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Chapter 1

Introduction

Every physical system S that we study as an individual entity is usually just a sufficiently
isolated part of a larger universe which we divide, more or less arbitrarily, into the system S
itself and the remaining part, the so-called environment E. The fact that these two parts
interact is at the basis of the phenomenon of dissipation affecting S. The archetypical
model of dissipation is the damped harmonic oscillator in which S is a point mass which
loses its initial energy due to the friction exerted by the surrounding environment. The
effect of the environment is introduced through a viscous term, proportional to the velocity
2 of the particle, in the differential equation describing the point mass dynamics

Mi(t) + ka(t) + yi(t) = 0,

where v is the damping coefficient.

There are limiting cases, as for example that of a heavy body moving in absence of
external atmosphere, where the dissipative effects of the surrounding environment (other
objects in contact with the body, the electromagnetic field etc.) can be safely neglected for
all practical purposes. However in general this is not the case. For example, in the opposite
limit of a very light classical particle suspended in a fluid, the mere introduction of a viscous
term in the Newton equation is not sufficient to account for the particle’s motion. As the
particle is sufficiently light to be sensitive to the collisions with the individual constituents
of its environment, the granular nature of the fluid emerges and the particle’s trajectory
manifest itself as a random process. The description of such a motion can only be given
statistically, unless one keeps track of the individual degrees of freedom of the environment.
The behavior of the suspended particle is called Brownian motion. In the one-dimensional
case it is mathematically described by the Langevin stochastic differential equation [1]

Mi(t) +yi(t) = £(1). (1.1)

The term £(t) is a stochastic force modeling a delta correlated noise source i.e. (£(t)) =0
and (£(0)E(t)) = 2vkpTo(t — ).

If we consider a quantum system, the presence of a dissipative environment has even
deeper consequences in that, not only implies the relaxation to equilibrium, but also
prevents the assignment of a well defined quantum state to the system once it has become
entangled with the environment. Indeed, even if we require that at a certain initial time
to S and E are uncorrelated, at a successive time ¢ the overall state of S + E will be
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non-separable or entangled. Mathematically this is expressed by

) = [N 6T) = 18O = D eyl 12)

where [¢°) = 3" a;]i%), in some basis {|i)} of the Hilbert space of S.

It follows that the trace over the environmental degrees of freedom of the full density
matrix p(t) = |U(t)) (¥ ()| gives a mixed reduced density matrix for S, which means that
we can describe the state of S only as a probabilistic mixture of quantum states, with
probability p; associated to the outcome A; in a measurement of the observable A, such
that Ali) = A;|i) [2]. Tracing out the environment, the reduced density matrix of the
system S describes the mixed state

pS(t) = Tri{p(t)} = Zm\is)(isl- (1.3)

This is because, in taking the trace over E, we discard an essential part of the information
about the quantum state of the global system S + E which has become a unique system
described by the overall density matrix p(t) = |¥(¢))(¥(¢)], with |¥(¢)) given by Eq. (1.2).

The entanglement between .S and FE is at the basis of the decoherence, a peculiar feature
of dissipation in Quantum Mechanics, which consist in the loss of the relative phases in the
superposition of basis states defining a specific quantum state of S. This can be seen by
comparing the initial state [1)°) of S with the mixture weighted by classical probabilities
given by Eq. (1.3)

Every quantum mechanical system is subject to the interaction with the surrounding
environment. The very act of observing the system, however protected from the uncon-
trolled degrees of freedom of a noisy environment, perturbs it as implies the interaction
with a large classical system which is the measurement apparatus.

A large system, such as the measurement apparatus or uncontrolled noisy environment,
is ultimately made by its microscopic constituents which obey the quantum mechanical
laws. The way the classical behavior emerges from a large ensemble of quantum object
constituting the ordinary classical systems is a problem of the foundations of Quantum
Mechanics which has been and is still actively investigated [3—6].

However, independently of these interpretational issues, the interaction of a system
S with a large, even macroscopic, environment can always be understood as the sum of
the contributions of the interactions between S and a multitude of microscopic quantum
objects. This observation make it possible to formulate the problem of the dissipation
in quantum mechanics in terms of the Hamiltonian formalism by considering the unitary
evolution of the global closed system and tracing out the environment degrees of freedom,
as shown above.

