defined and the generator L is
time-independent, moreover it has the form

& 1 .
Lo@) = —ilH, pO]+ D v [vkpa)vk' -5 {vive. p(r)}] (4.10)
k

This is the result proven by Gorini et al. [91] for finite dimensional semigroups and
by Lindblad [92] for infinite dimensional systems with bounded generators, that is,
for uniformly continuous semigroups [61].

4.3 Kossakowski Conditions

It is probably worthwhile to dedicate a small section to revise the original idea of
Kossakowski’s seminal work [85, 86, 91], as it has clear analogies with some results
in classical Markov processes. The route that A. Kossakowski and collaborators fol-
lowed to arrive at (4.10) was to derive some analogue to the classical Markovian
conditions on the generator L. That is, for classical Markov process in finite dimen-
sional systems, a matrix Q is the generator of an evolution stochastic matrix ¢2? for
any t > 0 if only if the following conditions in its elements are satisfied:

Qi <0, Vi, (4.11)

' Another proof of sufficiency can be found in Appendix E of [164].
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Qi; >0, Vi#], (4.12)

> 0ij=0, Vi (4.13)
j

The proof can be found in [89]. To define similar conditions in the quantum case,
one uses the Lumer—Phillips Theorem 1.3.4, as & = ¢£7 has to be a contraction
semigroup in the Banach space of self-adjoint matrices with respect to the trace norm.
For that aim, consider the next definition.

Definition 4.3.1 Leto € B, with spectral decompositiono = > j 0 Pj. We define
the linear operator sign of o as

sgn(o) = Z sgn(o;) P,
J

where sgn(o;) is the sign function of each eigenvalue, that is

1, oj >0
sgn(oj) =10, o0;=0
-1, oj < 0.

Definition 4.3.2 We define the following product of two elements o, p € B,
[0, plk = llo|ITr[sgn(o)p]. 4.14)

Proposition 4.3.1 The product (4.14) is a semi-inner product. In addition it is a real
number.

Proof The proof is quite straightforward. It is evident that for the product (4.14),
(1.7) and (1.8) hold. Finally (1.9) also follows easily. By introducing the spectral
decomposition of o = Zj oj P/‘.T,

llo. plk| = ol | sen(@)Te(PF p)| < llo |l > Isgn(o))[Te(P p)|
J J

< loll D_ITe(PY p);
J

and we also use the spectral decomposition of p = > iPj Pl'.o , to obtain

D TP o) =D
J

2_ TP BY)
k

< D 1okl Tr(P PY)|
k.j

J

= > || Te(PY Py = D> |k Te(Pf) = D lpel = llpll.
k

k. j k
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The reality of [0, p]k is clear from the fact that both sgn(o) and p are self-adjoint.

Q.ED.
Now we can formulate the equivalent to the conditions (4.11-4.13) in the
quantum case.

Theorem 4.3.1 (Kossakowski conditions) A linear operator L on B (of finite
dimension N) is the generator of a trace preserving contraction semigroup if and
only if for every resolution of the identity 3 = (Py, P2, ..., Py), 1 = Zj P;, the
relations

Ai(P) <0 (=1,2,...,N), (4.15)
A =0 (#j=12,...,N), (4.16)
N
D AP =0 (j=1.2,....N) 4.17)

i=1
are satisfied, where

A;ij(B) = Tr[ P L(P))].

Proof The condition (4.17) is just the trace preserving requirement Tr[L(c)] = 0,
o € B. We have

N N
D AP =D THPL(P)] =TAL(P)] =0, VPjeP
i=1 i
& Tr[L(o)] =0, Vo €B.
On the other hand, the theorem of Lumer—Phillips 1.3.4 asserts that
lo, L(o)]k = 0; (4.18)
taking o to be some projector P we obtain
Tr[P, L(P)] =0, (4.19)

S0 (4.15) is necessary. Furthermore (4.18) can be rewritten as
[0.L(0)]x = D sgn(on)o; THPL(P)] = D |o;[Tr[ P;L(P))]
k,j J
+ > sgn(ow)o Ti P L(P})] < 0, (4.20)
ki

where we have used the spectral decomposition o = > j 0j Pj again. By splitting
(4.17) in a similar way
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Tr[P;L(P))] = — > Tr[PL(P))], foreachj=1,....N.
k#j

Here note that on the right hand side the sum is just over the index k (not over j).
Inserting this result in (4.20) yields

Zaijr[Pkﬁ(Pj)] >0, 4.21)
k]

where the sum is over the two indexes, with
ay; = |oj|[1 — sgn(ox)sgn(o;)] = 0.

Thus for trace-preserving semigroups the condition (4.20) is equivalent to (4.15) and
(4.21). Therefore if (4.15—4.17) are satisfied L is the generator of a trace preserving
contraction semigroup because of (4.19) and (4.21). It only remains to prove the
necessity of (4.16), that can be seen directly from (4.21). However, it is also possible
to show it from the definition of generator:

THPL(P)] = lim TP~ DA _ tim Tr{ P& (P1
T— T oy .

05

since £ (P;) > 0 as &; is a trace preserving and completely positive map.

Q.E.D.

Finally from this result, one can prove (4.10). For that one realizes (similarly to the

necessity proof of Theorem 4.2.1) that a trace and self-adjoint preserving generator
can be written as

N2-1

: v oLy
Lo=—ilH.pl+ Y ajt [Fijk’ - {F . p}}
k=1

where H = H' and the coefficients a ik form a Hermitian matrix. & is completely
positive (not just positive) if and only if £ ® 1 (in the place of £) satisfies the
conditions (4.15-4.17). It is easy to see [91] this implies that a j; is positive semidef-
inite, and then one obtains (4.10) by diagonalization. The matrix a jx is sometimes
referred to as Kossakowski matrix [28, 93].

4.4 Steady States of Homogeneous Markov Processes

In this section we give a brief introduction to the steady state properties of homoge-
neous Markov processes, i.e. completely positive semigroups. This is a complicated
topic and still an active area of research, so we only expose here some simple but
important results.
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Definition 4.4.1 A semigroup &; is relaxing if there exist a unique (steady) state o
such that &; (pss) = pss for all T and

lim & (p) = pss,
T—>00

for every initial state p.
Of course if one state pg is a steady state of a semigroup &, it is an eigenoperator
of the operator &; with eigenvalue 1,

Er (pss) = eﬁrpss = Pss;
and by differentiating it is an eigenoperator of the generator with zero eigenvalue,
L(pss) = 0. (4.22)

If this equation admits more than one solution then the semigroup is obviously not
relaxing, and the final state will depend on the initial state, or might even oscillate
inside of the set of convex combinations of solutions. However, the uniqueness of
the solution of Eq. (4.22) should not presumably be a warranty for the semigroup to
be relaxing. First of all let us point out the next result.

Theorem 4.4.1 A completely positive semigroup E = ¢~ on a finite dimensional

Banach space B has always at least one steady state, this is, there exists at least a
state pss which is a solution of (4.22).

Proof We prove this by construction. Take any initial state p(0); we calculate the
averaged state of its evolution by (this is sometimes called “ergodic average”)

T

1 ,
5=1m17/§“pmwﬂ. (4.23)

T—o00
0

It is simple to show that the integral converges just by taking norms

T T
) 1 r . 1 L
1 — Tp0)dr| < lim — ’ 0)lldr < 1.
- T/e p(O)d _TmeT/ne o ©Oldr <
0

T—o0
0

Because e~7 is completely positive, it is obvious that p is a state. Moreover, p is

clearly a steady state

LT = p. Q.ED.

The easiest way to show the steady state properties of a finite dimensional semi-
group is by writing the generator and the exponential in matrix form. In order to do
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that, let us consider again the Hilbert—Schmidt inner product on 5 and a set of mutu-
ally orthonormal basis {F;, j = 1,..., N?}, that is (Fj, Fi)us = Tr(FjTFk) = k.
Then the matrix elements of the generator £ in that basis will be

Ljx = (Fj, LFons = Tr[F] L(FY)].

To calculate the exponential of £ j; one uses the Jordan block form (in general L j;
is not diagonalizable). That is, we look for a basis such that £ ;; can be written as a
block-diagonal matrix, S™' LS = LU LD ... LM of Mblocks where S
is the matrix for the change of basis, and each block has the form

21 0 ---0

0 2 1
LO=|: . . g
|
HURTERSS 0 A

Here A; denotes some eigenvalue of £ and the size of the block coincides with
its algebraic multiplicity k;. It is a well-know result (see for example references
[61, 94]) that the exponential of £ can be explicitly computed as

) @ o)
e[,rzseﬁ, I@eﬁ T@"'@eﬂ ‘L'Sl

-S (exlreNlr) ® (e)»zreNzr) B (e)»MfeNMf) S_l, (4.24)

where the matrices N; = £ — A;1 are nilpotent matrices, (N,-)k" = 0, and thus
their exponentials are easy to deal with. If L is a diagonalizable matrix, N; = 0 for
every eigenvalue.

Now we move on to the principal result of this section.

Theorem 4.4.2 A completely positive semigroup is relaxing if and only if the
zero eigenvalue of L is non-degenerate and the rest of eigenvalues have negative
real part.

Proof For the “only if" part. The condition of non-degenerate zero eigenvalue of £ is
trivial, otherwise the semigroup has more than one steady state and it is not relaxing
by definition. But even if this is true, it is necessary that the rest of eigenvalues
have negative real part. Indeed, consider some eigenvalue with purely imaginary
part L(o) = i¢po, where o is the associated eigenvector. By using the fact that P
is trace preserving

LT (o) = o = Tr [eﬁf(a)] — Tr(o) = " Tr(0')  Tr(o) = 0.

So we can split o as a difference of positive operators 0 = o4 — o_, given by
its spectral decomposition as in the proof of Theorem 3.3.1. Since Tr(c) = O,
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Tr(oy) = Tr(c—) = ¢, and we can write 0/c = p4y — p—, where p4 are now
quantum states. The triangle inequality with the steady state pg reads

€57 (@ /)| = [1€5T (p4 — p)Il < 1€ (o1 — pso) I + 1€57 (o— — pso)
= (5% (p1) — pssll + €57 (p-) — pss -

Thus if the semigroup is relaxing we obtain lim;_, o [|e~t (o/c)|| = 0, but this is
impossible as eLe (0) = ¢%"o and

1€ (o1 = )l = lle“™ (@)l = " [ll(@/c) | = llo/cll > 0, ¥z.

Conversely, let us denote A| = 0 the non-degenerate zero eigenvalue of £, since
the remaining ones have negative real part, according to (4.24) in the limit T — oo
the matrix form of the semigroup will be

Eo = lim X" = lim S (e)‘”) ® (e)‘”eN”) DD (e)‘MTeNMT) s!
T— T—>00

o0
=S(1a0® ---®0)S™' =SD;S7!, (4.25)
where
10 0
00 0
D, = .o
00 -0

coincides with the projector on the eigenspace associated with the eigenvalue 1. From
here it is quite simple to see that the application of £, on any initial state p written
as a vector in the basis of {F;, j = 1,..., N?} will give us just the steady state.
More explicitly, if pgs is the steady state, its vector representation will be

t
Vss = [(FL Pss)HSs - - - » (Fy2, pss)HS] )
and the condition eﬁr,oSS = pgs 18 of course expressed in this basis as
LTV = V. (4.26)

On the other side, as we already have said D is the projector on the eigenspace
associated with the eigenvalue 1, which is expanded by vy, so we can write
D = vy (Vgs, ) or D; = |vg)(vgs| in Dirac notation.

