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CHAPTER

Introduction

One of the main goals of modern technology is to design and control the
microscopic world. Quantum information, quantum chemistry and quan-
tum thermodynamics are some aspects of this general trend. Manipulating
quantum systems is an important issue in these fields. Simple quantum me-
chanical systems are the main objects in quantum information. Since in
many situations only two states of a system are important in this subject,
two state systems are the best candidates. Some examples are the ground
state and first excited state of an electron in an atom; the mutually exclu-
sive polarization states of a photon (horizontal and vertical if it is linearly
polarized, or left and right if it is circularly polarized), the respectively up
and down states (when only the spin degree of freedom is considered) of a
spin—% particle possessing a magnetic moment which can be influenced by
some external magnetic field. The Hilbert space of all these examples can
be spanned by two basis states and all operators in the Hilbert space can be
combined from the 2 x 2 Pauli matrices. From the mathematical point of
view any two-level system with non-degenerate energy levels can be described
by the same 2 X 2 matrices and thus is analogous to a spin—% system. The

determination of the unknown state of a spin—% system is one of the most
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Introduction

important issues in the field of quantum information. In doing so, one needs
to measure the spin components in three different directions. As currently
described in many textbooks, the z-component of the spin of of a Spin-% Sys-
tem, can statistically be determined by means of a repeated Stern-Gerlach
experiment. In this process, the x and y component of the spin are destroyed
as a consequence of the non-commutation property of the spin operator in
the transversal directions. Likewise, the state of any two-level system can
be determined only through measurement of three linearly independent ob-
servables which do not commute and cannot be simultaneously measured.
In chapter 2 we address this issue and show that it is possible to identify
the state of a two-level system by simultaneous measurements. In particular,
we show that the unknown state of such a system can be determined indi-
rectly by means of a set of measurements performed simultaneously on the
system itself and an auxiliary system which is called assistant. We let the
system which is initially in an unknown state interact with the assistant with
initially a known state. After some elapsed time we perform simultaneous
measurements of an observable of the system of interest and an observable
of the assistant. We show that this process enables us to recover the ini-
tial state of the system. In chapter 2 we study two cases: both employing
another two-level system, for solid state applications, and a single mode of
electromagnetic field as an assistant, for quantum optics applications.

In manipulating quantum systems, controlling their interaction with the
surrounding environment is an important issue. This is best addressed in the
subject of open quantum systems. An open system is nothing more than one
which has interactions with some environment. The dynamics of a closed
system is described by a unitary transformation. A natural way to describe
the dynamics of an open system is to regard it as arising from an interaction
between the system of interest and an environment, which together form a
closed system. This is a recurrent theme in modern physics. Depending
on the type of environment, there are different conditions under which this
procedure is possible. A group of methods, which goes under the name
of system-bath interaction, amounts to isolating a quantum system with a
few degrees of freedom in contact with an equilibrium environment (thermal
bath) which usually is considered to have many degrees of freedom. One
of the main consequences of this approach is the appearance of a Langevin
equation, which supplements the Newton equation of motion for the quantum
system by two additional forces: a random conservative force and a non-
conservative (i.e., non-Lagrangian), velocity-dependent friction force.

12



In chapter 3 we focus on the spin-boson model which describes the dynamics
of a two-level system coupled to a thermal bath modeled by a set of harmonic
oscillators. Employing this model we study the dynamics of a pulsed spin—%
system in the presence of another spin—% system located at some distance
from it. We show that although the spins are considered non-interacting,
the presence of the bath yields the polarization transfer among them. More
precisely, the back reaction of spins on the bath induces the polarization
transfer. Here the presence of the bath is crucial since it is the only interactive
component between the spins. This is in contrast with the usual school of
thought in spin-boson model were the bath is considered to be a hindrance.
The quantum back reaction force plays an important role in another area
in physics, namely, quantum-classical approximations. It provides a straight-
forward derivation route, in which one starts with a fully quantum treatment
and takes the classical limit for some degrees of freedom. This provides a
powerful scheme that facilitates understanding and manipulating the micro-
scopic world. Quantum-classical approximations are particularly useful when
one can easily identify quantum and classical subsystems by mass, energy,
time scale. This is another set-up that allows studying the dynamics of an
open system. In chapters 4 and 5 we consider a quantum system coupled to
a classical system and identify the two systems by a time scale separation.
Chapter 4 is devoted to the evolution of the fast quantum subsystem. In this
chapter we employ the adiabatic perturbation theory based on time scale
separation and derive higher order corrections to the adiabatic wave func-
tion in terms of a small parameter e. We define € as the small ratio of the
characteristic times of the quantum over the classical system, respectively.
According to the adiabatic theorem a quantum system under the influence
of its surrounding environment remains in its instantaneous eigenstate if the
environment which is acting on it evolves slowly enough and if there is a gap
between the initial eigenvalue and the rest of the energy spectrum.
Our ultimate goal is to understand the nature of the back reaction force
exerted by the quantum system on its classical environment. This is the sub-
ject of chapter 5. In this chapter we study the dynamics of the slow classical
system by adiabatically excluding the fast quantum system. We try to under-
stand to which extent the ensuing dynamics of the slow classical system can
be described by autonomous Lagrangian-generated equations for the classi-
cal coordinates. For the quantum-classical dynamics it is well known that in
the leading order the influence of the quantum system on the classical one
can be described by the Born-Oppenheimer potential energy term [1]. It was

13



Introduction

shown by Berry and Robbins that in the first order of € one gets an effective
magnetic field, which manifests itself as the velocity-dependent term in the
classical Lagrangian [2]. Recently, Goldhaber has shown that in the second
order €2 one gets in the Lagrangian an additional kinetic energy term, i.e., a
quadratic form in slow velocities [3].

What happens in the next orders? In particular, how far we can continue
the expansion over ¢, still keeping the classical system Lagrangian? Most im-
portantly, are there new physical effects essentially related to post-adiabatic
corrections?

Here we answer these questions. It appears that at every order over e
one can derive Lagrange equations for the dynamics of the classical system.
However, there is an important difference between the orders € and € and
all successive orders. At the order € the classical dynamics is Lagrangian,
but the Lagrangian starts to depend on the higher-order time-derivatives of
the classical coordinates: While the classical Lagrangians normally depend
on the coordinates and their first-order time-derivatives (velocities), at the
order €3 we get a Lagrangian that is a functional of the classical coordi-
nates, velocities, and accelerations. Moreover, in the third order of €, the
Lagrangian depends linearly on the classical accelerations.

This fact is of conceptual relevance. Classical physics is essentially based on
the Newton’s second law that equates acceleration to the force, which de-
pends only on coordinates and velocities. As a consequence, the trajectory
of the classical motion is fixed via initial coordinates and initial velocities.
In its turn, the Newton’s second law is generated by a Lagrangian, which de-
pends on coordinates and velocities. Dependence on higher-order derivatives
in the Lagrangian implies a number of essential changes in the kinematics of
the classical system: the momentum of the classical system depends on the
acceleration, while the full angular momentum tensor is a sum of the usual
orbital part and a term that can be interpreted as the spin of the classical sys-
tem. In the simplest non-trivial case this spin is proportional to the squared
velocity of the classical particle. We show that this implies the existence
of the zitterbewegung effect, where the momentum of the classical particle
(system) is governed by the projected time-derivative of the spin. So far
the zitterbewegung effect was known only in the physics of relativistic Dirac
electron, while we show the same effect appears in a purely non-relativistic
slowly evolved classical system due to its coupling to a fast quantum sys-
tem. It appears now that this effect is a part of the physics generated by
higher-order post-adiabatic corrections. Similar dependence on higher-order

14



derivatives is expected at higher orders €” with n > 4, though in this thesis
we restrict ourselves to deriving the effective classical Lagrangian up to the
order €.
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CHAPTER

Quantum State Tomography

In this chapter the question of determining the unknown state of a quantum
system is addressed. First, some of the interpretations of the notion of the
quantum state is mentioned. Then quantum state tomography is introduced
as a procedure of reconstructing the quantum state from measurements of ob-
servables of the system. This method aims to determine the unknown state of
a quantum system from a linear transformation of a set of experimental data.
Then the quantum state tomography of a two-level system or a “qubit” in the
terminology of quantum information by simultaneous measurement of two com-
muting observables is studied. This can be done by letting the qubit interact
with another qubit which is in a known initial state, or with a single mode of
a quantized electromagnetic field. In the latter case, the interaction is studied
within the Jaynes-Cummings Model. It is shown that it is possible to determine
the unknown initial state of the qubit from two sets of measurements of com-
muting observables each belonging to one of the systems. In order to make sure
that the reconstructed density matrix is a Hermitian, semipositive matrix with
a unit trace, the maximum likelihood reconstruction method is applied. In this
approach the density matrix that is most likely to have produced the measured
data set is characterized by numerical optimization.

17



Quantum State Tomography

2.1 Introduction

The ability to determine and characterize the state of a quantum system is
one of the most important areas in nowadays physical research specifically
in quantum computation, quantum cryptography, and quantum communica-
tion. Given the state of a quantum system, one can calculate the expectation
value of any observable of the system [4]. However, the inverse problem of
determining the state by performing different measurements is not a trivial
task. This problem was first discussed by Pauli in 1933 [5]. He raised the
question of how to reconstruct the unknown wave function of an ensemble
of identical spinless particles via the corresponding position and momentum
probability densities. The interest in the state determination problem grew
considerably since then, and is now a well-recognized subject [6-12].

In general, the process of reconstructing the quantum state (density matrix)
of a system by means of performing measurements on different observables
of the system is called quantum state tomography. In various experimental
setups it is reasonably straightforward to reconstruct the state of a quantum
system employing a linear tomographic technique. This way the elements of
the density matrix can be linearly related to a set of measured quantities. But
since different observables of a quantum system may not commute with each
other, one often has to perform series of successive measurements of observ-
ables which cannot be done simultaneously. Simultaneous measurement of
observables costs less time and energy and is more beneficial. However, there
is one drawback in this method. The recovered state might not correspond to
a physical state due to the experimental noise. For example, density matri-
ces for any quantum system must be semipositive, Hermitian matrices with
unit trace. The matrices resulting from a tomographic measurement may fail
to be positive semidefinite. To avoid this issue the “maximum likelihood”
method is adopted.

In section 2.2 we discuss some of the interpretations of quantum state
and quantum measurement. Then we outline the strategy of quantum state
tomography with simultaneous measurement of observables. Sections 2.3-2.4
are devoted to describe specific models we employ to this end. In section 2.7
we introduce the maximum likelihood method. This method is used to re-
construct the most proper density matrix based on a measured data set by
numerical optimization. The numerical results are demonstrated in appen-

dices A and B.
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2.2. The state of a quantum system

2.2 The state of a quantum system

In classical physics, the state of a system is characterized by specifying the
values of all physical quantities, for instance the positions and the velocities of
the particles that constitute the system. In quantum mechanics the situation
is complicated by the fact that the physical quantities are mathematically
represented by specific type of operators called observables, which in gen-
eral are elements of a non-commutative algebra. Hence their values cannot
be simultaneously specified, as emphasized in the Heisenberg’s uncertainty
principle. Instead, the measurement results of each observable is charac-
terized by a probability distribution, which involves statistical fluctuations.
The “state of the system” is then represented by a mathematical notion that
allows us to express the probability distribution of all the observables for an
ensemble of identically prepared systems.

Various interpretations have been given to the concept of state in quantum
mechanics. Here we list three of them [13-15]:

e According to the Schrodinger interpretation, a state is represented by
a wave function or by a ket vector in the Hilbert space on which the
observables of the considered system act. In this interpretation, the
wavefunction is regarded as an intrinsic property of the system and it
directly describes its physical properties. The probability distribution
of the position of a particle, for instance, is obtained from the modulus
square of its wave function. The distribution of the momentum is given
by the modulus square of the Fourier transform of the wave function.

e In “information interpretation”, on the opposite point of view, the state
does not pertain to the system itself, but only gathers the information
we have on it [15]. The problem in this concept is that the wave function
of a physical system would depend on the observer in analogy with
classical probability [13]: If two observers have different information on
the same physical system, they should use two different wave functions
for describing it.

e In the statistical interpretation of quantum mechanics [14], to which we
adhere, the state of a system is a mathematical object from which we
can derive any probabilistic prediction about the physical quantities
attached to this system. One typically imagines some experimental
apparatus and procedure which “prepares” this quantum state; the
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mathematical object then reflects the setup of the apparatus. This way,
the quantum state accounts for the full information available about the
preparation of the system, from which we wish to derive consequences
for future experiments. Since this knowledge is probabilistic it does not
refer to a single system or single event. What we call a state, which
is most of the time a mixed state, characterizes a statistical ensemble
of systems of the same type, which are all prepared under identical
physical considerations. The physical state is thus a mathematical
representation of the result of a certain state preparation procedure; it
accounts for our information about this preparation and upon knowing
it we can elaborate consistent probabilistic predictions. It is thus a
concept which merges objective and subjective aspects [16].

A standard tool to implement the statistical definition of state is the den-

sity matrix, which generalizes the pure state represented by a wave function.
Indeed, there is no conceptual difference between wave function and density
matrix which are both mathematical means for evaluating expectation values
of the observables of the system or probabilities.

In the frame work of the statistical interpretation, the laws of quantum

mechanics can be summarized as follows:

20

e An observable O is represented by a self-adjoint linear operator acting

on the Hilbert space pertaining to the system. It has a spectral rep-
resentation, 0= > ozP where o; are the eigenvalues of O and P are
the orthogonal projection operators related to the orthonormal eigen-
vectors of O, i.e., P, = Y m Im, 0;)(m, 0;]. The parameter m labels the

degenerate eigenvectors of O.

The state of a system at a given time is represented by its density
matrix, p, which is a self-adjoint operator in Hilbert space with a unit
trace. The density matrix should also be semipositive to ensure that
any variance of the observables of the system is non-negative. Pure
states correspond to the special case

#=p (2.1)
The dynamics of the system can be obtained by

where U(t, ) is the unitary time evolution operator.



2.2. The state of a quantum system

e Given the density matrix p of a system, one can find the expectation
value of any observable O of the system in the considered situation as

(0) = tfp O, (23)
where tr[- - - | stands for the trace of a matrix.

Let us emphasize that through out this thesis the operators are always dis-
tinguished by a " sign.

As it was mentioned earlier, we wish to reconstruct the density matrix of
a quantum system. Consider we are given an ensemble of systems S which
we don’t know its initial state. In other words, the probability to observe
some result or another in the measurement of an observable is unknown.
The following question then is of our interest. How can one determine the
density matrix by identification of a set of observables, the measurement of
which permits the precise determination of p? In other words, how can one
determine the quantum statistical operator that describes the preparation of
the system?

Procedures of reconstructing the quantum state from measurements are
known as quantum state tomography. Recently, they have found some appli-
cations in quantum information processing [17]. For example, in quantum
cryptography one needs a complete specification of the qubit state both as
it is emitted from the source and as it is received after transmission [18].

In the simplest example of a spin—% system or equivalently any two-level
quantum system the state is described by a 2 x 2 matrix. In the two-
dimensional Hilbert space, any observable is a linear combination of the
Pauli operators, which satisfy

G5,6, = i6., (2.4)

and are represented by the Pauli matrices

. (01 . (0 —i . (1 0
O‘x—<1 O)’ ay—(i 0), O‘Z—<O _1). (2.5)

A state is characterized by three real numbers: one for the diagonal el-
ements of the 2 x 2 density matrix p, and two for its off-diagonal elements.
Equivalently, we can introduce the polarization vector, 7, the components of
which are the expectation values of the Pauli matrices.

ro =tr(po.), a=umzy,z (2.6)
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Once we know the value of these parameters, we are able to determine the
value of the density matrix, making use of the identity

ﬁ:%(uf-é). (2.7)
Thus, according to the above argument, one has to perform three incom-
patible measurements for the unknown state determination, e.g., measuring
the spin components along the x-, y- and z- axes via a Stern-Gerlach setup.
However, during the measurement procedure of each component one loses
the information about the two other components, since the spin operators
in different directions do not commute. Thus, to determine the state of a
spin—% system, one needs to use three sets of Stern—Gerlach measurements
performed along orthogonal directions. In this approach, the state of any
two-level system, represented by a 2 x 2 density matrix p, can be fully deter-
mined only through measurement of three linearly independent observables
which do not commute and cannot be simultaneously measured.

In what follows we show that the unknown density matrix of such a sys-
tem S, in particular the full polarization vector of a spin—% system, can be
determined indirectly. This can be done by means of a single set of measure-
ments performed simultaneously on both the system S and another auxiliary
system (assistant or ancilla) A, where A starts its evolution from a known
state [12,19-22]. The suggested strategy is the following: initially S is in an
unknown state that we wish to determine, while the state of the assistant A
is known. During some time lapse S and A interact in a known fashion. As a
result their joint state is modified: it involves correlations and keeps memory
of the initial state of S. Two commuting observables of the combined sys-
tem S+A are then simultaneously measured. Repeating this process provides
then the necessary statistical data: the expectation values of the observables
and also their correlation. We will show that one can infer the three com-
ponents of the initial polarization vector of S, and hence the state of the
system from these three sets of data. This way, performing one simultaneous
measurement, on observables of S+A plays the same role as performing suc-
cessive measurements on three non-commuting observables of S. This type
of information transfer is remarkable. Initially, an unknown information was
embedded in the matrix elements of p, or equivalently in the components of
the polarization vector of S. It had a quantum nature, and could not be repre-
sented by an ordinary probability distribution, due to the non-commutation
of the three components of the spin operator. After the interaction between

22
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S and A this unknown initial information about S, together with the known
information about A, is redistributed among the matrix elements of the joint
density matrix of the overall system, S+A. However, the resulting classical
joint probability distribution for the observables of the system S and the as-
sistant A can keep full memory of the initial quantum information about S.
The process on which we rely amounts to a transformation of quantum in-
formation into classical information, which can be gained by a classical type
of measurement involving commuting observables only. This measurement
modifies the state of S+A, but it can recover all the matrix elements of /.

The idea of transforming quantum into classical information by using an
assistant system A was first proposed by D’ Ariano [19] who showed the
possibility of mapping the density matrix of S onto a single observable of
S+A. It was explicitly implemented in a dynamical form by Allahverdyan
et al. [12] of which the present work is a continuation. In particular, they
showed that one can determine the unknown state of a spin—% system with
a single apparatus by using another spin—% system as an assistant. This
idea was recently implemented by Peng et al. [21] who used pulses to induce
the proper dynamics of the interaction between the spin—% system and its
assistant. They verified the initial state of the system obtained from this
procedure with the result of the direct measurement of the three components
of the spin vector of the system. Later it was shown that one can employ
a single mode of coherent light as an assistant in order to reconstruct the

initial state of a two-level system [20].

In the next section 2.3 we briefly review the proposed procedure by Al-

lahverdyan et al [12] about determination of the state of a spin—% system
employing another spin—% system as an assistant.
Then we specifically show that the unknown density matrix of an ensem-
ble of two-level systems (atom or spin) can be determined via interaction
with a single mode of the electromagnetic field. The atom-field interaction
is studied within the Jaynes-Cummings model (JCM) [23] . The unknown
state of a two-level system is characterized by repeated measurement of two
commuting observables: the population difference of the system ., and the
photon number of the field afa. This measurement supplies three averages:
(6.), (a’a), and (6. a'a), which will be linearly related to the elements of the
initial density matrix of the ensemble of the two-level systems. Note that
since 6, and a'a commute, (5, a'a) is recovered from the gathered data of .,
and a'a by counting the number of coincidences.
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2.3 Spin-% assistant

Consider a two-level system, S, the state of which we wish to determine.
The aim is to find an indirect procedure involving only measurements of
commuting observables, which therefore can be performed by means of a
single apparatus. To this end, we let the system S be coupled to an auxiliary
two-level system A. A is in a known state.

Let us recall the general form of an unknown state of S from (2.7)

1 -
,5:§<1+F-6>, (2.8)

where the polarization vector 7 is defined as
r=tr[pd.], o=z, 2. (2.9)

The state is called pure if |7] = 1. |F] < 1 represents a mixed state, and
|7] > 1 is physically excluded. A
We choose the state of the assistant, represented by R as
A1
R=Z(1+X5), 0<A<I (2.10)
where 5,, 3, and 5, are the Pauli matrices in the Hilbert space belonging to
the assistant A.
Initially there is no interaction between S and A. Therefore the initial state
of the overall system, €y, can be written as

] (1+A)<1+f‘-§) 0

Q=R®p=- S
" 4 0 (=3 (1+75)

(2.11)

Now we let the two systems interact for some time. The interaction can be
described with the help of a 4 x4 unitary matrix U=eiH , where we set t = 1.
Here, we don’t specify our Hamiltonian and consider a general unitary matrix
and we parametrize it such that it generates a proper time-evolved overall
density matrix at later time t = 1, given by QO ¢ such that the initial state of
S can be read off easily. The observables of which the measurements yields
the determination of the initial state of S are the final polarization of each
spin of the overall system S+A [12]. They can be measured simultaneously
and the correlation of the two can be derived from the gathered data. We
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2.3. Spin-3 assistant

show that it is possible to read off the initially unknown state of the system
S from the three above mentioned sets of data. Let us decompose U into the
following 2 x 2 block matrix,

2 121 C’
U=~ = 2.12
(B D) ’ ( )

and express the unitarity of U in terms of the 2 x 2 matrices A, B,C,Din
the Hilbert space of S. The polar decomposition of A and B yields

A=10k, B=uk, (2.13)

where ¥, and w are unitary matrices while k and k' are semi- positive Her-
mitian matrices. Since v, and w are unitary, it is easy to see that k and &’
are the non-negative square roots of ATA and BB, respectively. If k and K’
have a vanishing eigenvalue, these representations of A and B still hold but
are no longer unique. We shall restrict ourselves to the case where k and k'
are strictly positive.

The condition UUT = 1 implies

CCt=1-AA",  DD'=1- BB (2.14)
AB'+CDf =0, (2.15)
while UTU =1 implies

AtA+B'B=1, C'C+ DD =1, (2.16)
AfC+B'D =o0. (2.17)

Implementing (2.16) on the polar decomposition of A and B given by (2.13)

yields
E=1/1-k2 (2.18)
Thus CCT and DD' can be simplified as

~

CCt =ok?0", DDV = wk?w'. (2.19)

Since k and &’ are strictly positive and 4 and w are unitary matrices, we can
define unitary matrices & and ¢y such that C' and D have the form

~

C=0ok's, D =wkg. (2.20)
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The remaining unitary condition AtC 4+ B'D = 0 reads kk'(i + 9) = 0.
Again, since k and k' are strictly positive this implies y = —2, which fixes gy
in a unique way.

The unitary matrix U then becomes:

< (o 0\ [k K\[(1 0
GIEDEY e
In order to get a more symmetric form for U , we introduce a unitary matrix

):( such that ﬁXT)2A:A & and define the matrices V = 0X" and W = @ XT,
K = Xk;XAT, K’ = Xk'XT. We can then write the 4 x4 unitary transformation

operator U as ) R R R
~ V o0 K K’ X 0
= . A . . 2.22
u <0 W) (K’ —K> <O XT)’ ( )

in terms of the three unitary matrices V, W, X and the non-negative hermi-

tian matrices K and K’ = v/1 — K2. Since K and K’ are strictly positive,
this decomposition is unique, provided we fix the signs of the eigenvalues of
X = Vit by some convention, for instance, (X + X1) > 0.

Having the unitary matrix given by (2.22) we can calculate the state of the
overall system at later time as

~

Q= UQUT, (2.23)

where Qg is given by (2.11). The observables that can be simultaneously mea-
sured by means of the same apparatus on the state O 7 are the z-components
of the spin of each system. In case S and A are generally two-level systems,
the z component of quasi-spin is related to the level occupation and thus the
energy of the system. This corresponds to the following averages

(3,) = tr Qf s} ,

.) = tr|Q, &z] ,

(3.6.) = tr|Qy (5 &Z)}. (2.24)
We notice that the correlation (2f (5, 6,)) can be recovered form the gathered

data of ¢, and 5, via the number of coincidences.
Inserting the unitary time-evolution operator in the expectation values (2.24)
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2.3. Spin-3 assistant

we get a linear relation between the gathered data of measurements of s,, 7,
and their correlation on one hand and the the elements of the initial density
matrix of S given by r,, r, and r, on the other hand. But before calculating
the above mentioned expectation values, let us first parametrize the unitary
time evolution operator U.

Since K is a Hermitian matrix with 0 < K < 1, we can parametrize it as

—
~

K = cosfcosd+sinfsing (Y- 0), (2.25)

where X is a unit vector and 0 < ¢ <60 < 7 — ¢. It is straightforward to see
that K’ is given by

K' = sinf cos ¢ — cosfsin (Y - 6). (2.26)

Since the initial overall density matrix Qo is block diagonal, multiplication
of the unitary matrix X by a phase factor does not affect UQU i although
it modifies U. Therefore, we can parametrize X as

~

X = e¥(E9) — cos 1) + z(g 5) sin ), (2.27)

where 5 is a unit vector which we assume to be perpendicular to X for sim-
plicity, and 0 < ¢ < 7.

Parametrization of V and W can be done due to the fact that we are not
interested in the off-diagonal block elements of Q #. In other words, the three
expectation values (2.24) do not require the determination of the off-diagonal
elements of the overall density matrix and it would be sufficient to determine
the action of V and W on the &,

Vie,V =i-6, Wie,Ww =5, (2.28)

where 7 and ¢ are three dimensional unit vectors.
Inserting the expression for 2; from (2.23) into (2.24) using the parametriza-
tion introduced by (2.25)-(2.28) yields

(8,) = Acos20cos2¢ + X ()X - 7)sin 26 sin 2¢ cos 2¢
n [(5 X X) - F] sin 26 sin 2 sin 2¢), (2.29)
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and

(G,) 4+ (5. 0,) = AN(X - 1) sin 20 sin 2¢
X-7) (X 7) (1 — Acos20)(1 — cos 2¢) cos 2¢
X X) - F} (A — cos20)(1 — cos 2¢) sin 2¢

£-1) <5 F) (cos2¢ + A cos20)(1 — cos 2¢))
+ (77 - 7) (cos 2¢ + A cos 26) cos 2
+ [(gx 7) - r} (A cos 2¢ + cos 20) sin 21). (2.30)

Finally, (6.) — (5.6.) can be obtained by transforming 260 to 20 + 7w and
replacing 77 with ¢ in (2.30).