The predictions obtained by taking into account the quantum nature of dissipation
coincide with those of classical mechanics only in the limit & — 0 (i.e. high temperature)
and differ substantially whereas the quantum effects cannot be neglected [7-9].

1.1 Quantum systems for computation

The field of quantum hardware for computation is an area of investigation where much the-
oretical and experimental effort has been devoted in studying and limiting the detrimental
effects of dissipation.
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The idea of quantum computation can be traced back to the end of the fifties when
Richard Feynman had the intuition that the use of hardware obeying the laws of Quantum
Mechanics would have a potential beyond the possibilities of ”classical” hardware'.

It soon became clear that quantum hardware could open new possibilities in infor-
mation processing and simulation of quantum mechanical systems. Indeed, using classical
machines, tasks like the simulation of quantum systems present formidable difficulties even
for quite small systems and turns out to be hopeless as soon as the number of degrees of
freedom becomes moderately large (N ~ 100), not to speak of macroscopic many body
ensembles.

At the basis of the exorbitant amount of resources required for a classical computer to
simulate a many body quantum system is the fact that the system’s Hilbert space grows
exponentially with the number of degrees of freedom involved. On the other hand, this the
reason underlying the potential of quantum mechanical systems as computation resources.

The elementary unit of information that can be stored in a quantum system is called
the quantum bit or qubit. It differs from the classical bit in that, while the latter can be
in one of the two mutually exclusive states 0 or 1, a qubit can be in one of an infinite
number of states given by the superposition of the two classical states. Specifically a qubit
state is the state of a two-state quantum system (without any reference to its practical
realization) whose Hilbert space is spanned by the computational basis set which we denote
by {[0), 1)}

) = 0l0) + 1]1), (1.4)

where |co|? + |e1|? = 1 [2, 10]. So, the specification of a qubit state requires two complex
numbers with the constraint of probability conservation and up to an irrelevant global
phase factor, which amounts to two real numbers that can be identified with the angles
defining a point on the surface of a unit sphere called Bloch sphere. In principle an infinite
amount of information can be encoded for example in the relative phase between the two
orthogonal basis states of a single qubit [11], but this doesn’t work in practice because it
would require an infinite precision in writing or reading the information.

In passing from one qubit to multiple qubit states the wired features of quantum
mechanics become evident. The Hilbert space of a two qubit system has dimension four
and a generic state can be written as

[9) = c00/00) + c01]|01) + c10/10) + c11[11) (1.5)

Take for example the so-called Bell state
1

V2

This entangled state state has the nonlocal feature that if we measure the first qubit and
we obtain |0) (]1)), a measure on the second qubit will give with certainty the result |0)
(]1)), even if the measurements are two space-like separated events.

A N-qubit state in the computational basis reads

[¥) (100) +[11)) .

2N

W) = cilz), (1.6)

=1

'Richard Feynman talk ” There is plenty of room at the bottom”, 1959.
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where |z;) is a state of the computational basis of the NV qubit Hilbert space. The number of
amplitudes required to specify the state of Eq. (1.6) is 2"V. This means that it is impossible
to store in any conceivable classical device the information required to define a N qubit
state as IV ~ 100, which explains the impossibility to simulate large quantum system with
classical computer, as discussed above. However, an ensemble of N two-level quantum
system can be realized and prepared in an arbitrary state, in principle even for large N.
Moreover the linearity of Quantum Mechanics can be exploited to perform operations on
the quantum superposition defining the state in Eq. (1.6), which amounts to perform the
operation on each of the basis states |x;) at the same time. This feature, named quantum
parallelism, produces the speedup theoretically allowing quantum computers to perform
tasks which are out of the reach of classical computers. An example is the factorization
of large numbers using the Shor algorithm [12].

Every practical realization of quantum computing has to satisfy a number of crite-
ria [13] which include scalability (the possibility to build large scale system) and a coher-
ence time larger than that required to perform the operations (the quantum gates) and to
perform error correcting protocols [14].