As a particular case (t — 00) of (4.26), we have € Vs = Vg, by making a little
bit of algebra with this condition

ExoVss = SDIS_IVSS = Vg5 = SVgs(Vss, S_lvss) = Vss
1

= Svgg=———
“ (Vs Siles)

Vss, 4.27)
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therefore v is eigenvector of S with eigenvalue +1
(vss,S7vgs)

Finally consider any initial state p written as a vector v, in the orthonormal basis
{F;j,j=1,...,N?}. We have

Tim ey, = £y, = SDIST!V, = Svg (v, S71V)),
thus using (4.27),
(Ves, ST1v,) (Ves, ST'v,)
ExVp = ———Lvi = Clp)vss, C(p) = —2—F

(Vsss S™1vgs) (Vsss S71vgs) '

and in the notation of states and operators this equation reads

lim ¢“*p = C(p)pss, forall p.

One can compute C(p) explicitly and find that C(p) = 1 for every p, however this
follows from the condition that ¢£7 is a trace preserving semigroup.
Q.E.D.

This theorem can be taken as a weaker version of the result by Schirmer and
Wang [95], which asserts that if the steady state is unique then the semigroup is
relaxing (there are not purely imaginary eigenvalues). A particular simple case is
if the unique steady state is pure pgs = |Y)(¥|. Then since a pure state cannot be
expressed as a nontrivial convex combination of other states, the Eq. (4.23) implies
that the semigroup is relaxing. This was also stated for an arbitrary UDM in Theorem
8 of reference [96].

On the other hand, it is desirable to have some condition on the structure of the
generator which assures that the semigroup is relaxing as well as a characterization
of the steady states; there are several results on this topic (see [6, 95, 97-109] and
references therein). Here we will only present an important result given by Spohn
in [99].

Theorem 4.4.3 (Spohn) Consider a completely positive semigroup, E; = eLr,
in B with generator

. Lot
Lp=—ilH,pl+ > w [Vkpvk -5 {vw. p}}
kel

for some set of indexes I. Provided that the set {Vi, k € I} is self-adjoint (this is,
the adjoint of every element of the set is inside of the set) and the only operators
commuting with all of them are proportional to the identity, which is expressed as
{(Vi, k € IY = c1, the semigroup &, is relaxing.

Proof Since {Vi, k € I} is self-adjoint we can consider a self-adjoint orthonormal
basis with respect to the Hilbert-Schmidt product {F;, j = 1,..., N 2}, such that, as

in the proof of Theorem 4.2.1, we chose Fy> =1/ /N, and the remaining elements
are traceless. Expanding
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N2-1 v
k, N
= Z_: Vi P+~ 21, (4.28)
m=1
we rewrite the generator as
N?—1
. = 1
Lp=—ilH+H.pl+ D dun [FmpFn = S{FaF, p}} (4.29)
m,n=1

where H is the self-adjoint operator

N2—1

_ Z i Z (v, 207 = V. g2 Vi ) Fon
l ,

kel

and the Hermitian matrix is a,,, = > c1 VkVkm vzn. Now note that we can trivially
chose a,,,, to be strictly positive; for that it is enough to diagonalize again a,,, and
ignore the members in the sum of (4.29) which goes with zero eigenvalue as they
do not contribute, and write again the less dimensional matrix a,,, in terms of the
numbers of elements of the basis strictly necessary, say p < N> — 1,

p
. - 1
Lp=—ilH+H, p] + E Amn [FmpFn_E{FnFm’p}}

m,n=1

Next, consider some « > 0 to be smaller than the smallest eigenvalue of the strictly
positive a,,,,, and split the generator in two pieces £ = L1 + L with

Ly=a Z[ FonpFin {FmFm,p}].

It is clear that £, is the generator of a completely positive semigroup, and the same
for £y since a,;, — ady, is still a positive semidefinite matrix. Next, for some o € B
we compute

p
(@, L2(0)ms = To L2(0)] = X Tr [ (@ F)? = 07 F

m=1

P
%Z r([Fm,a][Fm,o])———ZTr([Fm,o] [Fs 1) <0,

m=1

so L, has only real eigenvalues smaller or equal to zero. Moreover for the eigenvalue
0 we have Tr[o L;(0)] = 0 which requires [F,;,0] = 0 form = 1,..., p. But,
because of the Eq. (4.28), it implies that [ Vi, o] = 0 for k € I and therefore 0 = c1
by presupposition.
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Now, let Z, Zl and Zz denote the restriction of £, £ and £ to the subspace
generated by {F;, j=1,...,N 2 — 1}, this is the subspace of traceless self-adjoint
operators. Then since £, is the generator of a contracting semigroup all the eigen-
values of £; have real part smaller or equal to zero. On the other hand from the
foregoing we conclude that the spectrum of £; is composed only of strictly negative
real numbers, this implies that £ = £ + £; has only eigenvalues with strictly nega-
tive real part. Indeed, writing Z, £~1 and Zz in its matrix representation, £, £ and
L, we can split them in their Hermitian and anti-Hermitian parts, e.g.

L=Ly+iLp,

where £ A= (Z + ZT) /2 and C B = (Z', — ZT) /2i are Hermitian matrices. Sim-

ilarly for Ly and L,. It is quite evident that the real part of the spectrum of L is
strictly negative if and only if £, is a negative definite matrix, (VU, L Avg) <0
for any o € Span{F;, j = 1, ...,N? —1}. But, since L4 = L1 + L2 where

ZAl = (Zl + Z{) /2 and ZAZ = (Zz + Z;) /2, we obtain
(Voo LaVe) = (Vo, La1Vs) + (Yo, Lazve) <0,

as (Vo, Z',mv(,) < 0 and (vo, Z',szﬂ) < 0. Thus all the eigenvalues of £ have
strictly negative real part. _

Finally since the eigenvalues of £ are just the ones of £ plus one (this is obvious
because the dimension of the subspace of traceless operators is just one less than the
whole state dimension N?2), and this extra eigenvalue has to be equal to 0 because
Theorem 4.4.1 asserts that there exists always at least one steady state. Therefore £
fulfills the conditions of the Theorem 4.4.2 and the semigroup eL s relaxing.

Q.ED.

For checking if some semigroup satisfies the conditions of this theorem it is some-

times useful to explore if the operators {Vj, k € I} correspond to some irreducible
representation of a group. Then we may invoke the Schur’s lemma [110].



Chapter 5
Microscopic Description: Markovian Case

As we have already pointed out, the dynamics of an open quantum system is notably
different from that of a closed system; both from practical and fundamental points
of view. Essencial questions as the existence of universally valid dynamics or the
continuity in time of these, become non-trivial matters for the evolution of open
quantum systems.

Generally it would be necessary to describe the evolution in the extended closed
system, and trace out the state at the end of the evolution. Unfortunately, many times,
one of the systems is out of our control, and/or it has an infinite number of degrees
of freedom, such that the task of calculating the associated Kraus operators can
be difficult and impractical. That is the case for example of a finite N-dimensional
system coupled with an infinite dimensional one; according to Eq. (3.7), we would
obtain, in principle, infinite terms in the sum. However it can be easily shown that
any completely positive map on a N-dimensional system can be written with at most
N? Kraus operators (of course, as the dimension of B* is N 2) so the use of the
infinite terms is unnecessary.

For that reason other techniques apart from the “brute force” strategy will become
very useful and they will be the subject of this chapter.

Firstly, we analyze some conditions for a UDM to be approximately represented
by a quantum Markov process. We will start from a microscopic Hamiltonian and
apply some approximations leading to UDMs which fulfill the divisibility prop-
erty (3.13). Note that, in principle, as we have already said, the reduced evolution
of a quantum system is typically not Markovian. This is because, as discussed in
Sect. 3.5, there is always a privileged time, say #y, where the both systems A and
B start interacting and then the global state was a product p = p4 ® pp, defining
a UDM for p4. Since generally the global state can no longer be factorized, and
(generally) the dynamical map from there is not a UDM, the divisibility property
(3.13) is violated.
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5.1 Nakajima-Zwanzig Equation

Let assume that A is our open system while B plays the role of the environment; the
Hamiltonian of the whole system is given by

H=Hy+ Hp+V, (S.1)

where Hy and Hp are the Hamiltonians which govern the local dynamics of A and
B respectively, and V stands for the interaction between both systems.

We will follow the approach introduced by Nakajima [111] and Zwanzig [112]
using projection operators, which is also explained in [3, 20, 21] among others.
In this method we define in the combined Hilbert space “system plus environment”
H = Ha ® Hp, two orthogonal projection operators, P and Q, P2=P, Q*=0Q
and PQ = QP =0, given by

Pp =Trp(p) ® pp, (5.2)
Qp =1 —-P)p, (5.3)

where p € H is the whole state of the system and environment and pp € Hp is a
fixed state of the environment. In fact, we choose pp to be the physical initial state
of the environment. Strictly speaking this is not necessary but the method becomes
much more complicated if one chooses another state. In addition, we assume that the
system B is initially in thermal equilibrium, this is

pB = pm = e PHE [Tr(eiﬂHB)]il,

where B = 1/T. Note that Pp gives all necessary information about the reduced
system state p4; so the knowledge of the dynamics of Pp implies that one knows
the time evolution of the reduced system.