For the sake of simplicity, we assume that 5 is the unit vector in the
x—direction and that the unit vector y lies in the y—direction:

£€=(1,0,0, ¥=(0,1,0), £xx=1(0,0,1). (2.31)

Therefore the components of the two vectors 77 and 5 on E and Y can be
defined as

U

u
g
~
~

e

e 2T 0 =2 X1, €% X] - 77
Ye¢ Yyl =[xy (2.32)

The important issue in this part of parametrization is to consider the vectors
X and 5 are perpendicular to each other which substantially simplifies the
calculation of the expectation values. Within the above choice of the unit
vectors we can relate the measured values of the population difference of the
two energy-levels of A and S to the initial state of the system S as

() Ty
(6.) | =C|ry| +F, (2.33)
<<§z a'z> T
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2.3. Spin-3 assistant

where C is a 3 x 3 matrix of the coefficients whose elements are given by

cn = 0,
c1o = Asin26sin 2¢ cos 21,
c13 = sin260sin2¢sin 29, (2.34)

o1 = (Ne+ () cos2¢ + AN, — ;) cos 20,

ca = (my+ () cos2¢+ A(n, — () cos 26 cos 2¢ cos 2y
= sin2¢ [A(n. + (;) cos 20 + (1. — (;) cos 26] ,

co3 = Ay + () sin2y + (n, — () cos 26 cos 2¢ sin 2¢)
 cos20 (7 + ) cos26 + Al — C.) cos 28],

cs1 = (e — (o) cos2¢ + A(ny + () cos 20,

csa = (ny — ) cos2¢ + A(n, + () cos 26 cos 2¢ cos 2y
20\ — &) cos20 -+ (. + C.) cos 28],

cz3 = Ay — () sin2¢y + (n, + () cos 26 cos 2¢ sin 2¢
+ cos2¢ (. — (;) cos 2¢ + A(n, + C;) cos 20]

(2.35)
and F is the vector of constants given by:
cos 260 cos 2¢
F = M| (n,—()sin20sin2¢ | . (2.36)

(ny + ¢y) sin 20 sin 2¢

The elements of the initially unknown density matrix of S which are encoded
by 7 are related to these expectation values, so they can be recovered if
and only if the determinant of the coefficient matrix C is non-zero. With
some algebra we can calculate the determinant of the coefficient matrix,
represented by D, as
N
™ 2218)111 5% = (1=X 2> sin 4y [(cos2¢ + A cos 20) n,.¢,
— (cos2¢ — Acos20) n,(,]
0.z (cos 2¢ — A cos 26) [\ cos 2¢
cos 20(\? cos® 2¢) + sin” 2¢))]
— NxC.(cos2¢ + A cos 20) [\ cos 2¢
— o8 20(A\? cos® 21 + sin® 2¢)]. (2.37)

+ -
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Thus the initial state of the system S can be determined from (s,), (6.) and
(8, 0,) provided that the determinant D is non-zero.

In what follows we consider two limiting cases: i) when the assistant is
initially in a completely disordered state (A = 0), and ) when it starts its
evolution from a pure state, i.e. A = 1. Then we maximize the value of D
over the parameters of U and reconstruct the initial state of S.

2.3.1 Assistant with completely disordered initial state
Inserting A = 0 in the expression for the determinant given by (2.37) yields

= % sin 20 sin 4¢ sin 21)[cos 29 (n,Cy — 17,Cz)
b cos20sin26(n.Co + mi) (239)

It is clear that this determinant is maximized over the parameter ¢ if ¢ = £3.
Furthermore, the maximum of D = - sin 20sin 2¢[cos 2¢)(1,¢, — 1,¢) +

cos 20 sin 2¢)(n, ¢, + n.C.)] over 7j and ( is reached when

- 1 1
7=(=(—=,0,—). 2.39
7=¢ (\/§ \/5) (2.39)
Thus we have
D = L sin 26 sin 2¢\/ 1 — sin? 26 sin® 2¢) (2.40)
T . .

The determinant (2.40) reaches its maximum value 1/32 for # = 7/8 and ¢ =
7/4. Such non-zero determinant guarantees the procedure of inversion and
characterizing the initial state of the system. Inserting the above values of the
parameters in the expressions for the expectation values of the z-component
of spins, (2.29), (2.30) we can reconstruct the initial density matrix of S:

re = 2(d,),
ry = —2(8,0,),
r., = 2(8,). (2.41)

We see that for a suitable choice of the evolution operator Uit is possible to
determine the initial state of a spin-1/2 system implying an assistant which
is initially in completely disordered state.
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2.3. Spin-3 assistant

2.3.2 Assistant with a pure initial state

Considering the assistant starts its evolution from a pure state is equivalent
to set A = 1 in the general expression for the determinant given by (2.37),
which yields

1
D= 3 sin 26 sin 2¢(cos® ¢ — cos? 0)(1.Ce — 1.C2). (2.42)

The maximum value of the determinant, |D| = 1/12+/3, in this case is reached
when 7 and ( are perpendicular to each other
1 1 - 1 1
7= _707_7 = _707__
¢ = +Z, and sin*(20) = 1/3 while ¢ which determines a phase in the unitary

operator remains an arbitrary parameter.
Thus the initial state of S can be determined as

Ty = \/§<<§z 6'2),
7y = V3 (cos 20(5.) — sin 24(5.)),
7, = V/3 (sin 240(3,) 4 cos 20(5.)) . (2.44)

), (2.43)

If we choose the phase ¥ = 7/4, we get

Ty = \/§<§z5—z>a
Ty = _\/§<62>7
r. = V3(3.). (2.45)

We conclude this section by mentioning that one can fully determine
the unknown state of a spin—% system by simultaneous measurements of the
population difference of the system and the assistant provided that the de-
terminant D is non-zero. Very small determinant means the errors made in
the measurement procedures are substantial and one cannot infer the initial
state from the gathered data. Comparing the maximum values of D when
the assistant is in pure state and when it is in completely random state,
shows that there is not much gain in using an assistant in a pure state. In
other words, it is possible to characterize the initial state of S by coupling
it to an assistant being in completely disordered state. Such assistants are
much easier to produce from a technical point of view.
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2.4 The Jaynes-Cummings model

In previous section we did not restrict ourselves to a specific Hamiltonian
in order to describe the interaction between S and A. The next section will
be devoted to the case where a single coherent mode of electromagnetic field
plays the role of the assistant. In this case the interaction Hamiltonian is
known as the Jaynes-Cummings model. We will first introduce the model
and then implement it for characterizing the initial state of a two-level atom
by simultaneous measurements.

The Jaynes-Cummings model (JCM) [23] plays an important role in quan-
tum optics and atomic physics [24-26]. This model describes the interaction
of a two-level atom with a single mode of electromagnetic field, and it was
employed by Jaynes and Cummings for studying the quantum features of
spontaneous emission. Later on, the model generated several non-trivial the-
oretical predictions such as collapse and revivals of the atomic population
that are related to the discretness of the photon [27,28]. These predictions
were successfully tested in experiments [29]. In particular, the model ex-
plains experimental results on one-atom masers [29], and on the passage of
(Rydberg) atoms through cavities [30-33]. JCM is also used for describing
quantum correlation and formation of macroscopic quantum states. It was
recently employed in quantum information theory [34,35]. More recently,
the JCM has found applications in semiconductors [36], and in Josephson
junctions [37-39]. JCM has denoted a family of models, since the original
model of Jaynes and Cummings. It has been generalized several times for
more adequate description of the atom-field interaction (e.g., multi-mode
fields, multi-level atoms, damping) [40-42]. We shall however study the sim-
plest original realization of JCM that involves a two-level atom interacting
with a single mode of electromagnetic field. In particular, we neglect the
effects of noise and dissipation. This situation has direct experimental re-
alizations [29,43,44] . For instance with superconducting microcavities one
can achieve ~ 0.1s for the average lifetime of the cavity photon. This is much
larger than the typical field-atom interaction time ~ 100 — 500us [30,33].

2.4.1 Atom-field interaction Hamiltonian

The Jaynes-Cummings Hamiltonian is an specific type of a general atom-field
interaction Hamiltonian. In this section we cast the JC Hamiltonian from
this interaction Hamiltonian.
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2.4. The Jaynes-Cummings model

The interaction of a radiation field E with an atom within the dipole ap-
proximation can be written as

H=H,+Hp—e5-E. (2.46)

Here H4 and Hp represent the Hamiltonian of the atom and field, respec-

tively, in the absence of interaction. ¢ is the position of the electron and E
represents the electric field.

In the dipole approximation the atom size is considered to be much
smaller than the wavelength of the radiation field. Hence, the field is as-
sumed to be uniform over the whole atom.

The energy of the free field is given in terms of the bosonic creation &,t
and annihilation a; operators, where k is the number of modes. Neglecting
the zero-point energy we have

ﬁp = ZZthAdLA&kA7 (247)
Ak

where vy, is the frequency of the k—th mode, and A is the polarization index.
H 4 and er’ can be expressed by the atom transition operator

i = ) {4l (2.48)

where {|i)} represents a complete set of atomic energy eigenstates, i.e.,

>_li)Gil =1. (2.49)

It then follows

Hy=) Eli)i| =) Eidu, (2.50)

also

ed=)_eli){ilali) il = E:Dmm (2.51)
i

The coefficient 13ij = ¢(i|]5) is the electric-dipole transition matrix element.
In the dipole approximation, the electric field operator is evaluated at the
position of the point atom. For the atom being at the origin it the follows

E = Z gk/\gk)\(&k)\ + CALLA), (2.52)
kA
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where &y = (hvpa/260V )2, Here V represents the volume. &y, are the real
unit vectors of the linear polarization basis.

Inserting H 4, Hp, e, and E from Eqs. (2.47), (2.50), (2.51), and (2.52)
into the total Hamiltonian given by (2.46) for a polarized field we get

H= Z hl/kakak + Z E6, + hz Z g,?&u ap + ak) (2.53)

where

i Di; - €1
gy =~ (2.54)

We now proceed to the case of a two-level atom and single mode radiation
field.

We denote the eigenstates of the two-level atom by |+), and |—) with the
eigenenergies F,, and F_, respectively.

We notice that in this case g,ij reduces to a single scalar parameter, known
as the atom-field coupling constant:

W =9 (2.55)
The energy of the two-level system reads as
Ha = E|+)(+] + E-|=)(~|. (2.56)
Defining 7., as

~

0,

() (= 1=0(=D) (2.57)

[\Dlr—t

the Hamilton of the atom up to an irrelevant constant energy reads
Hy = hwé., (2.58)

where w = (E, — E_)/h is the atom frequency and a shift (E, + F_)/2 has
been omitted.

Therefore, the Hamiltonian for the interaction of a two-level system with
a single mode field reads

H = hwé., + hwala + hg(al + a)o, (2.59)
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2.4. The Jaynes-Cummings model

In quantum optical realizations of JCM the coupling constant g is nor-
mally much smaller than w and v, e.g., it is typical to have v ~ w ~ g x 10°
(w~v =10GHz, g ~ A =10-100KHz). Therefore the subsequent reasoning
based on the interaction representation is legitimate. We note that in the
interaction representation the coupling term reads:

hg(ate ™" +ae™)(6_ e ™ 4 6, e™"), (2.60)
where we introduced the raising and lowering spin operators
01 = 0, + 16y, O_ =0, — 10y,
with the following commutation rules:
64,0, = F0x, [04,6_|=20,, 6,6_+6_6,=1.

We now apply the rotating wave approximation to (2.59): the atom and
field frequencies are assumed to be close to each other, therefore the factors
proportional to e**(#+%) in (2.59) oscillate in time much stronger than those
proportional toe**(*=*) Thus the rapidly oscillating terms can be neglected
within this approximation and we arrive at

H = hwé, + hwi'a + hg(o,a + o_al), (2.61)
which is called the JC Hamiltonian We shall denote
N v,

for the detuning parameter. For our future purposes we note that A is a
tunable parameter. Within the atom-cavity realizations of the JCM, the
detuning A can be controlled by changing the shape of the cavity and this
changes the mode frequency v. Alternatively, A can be changed via the atom
frequency w by applying an electric field across the cavity [45]. Then w is
modified due to the Stark effect.

The above standard derivation of (2.61) is based on small detuning A
and weak atom-mode coupling ¢:

A < min(w, v), g < min(w, v).

Both these conditions are normally satisfied for quantum optical realizations
of JCM.
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There are however situations—especially for the solid state physics appli-
cations of the Hamiltonian (2.59)—where the atom-field interaction constant
g is not small. It is useful to know that sometimes the counter-rotating terms
o eF ) vanish due to specific selection rules, and then JCM applies in
the strong-coupling situation as well. This can be achieved by proper choice
of circular polarization basis for the electromagnetic field [46].

In the next section we use the fact that the Hamiltonian (2.61) is exactly
solvable and derive the corresponding unitary time evolution operator. Hav-
ing that at hand, we would be able to calculate the expectation value of the
observables of the overall system at any time ¢.

2.4.2 The unitary time evolution operator

In this section, we show that the time evolution operator of the Jaynes-
Cummings (JC) Hamiltonian can be calculated exactly.

We begin with rewriting the JC Hamiltonian as the sum of two commuting
terms:

I:I - I:—rl + IA{27
where
H, = o, + hwala, (2.62)
Hy, = A6, + hg (644 +6_a") . (2.63)

Since the two parts of the JC Hamiltonian commute with each other, the
unitary time evolution operator can be factorized:

U(t, O) — efilrft/h — e*i}{ht/ﬁefiﬁzt/ﬁ. (264)

The first factor in the expression (2.64) is diagonal:

N —ivt/2
3 —i —ivtata [ € 0
Ui(t) = e Mt/ = g=ivt ( 0 6iut/2) .

(2.65)
In order to calculate (72, we expand the expression e~ iHat/h,
oy — it _ e ()
Us(t) = e Hat/h _ Z w (H,)
n=0
_ _\n___ 2
=D (=" (ga* _%) : (2.66)
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where we have inserted the expression (2.63) for H,.
Decomposing the matrix power series into even and odd powers, it is
straight forward to see that for any integer number [, the even powers read

A ~ N\ 2 “ onl
2 ga — (¢ +97) 0 2.67
b %) (2 as

where
A2
¢ = g*ata + R (2.68)
Note that ¢ is not commuting with @ and a'. We notice that
ap = (¢ + g*)a. (2.69)

It then follows that for the odd powers we get

~ N\ 2041 ~ ~ ~
(% gi) _ (%(¢+g2)l 9(¢ 7292)%1) (2.70)
gat -5 gp'al -3¢ )

which then yields

. o+ g% —i
Oty = | Ve ol == Vors . (2.71)

_ig%df cos[tv/7] +i%sin\%@

A sinfty/é+g?] i sinft/p+9%]

Equations (2.65) and (2.71) determine time evolution operator U = U,0,.
In the eigenbasis of the two-level system U reads:

RN

A i1 — A sinfty/¢ + g2

U(t) = e~i(@lats) (cos[t o+ 92 —io M) |4+) (+]
w1 sinfta/o + g2

_igermnt@arpSVOY P

Ve +g?

o N
. e—wt(aTa—%)Sln \A/E&]L|_><+|

Y Vo

teiviata—g) (cost O +i=

(2.72)

where |4) are the eigenstates of 6, with eigneenergies E..
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The unitarity of U(t) is satisfied because of the identities

I
Q>

sin [t o+ 92] A sin [t \/5]
a - =
Vo + ¢ Vo

Ccos [t o+ 92} a = a cos [t @} . (2.73)

Having U at hand, we can calculate any property of S + A we wish.

2.5 Initial states

We consider the most general form of the initial state for the atom. This is
described by some general mixed density matrix pg:

ps = (5 7:) FOH + (2 = i) L
+ (ry +iry) | =) {(+] + (— - rz) =) (=1, (2.74)

where we have written the initial state of S in the eigen-basis of 4., and
where 7 defines unknown elements of the initial state of .S.

For the assistant, we shall assume that the single cavity mode starts its
evolution from a coherent state with a known parameter a:

— ¢l Z ¢_ In), (2.75)

where |a) is the eigenvector of the annihilation operator a,
ala) = ala),
and where |n) is the eigenvector of the photon number operator a'a,
a'aln) = n|n).

The assumption (2.75) on the initial state of the field is natural since these
are the kinds of fields produced by classical currents [47], and also, to a good
approximation, by sufficiently intense laser fields.
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We assume the system and the assistant are initially separated and do not
interact with each other. As a result, the overall initial density matrix is
factorized,

p(0) = ps @ |a){al. (2.76)

The initial state of the field is given by

a)(al = 33 2 ). (277)

n=0 m=0

The state of S+ A at a later time ¢ can be calculated with the help of
the unitary operator (2.72) calculated in section 2.4.2:

A~

p(t) =U(t) p(0) U (). (2.78)

Then the expectation value of any observable O of the overall system at time
tis

(0) = tr [ﬁ(t)@} . (2.79)

2.6 Commuting observables

The siplest set of two commuting observables of S + A with which we can
build up the initial state of the atom are the energies of each system, which
are described by the atom population difference 6, and a'a. Using (2.72),
(2.74), (2.77), and (2.78), the atom population difference at later time ¢,
denoted by (6,); reads

2

e . 92
P .\ sin® (2,:t/2)
0 t — 9 Z n+ 1 Cn+1 Cn) (Qnt/2)2

n=0

+4g 1, chsm(gﬂg{xn(ﬂ} (2.80)

+agr, 3 e g )
” sin? (Q,t/2)
+r, {1 — g ;(n -+ 1)(Cn+1 + Cn)W} s
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where 7., r,, and 7, are the unknown elements of the initial atom density
matrix, which we want to find out. R and & stand for the real and the
imaginary parts, respectively. The parameters x,(t), ¢, are defined as

e Qnt . sin (Q,t/2
Xn(t) o [cos <—> +iA sin (2nt/2) , (2.81)
2 0,
and )
def o O
=e e (2.82)
where the corresponding Rabi frequency, €,,, is defined as
0, YA+ 1) + A2 (2.83)

The average number of photons in the cavity, {(a'a), can be calculated in a
similar way

S D B PRI CREE S L

—agr, Y e g ) 254

n=0

—agr, Y e g )

+¢r, Z(n + 1)(cpe1 + cn)%

n=0
The correlation of the two observables, (6 a'a);, which amounts to the num-
ber of coincidences, reads

(6. ala) = > (n D20 +3)erss — (2n+ e _( (ﬁ;)/ 2)
2973 cal2n+ 1)%%%(0} (2.85)

n=0

1207, en(@n + 1)%%%@)}

+r, {chn — @ [(2n + 3)cni1 + (2n + 1)c,] W} '
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Expectedly, these three quantities, i.e., the atom population difference (4,);,
the average number of photons (a'a);, and the correlation of these two ob-
servables (7, de)t are linearly related to the three unknown parameters r,,
(ry, . of the initial atom density matrix:

<6-Z>t Ty bl
<€LT€L>t =M Ty + B, B = b2 (286)
(6,a%a), T, bs

The elements of the 3 x 3 matrix M and the vector B are read off from
Egs. (2.80) — (2.85). They depend on the parameter « of the initial assistant
state, on the detuning parameters A, coupling g of the JC Hamiltonian, and
on the interaction time ¢. Thus, if the matrix M is non-singular, i.e., the
determinant of M is not zero, one can invert M and express the unknown
parameters of the initial atom density matrix via known quantities. Although
the elements of M are complicated, the determinant itself is much simpler.
It takes the explicit form

D) % det|M] = 4A g2e=2lol’ VO‘|2"+m+1)
(t) = det[M] =4Ag7e ZOZO Tl (n —m) x
sin? (Q,t/2) sin{), ¢ sin 2(Qut/2) sinQ,t (2.87)
Qz2Q,, 02 Q, '

We note that the determinant D(t) is real. At the initial time ¢ = 0,
D(0) is naturally zero, since the initial state of the overall system is factor-
ized. According to the expression (2.87) a non-zero detuning A is essential
for a non vanishing determinant. Thus some non-zero detuning is crucial
for the present scheme of the state determination. Although in the resonant
case, i.e., when the frequency of the two-level system is equal to the cavity
mode frequency, it is not possible to determine the initial state of a two-level
system by measuring the the energies of the system and the assistant, how-
ever, this scheme is still applicable for spin—% systems because in order to
recover the initial state of the spin—% system one can measure the transver-
sal component of spin (z or y component) instead of the z component [48].
But in general, for two-level systems other than spins, it is rather difficult
to measure the transversal component since it cannot be defined well. While
the z component of quasi-spin is related to the level occupation and thus
the energy of the two-level system. The crucial point in this case is that
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coupling constan g = 50 KHz in all different cases.

there should be a detuning between the frequency of the field and that of
the system of interest in order to invert the relevant relations between simul-
taneously measured observables in one hand and the elements of the initial

density matrix of the two-level system on the other hand [20].

It is seen in Figs. 2.1(a)-2.1(f) that for a non-zero detuning, the determinant
D(t) is non-zero for a certain initial period ¢ > 0. On the other hand, large
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D(t) implies that the state of the atom and the field are entangled [49].
Comparing figures Fig. 2.1(a) and Fig. 2.1(c) we see that although higher
initial photon numbers n lead to bigger values for the determinant, they
cause rapid oscillations in the value of the determinant. This makes the
measurement process more difficult. (Note in this context that the determi-
nant depends on the absolute value of a and 7 = |a|? is the average number
of photons.)

If the average number of photons 7 = |a|? in the initial state of the field
is sufficiently large, the determinant is nearly zero for intermediate times; see
Figs. 2.1(e) and 2.1(f). This collapse can be understood by looking at (2.87).
It has the same origin as the collapse of the atomic population difference well
known for the JCM [26]. Each term in the right hand side of (2.87) oscillates
with a different frequency. With time these oscillations get out of phase and
D(t) vanishes (collapses). However, since the number of significant oscilla-
tions in D(t) is finite, they partially get in phase for later times producing
the revival of D(t), as seen in the Figs. 2.1(e) and 2.1(f).

It is seen that D does not depend on separate frequencies w and v of the
two-level system and the field, only their difference A = w — v is relevant.
This is due to the choice of the measurement basis—see the left hand side of
(2.86)—that involves quantities which are constants of motion for g — 0. The
value of D(t) changes by varying the detuning parameter A. Comparing the
figures Fig. 2.1(a) with Fig. 2.1(b), Fig. 2.1(c) with Fig. 2.1(d), and Fig. 2.1(e)
with Fig. 2.1(f) one observes that the value of the highest peak of D(t)
increases by an order of magnitude when the detuning parameter changes
from 10kHz to 100kHz. Note that in Eq. (2.87) for the determinant D(t)
the contribution from the diagonal n = m matrix elements of the assistant
initial state |a)(a| cancels out. Thus, it is important to have an initial state
of the assistant with non-zero diagonal elements in the {|n)} basis. In other
words, if we consider an initial Gibbsian state for the electromagnetic field,
i.e.; a thermal bath at equilibrium with temperature 7', the determinant
vanishes and we cannot deduce the initial state of the atom by performing
simultaneous measurements of the bath’s photon number and the population
difference of the atom beam.

The principal message of this section is that the determinant D(t) is not
zero for a realistic range of the parameters. This means that the initial
unknown state of the two level system can be determined by specifying the
average atom population difference (5.);, the average number of photons
(a'a);, and their correlation (6, afa);. These quantities are obtained from
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measuring two commuting observables: the atom population difference &,
and the photon number afa. Having at hand the proper measurement data
for these two observables, one can calculate (6.);, (a'a);, and find (5, a'a),
via the number of coincidences.

2.6.1 Random interaction time

We saw in the previous sections that the success of the presented scheme is
to a large extent determined by the ability to select properly the interaction
time ¢, since this ultimately should ensure a non-zero (and sufficiently large)
determinant D(¢) (It is clear that a small determinant will amplify numerical
errors. This is illustrated in appendix B.

To quantify the robustness of the presented scheme it is reasonable to
assume that there is no perfect control in choosing the interaction time. To
this end let us assume that the interaction time ¢ is a random, Gaussian
distributed quantity centered at ty, with a dispersion ¢ and that an ensemble
of measurements is performed to map out this spread. The corresponding
probability distribution P(t) of thus reads

= o (t=t0)?/(20) (2.88)

We notice that the expectation value of each observable as it is described
in section 2.2, is calculated by making an its ensemble average. Now we
have to take into account that the repeated measurement of counting the
number of the photon in the cavity and the population difference of atoms
are performed at a random t in each set of measurement, which obeys the
Gaussian distribution. Thus we have to perform a time-average in the rel-
evant time window as well. Since we just want to get a rough estimation
about the consequence of such way of measurement on the value of the de-
terminant, we avoid the tedious time-averaging calculation of (a'), (5.), and
their correlation by making a shortcut and perform the time-averaging of the
determinant itself.

Averaging the determinant D(t) over this distribution yields

2(n+m+1)
%

_ 9la o
Ditg) — 4 e 2 30 3 (2.89)
n=0 m=0

X (n —m) [w(Qn, Qi to) — w(Qm, Qn; to)]
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Figure 2.2: The time averaged determinant D in the Jaynes-Cummings model as
a function of ¢y when the mean photon number in the cavity is n = 2, and g = 50
KHz for different values of A and o; see Eqs. (2.88)-(2.90).

where

1 g
W, Qi to) = M{QG_QQMZ sin(to€2,,]

— e @A) Ginlt (4 )]

— e ) gin[(Q,, — Qn)to]}. (2.90)

It is seen that the oscillations of D(t) turn after averaging into expo-

nential factors e~ @m0 and e~%%: in (2.89, 2.90), due to which the
averaged determinant D(t,) gets suppressed for a sufficiently large “indeter-
minacy” o. This suppression is illustrated in Fig. 2.2(a) and Fig. 2.2(b). By
comparing Fig. 2.2(a) and Fig. 2.2(b) we realize that when the dispersion
o grows by one order of magnitude, the value of the averaged determinant
drops dramatically.

