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Introduction

The aim is to provide the basic tools for working with open quantum systems, those systems
whose interaction with the surrounding environment cannot be neglected. The general formalism
will be revised, and the most important master equations will be introduced.

The main points of the course are:

e Matrix density formalism in analogy with the wavefunction

e Dynamics for the density matrix in two different approaches:

axiomatic approach — Lindblad equation,
microscopic approach — quantum brownian motion.

In parallel to this part of the course will be made a second part whose main points will be:
e Path Integral Theory
e Feynman-Vernon Theory

e (Caldeira-Leggett Model



0.1 Suggested Books

H.P. Breuer and F. Petruccione, The theory of open quantum systems, Oxford University Press,
Oxford, 2002.

E. Joos, H.D. Zeh, C. Kiefer, D.J.W. Giulini, J. Kupsch, I.-O. Stamatescu, Decoherence and the
Appearance of a Classical World in Quantum Theory, Springer, 2nd ed. 2003, XII



Chapter 1

Standard Quantum Mechanics

In this first part of the course we recap the basic instruments of standard quantum mechanics,
i.e. closed systems. Then we wisll consider this systems in statistical operator formalism.

A closed quantum system is assumed to be decoupled from the rest of the ”universe” and
fully described by its hamiltonian H.

1.1 The Axioms of the Quantum Mechanics

Quantum mechanics is based on the following axioms:

1. States To every physical system is associated an Hilbert space H. The possible states of
the system are represented by vectors ¢ € H, with ||| = 1.

2. Evolution The vector representing the state of a system evolve according to the Schro-
dinger equation

d
h—1, = H
7 7 Uy Wy

with initial condition ¥y = ¢, where H is the hamiltonian operator associated to the
system.
3. Observable Quantities Observable quantities are represented by self-adjoint operators:

The classical observable A will be mapped into a self-adjoint operator A
A— A:Alay) = ay|an)

where { |a,) } are eigenstates of the operator A. They form an orthonormal basis. { a, }
are eigenvalues, they are real numbers.

Since { |ay) } is an orthonormal basis, the decomposition on this basis of a whatever state
of the system is unique:

Cn = (an|¥))
) = Z Ch |an) where



4. Outcomes of measurements The possible outcome of a measurement of the observable
A are the eigenvalues a, of the corresponding operator A. The outcomes are randomly
distributed, and the probability of obtaining the outcome a,,, when the system is described
by the state vector v, is

Pla] = | {an|t)) [

5. Collapse of the wave function At the end of the measurement process, the system
collapse to the eigenstate corresponding to the eigenvalue which has been observed:

a if a,, is the measured outcome
) MEASUREMENT jan) "

NOTES:

e The Schrédinger equation is linear and deterministic. The collapse of the wave function is
non-linear and stocastic. They are two incompatible dynamical principle.

e It is not clear when a system evolves according to the Schrodinger equation and when
according to the collapse — measurement problem.

e If the collapse is so problematic, why was introduced in the first place?

The requiring to have an evolution due to two different dynamics is one of the open problems
in quantum mechanics. Let’s consider a system which have probability of 50% to be in z = a
and 50% to be in x = b. We measure the position and we find the system in x = a. Immediately
after, if the evolution it was only due to deterministic dynamics of the Schrodinger equation,
we’ll have again probability 50% and 50% to find the system in z = a or in x = b. Instead if
we do again a measure of position we will find the system in z = a. For this reason we hate to
introduce the concept of the wave function collapse and the measurement postulate.

1.1.1 Entanglement

A subject in quantum mechanics that do not have any correspondence in classical world is the
entanglement. Consider two systems S; and So with associated Hilbert spaces Hi and Hs.
Let { |i) }; and {|[j) }, be the two basis of the Hilbert spaces. We can consider also the entire
system S as S = S; ® Sy with associated H = H; ® Ha. Therefore a generic state [¢)) € H can
be expressed as linear combination of the two basis.

) = Zcij i) ® |5)

|¢) is called entangled if is not possible to describe it as tensor product of two other states



) # [6) @ [x)

where
|p) € Ha
Ix) € Ha
Otherwise if we can do it
V) = |¢) ® |x)

the state |1} is called separable or product state.
Example Let [¢)) € H; ® Ha, where the two Hilbert spaces are isomorphic to C2, be

1
V2

Consider two generic states living each one in one of the two Hilbert spaces

) [10) ® |0) +[1) @ |1)]

¢) = |0) +B[1) €Hy

X) =al0)+0[1) €Hy

Since the Hilbert spaces are two dimensional, we used the set { |0),|1) } as basis for each of the
spaces. This is the basis that is typically used for a two dimensional space. Therefore we can
consider the tensor product of this two states

#) @ [x) = aal0) @0) + ab[0) @ [1) + fa[1) ©[0) + 5b[1) © [1)

So this product is equal to |¢) only if

But we are not able to satisfy both the two conditions together. Therefore, since we define |¢)
and |y) as totally generic, the state |1)) can not be expressed as tensor product of two other
states and for definition is an entangled state.

Example Let H; and Ho be the same as the previous example. Let |1)) be define as

1

V2

= 1)@ —=[10) + 1]
V2

=[0) ®[x)

¥) (1) ®10) + 1) @ |1)]
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Therefore the state |1) is a separated state.

1.2 The Density Matrix

The previous axioms assume that the state of the system is perfectly known. This is not true
in reality. Like in classical mechanics (where one resorts to statistical mechanics), in general we
have only a partial knowledge of the state of the system. What we know about the system is an
ensemble of possible states associated to a probability:

{Yrpe}  with > pp=1
p

where vy, are the possible states of the system and pj, are the (classical) probabilities about the
state occupied by the system.

In principle, we can continue to use the previous formalism, paying attention to average over
the distribution { py }.

The three processes which determine the evolution of a state are:

EVOLUTION: m%wk(t) = Hapy,(t)

PROBABILITIES:  Play] = 3. pil (antr) |2

\COLLAPSE: k) MEASUREMENT [an)

Before we measure, the system is described by the state |¢(t)), after the measurement by the
state |a,) with a probability Pla,]. The measurement process is an instantaneous process. After
the measure the system evolves again as described by the Schrédinger equation, which is a slow
process.

But there is another way, which is more convenient from the practical point of view, it is the
density matrix formalism:

p="> prltw) (Wl
P

p is the statistical operator. { py } give us information about the probabilities and { |1x) (V| }
the information about the states. Let { |a,) } be a basis of H of dimension N. Then there are
N basis states.

On this basis we can define a representation of the statistical operator p

(ar|plar) (ailplaz) ... (ai|plan)
o — (azlplar)  (azlplag) ... (az|plan)
(anlplor) (awlplaz) .- {anlplon)

Pnm 1s called the density matrix relative to the basis { |ay) }. There is a conceptual difference
between the statistical operator and the density matrix.



The explicit form of p,;,, depends on the chosen basis in which we describe the system, but
is ever a representation of the statistical operator p.

Example Let us consider a system with two degrees of freedom, the simplest non trivial system.
Dim{H} = 2, where # is the Hilbert space associated to the system.

This system could be a particle in a potential well that allows only two states, or the first
two states of a harmonic oscillator, or a state of spin.

Let us fix a basis { |0),|1) } in H. Let us consider just one state:

[v) = —=[10) +|1)] = |+)
10+ 1] =
This state can be associated with:
e statistical operator
1
p=Y) (W= §[|0) (O +10) (1] + [1) (O] + [1) (1]

e density matrix in the { |0),]1) } basis

= (G100 50 3G 1)

M3 77

where (i|p|i) are the probabilities of getting the outcome ”i” in a measurement and (i|p|j),

i # j, are the interference terms. In fact
(anlplan) = (an|¥) (Y]an) = | (an|t)) |* = Plan] = PROBABILITY
here is shown for simple case with p = [¢) (¢, but it works in general.

(an|plam) = (an|t) (Y]am) # 0

|1)) has non-vanishing component along both |a,) e |a,,). There is a superposition and
when there is superposition one can do interference.

Example From the previous example let’s consider two state with the same probability

This two states! are superpositions of other two states: |0) e |1). In this case the statistical
operator is

!The states |+) and |—) are the eigenvectors of Pauli’s matrix o.



1 1
p=5 [+) (H + 5 1) (-]

In fact we associated the same probability to both states, i.e. 1/2. Turns out, however, that p
can be expressed in terms of |0) and |1), obtaining

[10) (O] + [1) (1]]

N | =

p:

Representing p on basis { |0),|1) } we obtain a matrix density of the form

_1/10
Prm=5\0 1

It follows that the system is always in a superposition of states |0) and [1), but it is never possible
to see the phenomenon of interference because

(Olpl1) = 5 {01+ (0} + 5 01-) (o) =0

Example Mach-Zender Interferometer
Let’s consider the experiment known as the Mach-Zender interferomenter, the scheme is
reported in figure.

10) « BS Mi
e N — PS a = 1rror
Beam of Light N P
10)
y y
1)
% N BS
= N —
Mirror N

Detector %

where |0) is the electric beam propagating in the upper arm and |1) in the lower. BS are
Beam-Splitters, physically half silvered mirrors. PS - ¢ is a phase shift, mathematically is just
a multiplication by a phase.

We can represent mathematically BS with an operator, that with the basis set { |0),|1) }

have the form:
1 /1 1
o= (0 )



If we represent due two states on the same basis, we can study the action of the operator Ups.
1 0
n=(;) m=(})

1
2

Therefore the action of Ugg is

Ugs |0) = —=[|0) + [1)] = |+)

N

1

V2

Notice that the operator Upg is unitary, as it should be, in fact otherwise it will not act as a
quantum transformation.

Ugs 1) = —=[l0) — [1)] = |-)

UlsUss = UpdUps = I

10
5=(o )

Let’s consider how the state of incoming beam, |0), change inside the interferometer:

where I is the identity matrix 2 x 2

1
0) — —

Uss \@

The second operator acts on the beam is a phase shifter, Upg, that acts only on the state |0),
as we see in figure.

[[0) +[1)] = +)

B 5o 0] =W

If we suppose that mirrors are perfect and don’t imply variation of the state of the system, the
next operator we have to apply is again Upg
14 e 1 — et
0) =
Uss 2 2

¥) 1)

It has so that the state who detector analyze is a superposition. The probabilities to have on
the detector just one of the two states |0) and |1) area P*[0] e P*[1] respectively:

i |2
1+¢e¥ 1+ cose
PT[0] = =
0= ‘
i 12
P+[1]: 1—e%¥ :1—cosg0
2 2




P(p)

[T
4 6

Sy
o0
(=]

Figure 1.1: P*[0] in rosso e P*[1] in blu.

The oscillation present in P*[0] and P*[1] respect ¢ is due to the interference between the
two terms of the superposition.

Example Let’s consider the double-slit or Young’s experiment, the scheme is reported in figure.

slit distance d/A = 3.46

I

i
1Y
HHHHH ‘Hllllllnllmlw

H’D’w"""’f»’,’; ““““ Ifi 7 ARV |||||||||| it
| Il il i AL ‘
(AR | ) | AR

Suppose that the state that passes through slit A is |0) and through slit B is |1). The
superposition of the two states is shown in interference pattern on the screen. If we close one of
the two slit we will not able to see the interference fringes.

This is why the off-diagonal elements are also called interference terms.

Note that the information that density matrix give us is always relative to the basis on
which we have decided to represent the statistical operator. Let us change basis. We consider
{|+),]=) } basis, in this case the statistical operator p = |+) (+| is reppresented with

/10
an—OO

10



In fact the probability to find the state of our system in |+) is equal to 1. Our state is certainly in
|+) state and is not in the |—) state. There are no interference terms. There is no superposition,
with respect to |+) and |—), so it cannot be used to create interference.

Example Let us suppose now that the system can be in one of the two states:

|0) with probability 50%

|1) with probability 50%

Then we have statistical operator
1 1
=—0) (0] + = |1) (1
p=3510)(00+ 5 1) {1

and the density matrix in the { |0),|1) } basis

_1/10
Prm=35\0 1

The probabilities are the same as in the previous case, but now there are no off-diagonal elements,
because there is no superposition between |0) and |1), so the interference cannot be created. In
the Mach-Zender interferometer we can see this each time the beam either goes up or down.

lo) < BS

Mirror l0) B;ES _____ >._m ..... >._\Mirr0r
Beam of Light | :

Beam of ight \

¥

1)
: BS 1)
\ ............. TR R . .:BS
Mirror N B \:\ =
Mirror TN
Detector V Detector

(a) (b)

In the (a) case the state of the system is

. 1 .
0) — €®0) — —=e®[j0) + 1
0 o 0 o 5o [0+ )
1 . F 1
(a) il _— =
P[0] \/ie 5

In the (b) case instead

L o) - ]

3
3
S

2
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If we close randomly one or the other arm of the interferometer the probability that the state
of the system is represented by |0) is

1 1 1
Pror = §P(a) [0] + §P(b) [0] = B

Prot is independent of ¢. One cannot do interference.
Example Suppose the system now can be in one of the following two states

|+) with probability 50%
|—) with probability 50%

Then the statistical operator is

p=3 1) (++51-) (-

[10) (O] + [0} (1] + [1) (O] + [1) (1]] + %U@ (0] = 10) (1] = [1) 0] + [1) (1]

N

1 1
== S
S10) {01+ 2 1) (1
same as before. The density matrix in the {|0),|1) } basis

_1(10
an*Q 0 1

but now we have superpositions, so why are the off-diagonal elements zero?