If we start from the von Neumann equation (2.2) for the whole system

dp(1)

= —i[Ha+ Hp +V, p()], (54)

and take projection operators we get
d :
EPp(t) = —iP[Ha + Hp +V, p(1)], (5.5)
d .
EQp(t) = —iQ[Ha + Hp +V, p(t)]. (5.6)

As usual in perturbation theory we shall work in interaction picture with respect to
the free Hamiltonians

I’(‘)’(t) — ei(HA+HB)l,O(t)e_i(HA+HB)t.
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Since
TrB[ﬁ(t)] — TI'B I:ei(HA+HB)tp(t)e_i(HA+HB)t:|

— eiHAtTI.B I:eiHB[p(t)e—iHBt] eiHAt — eiHAlTrB[p(t)]eiHAl — 5A(t)

the projection operators are preserved under this operation, and Egs. (5.5) and (5.6)
can be written in interaction picture just like

d ____ ~ ~

EPp(t) = —iP[V(D), p(1)], (5.7

d P

EQ'O([) = —iQ[V (1), p(D)]. (5.8)
Let us use the notation V(t)- = —i [V(t), -]; then by introducing the identity

1 =P + Q between V(¢) and p(t) Egs. (5.7) and (5.8) may be rewritten as

d_ - -
2, PP =PYO)Pp(1) + PV(®)Qp (). (5.9)

d
EQﬁ(t) = QVOPp(t) + QV(1)Qp(1). (5.10)

The formal integration of the first of these equations gives

1 1

Pp(t) = Pp(0) + / dsPV(s)P5(s) + / dsPV(s) Q7 (s), (5.11)
0 0

where we have set 0 as the origin of time without losing generality. On the other
hand, the solution of the second equation can be written formally as

t

Qp(r) = G(r,00Qp(0) +/dsg(t,S)QV(S)7’/7(S)- (5.12)

0

This is nothing but the operational version of variation of parameters formula for
ordinary differential equations (see for example [113, 114]), where the solution to
the homogeneous equation,

d ~
EQp(t) = V(1) Qp(1),
is given by the propagator

G(t,s) = Tel 'V,
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Inserting (5.12) in (5.11) yields

t t

Pp(t) =Pp(0) +/dsPV(s)77f5(s) —l—/ds’PV(s)g(s,O)Qﬁ(O)
0 0

1 N

+/ds/du73V(s)g(s,u)QV(u)’P,E(u). (5.13)

0 0

This is the integrated version of the so-called generalized Nakajima—Zwanzig
equation

d - ~
EP’O(I) =PV()Pp(t) + PV(1)G(t, 0)Qp(0)

t

+/du77V(t)g(t,u)QV(u)Pﬁ(u). (5.14)
0
Next, two assumptions are usually made. First one is that PV(#)P = 0,

this means,
PYV(1)Pp = —iTrp[V (1), pa®ppl®pg = —i [Trg (V(1)ps) , pa|®ps = 0,

forevery p and then every p4, whichimplies Trp (\7 ®p B) = 0. Ifthisis not fulfilled
(which is not the case in the most practical situations), provided that pp commutes
with Hp one can always define a new interaction Hamiltonian with a shifted origin
of the energy for A [10, 34]. The change

V' =V —Trg[Vppl® 1, and H) = Ha + Trp[Vpp] ® 1, (5.15)
makes the total Hamiltonian to be the same and
Trp [‘7/0)’03] — Trg I:ei(HA+HB)tV/e—i(HA+HB)t,OBi|
— eiHAtTrB [eiHBlVefiHBIpB]efiHAI
_ eiH}‘tTrB [VpB]e—iHAITrB [engthe—iHBI]
— eiHAlTrB[VpB]efiHAl _ eiHAlTrB[VpB]efl'HAI — 0’
as wished.
The second assumption consists in accepting that initially p(0) = p4 (0) ® pp(0),
which is the necessary assumption to get a UDM. Of course some skepticism may
arise thinking that if the system B is out of our control, there is not warranty that

this assumption is fulfilled. Nonetheless the control on the system A is enough to
assure this condition, for that it will be enough to prepare a pure state in A, for
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instance by making an ideal projective measurement as argued in [115], to assure, by
Theorem 3.1.1, that the global system is in a product state at the initial time.

These two assumptions make to vanish the second and the third term in Eq. (5.13),
and the integro-differential equation yields

t

%P,B(t) - /duIC(t, WPpu), (5.16)
0

where
K, u) =PV@)G(t,u)QV(u).

If this kernel is homogeneous (¢, u) = KC(t — u), which is the case for stationary
states pp (as exemplified in next section), this equation can be formally solved by a
Laplace transformation [4], but this usually turns out into an intractable problem in
practice.

In order to transform this integro-differential equation in an Markovian master
equation one wishes that the integral on the right hand side of (5.16) turns into
a generator of the form of (4.5). For that aim, the first intuitive guess is to try that
KC(t, u) behaves as a delta function with respect to p (). For that to be true the typical
variation time 74 of p(u) (which is only due to the interaction with B because we
have removed the rest of the dynamics by taking integration picture) has to be much
larger than some time tg, which characterizes the speed at which the kernel K(z, u)
is decreasing when |t — u| > 1. Of course this kind of approximations intrinsically
involve some assumptions on the size of B and the “strength” of the Hamiltonians,
and there is in principle not warranty that the resulting differential equation has
the form of (4.5). However, several works [116—120] studied carefully two limiting
procedures where t4/tp — o0 so that this turns out to be the case. These two
limits are

o The week coupling limit. Letus rewrite V — «V, where « accounts for the strength
of the interaction. Since for « small the variation of p(u) is going to be slow, in
the limit @ — 0 one would get T4 — 00, and so 74 /tp — oo for every fixed 7.
Of course for @ = 0 there is not interaction, and so we will need to rescale the time
parameter appropriately before taking the limit. This is discussed in more detail in
Sect. 5.2.

 The singular coupling limit. This corresponds to somehow the opposite case; here
we get tp — 0 by making (¢, u) to approach a delta function. We will discuss
this limit in the forthcoming Sect. 5.3.

We should stress that one can construct Markovian models ad hoc which try to
describe a system from a microscopic picture without involving these procedures;
see for example [121, 122]. In this sense, these two cases are sufficient conditions to
get a Markovian evolution, but not necessary.
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5.2 Weak Coupling Limit

As we said above, if we assume the weak coupling limit, the change of p(u) is
negligible within the typical time tp where the kernel KC(¢, u) is varying. To perform
this limit, consider again Eq. (5.13) under the assumptions of PV ()P = 0 and
p(0) = pa(0) ® pp(0):

t N

Po(t) = Pp(0) + o / ds / duPV(s)G(s, ) QVw)Pp(u), (5.17)
0 0

where we have redefined V — oV (so V — «))). Since in the interaction picture
the whole state satisfies a von Neumann equation of the form

d . L=
E'O(t) = —ia[V (1), p()], (5.18)
we can connect the whole state at times s and u (note u < s) by the unitary solution

p(s) = Us, w)pu)U (s, u) = U(s, w)p(u)
= pw) = U (s, w)p)U (s, u) = Uu, s)p(s).

By introducing this operator in the last term of (5.17) we find
t K
Po(t) = Pp(0) + o / ds / duPV(s)G (s, u) QV(u)PUu, )5 (s).
0 0

Now the term inside the double integral admits an expansion in powers of o given
by the time-ordered series of

G(s, u) = Te i ') and

~ ~ "S 3.t ’ T S 3 I\)T (4

U, s) = [U(s, w)]" = [Ter ke VO = e deVe), (5.19)
where the adjoint is taken over every element of the expansion and 7* denotes the
antichronological time-ordering operator. This is defined similarly as 7 in (1.14) but

ordering in the opposite sense, this is, the operators evaluated at later times appear
first in the product. Thus, at lowest order we get

t s
Pp(t) = Pp(0) + o / ds / duPV(s)OVW)Pp(s) + O’)
0 0

t s
= Pp(0) +a2/ds/du7>ws)wu)735(s) + 0.
0 0
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where we have used again that PV ()P = 0. After a change of variable u — s — u,
writing explicitly the projector P and the operators )V, we conclude that

t Ky
5 = pa )~ [ ds [ ey [V ). 176 = 0. 54 © pal] + 0@,
0 0

(5.20)

5.2.1 Decomposition of V

In order to continue with the derivation, we write the interaction Hamiltonian as

V=> A® B, (5.21)
k

with AZ = A and B,j = By. Note that since VI = V, one can always chose Ay
and By to be self-adjoint. Indeed, assume that V'is a sum of products of any general
operators Xy and Y, it will be written then like

n
V=> X[ @Y+ X @Y. (5.22)
k=1
Any operator can be decomposed as
X=X +ix?,
where

_ X+ Xo e X = X0
2 Tk 2

are self-adjoint. This and the same kind of decomposition for Y3 = Y, k(a) +1iY k(b)
inserted in Eq. (5.22) gives

n
v=> (%" -ix") e (v +ir")
k=1

+ (X +ix) @ (v —iv”)

n
=2> x"er+xPor".
k=1
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so one can make the choice

Ag=2X" B=2v", fork=1,....n

Ap=2X" 0 B=2v" | fork=n+1,...,2n,

to arrive at (5.21).

Now we focus on the operators Ag, let us assume for the moment that the spectrum
of Hy is discrete, and let |1/) be an eigenstate associate with the eigenvalue . We
define

Ar(w) = Z Ve ) (Ve | Aklrer) (Wer |

g—e=w

where the sum is over every ¢’ and ¢ such that their difference is w. The operator so
defined is an eigenoperator of LA =i [Ha, -] with eigenvalue —iw; indeed,

LAA @) = ilHa Ak@)] =1 D (& = DY) (el ArlYie) (Y| = —i0AL(@).

g'—e=w
As a result,
LAA (@) = iwA] (o),
with
Af(@) = Ar(—w),
and this holds for every k. In addition, it is straightforward to verify that
[Ha, Al (@)A¢(w)] = 0. (5.23)

On the other hand, to write Ay (w) and AZ (w) in the interaction picture with respect
to Hy is quite easy:

A . . .
e[, tAk(C()) — elHAl‘Ak(a))eleAl — e*lwl‘Ak(w)’
A . . .
AL (@) = M AT (@)e AT = 9T AT (w).
Moreover, note that

D Ak@) = D [l Vel AklWre) (Y| = Ag,

and similarly that

> Al) = Ar.
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Thus, by introducing these two decompositions for Ay in (5.21) and taking the
interaction picture, one gets

V()= e ™ Ar(w) @ Br(t) = D _ " Al(w) ® Bl (1). (5.24)

w,k w.k

Now, coming back to the Eq. (5.20) the use of the above first equality with V(s—u)
and the second one with V (s) yields

t

pa(t) = pa0) + o’ / ds D> T (@) [An(@)Pa(s), Af(@)]
0 w,0 kL

+ T @A), Ba ) Ap@)] + O@). (525

Here we have introduced the quantities

N

Ip(w) = /duei“’”Tr [Ek(s)gg(s - u),oB]
0
= / due'Tr [ By () Bepg ], (5.26)
0
iHpt

where the last step is justified because pp commutes with e . Next, we take a

rescaled time 7 = ot and o = ’s, obtaining

Pat) = pa(t/a?)

T

=040+ [ do 33 I @A/, AL
0 w,0’ kL

+ el @Il P ()AL (), BaoJa?) Al(@)] + O(@).

From this equation we see that in the limit « — O (keeping finite t and o) the time
scale of change of 4 (/a?) is just 7. This is merely because the dependency with
a? of pa(t/a?) enters only in the free evolution which we remove by taking the
interaction picture. The remaining time scale due to the interaction with the environ-
ment is 7, as expressed in the above equation (the integral runs from O to 7), so we
write

iHA'c/ot2 7iHAr/ot2

= pa(1),

lim p4(t) = lim e pa(t/a?)e
a—0 a—0
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and

pa(®) = pa(0) + lim / do >3 @I () Ay@)a (o)), AL()]

w,w kL

+ ¢l @=eho/e® F"/“ *(@)[A(@)), palo/a®) AL (@)] + O(a)

= pa(0) + hrn /da ZZe’(“’ —w)o/e? Fa/a (@)[A¢(w)pa(o), Ak(a) )]

w,w k.l

+ el @=No/a LIS () 4 (@), Ba(0) AL )],
(5.27)

Before going further in the derivation, a mathematical result which will be par-
ticularly useful from now on is the following.