2.7 Maximum likelihood method

In section 2.5 we have shown how one determines the initial spin density ma-
trix of a spin-3 system given the three averages (6.), (a'a):, and (6 a'a);.
However, there is one important issue about this method: the recovered state
from the above mentioned three averages might not correspond to a physical
state because of experimental noise. By a physical state we mean a density
matrix which is Hermitian, semipositive matrix with unit trace. In order to
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avoid this problem, we employ the method of “maximum likelihood” recon-
struction [50,51] in the following section. In this approach the density matrix
that is “mostly likely” to have produced the above mentioned measured data
set is determined by numerical optimization.

Our scheme operates by measuring only the commuting variables. As
a result, for the approximate state reconstruction we do not need anything
beyond the most standard (classical) Maximum Likelihood (ML) method.
Since one measures the number of photons and the spin direction along the
z-axes (these quantities are represented by the operators a'a and &, respec-
tively), the incomplete data in our case means that we are given frequencies
vqe(m) of events, where one registered m photons (m = 0,1, ...), and where,
simultaneously, the spin component assumed values a = +1. In the ML
method the probabilities p,(m) (given the frequencies v,(m)) are obtained
by maximizing the likelihood function over p,(m) !

=) Z% ) In [pa(m)] . (2.91)

a=+1m=0

This maximization over p,(m) is to be carried out in the presence of relevant
constraints. For our case the initial spin density matrix pg must be a positive-
definite, normalized matrix. Thus we get a single constraint

ra+ri+r <1 (2.92)
Working out (2.86) we write this constraint as a function of the probabilities
Pa(m):
(u—B)T'C(u—B) <1, (2.93)
where T means the transpose of a matrix.
c (MM (2.94)
The matrix M and the vector B are defined in (2.86), and where finally

D amt1 Dm0 @Pa(m)

oo
U= | Dy 2om_gmpa(m) |. (2.95)
oo
Za:il Zm:O ampq (m)
'Equivalently, one can minimize over p.(m) the relative  entropy
> ueit 2w g Va(m)InZ o Em; This measure of distinguishability between pg(m)

and v,(m) is equal to zero if and only if p,(m) = v,(m).
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If the constraint (2.93) is satisfied automatically, the maximization of L[p,(m)]
in (2.91) produces

Pa(m) = va(m), (2.96)

i.e., that the sought probabilities are equal to the frequencies, as one would
expect intuitively [52]. However, in general this constraint is not satisfied au-
tomatically and has to be included explicitly in the maximization of L[p,(m)]
over p,(m). Indeed, looking at (2.91) and (2.93) we may deduce qualitatively
that the constraint (2.93) will be satisfied automatically by (2.96), if the fre-
quencies are not very far from the actual probabilities (the ones that would
be obtained in the perfect experiment) and, simultaneously, the determinant
det[M] is not very close to zero.

2.8 Conclusion

In this chapter we described a method for quantum state tomography. The
usual way of solving this inverse problem of quantum mechanics is to make
measurements of non-commuting quantities. Single apparatus tomography
proceeds differently employing controlled interaction and measuring com-
muting observables. This is done via coupling the system of interest to an
auxiliary system (assistant) that starts its evolution from a known state. The
essence of the method is that the proper coupling is able to transfer the infor-
mation on the initial state of the system to a commuting basis of observables
for the composite system (system + assistant).

It is important to implement the single-apparatus tomography for a sit-
uation with a physically transparent measurement base and with a realistic
system-assistant interaction. Here we carried out this program for a two-level
atom (system) interacting with a single mode of electromagnetic field (assis-
tant). The atom-field interaction is given by the Jaynes-Cummings Hamilto-
nian, which has direct experimental realizations in quantum optics [25,29-33],
superconductivity [37-39], semiconductor physics [36], etc. As the measure-
ment base we have taken the simplest set of observables related to the en-
ergies of the atom and field: population difference of the atoms ¢, and the
number of photons a'a in the field. We have shown that one can determine
the unknown initial state of the atom via post-interaction values of 1) the
average atomic population difference (4.), 2) the average number of photons
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(a'a) and 3) the correlation of these quantities (5, a'a). The third quantity
does not need a separate measurement, since it can be recovered from the
simultaneous measurement of the two basic observables &, and a'a.

Since our scheme is based on measuring commuting observables, we can
apply the classical Maximum Likelihood setup for an approximate recon-
struction of the unknown density matrix given the incomplete (noisy) mea-
surement data.
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CHAPTER

Spin Cooling and Polarization Transfer

In this chapter the spin polarization transfer among two non-interacting spatially
separated spins coupled to a common heat bath is studied. The bath is modeled
by an ensemble of harmonic oscillators. Under certain considerations the model
is exactly solvable making it possible to derive the exact time-evolution of the
spin components. It is shown that by introducing external forces in the form of
short and strong pulses acting on one spin one can purify its state, i.e. can make
relatively pure states from initially mixed ones in the presence of the other spin.

3.1 Introduction

It was shown in the previous chapter that it is possible to recover the initial
state of a system by letting it interact with another quantum system. In
this chapter two non-interacting quantum systems surrounded by a common
environment are studied.

Quantum mechanics usually deals with the dynamics of isolated systems,
but in the real world there are no perfectly closed systems. Quantum sys-
tems always interact with their surrounding environment, which are typically
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modeled by thermal baths.

The interaction between a quantum system with one or a few degrees of free-
dom and a thermal bath with many degrees of freedom is the central concept
in the theory of open quantum systems and quantum information [47,53,54].
Common approaches to study open quantum systems are based on system-
plus-bath models so that the overall closed system can be described by a
Hamiltonian of the general form

[:[II:[S—F[:[B—FI:II, (31)

where Hs corresponds to the Hamiltonian of the system, Hy represents the
Hamiltonian of the bath, and H; stands for the interaction Hamiltonian be-
tween the system and the bath. It is worth noting that the Hilbert space
belonging to H is composed of the tensor product of the Hilbert space of the
system S and the bath B: S ® B.

Thus the state of S changes as a consequence of its internal dynamics as
well as its interaction with the surrounding environment. Hence, in order to
study the dynamics of an open quantum system, one has to consider the dy-
namics of its surroundings as well. In fact, the dynamics of the environment
can imply substantial changes in the dynamics of the quantum system. For
instance, the action of many variables of the bath on the system modifies the
time-evolution of observables of the system by inclusion of random terms [55].
In order to describe only the dynamics of the system one usually traces out
the environment degrees of freedom. This results in an effective description
of the dynamics of the subsystem, the so-called reduced dynamics.

As for the quantum system one usually considers a two-level system. These
are the simplest quantum systems to work with and the only physical sys-
tems whose Hilbert space corresponds exactly to that of a qubit in quantum
information theory. Two-level systems describe many physical and chemical
systems with discrete degrees of freedom such as spin—% particles, the po-
larization of a photon or a many level system where the two lowest levels
are the only accessible ones. Systems having continuous degree of freedom
subject to a potential energy function with two separated minima can also
be modeled by two-level systems. Examples of such situations could be some
type of chemical reaction involving electron transfer processes or the motion
of defects in some crystalline solid [54]. Since two-level systems mathemat-
ically can be described by Pauli matrices for spin—% systems and, the bath
is usually considered as an ensemble of bosons, the global model system has
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been dubbed the spin-boson model.
The Hamiltonian of a two-level system may be expressed by

Hy = —g&x + %a (3.2)
where 7, and ¢, are the x and z components of the Pauli matrices. In the
continuous degree of freedom example § corresponds to the transition proba-
bility between wells of the potential and € stands for their energy difference.
In the case of spin—% systems, 0 and ¢ correspond to a static magnetic field
acting on the z and x direction, respectively.

The bosonic bath is modeled by a set of harmonic oscillators, thus bosons.
Harmonic oscillators can represent a bath of phonons to describe the electron
spin resonance(ESR) [53]. The set of harmonic oscillators is also used in
quantum optics when one wants to describe a two-level atom interacting
with a photonic bath [56].

The most important properties of a bosonic bath are:

e The bath is a macroscopic entity in a stable equilibrium state with
temperature T

e The interaction between the system and the bath weakly perturbs the
equilibrium state of the bath. Thus the system is influenced by the
excitations, which can be considered as harmonic oscillator excitations.
Hence the Hamiltonian of the bath is taken as

Hy =Y hwpdfar, o, af] = ou, (3.3)
k

where dz and ay are bosonic creation and annihilation operators of the
bath mode of wave vector k with frequency wy.

e The coupling of the system to the bath operator is linear in the bath
harmonic oscillator operators. This corresponds to energy transfer to
and from the bath by the absorption or emission of a bath quanta.
This is due to the assumption of set of harmonic oscillators for the
bath and the weak perturbation of the bath’s state by the system.
As a result, a linear interaction is sufficient to bring the system in
equilibrium state with the bath at temperature 7' [57,58]. Thus the
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interaction Hamiltonian in the spin-boson model may be written as

a8 h A an ax A
Hy = 5 Z Zaa (gkal]:; + 9k ak) 5 (3.4)

a=z,y,z k

where gy is the coupling of the av component of the system to the bath
mode of wave vector k£ and g¢;* is its complex conjugate. This interac-
tion couples the bath to all spin components. It is usually simplified
by considering the bath is only coupled to &,.

e The spectrum of oscillator frequencies is smooth and dense. Thus the
effect of the interaction between the bath and the system can be de-
scribed by a single spectral function J(w). This is the case when the
thermodynamic limit is taken for the bath. As a result, all quantities
involving the interaction with the bath will be composed of integrals of
the spectral density.

e The coupling constant of the system to operators of the bath is a
smooth function of the frequency of the oscillators. In the thermo-
dynamic limit, it is not important to consider the coupling to each of
the harmonic oscillators and a global description for the spin-bath in-
teraction suffices to obtain all the interesting physics.

The couplings g, are parameterized via the spectral density function
J(w) as

J() =" |gel* 0w — wi). (3.5)
k

Within the above mentioned properties of the spin-boson model the problem
is completely defined by the parameters ¢ and 0 and the function J(w).
However, it cannot be solved analytically. Here we study a simplification of
this model that enables us to calculate the dynamics of the spin—% system
in a specific range of parameters. More precisely, we study the possibility
of the polarization transfer between two spatially separated non-interacting
spin—% systems coupled to a common heat bath by means of an external
perturbation of one of them. We show that if the initial polarization of both
spins, i.e., the occupation of their ground states, is low, by applying short
and strong pulses on one of them we can improve its final polarization (cool
it down). Cooling spins, i.e., generating pure states from initially mixed ones

is important in fields such as NMR spectroscopy and quantum information.
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In NMR experiments the result depends strongly on the initial polarization
of spins. Enhancing the polarization, enhances the output signal in the
experiment. It is also important to have pure states in quantum information
so that one can address them properly within a quantum algorithm.
The origin of cooling effect in the present model is in shifting the spins
frequency by factors arising from the enhanced back reaction of the spin(via
the pulses) on the collective coordinate of the bath. In the presence of another
spin, this effect gets shared between the two spins.
On the other hand, the presence of the other spin yields the polarization
transfer. If its initial polarization is considerable, it can be incompletely
transferred to the initially unpolarized spin by applying external pulses on
the latter. The existence of a thermal bath is crucial in our consideration and
this process can take place due to the presence of the common thermal bath.
Clearly, the effect could not survive the independent-bath approximation.
The content of this chapter is the following: In sections 3.2 we consider
two independent spins at a distance r from each other both immersed in a
common heat bath. We show that under specific considerations the spin-
boson model describing the situation is exactly solvable. Sections 3.3-3.5
are devoted to the study of the dynamics of spins observables as well as the
dynamics of the bath. Then we introduce an external field in the form of
sharp pulses acting on one spin in section 3.6. In section 3.7 we show how
one can achieve the cooling and spin transfer via external perturbations of
one spin. We also show that the results could not be achieved without the
presence of the bath. This is in contrast to the usual belief that the bath is
a serious hindrance one can not get rid of.

3.2 The model

Our model consists of two spatially separated non-interacting spin—% systems

(qubits) coupled to a common heat bath [59]. spins S; and Sy are subjected

to static magnetic fields in the z—direction with the Zeeman Hamiltonian
Hg, = @&9,

(= i=1,2 (3.6)

where &a(f), &f,i), &) are Pauli matrices describing two spins.
The energy levels of each spin are then :I:%gi:

& = th, 1= 1, 2, (37)
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and where €; is the frequency of the i—th spin. We consider S; and Ss to be
separated by a distance r along the z—axis and be surrounded by a common
bosonic bath with the Hamiltonian

Hy =) hwy afay. (3.8)
k

As for the interaction between the bath and spins we notice that the main role
of a thermal bath is to derive spins initially in non-stationary state toward
a stationary state. In this respect, for two-level systems (Spin—% systems)
we distinguish two types of relaxation processes and the corresponding time-
scales [60]:

e The 75-time scale related to the relaxation of the average transverse
components (6)), and (53") of the i—th spin (decoherence), where
i=1,2.

e The 7;-time scale related to the relaxation'of <6§i)>, i=1,2

It is customary to have situations where
T, < Th. (3.9)

The physical reason of this assumption is that the transversal components
(in the sense of Zeeman Hamiltonian for the spins) are not directly related
to the energies of the spins.

It is worth mentioning that there are experimentally realized examples of
two-level systems with sufficiently long 75 time scale properties with 77 be-
ing several orders of magnitude larger than 75. For example, for atoms in
optical traps T3 ~ 1 s, while the response time of the bath is 107%s [61]. For
an electric spin injected or optically excited in a semiconductor 73 ~ 1us [62]
and for an exciton created in a quantum dot 75 ~ 107% [63], where in both
situations the response time of the bath is of order 107 — 1073 s. Typical
femtosecond (1071%s) laser pulses then are suitable for the pulsed dynamics
that our model is based on. In NMR physics 75 ranges between 1076 — 103 s,
with bath’s response time of the order of one micro second and the duration
of the pulses can vary between 1 ps and 1us [64].In all these examples the

! There is also a third relaxation time which has a different origin. It appears due to
different energies or de-phasing of the non-interacting spins. In our model we assume that
€1 and €5 are close to each other such that this time scale is large enough
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response time of the bath is much shorter than the internal time of spins.

We restrict ourselves to times much less than the relaxation time 7; of the
longitudinal components <&,§1)> of the two spins. We choose the spin-bath
interaction Hamiltonian such that the bath induces only transversal relax-

ation [65,66].

N h o~ .
Hy = § EX(’)&S), i=1,2 (3.10)
i=1,2

where X and X® are collective coordinates of the bath seen by each spin
and are defined as

I de ~ * A
X0 LN (ghal + gb i) (3.11)
k
5 de ~ * A
X@ LN (g2af + g2 ar)., (3.12)
k

In general the couplings are complex and out of phase with each other. We
choose different couplings to the bath labeled by g; and g7 since S; and
So have an explicit spatial separation. To make this evident, we assume
two spins are separated by distance r in the z—direction such that the local
interaction of each spin with the bath can be represented by

gji = g e(i/Q) kr cos 0 (313)
gz = g ef(i/2) kr cos 0, (314)

where 0 is the polar angle measured against the z—axis in k—space, and
94| = |9kl = gk (3.15)

This form of coupling is capable of preserving the translational invariance of
the system in the absence of an external potential. Couplings of the form
(3.14-3.14) appear in the interaction of a particle with a fermionic bath [67]
or in the polaron problem [54].

The bath spectral density function J(w) is parameterized as

J(w) =) lgrl* 6(w — wp). (3.16)

We notice that due to (3.15) it is the same for both spins. The thermody-
namic limit of the bath will be taken later in section 3.5.

55



Spin Cooling and Polarization Transfer

The overall system can be studied within the spin-boson model [57, 65,
66,68-73] with the the Hamiltonian

H = Hg, + Hg, + Hg + Hyy, (3.17)
2\ e o

=3 7263) + Y hwgalay + 3 > X0, (3.18)
=1 k =1

It is seen that the z—components of both spins commute with H and hence
they are conserved, so the energy of the spins are constant of motion?. This
is due to restricting the model to times much less than the relaxation time
7, and omitting the related terms form (3.18). On the other hand (69),
and <6§i)> do undergo an evolution. In other words, this model describes a
purely decohering mechanism, where no energy exchange between the spins
and the bath is present. In fact, energy exchange processes typically involve
time scales much longer than the decoherence mechanisms.

In all the above mentioned examples the response time of the bath is much
shorter than the internal time 1/€; of the spin. Although this model now
has a restricted validity, it is exactly solvable under the above imposed con-
straints. The last ingredient of this model is to introduce external fields
acting on one of the spins. This will be discussed in section 3.6 where we
formulate the external field as short pulses in order to keep the model ana-
lytically solvable.

3.3 Time evolution of the bath and spin op-
erators

In this section we calculate the time evolution of the components of the spin
of two systems as well as the time evolution of the bath collective coordinate
using the Heisenberg equation:

‘
h

2We notice that if the two spins were identical, i.e. ©; = 5 and they were sitting

on top of each other, e.g. at » = 0, besides the quantities 621)7 &9), and &i” ® 622), the

quantities [75_1) ® 6(_2) and &f) ® [7(_1) would be conserved as well. This means, any initial
density matrix of the two spins that can be presented as a linear combination of these

operators will remain unchanged in the course of time under the evolution given by (3.18).

A=11A,A), (3.19)
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where A stands for any observable of the overall system and A represents the
time derivative of A.

3.3.1 Time evolution of the bath operators
The dynamics of the bath annihilation operator is given by

~

7; ;
N ~ ~ (1 i/2)kr cos 6

%69) gk 67(i/2)krcosek. (320)
This differential equation can be solved by a Laplace transformation and one
gets

an(t) = e—iwkt&k(())_f_zg_ulé_gl) oi/2)kr cos b, (e—iwkt_l)

+ & 6_£2) 6—(i/2)k7“0059k (e—iwkt _ 1) . (321)
2wk

The complex conjugate of (3.21) gives the dynamics of the creation operator.
Thus for XM () and X®)(¢) given by (3.11, 3.12) we have [see appendix C]

Xty = i) —6NG(t) - 6P G, (1), (3.22)
XO(t) = n(t)—6DG (1) —6PG(1). (3.23)

The functions G(t) and G4,(t) are the response functions quantifying the
back reaction of S; and S, on the collective coordinate operator of the bath.

2
Gi(t) = Z i—z [cos (kr cos 0y) — cos (wit £ krcosby)] . (3.24)
k

While G(t) is defined as G,—(?)
G(t) =) loel* (1 — coswyt) . (3.25)
P

We define the time integral of G, (t) by F,(t), as the back reaction factor
of spin at distance +r

Fu,(t) ™ /0 t ds Gy (s) = (3.26)

2
Z ‘gk2| [wy;t cos (kr cos B)) — sin (wyt £ krcosby)] .
W
k k
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Spin Cooling and Polarization Transfer

while F'(t), the back reaction factor of the very same spin under the study,
is defined as

F(t) = Z |5Zj; [wit — sin (wgt)] . (3.27)

In a similar fashion, when both spins are sitting on top of each other,
F.—o(t) = F(t).

In the following sections we will see that the back reaction factor plays
an important role in the cooling and polarization transfer process and the

presence of the bath is essential in this scheme.
The operator 7,(¢) in (3.22), and (3.23) is defined as

ﬁr(t) d;f ng [&L(O)e’L(%CObek-‘rwkt) 4 dk(O)e_Z<% C089k+wkt):| ) (328)
k

Setting r = 0 yields
=3 o [aL(O)ewkt + dk(O)e—iWkt} . (3.20)
k

n-(t) is named quantum noise operator which acts as a random force on spins
separated by distance r. We notice that 7,.(¢) is determined directly in terms
of bath operators at the initial time ¢ = 0. Therefore the nature of the
initial state of the bath plays a significant role. It is also remarkable that the
commutator of the noise operator is a c—numbered function of time [55] and
it is independent of r [see appendix D]

mr(t)7 ﬁr(t,)] = -2t Sign(t - t/) Z |gk|2 Sin[wk(t - t/)]v (330)

where sign(t — t’) represents the sign function. This commutator can be
written in terms of the back reaction factor F(t) as

[ (t), 0 ()] = —2iF(t —t'). (3.31)
This is a straightforward consequence of the definition (3.28) and the creation

and annihilation operator commutation relations.

3.3.2 Time evolution of spin operators

We are interested in spin subsystems properties, in particular, in expectation
values of the spin operators S; and S, at later times after coupling to the bath.
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3.3. Time evolution of the bath and spin operators

Choosing the Heisenberg representation we can exactly solve the Heisenberg
equations of motion of the spin operators and then calculate their ensemble
averages.

Let us first recall the following standard relations between the spin operators

60 =6 60 =12, (3.32)
[Agz'), H = +25 (3.33)
W06 = 1600, (3.34)

Since the overall Hamiltonian (3.18) commutes with &,9), for © = 1,2, the

Heisenberg equation for &Y reads

ol =0, 9 (t) = 69(0). (3.35)

z

It is easier to calculate the time evolution of the raising and lowering oper-

ators &ﬁ?, which act on the energy eigenstates of spins rather than working

out transversal components 6% and 6.,

&0 = % [H &(ﬁ} . (3.36)
Inserting H from (3.18) and implying (3.33), for the spin S; we have

& = igel) £iX O 60, (3.37)

Inserting X () (¢) given by (3.22) into (3.37) and using (3.34) relations yields

6 =i [+0, £ 9,(t) — G(t) F G, ()6 P] 6. (3.38)

The equation (3.38) is a quantum Langevin-type equation with quantum
noise 7,.(t), and back reactions G(t) and G,.(t).
Solving the differential equation (3.38) yields

50 (t) = exp [Hit — iF ()] T15(0,£) 68 (0) exp [FiF, (1) 6P],  (3.39)

where IT1%(t, t1) is defined as

t1
= (to, t1) & T exp [i@' / ds ﬁr(s)} , (3.40)

to
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Spin Cooling and Polarization Transfer

and where 7 stands for the time-ordering operator. The explicit expression
for IT(to, 1) will be given later.

The dynamics of S5 located at distance r from S, can be straightforwardly
derived using the same analogy

50 (t) = exp [£it — iF(t)] TIE,(0, 1) exp [FiF_. ()5 D] 62(0), (3.41)

where IT%, (o, t1) is defined as

~ e t1

I (to,t1) = T exp {:I:z' / ds ﬁ_r(s)} . (3.42)
to

It is seen from (3.39) and (3.41) that there are three effects generated by the

spin-bath interaction:

e random influences of the common bath on each spin due to the quantum
noise operator; this is understandable since two non-interacting spins
are open (not isolated) systems, their dynamics are not deterministic
but rather contain stochastic elements due to the interaction with the
thermal bath.

e A deterministic influence generated by the back reaction term of the
spin under study,

e the influence generated by the back reaction term of the other spin at
distance r which initially assumed not to be directly interacting with
the other one.

For later considerations, it is useful to calculate the time evolution of
I, (to, 1) )
Defining & A as the Heisenberg time evolution of an operator A over a period
¢,

EA = etH/h A emitH/h, (3.43)
the Heisenberg dynamics of the quantum noise operator reads
& (s) =
i (t +5) + Z lox[* {cos [wi(t + s)] — cos (wis)} (3.44)
P

2
+5? Z ol {cos [w(t + s) + kr cos ;] — cos (wgs + krcosO)} .
Wi
i
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3.4. Factorized initial state

Inserting the expressions for the back reaction given by (3.24) in the expres-
sion for &7),.4(s) [see appendix D] we get

Ei(s) = he(t+s)+[G(s) — G(t +5)] 6V

+ [Gu(s) = Gu(t+5)] 6. (3.45)
By analogy,
Ei—r(s) = Nt +35)+[Gr(s) = G (t + )] 53)
+ [G(s) = G(t+ )] 6. (3.46)
Thus, the of the operator ITF, (0, ¢;) reads
EITF(0,4,) = (3.47)
Hi(t t+t1) exp [j:zx(() t1,t)0 gl)] exp [:i:zxr(O t1,t)o (2)}
EITE (0,4)) = (3.48)

Hj_tr(t,t—f—tl)exp [:I:z'x +(0,t1,t)0 §1>] exp [zx(O t1,t)o (2)}
where x,(0,1,t) is defined as

def

t
(0, t1,1) / d5[Gan(s) — Gar(ts + 9], (3.49)
0
= Fi(t1) 4+ Fer(t) — Far(t1 + 1), (3.50)
When deriving (3.50), we used the definition Fi (t) = [} ds G (s).

3.4 Factorized initial state

We assume that the spins are prepared independently from each other and
the bath an then brought in contact with the bath at time ¢ = 0. Thus
at initial time ¢ = 0 the common density matrix of the bath and spins,
represented by p(0) is factorized:

p(0) = pB(0) @ ps, (0) @ ps, (0), (3.51)

where ps,(0) and pg,(0) are the initial density matrices of each spin. pg
stands for the Gibbs state of the bath, which is initially in equilibrium at
inverse temperature 3, A

e PBHB

W. (3.52)

pB =
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Spin Cooling and Polarization Transfer

Since the spins and the bath are initially independent, p(0) can be written
as
R e_ﬁHO
p0) = —, (3.53)
tr [G_BHO]

where Hy is the Zeeman Hamiltonian of each spin added to the bath Hamil-
tonian and is described by

N 1 A
Hy=5 > hu6l + ) huigay. (3.54)
i=1,2 k

The factorized initial state (3.53) implies

GP0) =0 i=1,2 (3.55)
(69(0)) = —tanh (m;Q) (3.56)

We note that depending on the response of spins to an external static mag-
netic field, the initial polarization \(63))\ varies. This is best characterized
by frequency /field ratio, which is for example 42 MHz/T for a proton. For
an electron this ratio is 10® times larger due to the difference between atomic
and nuclear Bohr magnetons. Thus at temperature 7" = 1 K and magnetic
field B =1 T, the equilibrium polarization of proton is only

huB
1(6,)| = tanh (2;BT> = 1073, (3.57)

while for an electron it is 1000 times larger, [(5.)| ~ 1.
Since the bath is initially in a Gibbs state, employing (3.51) we have

((0)) = (a}(0)) =0, (3.58)
(@ (0)al, (0)) = ((ne) + 1)dp, (3.59)
(@} (0)aw (0)) = G (), (3.60)
(@l (0)ag(0) + ax(0)al (0)) = coth (ﬁ ’Z”“) : (3.61)

where (ng) = [e?™r — 1] ! is the thermal occupation of mode k.
The relation (3.58) implies that the quantum noise has the property of

(0:(t)) = 0. (3.62)

62



3.4. Factorized initial state

We recall that 7,(t) is determined via ,(0) and @} (0).
Taking the average of the commutator of the noise given by (3.31) over the
initial state of the bath yields

(7 (@), 7 (1)]) = =20 G(t —t') = =20 F(t — '), (3.63)

where the back reaction factor F(t) is given by (C.22).