Example Let’s consider the Mach-Zender interferometer with a second phase shifter of a fixed
angle, 7, as is shown in figure.

12



|0) « BS
\\ >_PS'SO B

=y
Beam of Light |

10)
Y y
1)
—E>
N <« | BS
Mirror : PS-7T = \\\ =

Detector %

Mirror

In this case the final state is

i (2
1—¢e¥ 1 —cosyp
P7[0] = =
[0] 5 5
i (2
1+e% 1 3
P[] = +e _ Ltcosp
2 2

Notice that the coefficients in this case respect the previous are inverted.
Let’s suppose we can activate the second phase m-shifter casually. The probability associated
to the state |0) become

P[0] = PT[0] + P7[0] = %

The probability P[0] is constant, so we are not able to do an interference measurement.

So, in this case there are superpositions. However, since the phases ”1” and ”-1” are randomly
distributed, and we are not in control of this randomicity, they add destructively and cancel the
possibility of seeing interference effects.

Therefore, the fact that the off-diagonal elements of the density matrix are zero does not mean
necessary the absence of superpositions. In general it means that, if there are superpositions,
they cannot be used to make interference. This because the interference terms ado incoherently
and wash away the possibility of making interference.

In previous examples we show we can obtain the same matrix density represented in the
same basis, { |0),|1) }, for two different prepared systems:

13



|[+) with probability 50%

|—)  with probability 50%

|0) with probability 50%

. C1(10
P=35\0 1

The systems are different, in the sense that, in order to prepare them, one has to use different
procedures. Different ensemble give rise to the same statistical operator. The correspondence
between ensembles and the statistical operators in not one to one but many to one. Passing
from a statistical mixture to a density matrix we lose information on the system, therefore from
a density matrix we can’t reconstruct a statistical mixture, i.e. how the state has been prepared.

|1) with probability 50%

1.3 Propriesties of the Statistical Operator

The more general definition of a statistical operator is

p=> prltr) (Wl
k

where py is the probability that the system is described by the state |1;). p has the following
proprieties:

e [t is a linear operator: p: H — H This is the reason for the name statistical ” operator”
) € H = pleb) =D peltbn) (Wlv) = Zpk (rl0) [r) = ch oy
k

Linearity is obvious.

e It is a positive operator. An operator O is positive if

Vig)eH  (YlOly) =0

(Wlply) = Zpk (Wlve) (Wrly) = Zm (lve) |7

which is always non-negative. If the Hilbert space H is finite dimensional, since p is
representable by a square matrix, then is possible to define its trace as

Tripl =3 (Galplén)  with {|6,) }, basis of A

n

14



Trlp] = (¢l [Zpk k) <1/1k\] |Pn)

n k

= o (bt
n,k

It is a sum of non-negative elements, so it converges somewhere, to a finite number or to
infinity

If we consider an other basis of H, { |xm) }, which is related to the first according to the
following relation

’Xm> = ZCmn |¢n> where Cmn = <¢n|Xm>

Tr [p] = Z (X!l Xm)
- Z mn/Cmn ¢n”p’¢n>

- Z (Z Cmn) ¢n”p’¢n>

where

Z Crn Crmn = Z (Dnlxm) (Xm|dn) = (Pn|dn) = S

m

Then
Tr[o] = D (buloldn)

n
The trace does not depend on the choice of the basis.

e The trace is equal to one

Trlp] =) (¢nl [Zpk ) <¢k|] |Pn)
n P

=> [anwm?]
k n

= " pellllP =D pp =1
k k

Notice that in the last expression the sum ), pj is the sum of the probabilities that the
system is described by the state |1;). This is a fundamental point of this formalism.

15



Actually, these three conditions are sufficient to characterize a statistical operator.
Suppose p is a linear and positive operator on finite dimensional H

(Dlpg) =0 = (dlpg) =(dp|p) for the positivity
=(¢|p'¢) because the adjoint exists

= p=p self-adjointness

Being self-adjoint it admits the spetral decomposition

p="> Nk |tr) (vl
k

where { A\; } are non negative eigenvalues and { |¢;) } are eigenstates, they are orthonormal.

From the trace condition we have ), Ay = 1, which means that we can interpret the { \; }
as probabilities, for this reason we call it statistical operator. Remember that the decomposition
in general is not unique, just if we do the decomposition on the eigenstate basis.

Therefore

p <= Linear, Positive, Trace-1 Operators

In the case of infinite dimensional Hilbert spaces, one has to be a little more careful, but nothing
substantial changes.

Typically the states of a system are normalized vectors in a Hilbert space ‘H and are defined
at least by a phase. There are systems that this description is insufficient, for example the final
state of a particle that can decay in various branches with a certain associated probabilities.

Therefore there are two types of states described by a statistical operator:

p =) (Y] Pure states

P => 1Pk V) (Vi Statistical mixture
In the first case we know exactly the state of the system. In the second case no, we can just
associate a certain probability to each state. How can they be differentiated? Let’s consider the

square of the statistical operator: For a pure state

p-=p

for a statistical mixture we consider the spectral decomposition Considering the spectral decom-

16



position the { |¢) } are orthonormal.

p —[me ml] [anlwn wn]

—anpkwk ) (Yiltn) (¥n] = anpkaknwwwn\

= 0} |vk) (el # p
K

Theorem Let p be a statistical operator. Then
Tr [p2] <1

Tr [,02] =1 <= pisa pure state

Proof. Si considera la decomposizione spettrale

p=> prlve) (Uil
p

and as we show before

p° =) pi [ (vl
p

Zpk Zpk =

in fact

> me)? Zpk +) ey

k#j
where ppp; > 0. In the case of a pure state the inequality becomes an equality.

Yomi=1 <= > pp;=0
k

oy

In effect there is just a pj different from 0, and equal to 1.

Is in common use identify both the statistical operator and density matrix with the same
notation p and rarely the name statistical operator is used in literature. Density matrix indicates
both statistical operator and density matrix.

17



1.4 The Bloch Sphere

Let us consider a two dimensional Hilbert space . The system has two degrees of freedom. Let
{10),|1) } denote a basis of H. A generic density matrix on H has the form:

a b
p-(c d) a,b,c,d e C

Therefore in principle there are eight degrees of freedom, but we can apply the proprieties of
statistical operator

e p is self-adjoint

these represents four constrains:

d* =d=ps
b=c*"= Te — 1Ty
2
therefore )
Ty — Ty
p1 5
P = )
Tz Ty
9 b2

So now we have four degrees of freedom.

e Trace of p is equal to 1
Trjpl=1 = pitp=1

This is one further constrain, so we can re-define them

_1—1—7“2
p1 = B
1—r,

p2 = B)

So we have

18



14+7r, 1 —iry

1
pP=5

2 re tiry 1-—r7,

1 1 0 0 1 0 —2 1 0
:5 +T1: +Ty +rz

0 1 1 0 7 0 0 -1

_I—i—r‘a

2

where o = (0,,0y,0.) and r = (x,y,2). This is the generic form of a two dimensional density
matrix. Let’s consider the square or p

I+r-o\® 1
p? = <2 > =1 I+2r-a+2rirjaiaj
ij

1 )
=1 I+2r -0+ ]|r||2—|—22n7“jeijkak
ij

in fact
0i05 = 61'7_7'] + ieijkak
So we have
2 1 2
Tr[,o ] 25(1—1—||r|| )
because
Tr([I] =2
Tro;] =0

But we have seen that the trace of p? is bounded

Tr[p’] <1 = |[[r|?<1

and it is equal to 1 for a pure state.

Since r is bounded in modulus, give us a natural representation of the states in a sphere
with radius equal to 1. Every point inside the sphere or on its surface it is a state. This sphere
is called Bloch sphere. The state of the system is completely determinate from r called Bloch
vector. If r indicates a point on the surface then the state is pure, if r points inside the sphere
then the system is in a statistical mixture.

19



We can represent the identity matrix I with

1
P=3 = r =0 is the center of the sphere

or a generic pure state
a,beC

|Y) =al0) +b]1) with
lal? +[b]* =1

expressing a and b as

a = ae'®
— a?+p%=1

b= feX

SO We can express

Q= cos 5
— ain @
B =sin g

and we obtain the form for a generic pure state

) = e cosg |0) 4 e'X Sing 1) = €' cosg 0) + ') sin 5 1)

where €% is an unimportant phase, therefore redefining ¢ we obtain the most general represen-

tation for a pure state for a two dimensional system

20



0 » 0
|9) = cos = |0) + €' sin = |1)
2 2
The density matrix associated to it has the form

0 . 0 0 . 0 0 6
p=v) (W = cos? 3 |0) (0] + e~ *# cos 3 sin§ |0) (1] + €' cos 3 sini 1) (0] + sin? 3 1) (1]

So in represented form

cos? g e~ cos % sing Itr o
& 0 i 0 0 -2
_7/(,0 0 . 0 < 2 0
e " cosg sing sin” g
Therefore
1+r
5 z:coszg — T‘ZZQCOSQ% — 1 =rcosf
r . . .
Ex:cosgo cos§ sinf = 1y =cosp (2cosd sin%) =sind cosyp
r . . . .
Ey:smgp cos% smg = 71y =sinf singp
So
r = (sinf cosg ,sinf sinp ,cosf)
This is the representation of r in spherical coordinates, with ||r|| = 1. The basis { |0),|1) } is

represented in Bloch sphere with

|0) — (0,0,1)

|1) — (0,0, —1)

Next is shown an example of a pure state on the Bloch sphere.

21



[16=1.037, ¢ =5.906} |qubit)=( 0.869 )

0461 -0.182¢

1.5 Quantum Mechanics In The Language Of Density Matrices
We can now rephrase the axioms of quantum mechanics in the language of density matrices.

1. States To every physical system is associated an Hilbert space H. The possible states of
the system are represented by density matrices p.

p=> prlvw) (Wl
k

2. Evolution The density matrix evolves according to the Schrodinger equation:

L d L d , d
inggen = S [y o] ol ) | G o
where
) = H )
dt k) — k
i (] = (el H
dt kl — k
Therefore
1h£pt = [H, pt] with initial condition pg = p

This is the von-Neumann-Liouville equation. Nothing to be surprised about. It is
nothing more than the Schrodinger equation just expressed in another formalism.
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Let be U; the unitary evolution operator associated with the Schrodinger equation.

U, = exp {—th]
So we have
[ve) = Ut [o)
then
pe = UipoU]

In fact if we suppose to have

=S Y ()
k

then

pr=) D ‘wt(k)> <¢t(k)‘
k
= > s [u?) (ul%| U
k
= UtIOOUtJr

This relation is obtained just applying the linearity of U;. Let note that for the ciclicity
of the trace one have

Tr[p] = Tr [UtngtT] =Tr[po] =
because Uy is unitary then
Ulu, =1
The trace is preserved, as it should be. Physically, it means that the probabilities are

conserved. The Schrédinger equation shares this property.

Also the trace of the square density matrix is conserved:
Tr [pﬂ =Tr [UtpoUtTUtpoth =Tr {Utpopoth =Tr [,0(2)}

this means that
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— Pure states are mapped in pure states according to Schrodinger dynamics. This is
not a surprise, since a vector remains a vector under the Schrodinger evolution. It
does not become a mixture.

— Statistical mixtures are mapped into statistical mixture under the Schrodinger dy-
namics. They cannot become pure. This is also not a surprise, for the same reason
as before.

The main difference between Standard quantum mechanics and quantum mechanics for the
open quantum systems is that the dynamics is no longer expressed by the von Neumann-
Liouville equation but by a different one. Its results that a pure state can become a
statistical mixture and reverse a statistical mixture can become a pure state.

. Observable Quantities The observable quantities are represented by self-adjoint opera-
tors on H:

A— A: Alay) = ay |ay)
This operators can be expressed in spectral decomposition form:

A=Y "anan) (an]

. Outcomes of measurements The possible outcome of a measurement of an observable
A are the given values of the corresponding self-adjoint operator A. The outcomes are
randomly distributed, and the probability of obtaining the outcome a,, when the system
is represented by state vector p, is Play)].

With
p="> i lvr) (Wl
k
one have
Plan] =Y prl{anlye) P =D pr (anlve) (Velan) = (anlplan)
k k
We can define P,, as the projection operator associated to the eigenvalue a,,.
P = |an) {an]
then we have

Plan] = > prTr [Po [h) (]
k

because if we consider a basis { |a,,) } of H that contains also |a,) we have
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<am’a’n> = 5|am>)lan>

therefore
Tr [Jan) (anltk) (Yl = (@mlan) (anltr) (rlom)
- 26|QM>7‘GH) <a”‘wk> <¢k’|am>
= (an|¥k) (Yrlan)
So

Plan] =Y prTr [Pn [¢) (xl] = Tr [Pup]
k

where we use the linearity of the trace.