Proposition 5.2.1 (Riemann-Lebesgue lemma) Let f(t) be integrable in [a, b] then
b
lim / e F(nde = 0.
X—> 00
a

Proof There are several methods to prove this, here we define g(r) = f(f) x
[6(t —a) —O0(t — b)] and so

b o0
/eixlf(t)dt — / eixl‘g(t)d[ = g(x),

where g(x) denotes the Fourier transform of g(¢). Now it is evident that g() is square
integrable, then as the Fourier transform preserve norms [60] (this is sometimes
referred to as Parseval’s theorem):

/ () Pdt = / B 0r) Pdx;

which implies that g(x) is also square integrable and then lim,_, o g(x)=0.
Q.E.D.

Because of this result (applied on the Banach space ‘B, to be concise) in the
limit @ — O the oscillatory factors in (5.27) with @’ # @ are going to vanish.
This so-called secular approximation is done in the same spirit that well known
rotating wave approximation in the context of quantum optics [20, 21, 26, 28, 34].
We obtain
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T

pa(T) = pa(0) + / do D D TR (@)[A@)FA(0). Af(@)]

o o k.t

+ TR (@) Ae(@), §a(0) AL ()]
T
= pa(0) + / do L[pa()]. (5.28)
0
Here the coefficients are given by the one-sided Fourier transform
o
Y (w) = /duei“’“Tr [ﬁk(u)Bg,og].
0

5.2.2 Correlation Functions

In order to make convergent the above integrals, the environmental correlation
functions Tr [Bk (u)By ,OB] have to decrease as u is increasing. However, if we use
the corresponding eigenoperator decomposition of By for the Hamiltonian Hp,
we find

Tr[Bi(u)Bepp) = D _ e ' “Tr [Bi(w) Beps).

which shows that the correlation functions are periodic in u and their integral extended
to infinity will diverge. The only possible loophole to break the periodicity is the
assumption that the system B has infinite degrees of freedom, in such a way that Hp
has a continuous spectrum. Then everything is essentially the same but the sums are
substituted by integrals, i.e. the decomposition in eigenoperators will be

a

By = /dek(a)), (5.29)

—a

where a is the maximum eigenfrequency (it can be infinite). So the correlation func-
tions become

a

e[ Beps] = [ doe T By @) Bepa)

and of course now they are not periodic as
lim Tr[By(u)Bepg] =0,
u— 00

because of the Proposition 5.2.1.
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5.2.3 Davies’ Theorem

We have just seen that a necessary condition for the weak limit to exist is that
the environmental system B has infinite degrees of freedom. However this is not a
sufficient condition because the decreasing behavior of the correlation functions may
be not fast enough for the one-sided Fourier transform to exist. A sufficient condition
was pointed out by Davies.

Theorem 5.2.1 (Davies) If there exist some € > 0 such that

oo

/dt | Tt [ Bi(t) Bepg]| (1 — )¢ < o0, (5.30)
0

then the weak coupling is strictly well defined (for a bounded interaction V) and

lim 10 [0a(0)] - LT a0 =0

a—0,7=a

for all p4(0) and uniformly in every finite interval [0, to], where g(f,o) denotes the
exact reduced dynamics in the interaction picture.

Proof To prove the condition (5.30) is beyond the scope of this work, it was devel-
oped in [116, 117]. Under (5.30) the convergency to the above result is clear from
Eq. (5.28) which is the integrated version of

dpa(r)
dt

= Lpa(t) = pa(0) = £ A 0], QED.

On one hand, note that the method works because there are no eigenfrequencies,
w, arbitrary close to one another, as a result of the discreteness of the spectrum of
Hy, otherwise the secular approximation is jeopardized. For the infinite dimensional
case where this is not satisfied, recently Taj and Rossi [123] have proposed another
approximation method which substitutes the secular approximation and also leads
to a completely positive semigroup.

On the other hand, an important consequence of the secular approximation is that
it guaranties that the generator £ has the correct form of a Markovian homogenous
master equation (Theorem 4.2.1). To see this, let us decompose the matrices Iy (w)
in sum of Hermitian and anti-Hermitian parts

1
I (@) = Syke(@) +iSke (), (5.31)

where the coefficients
1
Ske(w) = E[F]?Z(w) — It ()],

and
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vee(@) = Ty (@) + T (w)

o0 o0
:/duei“’”Tr [Ek(u)ngth] +/dueii“’“Tr [Ek(—u)Bg,oth]
0 0
o0
= / due'Tr [ By (u) Bepw |, (5.32)
—0o0

form Hermitian matrices. In terms of these quantities, the generator L can be
written as

L[pa(t)] = —i[His, pa(0)]

~ | ~
+ DD k(@) [Ae(w)pA(t)AZ(w) — S A @A), m(r)}},

o k.t

where the Hamiltonian part is given by

His =D > Si(@)Al(@)Ar(w). (5.33)

okt

In order to prove that £ has the form of a generator of a Markovian homogenous
evolution, it is required just to show that the matrix yx¢(w) is positive semidefinite
for all w. This is a consequence of the Bochner’s theorem [55, 60], which asserts
that the Fourier transform of a function of “positive type” is a positive quantity. Note
that a function £{¢) is of positive type if for any #,, and t, the matrix constructed as
Jmn = [t — 1) is positive semidefinite.

For any vector v we have
(0.¢]

Vo yV) = D vimke(@)vg = / due'® " viTr [ Be(u) Bepm] ve

k. e k€

3

due' " Z v Tr [eiHB“Bke_iHB“ngth] vy
k.l

|
3

Il
—3

dueia)uTr I:eiHBuCTe_iHBuC,Othilv

3

where C = >, Bivg.

Proposition 5.2.2 The function f(1) = Tr[e'f5'CTe™H8!Cpy] is of “positive
type” and then the matrix vy, is positive semidefinite (v, yv) > 0.

Proof The positivity of (v, yv) > 0 follows from the Bochner’s theorem if f{#) is of
“positive type” because it is its Fourier transform. For the proof of the first statement,
let us take the trace in the eigenbasis of Hp (remember that the spectrum is taken to
be continuous):
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f) = / de e e 181 e 81 Cpy ) = / deci® e (el CTe 81 Cl ),
here we have used that
e Pe

Ptnlpe) = WW’E) = Pelee),

with p. > 0 since py is a positive operator. By introducing the identity
1= [delpe)gel,

716) = [ deds'e pe(p.1CTe gy (g Cl
B / deds' ¢ pe |(pe|Clee)
Finally we take another arbitrary vector w and the inner product

(w, fw) = Z w;:,f(tm — Ip)wy
m,n

- / deds’ > wy, e, b (9| Clge)
m,n

2
:/dsd@’ Zw;ei(s_gl)t’"
m

2
pe {9 |Clee) 1" = 0,
because the integrand is positive on the whole domain of integration.

Q.E.D.

As a conclusion of these results, if for a small, but finite «, we substitute the exact

reduced dynamics g(,,o) by the Markovian one 7 = e’ Lt , the error which we

make is bounded and approaches zero as « decrease provided that the assumptions
of the Davies’ theorem are fulfilled.

Of course one can write o> £ and immediately go back to Schrodinger picture by

using the unitary operator ¢!/’ to obtain
dpa(1) .
= —ilHa + o Hs, pa(0)]

1
+a? ; % Yke (@) |:AL’(U))PA (DA} (@) — E{AZ(w)Az(w), PA (t)}]-
(5.34)
Note that because of (5.23), the Hamiltonian Hys commutes with Hy4, so it just
produces a shift in the energy levels of the system A. Thus this is sometimes called
Lamb shift Hamiltonian. However, Hy g is not only influenced by an environment in
the vacuum state (zero temperature) but also by thermal fluctuations.
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5.2.4 Explicit Expressions for yig and Siy

We can give explicit expressions for yx¢ and Sk, by using the decomposition of the
operators By in eigenoperators. For the decay rates

o0

sz(w)=/dueiw”Tr[Ek(u)Bepm]
—00
o0

a
— / do' / due' =Tt [ By(') Bepn]
LR

o
a

=2 / dew'8(w — &) Tr [ Bi(w') Bep]

= 27 Tr [ Bi (@) Be o], (5.35)

provided that w € (—a, a). So yk¢(w) is just proportional to the correlation function
of the eigenoperator By (w) corresponding with the same frequency w, unless this
frequency is outside of the spectrum of [Hp, -], then y¢(w) will be zero.

To get an explicit expression for the shifts S, is a little bit more complicated.
From (5.31) we have

Skt (@) = —iT(w) + %m (®).

The substitution of the decomposition in eigenoperators in F,ff’e (w) and the previous
result (5.35) for yi ¢ (w) yields

a o0
Sk (@) = —i / do/ / due' =Tt [ By(') Bepp| + miTr [By (@) Bepun]-
0

—a

(5.36)

Note that the integral fooo due! @) in not well-defined. Similarly it happens with
[°°. duet @~ but we know this integral is proportional to the delta function. The
mathematical theory which provides a meaningful interpretation to these integrals
is the theory of distributions or generalized functions. Here we will not dwell on
it, references [55, 56] provide introductions and further results can be found in
[124, 125]. For us it is enough to show that these integrals can have a meaning
if we define them as a limit of ordinary functions. For instance if we define

00 0

00
/ duei(w—a}’)u — lim duei(w—w’)u—eu + lim duei(a)—a)’)u-i—eu7
e—0t e—0~

—00 0 —00
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by making the elementary integrals,

oo

/ dud @ — fim — L !
e—0t (0 — ') + €l
—00

m _—
e—~0- €l — (v — ')
. i n
= lim

e—0 (w— o) +e€i
. 2e ,
=lim —— =2n8(w — ).

e=0 €2+ (w— )?

We identify the well-known family of functions f(w — ') = -

i

€l —(w— )

o= Which
approach the delta function as € — 0 [127] because for any (regular enough) inte-
grable function g(w)
b

lil% do' fo(w — 0)g(@) = g(w), (a <w <b).

So, if we do the same procedure but just with the one-sided Fourier transform
Jo° due’@=®)", we obtain in Eq. (5.36)

a
Ske(w) = EE%L / dﬂ)/mTr [Bk(w/)szB] + wiTr [Bi (@) Be o]
—da

Multiplying the integral by the complex conjugate of the denominator we obtain

a
Tr | By (') B
im | de r[Bi(w')Bepg]

a
. (0 — )
—_— = = lim do'———  _Tr|Br(v)B
m, =) +ei Ho+/ S o=y + e B Beps]
—a

—a
a
— lim i [ do/—————=Tr|Bi(o)B
e—)O*l/ “ (w_w/)2+62 [ k(@) ZPB]
—a
a

) (0 — )
/ /
A | 1 g e LB @) Bes]
—a

— i Tr [Br(w)Bepsl.