We notice that thermal state of the bath and the anticommutation rules
between the creation and annihilation operators of the bath implies (3.63)
which is independent of the distance r between two spins.

Implying (3.61) we can also calculate the average of the anticommutator of
the noise operator [see the appendix D] as

<{ﬁr(t)7 ﬁr(t/)}> =2 Z |gk|2 coth (%) cos [Wk(t - t/)] ’ (364)

which is independent of the separation distance r between two spins due
to the initial thermal state of the bath and the anti-commutation relations
betwee the bath creation and annihilation operators.

From (3.64) the symmetrized correlation function of quantum noise operator
K(t —t') reads

Kt 1) = 5 {0in(0), (1)), (3.65)

Then, the time-order correlation function of the noise operator defined by

Kr(t—¢) Z (T (6 (1))) (3.66)

can be described in terms of the symmetrized correlation function given by
(3.64) and the back reaction forces as

Kr(t—t) = K(t—t)—iG(t—t),
K(t—t) =il (t—1t). (3.67)

Since (1,.(t)) = 0, we can use Wick’s theorem for decomposing higher-order
products of the noise operator [74]. This is important since our ultimate
goal is to calculate the ensemble average of the time-evolved spin operators.
Wick’s theorem is related to the fact that the commutator of the quantum
noise operator is a c—number. According to this theorem if (7.(¢)) = 0,
any correlation of an odd number of 7,(¢) vanishes. A correlation of an
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even number of 7),(¢) is equal to the sum of products of pair correlations,
the sum being taken over all pairings. Thus the Wick’s decomposition of
(T (e (t1) -+ - 0 (tar))) will be a sum of (2k — DI = (2k — 1)(2k — 3)---3
terms. These are the characteristic properties of a classical stationary Gaus-
sian stochastic process [75]. Therefore, the operators 7,.(t) are called Gaus-
sian operators [76].

We employ this property in order to calculate the time-ordered exponen-
tial of the time integral of the quantum noise which appears in (3.48) and

(3.40) [66]:

) = 3 G [ e dsad T s )
= eXp |:—%/t1 /t ldsldSQKT(Sl - 82):|
= exp[—&(t1 —to) +i F(t1 —to)]. (3.68)

The function &(t; — o) is defined in terms of the symmetrized correlation
function of the quantum noise as

1 t1 t1
g(tl — t()) = 5/ / dSldSQK(Sl - 82). (369)
to to

Since the commutator and the anticommutator of the noise operator is inde-
pendent of r, in the same fashion

(1%, (to, t1)) = exp [=&(ty — to) +1 F(ty — to)]. (3.70)

having the expressions for the time-evolved transversal components of
the spins given by (3.39), (3.41), we can calculate their ensemble averages as
following:

(D) = eHUEOMTE0, 1) (08 (0)) (FEOF) (371)
(6P(1) = eHEEOMTE (0,8)) (RO (0D(0)).  (3.72)

Inserting the averaged time-ordered operator from (3.68), we see that the
back reaction forces F'(t) cancel out. As a result the transversal components
of spins decay due to the interaction with the bath as

(1) = O (ol (0)) (7O, (373)
~ iQot— i, &9)
(G2 (1) = eFBn (T 0 (50 (0)). (3.74)
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3.5. Ohmic spectrum of the bath

Thus the factor e=¢®) with £(¢) defined by (3.69) leads to decoherence for a
general factorized initial state.

In section 3.6 we show that F(t) which disappears from(3.74) plays an
important role when S; undergoes a perturbation by implying short pulses.

3.5 Ohmic spectrum of the bath

For the spin-bath interaction, we shall consider the ohmic regime [57]. The
most studied ohmic case corresponds to an environment which induces a
dissipative force linear in the velocity of a Brownian particle moving in it.
In the ohmic regime the spectral density function reads

J(w) =ywe /T, (3.75)

where 7 is a dimensionless coupling constant, and where I' (usually much
larger than €2; and €2,) is the maximal characteristic frequency of the bath’s
response.

For the inverse dispersion relation we take the most natural one

kE=—, 3.76
! (3.76)
where ¢ is the phonon velocity in the bath.

The symmetrized correlation function of the quantum noise operator in
ohmic case is given by

K@) — jgquw{IQu)(xmh,(Ez?i) cos(wt)
::fﬂémdwe‘”Fwamh<é§£>(mdww, (3.77)

where we have inserted (3.16) and (3.75) into the expression for the quantum
noise correlator given by (3.64).

We notice that the decay factor £(t) is related to K (t) via Eq. (3.69). Thus
we can get an exact expression for £(t) [66]

I2(1+0)yItr

1
=1 s e ergraresery

, (3.78)
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where I is Euler’s gamma function, and © is defined as

def 1

G (3.79)

which is called a dimensionless temperature [65]. This implies that in low
temperatures the decay behaves as the following power-law expression

O<1: 0= (141277, (3.80)

For © > 1 ¢~¢® starts as a Gaussian, but continues as e /% with 7, =
1/2537 [66,69,70,72].

In order to calculate the time derivative of the back reaction factor G, ()
in the ohmic regime, we first average G,(t) given by (3.24) over all 65 and

denote it by G,.(t)

_ 1 [
Gr(t) = 5 / d@k sin Qk Gr(t) (381)
0 21
= k Q—Sk . [2sin(kr) — sin (wxt + kr) + sin (wit — kr)].
We notice that B B
G.(t) = G_.(1). (3.82)

Implying k& = wy/c and inserting the bath spectral density in (3.81) we get

_ > J(w) e A1 .

G.(t) = dw i {2sinwt —sin [w(t +¢)] sin [w(t — )]}, (3.83)

0 W

where we define ¢ as the time spent by phonons to travel between S; and S5

A (3.84)

o

Considering the ohmic regime and inserting (3.75) into (3.87) we get
_ *d - ~ ~
G (t) = 21{/ T emwrr {2sinwt —sin [w(t +¢)] sin [w(t — £)]}, (3.85)
A,

which can be worked out [see appendix C] as

G.(t) = (3.86)
21{ {2arctan(I't) — arctan [['(t 4 1)] + arctan [I(t — )] } .
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3.6. Pulsed dynamics

Let us recall G(t) given by (3.25)

G(t) = /OOO do 29 (1 coswn) (3.87)

w

In the ohmic regime this function reads

G(t) = 7/ dwe /T (1 — coswt)
0

1

We notice that in the limit where 7 approaches zero, G,.(t) corresponds to
G(t).

Calculation of the back reaction factor F,.(¢) in the ohmic regime yields [see
appendix C]

F.(t) = l{iln (1 + [T +9) ) + 2t arctan (T') (3.89)

20120\ 1+ [1(¢t - )]

— (t+t)arctan [T(t +¢)] + (¢t — ) arctan [I'(t — 1)] }

We notice that setting 7 = 0 in (3.86) reproduces the result for a single spin
coupled to a heat bath in the ohmic regime [66]. Moreover, for fixed r, at
the characteristic time 1/T', G,.(t) and F,(t) become constant. It is remark-
able that the time-scale of the back reaction factor F,(t) is temperature-
independent while the decoherence time does depend on T.

3.6 Pulsed dynamics

In this section we study the case where one of the spins, say Sy, is acted
on by two successive pulses. The aim is to see how this would result to
a higher polarized spin state for S;. The reason for applying two pulses
and not just one lies in the no-cooling principle [77]. According to the no-
cooling principle which is related to the second law of thermodynamics, an
equilibrium system cannot be cooled by means of a cyclic external field. One
cannot achieve cooling by implying a single pulse since it sees the initial local
equilibrium state of the spin, and then according to the no-cooling principle
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it can only heat the spins state up. Thus we have to employ at least two
pulses [65].

The external field acting on 57 is described by a time-dependent Hamil-
tonian as |

Hp = 5 > ha(t)sl), (3.90)
a=x,y,z

with magnitudes h,(t). We consider Hp to be a pulse. A pulse of duration §
is defined by sudden switching on the external field at some time ¢ > 0, and
then suddenly switching off at time ¢ 4 0.
Adding Hp to the Hamiltonian H of the overall system given by (3.18) makes
the total Hamiltonian time-dependent

H(t) = H + Hp(1). (3.91)

In the pulsed regime [68] h(t) differs from zero only for a very short time
interval 0 being there very large, ﬁ(t)é ~ 1, to achieve a finite effect. This
kind of interaction was used to describe spin-echo phenomena [78], which
deals with the refocusing of the precessing of nuclear spin magnetization. It
is also implied in the processes of switching off undesired interactions, such
as those causing decoherence [73].

It is well known that during a sudden switching on and and switching off,
the density matrix of the system does not change [79] while the Hamiltonian
gets a finite change. For the moment, we keep an arbitrary form of the
external field Hamiltonian in the time interval (¢,¢ + ). The operator for
the Hamiltonian H(t) given by (3.91) in the time interval (0,% 4 7), where

T > 0 reads
’i t+71 R
T exp [——/ dsH(s)} =
h Jo

A Lot »
t

where 7 represents the time-ordering operator. In (3.92) we have separated
out the time intervals (0,t) and (¢t + 6, + 7), at which the system evolves
freely and the actual time-dependence of the Hamiltonian appears only in
(t,t+9).

We denote the pulse evolution operator U,(t) as

R . - t+6 .
Up(t) ™ 1T oxp H—i / dsH(s)} : (3.93)
t
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3.6. Pulsed dynamics

and want to show that it can be represented by a rotation operator acting
on the spin of 5.

We notice that the expression (3.93) satisfies the same first-order differential
equation in 0 with the same boundary condition § = 0 as the following
expression:

. 5 R X o
T exp [—%/ ds /" Hp (s + 1) e_ZSH/h} : (3.94)
0

This can be shown by calculating the derivative of (3.93) and (3.94) with
respect to 0. For the derivative of (3.93) with respect to § we have

d i6H /R i [
53¢ T exp l—ﬁ/t dsH(s)} =

2 PSSP . . e
= % [H — MM (t 4 6)6”§H/h] eI/ exp [—%/ dsH(s)}
t
ies R . . i t4-0 .
= —?_Le“SH/th(t—i—6)6_’5H/he’5H/hTeXp [_ﬁ/ dsH(s)} , (3.95)
t

where we have used H(t) = H 4+ Hp(t).
On the other hand the derivative of (3.94) with respect to ¢ reads

. ) R . o
%Texp {—%/ ds e H/" Hp(s + ) e_’SH/h} = (3.96)
0

. R R . . ) . R o
_;_ieitSH/hHP(t_'_(s) 6715H/hTeXp |:_%/ ds 6st/h}IP(S +t) elSH/h:| .
0
Thus Up(t) can be written as

o i [T
Up(t) = "/ exp {—7—1/ dsH(s)}
¢

i t+0 ) N R ] N
_ Texp |:_ﬁ/ ds 6z(s—t)H/h HP(S) ez(t—s)H/h:|
t
. ) R . .
= Texp {—%/ ds /" [p(s 4 t) e”H/h} : (3.97)
0

Now we show that by considering very short pulses, we can mathematically
represent them with unitary operators. When the pulses acting on S; are
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very short so that during the time interval (¢,¢+ 9) the terms containing &M

in the Hamiltonian can be neglected, we can take the first term in the Taylor
expansion

I Fp (s + £) e 1/ = ﬁP(SﬂLtﬂ'% [ﬁ,ﬁp(3+t)] +-
~ Hp(s+t). (3.98)

Thus for the pulse evolution operator we get

Up(t) = T exp {—% /0 6 dsﬁp<s+t)1 | (3.99)

Thus a very short pulse can be represented by a unitary operator in the
Hilbert space of the spin it is acting on. This means that a pulse rotates the
Bloch vector (6(1)>. We parameterize pulses by coefficients ¢, 4 as

Pao®D L UL 0600t = Y cowdy’.  a=%£2 n=12 (3.100)
b==,z

where n = 1,2 counts the number of pulses.

We notice that there is no need to neglect the bath and S; Hamiltonian
during application of pulses, since external fields are acting on S; only and
the influence of the bath and S, Hamiltonian disappear automatically. For
a more detailed application, we will need the explicit form of Uli(t) given by
(3.99). We parameterize the pulse by a 2 x 2 unitary matrix as

vt (€% cos? —e ™ sind
Up(t) = < e¥sing  e¥cost )’ (3.101)

where

w >0, P <27 0<v<

NN

. (3.102)

Such parameterizations are common in experiments where the spin is rotated
in certain degrees over a well-defined axis [78]. For this specific form of
parametrization of the pulse, the coefficients ¢y 4, read

Cnotz = —e'(¥n=en) gin 299, Cntt = e 2% cos® 1,

Cpp— = —e?¥ngin? g, Cp 2z = COS 20, (3.103)
1 _. . 1. .

Cpot = 56”(%“’") sin 299, Cpoe = —elWnten) gin 299,

where n = 1, 2 stands for the index of the pulses.
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3.7. Cooling and polarization transfer

3.7 Cooling and polarization transfer

The problem we address in this section is set up as follows. Two non-
interacting spins S, and S, separated at distance r in the z—direction are
coupled to a common thermal bath. Suddenly at time ¢, which we set to
be much larger than the response time of the thermal bath, S; undergoes
two successive pulses one at time ¢ and the other at time ¢t + 7. As a result
S1 cools down. Since the spins are coupled to the same bath, we observe
polarization transfer between two spins. In order to study spin cooling and
polarization transfer, we calculate the final polarization of both spins as well
as the final averaged transversal components of spins.

The final expressions for otV after applying two pulses P; at time t and
P at time ¢ + 7 reads

o(t+7) = EPLE P, (3.104)
Implying (3.100) for P, &Y we get
oD(t+7) = &PIE, [cz,zzfri” e oMY (3.105)

The operator & acting on & does not change it while for (39(7’) we can

insert the expression (3.39) into (3.105) and get

oDt +7)=EP [ C2,2:6) (3.106)

L oom {02724_6@‘[91T—F(7)]ﬂ;~_(0,7') 5V e—iFr(7)6§2)}:|’

where, for brevity, we drop the initial time ¢ = 0 argument of 65? and 6.
Operation of the pulse P; on Sy results in

oD +7) = oz &1 |e12:60 + 2R{er2001) ]

+2em{c2,z+ (TP (0, 7)

S +(2)
X |:Cl7z+6—£l) + Cl,++é—-(|-1) + Cl’+7a—(_1):| €_ZFT(T)UZ2 } (3107)
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Applying the time evolution operator & on the spin components using (3.39),
(3.49), (3.69), and (3.49) finally yields

ng) (t + T) - CQ,zzCLzngl) (3108)

5@

+2co ZZ%{CI Ui 1:[;“(0, £) (35}) o~ iFr ()65 }
—|—2§R{02 e +zei[§2177F(7—)]ﬂ:r (t, t + 7_) é_gl) 61X(T7t)&£1) o [gr(f,t)—Fr(r)](}g) }
+2§R{027z+ 017++6i[91(t+7—)_F(t+T)] ﬂj‘ (t, t+ T)ﬂ:—(o, t) 6._(:) e—iﬁr(tw)&?’ }

+2§R{62,z+ 01— XEOFOFEOITE (¢ ¢4 7)1 (0,1) 60 x

x ez‘gﬁ}) [Xr (7.6 = Fr (1) +Fr ()] } :
where we have used the definition of x,(7,t) as the averaged value of x,.(7,t)
over 6y, which is given by

(1, t) = Fo(t) + Fo(1) — E(t+ 1), (3.109)

where F,(t) is given by (3.90). We notice that the back reaction factor F(t)
shifts the frequency €2; of S;. In other words, applying pulses amounts to
enhancement of the back reaction force of the spin on the collective coordi-
nates of the bath.

Averaging (3.108) over the bath and both spin states results the final polar-
ization of S; as

(@Dt +7)) = 122 02261 (3.110)

+2€7£(T)% {627z+ Clys e’iﬂlT <€ix(r7t)&£1)&£1)> <ei[)’(7.(7,t)—ﬁ’,-(7)]&g2)} ,

where implied the initial condition (3.56) and set (61’) = 0 in deriving
(3.110).
We notice that there are two factors that come from the bath:

e ¢ ¢(" which amounts to the decoherence of the transversal spin compo-
nents, of the system located at the origin, in the time period 7 between
the two pulses. Note that the transversal terms are generated by the
first pulse.
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e x(7,t), and x.,(7,t), defined by (3.50), representing back reaction fac-
tors of both spins on the collective coordinate operator of the bath. As
we saw in section 3.4, Eqgs. (3.74-3.74), this effect is not relevant for
decoherence, but it is crucial in this context.

We now work out the second term of the expression (3.110) for the final
polarization of the pulsed spin after two successive pulses.

2675(7)%{@,2 41y, €T (X0 5 iR (r)=Fr (] <2>>}

=2 IR {co, i 01 4. TP (3.111)
where
P = isin[x(7,)] cos [x.(r,t) — Fy(7)
+ i(6M) (617) cos [x(r,1)] sin [x.(1,t) — F.(7)]
+ (o) cos[x(7,t)] cos [x, (T, 1) — Fo(7)]
— (0@ sin[x(7,t)] sin [x, (7, 1) — F(7)]. (3.112)

For the following results we set I't > 1 which means we wait long enough
so the systems and the bath reach the equilibrium. Then we apply two
successive pulses on the spin S;. This guaranties the independency of the
outcome result on the details of the initial state preparation. In this limit
X(7,t) and x,(7,t) — F.(7) read [see appendix C]

r

Xr(T,t) — Fo.(1) = ~ 7€ arctan <_7’) , (3.113)
r c

x(1,t) = —~ arctan(I'7). (3.114)

Inserting (3.113) into the expression of P, given by (3.112) yields

T C

r
P, = —isin[y arctan(I'T)] cos {E arctan (_r)]

r
— i(6W) (6P cos [y arctan(I'T)] sin {7—70 arctan (—T)}
r c

r
+ <U§1)> cos [y arctan(I'7)] cos {7—7-6 arctan (—T)}

r c
r
— (0¥) sin [y arctan(I'7)] sin {? arctan (%)] : (3.115)
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Inserting (3.112) and the parameters describing the pulses from (3.103) into
(3.110), the final polarization of the pulsed spin reads

<O-7E'1) (t + 7->> = COS 2791 COS 2’192<0'£1)> (3].].6)
sin 20; sin 205 e SR [N P

where P, is defined by (3.115) and

de
S :f Y1 — Py — 1 — . (3-117)

This expression is one of our main results. We notice that due the presence of
the first term in the expression for P, given by (3.115) the final polarization

of the pulsed spin can be non-zero even if both spins are initially completely
unpolarized, i.e. in the case where <€7,§1)> =0 = <6,§2)>. In this case the

expression for P, given by (3.115) reads

T C

r
P, = —isin [y arctan(I'7)] cos [7—7—0 arctan (—T)] : (3.118)
Thus the final polarization of S; will be

(eM(t 4+ 7)) = —e ¢ sin 209, sin 20, x (3.119)

I . )
x sin [y arctan(I'7)] cos [LTC arctan (—T)] {7 e},
r c

Since (; is negligible due to the initial conditions,

(e (t + 7)) = —e ¢ sin 209, sin 209, x (3.120)

x sin [y arctan(I'7)] cos [yI'T cos(kr cos )] 3{e*}.
This expression can be maximized over the pulse parameters by choosing
0 T
O =0y = — = _. 3.121
1 2 A ) S 9 ( )

In terms of pulses this means to apply a 7 pulse along the r—axis at time ¢
followed by another —7 pulse along the y—direction at time ¢ + 7.
We represent a 7 pulse along the r—axis as [66]

Py <:c g) , (3.122)
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Figure 3.1: The final polarization of S after two successive pulses in terms of I'r
for different temperatures when the dimensionless bath coupling constant v = 2
and v = 0.1. We compare these two cases when both spins are initially unpolarized

and are located at the same place, r = 0.

where

7)1 (I‘ Z 6'2 — ei&zﬂ”/4 a_z e*i&;ﬂr/ll
, = .
2

(3.123)
(1

The first  pulse in the r—direction applied on ) can be described by

s 1 1
Ve = 250 250 3.124
P (x 2)02 217t T 27 (3.124)
which in terms of the pulse coefficients ¢, 4, means
0 ! (3.125)
Cl,zz = U, Clz+ = 5-- .
1, Lat = 5
Therefore .
1+ = 5 (3.126)
Applying —7 pulse in the y—direction on &M gives
P, (y —%) G = =iy w4 (1) ioy w/4 (3.127)
which yields
T . Lo, Lo
Py <y, —5) 61 = 5ol + So. (3.128)
Therefore the pulse coefficients read
€222z = O, C22+ = 5 (3129)
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€2t = % implies
Y2+ @2 = 0. (3.130)

As a result the final polarization of S is

(cW(t+ 1)) = (3.131)
I'r

—e~ 8 gin [y arctan(I'7)] cos [E arctan (—)} .
r C

The physical reason of getting non-zero final polarization is the back reaction
of both spins which is now shared between them. The generation of coherence
by the first 7 pulse couples S; to the bath and S;. The polarization of S;
changes under the shifted frequency. We notice that the final polarization of
S1 depends on the distance between the two spins and the time 7 between two
pulses. The final polarization decays with the factor e ¢(™), which describes
the decoherence of the transversal terms produced by the first pulse in the
time interval between the two pulses. Thus the time interval between two
pulses should be such that it does not let the decoherence overcome the
influence of the first pulse. The factor e ¢() implies that the final value
of the polarization of S; decreases with v (weaker back reaction) and 1/T
(larger decoherence).

When we set » — oo which means we consider two separates spins each
with its own bath, cos [% arctan (%)} = 1 and we get the same result as in

the single qubit case [65]:
(cW(t + 7)) = —e ¢ sin [y arctan(I'7)] . (3.132)
While considering both spins sitting on top of each other, r = 0 yields
(e (t + 7)) = —e ¢ sin [y arctan(I'7)] cos (YI'7) . (3.133)
Another interesting phenomenon is the case of spin transfer, which takes
place if the initial polarization of S, is larger than the initial polarization of
S1. This can be seen from the last term in the expression (3.116) for P, given

by

— (¢?)) sin [y arctan(I'7)] sin {PY—TC arctan (g)} . (3.134)
r c

Thus when Sy is initially highly polarized while S; is unpolarized, P, given
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Figure 3.2: The final polarization of S after two successive pulses in terms of I'r
for different temperatures when the dimensionless bath coupling constant v = 2
and v = 0.1. We compare these two cases when both spins are initially unpolarized
and are located at the same place, r > 0.

by (3.115) reads

r
P, = —isin|y arctan(I'7)| cos [E arctan (—T)} (3.135)
r c

r
_(&g2)> sin [y arctan(I'7)] sin [LTC arctan (_T)] 7
r c

and the final polarization of an initially unpolarized spin reads
(oMt +7)) =—e T sin20;sin 20, R{e* P},  (3.136)

where P, is given by (3.135).
The polarization transfer from S, to S; takes place when we consider to
following pulse parameters

¢=0. (3.137)
The above condition can be fulfilled by applying a — pulse in the x—direction

followed by a —7 pulse in the y—direction after a time period of 7. A —7
pulse in the z—direction means

Py (x —%) 50 = =it n/ 5(1) iol (3.138)
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Figure 3.3: The final polarization of S after two successive pulses in terms of the
dimensionless distancel'r/c for different pulse durations I'r. The dimensionless
bath coupling constant v = 2, and hlr = 0.1. Both spins are initially unpolarized.
The dotted curve: I't = 1.5, the dashed curve: I't = 2, and the solid curve:
I'r=2.5.

which yields to

™ . L.y, 1.¢
Py (x —§> o) = —-ol) + ~o. (3.139)
Therefore
3T
Yrten= " (3.140)
Thus the final polarization of S; in this case reads
(0Dt +1)) = (3.141)
r
e (6@Y sin [y arctan(I'7)] sin {E arctan (_r)] :
r c

Thus we see the initial polarization of S5 is partially transferred to S,
without modifying the initial polarization of Ss. This is not in contradiction
with the no-cloning theorem, which states that no well-defined state can
be attributed to a subsystem of an entangled state. Since in our case the
quantum states are represented by commuting density matrices, they can be
cloned (copied) exactly.

Thus the existence of Sy improves the cooling effect via polarization transfer
provided it is initially sufficiently polarized.
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3.7. Cooling and polarization transfer

Now we calculate <&$ )(t + 7)) to see how the transversal components of

S which initially are zero evolve after applying two successive pulses on 5.
Following the same analogy as we employed in deriving the final polarization
of 51 we have

st + 1) = EPLE Py, (3.142)
which then yields
6$)(t + 7') = C2,+2 Cl,zza'il) (3143)

250 {1, D F O (0, 1) (Ve 05 ]

+C2 4+ Cl 4z T =F (")l ﬂ:r(t, t+ 1) Xt &M ei[’ZT(T’t)*FT(T)]&g)

g cq_p e IO (¢t 4 7) e_iX(T’t)&gl)&gl) i ()= Fr(n)]o?

ot s @MEDTFEONTE (1 g )TIE(0,1) 6 et
o € e~ (TH)+F(1+1)] I (t,t +7) fIT_(O,t) 50 eier(t+T)oA_£2)
tCopy €1y e~ (r=t)=F(t+7)+2F (7)+2F (1)] ﬂr_ (t,t + 7_)1:[:(0, £) x

X&Srl) ei[FT(HT)JFT(t)]&?)