In one of the first realizations the qubits are nuclear spins of molecules in a magnetic
field, manipulated using nuclear magnetic resonance techniques (liquid-state NMR) [15].
By this technique a twelve qubit system has been demonstrated [16], but liquid-state NMR
presents scalability problems due to the difficulties in distinguishing singular spin when
the size of the system grows [17].

Other physical realizations include trapped ions [18], in which the information is en-
coded in some internal degree of freedom of the ion or in collective motional degrees of
freedom of an ensemble of ions, quantum dots, which are solid state systems with elec-
trons or holes trapped in potential wells with discrete energy levels [19], atoms in cavity
QED [20] and photons in circuits with linear optical elements [21].

1.1.1 Superconducting qubits

Superconducting qubits represent a viable technology for the realization of quantum com-
puting systems [17, 22-30] and for the simulation of quantum systems (e.g. atoms) in
a controlled fashion [31]. The key element of superconducting circuits is the Josephson
junction, consisting in a thin layer of insulator between two superconducting electrodes.
This element introduces the nonlinearity necessary for obtaining non-equally spaced en-
ergy levels, so that a couple of levels (usually the two lowest) with a well defined and
unique transition frequency can be isolated and associated to the computational basis of
the qubit. The supercurrent tunnels across the junction and a phase difference ¢ is asso-
ciated to the collective wave function of the Cooper pairs on the two sides of the junction
W(x,t) = |[Y(x,t)|exp(ip(z,t)). The phase ¢ is related to the potential energy of the
junction by

V(p) =—FEj(cosp —1).

The Josephson energy E; is defined by E; = ®¢I;, where I; is the critical current and
the quantity ®9 = h/2e is the flux quantum. The quantization of the magnetic flux in
the superconducting circuit derives from the requirement that the wave function @ be
single-valued.

The Hamiltonian of the Josephson junction, with the charge @ in the capacitance C;
associated to the junction and the phase ¢ promoted to (canonically conjugate) operators
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([0, Q/2¢] = i), reads
R Q2
H = E — Ejcos .

The Josephson relation is obtained by the Heisenberg equation of motion ¢ = i[H, $]/h

dp  Q

dt ®0C'y

Similarly we get, for the current/phase relation of the junction, the equation

dQ E; . .

— = ——sing.

dt Dy MY
A superconducting qubit can be in a variety of configurations corresponding to different
circuit designs. There are three basic configurations, according to which couple of variable
is chosen as the conjugate dynamical variables: the charge qubit, the phase qubit and the

flux qubit (see Fig. 1.1). There are in addition a variety of hybrid configurations. Here

a Voltage-driven box (charge qubit) b Flux-driven loop (f ux qubit) C Current-driven junction (phase qubit)

d Energy levels of the flux-driven loop

E, =10E, 2
le) =It) le) =I1) T ~_— |-
W w
E v ,':":\\ Y /\>Z]i/\ S & <
m 16— F \ <°9> o) cvg
lo=I) =] Quitrit
0.49 0.50 0.51 046 050 054 0.48 0.50 0.52

f f f

Figure 1.1: (a- ¢) The three basic realizations of superconducting qubits. The Josephson junctions
are indicated by the red stripes. Notice that in the flux qubit (panel (b)) there are two identical
junctions with energy E; and a third with energy aE;. (d) Energy levels of the flux qubit as
functions of the applied bias flux f (figure from J. You and F. Nori, Nature 474, 589 (2011)).

we consider in some detail only the flux qubit. The flux qubit Hamiltonian is

o (I)ext

1.
By by | (1.7)

where ®qyt is an external control flux and L is the ring inductance. Notice that the external
flux acts as a bias, the potential being symmetric for ®ey, = Po/2.
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Figure 1.2: (a) Actual configuration of a three junction flux qubit. The arrows indicate the two
opposite directions of the circulating supercurrent, giving the |L/R) states (figure from J. Clarke
and F. K. Wilhelm, Nature 453, 1031 (2008)). (b) Potential energy as a function of the two gauge
invariant phases across the identical Josephson junctions and potential energy along the red and
blue trajectories. The phase at the remaining junction is fixed by the requirement of ) being single
valued (figure from J. Mooij et al., Science 285, 1036 (1999)).