Therefore the last term is canceled in the shifts, which read

a
. (0 — )
_ / /
Sie(w) = 61_1>18+ / dw —(a) B 62Tr [Bk(a) )ngg].
—a

Now we decompose the integration interval (—a,a) in three subintervals
(—a,w—39), (w—38,w—+6)and (w + 3§, a) and take the limit § — 0
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w—38

. (w— )
S = 1 do/ ————~
ke (@) e,SILn0+ @ (0 — )2+ €2

—a

Tr [ Bi () Beps ]

: , (w— ')
+ lim do———
€,6—0T (0 — )2 + €2
w+8

w+5
+ lim do/ ———
€,6—0% (0 — )2 + €2
w—34

Tr [ Br(«') Beps]

©=9) o [Buw)Bups].

The last integral just goes to zero because for any € as small as we want the integrand
is an integrable function without singularities. Whereas, since lim,_, o+ % =
m, the limiting process in § is just the definition of the Cauchy principal value

of the integral [127]:

’ Tr [B ( /)B ] ; T [B ( /)B 1% ]
® 1% T ()
Ske(w) = (Slim / da)/—k trB + / da/—k trs

(0 — o) (0 — o)
—a w+6
=PV. / dw’w_ (5.37)
(0 — o)

—a

In theory of distributions, this result is sometimes referred as Sochozki’s
formulae [125].

5.2.5 Typical Examples

It is not worth to dwell on examples of the application of the above results, as in the
books are plenty of them. Just for sake of comparison, we sketch some of the most
common cases.

* Two-level system damped by a bath of harmonic oscillators. The total
Hamiltonian is

H = Hsys + Hpatn + V
Wmax ®max
%O’Z + / da)az)aw + / dowh(w) ((7+aw + U_az)),

0 0

where o is the corresponding Pauli matrix, 0+ = (oy£ioy)/2, and a,, accounts for

the continuous bosonic operators [a,,, aZ),] = 8(w — &'); where w is the frequency
of each mode. The upper limit wm,x is the maximum frequency present in the bath of
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harmonic oscillators, it could be infinity provided that the coupling function % (w)
decreases fast enough. We have taken the continuous limit from the beginning,
however it is common to do it in the course of the computation.

The interaction Hamiltonian may be writteninthe formV = A1® B1+ A2 Ba,
where it is easy to check that the system operators and their eigendecompositions
are given by

Al =0y =04 +o0-, Ai(wg) =0-, Ai(—wp) =04,
Ay =0y =i(oy —0_), Ax(wg) =—io_, Ax(—wy) =ioy.

Similarly for the bath operators,

Wmax @max
T
B = / doh(w) %) / dwB) (o),
0 —Wmax

with By (@) = M@ | By (—w) = 1% 4nq

Wmax Wmax
i(a’
tla, —a
0 —®max
. . ¥
with By(w) = =10 - g, () = H&)w

The decay rates are given by yx ¢(wo) = 2 Tr[ Bi(wo) Bepp], particularly

y11(wo) = 2nTr[ By (wo) B1pB]

= %h(wo) / deh () Tr{a, (a, + ) ps]
0

T, ; T _
Eh (@0)Trlawyay, pp] = = J (@o)[71(wo) + 1].

Here J (wg) = h?(wp) is the so-called spectral density of the bath (which accounts
for the strength of the coupling per frequency) at frequency wg and 72(wq) is the
mean number of bosons in the thermal state pp of the bath with frequency wy; i.e.
the expected number of particles of the Bose—Einstein statistics

-1
(o) = [e(‘”O/T) - 1] :

where T is the temperature of the bath. For the rest of the elements one obtains
essentially the same

y (@) = %J(wo)[ﬁ(wo) 1 (1 . ’1)
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Similarly for yx ¢(—wo),
(—w0) = Z T @oyiieo) ("
y wo_2 wo)it(@o) \ _ ¢ )

Let us make the analog for the shifts Sig; the first element is given by

Wmax

S11(wo) = PV. / dw/w
o (wo — ')
—Wmax
®max ’
_pv / da)’Tr [ Bk (@) Bpp]
- / (wo — ')
Wmax ,
Y / dw,Tr [Bi(—w')Beps]
o (wo + ')
0
Wmax

1 / /
:ZP.V. / da)J(w)|:

n@) +1 (') j|
(wo— ) (wo+0a)]

and the rest of the elements are

S$22(wp) = S11(wo),

i TR@) L i)
S12(wo) = 851 (wo) = 4P-V~ 0/ dow' J (o) |:(w0 o) (@0 +a)’)]'
For the shifts with —wy:
. Wmax — 1 -,
S11(=wo) = Sn(—wp) = TP'V' / do'J (o) [l(qa()i)o—)l——:/) (w’:)(c_o 20,)],
0
i P TR +1 i)
S12(—wp) = S;](—a)o) = —PV. / do'J (") |: ]
4 / .
/ (wo + @) (wo — )

Therefore according to (5.33) the shift Hamiltonian is

®max ®ma;

His = PV. / do 2@ ey, / do
(wo — ')
0

Wmax N/ @max ,
1
_pv. / oy L) by, / @) (@41
(@o — o) (wo—) 2

0
(A/—i— é)o
2)7°

J(o)

—— 01 0_
(o — ') ©
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where A’ is the integral depending on 71(w’) which leads to a shift due to the pres-
ence of the thermal field (Stark-like shift), and A is the second integral independent
of (") which lead to a Lamb-like shift effect. Of course the identity 1 does not
contribute to the dynamics as it commutes with any p, so we can forget it.

For the total equation we immediately obtain

dpsys (1) (w0 +A
% =1 |:( 02 + A/) 0z, psys(t):|

1
+ I'[n(wo) + 1] |:U,0sys(t)0+ - §{U+Uﬂ ,Osys(t)}i|

1
+ I'n(wo) |:C7+Psys(t)5— - E{U—U+v Psys(t)}j|v

where I' = 27 J (wp).

Harmonic oscillator damped by a bath of harmonic oscillators. This case is actually
quite similar to the previous one, but the two-level system is now substituted by
another harmonic oscillator:

H = Hsys + Hbath +V

Wmax @max
=woa'a + / da)alaw + / dwh(w) (aTaw + aaz)).
0 0

The bath operators B; and B; are the same as above and the system operators
are now

Ar=a" +a, Ai(w)=a, Ai(-wp)=a',

Ar=i(@" —a), Axwo) = —ia, Ax(~w) =id'.
Thus by mimicking the previous steps we obtain

dpsys (1) .

7 —i [(wo + A) 02, psys ()]

1
+ [lit(wo) + 1] [apsys(r)aT - E{a*a, psysa)}}
. 1 .
+ I'n(wo) [a'psys(t)a - E{aa" Psys(t)}]‘

Note in this case that, on one hand, the Stark-like shift A’ does not contribute
because of the commutation rule of ¢ and a*; and on the other hand the dimension
of the system is infinite and the interaction with the environment is mediated by
an unbounded operator. However as long as domain problems do not arise one
expects that this is the correct approximation to the dynamics (and actually it is,
see for instance [36]).
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* Pure dephasing of a two-level system. In this case the interaction commutes with
the system Hamiltonian and so the populations of the initial system density matrix
remain invariant,

H = Hsys + Hpan +V
Wmax ®max

=—o;+ / da)alaw + / dwh(w)o; (aw + aZ)).
0 0

This is an interesting case to explore because it involves some subtleties, but it is
exactly solvable (see for example Chap. 4 of [21], [126], and references therein).
The interaction Hamiltonian is decomposed as V = A ® B, where A = A(w =
0) = o, (o, is eigenoperator of [o,, -] with zero eigenvalue!) and

Wmax
B | B(w) = h(w)aw,
B = / dwB(w), with [ B(—w) = h(a))al;, forw > 0.
—®max

So some problem arises when we calculate the decay rates because B(w = 0) is
not well-defined. The natural solution to this is to understand w = 0 as a limit in
such a way that

y(0) =2x lim0 Tr[B(w)Bpg],

but then there is a further problem. Because depending on which side we approach
0 the function Tr[B(w)Bpp] takes the value 27 J (w)[n(w) + 1] for @ > 0 or
27 J (Jw])n(Jw|) for @ < 0. Thus the limit in principle would not be well-defined,
except in the high temperature regime where n(|w|) >~ n(Jw|) + 1. However both
limits give the same result provided that one assumes limy—. ¢ J(|@|) = 0. This is
a natural physical assumption because a mode with 0 frequency does not have any
energy and influence on the system. Thus if lim,_.0 J (|w|) = 0 we find

y(0) =27 lim J(lwDa(|o]).

Actually, since n(|w|) goes to infinity as 1/|w| when w decreases, if J(|w|) does
not approach zero linearly in w (this is called ohmic-type spectral density [33])
this constant y (0) will be either O or infinity. This fact restricts quite a lot the
spectral densities which can be treated for the pure dephasing problem in the weak
coupling framework with significant results (which is not a major problem because
this model is exactly solvable as we have already pointed out). On the other hand,
shifts do not occur because Hy s o 0,0, = 1, and finally the master equations is

dpsys (1) L[ @
# =1 [7000 psys(t)] +y(0) [Uzpsys(t)gz - Psys(t)]'
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5.2.6 Some Remarks on the Secular Approximation
and Positivity Preserving Requirement

As we have seen, the weak coupling limit provides a rigorous mathematical proce-
dure to derive Markovian master equations. Nonetheless, in solid state or chemical
physics the interactions are typically stronger than for electromagnetic environments,
and it is sometimes preferred to use the perturbative treatment without performing
the secular approximation. However, this method jeopardizes the positivity of the
dynamics [128] (see also [115, 129]) and several tricks have been proposed to heal
this drawback. For example, one possibility is taking in consideration just the subset
of the whole possible states of the system which remain positive in the evolution
[130], or describing the evolution by the inclusion of a “slippage” operator [131].
These proposals can be useful just in some situations; in this regard it seems they do
not work well for multipartite systems [132, 133].

We have already explained in detail the requirement of the complete positivity for
a universal dynamics. The option to proceed without it may be useful but risky, and
actually the risk seems to be quite high as the positivity of the density matrix supports
the whole consistency of the quantum theory. We believe the secular approximation
should be used as it is mathematically correct in the weak coupling limit. In case
of the failure of a completely positive semigroup to describe correctly the dynamics
of the physical system, it is probably more appropriate the use of non-Markovian
methods as the “dynamical coarse graining” (see Sect. 6.3) which preserves complete
positivity.

5.2.7 Failure of the Assumption of Factorized Dynamics

In some derivations of the weak coupling limit it is common to use the following
argument. One makes the formal integration of the von Neumann equation in the
interaction picture (5.18)

%5(,) = —ia[V(), B,

to give
t
1) = p(0) — ia / ds[V (s), 5(s)].
0

By iterating this equation twice one gets

t t N

p(1) = p(0) —ia/ds[V(t),p(O)] —az/ds/du [Vs), [V, sw]].

0 0 0
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After taking partial trace, under the usual aforementioned assumptions of
p0) = pa(0) ® pp(0), and Trp [V(t),oB(O)] = 0, this equation is simplified
to

t N

pa(t) = pa(0) — o’ / ds / duTrg [V(s), [V@w), pw)]].