+Cotp Clge 6i[Ql(’r—t)—i—F(t-{—fr)—2F(’r)—2F(t)] ﬂ;&- (t, t+ T)ﬂr_ (0’ t) >

w5 il Fr(ttm)—2F- ()] 61

Taking the ensemble averages and implying the initial condition

(o) =0, (3.144)
yields
(@t + 7)) = ez ez (60) + (3.145)

; ()60 % F(1)]62
Fepg C1 s €BTED) ( pix(ret! &0y ¢ il (r)—Fr(7)]62 )
(

i T—E(T) ( 6—¢x(f,t)a§1> . 1)> ( 6—i[)’<r(r,t)—F‘r(T)}&£2)>’

Inserting the pulse coefficients from (3.103) and employing the definition of
P, from (3.115) for ([755)(25 + 7)) we get

+co+-C1—z€

Gt +7) = (3.146)
—e~"27¢2) gin 299, cos 204 (&S)) — sin 209, e ¢ x

X{ cos? s e (W1—p1=2¢2) T P — sin? ¥y e~ W1—p1=22) ,—ihT P:},
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where P7 is the complex conjugate of P,.
Let us now consider the case where both spins are initially unpolarized;
(&(1)) =0= <€7,§1)). Applying a 7 pulse along the z—direction followed by a

— % pulse along the y—direction on S; with the pulse parameter
T T
Yy =y = — = — 3.147
1 2 4 ) S 9 ) ( )
results in
™ N Loy Ly
Py <—,x> 0, =20y + -0 —io, (3.148)
2 2 2
1 1
P, (—g) o) = 561 = 6t — 600, (3.149)

Thus inserting 11 = ¥ = 7 in the expressions for ¢; ., ¢1 14, and ¢y ;. given

by (3.103) we get

T
P =0, =g
Yy = @2 = 0. (3.150)

Now the expression for (&g)(t + 7)) reads
Wt + 1)) = —ie COR{PY, (3.151)

where we take into account that €27 is negligible. We notice that P, given
by the expression (3.118) is a purely imaginary expression and thus

(et +7)=0= (Gt +1)). (3.152)

Thus while the polarization of initially unpolarized S; increases by applying
a 4 pulse in the x-direction and a —7 in the y—direction, its transversal
components will remain the same when S, is also initially unpolarized.

On the other hand, when S is initially highly polarized, \(622 )| ~ 1, follow-
ing the same lines of calculation we get a non-zero final transversal compo-
nent in the y-direction by applying two successive —% pulses in the z and y

direction. In this case we have

3m
V1 =1 = Ve o =2 = 0. (3.153)
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Therefore
WMt + 1)) = —ie COS{PRY, (3.154)

where P, is given by (3.135). Thus for the final transversal components of
the S spin we have

(et +71) =0, (3.155)

c I'r
(6;1) (t+ 7)) = e~¢) sin [y arctan (I'7)] cos {ﬂ arctan (—)] :
r c
We recall that since there are no external forces applying on Sy, the process
does not affect its state.

3.8 Conclusion

Spin—% systems are quantum systems for which the Hilbert space is two-
dimensional and thus can be considered as qubits. Recently, nuclear spins as
examples of spin—% systems have been suggested as good candidates for realiz-
ing quantum information processing [80-82|. Before any quantum algorithm
can be executed, the qubits themselves must be initialized into a well-defined
state which in most cases should be pure. Unfortunately, the nuclear spin
systems are surrounded by the environment. That is to say, they are usu-
ally found in a highly mixed state and thus unpolarized. However, there are
several techniques for increasing the polarization of nuclear spin. The most
common ones are optical pumping [83] in which light is used to enhance
the polarization and dynamic nuclear polarization [84], which is based on
transferring the spin polarization of electrons to nuclei in a coupled two-spin
system with the help of radio frequency pulses applied on both spins. Here
we describe another polarization enhancement method based on the back
reaction of the environment. In this scheme we consider two spatially non-
interacting qubits coupled to a common bath. By applying two successive
pulses on one of spins, we can increase its polarization (cool it down) even if
the initial polarization of both spins is negligible. When one spin is initially
highly polarized, applying two successive pulses on the initially unpolarized
spin results in polarization transfer, hence enhancement of polarization of an
initially unpolarized spin. We studied this situation within the spin-boson
model. We showed that under certain considerations the model can be ex-
actly solvable. For the spectral density of the bath we considered the ohmic
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regime. We showed that the origin of polarization enhancement mechanism
lies in the shared back reaction of spins to the common bath. Thus the pres-
ence of the bath is necessary. In fact, it is the only interactive component
between the spins which intermediates the polarization transformation. By
applying strong pulses on two non-interacting spins coupled to a common
bath, it is possible to reach final non-zero polarization even when both spins
are initially unpolarized. In case the pulsed spin is initially unpolarized while
the other spin has high initial polarization we obtain rather good polarization
transfer.
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CHAPTER

Adiabatic Perturbation Theory

This chapter is devoted to the adiabatic perturbation theory. It is presented in a
different way from the standard presentations by a careful accounting of higher-
order terms. The idea is based on the time-scale separation which is usually
the case when a massive slow system interacts with a light fast system. In
the previous section the spin-boson model was employed to study the evolution
of an open quantum system. In this chapter we consider another category of
open systems in which the quantum system evolves much faster than its slow
classical surrounding environment. The Hamiltonian of the fast system then can
be considered as a function of the slowly varying parameters of the slow system.
The wavefunction of the fast quantum system is separated into fast and slow
components and the slow component is expanded in terms of a small parameter.
This parameter is defined as the ratio of the characteristic time scales of the two
systems. Within this time scale separation it is possible to determine the state
of the open quantum system.
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4.1 Introduction

A recurrent theme in modern physics is to study the dynamics of an open
system, i.e., a system that interacts with its environment [54]. Depending
on the type of environment, there are different conditions under which this
procedure is possible. A group of methods, which goes under the name of
system-bath interaction, amounts to isolating a relatively small system in
contact to an equilibrium environment (thermal bath) [54]. This was the
subject of chapter 3. One of the main consequences of this approach is the
Langevin equation, which supplements the Newton equation of motion for the
small system by two additional forces: random conservative force and non-
conservative (i.e., non-Lagrangian), velocity-dependent friction force [54].
There is another set-up that allows studying the dynamics of an open
system. Here the essential condition is that the target system is much faster
than its environment [2,3,85,86]. Separation of scales plays a fundamental
role in understanding the dynamical behavior of the hybrid (slow + fast)
systems. It is often possible to drive simple laws for certain slow variables
from the underlying fast dynamics whenever the scales are well separated.
As an example consider the spinning top. While the top rotates very fast,
the rotation axis is usually precessing much slower. The earth is an example
of a top where these time scales are well separated. It turns once a day, but
the frequency of precession is about 26000 years.
The prototype example in quantum mechanics is a molecule, i.e. a system
consisting of two types of particles with very different masses. Electrons are
lighter than nuclei by a factor at least 2000, depending on the type of nucle-
usand and are moving much faster than the nuclei. In this case the fast scale
is also the quantum mechanical time scale described by Planck’s constant A
and the relevant energies. The slow scale is “slow” with respect to the fast
quantum scale. For the sake of clarity in the time-scale separation, we define
a dimensionless small parameter, €, as the ratio of the characteristic time
scales of the two systems. By “the characteristic time” of the fast system
we mean the time over which the dynamical quantities associated to the fast
system change considerably, while the dynamical quantities associated with
the slow system experience a small change. In the adiabatic regime this pa-
rameter, €, approaches zero. By adiabatic we mean the regime, where the
slow system evolves infinitely slowly in time. This situation is best described
by the adiabatic theorem which implies that a system prepared in the instan-
taneous eigenstate of a time-dependent Hamiltonian will remain close to the
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instantaneous eigenstate of the Hamiltonian provided that the Hamiltonian
changes sufficiently slowly [87-89]. The adiabatic theorem in quantum me-
chanics was developed in its early days and it is a useful and a powerful tool
for studying the dynamics of a quantum system where the Hamiltonian of
the system evolves very slowly (adiabatically) in time. The theory has lots
of applications, in the name of adiabatic approximation, in quantum physics
(Berry phase) [90], quantum control [91] and adiabatic quantum computa-
tion [92].

In the adiabatic regime, the effective dynamics for the slow degrees of free-
dom, e.g. for the nuclei, is known as Born-Oppenheimer approximation and
it is important for understanding the molecular dynamics. In this regime
the dynamics of the nucleus can be described by considering an effective
potential generated by one energy level of the electrons, while the state of
the electrons instantaneously adjusts to an eigenstate corresponding to the
momentary configuration of the nuclei.

The phenomenon that fast degrees of freedom become slaved by slow degrees
of freedom which in turn evolve autonomously is called adiabatic decoupling.
In the following two chapters we show that if the slow system, doesn’t evolve
infinitely slowly, i. e., € is small but not zero, the effective dynamics of the
slow system can be described by additional forces exerted on it from the fast
quantum system. In doing so, we discuss the adiabatic perturbation theory
in section 4.3. Section 4.4 is devoted to the precision of this method. The
dynamics of the slow classical system is the subject of the next chapter.

4.2 Slowly evolving systems

Usually the Hamiltonian discussed in the quantum mechanical text books
does not depend on time. But in reality it does depend on time due to the
presence of the external or environmental factors. Therefore, it is important
to study time-dependent Hamiltonians in modeling the real quantum sys-
tems. One of the most interesting aspects of time-dependent Hamiltonians is
the occurrence of the geometric phase, which had been ignored in quantum
physics for half a century. It had not been forgotten but was thought to be
unimportant. In 1928, Fock showed that such a phase could be set to unity
by redefinition of the phase of the initial wave function . Although Fock’s
proof was limited to non-cyclic evolutions only, his conclusion was generally
accepted until around 1980 when Mead and Truhlar [93] and Berry [90] re-
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considered cyclic evolutions.

In the quantum mechanical description of a physical system, one has a finite
or infinite dimensional Hilbert space of state vectors and a set of observables
described by linear operators acting on these state vectors. If a quantum sys-
tem is not isolated from its environment, the observables can be described
by operators that depend on a set of parameters, ¢ = (¢1, o, - - -, qx ), where
K is the number of degrees of freedom of the environment. Each value of ¢
characterizes a particular configuration of the environment. In particular, a
changing environment is described by time-dependent parameters, g = q(t).
For a quantum system in a classical environment, the parameters q label the
points of a smooth manifold M. Every change of the environment is then
described by a curve C : [0,7] — M, with points ¢(t) € C. The manifold
M is called the parameter space of the quantum system. The geometric
properties of the parameter space depend of the specifications of the system.
In general, the Hamiltonian is a smooth and single valued function of ¢ € M.
By the smoothness of the Hamiltonian we mean that the eigenvalues and the
eigenvectors are smooth functions of q.

The evolution of the states of the quantum system in the external environ-
ment is described by the time-dependent Schrodinger equation

i0:|W) = H (q(t)) |¥), (4.1)
where 0; = %, and we set h = 1.
Here |¥) denotes the state vector which belongs to the Hilbert space H and
represents a pure state of the system. The general mixed state is described
by a density matrix p whose evolution is given by the Liouville-von Neumann
equation

i0p = |H (a(t)) 0] (42)
For the sake of simplicity, we shall assume the pure state case.
The adiabatic energy levels { Ey (¢())}¢_, and the corresponding eigen-vectors

{|k; q(t)) }¢_, are defined via the eigen-resolution of the Hamiltonian H (¢(t))
at fixed values of ¢ = (q1, ..., qK):

H (q) |k;q) = Ex(q)|k; q), (kiqll;q) =0, k=1,....d, (4.3)

where d is the total number of energy levels. By |k;¢(t)) we mean the eigen
state |k) which depend on the time-varying set of parameters g(t).
We shall assume that the adiabatic energy levels are not degenerate.

86



4.2. Slowly evolving systems

Given an environmental process along with a time parametrization ¢(t),
one obtains a time-dependent Hamiltonian

H(q(t) = Ex(a(t)) Pe (a(t)) (4.4)

where R

Py (q(t)) = |k () {k; a(t)], (4.5)
are the time-dependent projectors corresponding to the eigenstates of H (q(1)).
We note that the adiabatic representation (4.3) has a gauge freedom:

k5 q(1)) — 0D |k; g(2)), (4.6)

where i (q(t)) is an arbitrary single-values function of ¢ = (qi,...,qK).
Hence all physical observables have to be gauge-invariant.

The qualitative sufficient condition for the time-scale separation is that
the characteristic time of the classical motion is much larger than %, where
A is the minimal adiabatic energy gap: A = mingy(|Ey, — Ey]). !

To reflect mathematically the fact of time-scale separation we shall write
the dependence of the quantum Hamiltonian on the classical coordinates as

H (q1(et), go(et), . ..), (4.7)

where € is defined as a small dimensionless parameter representing the ratio
of the two time-scales.

e 1. (4.8)

The time-scale separation, i.e., condition (4.7), can be generated, e.g., by
a large mass M of the classical particle. Then the classical particle moves
slowly—provided that its initial velocity is small—and € ~ 1/ VM. This
scenario of time-scale separation is normally met in chemical physics (heavy
classical nuclei versus light quantum electrons) [94] and semi-quantum grav-
ity [95].

In the Schrodinger equation (4.1) we shall assume that the initial state
|W(0)) is an eigenstate:

[V (0)) = In; 4(0)). (4.9)

L This condition is sufficient, but not necessary for the validity of the time-scale sep-
aration and the consequent adiabatic approach, e.g., the latter can still hold if certain
level-crossings are allowed. We shall not consider this more general situation.
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Within the adiabatic approach the choice (4.9) does not imply any serious
loss of generality. We note that it is sufficient to take a single initial wave
vector and not a superposition of them, since any superposition will bring
in the adiabatic limit strong oscillations for non-diagonal elements of the
resulting density matrix. This will reduce the superposition to the mixture of
adiabatic eigen-vectors, which amounts to studying the consequences of (4.9),
and then taking the average over the index n with certain time-independent
weights.

In the following section we present adiabatic perturbation theory [96,97].
It is a method to solve the time-dependent Schrodinger equation (4.1) under
the time-scale separation (4.7) and the adiabatic assumption (4.8).

4.3 Adiabatic perturbation theory

The adiabatic theorem mentioned in section 4.1 yields an approximate solu-
tion and it seems natural to ask what will be the non-adiabatic corrections
to the solution provided by this approximation especially if the characteristic
time scale of the process is not too large.

In this section we study the higher order corrections to the adiabatic
wave-function up to any order for non-degenerate adiabatic wave-function.
The method we motivate here despite other methods is based on a careful
separation of the slow and fast components of the wave-function of the fast
quantum system which is under the influence of the slowly varying parameters
of its environment. To this end, we define the slow time-variable as

d
S lef et.

As in any theory that is based on time-scale separation, we should start with
dividing the sought solution to the time-dependent Schrodinger equation with
the Hamiltonian (4.7) into fast and slow components:

0) = [t (e, q(s)) e, (4.10)
where

on(t) = — / d7 E, (q(er))

is the dynamical phase.
e’ (®) is the fast component of the sought solution since it changes fast, i.e.,
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as ~ e/, Inserting (4.10) into (4.1) we get

ielin (ea(5))) = [H (a() = Eu(a(s))] [0 (era(s))), (411)

where dot is defined as differentiation with respect to the slow time s.
Now we expand the slow wave-function, ¥, (¢, ¢(s)), in the powers of small
parameter e€:

[Un (6,q(s))) = €79 [|n; q(s)) + elni; q(s)) + €naiqls)) + .. ], (4.12)
where

Yo a(s)) = i / " du (m; q(w)] i q(u)), (4.13)

is the Berry phase factor. We separated the Berry phase, 7, (¢(s)) out to facil-
itate further calculations and ensure the proper gauge-covariance. We notice
that (n;q(u)|n; ¢(u)) is purely imaginary (due to the fact (n;q(u)|n;q(u)) =

1).
Substituting power series expansion (4.12) into (4.11) and comparing
terms of equal order of €, we get a set of recursive equations

0= (1 (4(5)) = Bu (a(s))) Inia(s)), (4.14)

ilis a(s) — i{n; a(s) iz a(5)) Ins () = (4.15)

(7 (a(5)) = B (als))) I3 a(s),

il () = (s (s)ls (9)) I3 a(s)) =
(a(s))) Inas a(s)).

(£ (a(s) = En(a(s))) Inas a(s)) (4.16)

or in general
ilfvm—1;q(s)) — i(n; q(s)|72; g(8)) nm—15 4(s)) =
(1 (a()) = En (a(5)) ) Inms a(s)). (4.17)

Eq. (4.14) holds automatically for the adiabatic regime, i.e., O(€?).
_ To solve the higher order equations we introduce the projection operator
P (q(s)) and its orthogonal complement @ (¢(s)):

P(q(s)) (s) = [nsq(s))(n:a(s)],  Q(als)) = Z;\k; q(s))(k; q(s)],
P+Q=1, PO =QP =0. (4.18)

O
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where 3/ means the term k = n is excluded from the summation % _ .

4.3.1 Post-adiabatic corrections

We start with deriving the first order correction to the adiabatic wave-
function. Then an analogous argument straightforwardly yields all higher
order correction as well.

In order to solve the first order equation (4.15), we operate the orthogonal
complement projector @ (¢(s)) from left to the both sides of (4.15). Since

Q (q(s)) |”'CI( )> =0, (4.19)
Q(q(s)) H ZEk ) k5 q(s)) (ks a(s)],

we get

ZZ |k q(s))(k; q(s)[n; q(s)) = (4.20)
ZAIm ) [k; q(s)) (k; a(s)Ina; g(s)),

where we have defined

A (a(5)) < B (a(s)) = En (a(5)). (4.21)

Since Agzy (¢(s)) is non-zero, due to the non-degenerate adiabatic energy
level assumption, we get

() e a(s)y % ooy — (R a(9)lnsa(s))

Thus the projection of the first order correction to the adiabatic energy level
on @, denoted by |ni;q(s)), is defined as

Intsq(s)) < Z A (q(s)) [k; a(s)). (4.23)

where cgén (q(s)) is defined by (4.22).
The above expression means that the state makes transitions between its
energy levels during its evolution in contrast to the adiabatic regime. But
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this is not the whole story, in order to define |nq;¢(s)) completely we have
to derive its projection on P (g(s)) as well. In doing so, we operate the
projection operator P (¢(s)) from the left on both sides of the second-order
equation (4.16). Keeping in mind that

Pq(s)) (H (q(s)) = En (q(s))) =0, (4.24)

we get
(n;q(s)[n1(s)) — (n; q(s)n(s))(n; q(s)[n1; q(s)) = 0. (4.25)

Therefore, calculating (n; q(s)|n1; q(s)) requires the calculation of
(n;q(s)|n1;q(s)). This can be done by differentiating with respect to the slow
time, s, both sides of the following identity:

[n13(s)) = P(s)|nisq(s)) + [0 (s)), (4.26)

and then multiplying both sides from left by (n; ¢(s)| from left:

(n;q(s)|nsals)) =
L s g(s)lmrza()] + (n: ()i () (5) s ()

+37 (s s a(s) (). (4.27)

where we have used the definition (k; q(s)|ni;q(s)) = cgi (q(s)).

Inserting (4.27) into (4.25) yields

M ((s) = = s a(s)|k(s)l (als)). (4.28)

k

where we define
de

A (g(s)) < (n; q(s)[na; a(s)). (4.29)
(1]

Inserting the definition of ¢;_, (¢(s)) in the above expression we get
o) = -3 / du(us a(ws ) ) (a(w) =
N !n q(u))f?
Z / O (4.30)
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It is seen that clh) (q(s)) is purely imaginary.
Summarizing the above calculations, we can write the first-order correction
to the adiabatic wave-function as

In1;q(s)) = cli) (a(s)) In; a(s)) + Ini" q(s)), (4.31)

where |ni; q(s)) is defined by (4.23) and o) (q(s)) is given by (4.30).

It is remarkable that for the first-order adiabatic correction equation (4.22),
which describes the transition to the other eigen energy levels in the post-
adiabatic regime, is well-known [2,3]. It is certainly less known that the
consistent adiabatic perturbation theory generates another O(e) term, i.e.,
CLT]L( (s)) [97,98]. This term is purely imaginary and represents a memory
effect of the transitions to other energy levels during the evolution of the
quantum system. This term drops out from post-adiabatic corrections to the
averaged force.

Following an analogous argument, the higher order post-adiabatic corrections
to the wave-function, represented by |n,,; ¢(s)), with m > 1, read

s () = I (q(s)) |5 9(s)) + [ns; q(5)), (4.32)
nsa(s) = 3 (q(s)) ks a(s), (4.33)
k

where c@n (q(s)) is derived from the following recursive expression

ey a0 a() e (a()) = itk (513 a(5))
k+#n. (q(s)) = Ang (q(s)) ’

and the scalar function clp (q(s)) is given by
Com (Q(S)) = —(n;q(s )\ﬁi;Q( )> (4.35)
e ) = =3 [ e ) ool at. (030
Altogether |1, (€, (¢(s)))) in (4.12) can be written as
[¥n(e, (4(s)))) = ”"(q(s)zck ) |k q(s)), (4.37)

where ¢, (¢(s)) is given by the following expansion over the small parameter
€

Chn ((5)) = Okn + ey, (a(3)) + 2 (q(s)) + - . (4.38)
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4.3. Adiabatic perturbation theory

The normalization condition of the wave-function implies relations between
the coefficients ¢, (¢(s)):

> lewn (als) P =1, (4.39)

which should be satisfied at each order of €. By separating the term regarding
to k = n in the above expression (4.39) for the first few orders we have

lcnn (q(s)) |* = (4.40)
1+ e [2R{cl) (a(s))}] + € [2R{c] (a(s))} + |l (a(s)) [°]

+e* [2R{c) (Q(S))Jrcnl}z( (s)) e (q(s))}]
+e! [2?)?{0[‘l (a(s)) + by (a(s)) & *[3 (q(s)} + [el2 (a(s) ] + -+,

Z |ein (a(s)) |* = (4.41)

& [[chn (a(s) 2] + ¢

e (als)) P + 22 R{cj) i (q(s))}

22 Rich) i (q(s))}

Inserting the expressions (4.41) and (4.42) into the normalization condition
(4.39) brings the following relations at the orders € and €2, €3, and €* respec-
tively,

Ricih (a(s)} =0, (4.42)
23‘3{0[2] (Q(S))}th (s)n1;4(s)) = (4.43)
R{clh (a(s)) + (ma3a(s)Inzs a(s))} = 0, (4.44)
23‘3{0[4] (q(s)) + <n1, (s)ns; q(s))} + (n2; q(s)|n2; 4(s)) = 0, (4.45)

where we have used the expression of |ny;¢(s)) given by (4.31) in (4.42), and
the expression for |n,,;q(s)) for m = 2 and m = 3 given by (4.32) in (4.44)
and (4.45).
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4.4 Precision of the adiabatic approximation

The precision of the adiabatic approximation is studied in details by G. A.
Hagedorn and A. Joye [97]. They rigorously proved that the adiabatic pertur-
bation theory is correct up to exponentially small errors for time-dependent
Hamiltonians. They employed the standard Cauchy estimates in order to
estimate the error resulting from the truncation of the asymptotic expansion
of the wavefunction and proved that when the expansion is truncated after
an optimal number of terms, the resulting approximation , i.e., the difference
between the exact and the approximated solution, is exponentially accurate
as it is described in the following.

According to (4.12) let us define

N

0™ (€,q(5))) = €N "™, g(s)). (4.46)

m=0

Let {a} define the integer part of a real number a, and let we are given a
positive number g. Then it is shown that [97]:

‘ ’w{g/e}(e’ S)> - ‘wexact(@ S)) ’ S C<g)e—f‘(g)/e’ (447)

where [exact (€, $)) is the exact solution of the time-dependent Schrodinger
equation (4.11) and at the initial time

[ (e,0)) = [Yexact(e, 0)), (4.48)

and where C(g) and I'(g) are bounded positive functions of g. This result
implies that the precision of the adiabatic approximation is exponential over
€.

4.5 Summary

In this chapter we considered a fast quantum system which is under the in-
fluence of a slowly evolving classical system. To describe the situation, we
represented the Hamiltonian governing the motion of the fast quantum sys-
tem as a function of slowly varying parameters of the classical system. We
defined a small dimensionless parameter ¢ as the ration of the time scales
of the two system and divided the sought solution of the time-dependent
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4.5. Summary

Schrodinger equation into fast and slow components. Within the adiabatic
perturbation theory we expanded the slow component over the small param-
eter € and derived the higher order corrections. The results of this chapter
will be employed in the next chapter where we study the dynamics of the
slow classical system.
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CHAPTER

Post Adiabatic Forces

The post-adiabatic corrections to the adiabatic wave function of a fast quantum
system coupled to a slow classical system was calculated in the previous chapter.
In this chapter some dynamical properties of a slow classical system coupled to
a fast quantum system is considered. In particular, the result of the previous
chapter is employed in order to calculate the postadiabatic forces exerted by the
quantum system on the classical one. Up to higher orders in the small parameter
€, which represents the ratio of the time-scales of the two systems, the exerted
force can be derived from a Lagrangian. However, at orders higher than two the
Lagrangian is not just a functional of the coordinate and velocity of the classical
system but it also depends on the acceleration and higher time-derivatives of the
slowly varying coordinates. This brings new physical concepts such as spin and
zitterbewegung effect in the purely classical regime.

5.1 Introduction

In this chapter we employ the results of the previous chapter and study
the dynamics of the classical slow part of the quantum-classical (also called
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mean-field or hybrid) dynamics, which describes coupled quantum and classi-
cal systems in the adiabatic regime where the characteristic time scale of the
system of interest is much slower than that of its fast counterpart. [2,3]. We
focus on the slow classical system adiabatically exclude the quantum system
and construct an autonomous dynamics for the classical particle in successive
orders of the small ratio e of the characteristic times.