The average value of an observable A for a pure state |¢) is
(A) gy =D anl {anly) I?
n

this is the same result we obtain for standard quantum mechanics. For the reason before
we can express that average like

<A>|¢> = Z anTr [Ppp) = Tr

Z anPrp

therefore
This results is also valid for a statistical mixture.

5. Collapse of the wave function At the end of a measurement process, where the outcome
an has been obtained, the system collapses to

p=> _prltr) (Wl = lan) (anl
"

The collapse of each vector |psi) in |a,) is equivalent to the collapse of p in P, = |ay) (an]|.
It can be written also as

N PrpPn
’ Tt [Prp]
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This is called selective measurement. The division by the trace is necessary for keeping
the trace of p equal to one. One now can easily describe also a non selective measure-
ment, when more that one outcome is retained. We suppose that in a measurement of a
observable A, all the outcomes are retained:

. . B 9
[¥) MEASUREMENT |an) with probability Pla,] = | (an|¥) |
Then
PrpPn,
Tr [P
r= Z Tr Tr [Pap]

we generate a statistical mixture, where there is a probability of Tr [P, p] to collapse in the

state P’H;P"], therefore the non selective measurement is expressed as

p = > PupPa

In this case, a pure state can be turned into a statistical mixture

> Pn anPmme]

nm

2
(Z Pinn> = Tr

but P, P = Pronm

2
(ZPinn> =Tr ZPinnp]

=" Tr{lan) (anlplan) (an] o]

n

where (an|plan) € C

2
(Z Pnppn> = Z (an|play) Tr

n

= Z | {an|plan) |2

n

> Pop

but | (an|plan) | < 1, therefore

2
(Z Pnppn) < Z (an|plan)
=S [Pug] = Te[g] = 1
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So we have

2
Tr <Z Pnppn> <1

i.e. we can have a statistical mixture after a non selective measurement starting from a
pure state.
1.5.1 Entanglement

Such as we consider the entangled states in the standard quantum mechanics, we can consider
the entanglement in density matrix formalism. For a bipartite system, i.e. the total Hilbert
space H is define as H = Hy ® Hao, if the statistical operator of the entire system can not be
expressed as linear combination of statistical operators of the two systems alone

p# > Nipt @ p?

ij
therefore it is a entangled state. If p can be instead expressed in that way, with conditions

)\ijZO eR

2ijdig =1

pgl) and p§-2) Vi,j are good statistical operators

therefore p is a separated state.

Example Consider the state |¢)) € H; ® Ha as
9= =0 @ o) + 1) & |1)]
The associated statistical operator is
p = 19} (01 = 510710} 01 {01+ [1) 1) 11 (1] +10) 0) (1] 0] + 11} |1) 0] O]
= 5110) (01 ©10) 0]+ 1) (1] © 1) (1] +10) (1] ©10) (1] + 1) 0] © 1) (0]
If there was be just

£ 00) 01 ©10) 0 + 1) (1] @ 1) (1)) = Y- v @ 2
ij

the state will be separable. But there are also terms as |1) (0] that are not statistical operators.
Therefore the state p is entangled.

In general to understand if a state is entangled or separable is not so easy as we see. There
are some criteria for study it, for example Schmidt decomposition or the partial transposition,
but is not the aim of this course.
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Example Consider the hamiltonian H of a two dimensional system.

1 0
H=0,=
0 -1

Let be, just for the example, 7 = 1. The state p of the system can be represented by the Bloch
vector r:

B I+r-o . r-o
T2 ="
Therefore, equating with the von Neumann-Liouville equation

r-o
2

p= —i[H,p] =

we obtain

I o 1 )
5 =5 o2, 1] — 2%:7% (02, 0%)

but [o,,I] =0 and [0, 0%] = 2i ), €, joj. So one obtain

r-o
2

=130y + 1y(—0y)

Since the set { I,0,,0,,0 } is a basis of space of 2 x 2 matrices, therefore we can express the
three coefficients along the three components of o by themselves.

Ty = —27y
Ty = 27y

7, =0
So 7, and r, have a oscillatory behavior:

ry = cos 2t
ry = Sin 2t

rz = CONSTANT

The dynamic is an oscillation around the z axis of the Bloch sphere, both for pure states and
for statistical mixtures.
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1.6 The Reduce Density Matrix

Perhaps the most important application of the density matrix formalism is to describe a sub-
system of a composite system.
We have two systems A and B. Their Hilbert spaces are H4 and Hp respectively, suppose

their dimensions are respectively N and M. Let { }¢ﬁ> }521 be a basis of H4 and { !(;5,];3} }:;I:l
a basis of Hp. This basis are between the othonormal, i.e.

(#5]dn) =0

A generic statistical operator describing the composite system is

A B A B
pas = ) _ ok [Vie) [v7) (wit| (v7|
kj
This statistical operator can be represented by a square (N - M) x (N - M) density matrix.
Suppose we are interested only in the properties of subsystem A, for example because we
cannot control or we have not direct access to system B. Therefore, the observable quantities

we are interested in have the form

A®Ip

The average value of this kind of observables is

(A@Ip) =T [(Ae Ip)pas] = 3 (6] (65| [(A@ In)pas] |65} 011)

=3 o (| (R [(Ao I [wit) [wF) (wit| (w]]] |08 [62)

nm  kj
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Here A applies to ’1/),;4> and I to ‘@Z)}B>. So we obtain

(Alp) =) (¢4

n

5 <¢z|pAB|¢£z>] o)

m

Therefore

(A) = v {A p(A)}

where we define p(4) as reduce density matrix

p =TeB) [pyp]

This is a statistical operator acting on H 4 and can be represented by a square (N -1) x (N -1)
density matrix. Unlike the typical trace operation, the partial trace gives an operator and not
a scalar value.

e Comment 1. The reduce density matrix is the matrix obtained by performing a partial
trace over the degrees of freedom of the second system, i.e. system B. Unlike the typical
trace operation, the partial trace gives an operator and not a scalar value.

For compute the partial trace we have to consider the if the is factorized or entangled:

a. For a factorized state we can express
PAB = PA D pB
for example this state can be [04) (04| ® [05) (0p|. Then the partial trace is
P =T [pap] = TrP) [pa @ pp] = pa I [pg] = pa
as we would expect p() = py.

b. For a entangled state we cannot express the total density matrix as shown before.
There is without sense consider the density matrix of the system A or B alone. In this
case if we want describe only the A system we have to consider the reduce density
matrix. For example consider the totally entangled pure state |¢4)

|04)108) +|14) |1B)
\/§

[P4)

the associated density matrix is

pap = 1) (ty | = 104) |OB>:/L§|1A> [15) (04l <OB\\J/r§<1A! (1]

= % [104) 105) (0] (08| +104) [08) (La (1| + [14) [15) (04| (05| + [14) 1) (14| (15]]
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Then performing the partial trace we obtain

p = Te®) [pap] = (08]pasl0B) + (1p|pan|ls)

- % [104) (0a] + [14) (1a]] = %IA

Note that pap is a pure state, while p(*4)

transform pure states into mixed states.

is a mixed state. The partial trace can

Of course, in order to be a good definition, p(Y) = Tr(B) [pAB] must still represent a density
matrix.

— Of course it is a linear operator, since the partial trace preserves linearity.

— It is positive

Walp@a) = WA Te® [pap] |¥0a)
=" (Wal (6B |pasleB) [va) > 0

because p4p is a positive operator, so

Viga)lon) EHa®@Hp  (Yal(dnlpasloh) lba) >0

— the trace is one

T (o] =3 (61pDlert) = 3 (62T [pas)67)

n n

= (¢ (5 paBloR) |6n) = Tr[pap] =1

nm

So it is a good definition

e Comment 2. The above formula states a very important property. If we want to compute
physical predictions regarding subsystem A alone, we do not have to consider the entire
density matrix pap. It is sufficient to work with the reduce density matrix p(4).

p) contains all physical information about the subsystem A, when we are not interested
in knowing the properties of subsystem B, i.e. the observables have the form A ® Ip.

e Comment 3. The partial trace is the unique way of obtaining the desired information
about subsystem A starting from the density matrix pap. In fact, physical consistency
requires that, given the association

pap = PN =F(pap)
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then it must be
Tr(A) {Aﬁ(A)} =Tr[(A® Ig)pan] VA observables acting on H 4

The physical quantities computed in the two ways, with p4) and 5(4), must be the same.

The space of the bounded hermitian operators is a Hilbert-Schmidt space B(#) associated

to the Hilbert space H, where B stands for bounded operators space. B(H) is defined as
BH)=H®H"

where H* is the dual Hilbert space associated to H. In B(#) the inner product is defined
as

(X,Y) = Tr[XY]

(4)

Let { M, } be a basis of B(H4), so we can decompose ) on this basis

ﬁm:ZMﬂmeq

this decomposition is the equivalent of the decomposition in standard quantum mechanics
of state [¢)) on a basis { |j) } of H

v) = Z 1) ()

Notice that the composition on a fixed basis is unique. Since we have the above property
for all operators acting on H 4 theirs mean value is

Tr(A) [Aﬁ(A)} =Tr[(A® IB)paB]
therefore this is valid also for each M,
Tr(A) [Mnﬁ(“‘)} =Tr[(M,, ® Ig)pas]
so we have

P =" M, Ty (M, @ I)pas]

Consider the reduce density matrix p(*) and consider its decomposition on the same basis
{ M }
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P =3 M, T [ M, ,;A)}

applying the definition of reduce density matrix we obtain

P =" M, T [MnTr(B ) [PAB]}

- Z M, Tr (M, ® Ig)pag]

this is the same result we obtain above, so
PV = = Flpap)

Therefore the partial trace is the unique map from total density matrix pap to the reduce
one p) that satisfy the relation for the mean value of the operator A acting on H.
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Chapter 2

Axiomatic Approach To Open
Quantum System

In this chapter we want apply the reduce density formalism to study a very common situation
in nature: a physical system A interacting with the surrounding environment E as in the next
figure. This is an open quantum system.

A+E - universe

E - environment

A - system

O

2.1 Decoherence

In many experimental situations, it is impossible, or difficult or not strictly necessary, to isolate
the system under interest from the noise coming from the environment. We want to take
these effects into account. Consider the above figure with system A represented by a particle
interacting with an environment E made of gas. We want to study the dynamic of the reduce
density matrix p(4) of the open system A.

Considering the system A isolated its states is suppose to be

1
V2
where we are supposing that |u) and |d) represents some wave functions well localized in space

and are not necessarily orthonormal. For example can have little tails going to infinity as
gaussians in next figure.

%) [lu) + [d)]
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|u) represents the state of the particle A going upwards and |d) those going downwards.

Suppose from a certain time the system A hits a molecule of the surrounding gas. If the state
of A is just one of the two above states and the interaction with the environment do not imply

big changes in the state of A, we obtain without consider the time evolution
= [¥) = |uv) ©|¢F)

[v0) = |u) @ [¢R)

gas particle . 24 gas particle
f Particle A

O Particle A

The gas particle is scattered away from the particle A. Otherwise we have
o) =1y @ |ox) = [¥) = |d) @ |0 )

. gas particle °
N

.
N\
S
N
N\

O gas particle
N @ Particle A
Qq

Particle A

The gas particle is not scattered away.
If we suppose that the particle travels in the superposition of this two states for linearity we

obtain
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1
V2

1

V2

this state is entangle, in fact if we do a measurement of the state of the particle and we get |u)
therefore is certain the state of the environment is |¢%). Analogue it happen if we obtain state
|d) from the measurement, the state of the environment collapse in ‘(de>.

Suppose we do not have direct access to the state of the environment and we want to study
just the A system. We have to consider the reduce density matrix, i.e. the partial trace over
the degree of freedom of the environment. Suppose the Hilbert space Hg of the environment is
two dimension and { |o%) ‘¢%> } is basis of this space and p4p is the density matrix of entire
system (particle A and environment E), we can compute the partial trace as

W) = = [y + D] @ lom) = 18) = —= [lw) @ (o) + |4) @ [o)]

_ L

pag = V) (Y| 7

) @ |ig) + |d) ® (0% )| - —= | (ul @ (d] + (d| @ (¢%
[ 98)] 75 | (ot

1
V2
P =T [pap] = (8%l panldl) + ($lpasdb)

=8 |3 [l ul + (o) 1 a1+ (010 ) Gul + 1) e

Considering the basis { |u) , |d) } of H 4 therefore we can represent the reduce density matrix
at initial state, p(()A) = | W) (¥gl, and after the interaction with environment, p(4) = |¥) (¥|:

Before After
11 1 (¢%10%)
A 1 1 EIPE
P(() ) = B = P(A) =5
11 (p%lo%) 1

The effect of the interaction with the environment is to modify the off-diagonal elements of the
density matrix, with represent the interference terms. The diagonal terms remain the same, in
general can vary but trace must be conserved. Since in our example |¢%) and {¢dE> represent
two different states with a little overlap, as shown in figure above, therefore we have

[ (6l6h) | = \ [ do ot @t ~o0

Then the effect of decoherence is to suppress the off-diagonal elements. Since the off-
diagonal elements represent the possibility to measuring interference among the different terms
of the superposition, the effect of decoherence is to destroy such interference terms. In fact in
typical double slit experiment we have
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where the blue graph represents the experiment without an interacting environment and red
graph represent the absence of interference terms do the presence of a strong environment.

e Comment 1. Our assumption of | (¢%|¢%) | ~ 0 is often exaggerated. Not always the
effect on one particle of the environment is so dramatic, we can consider

| (phlo%) | S 1

But then one has to take into account that there are many particles in the environment,
therefore

(GEI0E) = (SE1ldE1) (PhaldE) - (BhnldEn)
where (¢%.|¢%,) is the term relative to i-particle of the environment. So we have
[ (DEileEi | S 1
N
{

N—+4o00
—_—

Ol %) 0

i=1

we see therefore a dynamical effect. As time passes, more and more particles of the
environment interact with the particle A and cause decoherence, i.e. t « N. So we expect
a behavior of the type

w1 1 1 1 1 0
_ 1t totoo  (4) _ L
Po 9 — P 9

1 1 0 1

there is a complete loss of coherence.

e Comment 2. the density matrix diagonalizes in the position basis. In fact the two
states |u) and |d) refer to two different configuration in space of the particle.