In terms of the energy eigenstates |g) and |e), the ground state and the first excited
state given by the Hamiltonian in Eq. (1.7), the localized basis |R/L), which is the basis
of states localized in one of the two wells, reads

|R) :cosg\g> +sin§|e>

L) =sin 2lg) — cos L),

(1.8)

where ¢ depends on the control parameter ®e. In particular, for zero bias one has
¢ = 7/2 and Eq. (1.8) becomes |R/L) = (|g) £e))/+/2. In this basis, using the Pauli spin
matrices o, = |R)(R| — |L)(L| and o, = |R)(L| + |L)(R|, the qubit Hamiltonian can be
written as .

H= —§(A0w + eo). (1.9)

The frequency A is called tunneling element and e the bias. Diagonalizing the Hamiltonian
of Eq. (1.9) one finds tan(¢) = A/e. In Fig. 1.3 is depicted the potential in the biased case
with energy levels, tunneling element and bias factor. In the working regime the system
can transfer its state from an anti-clockwise circulating current state |L) to a clockwise
one |R), by tunneling through the effective potential barrier. This phenomenon takes the
name of macroscopic quantum tunneling (MQT). The quantum state of the qubit can be
a superposition of the two above current states as, for example, |g) or |e).

A major obstacle to the realization of quantum operations is constituted by the envi-
ronmental noise sources causing the loss of quantum coherence and, on larger time scales,
the system relaxation. To these processes are associated two characteristic times, the
relaxation time 77 and the decoherence time T5.

The theoretical modeling of the dissipative qubit dynamics is based on the introduction
of an Hamiltonian in an enlarged Hilbert space, which includes, along with the qubit
Hamiltonian of Eq. (1.9), a reservoir of harmonic oscillators linearly interacting with the
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system, modeling the quantum noise source, and a classical noise source of 1/f noise [32,
33]. This last noise source is attributable to the impurities present in the junctions,
behaving as effective two-level systems, and represent a serious limitation on the system’s
coherence. However, in the following we limit to the study of the quantum noise only, as
it represents an ubiquitous dissipation mechanism in a variety of quantum system, both
natural and manufactured.

V(D)

L> R>

|e>

E =A%+’
lg> fie

Figure 1.3: Potential energy as a function of the flux threading the superconducting loop realizing
the flux qubit. The localized states |R/L) are given by Eq. (1.8) and are associated to the current
moving in the anti-clockwise and clockwise directions.

1.1.2 Single-molecule magnets

Another class of physical systems displaying quantum tunneling dynamics at low temper-
ature is that of single-molecule magnets (SMM), hi-spin molecules (s = 10) in which the
total spin tunnels through an effective potential barrier due to the molecular field creating
two states of opposite spin, which we can indicate as | |) and | 1). Their state can be
manipulated by an external applied magnetic field [34-36]. Their slow relaxation time at
the temperature of few K makes these composites suitable as hi density storage devices
and possible resources for classical and quantum computing [37, 38]. Indeed quantum
coherence has been recently demonstrated in Feg single-molecule magnets with coherence
time of ~ 700 ns at T'= 1.3 K [39].
The effective Hamiltonian of the system can be put in the form [36]

H=H'—DS* - AS* — g.upH.S. (1.10)

where the last three terms are a quartic potential in the spin variable S, with asymmetry
given by the external (magnetic) bias field H, and [S,, H'] # 0.

Performing a sweep with the magnetic field H, from negative to positive values, the
magnetization shows an hysteresis loop with steps corresponding to the resonant tunnel-
ing, occurring as the couples of energy levels associated to the potential become nearly
degenerate. In figure 1.4 is shown the potential in the unbiased and biased case, with
tunneling transitions occurring via the levels indicated by arrows, and energy levels as
functions of the external bias.
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a N=0 b N=4 C N=4
X 7 \ 7 N 7N 7 N\ 7 - =)
\ 7 X \ — ----
. 7 ¥ A e i 7 =
m=-9 X 7 "7 \
m=-10 A g
m=-8 m=8
m=-9 m=9 m=8
m=-10 m=10 m=9
m=10