One of the well-established results in this direction known from 1922 is the
Darwin Lagrangian [85,99] for a system of slowly moving charges. We know
that in electrodynamics the propagation velocity is finite and the fields must
be considered as independent systems with their own degrees of freedom.
As a result, if we want to build up a Lagrangian for a system of interact-
ing charges in a rigorous way, we have to encounter the quantities related
to the internal degrees of freedom of the fields as well as the velocity and
the coordinates of the particles in the Lagrangian. However, if the veloc-
ities of all the particles in the system are small compared to the velocity
of light, the system can be described by a certain approximate Lagrangian
called Darwin Lagrangian, named after Charles Galton Darwin a grandson
of the great naturalist and has important applications in plasma physics and
astrophysics [85]. It turns out to be possible to derive the equation of motion
for the particles through a Lagrangian up to (v/c)? order. This can be done
since the radiation of electromagnetic waves by moving charges occurs only
in third order of (v/c).

Here, we assume the classical system is slow —a condition that is normally
fulfilled in practice. We introduce a small parameter € defined as the ratio
of the characteristic times for the quantum over the classical system, re-
spectively. Then we exclude the fast quantum system and study to which
extent the ensuing dynamics of the slow classical system can be described
by an autonomous Lagrangian-generated equations for the classical coordi-
nates. In the leading order and order of €' this includes respectively the
Born-Oppenheimer potential and an effective magnetic field related to the
Berry phase. Within the order €2 the motion of the classical particle is de-
scribed by a Lagrangian that depends on its coordinate and momenta. We
show that in the order €* the motion of the classical particle is still described
by a Lagrangian, but the latter linearly depends on the particle’s acceler-
ation [98]. This implies the existence of a spin tensor [non-orbital angular
momentum| for the particle. This spin tensor is related to the momentum via
an analogue of the zitterbewegung effect. The Hamiltonian structure of the
classical system is non-trivial and is defined via non-linear Poisson brackets.
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The linear dependence of the effective classical Lagrangian on higher-order
derivatives is seen as well in the higher orders " [98].

This chapter is organized as the following. In section 5.2 we introduce the
quantum-classical dynamics. Section 5.3 is devoted to derivation of the higher
order corrections to the post-adiabatic force. In section 5.4 we review the
derivation of the classical Lagrangian in the orders e. In particular, we repro-
duce in a systematic way the results obtained by Berry and Robbins [2]. It
is well known that at the zero order of € the influence of the quantum system
on the classical one can be described by the Born-Oppenheimer potential
energy term [2,3,94,95,100,101].

It was shown by Berry and Robbins that in the first order of € one gets
an effective magnetic field, which manifests itself as the velocity-dependent
term in the classical Lagrangian [2].

Section 5.5 describes the second-order post-adiabatic force using the adi-
abatic perturbation theory outlined in the previous chapter. In this chapter
we reproduce the results recently shown by Goldhaber [3]. Namely, in the
second order €2 one gets in the Lagrangian of the classical system an addi-
tional kinetic energy term, i.e., a quadratic form in slow velocities [3]. A
very similar result on the order €2 was obtained earlier by Weigert and Lit-
tlejohn for two coupled (fast and slow) quantum systems [100]. Moreover, we
show that at the order €2 the classical Lagrangian corresponds to a classical
particle moving along the geodesics of a curved manifold. We calculate the
curvature for the simplest non-trivial case and work out its implications for
the stability of the effective classical motion at the order €. Here we also
point out at an unusual scenario related to the metric of the manifold chang-
ing its signature [i.e., changing from a Riemannian to a pseudo-Riemannian
manifold|. It appears that the slow classical motion within this order can be
reduced to a free motion (“geodesic motion”) on a Riemannian space with a
signature-indefinite metric tensor. This offers the possibility of interchang-
ing time-like and space-like coordinates. Recall in this context that within
non-relativistic classical mechanics the geodesic motion on a curved surface
proceeds according to a positively-defined metric tensor, while the geodesic
motion in the general theory of relativity has a metric tensor with signature
(1,—-1,—1,—1) [99]. In both cases the signature is fixed.

We are also interested in knowing what happens in the next orders. In
particular, we want to understand how far we can continue the expansion over
€, still keeping the classical system Lagrangian. Most importantly, we are
interested to know whether there are new physical effects essentially related
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to post-adiabatic corrections.These questions are answered in sections 5.6
and 5.7. It appears that at every order over ¢ one can derive Lagrange
equations for the dynamics of the classical system. However, there is an
important difference between the orders e and €? and all successive orders. At
the order €? the classical dynamics is Lagrangian, but the Lagrangian starts
to depend on the higher-order time-derivatives of the classical coordinates. It
is important to note that the classical Lagrangians normally depend on the
coordinates and their first-order time-derivatives (velocities). In section 5.6
we show that at the order €3 we get a Lagrangian that is linear over the second
order time-derivatives, i. e., classical accelerations. This fact is of conceptual
relevance. The classical physics is essentially based on the Newton’s second
law that equates acceleration to the force, which depends only on coordinates
and velocities. As a consequence, the trajectory of the classical motion is
fixed via initial coordinates and initial velocities. In its turn, the Newton’s
second law is generated by a Lagrangian, which depends on coordinates and
velocities. A Lagrangian depending on higher-order derivatives enlarges the
amount of the initial data needed to fix the classical trajectory and produces
equations of motion that go beyond the Newton’s law. Our result seems to
be the first example where a higher-derivative Lagrangian emerges for an
open classical system due to time-scale separation. Dependence on higher-
order derivatives in the Lagrangian implies a number of essential changes
in the kinematics of the classical system: the momentum of the classical
system depends on the acceleration, while the full angular momentum tensor
is a sum of the usual orbital part and a term that can be interpreted as
the spin of the classical system. In the simplest non-trivial case this spin is
proportional to the velocity square of the classical particle. We show that
this implies the existence of the zitterbewegung effect, where the momentum
of the classical particle (system) is governed by the projected time-derivative
of the spin. So far the zitterbewegung effect was known only in the physics
of relativistic Dirac electron, while we show the same effect appears in a
purely non-relativistic slowly evolved classical system due to its coupling to
a fast quantum system. It appears now that this effect is a part of the
physics generated by higher-order post-adiabatic corrections. We conjecture
that similar dependence on higher-order derivatives is expected at higher
orders € with n > 4, though we restrict ourselves with deriving the effective
classical Lagrangian up to the order e*. In section 5.7 we deduce the classical
Lagrangian at the order e¢* and show that it also depends linearly on higher-
order derivatives of the classical coordinates.
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5.2 Quantum-classical dynamics

In this section we derive the equation of motion for a classical system cou-
pled to a quantum system. In doing so, we consider the mean-field classical
dynamics. In this approach the classical variables are treated as parameters
in the Hamiltonian of the quantum system. The dynamics of the quantum
system, is described by the Schrodinger equation while the dynamics of the
classical system is given by the Newton equation of motion supplemented by
the average force acting from the quantum part. As a result, the classical
particle experiences an averaged force exerted by the quantum system.
It is important to note that in general this force is not generated by an aver-
aged potential. This would only be the case in the adiabatic regime and the
first order adiabatic perturbation theory.

As a model we consider a K-degree of freedom classical system with

coordinates ¢ = (qi, ..., qx) and with Lagrangian
K 2
M dqq,
Lo=— Ty 5.1
=53 (%) v (5.0

where M is the mass, and V(q) = V(qu,...,qx) is the potential energy of
the classical system.

Now this classical system (or particle) couples to a quantum system with
Hamiltonian operator H (g(t)), which parametrically depends on the clas-
sical coordinates. The quantum system evolves in time according to the
Schrodinger equation (for simplicity we put i = 1)

10 0) = H (q(t)) ), (5.2)

where |U) is the wave-function, and where 9, = 2.
We can calculate the force exerted by the quantum system on the classical
one as

F, = (U], H (q(1)) W), (5.3)
where we defined !: 5
0, = o) (5.4)

For the simplicity of notation we absorb the minus sign in the force.

! Note that 9, = 0y, (t) acts only on the coordinates, but not on the velocities, e.g.,

Oudo = 0. In particular, 9, commutes with the total time-derivative d(—ls.
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The classical part of the dynamics is written as [94,95,101]

2

d-q .
M dt;‘ + 0,V +(U|0,H (¢t)|¥) =0, pu=1,...,K. (5.5)

Eq. (5.5) is the Newton equation of motion, where besides the classical force
—0,V, the classical particle experiences an average force —(V(t)|0,H (q(t)) |¥(¢))
exerted by the quantum systems. In this sense the classical coordinates play

a role of a mean-field [101]. The main purpose of the present chapter is

to understand to which extent this force can be generated by a Lagrangian
which depends on the classical coordinates g, (t) and their time-derivatives.

It should be clear from (5.2) and (5.5) that the total average energy is con-
served in time:

4 (A5 () v wira) o o

We note that the quantum-classical equations of motion (5.2, 5.5) can be
derived from a Lagrangian

£ o= 09— S (¥aw) — (WA G0) ) 67
ME dqq 2
+ 72<%) —Vi(a),

a=1

where as a set of independently varying parameters one should take |¥)
and ¢(t) (or alternatively (¥| and ¢())2. It is seen that £ is simply a sum
of the corresponding quantum and classical Lagrangians, which points out
that combination of classical and quantum degrees of freedom does not vio-
late the Lagrangian formalism. However, In section 5.2.1 we briefly discuss
the possibility of derivation of the quantum-classical dynamics from a full
quantum-quantum dynamics.

5.2.1 Derivation

The quantum-classical dynamics can be derived from a full quantum-quantum
dynamics in the following fashion [94,101-105].

2As usual, when varying (5.7) we put aside the total time-derivatives, e.g., 4 (5U|¥).
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We first consider both coupled systems are on equal footing. Therefore,
we assume we are given a two-degree of freedom quantum system with the
following Hamiltonian

. p? . . A2
Hypp = — bis —
tot 2M _|— V(q) + (Q7 x) + 2M7

where (¢, p) and (z,7) are two degrees of freedom.
For simplicity we shall assume that the initial state is factorized for these
two degrees of freedom.

The Heisenberg equation generated by this Hamiltonian reads:

dg _ p
2 _ L 5.8
at M’ (5:8)
dp ~ -
i -0,V (q) — 0,H(q,x), (5.9)
dr 7
— == 5.10
= = (5.10)
dn -
= = 9,H(q,1). 5.11
= (4.2) (5.11)
We separate the motion of (¢, p) degrees of freedom into two parts:
p(t) =p(t) +pr,  4(t) = 4(t) + 4y, (5.12)

where p(t) and §(t) are the averages over the initial state, and where p; and
¢r are the fluctuations. Then we make two assumptions:

e The (q,p) degrees of freedom are Gaussian which means they satisfy
pr=14q;=0. (5.13)
e The fluctuations of (G, p) degrees of freedom are small.

Keeping these assumptions in mind, we substitute (5.12) into (5.8, 5.9, 5.11)
and expand (5.8) and (5.11) over small §;:

dq di; P | Py
dt  dt M + M’ (5.14)
dp dps n o
pn + i -0,V (q) — 0,H(q, x) (5.15)
— OV (@as — 97 Hyy(q, w)ay + O(d3),
dm N N R
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Averaging (5.14)-(5.16) over the initial states we obtain

dg _ p

da _ P 1
= (5.17)
dp - ~ ~ -

d_fj = -0,V (q) — 0,H(q.x) — 02H(q,x)q; + O(G3),  (5.18)
ar - - -

= = —0:H(q, ) — 02, H(G,x) 4 + O(q7). (5.19)

Based on our second assumption, if in (5.18, 5.19) the terms proportional to
O(qy) are neglected we get into a quantum-classical equations, where (p, §)
is considered as the classical degree of freedom. Thus, from (5.18) we arrive

at the Newton equation of motion for the classical part of the system:

d> .
M=+ 0,V + (U0, H (q(t)|¥) = 0.

We conclude this section by emphasizing that the main assumption involved
in the quantum-classical dynamics derivation is that the quantum fluctuation
of the classical coordinate(s) are small. The validity of the (mean-field)
quantum-classical dynamics is not related to the classical sub-system being
slow. The derivations of the quantum-classical dynamics need not neglect
fluctuations of all pertinent variables, i.e., it need not impose the full quantum
trajectories. It will be sufficient that the to-be classical sector of the dynamics
is approximated via suitable Gaussian density matrices [106]. Then, the
parameters of this matrices satisfy the equations of motion for some effective
classical systems [106].

5.3 Post-adiabatic force

In this section we concentrate on the adiabatic limit of the quantum-classical
system, where the classical system is slow and the quantum system is fast,
and derive an autonomous equations of motion for the classical part. To
this end, we shall solve the time-dependent Schrédinger equation for the
fast quantum system under the adiabatic assumption and determine via its
solution, the structure of the averaged force.

We employ the adiabatic perturbation theory described in the previous
chapter. For the sake of brevity, instead of |n; ¢(s)) we simply writhe |n) but
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we keep in mind that |n) parametrically depnds on the slow time s trough the
classical parameters ¢(s). This notation holds for higher order corrections as
well. We will also wrtie H(s), and E,(s) instead of H (¢(s)) and E, (q(s)).
Assuming the quantum system initially starts its evolution from an eigenstate
of the Hamiltonina H(s), the slow component of the wave-function can be
expanded over the small dimensionless parameter €. Let us recall

(o) = elo g, (5.20)
|fn) = 1) + €|ny) + €2|na) + ¥ns) + ..., (5.21)

The zero order term |¢,) = |n) in the expansion (5.21) is the statement of
the adiabatic theorem. In (5.20), efo % (") is the Berry phase factor; it was
separated out for ensuring the proper gauge-covariance [96]; see also below.
Note that (n|n) is purely imaginary (due to (n|n) = 1). An alternative
representation of |¢,,) is

d
6n) =Y cralk),  tal(0) = pn, (5.22)
k=1
Chn = On + GCE,]L + 6265I + e?’cf’j1 +..., (5.23)

where d is the number of the non-degenerate eigenstates of the Hamiltonian.
cﬁn and ) are given by

. . m—1 . .
. nl) e — (ki)
Ck:#n N Ank ’

cml — —ZI/ du c,[ﬁ (n|k), (5.25)
— Jo

(5.24)

where

Agn(s) = Ex(s) — En(s).

The expression for the exerted force from the fast quantum system to the
slow classical system reads

FM = <wn|8uﬁ(8)|¢n>7 p=1..., K, (526)

where K is the number of degrees of freedom of the classical system. Inserting
the expression for |¢,) from (5.20) into (5.26) we get

F = 0,(bnlH(5)|6n) — 2R(0,uhn| H(5)| ). (5.27)
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We add and subtract d,E,(s) from (5.27). Employing the time-dependent
Schrodinger equation for H(s)|¢,) we get

]:I(S)|¢n> = Z€<n|n>|¢n> + ZE|¢n> + En(8)|¢n> (5‘28)

Multiplying both sides of (5.28) from left by (0,¢,|, and taking into account
that (¢y,|0,¢n) is purely imaginary since (¢,|¢,) = 1, the general expression
for the force F), acting on the classical system reads

Ful(s) = 0,Bu(5) + 263(0,0ul60) + 0L(0ul H(5)]60) — Euls)].  (5.20)

We note from (5.22) and (5.23) that the last term of (5.29) is of second
order in € and higher:

(Gul H(5)]60) = Buls) = > Asaleral® = O(e?). (5.30)

The factor 0, F,, is the force generated by the adiabatic (Born-Oppenheimer)
potential F,(s). Thus the last two terms in (5.29) represent the non-adiabatic
force. We denote

F,=F%4erl 4+ P+ SFP 4 (5.31)

WhereF[ (s) = 0, En(s).
In the following sections we derive expressions for higher-order post-
adiabatic forces and show that they can be generated by a Lagrangian.

5.4 First order post-adiabatic force

The first order post-adiabatic force can be calculated through the only first
order term in the general expression for the force, (5.29), given by

2¢3(0bnldn)
where according to (5.21)
|6n) = |n) + O(e). (5.32)
Therefore the first order post-adiabatic force reads

F1 = 23(0,n|n). (5.33)
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5.4. First order post-adiabatic force

From now on, for the sake of simplicity, we drop the argument s.
The expression for the first order post-adiabatic force given by (5.33) can be
simplified more. Taking into account that

|n> = QCX|8an>’ (534)

and assuming implicit summation from 1 to K over the repeated Greek in-
dices. the first order post-adiabatic force, F,E ], reads

FI = 24,5(9,n[0an). (5.35)

We notice 3(0,n|0,n) = —3(0an|d,n), therefore the first order force is anti-
symmetric. Moreover, the presence of ¢, which represents the slow velocity
of the classical system, suggests that FIU is effective Lorentz [or gyroscopic]
type force [2]. This force emerges from a vector potential whose elements are

Ay = S(0an|n). (5.36)

Therefore, we see that the first order averaged force can be generated by the
following Lagrangian

(¢, q) = eAa(q)da- (5.37)

Now the complete classical Lagrangian to the first order represented by £,
is obtained by adding £!Y(4, ¢) and the Born-Oppenheimer potential E,(q)
to the initial (bare) classical Lagrangian £, given by (5.1):

a=52 (%) VO -ER@r AL 63

If we rescale the kinetic energy to the slow time, we will get

Z 2 4 €Au(q)da — V(q) — En(q). (5.39)

The generalized momenta then reads

Pa= 5= = €M, + €Aq(q). (5.40)

Qo
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The effective Hamiltonian governing the slow classical system up to the
first order, denoted by H;, can be calculated using the Legendre transforma-
tion of the Lagrangian (5.39):

= 2M62 Z * + En(g) +V(q), (5.41)

which has the similar structure of the Hamiltonian of a moving electric charge
in an electromagnetic field.

5.5 Second order post-adiabatic force

In this section we calculate the second-order post-adiabatic force and prove
that this force can be produced by a kinetic term in the second-order post-
adiabatic Lagrangian —and not a potential term— which has a coordinate-
dependent mass tensor.

Inserting (5.22) in the third term in the general expression of post-adiabatic
force given by (5.29) and considering the second order terms we obtain:

: d
€3(0,Pn|0n) = GQEQ(aun\nﬁ + 20,3 (ny|n) + O(e%). (5.42)
The second term in (5.29) leads to

0 [(GalH(3)/60) = Bu| = Y Al + 0. (5.49)

Therefore, the second order post-adiabatic force can be written as

FP = 0.y Almlcw +2o{<a nalit) + (nlinn)} (5.44)
=9 Z Akn + 23 {%(Qtnl”ﬁ + 3M<n1|n>} . (5.45)

Let us recall the expression for |n;) from the previous chapter:
1) = chaln) + Ini), (5.46)
1y g
nt) = 3 k), (5.47)

where _
Jn o _ (K
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5.5. Second order post-adiabatic force

Inserting (5.46) into the second expression of (5.45) yields

d d d ’
(i) = —-S(Omint) = > S {dL@umlk) ). (5.49)

Oulmality = Ot i) = 0,5~ S {ll hli) } (5.50)

where we have inserted the expression (5.47) for |ni).

We notice that the non-local (time-integral) contribution ) drops out from
(5.49), and (5.50) since i and (n|0,n) are both purely imaginary. This
means that the second order post-adiabatic mean-field force can be inter-
preted as a local force acting on the classical (slow) system.

Given the expression for cLli by (5.48) and employing the fact that
k) = Gal0ak), (5.51)

the second order post-adiabatic force can be written as

FE = 2% {Zk <n|aﬂk><aak:|n>} iR {Zk <n|8ak:><8gk|n>}

Ank: Ank
[~ (10K (Oukln)
20 —R {Zk A : (5.52)
We recognize in (5.52) the acceleration contribution. Defining
de / 1
Gualg) € —2ka%{<n(CI)If9u’f(Q)>(%l{f(CJ)In(Q))}, (5.53)

where GG, (¢) plays the role of a coordinate dependent mass tensor, the sec-
ond order force reads

oL (1 1 1
F;EQ] = Gala + Gaqs (586Gau + §aaGﬁu - §auGocﬂ) : (5.54)

We notice from (5.53) that G,z is a symmetric matrix: Gos = Gg,. It is also
a positive matrix, i.e., Gopp,Ps > 0, for any vector ¢,, provided that the the
quantum system starts its evolution from the ground state: Ay, > 0. But
Gop cannot be a positive matrix for all initial states of the quantum system,
since, e.g., when the quantum system is a two-level system with d = 2, one
has G.glexcited state] = —G,g[ground state]. This case will be explicitly
studied in the next section.
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It is clear that the force given by (5.54) is generated by the following
Lagrangian

. 1 ..
LP(g,q) = 5Gas(a)dads. (5.55)

Therefore, the dynamics of the slowly evolving classical system under the
influence of a fast quantum system up to the second order is described by

M K dqe 2 [y 2,2,
£2:72a:1 — )~ V(@) = Bule) + eL(d,9) + €L (g, 0), (5.56)

where £U1(4, q) is given by (5.37).

Note that when the time-scale separation is enforced by a large [bare]
mass M of the classical particle, the post-adiabatic Lagrangian £1'(q, ¢), and
L£2(g, q) are small as compared to the large kinetic energy MZ§=1 (CZ]—?)Q;
to make this fact explicit, we rescale this kinetic energy to the slow time via

ENI/\/M:

E2

L2=73

[Méap + Gap(q)] dadp + €Aa(@)da — V(9) — En(q). (5.57)

5.5.1 Metric tensor and curvature

The kinetic part % [M6éap+Gap(q)]Gads of the second-order Lagrangian (5.57)
corresponds to a free particle moving on a Riemannian manifold with metric
tensor [99]:

9ap(q) = €[Mbag + Gaplq)]. (5.58)

There is an important particular case, where the complete Lagrangian (5.57)
just reduces to this kinetic energy. This happens when

e the eigenvectors |n) can be chosen real, which then nullify the vector
potential A,(q),

e the bare potential V(¢) and the Born-Oppenheimer potential E,(q)
compensate each other, V(q) + E,(q¢) = 0, or V(q) is zero from the
outset, while F,(q) turns to zero, since the eigenvalues of the quantum
Hamiltonian Hlg] do not depend on the coordinates ¢ (though the
eigen-vectors do).
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5.5. Second order post-adiabatic force

Thus we focus on the purely kinetic Lagrangian

1 o -
59as(0)qd", (5.59)

Once we are going to exercise on the Riemannian geometry, we recover
for the velocities the explicitly contravariant notations [99] dg®. The metric
tensor g,p is then naturally covariant. The Lagrangian (5.57) yields the
following equations of motion

¢ +T,,¢"¢" =0. (5.60)

This is the geodesic equation ]33; = 0, where the covariant differential of any
vector C'* is defined as

DC® =dC* +17,C"dq", (5.61)

and where the connections I';, are related to the metric tensor via [99]:

1
re, = §gao (Ou9ov + Ovgop — Ov ) - (5.62)

(6702

Here g*? is the inverse of the metric tensor: ¢*?g,s = 0§, and where 07 is
the Kronecker delta-symbol.

The first important question is whether the resulting Riemannian manifold
is curved or not. In the case of a flat manifold it is possible to bring g, to a
diagonal and coordinate independent form by going to some new coordinates
q'. The criterion of this is the Riemannian curvature tensor R}, ; [99]. The
explicit formula for the covariant curvature tensor is [99]

Rapys = % (03,905 + 02598y — Fs9ar — O Gs)
+ 9" Ty lpas — Lopslian] (5.63)
where '3, = gual'3,. Eq. (5.63) implies the following symmetry relations:
Rogys = —Rgars = —Rapsy = Rysap- (5.64)
The manifold is not curved, if and only if

Rl ;= 0. (5.65)
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For any vector C'*, the curvature tensor determines the non-commutativity
degree of the covariant derivatives [99]:
DC*

v~ Ciip = —C7 Hopy B= g (5.66)
It is known that the curvature tensor determines the local behavior of geodesics
with respect to perturbing their initial conditions [99]. Let 2%(s, ¢) be a fam-
ily of geodesics, where s is the time, and ¢ is a scalar continuous parameter
which distinguishes the members of the family. Thus by the definition of the
geodesic:

Du* oz
=0, ut = ) 5.67
ds 0s ( )
Let us introduce a vector v* = ad_¢ which determines the deviation of

two geodesics with slightly perturbed initial conditions. This vector satisfies
the following Jacobi-Levi-Civita equation [99] 3

D?v®

W = R 75’& U,YU(S (568)

The vector v* can be separated into two components v® = vﬁ] + v[g]: one
orthogonal to u® (uavﬁ] = 0) and another one parallel to u®. One can check
with help of (5.64, 5.67) that the orthogonal component vy satisfies the
same equation (5.68), while the parallel component vfé] satisfies the geodesic
equation (5.67).

Below we calculate the curvature for the simplest example of two classical
coordinates ¢' and ¢*>. The fact of having only two coordinates simplifies
the formulas for the curvature. Egs. (5.64) imply that there is only one
independent component of the [covariant| curvature tensor, which can be
chosen to be Rq215. All other components are either zero or equal to +R915.
Now R, 3.5 is expressed as

R
Raﬁ’yé = E[gawgﬁé - gaégﬁ’y]a (569)
2R
R = gavgﬂtsRaﬁ'y& = —1212 (570)

g11922 — 9%27

3To derive Eq. (5.68) note that the very definitions of u® and v® imply v® dgu® =

u” gv®, which amounts to u¢ 3 v = 5 u”. Now calculate directly 2 2;;& recalling (5.66)
and noting that u Buﬁ = 0 due to (5.67).
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5.5. Second order post-adiabatic force

where R is the scalar curvature.
The latter thus determines the whole curvature tensor for the present two-
dimensional situation. Substituting (5.69) into (5.68) and recalling that one
can take u,v® = 0 in this equation, we get

D2y

e —gva (ugu®). (5.71)
Note that ugu” does not depend on s; see (5.67).