The reason is that most interactions in nature mainly depend of the position of the two
systems interacting to each other. For this reason, position is selected as the natural basis
where diagonalize the density matrix.

One of the effects of decoherence is to transform pure states into statistical mixtures. This
means, as we have seen before, that the dynamics of the reduce density matrix cannot be
given by the Schrodinger equation. The evolution of the reduce density matrix can not be
obtained from the action of a unitary operator as in the Schrédinger i.e. von Neumann-Liouville
equation

d
ihapt = [Ha Pt]

In presence of an interaction it is not like that. This is not a surprise, because the particle is
not isolated, but interacts with the environment, and we trace the environment away. We have
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to asking ourself what is the proper dynamics for the reduce density matrix?

There are two approaches:

e Derive the general form, from general considerations. This is the axiomatic approach. We
are looking for equations that we can always apply. This approach will be next describe.

e Derive the effective dynamics from the underlying microscopic dynamics, i.e. from the
Schrodinger equation for the total system. This approach we be describe in the next
chapter.

2.2 Linear Evolution

We start our analysis on the general form of the evolution equations for density matrices.

Let S be the physical (open) quantum system under study and H the associated Hilbert
space.

Let T(#) be the Banach space of self-adjoint trace-class operators equipped with the trace
norm. Density matrices belong to this space, since a positive operator is automatically self-
adjoint and a trace-class must have a finite trace as a density matrix.

Let p be a density matrix and T;(p) represent its time evolution, as an operator applied to
p. Ti(p) is a temporal map such that

T, : T(H) — T(H)
p = Tlp) VteRF

We want to argue that 73(p) must be a linear operator.

Lemma Let H be a finite Hilbert space and { |¢;) },_, ,, and { |[¢;) } two sets of vectors
of H.
Let be p; €]0,1], i =1...n and ¢; €]0,1], 5 =1...m.

Let also

j=l.m

D piloi) (ol = a5 105) (W
i—1 =1

This equality describes equivalent ensembles. Then there exists a Hilbert space H’, a vector
|x) € X ® M and two orthonormal basis { |o;) } and {|3;) } of H such that

) =32 vpile @ lai) = 3 v/ag 1vs) @ 18)

Proof. Assume n > m.
Let be H' = C™ and { |;) } a basis of H'.
Let E be the space spanned by the set { |¢;) }. Obviously one obtain
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{rveH [sz@ @] —0}l

Therefore E is also the space spanned by the set { [¢;) }. Consequently exist a transformation
from the set { |¢;) } and { |¢;) } and reverse.

|60) =) bijlpy)  Vi=1...n
J
where b;; = (1;|¢;) and hence
X) = Y VPild) @ lai) =D /pibig 1) © |as)
i ij

= Z ;) ® Z VDibij \o@]

so we can define
‘5j> = Vbibij la)

this set of vectors must be normalized

(B;1B1) = Z\/@\ﬁbwbkz (ovilam)
—Zm\/»b@]bklézk
—sz

Without loss any generality, we can assume the set { [1;) } to be orthonormal. In fact we can
orthonormalize this set defining

S0y (0l = e[ (i
j=1 k

where A\ are the eigenvalues of projectors ‘@k> <1Lk’, this is a spectralization of the set. If the

following equations are valid for { ‘¢k> } therefore are valid for { [¢);) }. So we do not lose
generality and we obtain

<wm|¢l> = Om,l

Applying the above definition of b;; of the transformation we obtain
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Bj|ﬁl sz QS@’wJ <wl’¢2>

= (4] Zpi |61 w] ;)

= (¢ ZQJWJ] (Wil [¥5) = aj05,

therefore we have the normalized set { [3;) }

)= —= )

So

= Z VDi i) ® |as) = Z Vi [¥5) @ 15;5)

Theorem Linearity of the evolution map T;
Consider the following situation

Alice Source of entagled pair |x) Bob

Qe @ >0

There is a source of an entangled state |x) as defined in above lemma that send a part of
the pair of particles to Alice and the second part to Bob, who is long far away from Alice.

Alice can do measurement of two operators, A and B , and Bob just observe his part of the
state of the system.

A=Y, 0 |as) (o

B=3,818) (Bl

Suppose if Alice do a measurement of /1, therefore Bob observe

A~

A = p= sz' |#i) (il

Bob do not know the result of the measurement, so he have a statistical mixture. If Alice do a
measurement of B
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N

B = p=> ) (Wl
J

All the statistical mixture Bob can obtain are prepared in this way from Alice starting always
from a entangled state |x) € Huarice ® Hpop- Obviously that statistical mixture are between
them equivalent because, for the impossibility to send informations faster then light, Bob can
not know what Alice measure.

Suppose Bob do not do any measure but his particle go into a gas. Therefore will be an
interaction with it and the particle evolves with T;. Since we don not know in which state is the
particle we have to maintain the structure of statistical mixture and apply the evolution to the
basis { |¢;) } and { |¢;) }. So we obtain

T

2. pil¢i) (il — 2T |90 (9ill = p1

T

24 ) Wil = 20T [lYy) (Wl] = p2

We have the equivalence of the two density matrices after the evolution do the interaction with
the gas, in fact otherwise Bob can know what Alice measure. Therefore T; must map equivalent
ensembles into equivalent ensembles.

Ty : pr Ti(p) = sz‘Tt(\@) (i)

where this is valid for any decomposition of p. This is a good definition of 7T} such as do not
depends from the chosen basis.
There we can consider two possible decompositions of p

p=2_;Dilpi) (&l

p = A1p1+ A2p2

where

p; = Zp;(cj) ‘¢§€j)> <¢§€j>‘
k

So the evolution of p can be done in two equivalent ways, the first one is the direct evolution
of p, i.e.

Ti(p) = ZpiTt(w )

The second one the evolution of the two density matrices p; and pa:

Ti(p) = MTi(p1) + A2Ti(p2)

=23 (|l (o)) + 20 o (|o) (o)
k k
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As we show this two evolutions are equivalent therefore

Ti(p) =Ty (Mp1 + Aep2) = MTi(p1) + AaTi(p2)

So T; is a linear evolution map. For physical reasons the linearity of T; is stronger of the linearity
of Schrodinger equation, in fact is not possible to do a similar proof using [¢)) € H instead of p.

2.3 Quantum Dynamical Semigroups

Let B be a Banach space. A family { T3,t € [0, +oo[ } of bounded'® linear operators on B is
called a strongly continuous semigroup of operators if:

1)
Tt+s = TtTS Vt, S Z 0

2)
To =1 identity operator

3)
lim ||Tiyn(z) — Ti(z)|| =0 Vt,h >0, Vex € B
h—0+

There we call that group strongly continuous because there exist a weakly continuity but we
do not use it. The { T} } as above defined is a group, i.e. a semigroup such the time parameter
t is non-negative defined, ¢ > 0. In general a group G is defined such that

Vg€ G dg € G such that gg =0

e Comment 1. T; is to be physically interpreted as the time evolution operator which
brings the state x from time ¢t = 0 to time ¢. This is the reason for assumption 2), for
t = 0 we have to obtain the same state p

Ti—o(p)=p=To=1

e Comment 2. Assumption 3) implies continuity, from the right, of the evolution, which
is also a reasonable assumption. Usually we work with continuous dynamics, there are
non-continuous ones but we are not going to work with them.

e Comment 3. Assumption 1) implies the Markovian nature of the evolution. Con-
sider a system at ¢ = 0, how evolves in time?

' A bounded operator T is such that ||Tz|| < C||z|| Vx € D(T), where D(T) stands for domain of 7'
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There are two possible dynamics:

— Markovian dynamics: The knowledge of the state of the system at ¢ = 0 is sufficient
to predict the future evolution. The future is separated from the past. In this kind of
dynamic we find the newtonian mechanics, the electromagnetism, statistical physics
and Schrodinger evolution. The property of this kind of dynamics derive from the
properties of differential equations: known the initial conditions one can derive the
solution for every time ¢ > 0.

— Non-Markovian dynamics: The knowledge of the state of the system at ¢t = 0
is not sufficient to predict the future. This kind of dynamics typically is related to
integral-differential equations as

d t
= / ds F(z(s))

—00

The nature follows a markovian dynamic, but nothing tell us different. In case of inter-
actions with the environment in general there are non-markovian dynamics. Consider a
particle who go into an environment. Suppose the environment interfere on the particle as
function of how the particle changes the environment when it entering in the environment.
If the change that particle imply are less of the typical fluctuations of the environment
therefore the dynamic is still markovian. If the change is grater then the dynamic can
become non-markovian.

We define the generator of the semigroup as
where

Then one can prove that

a) D(L) is a linear submanifold of B and L is a linear operator.
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b) Let € D(L), then z; = Ti(x) € D(L) for all ¢ > 0. Then

d
%l't = L(l’t) Vit > 0

In this sense L is the generator of the semigroup. Physically this equation is very impor-
tant. Therefore

T = Tt(l‘) " 6Lt " T

It is at the generalization of the exponent formula. It is not the usually exponential but
behaves as that.

This is a differential equation, with means that the future evolution is determinate by the
present state only, not by its past. This is a strong assumption, not always true in nature
(non-markovian dynamics). But it is convenient for modeling many important physical
situations. In our case, this assumption is true when environment correlation time is much
shorter that the relaxation time of the reduce system. Also, we consider only first order
differential equations for density matrix, not higher order ones. It happens that the typical
equations of the dynamic are expressed in terms of % and not just %. There one can
always bring back from a problem of second order to a system of equations of first order.

In case of Schrodinger equation we have as generator

in fact

i

= L(py) = N

— H
dt’ot [ 7,0t]

is the von Neumann-Liouville equation. So L is the generator of the Schrodinger dynamic.

c) D(L) is dense on B, and L on D(L) is a closed operator.

An important question is to give necessary and sufficient conditions for an operator L to be
the infinitesimal generator of a semigroup. In functional analysis the theorem of Hille-Yosida
impose this conditions on L to be a good generator of the semigroup, i.e. impose conditions to
the hamiltonian to be a good hamiltonian.

Let A be a bounded operator. A is called trace-class operator if exist and is bounded its
trace norm ||A||

I1A]] = Tr [x/ﬂ}

Since A is bounded, A exist. Then ATA is a positive operator and one can define the square
root operator, so VAT A exist. The set of all trace class operators T(H) is a Banach space with
associated trace norm ||A||.
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Statistical operators are a special type of trace class operators. They are also positive, thus
self-adjoint.

A family { T}, t € [0,+00[} of bounded linear operators on T(#) is called a quantum
dynamical semigroup if:

1. It is a strongly continuous semigroup

2. If p > 0 then

Ti(p) >0  Vpe T(H) and Vt € [0, +o0]

3. The trace is conserved

Tr [T3(p)] = Tr [p] Vp € T(H) and Vt € [0, 400[

The last two conditions imply that density matrices are mapped into density matrices.
The next step is to characterize the generator of a quantum dynamical semigroup. This is
the content of the Lindblad theorem.

2.4 The Lindblad Equation

Consider a system associated to a N dimensional Hilbert space H. Let p € T(H) be the density
matrix of the system. The density matrix at fixed time ¢ is

p'=Typ)

where T} belongs to a quantum dynamical semigroup. Since T} is a linear operator, temporal
map of a markovian evolution, with respect to some convenient orthonormal basis { |¢;) } of H
we can express the matrix elements of p’ in terms of the matrix elements of p.

N

/

Pij = § Air,jsprs
rs

This is not the standard way of writing it. It is a good way, because we are treating p as a
vector of the Banach space T(H).