0 0

Now, one argues that the system B is typically much larger than A and so, provided
that the interaction is weak, the state of B remains unperturbed by the presence
of the A, and the whole state can be approximated as p(u) ~ pa(u) ® pp(u). By
making this substitution in the above equation one arrives at Eq. (5.20) (modulo some
small details which one can consult in most of the textbooks of the references), and
henceforth proceed to derive the Markovian master equation without any mention to
projection operators, etc.

This method can be considered as an effective model in order to obtain Eq. (5.20),
however it does not make any sense to assume that the physical state of the system
factorizes for all times. Otherwise how would it be possible the interaction between
both subsystems? Moreover, why not making the substitution p(1) ~ p4 (1) ® pp (1)
directly in the von Neumann equation (5.18) instead of in its integrated and iterated
version?

The validity of the substitution p(u) ~ p4 (1) ® pp(u) is justified because of the
factorized initial condition and the perturbative approach of the weak coupling limit.
Of course we pointed out previously that the weak coupling approach makes sense
only if the coupling is small and the environment has infinite degrees of freedom. This
fits in the above argument about the size of B, but it can dismissed even by numerical
simulations (see [36]) that the real total state p(u) is close to pa(u) ® pp(u). It
should be therefore be considered as an ansatz to arrive at the correct equation rather
than a physical requirement on the evolution.

5.2.8 Steady State Properties

In this section we shall analyze the steady state properties of the Markovian master
equation obtained in the weak coupling limit (5.34). The most important result is
that the thermal state of the system

o(—Ha/T)

Trle(—Ha/T)]’

th
P =

with the same temperature 7 as the bath is a steady state. To see this one notes
that the bath correlation functions satisfies the so-called Kubo—Martin—Schwinger
(KMS) condition [134], namely
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(Bk(u)By) = Tr [ pw Bx () B¢ | = Tr [eiHB(”Hﬂ)Bke_iHB”Be]

1
Tr (e—ﬁ‘HA)

1 iHgu+if) p ,—i Hp(u+ip) ,—BHg
—m“[&e Be ]

= Tr [BgeiHB(“+iﬁ)Bke_iHB(“+iﬁ)Pth] = (BeBr(u+ip)).  (5.38)

By decomposing By in eigenoperators B(w') of [Hp, -], we obtain, similarly to
(5.35), the following relation between their Fourier transforms

9]

Vke(w)=/dueiw”Tr[gk(u)Bepm]
—00
o0

= / due'™Tr [ By By (u + iB) pun ]
—00
a

o0
:/da)’eﬂw/ / due' @)Uy [BgBk(a)/),Oth]
—a —0oQ

a
=27 / dw'eP §(w — )Tt [ Be B (@) pin
s
— 27 ePOTr [By By () puy] = 2P {Tr [B,j (a))ngth]}*
= 27" {Tr [Bi(—o) Bepn]}*
= Py () = ey (—w). (5.39)

On the other hand, since A(w’) is eigenoperator of [Hy, .], one easily obtains the
relations

Py A (@) = P A (@)Y, (5.40)
PRAL (@) = e POA] (). (5.41)

dph . . .
Now one can check that % = 0 according to Eq. (5.34). Indeed, it is obvious that
pg‘ commutes with the Hamiltonian part, and for the remaining one we have

dpff

1 -
=22 ) [Am)p‘le,i(w) — S{AL @A), pii‘}]

o k.l

=23 me@) [ A @) A] @0l — Al@ Ao} ]
o kL
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> [me@e Al o) Ax-0) = @ Al @ Ac@)] o}
k.t

=2
=3 > [ra-Al o)Ak (-0) - n@ Al@ Aw) | =0,
o k.t

as the sum in w goes from —wmax t0 Wmax for some maximum difference between
energies wmax. This proves that p%‘ is a steady state. Of course this does not implies
the convergency of any initial state to it (an example is the pure dephasing equation
derived in Sect. 5.2.5). Sufficient conditions for that were given in the Sect. 4.4.

5.3 Singular Coupling Limit

As explained in Sect. 5.1, the singular coupling limit is somehow the complementary
situation to the weak coupling limit, since in this case we get tpg — 0 by making the
correlation functions to approach a delta function. However, as a difference with the
weak coupling limit, the singular coupling limit is not so useful in practice because
as its own name denotes, it requires some “singular” situation. For that reason and
for sake of comparison, we sketch here the ideas about this method from the concepts
previously defined. For more details the reader will be referred to the literature.

There are several ways to implement the singular coupling limit, one consists in
rescaling the total Hamiltonian as [9, 21, 28]

H=Hjy+a Hg+a" 'V,

and perform the “singular limit” by taking @« — 0. Starting from Eq. (5.13) under
the assumptions of PV(#)P = 0 and p(0) = pa(0) ® pp(0) we have

t s
1
Pt =Pp(0) + — / ds / duPV(s)G (s, u) OV u)PH (). (5.42)
0 0

For a moment, let us take a look to the expression at first order in the expansion of

G(s, u):
t s

1
Po(t) =Pp(0) + a—Z/ds/duPV(s)V(u)Pﬁ(u) + O@™),
0 0
which we rewrite as

t s

_ 1 o
Pa) = pa0) = — / ds / du [V)V @5a@w) ® ppl] + Ol@™).
0 0
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By introducing the general form of the interaction Eq. (5.21),

t Ky
PA(t) = pa(0) + / ds / duCie(s. ) [Ae (0 a W), Ae(5)]
0 0

+ Gy (s, 1) [Ar(s). Ba) Ae )] + O ™), (5.43)

here the correlation functions are
1 ~ ~
Cre(s,u) = ;Tr[Bk(S)Bl(u),OB]-

If we assume that pp is again some eigenstate of the free Hamiltonian we get
1 ~
Cre(s —u) = ETT[Bk(S —u)Bpgl, (5.44)

and by using the eigendecomposition (5.29) of By and taking into account the factor
a2 in the free Hamiltonian Hp, we find

a
iw(s—u)

1 _
Cre(s —u) = a—z/dwe o« Tr[Br(w)Bepp].

—a

Because the Proposition 5.2.1, in the limit @ — 0 the above integral approaches zero
as a square integrable function in x = =2 (s —u). It implies that it approaches zero at
least as o and so we expect this convergence to be faster than the prefactor aiz in the
correlation functions. However in the peculiar case of s = u the correlation functions
go to infinity, so indeed in this limit they approach a delta function Cgy(s — 1)
8(s — u). Next, by making again the change of variable u — s —u, Eq. (5.43) reads

t Ky
Balt) = pa(0) + / ds / duCroo) [Ae(s — w)BaGs — ), Ar(s)]
0 0

+ iy () [Ak (), Pals — w)Ae(s — )] + O ™).

Therefore in the limit of @ — 0, we can substitute u by 0 in the A ¢ operators and
extend the integration to infinite without introducing an unbounded error

t

pa(t) = pa(0) +/dsrkg [Ae()Pa(s), Ax(s)]
0
+ T [Ae(9), A AR(9)] + O ™),
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where

o8]

Tie z/duckg(u).

0

o0
We may split this matrix in Hermitian yx, = f duCy¢(u) and anti-Hermitian part
0

i Sre as in Eq. (5.31), and differentiate to obtain

dpa(®) _

" —i[His (1), p(1)]

- 1~ -
+ Yke [Az(t)pA(t)Ak(t) 3 {Ak() A1), ,OA(t)}:| + 0@,

where I—~ILS (1) = Zk,e Skggk (l)A~g (). Since yy¢ has the same expression as in (5.32)
with @ = 0 it is always a positive semidefinite matrix and up to second order the
evolution equation has the form of a Markovian master equation. However, from the
former it is not clear what happens with the higher order terms; a complete treatment
of them can be found in [118-120], where it is proven that they vanish. The idea
behind this fact is that by using the property that for a Gaussian state (which pp
is assumed to be) the correlation functions of any order can be written as a sum of
products of two time correlation functions (5.44). Particularly odd order correlation
functions vanish because of the condition PV(¢)P = 0, and we obtain a product
of deltas for even order. Actually the expansion is left only with those products in
which some time arguments appear in “overlapping order” such as

3(t1 — 13)8(tp — 14),

for t4 > t3 > 1, > t1, and because of the time-ordered integration in the expansion
of G(s, u) they do not give any contribution.

Finally by coming back to Schrédinger picture we obtain that in the singular
coupling limit

% — —ilHy + His, p(0)]

1
+ Ve [Asz(l)Ak 3 {ArAg, ,OA(I)}],

note that Hy g = Zk_ ¢ SkeArAg does not commute in general with Hy.

Despite the singular coupling limit is not very realistic, it is possible to find
effective equations for the evolution in which self-adjoint operators Ay also appear.
For example under interactions with classic stochastic external fields [118] or in the
study of the continuous measurement processes [21, 135].
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5.4 Extensions of the Weak Coupling Limit

Here we will discuss briefly some extensions of the weak coupling limit for interact-
ing systems, the reader can consult further studies as [36] for example.

5.4.1 Weak Coupling for Multipartite Systems

Consider two equal (for simplicity) quantum systems and their environment, such
that the total Hamiltonian is given by

H=Hs +Hp+ Hg +aV.

Here Hjy (Ha2) is the free Hamiltonian of the subsystem 1 (2), Hg is the free
Hamiltonian of the environment and oV denotes the interaction between the sub-
systems and the environment. This interaction term is assumed to have the form
V=72, A,({l) ® By + A,(cz) ® By, where A/((]) (A,(Cz)) are operators acting on the
subsystem 1 (2), and By on the environment. So that the weak coupling limit for the
whole state of both subsystems pj> leads to a Markovian master equation like

dpia(t)
dt

—i[Ha1 + Haz + a*Hys, p12(1)]

+ 1 .
+a? D> ke () [AAw)plz(t)A,;(w) — A @) A @), m(r)}],
[ ¥4
(5.45)

where Ay (w) are linear combinations of A,(cl) and A}({Z) decomposed in eigenoperators
of [Ha1 + Haz, -]. Of course the form of these operators depend on the form of
the coupling. For instance, suppose that we have two identical environments acting
locally on each subsystem V = >, A,El) ® B,El) + A,(f) ® B,Ez), then we will obtain

dplz(t)

2
IZHA1+HA2+()[2HISS plg(t)]+ot2ZZVk(Z)(w)
j=1 [CH N

| —

x| AP (@)p12(1) AV (@) — {A“”(w)AWw) plz(t)}]

Consider now the case in which we perturb the free Hamiltonian of the subsystems
by an interaction term between them of the form BV, (where 8 accounts for the
strength). Instead of using the interaction picture with respect to the free evolution
Ha1 + Hao + Hp, the general strategy to deal with this problem is to consider
the interaction picture including the interaction between subsystems Ha1 + Haz +
BV12 + Hp, and then proceeds with the weak coupling method.
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However if g8 is small, one can follow a different route. First, taking the interaction
picture with respect to Ha1 + Ha2 + Hp, the evolution equation for the global
system is

d _ ~ ~ ~ - ~ ~
2P = —iBVi2 (), p()] =il V(1). p()] = BVi2(0)p (1) + V()P (1)