Figure 1.4: (a) Potential with zero bias and energy levels associated to the spin projections. Biased
case without (b) and with (¢) the fourth order term in the Hamiltonian Eq. (1.10). Tunneling
transitions indicated by arrows. N = 4 refers to the step in the hysteresis loop at a certain
temperature for a given (positive) external field H,. (d) Energies of the spin operator eigenstates
as a function of the external field without and (e) with the quartic term in the Hamiltonian. In
the latter case at different field strength different couples of levels are in resonance (figure from J.
R. Friedman and M. P. Sarachik, Annu. Rev. Condens. Matter Phys. 1, 109 (2010)).

The SMM are another example of dissipative quantum system with an environment
at a certain temperature, which can be modeled as a reservoir with degrees of freedom
linearly interacting with the system.

1.2 Caldeira-Leggett model of dissipation in quantum me-
chanics

The model of dissipation considered throughout this thesis is the so-called Caldeira-Leggett
model [40-42]. It allows for a microscopic derivation of dissipation which emerges once we
consider the reduced dynamics of the system in interaction with the environment. This is
in contrast with the classical case, where noise terms whose statistical properties are fixed
a priori, are phenomenologically introduced into the dynamical equations.

The system, a particle of mass M and coordinates § and p subject to a potential
Vb, is linearly coupled to the environment, a reservoir of N independent quantum har-
monic oscillators of masses m;, frequencies w; and coordinates #; and p;. The reservoir
is also called, in the thermodynamical limit N — oo, bosonic heat bath (bosonic since its
excitations obey the Bose statistics).

The full Hamiltonian is the sum of a free system term, a free reservoir term and a
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system-reservoir interaction term

ﬁ:ﬁ5+ﬁR+ﬁ]

) N ~D N
b A 1 [ #3 ) o (1.11)

The interaction of the particle with the individual degrees of freedom of the bath is
defined by the set of constants c¢; and is proportional to the inverse of the reservoir’s vol-
ume [9]. Thus, for a macroscopic environment, the coupling with the individual oscillators
is weak, which justifies the linear coupling assumption. As a consequence we can consider
the bare system energy levels unaffected by the reservoir. The collective effect of the
reservoir on the system level structure can be assumed to be a frictional level broadening.
Nevertheless, since the number of degrees of freedom coupled to the system is very large
for a macroscopic reservoir, such as that surrounding a superconducting device [40], the
overall effective system-bath coupling can be strong (see Sec. 1.4.1).

The effective potential energy to which the system is subject is Veg(q, Z;) = Vo(q) +
AV (q,2;) where

N
- Lo ] .
AV(G,25) =) <—ijﬂjq - ijwj?x?) -
j=1

The minima surface of V.g, with respect to the reservoir coordinates at fixed ¢, is at

:i“;mn = c;q/ (mjw?-). The corresponding ¢-dependent offset in the potential felt by the
particle is
N2
A q smin — J A2.
V(q)%_ Z; 2mjw]2-q

This term can be large and modify qualitatively the potential V;. To have a purely dissi-

pative environment and get rid of this additional potential term we add a renormalization

term —AV/(§) min to the Hamiltonian. The new renormalized Hamiltonian can be rewrit-
J

ten as

9 N 9 2

S . DPj 2 [ - G

= v 2 el . . 1.12
2M+ o(q)+§ 5 mj—l—m]wj (:cj mjw?q (1.12)

The model described by Eq. (1.12) is the Caldeira-Leggett model.

1.3 Quantum Langevin equation

The derivation of dissipation on a microscopic basis, within the Caldeira-Leggett model,
can be carried out using the density matrix formalism or deriving a quantum version of
the Langevin equation for the particle’s position operator ¢ in the Heisenberg picture.
This latter approach, though not easily manageable in practice for predicting the actual
time evolution of the system, has the advantage to allow for a clear comparison with the
classical case.