Note that { A;, s } consists of N 4 complex constants, so there are 2N* degrees of freedom.
For determine the form of this coefficients we have to impose the conditions on p’ to be a density
matrix.

e hermiticity (p/)f = o/

(p’lbj)T = Z A;S,irpsr

rs
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because for a generic operator A we have
Ay =ay = (AN =dj
And
N N
p;j = Z Air,jsprs = Z Air,jspsr
rs rs
because p is hermitian. So we obtain
A = Air,js

js,ir

since p,s are arbitrary. Therefore, considering js and ir as a unique index, A can be
viewed as a N2 x N? hermitian matrix. It has N? real eigenvalues \* and N? complex
eigenvectors . which satisfy the orthonormality condition

> ELE =0

If we view E as the component |i,7) of a square N x N matrix E%, we can write the
above condition as

T [ 51] = g0
as product of two matrices. Therefore

N N
Tr [Eaﬁﬁq ZZE“ (E) =SS ELEY
7 T

So we can write p;j in the spectral decomposition

N2
= SN Y BB = BB
rs=1 a=1

trace constraint Tr[p| = Tr[p] =1

For the linearity and the ciclicity of the trace one obtain
N2

Tr Z MNEYE—T]p| =0

a=1

This must be true Vp € T(H), therefore
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S g e = 1

a=1

e positivity p/ >0
So if we define for all |v) € H

N2
[0 = E°To) = (o]p/lv) = Y A% (0%[po”)
a=1

but (v|p|v) > 0 for all |v) € H, [v¥) too. The condition A* > 0 for all @ = 1...N? is
therefore sufficient for p’ to be positive, but not necessary.

Example Let H be a two dimensional Hilbert space and

e P

with relative eigenvalues A' = A2 = —\3 = \* = 1. Therefore

1
P = 3 lowpor + 02po2 — 03p03 + )

If we consider p as

P11 P12

P21 P22

we obtain for p’

P22 P12
/

p =
P21 P11

i.e. p/ is just p with its diagonal elements exchanged. Thus, since p is positive, also p’ is
positive, though A3 is negative.

So the condition that for all @ = 1... N we have A* > 0 is sufficient for the positivity of
P, but is not a necessary condition.
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Above we impose just the conditions on p’ to be a density matrix. We have to impose also
the conditions that p’ is a state obtained by a good time evolution map starting from p.

e identity at t =0

A, ie. Aj js, must be the identity matrix. Therefore we can take for t = 0

=N (0) = N E=N*(0) = —1

NoOFN (0)=0 Eo#N? (0) = K“ chosen arbitrary

For o # N? the vectors E® are associated to the eigenvalue zero, therefore must be
orthonormal to EN” and have to spam all the rest of the associated Banach space.

e continuity of evolution We have to impose the continuity of the evolution, therefore for
infinitesimal time dt we must have for p’ = Ty (p)

. 1 .
N? _ _ (N? N2 _

AN (dt) = N [1 C dt} BY(dr) = [I + Bdt}

NFEN? (d) = Codt EN?(dt) = K + Rodt

Like in a Taylor expansion, we consider just the terms to first order in dt. Therefore we
obtain

¢ = Tup) = plat) = NZ X (BepEet)
a=1
=N [1 - CN2dt] \/1N [I + ﬁdt} p\/lﬁ
N2-1

+ ) Ccoat [I?a + }?adt] p [I?“T + éaTdt}

a=1

[1+ ETdt] +

At first order in dt we have

N2-1
p(dt) = p— CN'pdt + Bpdt + pBldt + Y C*dt [Kapf?aq
a=1
So applying the limit
. pldt)—p _dp
lim P P
a0 dt dt
we obtain
d , NZ-1
d—’t) =-CN'p+Bp+pB'+ ) C” [K%K‘ﬂ
a=1
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Because of the structure of a dynamical semigroup, this differential equation holds true
not only for ¢ = 0, but for any time t. We want to simplify this equation so we can apply
another proprieties that a good evolution must have

e trace constraint The trace must be conserved, that implies

Tr [p(dt) — p] = 0
) N2-1
= Tr |~CV’pdt + Bpdt + pBldt + Y Cdt [K%Kﬂ _p

a=1

Applying the linearity and the ciclicity of the trace one obtain

NZ2-1
cN'r =B+ Bt + > coReTRe

a=1

. 2 . .
Since the commutator between CV"I and p is zero we can consider

1 1
C’sz: iCN2Ip—|— §pCNZI
1 N2-1 1 N2-1
=3 B+B'+ ) C*K“K® Pt 5P B+B'+ ) CK*K”
a=1 a=1

So we can replace this expression in the differential equation above

N2-1 N2-1

d 1 e = - g d 1 — — — —
CTQ):_Q B+B'+ ) C°KK*|p—cp|B+B'+ ) C°K*K*
a=1 a=1
N2-1
+Bp+pBi+ Y c° [K%K@T}
a=1
1 1 N2-1
= [2 (B - BT) ,p} ~3 > ¢ [K“K“Tp + pKeK°t — QKQpKO‘T]
a=1

Defininig an self-adjoint operator H as

T R
——H:f<B—BT)
R 2

we obtain the Lindblad form of the equation.
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Example Consider the two dimensional case with

0 0 -1 1
= 1 1 = 1 | —id = 1 0 = 1 0
1 2 3 4
= — E?=— E3=_— Et=_—
V2 |1 V2| i V2| 0 V2| 0
0 1 1

As we show above we have

N
p;j = ZAir,jsp'rs
rSs
For t = 0 we must have p’ = p therefore
Airjs = 030758

So if we consider just two indices m = (i,7) and n = (7, s) we can represent A as

Am,n =

_ o O =
S O O O
S O O O
—_ O O =

m,n

The matrix A is not the identity matrix, but lets p unchanged. Its eigenvalues are
Det[A\]]=0 = MN(1-X)2-)=0
therefore we obtain

{)\ =0 with degeneration 3

A =2 without degeneration

The eigenvalue A\ = 2 is the one associated to E4 = EN?,

Return to the equation, we notice that this form is too generic, we have to impose the last
condition
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e positivity p’ must be positive, i.e. the map should preserve positivity. Since the con-
servation of the positivity is an algebraic problem that became heavier and heavier going
forward with the integration, actually we need a stronger requirement than that, which is
the complete positivity.

Let p € T(H) be a density matrix and 7} a quantum dynamical semigroup. The positivity
requirement implies

Ti(p) >0  Vt>0

However, consider the following situation. Suppose we have a system S immersed in an
environment. The interaction between the system and the environment leads to a time
evolution that is different from that Schrédinger equation describe. Suppose we have a
copy of the system S’ in the vacuum as in the following figure.

environment

@

Suppose that S’ do not evolve in time. Let H and H' be respectively the Hilbert space
associated S and S’. The total density matrix of the two systems is p € T(H') ® T(H).
The evolution of entire system will be a compose map T’

T, =1x®T,

If the map T} is positive,i.e. the predictions on final state of system S have positive
probabilities, therefore T;(p) > 0 for all times ¢ > 0. Although 7} and I are positive, that
does not imply that also I ® T; is positive. Indeed S and S’ are no interacting between
them they can be correlated, i.e. can form a entangled state. So in this case the evolution
of the system S imply an evolution also of the system S’. Therefore we can not factorize
the action of T; on the single states, but we have to consider the evolution of the entire
system. So the request of positivity of the map T} is not sufficient in a general case. We
have to consider the condition of positivity of the map T; = I ® T;. That condition if is
true for all dimension of H’ imply the complete positivity of T;.

The compete positivity of the temporal map is not a physical request, but also mathemat-
ical, so in this way one can characterize the positive maps, in our case the temporal ones.
Considering the mapped state p’ as
N2 t
P=Uen)(p) =Y N (108)p(10E)
a=1

we have to impose that p’ have to be positive, so for all |w) € H' @ H
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(W] |w) = f:w (w] <I®E°‘> <I®E°‘) w) >0

a=1

Considering { x», },, and { ¢, },,, as basis respectively of H' and H, we can decompose |w)
on this basis as

So

(wlpw) = Zv S N G (el (10 B2) (10 B2) ' [xa) o)

mnmn

Expressing p a general linear combination of the two basis

p= 2 CuCinlx)low) (xvl (]

Lk

therefore

N2
<w‘ﬁ/’w> = Z )\Oz Z )\;kn’n’)\mn Z CleZ/l/E%/kE%Z/(;n’ldnl’
a=1

mn,m’n’ kLKl
Let C and D be the matrices that

(Chpt = Cha

Eh

)mn - >\mn

So we can use the matrix notation
(w]F|w) = Z ATy { DTEa] Tr [E‘”DCT}

Choose

. DCt
EP = —— with index # arbitrary but fixed

VN

We can define E in this way, in fact D is the matrix of coefficients of |w), an arbitrary
vector of H' @ H. And C' is the matrix of coefficients of p, but p is also a generic state.
The only restriction is the trace constrain

Trp]=1="Tr [5Té]
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therefore we have just two choices

)

. 3
CT—E— and D=
VN
2)
éT——I and D= E"
VN

In both cases we have satisfy the trace constrain and also we obtain

N2
2
(wiplw) = Y- 2 (6°7) = a7

a=1
but 3 is a arbitrary index, so for all 3 =1... N? we have

>0
The eigenvalues )\’ of A are non-negative. For t = 0 this eigenvalues are defined as

A=N*(0) = N

XFNH(0) = 0

So for ANV* there is no any problem for infinitesimal dt, but for o # N? we have to be sure
that A\ are still non-negative. For infinitesimal dt we defined

NFN? (@) = Ot

therefore the coefficients { C* }, of the Kossakowski matrix have to be positive to main-
tain the complete positivity of T3, i.e. the positivity of T%.

The complete positivity is a condition more restrictive that the simply positivity. Moreover,
like for positivity, the complete positivity is a propriety not just for temporal maps but
for maps in general. For give a general mathematical definition of positivity consider a
positive map A from T(H) to T(H)
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The map A is called n-positive if
(id, ® A) >0

where id,, is n dimensional identity map. If
(idp®A) >0 Vn

therefore the map A is a complete positive map. The condition that (id, ® A) must be
positive for all n is required because we do not know if in the past of the our system was be
some interaction with another system and it was created an entangled state. We neither
know the dimension of the possible entangled system, therefore we require to the map the
most general condition, i.e. Vn.

Notice that one can use the difference between the condition of the simply positivity and
the complete positivity for understands if a state is entangled or not. There in fact some
criteria that use this. The idea is to use a positive but not completely positive map A and
act with its extended map (id, ® A) on a density matrix p. Therefore if

(idn ® A) (p) <0

the density matrix p describe a bipartite entangled state. The map A is called entanglement
witness. Otherwise if

(idp @ A) (p) =2 0

we can not know if the state p is entangled.

We return on the derivation of Lindblad equation. Since the Kossakowski matrix is positive,
we can define

a _ /Co‘}?a

Therefore we obtain the Lindblad master equation

d 1=
Pl H, p] — 3 Z [LaLaTPt +p L LT — QLQPtLaT]

This is the equation for a completely positive dynamic of a quantum dynamical semigroup, is
the equivalent of the Schrédinger evolution but for an open system. The first term is the von
Neumann-Liouville equation, i.e. the generator of a rotation made by the unitary operator

exp [—it[H, p¢]/h]. The second term is the action of the environment on the system. The H is
not the hamiltonian of the system alone, but is the effective one, its consider the environment
in interaction too. It is possible to write the Lindblad equation also in a different way

d ) 1
o « at _ — af ra
dt'ot = h[H,pt]+ Ea [L piL > {L L ,pt}}
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e Comment 1. It is a consequence of this derivation that the Lindblad operators L“ are
not arbitrary operators, because they are restricted by the orthonormality conditions

;

Tr_§+§T}:0 when a = = N?

Tr [E'aE'ﬁT} =5 = Tr I?a} =0 whena#N2,5=N2

Tr I?QXBT} =6 when a # N2,3 # N?
The first condition says that the hermitian part of B vanishes. There is no restriction on

H, which is the anti-hermitian part of B.

The second condition says that Tr [K oJ ] = 0, which implies that I/v/ N completes the
orthonormal set operators, vectors in the Banach space.

The third condition says that the vectors K are orthonormal.

One can prove that a Lindblad equation with arbitrary Lindblad operators, i.e. with
no constrains on the number of the operators and no orthonormality constrains, can be
reduced to a constrained Lindblad equation. This is because we can always redefine L'®
as a unitary transformation of L%

L=y v’
8

Therefore

Z Larlet — Z LBueByent ot
a aBy

— ZLﬁ <Z UaﬁUOWT) il
By

«

- Z LBsBY [t

By
— Z /818t
B

because U*? are unitary operators which are acting on a different Hilbert space that acts
L%, we can consider them as coefficient of the expansion of L'® on the basis { LA } 5 In
similar way
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pL/a L/aT = pLoz LaT

L/aL/an = LaLa’[p

L'epr't = LepLet

e Comment 2. The proof of the theorem was given by Gorini, Kossakowski and Sudarshan
in 1976 for the case of a finite-dimensional Hilbert space, and by Lindblad in 1976, the
same year, for a bounded generator of a quantum dynamical semigroup in a separable
Hilbert space and with index « allowed to run over a countable set. Special proofs for
unbounded operators also exist.