Similarly to Sect. 5.1, we take projection operators

d ~ ~
Epp(t) = BPVia()p(1) + aPVsp(1)p(1), (5.46)

d ~ ~
EQP(I) =BV (0)p(t) + aQVsp(1)p(1), (5.47)

and find the formal solution to the second equation

t
Qp(t) =G(1,00Q2p(0) + ﬁ/dsg(t, 5)QV12(s)Pp(s)
0

1
—l—oz/dsg(t,s)QV(s)Pﬁ(s), (5.48)
0

where

G(t,5) = Teks @ ABVR+aV]

Now the procedure is as follows, we introduce the identity 1 = P + Q just in the
last term of Eq. (5.46),

d
EPﬁ(t) = BPVia(t)pt) + aPV(t)Pp(t) + aPV(t)Qp(1),

of which formal integration yields
t t
PB() = Pp(0) + B / dsPVIa()F(s) + / dsPV($)QF(s);  (549)
0 0

here we have used the condition PV (¢)P = 0. Next we insert the formal solution
(5.48) into the last term. By assuming again an initial factorized state “subsystems®
enviroment” (Qp (o) = 0) we find

t
Pp(1) =Pp0) + ﬁ/dspvlz(S)ﬁ(S)
0

t s t N

+/ds/dul€1(s,u)73,5(u)—i—/ds/du/Cz(s,u)Pﬁ(u),

0 0 0 0
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where the kernels are
Ki(s,u) = afpPV(s)G(s, u) QV12(u)P = 0,
Ka(s,u) = (XZPV(S)Q(S, u)QVu)P.

The first one vanishes because Vj>(s) commutes with P and QP = 0, and the
second kernel up to second order in o and 8 becomes

Ka(s, u) = a’>PV(s)QVW)P + O, a’B) = a*PV(s)V(u)P + O, o’ B).

Therefore the integrated equation of motion reads

t
Pp(1) =Pp0) + ﬂ/dsPVlz(S)ﬁ(S)
0

t N

o? / ds / duPV($)Vu)PEu) + O, a?B).
0 0

If we consider small intercoupling 8 such that « 2 B, we can neglect the higher
orders and the weak coupling procedure of this expression (cf. Sect. 5.2) will lead to
the usual weak coupling generator with the Hamiltonian part 8V}, added. This is in
Schrodinger picture

dp12(1) .
= —ilHa+ Hao + Vi + a’His, p12(0)]

" 1
2 T T
+a ke (@) [A (@)p12()Ap (@) — S{A (@) Ar(w), plz(t)}]-
(5.50)
Compare Egs. (5.45) and (5.50).
Surprisingly, this method may provide good results also for large 8 under some
conditions, see [36].

5.4.2 Weak Coupling under External Driving

Let us consider now a system A subject to an external time-dependent perturbation
B Hext () and weakly coupled to some environment B, in such a way that the total
Hamiltonian is

H = Hp+ BHex (1) + Hp + V.
In order to derive a Markovian master equation for this system we must take into

account of a couple of details. First, since the Hamiltonian is time-dependent the
generator of the master equation will also be time-dependent,
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dpa(t)
dt

= ‘cl PA (t) )
which solution defines a family of propagators £, ;) such that

ps(t2) = Ewyr)Ps(t1),
5(13,11) = 5(13,12)502,!1)'

This family may be contractive (i.e. Markovian inhomogeneous) or just eventually
contractive (see Sect. 1.4). Secondly, there is an absence of rigorous methods to
derive at a Markovian master equation (i.e. contractive family) in the weak coupling
limit when the system Hamiltonian is time-dependent, with the exception of adiabatic
regimes of external perturbations [136, 137]. Fortunately if the Hex;(¢) is periodic in
t, one is able to obtain Markovian master equations, even though the complexity of
the problem increases.

On one hand, if 8 is small, in the spirit of the previous section we can expect
that the introduction of B Hex¢ () just in the Hamiltonian part of the evolution would
provide a good approximation to the motion,

d
Pg_:f) = —i[Hy + BHexa(t) +* His. pa(1)]

1
+o2 D> (o) [Az(w)pA (DAL@) = S (AL (@) Ar(w). pm)}},
o kL
5.51)

which has the form of a Markovian master Eq. (4.5).
On the other hand, for larger 8 the only loophole seems to work in the interaction
picture generated by the unitary propagator

.ol / /
U(t], tO) — Te_l ﬁO [HA+ﬂHext(f )]dt .

Taking fo = 0 without loss of generality, the time evolution equation for p(¢t) =
Ut(t,0)p()U(t,0) is

dp(t)
dt

= —ia[V (1), p(D)]. (5.52)

Following an analogous procedure which was used in Sect. 5.2 for time-independent
generators, one immediately deals with the problem that it is not clear whether
there exists something similar to the eigenoperator decomposition of V(t) =
UT(t,0)VU(t, 0) as in (5.24). Note however that since the dependency of the opera-
tor Hex¢ (f) with tis periodical, by differentiation of U (¢, 0) one obtains a differential
problem for each Ay in (5.21)

dA -
dkt(” — —i[AL(1), Ha + BHex(D)]. (5.53)
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with periodic terms. This kind of equations can be studied with the well-established
Floquet theory (see for example [113, 114]). Particularly it is possible to predict if
its solution is a periodic function. In such a case, the operator in the new picture will
have a formal decomposition similar to (5.24), Ax(t) = >, Ak(@)e'®", where now
A (w) are some operators which do not necessarily satisfy a concrete eigenvalue
problem. However note that the importance of such a decomposition is that the
operators Ay (w) are time-independent. This allows us to follow a similar procedure
to that used for time-independent Hamiltonians with the secular approximation, and
we will obtain

g5
pc?t(t) = —ilo*Hys, pa(t)]
- 1 _
+ o %‘,% Ve (@) [AAw)pA(r)A,t(w) — 5 14[@Ac@). B (t)}},
where His = >, Zk,ﬁ Skg(w)AZ(a))Ag(a)) of course. By coming back to

Schrodinger picture,

dpa(t) _

T = —ilHa 4 BHeu(0) + @2 His (), pa(] +0 30 > vie (@)

[CH N

& 1
x [Am, DBA(DA[@. 1) = S{A]@. DA, 1), M:)}];

here Ax(w,1) = U(t,0)Ax(w)UT(z, 0). For these manipulations it is very useful
to decompose (when possible) the unitary propagator as product of non-commuting
exponential operators U(f,0) = e Hole=iH! —ywhere the transformation
e 0t H (1)e~Ho! = H remove the explicit time-dependence of the Hamiltonian.

A more systematic approach to this method based on the Floquet theory can be
found for instance in the work of Breuer and Petruccione [21, 138], and in [139].

There is a very important thing to note here. As a difference to the usual interaction
picture with respect to time-independent Hamiltonians, the change of picture given
by a time-dependent Hamiltonian can affect the “strength” « of V in a non-trivial
way. If there exist some time, ¢ = #, such that || Hex(#.)|| = 0o, the validity of the
weak coupling limit may be jeopardized. For example one may obtain things like
“1/0” inside of V ().



Chapter 6
Microscopic Description: Non-Markovian Case

The microscopic description of non-Markovian dynamics is much more involved
than the Markovian one, and developing efficient methods to deal with it is actually
an active area of research nowadays. One of the reasons for this difficulty is that the
algebraic properties like contraction semigroups and/or evolution families are lost and
more complicated structures arise (e.g. evolution families which are only eventually
contractive). We have already mentioned the advantages of being consistent with the
UDM description if we start from a global product state. According to Sect.3.3 if
the evolution family & ;) describes the evolution from s to ¢ and the initial global
product state occurs at time f(, then it must be eventually contractive from that point,
ie. [|E¢.mll < 1fort > fo. However it is possible that ||E¢ || > 1 for arbitrary ¢
and s. Up to date, there is not a clear mathematical characterization of evolution
families which are only eventually contractive and this makes it difficult to check
whether some concrete model is consistent.

There are non-Markovian cases where the environment is made of a few degrees
of freedom (see for example [140, 141, 142], and references therein). This allows
one to make efficient numerical simulations of the whole closed system and after
that, just tracing out the environmental degrees of freedom, we obtain the desired
evolution of the open system.

However when the environment is large, a numerical simulation is completely
inefficient, unless the number of parameters involved in the evolution can be reduced
(for example in case of Gaussian states [36] or using numerical renormalization
group procedures [143, 153]). For remaining situations, the choice of a particular
technique really depends on the context. For concreteness, we sketch just a few of
them in the following sections.

A. Rivas and S. F. Huelga, Open Quantum Systems, SpringerBriefs in Physics, 81
DOI: 10.1007/978-3-642-23354-8_6, © The Author(s) 2012
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6.1 Integro-Differential Models

As we have seen in Sect. 5.1 the exact evolution of a reduced system can be formally
written as an integro-differential equation (5.16),

t

%Pﬁ([) =/dul€(t,u)73/5(u),
0

with a generally very complicated kernel
K, u) =PV(@)G(, u)QV(u).

Typically this kernel cannot be written in a closed form and, furthermore, the integro-
differential equation is not easily solvable. On the other hand, it is possible to perform
a perturbative expansion of the kernel on the strength of V(¢) and proceed further
than in the Markovian case, where the series is shortened at the first non-trivial order
(for an example of this see [145]). Of course, by making this the complete positivity
of the reduced dynamics is not usually conserved; and one expects a similar accuracy
for the time-convolutionless method (at the same perturbative order) explained in the
next section, which is simpler to solve.

As an alternative to the exact integro-differential equation, several phenomeno-
logical approaches which reduce to Markovian evolution in some limits has been
proposed. For example, if £ is the generator of a Markovian semigroup, an integro-
differential equation can be formulated as

t
d/:z(f) = / k(t =) LIp("), e

0

where k(1 —t') is some function which accounts for “memory” effects, and simplifies
the complicated Nakajima-Zwanzig kernel. Of course, in the limit k(z — ¢') —
8(t — t") the Markovian evolution is recovered. The possible choices for this kernel
which assure that the solution, £ ¢y, is a UDM have been studied in several works
[146-148], being the exponential ansazt k(f — 1') o« ge$?~"") the most popular.
Another interesting phenomenological integro-differential model is the so-called
post-Markovian master equation, proposed by Shabani and Lidar [149],

t
dfz(rt) =L / k(e — )X p()]. 6.2)
0

It also approaches the Markovian master equation when k(¢ —t") — 8(¢ —t’). Further
studies about the application of these models and the conditions to get UDMs can
be found in [150-152].
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Apart from these references, the structure of kernels which preserve complete
positivity has been analyzed in [153].

We should note however that, it has been recently questioned whether these phe-
nomenological integro-differential equations reproduce some typical features of non-
Markovian dynamics [154].