We now set to calculate the curvature tensor Rfjaﬁ for the simplest pos-
sible example, where there are only two classical coordinates ¢', ¢* and the
quantum system is a two-level system. For further simplicity we assume that
the quantum Hamiltonian is real. This means that the Hamiltonian is a
linear combination of the first and third Pauli matrices:

= (40, (5.72)

¢ —¢

E_=—=V(d")?+ (¢®)* = —p, 5.74
S

+) = pa’ ] : (5.75)
L V=@

e
V2p
1 [ =
|-) = _\/2_/) ptaq ] . (5.76)

It is seen that the adiabatic energies Iy and E_ cross at p = 0.
We shall study in separate the case when the quantum system starts at
t = 0 from its ground state |—), and from the excited state |+).

Ground state

The metric reads form (5.58) and (5.73-5.76):

22 1)2
_ 2 (@) _ 2 ()
gn =¢€ [M+4—p5]’ g2 =€ [M+4—p5 ;
1,2
G12 = g = —€ (%) - (5.77)
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The determinant and trace of the metric read

det[g] = €M (M + 4—23) oty =€ (M + 41?) | (5.78)

It is seen from (5.77-5.78) that both the determinant and the trace of gag
are positive; thus the eigenvalues are positive as well. This situation refers
to a usual classical mechanical particle, which is enforced to move on a two-
dimensional surface. For the scalar curvature we get from (5.62, 5.63, 5.70)
and (5.77-5.78)

3(1+ 16Mp?)

_ 5. (5.79)
22 M p? (1 + 4M p3)

Thus R is strictly negative. Returning to (5.71) we see that since the metric
is positively defined [see (5.77-5.78)] u®u, is always non-negative. Then the
negativity of R in (5.79) implies that the geodesics are unstable with respect
to small perturbation of initial conditions, because (5.71) corresponds to a
harmonic oscillator with an inverted (though space-dependent) frequency®.
We see that R is singular at p = 0, where the adiabatic energy levels cross.

Excited state

Now we assume that the two-level quantum system starts its evolution from
the excited state |[+). This case leads to more interesting possibilities, since
now the metric reads:

212 1)2
_ 2 (¢°) _ 2 (¢")
g =€ [M— 4p5] 922 = € [M— 4}05}7
1,2
- 249
g12 = ga1 = € v (5.80)
Hence the determinate and trace of g read, respectively,
detlg] = M | M= 1|, tlgl=e M- 1 (5.81)
et|g] = € | rlg] =€ | .

4Such a local instability leads to chaos, if the (¢!, ¢?)-manifold is compact. This is
not the case for the considered situation, though it is presumably not very difficult to
compactify the manifold, keeping the conclusion on the local instability of geodesics.
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5.6. Third order post-adiabatic force
Since the metric (5.80) relates to (5.77) with transformation M — —M
and € — i€ (i = —1), we get for the scalar curvature directly from (5.79)

_ 3(16Mp* 1)
2e2M p2 (1 — 4M p3)*’

(5.82)

When the particle moves sufficiently far from the origin ¢* = ¢*> = 0 (i.e.,
when 4Mp3 > 1), the metric is positively defined and the curvature is posi-
tive. According to (5.71) this means that the geodesics are not sensitive to
perturbations in initial conditions. At 4Mp? = 1 the metric tensor changes
its signature, so that for 4Mp* < 1 it has one positive and one negative
eigenvalue. At 4Mp? = 1 the scalar curvature is singular. We expect that
the adiabatic assumption will become problematic in the vicinity of the sin-
gularity, but it seems that it is possible for the particle to “tunnel” between
subspaces of different signature.

Since the metric tensor is not positively defined for 4Mp3 < 1, (5.71, 5.82)
show that for }l < 4Mp?® < 1 the geodesics with initial condition u,u® < 0
can become unstable®.

For even smaller values of p with 16Mp® < 1 the curvature becomes
negative. Now the unstable geodesics have u,u® > 0, while those with
usu® < 0 are (at least locally) stable.

It is thus seen that the initial ground versus the excited state of the quantum
system produces rather different dynamic behavior for the classical system.

5.6 Third order post-adiabatic force

We now turn to study the post-adiabatic force at the order €. The cal-

culations here are more involved, though their general pattern—employing
the adiabatic perturbation theory and then reconstructing the effective La-
grangian—remains the same.

In order to calculate the third-order post-adiabatic force given by (5.29), we
have to calculate two terms of (5.29) namely, (¢,|H|dn) — En = >, Agn|cinl?
and €3(0,,¢n|én) up to the third order in e.

°In the General Theory of Relativity u,u® < 0 is prohibited by causality; for massive
particles uau® > 0 and can be normalized to u,u® = 1, while for photons u$ = 0 [99].
However, for the present classical theory with a well-defined global time s nothing prohibits
us to consider the class of geodesics with uau® < 0.
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Employing (5.23) we see that |c,|* in the third order of € reads
|ckn]? = 283R{cl e} (5.83)

Inserting (5.83) into the last expression of the post-adiabatic force (5.29) for
the third-order correction we get

Oul(Pnl H (s)|dn) = En] = O Z Apnlcrn|* = 2€°0 Z A R{c Iy (5.84)

Now let us calculate the other part of the general expression of the third-
order post-adiabatic force given by €3(0,¢n|¢,) for the third-order correc-
tion:

: d : :
2¢3(0,,Pn|bn) = 2£% {(0un|n2) } + 20,3 {(n2|n) } + 23 {(0ym1|n1} . (5.85)
Then the expression for the third-order force reads

F[3] . .
=9 Z ArR{c i’} + - S3{Gun|ng) + 9,3 (nafit) + (O ).

(5.86)

Inserting

Ins) = 2 n) + Z Bligy, (5.87)
For the expression J(nq|n) we get

Sng|n) = {C[Q] (nny} + Z AR {cknc,m } : (5.88)

where we used

Jie _(0]R)
in obtaining (5.88).
Therefore the third term of (5.86) reads
0, (nali) = 8,3 {2 (nli)} — 0 Z AR { Pl ) (5.90)
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5.6. Third order post-adiabatic force
where we used A, = —Ag,.
Then the third order post-adiabatic force reads

F[?’] d ' .
B S0l + 0, (i)} + SOmilin). (591)

Now we work out (J,n|ns). This can be done by inserting the expression
for |ny), given by 5.87, in the first term of the above expression for the third-
order force. Having (5.87) in mind the first term of (5.91) can be written
as

d%%‘@ nlna) = S {ch (Ounln) } + S {cih(Gunli) }

d
+3 { (gCﬂ) (0unln) } {Z c,m (0unlk) } (5.92)
Since (0,n|n) is purely imaginary, we get

<8n|n2>—\s{c 0n|n}+\s{c (Ounln)}

d d 2
+3(9,n|n) R {%cgg} + 29 {Xk: ckn<8un|k:>} . (5.93)

The second term of (5.87) reads

0 \S{CQ]* (nln)} = -0 \s{c (nln)}
= —S{ (8Mcm) (Aln)} — S {c (Ounln)} — S {cﬂ(m@#n)} (5.94)

Adding (5.92) and (5.94) together yields

i%((9“71|712> +0,S {cﬂ*(nm)} = 23(0,n|n)R {cﬂ}

ds
+$3(0 n|n>i3‘ﬁ{cm b — S(nln)o 3?{0 ) —l— 44 ZICM( Oun|k)
© ds nn - kn \Y 1 )
(5.95)
where we noticed (n|n) is purely imaginary. Thus
S {(0uel)(iln)} = S(aln)a, R {e2} (5.96)
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We also used the fact that
S {2 (0|} — S {2 (n]0m)} = 23(0,m|n)R {2} (5.97)
Let us recall the normalization condition in the second order of e:
%{c = —%(nﬂnl) (5.98)
Thus, the third-order post-adiabatic force reads

FBl d
o ) [<8un|n>] -

= =S {{un|n)} (nifn1) — 75!

nini)  (5.99)

—~ N | =

Snlw)] Gu(nlm) +

+ %%{Z L Dl }

In order to simplify (5.99) we first work out the terms containing |n;). Let
2]

us recall the expression for |n;) and ¢; ~n, from the previous chapter:

8;”11 ’711)

N | —

Iny) = cll|n) + |nt), (5.100)
=l e, (5.101)

where |ni) and Egén are given by
Ll
Iny) = Z/cﬂills% U = —¢—<A|”>, (5.102)
nk

and

Oin = (5.103)
Alnk {CLA (tmli) — (il ) - j (el +Z'(¢k> }i}<k|l>} |

We also notice that

(nalmn) = ephl® + (ni [nt), (5.104)
. d

) = ( 5okl ) 1) + i + 511, (5.105)
(0uni| = (8,d) (n] + 2 (8,n| + (Duni). (5.106)
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Inserting (5.101), and (5.104)-(5.106) into (5.99) we notice that all the non-
local terms consisting M are canceled out and we are left with

Bty s @t — 2 (b ind)) S(0min)
2 2ds
50 ((nd o) (ki)
+ %(aunﬁjnllwdi% lz’efg@m@], (5.107)
k

where 5@ is given by (5.104).
The first three terms of (5.107) can be written in terms of the derivatives

of each of the expressions. Therefore the third-order post-adiabatic force
reads:

ni[ny) $(,nn)] —

(Z'—@“”fi:k’m) Sl

Ou [{n1'1n1) S (nfn)]

DN | —

+ %@/L”HTL%)

Z s k;|l> anyk>},

(5.108)

(1]

where we have use

=2 (k\n> in simplifying the last term of

(5.107) such that the term (k‘|k>ck 4 10 the expression (5.104) is absorbed

in the summation over the index [ and the condition [ # k is removed.
Defining

[n) = —idalNa) ) < Z (5.109)
k

and inserting this expression for |n;) into the first three terms of the expres-
sion (5.108), after some algebra it is straight forward to see that those terms
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can be generated by a Lagrangian

_%d% [(ni|nt) S(0,mn)] — %ém [(ni [ni ) (nln)]
A (z%) %<nrn>] =
(%a% - 8%) St (5.110)
where
hagy = %3<n|87n> R(Na|Ns) (5-11)
+ %%(n@an) R(N,|Ng) + %%mlﬁm (Na|Ny).

hapy is symmetric with respect to any permutation of indices a, 5 and 7, so
that

S(nloyn) RINING) dadody (5.112)

N | —

1 C
ghaﬁ'yQaQﬁqV =

Working out the term $(9,ni |ni) in the expression (5.108) for the third
order post-adiabatic force yields

S<aunlL|n1L> = %<8MNB|Na>QaQ,8 + %((%Nﬂaﬂ\fa) daqpdy- (5.113)

It is straight forward to show that the last term of (5.108) can be written

as
ds - Ay ds L7 Ak z In K
d . . d . .
= £§ {_Z<Nulni—>} = _£ [%<Nu|Na> Qo + %<Nu|aﬁNa> QaQ,B]
d*qa, ..
= djg S(NalNu) + GaGsS {0s{Na|Nyu) + (9Na|Npu) + (0aNs| Ny }
+G043G,S5 {04 (9 Na|Ny) } - (5.114)
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combining (5.113) and (5.114) together we get

§%{Z< A g ]+ >l <k|l>> <a,m|kz>}

l

d3qq
+S(0nt k) = SN, |N,)

ds3
+GadsS {05(Na|Ny) + (95 Na|Nyu) + (9aNs|Ny) + (9uN5|Na) }
“"Qaqﬁqv% {avwﬁNa‘Nu) + <0uNﬁ|avNa>} . (5-115)

working out these two terms of the third-order post-adiabatic force, after
some algebra, we see that it can be produced by the following Lagrangian

29 {Z (— A R B <k|Z>> <aun|k>}

nkl

+3 (@i t) =
{ d 0 d 0 0 ]

1
- 2 - - _ 72 — 20800 =Aagy Galsg~ |, (5.116
ds? adﬂ " ds a% aQu_ < Paplats T 3 o %qu) ( )

where we define the antisymmetric tensor z,s as
Zap = 5S(Np|Nao), (5.117)

and the symmetric tensor A,z as
def 1
a2 9L + @aNN) + (00 )
b QNN+ @Ml + (0Nl

_ g%<8QN5|N7>. (5.118)

In obtaining the above result we employed:

1
SOV, INe) = 330N, ING) + S0, IN.)
1 1
= 53(0sN,u|Na) = 53(Na|O5N,)
i L ALAN %maﬁzvaw“)%aﬁw]v“w@. (5.119)
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Combining the above results for the last two terms of the third-order post-
adiabatic force (5.116) with those we got for the firs three terms given by
(5.110) yields
F
- =
d> 0 d 0 0 . 1 CoL
a5 0i, + 450G, —} (_ZaﬁQaqﬁ + glhasy + Aags] qa%qv) :
(5.120)

Thus the third-order post-adiabatic force is purely Lagrangian though con-
taining higher-order derivatives.® We can write the third order Lagrangian
as

L¥q, 4,4 = € [fapy (@) dalsdy — 2as(q)dads) (5.121)
where fu5,(q) is defined as

fapy(q) = %%{W\@WMNﬁ!Na) + (03 N5|Na) }- (5.122)

It is seen that besides the expected third-order polynomial in the velocities
fapy4adsqy, the third-order Lagrangian LB contains a linear dependence on
the accelerations ¢,. The corresponding coupling matrix z,s(q) is antisym-
metric z,3(q) = —2a(q) as it should be, since any term ¢,3G,gs with a
symmetric ¢os = ¢, can be reduced (up to a total differential in time) to a
third-order polynomial in the velocities.

The total Lagrangian describing the classical system including the higher-
order terms up to €*, L3[q, ¢, ], will include the previous order post-adiabatic
Lagrangians and the bare classical Lagrangian,

2

L3la. 4. = V(@) = Bul0) + cAu(@)do + 5 [Mbas + Gas(0))dads

+e’ [faﬁquzQBQ"y - Zaﬁéja(jﬁ] ) (5.123)

SLet we are given a classical system with action fos dsL[q(s),q(s)], where L is the

Lagrangian, ¢ is the vector of (generalized) coordinates, and ¢ = % The Euler-
% daqi - % = 0, are obtained when vary-
ing the action over the the coordinate-path ¢(s) assuming that the end-points are
fixed: 0¢g(0) = 0¢g(S) = 0. This well-known set-up has a straightforward generaliza-
tion for a Lagrangian L[G(s), ¢(s),q(s)] that depend on the acceleration [or more gen-

erally on higher-order derivatives of coordinates]. The corresponding Euler-Lagrange

Lagrange variational equations of motion

equations of motion read: + 2= — 2= — 4. [ } = 0, where now we assume that

54(0) = 54(S) = 54(0) = 54(S) = 0.
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5.6. Third order post-adiabatic force

while the equations of motion it generates is [see Footnote 6]

d 0 d? 0 0

e T A ] = 0. 124
is0q, 420G, da, Ls(q,q,4 =0 (5.124)

These equations of motion contain third-order time-derivatives qég) of coor-

dinates, i.e., they can be written as

2620505 = ©alq. 4. 4)- (5.125)

Thus when the determinant of the matrix z,s(g) is non-zero—and this is
generically the case for even number of classical coordinates— the third-
derivatives can be expressed through (¢, ¢, ). This means that the dynamics
described by (5.124) needs three independent sets of initial conditions at the
initial (slow) time s; = €t;:

(q(s1), (s1), G(si) )- (5.126)

For an odd number K of classical coordinates, the determinant of 2,3 van-

ishes, since z,g is anti-symmetric. Generically, the matrix z,5(¢) will only

have one eigenvalue equal to zero. Let us denote the related eigenvector by
[0] h

Yo , Where

2.5 =0, (5.127)

and let yy with v = 1,..., K — 1 be the eigenvector of 2,3 with non-zero

eigenvalues A, Eq. (5.125) produces

2Ny = yBlou(g.god), for y=1,...,K -1, (5.128)
0 = y¥ea(g,d,d). (5.129)

Now the initial conditions (¢(s;), ¢(si), G(si)) at the initial time s; cannot
be anymore taken independently from each other, because (5.129) imposes a
constraint on them. Provided that ( q(si), ¢(si), G(s;) ) satisfy this constraint,
(5.128) gives K — 1 equations for components of q&?’). Another equation for
components of q((;o’) can be obtained by differentiating (5.129) over time ¢ and
taking t — ;.

The construction described by (5.128), and (5.129) is conceptually not
very different from its simplest analog: Consider two classical degrees of
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freedom with coordinates = and ¢. Let the corresponding Lagrangian be
% — V(q,x). Note that this Lagrangian does not contain the kinetic energy
for the z-particle, i.e., the kinetic energy matrix is degenerate. The Lagrange
equations of motion read: ¢ = —V/(¢q,z) and V;(¢q,z) = 0. The second
equation is a constraint on admissible values of ¢ and x at any time. In
particular, it confines their initial values. Now the initial conditions amount
to q(si), 4(si) and x(s;) provided that the constraint is satisfied. One is
not free in choosing the initial velocity #(s;). The latter is determined from

differentiating the constraint over time s and taking s — s;.

Before closing this discussion on the initial conditions let us note the fol-
lowing aspect. The quantum-classical equations (5.2, 5.5 ) have the following
well-defined initial conditions at the initial moment ¢ = 0 of the fast time ¢:
| (0)), ¢(0) and ¢(0). On the other hand, as we saw above, the autonomous
classical dynamics starts to depend on higher-derivatives of the coordinate(s).
The reason of this difference is that the initial conditions of the autonomous
classical dynamics are to be imposed at an initial value s; = €t; of the slow
time, where t; should be still sizable larger than ¢ = 0. The difference be-
tween the original initial conditions of the slow variables and their effective
initial conditions after eliminating the fast variables is known as the initial
slip problem. It is well recognized in theories dealing with elimination of fast
variables [107-109]. There also exist more or less regular procedures of relat-
ing the original initial conditions to effective ones [107-109]. In this work, we
are interested in autonomous classical dynamics for sufficiently large (fast)
times, where the precise relation with the original initial conditions is not
directly relevant.

5.6.1 Kinematics

The dependence of L3[q, g, G| on accelerations implies conceptual changes in
the kinematics of the classical system, as we now proceed to show.

First we note that the momentum of the classical system is defined via
the response of £3 to an infinitesimal coordinate shift ¢, — ¢, + dq,, where
dq,, does not depend on time [99]:

— 5.130
9q,  ds 0q, ( )

5£3 = _5% = 5%%

oL, d {aﬁg d acg}
dq, ’
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5.6. Third order post-adiabatic force

where we used (5.124). Thus the momentum is defined as

Pu = ks ia—ﬂﬁ.?’, (5.131)

oLs
9qu

If £3 would not depend on ¢, (which is generically not the case), the
corresponding momentum p,, would be conserved in time. We note that p,
consists of the usual part 855 and the anomalous part — d M" that comes
solely from the dependence of the Lagrangian on the acceleratlon. Using
(5.123) we get for the momentum

implying that the equations of motion can be written as p, =

by = €A,u + 62 [MqM + Guada] + 363 ;(L?,B )QaQ5
+ 2632:;104(.1.04 + 63 [avzuﬁ] q"ydﬁa
(5.132)

where f oy ,deﬁned as

sym i
aﬁv o

CDI>—‘

> fuiasn; (5.133)
11

is the completely symmetrized expression (5.122); the sum is taken over
all six permutations Il of three elements. It is seen that the expression
for the momentum does depend linearly on the acceleration. One half of
the acceleration-dependence comes from usual part %, while another half

comes through the anomalous part —i%, resulting altogether in 2€%z,,,Ga

in (5.132).
The energy corresponding to the Lagrangian L3[q, 4, | is obtained via
looking at the total time-derivative of L3[q, ¢, §l:

d . aﬁg . 0,63 . 8£3 dgq
—L = r
T Lsla. 4. d] 9, %+ g, 95, dst

(5.134)

where we noted that L£3[q, ¢, ] does not have any explicit time-dependence.

Employing equations of motion p,, = ‘%3 , (5.134) results into energy conser-
vation: JE or
— =0, E=puu+ =26, — Ls. 5.135
ds ) p,uQu + aqu Qu 3 ( )
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Thus the energy of the classical particle reads:

2
E = §[M5aﬁ + Gopldals + 26 fapyialsdy + 26 Zpatadu + V() + En(q).

(5.136)

Note that the vector-potential A,(q) expectedly drops out from the ex-
pression of energy [99]. However, the acceleration-dependent part of the
Lagrangian does contribute directly into the energy. In fact, the whole third-
order Lagrangian (5.121) is multiplied by a factor 2 and enters into the energy
expression.

Let us now turn to the generalized angular momentum tensor, which is
defined via the response of L3 to an infinitesimal rotation (i.e., a distance

conserving linear transformation) [99]: ¢, — ¢, +wu,0q,, Where W, = —Wy:
0L3 0L . 0L .. d 0Ls .
0Ly = o . - s | = WaB « . )
3 = Wap aQQQ6+anQﬁ+8qan Wap 7 pQ,B‘l’aQQQB

(5.137)

where we again used (5.124). The full angular momentum tensor is now
defined as [recalling w,, = —wey,] :

0Ls . 0Ls .
M. = DPaqs —Ppla + 508 — o da 5.138
3 53— Dg 2. 1~ 9i, ( )

= Laﬁ + Saﬁ, (5139)

so that when L3 is rotationally invariant, M,z is conserved in time. One
part of this tensor is the usual orbital momentum L.g = pags — Psqn- The
remainder—non-orbital momentum, or spin— arises due to the dependence
of the Lagrangian on the accelerations, and it is a second-order polynomial
over the velocities:

0Ls . 0Ls .
Sesg = =048 — =——{a 5.140
8 9.~ B4, (5.140)
= & Z6ylyda — Zaryirds - (5.141)
In the simplest two-coordinate situation Sjo = —So; = €3291(¢? + ¢3), which

means that the spin tensor is proportional to the velocity square.
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5.6. Third order post-adiabatic force

Zitterbewegung effect

From the expression of the momentum given by (5.132) and the expression for
the spin given by (5.140,5.141) and using the fact that z,s is antisymmetric,
we can write

0Ls d [Saufa 9
=+ — | —=£=, > = qpds, 5.142
=50 s { 2 q" = dsds (5.142)
which means that the anomalous part p, — % of the momentum is driven

by the time-derivative of the velocity-projected spin-tensor.

An expression similar to (5.142)—relating the momentum to the pro-
jected time-derivative of the spin—appears in the (relativistic) Dirac elec-
tron theory [110]. There the fact that the total angular momentum is a sum
of the orbital part and the spin part, as well as the fact that the velocity
and the momentum are different objects and are not simply proportional to
each other via the mass, are the consequence of the relativistic invariance
for the electron. The very effect of the spin time-derivative contributing into
the momentum was named zitterbewegung, since for the free Dirac electron
this contribution brings in an additional oscillatory motion [110]. In a more
recent literature, the zitterbewegung effect is also derived via Lagrangians
containing the higher-order derivatives of coordinates [111,112].

There are, however, several aspects that distinguish (5.142) from the zit-
terbewegung effects already known in literature.

e First, we do not have a relativistic invariant theory; for us relation
(5.142) emerges due to the fact that the classical system is open.

e Second, we do not have to have the conservation of momentum and
of angular momentum for deriving (5.142). Both these quantities are
generically non-conserved in our situation (ultimately since the system
is open), but relation (5.142) still holds generally due to the specific,
anti-symmetric form (5.121) of the acceleration-dependent part of the
Lagrangian.

We close this part by emphasizing its main findings: due to interaction
with the fast quantum system the classical system gets a spin [non-orbital
angular momentum]|, which is related to its momentum via zitterbewegung
effect.
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5.6.2 Hamiltonian description

In this section we study the Hamiltonian description. Within the order €
the Hamiltonian description is straightforward. However, the third-order
dynamics has a non-trivial Hamiltonian structure, as seen below.

Let us first explicitly separate out the higher-derivative term of the La-
grangian given by (5.123). Thus we have

£3[Q7 Q7 Q] = L3[Q7 Q] - EgzaﬁijQQﬁ- (5143)

In general, we can introduce three sets of variables
q=(q, -, qK), v=(v,...,0K), = (m,...,7TK), (5.144)
and instead of (5.143) introduce the following extended Lagrangian:
Llg,v,7] = L3(q,v) — € 20005 + Ta(da — Va)- (5.145)

It should be clear that if we treat ¢, v and 7 as coordinates, then the La-
grange equations generated by L[g, v, 7] are equivalent to those generated by
L3[q,q,q]. At this point 7 is considered as a part of the overall set of coor-
dinates. It may be equivalently viewed as Lagrange multipliers. If L[q, v, 7]
were not dependent on v—that is, L3]q, ¢, ] would not depend on j—we
would write the velocities v = v(g, 7) as functions of the coordinates and
momenta, and end up with the usual Hamiltonian description with ¢ and 7
being the canonical coordinates and momenta, respectively. Though L[q, v, 7]
does depend on v, it can be still related to a Hamiltonian in the following
way [113].

Once the triplet ¢, v, 7 is considered as coordinates, we introduce a sepa-
rate notation for it

Q= (Q1,...,Qsx) = (da: Va, Ta). (5.146)
Now the Lagrangian (5.145) reads
LIQ) = Ls[Q] + Au[Q)Qu;  a=1,...3K, (5.147)
where
AlQ] = (T €20, 0). (5.148)

Below we shall show that the expression L3[Q] plays the role of the Hamil-
tonian.

128



5.6. Third order post-adiabatic force

Eq. (5.147) generates the following Lagrange equations of motion:

. 0Ls
Q, = —, 5.149
(@0 =55 (5.149)
def 0A,  0A,
Q. = — . 5.150
In block-matrix notations €2 reads
0 Y I
0= Yt 7 o0 |, (5.151)
-7 0 0

where each element in the above matrix is a K x K matrix, with K being
the number of classical degrees of freedom:

Yaﬁ = 631)76&275, Zaﬁ = —2632a5, Iaﬁ = 5046; (5152)

and where [ is the K x K unit matrix. Provided Z is invertible, the inverse
of Q reads [block-matrix notations]

0 0 —1I
o'l=|0 2z —zWwT|. (5.153)
I —-Yz7' yz-WyT

For an even K the matrix Z is generically invertible; as we discussed
before. In this case €1, is invertible and antisymmetric. Moreover, from its
definition given by (5.150) we see that

0 0 0
Qg+ e = 0. 5.154
5. T g, M T 8, (5:154)
Therefore it ensures that the Poisson brackets defined via €2,, does not change
in time [114]. In fact, Q4 defines a symplectic structure [114].
Then L3[Q)] plays the role of the Hamiltonian.