2.5 Example Of Lindblad Dynamics

Example 1) Pure dephasing
Consider the following dynamics for a two dimensional system
d iw A
uPtT Ty 02, pt] — b [pt — 02p102]
i.e. a system with an effective hamiltonian H = wo,/2 and just one Lindblad operator defined
as L = \/\/2 o,. Inserting the Bloch vector

7I+I't'0'

Pt 5

in the above equation one obtain

I+r-a} )\[I—i—r-a I+r-o

r-o=—iw [az, —
2

2 Ty o
The first term gives us

|: I+ r - O':| . .

Oz ———(— | = irgoy —iryo,
and the last one

1
Oy—————0, = 5 I+ 1y(—05) +1y(—0y) +1202]

Therefore

I 0 =0, (—wry — Arg) + oy (Wry — Ary)

equating the coefficient of the three Pauli’s matrices one obtain
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Ty = —Wry — ATy (rp = [0 cos(wt) — rdsin(wt)] e

y
Ty =Wry — Ary = ry = [r9sin(wt) 4 7 cos(wt)] e~
r, =0 r, = rg

In following figures are shown the dynamic on the Bloch sphere and the evolution in time of
mean value of o,,.

20 40 60 80

(a) (b)

So the oscillatory behavior in x and y components is damped. The system tends towards a
mixed state. There is loss of quantum coherence. Only the off-diagonal elements are affected
and exponential damped. The diagonal elements,i.e. r,, do not change. It is a pure dephasing.

Example 2) Damped harmonic oscillator
Consider the following dynamic for a two dimensional system

d w A

%Pt = —25 [0z, pt] — b (pt — 02pt02)

Notice that the master equation is of Lindblad type. Therefore inserting the Bloch vector in the
master equation

d _I"tCT

at” = 2
LW I+I‘t'0' A I+I’t'0' I—f-rt-o-
Y EIE =S

The second term is equal to the second term of the previous example and also the first term is
quite similar.
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so we obtain

AMI+r;-0o I+r o A
—{ L -0, 2t O'z} = §{rm0x+ryay}

2 2

Therefore equating with dp,/dt one obtain

d A w A w
Ept = O0g _Erx + oy _57“,2 - 57";:; + 0, <§ry>

So we obtain how the Bloch vector components evolve in time

Tp = —AT'g
Ty = —ATy — wr,
(72 = wr
If we consider A = 0 we get
T =0 ry = CONSTANT
Ty = —wr, 1y = cos(wt)

(7, = wr; r, = sin(wt)

is an oscillation along the x axis of the Bloch sphere.

—+1

i 1.0
0.5} 1
2 00
-! -05F .
-10 ‘ ‘
0 20 40 60 80
time

(a) (b)

If we put instead w = 0 we obtain
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Fp=—Ary 1y =12 M

Ty = —Ary Ty = 7"26_>‘lt
7, =0 r, = CONSTANT

we obtain an damped dynamic, i.e. an exponential decay of x and y components of Bloch vector.
A pure state can become a mixed state. We loose information about superposition in the z and
y directions.

-1

I 1.0
05 \x |
2 00
- -05F .
—_ 1 .0 L L L L L L L L L L L L L
0 20 40 60 80
time

(a) (b)

The general solution can be obtained considering the second time derivative of one of this
two components, for example 7,

. . . 2 .
Py = —Wr, — A\fy = —wr; — Aty

This is the equation for a damped harmonic oscillator

Ty —|—w2ry + Ay =0

The roots of the equation are

At datwt=0 =  ap=

Therefore there are three cases

1) A>2w = Overdamped case
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3)

A< 2w = Underdamped case

60

20 40 60 80
time
(b)
A=2w = Critical damping case
-10 ‘ ‘ ‘
0 20 40 60 80
time
(b)



! 10
05" ]
00
8 —0.5) ]
—_ l ‘0 L L L L
0 20 40 60 80
time

(a) (b)

Example 3) Chiral molecule

The chiral molecules are important in chemistry and biology. Consider a ammonia molecule in
an ammonia gas. The ammonia, N Hs, is a molecule that oscillating between two states called
chiral with a frequency wp. An idea is given by the following figure

N —

A good way to represent the problem is a potential double-well with two minima in ¢ = +qy/2
separated by a barrier V as shown in figure.

Vo

N
A
—CIO/M Mo/Z

In the limit of low temperature, i.e.

Vo > hwo > KT

where T is the temperature of the gas and Kpg is the Boltzmann constant, the system is well
approximated from a two dimensional hamiltonian H. As custom we denote as |+) the ground
state and |—) the first excited. Since the parity operator P commutes with the hamiltonian
H this two states are also eigenstates of P. Therefore they cannot be localized states. Their
typical shape is shown in the next figure: in (a) is represented (x|+) and in (b) (x|—).
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qo/2

—qo/2 qo/2 —qo/2

(a) (b)

But usually molecules are found in chiral states, which are localized states:

1
L)y —[l+) + |-
D) 5114+ 1-)]
1R) <= [14) - 1-)]
V2
i.e. the state |L) is localized in ¢ = —qp/2 and |R) in ¢ = ¢o/2. In this two dimensional
approximation the hamiltonian becomes
1
H= — W00

therefore the two eigenstates of H are the eigenstates of o:

Notice that the position operator ¢ in this approximation can be expressed as

Q=0
2 z

therefore the two localized states |L) and |R) are eigenstates of 0.

As we tell above, molecules are usually found in chiral states and not in the energy eigen-
states. The reason of this paradox, called Hund’s paradox, is the decoherence that the external
environment implies on our chiral molecule with scattering processes. Since the scattering pro-
cess occurs in space therefore the decoherence occurs in space. So if we consider a real chiral
system in interaction with the environment, we found its states in position eigenstates. For
describing the interaction with environment we can consider the following form for the Lindblad
equation.

d .Wo

%Pt = _2? [Uﬂcnot] - 5 [,Ot - Uzptgz]

where the first term indicates the hamiltonian evolution and the second one the decoherence in
position. Solving this equation one find
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o A/2

ry(t) = 5 (27, (0)w cos(wt) + (r2(0)A + 27 (0)wp) sin(wt)]

where w is the characteristic inversion frequency, defined as

» 2
T 1_(19_)
cr

where p is the pressure of the environment, i.e. the gas, and p, is a critical pressure

\/ 2w8mKBT

Per = —
- oror(q)

defined in terms of the total cross section opor as function of the most probable momentum of

the gas p = /2mKpgT.

10

05

O.O\AA/\/\/\/\

-05F

(o)

-10 . . . I . . . I . . . I . . .
0 20 40 60 80

(a) (b)

This model have a limit of validity, the model works well for pressure values between 0 and
0.7 atmospheres, as shown in figure.
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Inversion Frequency (cm™')

Example 4) Relaxation to zero temperature
Consider a two dimensional system with hamiltonian eigenstates that are also eigenstates of o,
i.e. |0) as ground state and |1) as first exited. The hamiltonian H of the isolated system is

hw
H:7O'Z

Consider the system is in the state |1), because of the interaction with the environment, the
system tends to fall to the ground state, in fact there is no thermal energy, i.e. temperature
T = 0, that can excite the system, so

* )

10)
The Lindblad operator associated to this phenomena is
L= 10 {1] = o~

This operator describe the transition from |0) to |1) with a certain probability. The operator
o~ is defined as

0 =04 — 10y

Its adjoint operator o™ is defining in the similar way with the plus instead the minus.
The Lindblad equation is therefore

d
Spp=—io|owp) — 2 [oto o+ potoT — 20 po

"]
dt 2 2

With the same procedure as before one obtain
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Integrating one obtain

(

74 (t) = [rz(0) cos(wt) — 7,(0) sin(wt)] e~/

7y () = [r2(0) sin(wt) + r,(0) cos(wt)] e~ 7/2

r.(t) = (r,(0) — 1)e 7t — 1

The solution have in 7, and r, damped oscillations with a decay rate of /2, this is a dephasing,
i.e. suppression of off-diagonal elements. And for r, have a relaxation with rate ~.

Example 5) Relaxation to finite temperature
A generalization of the previous example is this one. Consider the same two dimensional system
with hamiltonian of isolated system H as

hw
H=—
2

Oz

The only difference between this case and the previous is that the temperature T is not zero.
Therefore if the system is in the ground state |0) can be excited by the environment to the first
excited state |1) and reversal the system can fall from |1) to |0). We have both the phenomena

|

After enough time the system is described by the thermal state pg, i.e. the state in thermal
equilibrium with the environment, whatever was be the starting state of the system.

1) 1)

—>

|0) |0)

* 1)
%

¢ ---->

0)

e‘ﬁH

Po= Ty [e—BH]
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where (3 is the inverse temperature, i.e. KT = 1/8. Since the hamiltonian is the one described
above we have

BH = (o))"
€ = eXp(_iaz) = exp(aaz) = Z nl
n=0
2 3

a a

:I+aaz+?.7+§az+...
o ot a? )
= 1+7+I+'” I+ a+§+... 0, = cosh(a)I + sinh(a)o,
cosh(a) + sinh(«) 0 e 0 e~ Bhw/2 0
0 cosh(a) + sinh(a) 0 e@ 0 ePhw/2

Therefore the trace is

Ty [e—ﬁH] — e Bhw/2 4 Phw/2

And we have the final form of pg

e*,ﬁ’hw/Z
e Bhw/2 | Bhw]2 0 ) e Bhw
. B2 1+ e A 1

e—Bhw/2 4 eBhw/2

From this form we can consider the two asymptotic behavior. The first one is for T — 0, i.e.
the above example. Therefore 5 — +o0o0 and we obtain

0 O

Pheta ,—B—>
—+00 0 1

so the system goes into the ground state |0). The second one is the limit for T — +o0, i.e.
B — 0. In this case we obtain

1
Pheta —_— o
B—0 2 0 1

so we lose all the information about the state of the system.

For a finite temperature 7' we can express pg in the Bloch representation. Therefore one
obtain
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rey =0
ry =10

e Phw _q tanh Bhw
r, = —== — 11l
| 2

The Lindblad equation that describe this interaction with the environment is

d /
ult = _i% 02, p¢] — % o o pi+proToT — 207 pro ] - %

070 pr+ pro o — 20" po”]
where the first term is the hamiltonian evolution, the second one is the falling process from |1)
to |0) with rate v and the third term is the rising process from |0) to |1) with rate . As in
previous examples one can solve the equation and obtain

+
7o (t) = —wry — 7 27 "
+ /
7"y(75):°‘”"96—7 27 y
r(t) = —(v+ ). — v+

Therefore 7, and r, have damped oscillations, they decay exponentially with rate (y +')/2.
This is a dephasing effect, as in previous example. Instead r, goes asymptotically as r, = 0,
this is the equilibrium state. From this last observation we can derive

Fe=0=—=(y+ ). =7+ = 4 <1—|—tanh (B;M)) —7(1—tanh (%))

Therefore we obtain a relation between the two rates

Y = ye

Therefore for very large temperature we have 7' ~ v, i.e. the excitation and de-excitation occur
with the same rate, and for long times ¢ — +o0o we hare r — 0 exponentially with rate (y+~')/2
and we obtain the completely mixed state.
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Chapter 3

Quantum Brownian Motion

The most important example of open quantum system is a particle, or any other system, inter-
acting with a bath of molecules. This is called quantum brownian motion. Because it is the
quantum version of the classical brownian motion studied by Brown, Einstien and others.

In this chapter we will devire the master equation from a microscopic situation.

3.1 Collisional Decoherence

Consider a particle in a gas, as in following figure

Brownian particle i
I Gas particle

L] L] L]

L] L] : //
L] L] L] (]
. e o . Phe
. I -
° (-
L]
e o
L] L] L]
L]
. ° .
L]
. . .
L] L] L] L]
.
L] L] L]
L]
L] L]
L] L] L]
. .
L] L ]
. .
L ] L]
o o . . .

This is a many particle problem, which cannot be solved exactly. One needs to introduce
some approximations.

PARTE DA SISTEMARE!!!: LE APPROSSIMAZIONI SONO: GAS DILUITO, M;;m

3.2 The Master Equation With Collisional Decoherence

The assumption of heavy particle, i.e. the mass of the brownian particle M is much larger than
the mass m of the gas particle (M >> m), means that if the brownian particle is on perfectly
localized state |x) and the gas particle in a state |x), then the scattering brings in the following
change

scattering

%) ® [x) Ix) ® Sx |x)
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So the heavy particle assumption make that the scattering process change just the gas particle
state |x) and not the brownian one |x). Sx is the scattering matrix, is the representation in
positions of the unitary operator S.

m m
o o
X)L T S
O» ——> O
%) %)

If instead the brownian particle is not perfectly localized but is in a state of superposition
)

) = / & o(x)|x)

Then the scattering process is describe from

scattering

9 @ [x) / P p(x) [x) © Sy [x) = | F)

The density matrix of entire system is
p=|F)(F|

Therefore the reduce density matrix for the brownian particle changes is

oS = Tl [|F) (F]

=18 | [ dhada’ o) () ) (] 8 ) 0 L

The partial trace TR¥ is the trace applied only on the degrees of freedom of gas, therefore
only on Sk |x) (x| SL. If we choose as basis { Sx|x) } of Hilbert space H¥ associated to the
environment (gas) we obtain

o) = [ sl ol () ) (x| (IS Sl
The representation in the position basis of the density matrix p is
p(x,x) = (x|p|x’)

Therefore before and after the scattering this quantity changes
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scattering

p(x, %', 7) = p(x)0* (x') (x| S, Sx|x)

The last term appears as effect of collision, i.e. we call it decoherence term 7n(x’,x). The
effect of the scattering is to modify the off-diagonal elements of density matrix. In fact for the
diagonal elements we have x = x’ and we obtain

n(x',x) = (XI55 Sxlx) = (XS5 Sx|x) = (x|x) = 1

because Sk is unitary.