6.2 Time-Convolutionless Forms

The convolution in integro-differential models is usually an undesirable character-
istic because, even when the equation can be formulated, the methods to find its
solution are complicated. The idea of the time-convolutionless (TCL) forms consists
of removing this convolution from the evolution equation to end up with an ordi-
nary differential equation. Behind this technique lies the property already expressed
in Sect.3.5 that a UDM, & 4,), can be expressed as the solution of the differential
equation (3.12)

dpa(t)

7 = Lilpa(0)],

. d€ _ . .
with generator £; = ((i’t"‘” E(I lto). In general this equation generates an evolu-

tion family that is not contractive, i.e. ||E¢ )l > 1, for some ¢ and s and so
non-Markovian. However, it generates an eventually contractive family from 7,
1€l < 1, as the map starting from #o, £ 4y, is usually assumed to be a UDM
by hypothesis.

To formulate this class of equations from a microscopic model is not simple,
although it can been done exactly in some cases such as, for a damped harmonic
oscillator [155, 156] or for spontaneous emission of a two level atom [157, 158].
In general, the recipe is resorting to a perturbative approach again. Details of this
treatment are carefully explained in the original work [159] or in some textbooks (see
[20, 21] for instance). The key ingredient is to insert the backward unitary operator
U(s, 1) where s < t defined in (5.19), 5(s) = U(s, t)5(t), into the formal solution
of the Qp(t), Eq.(5.12),

t

Qp(1) =G(t,0025(0) +/dsg(t,S)QV(S)7’Z/~l(s, Dp(@).
0

Now, by introducing the identity 1 = P + Q between U(s, 1) and 5(7), and after
considering a factorized initial condition we obtain

[1 —=Y(0]Qp(1) =T (®)Pp(),

here
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t
Y(t) =« / dsG(t, s)QV(s)PU(s, 1),
0
where we have rewritten }V as a ).
Next, note that T (0) = 0 and Y (¢)|4=0 = 0, so that the operator [1 — Y (¢)] may

be inverted at least for not too large couplings and/or too large 7. In such a case we
would obtain

Qp(t) =1 — YOI 'Y O)PH().

Introducing this in the second member of Eq.(5.9), the first term vanishes since
PV(t)P = 0, and we obtain the differential equation

dPp(t) 4
T = L[Pp@)],

where
L, =aPVO[L - YO 'Y @)P.

We can formally write the inverse operator as a geometric series
(e.¢]
-1
[L—r®1™" =D 1",
n=0
and then the generator as

L, = aPV(t) > )P

n=1

On the other hand, Y" (¢) can be expanded in powers of « by introducing the expan-
sions of G(¢, s) and U (s, t), thus we can construct successive approximations to £,
in powers of «,

o )
n=2

Here the sum starts from n = 2 because at lowest order Y () >~ «o fot dsQV(s)P,
and

t t
(9 / dsPV(1)QV(s)P = / dsPY(V ()P,
0 0
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which leads actually to the differentiated version of Eq. (5.20), as expected at lowest
order. After a little bit of algebra, the next term in the expansion turns out to be

t t
(9 z/ds/dt1PV(t)V(t1)V(s)P’
0 N

and further terms can be calculated in the same fashion.

In addition, Chrusciriski and Kossakowski [160] have recently shown the equiva-
lence between integro-differential equations and TCL equations. They connect both
generators by means of a Laplace transformation showing some kind of comple-
mentarity between both methods. That is, if the integral kernel is simple, the TCL
generator is highly singular, and viceversa.

On the other hand, given a TCL equation and an initial condition at time #(, the
problem of knowing whether its solution £ ;) is a UDM, i.e. a completely positive
map, is an open question for the non-Markovian regime. Note that the perturbative
expansion at finite order of the TCL generator can generally break the complete
positivity (in the same fashion as a finite perturbative expansion of a Hamiltonian
dynamics breaks the unitary character). So the classification of TCL generators
which are just eventually contractive from a given time #y is an important open
problem in the field of dynamics of open quantum systems. Partial solutions have
been given in the qubit case [161] and in the case of commutative generators £; [162,
163]. For this latter one [£;,, £1,] = 0, for all #; and #,, so that the time-ordering
operator has no effect and the solution is given by

t ’

g(t’to) — ej;o ﬁt/dl )

Therefore, certainly &y s, is completely positive if and only if ft:) Lydt’ has the
standard form (4.10) for every final 7.

6.3 Dynamical Coarse Graining Method

The dynamical coarse-graining method was recently proposed by Schaller and Bran-
des [164, 165]. This was suggested as a way to avoid the secular approximation under
weak coupling while keeping the complete positivity in the dynamics. Later on, this
method has been used in some other works [166, 167]. Here we briefly explain the
main idea and results.

Consider the total Hamiltonian (5.1) and the usual product initial state
p(0) = pa(0) ® pp, where pp is a stationary state of the environment. In the
interaction picture the reduced state at time ¢ is

patt) =Tra [U(1,0)pa(0) © psU"(1,0)] (6.3)
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where

U(t, 0) — Te—ioz fé V(ﬂ)dt/’

is the unitary propagator, and « again accounts for the strength of the interaction.
Next we introduce the expansion of the propagator up to the first non-trivial order in
Eq.(6.3)

t

~ o? / ~ ~ 3
pa(t) = pa(0) — jf/dn/dm Trg [vm), [V(rz), pA(0) ® pB]] + O,
0 0

here we have assumed again that the first order vanishes Tr[\7(t) pp] = 0 like in
(5.15). Let us take a closer look to structure of the double time-ordered integral

t

13
T [an [ anten [V, [V, a0 @ oa]
0

0
t t

- / dn / dnd( — 1) Trg [ V@), [V (1), pa©) @ s

0 0
t t

+/dt1 /dt29(t2 =) Trg [V, [V (1), pa(0) @ pp ]|
0 0
= L7 a1+ L a1+ L5 [0 0],
where by expanding the double commutators we have found three kind of terms,

£§2), Eéz) and Egz). The first one appears twice, it is

E(Z) t t ) )
%[PA(O)] =— /dtl /dl26’(t1 — 1) Trp [V(tl)pA(O) ® /)BV(lz)]
0 0

+ 02— 1) Trg [V (1)pa0) ® pp V(1)

t t
= —/dtl/dtzw(tl —1)+0(t — )] Trp [‘7(11),0/4(0) ®,OB‘7(I2)]
0 0

t t
. / dn / i Try [V (11)04(0) ® ps V(1)
0 0

because obviously the step functions cancel each other. Taking in account the other
analogous term (that is the corresponding to interchange #; <> t» in the double
commutators) we can write the total contribution as


http://dx.doi.org/10.1007/978-3-642-23354-8_5

6.2 Time-Convolutionless Forms 87
2
LPpa0)] = —2Trg [Apa(0) ® ppAl.

where A = fot V(tdt'.
The second term goes like

t t
£P10a00 = [ dny [ dead(es — 1) Tew [V 7 (12)940) 0 p |
0 0
+ 002 = 1) Trg [ V(1) V(1)pa(0) ® i
t t
= [an [antow = 1) + 00— 11Tea [V @)V (1)94(0) © |
0 0
+ 01— ) Trg {[V (1), V(12)1pa(0) ® pp }
1 1
= Trp [Asz(O) ® PB] +/dt1 /d129(t1 —1n)Trp
0 0
x A7), V(12104 0) @ s},

And similarly the remaining term can be expressed as

L£81pa O] =Trg [ p4(0) @ pp A2

t t
= [an [ do — 0T {pa© © pat ¥ 1), V201
0 0

Thus everything together gives f4 (1) = p4(0) + L [p4(0)] + O(a?) with

2
o
L'1oaO) = =5 (L7 1A+ L5 10401 + £ 104 (0)])
= —i[Hjs, pa(0)] + D'[pa(0)].
Here the self-adjoint operator Hj q is

t

Ol2 t ~ ~
His =5 [ an [anot - T (7@, Vloa)
0 0

and the “dissipative” part is given by

1 2 _l 2
D'[pa(0)] = o2 Trp [ApA(O) ® poh — {A% pa00) ®p3}].
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By using the spectral decomposition of pp it is immediate to check that for any fixed
t, L' has the Kossakowski—Lindblad form (4.10).
Since at first order

pa(t) = (L+LYpa0) + O@?) = e ps (0), (6.4)

the “dynamical coarse graining method” consists of introducing a “coarse graining
time” t and defining a family of generators of semigroups by
LT = g
T
And the corresponding family of differential equations
pa(t) = LT pa(0),
which solution

L) = = pa(0), (6.5)

will obviously coincide with (6.5) up to second order when taking t = ¢, this is
pa= (1) = pa(r).

Therefore we have found a family of semigroups (6.4) which have the
Kossakowski—Lindblad form for every 7 and give us the solution to the evolution for
a particular value of T (v = t). This implies that complete positivity is preserved as
desired. In addition, one may want to write this evolution as a TCL equation, i.e. to
find the generator £, such that the solution of

d
EPA(I) = Lilpa(0)]

fulfills p4(t) = p', (r). That is given as in (3.12),

d 7 5 d
Ly = |:d—te£t’:| e H = [Eeﬂ] e

Particularly for large times t — oo, this generator £, approaches the usual weak
coupling generator (5.34) (in the interaction picture). This is expected because the
upper limit of the integrals in the perturbative approach will approach infinity and
the non-secular terms /(@' =) will disappear for large ¢ (because of Proposition
5.2.1). This is actually equivalent to what we obtain by taking the limit @ — 0 in the
rescaled time. Details are found in [164].
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K (cont.)
Kossakowski—Lindblad form, 39
Kraus decomposition, 26

L

Lamb shift, 63, 68

Lie-Trotter product formula, 3

Lindblad form

see Kossakowski-Lindblad

form, 39

Liouville-von Neumann
equation, 15

Liouvillian, 18

Lumer—Phillips theorem, 10

M

Markovian dynamics, 31

Markovian master equation, 35
time-homogeneous, 39
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Markovian, 49
non-Markovian, 81

N
Nakajima—Zwanzig equation, 52
projection operators, 50
Nilpotent matrix, 44
Non-Markovianity, measures of, vi
Norm
induced, 1
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Operator

computation of the exponential, 44
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exponential, 2, 6
Hamiltonian, 15
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P
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Post-Markovian master
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Pure dephasing of a two-level
system, 69
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Quantum Markov process, 31, 34
Quantum regression theorem, vi
Quantum system
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R
Resolvent
operator, 2
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Riemann-Lebesgue lemma, 58

S
Schiodinger equation, 15
stochastic
Schur’s lemma, 48
Secular approximation, 59-60, 70
Self-adjoint set, 46
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Semigroup
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generator, 7
one-parameter, 5
relaxing, 43
uniformly continuous, 5
Singular coupling limit, 53, 73
Sochozki’s formulae, 65
Space
Banach, 1
complete, 1
dual, 1, 27
Spectral densisty, 66
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Spectrum, 2
Spohn’s theorem, 46
Stark shift, 68
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in the weak coupling limit, 71
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matrix, 39
process, 33
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Time-splitting formula, 14

U
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Von Neumann equation, 15

W
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