Now for any two functions C(Q) and D(Q) the Poisson bracket is defined

as

oC 0D
_ 1Y%~ 9
{C(Q), D(Q)}rp =0 B30, 50, (5.155)
The equations of motion (5.149) can now be written as
Qo = { Qu, L3[Q] } p1- (5.156)
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In this case the Poisson brackets are non-linear. It is seen from (5.151, 5.155)
that 2,3 and its derivatives define a non-trivial symplectic structure for the
system.

The matrix Z is not invertible for an odd K. The Hamiltonian description
in this case is still possible, but it requires more care in explicitly accounting
for constraints.

5.7 The Fourth order Lagrangian

In this section we discuss a specific example on the fourth-order Lagrangian.
Since the calculations now become very complicated, we shall restrict our-
selves to the situation where the classical system has just one single co-
ordinate ¢q. For further simplicity we assume the quantum system has real
adiabatic eigenstates. In fact, the main purpose of this section is to illustrate
that the fourth-order Lagrangian again depends linearly on the highest-order
time-derivatives of the classical coordinate.

Following the same lines of calculation for the third order non-adiabatic
force presented in section 5.6, and assuming a single coordinate classical
system and real eigenstates for the quantum system, the non-adiabatic force
acting on the classical system in the fourth order is described by the following
Lagrangian

= (5.157)
B o Lo do 0
— 4+ —— ) cWg, 4,4, ¢®

where
L9, 4,6, ¢%] = €* [ag* + bid® + wig®] (5.158)

where ¢ stands for the third order time derivative of ¢, and where £
represents the fourth-order Lagrangian. We notice the same pattern in the
higher-order Lagrangian, i.e., that the dependence on the higher-order time
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derivatives ¢ and ¢ is linear. The coefficients a, b, and w are given as

= 3 WONBE iy oy, (5.150)
nk
Z . kaZ 0[An], (5.160)
|(K[Ogn) |?
Z Aik 3 (5.161)

where |N) is given by (5.109): |N) = Z;%U{:)
Then the total Lagrangian describing the one dimensional classical system
reads

2
- € )
Lilg.4,G,9") = =V(9) = Eua) + 5 (M + G)¢*

+ € (ag" + bid* +wqq®) (5.162)

where the first and the third order terms vanish due to the assumption of
real eigenstates of the quantum system, and where a, b, and w are given by

(5.159)-(5.161) and G is defined as

d |1.\2
r (nl g5 1k)
=-2 —_— 5.163

The kinematics of this Lagrangian can be developed along the same lines
as in the previous section and represent the similar pattern.

5.8 Summary

We have studied the post-adiabatic equations of motion for a slow classical
system which is coupled to a fast quantum system. The slow versus fast
motion is controlled by a small ratio e of the characteristic times. The general
problem we addressed is to find an effective Lagrangian that describes the
dynamics of the classical system. The post-adiabatic reaction force is proved
to be Lagrangian up to the fifth order of e. We conjecture that at every
order of € the effective dynamics of the classical system can be derived from
a Lagrangian.

In the order €° the effective Lagrangian differs from the bare one by the
Born-Oppenheimer potential energy. In the first order correction the effective
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Lagrangian corresponds to a magnetic field, which is related to the geometric
phase [2].

In the order €2 the effective Lagrangian gets an additional kinetic energy
term, which is a second-order polynomial over the classical velocities [3,100].
We showed that in the second order of €, the motion generated by the effec-
tive classical Lagrangian can be mapped on to geodesic curves on a suitable
Riemannian manifold. Operating with the simplest possible example—two
classical coordinates interacting with a two-level quantum system—we show
that the Riemannian manifold is essentially curved solely due to the kinetic
energy generated by the fast quantum system. The scalar curvature is fre-
quently negative indicating that the classical trajectories [geodesic curves]
are unstable with respect to small variations of the initial conditions. The
metric tensor generated by the fast quantum system can change its signa-
ture as a function of the two coordinates. Physically this means a transition
from an Euclidean to pseudo-Euclidean manifold, emergence of a time-like
coordinate.

Within the order €3 the effective Lagrangian linearly depends on the ac-
celerations of the classical system.

We argued that this result is important, because it provides a physically
well-motivated scenario for the emergence of higher-derivative Lagrangians
for open classical systems. This result should be contrasted to the usual open-
system approaches, which can also produce forces depending on higher-order
derivatives (e.g., the Abraham-Lorentz force in electrodynamics), but those
forces are dissipative (non-Lagrangian).

The presence of higher-derivative terms can be tested by essential influ-
ences they bring on the kinematics of the system. First, they modify initial
conditions; in our case this means that the trajectory of the classical system
on the slow (coarse-grained) time starts to depend on acceleration. Second,
the conserved energy of the slow classical motion does depend on the acceler-
ation. And third, the presence of higher-derivative terms naturally separates
the total angular momentum into the sum of orbital momentum and spin.
We show that this spin satisfies an exact analogue of the zitterbewegung
relation.
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APPENDIX

Numerical illustration of initial state determination within
the Jaynes-Cummings model

In this appendix we give two concrete examples on the inversion of the matrix
M in (2.86).

e Let us assume that the average number of photons inside the cavity
is n = 2, the coupling constant is ¢ = 50 KHz, and the detuning
parameter A = 10 KHz. Looking at Fig. 2.1(a) one sees that the
determinant is maximal at (approximately) 7 = 20us. (Recall that
the typical interaction time of a thermal atomic beam with the single
mode of the field is of the order of 100us [30,33].) The elements of the
matrix M and the vector B are worked in section 2.5. Inserting all
these numbers into (2.80) - (2.85) one obtains

15.183  5.59578 0.0456968
M (azroxmm = [ 1.14077 —1.3668 —1.38923 |, (A.1)
1 1 0

—0.0557631
Bl(aciokin = | 205576 | . (A.2)
0.0411884
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Numerical illustration of initial state determination within the
Jaynes-Cummings model

e For the second example we take a larger detuning: n =2, g = 50 KHz
and A = 100 KHz. The optima interaction time ¢t = 300us is read off
from Fig. 2.1(b) (the interaction time t ~ 18 us gives somewhat smaller
determinant; see Fig. 2.1(b)). The numerical calculation of M~ and

B produces:
3.18085 1.23251 —1.15186
M_1|(A:100KHZ) = | 5.92052 —4.20194 —4.52702 |, (A.3)
1 1 0
—0.0707962
B|(A:100KHZ) == 20708 . (A4)
—0.119635
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APPENDIX

Numerical illustration of maximum likelihood method

Below we give a numerical example, where the constraint (2.93) may or
may not be satisfied automatically. We take n = 2, ¢ = 50 KHz, A =
100 KHz, and we have chosen the measurement time ¢ = 300us such that
the corresponding determinant D is maximized; see Fig. 2.1(b). Then we
construct the matrix C and the vector B in (2.93) [see (A.3, A.4)]. Neglecting
the probabilities of having more than three photons inside the cavity, we
assume that we are given the following six frequencies v41(m) (m = 1,2, 3).
These frequencies are normalized according to 32> | S° _ v,(m) = 1. For
simplicity we additionally assume that these frequencies are related to each
other as

Vl(l) = U_l(l), 1/1(2> = l/_1(2), 1/1(3) = l/_1(3). (Bl)

For different values of v1(1), v1(2) and v4(3) the numerical maximization of
(2.91) over p,(m) under the constraint (2.93) produced a result different from
(2.96) (mezl > uet1 Pa(m) = 1). An example follows: for

v (1) =0.05, 11(2) =025 1(3)=02 (B.2)



Numerical illustration of maximum likelihood method

v1(1) = 0.05 vi(1) = 0.15 vi(1) = 0.25 v1(1) = 0.30
v1(2) = 0.05 5§ = 0.00989504 5 = 0.0000494347 | § = 1.1102 x10~ 6 | § = 0.00108428
v1(2) = 0.15 § = 0.00318619 5§=0 § = 0.00140516 § = 0.0115233
v1(2) = 0.25 § = 0.0000717018 5§=0 § = 0.0336704 -

v1(2) =0.30 | § =1.1102 x10~'6 | § = 0.0000961022 — —

Table B.1: The distance 6[v||p] (given by (B.5)) between the set of frequencies
v11(m) and the set of corresponding probabilities p1i(m) obtained from maximiz-
ing Eq. (2.91) under the constraint Eq.(2.93). As in the main text, we assumed
that the frequencies satisfy Eq. (B.1). Thus the third frequency (not shown in the
table) is obtained from v4(3) = & — v,(1) — v4(2). The numerical values for the

2
involved parameters are: n = 2 (the initial average number of photons), g = 50

kHz (coupling constant), A = 100 kHz (detuning) and ¢t = 300us (the interaction
time). The matrix M and the vector B in this case are given by Egs. (A.3), and
(A.4). Three places in the table are empty, because the corresponding frequencies
are unphysical (their sum is larger than one due to the assumption Eq. (B.1)

the probabilities are:

pi(1) = 0.05148118, p_1(1) = 0.05087771,
p1(2) = 0.24811809, p_1(2) = 0.254403426,
p1(3) = 0.19158279,  p_1(3) = 0.20353679. (B.3)

Employing these probabilities in (2.95) and in (2.86) we get for the initial
spin density matrix:

1
ps = 5 [1 - (0.187183) 6, — (0.942992) 5, + (0.275121) 6] (B.4)

In this context we need to quantify the difference between the input fre-
quencies v,(m) and the probabilities p,(m) which result from maximizing
(2.91) under the constraint (2.93). In particular, this difference will quantify
the relevance of the constraint (2.93) in maximizing (2.91). A good measure
of distance between two probability sets is provided by [52]

llp) = 1= ¥ Vva(m)pa(m). (B.5)

a=+1m=1

This quantity is equal to its minimal value zero if (and only if) v,(m) = p,(m)
(i.e., when the constraint (2.93) holds automatically), and it is equal to its
maximal value 1 for v,(m)p,(m) = 0.

In Table B.1 we calculated the distance §[v||p] between the frequencies
and the corresponding probabilities. It is seen that in some cases this distance
is just equal to zero, while for other cases it is rather small.

146



APPENDIX

Properties of the back reaction factors GG,.(t) and F.(t)

In this appendix we work out the back reaction factor F,.(t) which appears
in the expression of the collective bath coordinate as Let us first

X(l)(t) — ng [&L(O)el(’y cos@k—i-wkt) —F&k(O)G_Z(
k

k

5 cos 0k+wkt):|
.
— oW g w_z (1 — coswyt) (C.1)
2
- @ Z Ik [cos(kr cos Oy) — cos (wit + krcosby)].  (C.2)
PR
where we define

2
G.(t) et Ik [cos(kr cos by) — cos (wit + krcosfy)],  (C.3)

0D 95 [1 — cos (wit)] . (C.4)
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Properties of the back reaction factors G,(t) and F,(t)

In the same analogy, working out x@ (t) yields

KO = Y g [l )l (o) 4 e 0, o)
k

2
_ &M Z Ik [cos (kr cos O) — cos (wit — kr cos O]
. Yk

2
6N Ik t). C.5
038 Zk: o ( cos wyt) (C.5)

Averaging G,.(t) over ) and denoting the result by G, (t) amounts to

_ 1 2 [
G.(t) = 3 Z ugT]Z /0 sin 0 d0y, {cos [kr cos O] — cos [kr cos Oy + wyt]}.
K

(C.6)

This integral can be straight forwardly performed and as a result we have

_ 1 g% 1| 1 . 1.
G.(t) = 3 ; o {sm kr — 5 sin(kr 4+ wit) — 5 sin(kr —wit)| . (C.7)

We notice that G,.(t) is symmetric in r, i.e. G_.(t) = G,(t).
Inserting the inverse dispersion relation
w
k=2t (C.8)

C

where c is the velocity of the oscillation modes, into (C.7) we have

o =% Qiféf {25imen — sin [welt + 8] +sin [un(t— D]}, (C.9)

where ¢ is defined as r T
t= - (C.10)

c

~

Inserting the spectral density in G, (t) yields

G(t) = /000 dw % {2sinwt —sin [w(t + )] +sin [w(t —1)]}. (C.11)

In the ohmic regime where we are interested in J(w) reads

J(w) = ywe /T, (C.12)
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Thus G, (t) reads

B 00 —w/T B 5 5
G(t) = fy/ dw 625 {2sin(wt) — sin [w(t + £)] + sin [w(t —1)] }.(C.13)
0 W
We know that
/ e P sin(qx)d?w = arctan(q/p), p>0. (C.14)
0

Thus implying (C.14) into (C.15) we get
G, (t) = (C.15)
% {2arctan(I't) — arctan [['(t 4 1)] + arctan [['(t — )] } .

Integrating G,(t) given by (C.15) over time yields the back reaction factor
F,(t) in the ohmic regime as

Fi(t) = /0 s Go(s). (C.16)

The time integral of arctan[I'(t £ )] can be taken using integrating by parts
as

/ ' ds arctan([(t 4 )] = t arctan[T(t = 7)] — 1. (C.17)

where [ is defined as

def ¢ < sI'
= /0 ! 1+ [D(s +6)]* (C18)

This integral can be easy taken by changing the variable s + ¢ to u. Thus

1 (1t - :
I= 5T In (W) Ftarctan [D(t +1)] + farctan(l'). (C.19)

Substituting I in (C.17), for F}(t) we have

s A1 1+ [D(t+1))° et
Ft) = 25{2F1 <1+[F(t_£>]2>+2t tan (T)

— (t+1t)arctan [T(t +¢)] + (¢t — ) arctan [T'(t — 1] } (C.20)
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Properties of the back reaction factors G,(t) and F,(t)

G(t) in the ohmic regime reads [66]

cw)zyzwwewﬁ—mmw
:fﬁ(1—Tf%§) (C.21)

F(t) =~ [I't — arctan (I't)] . (C.22)
Therefore x(7,t) which is defined as

which then yields

X(1,t) = F(t)+ F(r) — F(t+ 1), (C.23)
reads
X(7,t) = v [arctan (I'(t + 7)) — arctan (I't) — arctan (I'7)] . (C.24)

In the limit I't > 1 where the initial stat preparation is irrelevant, x(7,t)
reads
X(1,t) = —yarctan (I'1). (C.25)

We also need to calculate X, (,t) — F,(7). This can be done by using the
fact that B ) )
Xr(T,t) — Fo(T) = Fo.(t) — Fo.(t+ 7). (C.26)

Now implying (C.20) we get

Xr(T,t) — Fo(1) = ng{ — 27 arctan (I‘f)

— 7 [arctan (T'(t + 7 + ¢)) — arctan (I'(t + 7 — ¢))]
— t[arctan (D(t + 1)) — arctan (D(t — ¢))

— arctan (D(t + 7 + 1)) + arctan (D(t + 7 — 1)) |

— t[arctan (D(t + 1)) + arctan (D(t — 1))

— arctan (I(t + 7+ 1)) — arctan ([(t + 7 — 1)) |

. i4n<L+F“+a]>

2 Ot —1i)]*

+ [I'(
- ﬁﬂn< Egi:ii%)}. (C.27)
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We set I't > 1 to ensure that the final results are independent of the details

of the state preparation. Thus in this limit x,(7,t) — F,.(7) reads

TC I'r

(7, t) — Fo(1) = ~ 7€ arctan <—) : (C.28)
r c
We notice that in the limit when r approaches to zero, (C.28) reads

lim (x,(7,t) — F,(7)) = —y7T. (C.29)

r—0
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Properties of the quantum noise operator

APPENDIX

In this appendix we calculate the correlator and the anitcorrelator of 7,.(t)
which is given by

ng[ krcos@k 'kat T(()) e 2krcosek€ lwktak(o)] )

Calculation of 7,.(t)7,(t') yields

A

Ui

e () (1)

+
+

i (kcos O+l cos0;) _i(wpttwit’) AT AT
E 93 [6 2 e ay,a,

k,l
e
e

e

%(k cos 0, —lcos ;)

—%(kcos Or—lcos6y)

f%(k’ cos O+l cos 0;)

ei(wkt_wlt/) At

e—i(wkt—wlt/)

e*i(wk t+wlt’) ~

()

ak&l} ’

(D.1)

(D.2)
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Properties of the quantum noise operator

while 7,.(¢)9,(t) reads
ﬁr (t,)ﬁr (t) _ Z gkgl Y (k cos O+ cos ;) z(wkterlt’) &;r&;t

p— — —1 j— / A~ A
e 2(k:cos¢9k lcos&l)e i(wit wlt)a;ak

+

—I— 6%(]?00591@—&0501) i(wkt_wlt/) A ”\T

+ e (k cos O+l cos 6;) —Z(wkt-i-wlt ) a dk} (D3)
(

The commutation of 7,.(¢) and 7,.(¢') then can be derived by subtracting (D.3)
from (D.2)

[, (8), 2 (t')] = =2iisign(t =) Y |gl* sin [wr(t — )], (D.4)

where sign(t —t') is +1 when t > ¢’ and is —1 when ¢ < t’. In deriving (D.4)
we implied the commutation rule between the bath creation and annihilation
operators

alaf] = 0= far.a.
[ak,al] — 5. (D.5)

We notice that the commutator of 7,(t) and 7,.(t') is a complex number
independent of r.

Adding (D.2) and (D.3) together we get the anticommutator of the quan-
tum noise operator as the following

{ﬁr(t)a ﬁr(t,)} _ Z Gr a1 |:€”L2T(kcos¢9k+l cos 0;) ei(wkt-i-wlt/) {CALL, d;}
k,l

_ir <0, — < s _ ’ N
+ e - (K cos Oy, lcos@l)e i(wrt—wit’) { k’azr}

L o kcosti—lcosh) gilwit—wit') {ak &l}
W (kcos Or+1cos ;) —i(wrttwt A oA
b ) . Do

Averaging (D.6) over the initial thermal state of the bath yields

(00,301 =23 bl ({aval}) cosfntt=t)). (D7)
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Since the bath initially in a Gibbs state

({anal}) = com (55%). (D)

Thus we have
(00,000 =23 ol cort (P57 ) cosante— ). (D9
k

The time evolution of the quantum noise operator reads

gtnr ng [ezkzrcosﬁk zwks&k( )+ e ricosﬁk e zwksdk(t)] . (DlO)

Let us recall the expression for a(t)

&k(t) — ¢ zwktA (O)+;7k&() (7L/2)kr‘cos€;c (e—iwkt_ 1)
k

L 9k 512) ¢~ (i/2)kr cost (e7™x —1). (D.11)
ka

Inserting ay(t) and its complex conjugate, al(t), in (D.10) we get

gtﬁr(s) =
ng [eéerOS% eiwk(t-&-s)&L(O) + 6—%krc059k e—iwk(t+s)dk(0)]

+6WM Z 9% {cos [wy, (t + s)] — cos (wit)} (D.12)

w
© k

2
+6% Z Ik {cos [kr cos O + wy, (t + s)] — cos (kr cos O + wit)},
Wi
k

which can be written as
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Summary

One of the main tasks in quantum information theory is to determine the
initial state of a qubit, i.e. a two-level system that can be described by
the Pauli matrices. Quantum state tomography provides a useful method
for this aim. Quantum state tomography is the process of reconstructing
the quantum state (density matrix) of an ensemble of quantum systems by
performing measurements on it. In order to be able to uniquely identify
the state, the measurements must be tomographically complete. That is,
the measured operators must form an operator basis in the Hilbert space of
the system, providing all the information about the state. However since in
general different operators do not commute with each other, one needs to
perform successive measurements of non-commuting observables to recover
the initial state of the system. In chapter 2 we show that one can completely
reconstruct the initial state of a qubit by means of simultaneous measurement
of commuting observables. The price to be paid is to introduce another
system called assistant of which the state is known. The assistant need
not necessarily be another qubit. It may for example also be a single near
resonance cavity mode. By letting the system and the assistant interact
with each other, and after a some time laps performing measurements on
one observable of each system it is possible to make a linear map between
the measurement results and the initial state of the qubit. The suggested
observables are the easiest ones to measure.

Usually it is very difficult to isolate a quantum system from its surround-
ing environment. Therefore studying the influence of the surrounding envi-
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Summary

ronment on the state of an open quantum system, i.e. a quantum system that
is interacting with its environment, is crucial in quantum processes. Depend-
ing on the type of environment, there are different conditions under which one
can study the influence of the environment on a quantum system. A group of
methods categorized by the name of system-bath interaction are based on the
assumption that the reaction of the system on its surrounding environment is
weak. One of the main consequences of this approach is the Langevin equa-
tion, which supplements the Newton equation of motion for the small system
by two additional forces: random conservative force and non-conservative
(i.e., non-Lagrangian), velocity-dependent friction force. Chapter 3 is de-
voted to specific application of this model with which one can study the
dynamics of the polarization of an open qubit. Two non-interacting qubits
are considered to be surrounded by a common environment. Inducing sharp
and strong pulses on one of them makes the polarization transfer from the
other one mediated by the common environment.

There is another set-up that allows studying the dynamics of an open

system. Here the essential condition is that the time scale of the evolution
of the quantum system is much faster than that of its classical environment.
This is one the most used set-ups for coupling quantum and classics vari-
ables. In chapter 4 we consider the Hamiltonian governing the evolution
of the quantum system as a function of slowly varying parameters of its
surrounding environment. By employing the adiabatic perturbation theory,
which is described in this chapter, we derive the state of the quantum system
beyond the adiabatic regime where the transition to other energy levels is
not forbidden.
In chapter 5 we turn our focus on the dynamics of the slow classical en-
vironment which experiences an average force exerted by the fast quantum
system. We show that the back reaction force in contrast to the system-bath
type of interaction is a conservative force that can be generated by a La-
grangian. The Lagrangian describing the situation depends on the classical
slow parameters, and their higher order time derivatives. Several interesting
aspects of the Lagranigan are discussed in chapter 5.
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Een van de belangrijkste opgaven in quantuminformatietheorie is de begin-
toestand van een qubit, een twee-niveau systeem dat kan worden beschreven
door Pauli matrices, te bepalen. Quantum state tomography is een bruikbare
methode om dit doel te bereiken. Met dit proces kan de quantumtoestand (de
dichtheidsmatrix) van een ensemble van quantumsystemen gereconstrueerd
worden door verschillende herhaalde metingen te doen. Echter, commuteren
verschillende operatoren niet met elkaar dan moet men in principe meerdere
opeenvolgende metingen van niet-commuterende observabelen doen om de
begintoestand van het systeem te bepalen. In hoofdstuk 2 laten we zien hoe
de begintoestand van een qubit volledig gereconstrueerd kan worden door het
gelijktijdig meten van een aantal commuterende observabelen. Dit vereist de
hulp van een ander systeem, de zogenaamde assistent, die in een bekende
toestand is. De assistent kan bijvoorbeeld een andere qubit zijn of een bijna-
resonante mode van het fotonveld. Na een wisselwerking tussen het systeem
en de assistent gedurende een bepaalde tijd kunnen we zowel een observabele
van het systeem als van de assistent meten waardoor het mogelijk wordt om
de begintoestand van de qubit te bepalen. Dit is mogelijk doordat er een line-
aire afbeelding bestaat tussen de meetresultaten en de begintoestand van een
qubit. In tegenstelling tot quantumstatetomografie hoeven we geen metin-
gen te doen aan niet-commuterende observabelen, dit maakt onze methode
effectiever.

Een quantumsysteem dat wisselwerkt met de omgeving wordt een open
quantumsysteem genoemd. Om zo'n systeem te bestuderen is het van cru-
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ciaal belang om de invloed van de omgeving op de toestand van dit open
quantumsysteem te achterhalen. Er zijn twee manieren om een open quan-
tumsysteem te bestuderen. Een groep van methoden gecategoriseerd door
de zogeheten systeem-bad wisselwerking is gebaseerd op de veronderstelling
dat de reactie van het systeem op de omgeving zwak is. Hieruit volg dat de
dynamica van het systeem beschreven wordt door de Langevin vergelijking.
Deze vergelijking is analoog aan de Newton vergelijking voor de beweging
van een klein systeem maar deze beschrijft twee extra krachten: een wille-
keurige conservatieve kracht en een niet-conservatieve (niet-Lagrangiaanse),
snelheidsathankelijke wrijvingskracht. In hoofdstuk 3 bestuderen we de spe-
cifieke toepassing van dit model, waarmee we de dynamica van de polarisatie
van een open quantumsysteem kunnen bepalen. We beschouwen twee niet-
interagerende spin—% systemen die dezelfde omgeving hebben. Wanneer we
één van hen blootstellen aan scherpe en sterke pulsen zien we dat de polarisa-
tie van de andere wordt overgedragen op de eerste via de gemeenschappelijke
omgeving.

Er is een tweede groep van methoden die het mogelijk maakt om de dy-

namica van een open systeem te bestuderen. In dit geval is de essentiéle
voorwaarde dat de tijdschaal van de evolutie van het quantumsysteem veel
kleiner is dan die van de klassieke omgeving. Dit is één van de meest gebruik-
te manieren om quantum en klassieke variabelen te koppelen. In hoofdstuk
4 beschouwen we de Hamiltoniaan die de ontwikkeling van het quantum-
systeem beschrijft als functie van de langzaam variérende parameters van
de omgeving. Door toepassing van de adiabatische perturbatietheorie, die
wordt beschreven in dit hoofdstuk, leiden we de toestand van het quantum-
systeem af buiten het adiabatische regime, waarin de overgang naar andere
energieniveaus niet verboden is.
In hoofdstuk 5 concentreren we ons op de dynamica van de langzame klas-
sieke omgeving. Deze wordt veroorzakt door een gemiddelde kracht die het
snelle quantumsysteem uitoefent op de omgeving. We laten zien dat, in te-
genstelling tot het geval van systeem-bad interacties, de terugkoppeling leidt
tot een conservatieve kracht die gegenereerd kan worden door een Lagrangi-
aan. De Lagrangiaan is een functie van de klassieke langzame parameters,
en hun hogere orde tijds afgeleiden. Verschillende interessante aspecten van
de Lagrangiaan worden besproken in hoofdstuk 5.
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