The interaction is translational invariant. This means that, if we introduce the translation
operator

Ty = efifrx/h

where p is the momentum operator in three dimension. Ty is defined as

T ) =[x + )

It translates the state in space. Therefore we can express the scattering matrix as

Sy = Ty SoT

where Sy is the scattering matrix in the origin of the reference system. We want to compute the
decoherence term

n(x',x) = (x|SL, Sx[x)

We has assumed that the gas particle state is in the generic state |x). In a typical situation,
we have a gas in thermal equilibrium at temperature T'. Therefore the gas particle state is a
momentum state |p) with a associated probability related to the Boltzmann distribution u(p)

u(p) = (5)3/2 esxp [—W}

2mm 2m

with B = (KT)~! is the inverse temperature. The integration over momentum space give us
/ dp p(p) =1

Therefore we obtain
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n(x',x) = /dp u(p) (p|SL, Sxp)
= /dp w(p) <p|€*if)'x’/fl S(T) eiPX' /[l —ipx/h So eif)-x/h|p>

—/dp pu(p)e PO X)/h | GF B (=)0 gy )

To simply solve this equation we consider the two systems, bath and brownian particle, in a
finite box with volume V = L3. Therefore there are not a continuous of momentum states, but
only the ones that are supported by the box. This operation is called box normalization. We
turn the integrals into finite sums

[# = ()%

p

Moreover because of the position representation of momentum states |p)

(xlp) = —=e /"

VL

we have for any operator A

. 1 ) 1 .
A ——/ dx ——e Px/hg_— cipx/h
wldlp) = J dx 7 Vi

These are the properly normalized wave functions. If we apply the limit . — 400 to the sums
we obtain again the integral forms. Therefore the decoherence term become

21h
77(X,7X < ) Zu —zp x'—x)/h <p|ST (x'—x)/h SO|p>

Consider a plane wave that runs over a target particle. The outcome wave is a superposition of a
plane wave and a scattered one, i.e. just a part of the original wave change after the interaction
with the target.
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Plane wave Plane wave Scattered wave

Target particle

Before After

With this consideration we can consider the operator of scattering Sy as

So=1+1T

T is the so-called T-matrix. Therefore we can simplify the previous equation

<p\ST (x'=x)/h g Ip) = (p|[I - zTﬂ o (X' =x)/n [I+iT]|p)
= P29/ (plp) — P/ () (ﬂ - T) p) + (p[TT e =9/0 7p)

If the two systems will be in the free space the bracket (p|p) will be a Dirac-0 in 0, i.e. a
divergence. Since we are not in free space but in a finite box we have (p|p) = 1. Therefore

(pIS] 20 syfp) = @R 1 (] (T = T1) |p)] + (pIT /" Tp)
As we tell before Sy is an unitary operator, therefore we can use this property

I =838y = [I—iTT[I+iT]
—I+i(T-T")+T'T

So

i(T-71) =TT

The previous term become

<p]Sg eif)'(x’,x)/h SO’p> — eip'(x’,x)/h [1 . <p|7'T7'|p> <p|7'T (x'—x)/h T!p>
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With tho simplification we can express the decoherence term as

2rh
n(x',x) = <7T ) Z“ e~ P /M (p| 5] eI/ 5 |p)

21rh 21h
= <Z> ZM < T > ZM p‘TTT‘p>+€ ip-(x'—x)/h <p‘7-T ip-(x'—x)/h T!p>]

p

The first term is equal to one, in fact if we consider the limit of L — +oco

Jim <27Th> Zu /dp p(p) =1

For factorize the 7 terms we have to insert an identity in momentum space, i.e. >, [p’) (p'l,
just after 7.

’ 2 h / / —ip-(x' —x / x —X
n(x,x>:1—(”) ZM (Pl TTIp) (/| TIp) + e~ ¢/ (T ') (/] &P/ T|p)]

2 h ; / /
—1— (77> Z# ) (p|TT1p') (P Tp) [1 — e~ (P—P)-(—)/h]

As we shown before for any operator A we have

A 1 ) 1 .
pAp :/ dx e—zp-x/hA 6zp-x/)‘z
plAlp) v VL VL

So we have to apply this rule for 71 and 7T

1 . 1 .,
TT / :/d = _—ipy/h T* = iply/k
(p|T"|P") Y e (¥) NI

L 1.
(' Tlp) = /v dz e P4 T(a) P/t

Consider the product of these two brackets

BITIB) (01 T1p) = 75 [ dy [ dz e @009 ()7 (2)

_ <”) [ay [ axsmroon ) Tia)
CE) 1/
<27r ) (p—p)|*

2
—itp—p)(y)/n_TY)
(2wh)3

dy e

>t

h\
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where F(p — p’) is the Fourier transformation of 7 (x). Therefore the decoherence term become

9
nx,x) =1 = <22h> S u(p) |[Fp — p)[* [1 — e PP X=0/h]
p,p’

Applying the limit for L. — +o00 we obtain

orh\? oo (s
n(x',x) =1~ <L> /dp/dp/ u(p)[1 — e~ PP/ | F(p — ) 2

We can introduce a time parameter 7 which denotes the duration of the scattering interaction.
Subsequently we will make 7 — 0. Consider the difference between density matrix, i.e. their
representation in position basis, at time 7 and at time 0

p(X, Xl? T) - p(X, X/, 0) = [U(X/a X) - 1] p(X, le 0)

27Th 3 —i(p—p')-(x' —x
= —ptoex0) [[dp utp) (51) [’ [1- eI 5 )

From the scattering theory we know that

/ _L I !
(p|TIP") = 2ﬂhm5(E E"F(p,p’)

where F is the energy of the brownian particle, i.e. the § function correspond to the conservation
of the energy, and F(p,p’) is the scattering amplitude function. So we have

S0%(E — E') |F(p,p")|?

, 1
’(P’T\P>’2 = W

We have a problem with the §2, which gives rise to an infinity: §2(F — E') = §(E — E')§(0).
If we go back to the calculation about scattering theory, the reason for the Dirac-§ comes from
the fact that we have considered the scattering going to ¢t = —oo to ¢t = 400, therefore

+

LT iE—Eyh
o | dt e

J(E—E) =

o0

To solve the problem, like the previous box quantization, we constraint the interaction in time.
We leave a ¢ for the energy conservation, the other one become

6%(E — E') = 6(E — E"6(0)

/ 1 /2 0

T

=0(E — El)27rh

Applying the rules for the change of variables in Dirac-d, i.e.
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5 (f(x — z0)) = qdf(xd; w0

we obtain for £ = p?/2m

2 M7 .
(E-E)=—520p—p)
With this constrain one have
,o(x,x’,T)—p(x, x’,O) —p(x, x O)L3 /dpu /dp /d” p (pfp/)'(xlfx)/h](s(P—p/) ‘.7:(1%13/)‘2
where [ dp’ becomes [dp’ [ di/(p 2. Using the Dirac-6 we have

p(x,x',7) — p(x,x",0) = —p(x,x 0)L3 /dp u(p )m /dﬁ’ 1- e_i(p_pﬁ/)'(xl_x)/h] ‘f(P,pﬁ/>‘2

This equation has two non-well definite terms: 7 and L3. As we consider before the gas is
not formed just by one particle. There are N of them. So we have to multiply the righthand
side of the above equation by N. We can consider in this form the density of particles of
the gas n = N/L3. So instead of using L we use n that is a well defined parameter of the
bath. Technically the time of the scattering process is infinite, but for maintain the markovian
character of the dynamics we have to consider instantaneous interactions, i.e. the limit of 7 — 0.
Therefore the proper way to consider the above equation is

lim p(x,x',7) — p(x,x',0)
T—0 T

= —p(x, X’,O)n/dp u(p)p/dﬁ’ [1—e=P—PA)' =0/ | F(p, pi')|?
m

That is nothing else that the form of the master equation

i p(x,x',t) = —F(x — x')p(x,x', 1)

where
F(x—x') = n/dp M(P):;/dﬁ’ [1— e iP=p) &=X)/M] | F(p pid/)|?

To this master equation we have to add to the hamiltonian term. Suppose, as usual, that the
distribution in momenta is isotropic. So we have

v(p)dpdi

p(p)dp = pm

where
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/O+OO dpv(p) =1

With this assumption we obtain the usual form of the scattering amplitude represented in
position basis

+oo A gl o, ,
F(x —x) :n/ dpy(p)p/dndn 1 —e’p("_")'(x_x)/h] ‘f(pﬁ,pﬁ’)‘Q
0 m 47

This is the main result we wanted to arrive at. We have computed the decoherence effect and
we turned the whole calculation down to compute a scattering amplitude.

We can consider this master equation in two limits.

e Case A: the short wave-length limit or large distance limit

Consider the limit
A < Az =[x — X

where )\g is the typical wave-length of the bath particle, i.e. for the de Broglie relation

2mh
N = 2P
Pbo

with po the most probable momentum in accord to the density of momenta v(p).

10

Py

/ v(p)

1 2 3 4

So the typical wave-length is much smaller than the coherent separation. One can see it
the way around the coherent separation is very large.

Po ASL’
h

M<K Ar = >1

In this limit the complex exponential in the integral will oscillate very fast and thus in
average not contribute to the integral
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+oo o
P dndn N
F (Jx = x| = +o0) Zn/ dp V(p)/ |F(ph, pi)|
0 m 47

but

/ il |F(ph, pi) |’

is the cross section for momentum p = pn and

dndid e
/ . |F(pn, pit)|” = oror(p)

is the cross section for momentum p irrespective of direction. Therefore

+oo
P
F(Jx —x'| = +o00) = n/ dp V(p)%UTOT(P) = 1 (V0) THERMAL
0

where ( ) rprprvap denote the average on the distribution of momenta v(p). The linearity
respect to n is reasonable, in fact the effect of decoherence is much stronger if there are
many particle of gas, i.e. the density of particle n is high. There is a finite limit for
Ar — 400 and it sets an upper bound to the decoherence rate. This is reasonable for
any given separation Ax. There is a wavelength of the environmental particle that allows
for complete resolution of the separation and therefore for maximum amount of spatial
decoherence. Increasing the separation further cannot lead to stronger decoherence.

Case B: the long wave-length limit or short distance limit

Consider the opposite limit, Az — 0. In this limit we can express the exponential as series
and cut off it at the first non null term that contribute to the integral

1 enp (= ) (= x) ) = =l ) (x = %)+ g (= ) - G 3]

the first tern is odd with respect the integral variables 7 and 7’ therefore do not contribute
to the integral

>

i dndn’ . NPUNT
—ppx=x) - [ S G i) [P (i, pit) =0

So we have as first non null term

+o0o 3 A gl
P dndn' ., . 2 L2
F(Az —0) = n/o dp V(p)m/ R [(n — ) (x — x’)] ‘F(pn,pn’)‘

Let us evaluate the quantity

[(A—7) (x— x')]2 = (v-Ax)?
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where v =n —n’ and Ax = x —x’. We use the isotropy of the problem so that we average

over all directions (x — x’) which is equivalent to averaging over all directions of incident
bath particles

(v-Ax)? = 417r/dQ (v-Ax)* =

2 2 1 2
= U(Ax)/ dcos6 / do cos?
47T 0

—1
_ v*(Ax)?
3

In fact v - Ax = vAx cos 6, where 6 is the angle between v and x. Therefore one obtain

(=) (k=) = (=i —x)? =
2 / NN
:§(x—x)2(1—n-n)

4 "

:§(x—x)2sm2§

where 6 is the scattering angle between n and 7#/. So we can express
F(Az — 0) = A(x — x')?

where the coherence rate A is

9 pn [t p> [ dadd) o, (0 YN
A:3h2/0 dp I/(p)m/ i sin (2> !F(anpnl)‘

Without the term sin?(#/2) it would be the total cross section. We can interpret it as the
effective or decoherence cross section.

To summarize the two cases consider the following graph of the shape of F'(Ax)
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Blue graphs represent the two limits of F(Az) for Az — 0 and Az — +o0, the dashed red
line represent the asymptotic shape of F, i.e. n (v0)rprpryar- I the intermediate region is
difficult to compute the shape of F/(Ax). A good ansatz is the gaussian one

e = - o[-

This function is plotted in above graph in green. It have to interpolate the two limits, therefore
for Ax — 400 we have

li F(Azx) =~ =
Axl_)n}roo (Az) =« ”(UU>THERMAL

On the other hand for Az — 0 we consider

2
F(Aa:):'y[l— (1— Az >] = T Az? = A Ag?
T

so one obtain

Therefore F'(Axz) in this ansatz depends from two parameters that are related to the two limits.

3.3 Scattering Of Air Molecules

One of the most important sources of decoherence is represented by an environment of air
molecules. The typical thermal de Broglie wavelength is very short, for example for oxygen Os
molecule
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2x 107" m at room temperature

h
Ap = e~
D OmKgT

2x1079 m at T ~3K

Consider ”dust” particles, with dimension r ~ 107% — 107® m, as the brownian particle. In this
case, it is a good approximation to take the scattering amplitude to be a constant. Such that
the cross section integrated over all directions is simply equal to the geometric cross section 772
of the object

2
/dﬁ |F|* =4r|F? =mr® = |F|*= %

Assume that the coherent separation Az is much shorter that the typical wavelength of the bath
particle. So we use the long wavelength approximation in this case and we obtain

71'7"2 n

A= 32 m <p3>THERMAL

where

“+oo 4
(P*) rHERMAL = /0 dp v(p)p® = F(QWKBT)?’/2

with

Notice that v(p) is obtained by
3 e 2
/d p u(p) = /0 dp 4mp°p(p)

So the coherence rate A is

A= ;%n\/ 2mmr?(KpT)>/?

So the dependence of A to the parameters is

A o n r? T3/?

So for air with normal pressure (1 atm) one have

A~10% cm 257! <L>2 <T>3/2

cm

Therefore consider some examples
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e dust grain (r ~ 1073 c¢cm) at room temperature (T' ~ 300 K) we have

103" em™2s~! normal pressure
A~

1020 cm~2s~! laboratory vacuum

e large molecule (7 ~ 107% ecm) at room temperature (T ~ 300 K) we have

103" em™2s~! normal pressure
A~

10 em~2s~! laboratory vacuum

This means that if for example we create a superposition with Az ~ 10 A, much less that
the size of the object, then the decoherence time

17 there is no hope to see
10" s normal pressure = .
1 quantum interference
T=E—
A(Ax)?
1s laboratory vacuum =- it can be done

The conclusion is

e Because of decoherence effects, quantum superposition cannot be seen for macroscopic
objects.

e [t is possible to observe such superposition, i.e. interference effects, for elementary par-
ticles, atoms, large molecule if a sufficiently high vacuum is created. This is done in
laboratories, and it is a currently ugly hot topic in research.

3.4 Solving The Joos-Zeh Equation
The master equation is

dzgf) - _% [H,p(t)] — F(g,>_;4) p(t)

In the position representation for a free particle one obtain

op(z, 2’ t) KX 0? 0?
ot 2m

5 (z — gz ) ls'.0) = Ao = Pl 1)

For the initial state we consider valid the gaussian ansatz, so we have
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p(z,a',t) = exp [-A(t)(z — 2')* + iB(t)(z — 2')(z + ') — C(t)(z + 2)*> — D(¢t)]

where A, B,C, D are time dependent real coefficient. They are real-valued functions, since p is
hermitian. They have a precise physical meaning. Putting this p in the master equation one
obtain

( . 4

A= "AB+ A
m
BZEBQ—éAC
m m
.4
C =-—-BC
m
e P =2 g
T

This is a set of coupled ordinary differential equations, which can be straightforwardly solved.
Consider the representation of the gaussian state p on the (z,z’) plane.

On this two dimensional gaussian we can consider two half height width:

e The width of the gaussian in the off-diagonal direction, parallel to bisector # = —z’. This
quantity is the coherence length
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e The width along the diagonal direction, i.e. = a’. The density matrix represents the
probability distribution P(x,t) = p(x,z,t) of finding the particle at position = at time t.
This is the ensemble width

In a similar, but less intuitive way, one can find out that the spread Ap(t) of the momentum
distribution is

2
=2 [0+ 210

from which the following uncertainty relation follows

Az(t)Ap(t) = % 5+

This relation ensures that the trace is conserved for any time.

Example Consider as initial state a gaussian one

I
x2+x2

4b?

1/4 x? , 1
Y(x,0) = (W> exp [—4()2] =  p(x,2',0) = 252 P

This state in terms of
p(z, 2’ t) = exp [-A(t)(z — )2 +iB(t)(z — 2')(z +2') — C(t)(x + o) — D(t)]

has

With relatively easy calculations one can find for coherence length

1t) = 1 3t + 8AB*® + 12m?b*
© 2\ 2A83 + 3m2b? + 4A2D2 ¢4 + 24Am2bY

where the dominant contribution for ¢ sufficiently high is 4A2b%t*, so for large times one have

I(t) » —
Q 2At
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This quantity is independent from parameter b. Instead for small times one have
I(t) ~ b(1 — 4Ab*t)

who depends from b. If there is no decoherence, i.e. A = 0, one have
1 [t2 + 4m?p*
l(t) =\ ——5—
®) 2 m2b?

In this case [(t) goes from a constant shape for small times to
1

(t) = —t

®) 2mb

for large times.

1(t)

A=0

+ 4h2

terms. On the other hand for ensemble width one obtain
SAt3

1 12
m2b2 +

A ==
z(t) 2 3m?2

As we expected, the coherence length decreases in time. Decoherence Kkills the interference

The dominant contribution for ¢ sufficiently large is the only dependent from A. Therefore for

large times we have
[2At3

Notice that in this limit Axz(¢) is independent from parameter b, as previously {(¢) in the same

limit. For small times instead we have
2

Azx(t) ~ 2b
z(t) + 2m2b2
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who depends from b. As above we can consider the case without decoherence, i.e. A = 0. In
this case for large times we have

and for small times we obtain the same result as in the case with decoherence

t2

Ax(t)

As is shown in above figure, there is a faster increase in the ensemble width than in the
environment-free case. This is due to the fact that collisions with bath particles increase the
randomlicity in position of the brownian particle.

Example Consider as initial state two gaussian states

where N is the normalization constant. The correspondent p(x, 2/, 0) is the sum of four gaussian
terms, so we can use the previous ansatz and the linearity of the Lindblad evolution to write
the solution. The graphical outcome is for t = 0
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And after some time we obtain

3.5 Increase Of Energy

The off-diagonal elements are killed. The diagonal elements are squeezed toward the diagonal

Let consider the time evolution of the energy E as expectation value of the hamiltonian H in
the long wave-length limit
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d

=Tr |—(H

K pﬂ
"dH dp

— 1 |22, g
e dt]

o
— T | g
"l dt]

Using the form of the master equation in this limit, i.e.

d l

o= —1H,p) -

o g, [g; o]

2

we obtain with ciclicity property of the trace

%E = —%Tr[[H, Hlp] - %Tr[[q, la, H]]p]

For a isolated system we have the conservation of energy, i.e. AE = 0. In this case we have

[H,H| =0
hQ
[qa [Q7 HH -
So we obtain
Y
dt 2m

This is a non-zero quantity. Therefore there is an increase of energy in time. The result is
obtained because we do not consider the recoil of particles in the scattering process and therefore
we do not consider a dissipative term in the dynamic. This is not a physical situation because
the temperature will rise indefinitely. The Joos-Zeh model is therefore a model without the
dissipative term and an infinite temperature. For consider the dissipation we have to add a term

0=~ 30 =1 S [0, = vl ) = olas (oo

where + is the friction coefficient. This new equation give us as time evolution of the energy

E(t) = (EO — ;) e 4t ¢ ;

where 1/ is due to the equipartition theorem.
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3.6 Decoherence Does Not Solve The Measurement Problem

As we shown in previous sections, the overall evolution is unitary. In particular linear, so there
is no collapse.
Consider the following dynamic

dipy )

Wi Ty agw

7 { 3 q t} (n

where H is the effective hamiltonian of the system, ¢ is the position operator and w; indicates a
white noise. Therefore this dynamic describes a system coupled to a noisy environment through
position. This is a linear equation, therefore there are superpositions. However the equation for
the correspondent statistical operator is

= __[H _
dt i [ 7pt] 2 [Q7 [qa Pt“

This is the Joos-Zeh equation. From it we can compute that the off-diagonal elements are killed
by decoherence.

The true meaning of decoherence can be interpreted only within the framework of standard
quantum mechanics. If one makes a measurement, than interference can not be observed.
Which is what happens in real experiments. But then this assumes the validity of the standard
theory, with all the problems we know of.
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Appendix A

Hilbert space and linear operators

Hilbert space
A Hilbert space is a scalar product space which is complete in the metric arising from the
scalar product.

Linear manifold
A subset S of H is a linear manifold if

VIf),lg) €S

+b esS
alf)+0blg) {Va’be C

Hilbert subspace
S is a Hilbert linear subspace of H if and only if S is a linear manifold closed with respect
to the topology of H.

Linear operators

An operator L is linear if its domain D(L) is a linear manifold and it acts on the domain
linearly:

V[9), ) € D(L) al¢) +b[v) € D(L)
Va,beC L(alg) +b[y)) = alld) +bLIY)
For a linear operator also its range is a linear manifold. Its norm is defined as

12/ = sup 1L 1x) 1|
o DOl

Adjoint operator
For each densely defined linear operator £ one can define its adjoint operator £T. The domain
of LT is the linear manifold built from vectors |x) € H for which exists a vector |{) such that

Vig) eDL) — (X¢) = (X Le)
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Therefore |Y) = LT |x). L is a linear operator.

Hermitian operator
A linear operator £ is hermitian if its adjoint operator £! coincides with £ on domain of L.
This is not equivalent to £ = LT everywhere but just in D(L).

Self-adjoint operator
A linear operator £ is self-adjoint if coincides everywhere with its adjoint operator £1.

Bounded operator
A linear operator £ is bounded if and only if

3y >0 that [[LP|[ <) YD) eH

If £ is a linear bounded operator then it is also continuous and vice versa a continuous one is
also bounded.

Eigenvalues of a bounded linear operator
A € C is a eigenvalue of the bounded linear operator £ if and only if

{H'WOGH L) =)

Ix) # 0

The corresponding |x) is called eigenvector corresponding to the eigenvalue A of £. For different
eigenvalues correspond different eigenvectors that are mutually orthonormal.

Specter of a bounded self-adjoint operator
The specter (L) of a bounded self-adjoint operator L is such that

QL) < [=lell [12ll] < R

Positive operator
A bounded linear operator L is positive if

(X|Lx) >0 VI|x)eH

If an operator is positive then it is also self-adjoint.
Trace of a positive operator

Consider a positive operator £ and a complete orthonormal set { |¢,) }. The trace of L is
defined as

n
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The trace of a positive operator is positive and do not depends on the chosen complete orthonor-
mal set.

Trace class operator
A bounded operator L is a trace class operator if

Tr [\/ /52} < 400
or equivalently if exists at least a complete orthonormal set { |¢,,) } that

DL |n) || < +o00

n
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Appendix B

Complete Positivity

The complete positivity is a more restrictive condition that the simply positivity.

Suppose there is a system S associated to the Hilbert space H and we coupling it with a second
system A. A can be a copy of S or any other k dimensional system. To A is associated an
Hilbert space isomorphic to C*. The total Hilbert space is Hror = H ® C*. Consider a linear
map A that maps statistical operators of S in statistical operators of S

A: peT(H) — p =Alp] € T(H)

The extended map from T(Hror) to T(Hror) using the identity map idy for the A system is

A®idg: ps+a € T(Hror) — psia = (A®idg) [psta] € T(Hror)

That map leaves unchanged the system A. If the initial state of the two systems is separable,
i.e. ps+a = p X pa the map acts as following

(A ®idy) [ps+4] = Al] @ idepa] = Alo] @ pa

Instead if the initial state is an entangled one we can not write it in this form: psya # p ® pa.
The total map (A ® idg) however acts, but not separately on the two statistical operators.

The map A : p — Alp] is called k-positive map if (A ® idg) is a positive map.
If A is k-positive for each k € N the map A is called completely positive.

Not all positive maps are completely positive.

Example Consider the transposition map T

T:p = p' =T

This map is a positive map, in fact the eigenvalues remain unchanged. 7" map acts as

T'[k) (| = 2) (K]
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We want to verify if (T'® idg) is a positive map, i.e. if T is 2-positive. Consider the entangled
state |14) and its associated statistical operator p

1

’1/}+> = \/§

(10)®[0)+[1)®[1)) = p1. = =(10) [0} (O] (O[+]0) [0} (1] (1[+[L) [1) (O] (O]+[L) [1) (1] (1)

N

The representation of this statistical operator on the basis { |0) ® [0),]0) ® |1),|1) ®(0),|1) ® [1) }
is

P+ =3

N
o O
o O OO
S O O O
—_ O O =

Acting on it with the composed map (7' ® id2) we obtain

(T @ids)lps] = 5

o O O
O = O O
O O = O
_ o O O

This matrix is not positive, therefore the composed map T ® ids is not positive, i.e. T for sure
is not a completely positive map.
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