The density matrix formalism, within the path integral representation of quantum
mechanics, will be used in the next chapters for studying the time evolution of bistable
systems in various dissipation regimes.
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Taking the time derivative of the Heisenberg equations of motion for ¢(t) and z;(t),
the following two second order differential equations are obtained

A N 2 N
s, dVQR) i .
Mq(t) + ——5— +d(t) 5 =D ¢iti(t) (1.13)
dq(t) j=1 mjw_] j=1
and )
mj:%j(t) + mjwjzij(t) = Cj(j(t). (1.14)
In Laplace space Eq. (1.14) reads
A Wi i‘j(O) Cj Wi

Sy N
e )\2+w]2-xj()+)\2+w32- wj +ijj/\2+wj

Transforming back to the time domain we get the solution

z(t) = 2;(0) cos(w;t) + 210 sin(w;t) + / dt'q(t') sinfw; (t — ¢')]. (1.15)

m;wj m;wi Jo

Substituting Eq. (1.15) into Eq. (1.13) we obtain the following generalized Langevin
equation for the particle’s position operator

t A ~
M —i—M/O dt'~ t—t)di/cj(t')—i—d‘;(jq(i)m = —M~(t)q(0) + ¢(¢), (1.16)
where
1L &
V(1) =6(t)5; > mi)z cos (w;t) (1.17)
g=1 777
and

£;(0) sin
mjwsj

N
(By=> ¢ [fcj(()) cos (wjt) + (wjt) (1.18)
j=1
are respectively the memory-friction kernel and the bath force operator.
Suppose the bath is in the thermal state

R _ ¢
= 1.19
pth Z ’ ( )

then the expectation value of the bath force operator and the bath force autocorrelation
are

C(O)r=Trr |pfi{)] =0 and

~ ~

()R =Trg {pgg(t)do)} _

WE

hc2. hieo.:
5 L [coth < ;5) cos (w;t) —isin (wjt) |,
* 2mjw;

<.
Il

(1.20)
respectively.
In the classical limit (A — 0) the bath force correlation function is

lim (£()C ;Z _ cos (wjt) = MEgTA(D), (1.21)
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where we used coth(B8hw;/2) ~ 2(Bhw;)~! for A — 0. Therefore the two relations in
Eq. (1.20), in the continuum limit (N — o0), describe a stochastic force which in turn
reproduce, in the classical limit, a classical colored noise source.

Note that in the quantum Langevin equation (1.16) a term appears in the RHS which
is dependent on the initial condition §(0). This term vanishes at long time due to the
interference of the quasi continuum of spectral components of 7(¢), and is ascribable to
the fact that we have implicitly assumed a factorized initial condition with the reservoir
in the canonical equilibrium.

Consider a different preparation, e.g. with the particle held fixed at the position ¢q
from ¢t = —oo to t = ty: the reservoir starts in a shifted thermal condition. Focusing on the
jth oscillator, for times ¢ < tg it can be considered as a particle in a potential dependent
on go with Hamiltonian

Hgg(%) =Trg [\%)(C]o\ﬁéf}

52 2 (1.22)
s i 1 o ¢
= + V (25, —— + —myws | &; — .
" 2m; (25, 0) = 2m; + "M% \ % m](,u]2 Qo
Setting X; 1= w;/Q;(Z; — ¢jqo/mjw ) we have that the new free reservoir Hamiltonian is

N N
N D . ata 1
Hp(q0) = (27; + = jQ]?XJ?> = hQ, <b}bj + 2) : (1.23)

J=1 Jj=1

~ Now consider the RHS of Eq. (1.16). We define a new modified bath force operator
&(t) which includes the term dependent on the initial particle’s position. By the definition
in Eq. (1.18), we get

£(t) =((t) = M~(t)qo

= Z ¢; [Xj cos (wjt) + £i(0) sin (w;t)

;W

(1.24)

It follows immediately that the new force has the properties (1.20) and (1.21) if the
averages are taken with respect to the shifted thermal density matrix of the reservoir

e—ﬂf{R(QO)
P%@h(QO) = W- (1'25)

The new initial condition, with the particle held fixed at ¢y and the reservoir ther-
malized in interaction with the particle, gives to the quantum Langevin equation a close
correspondence with the classical version, featuring the single stochastic force term &£(t),

+M/ dt'( (t’)+ é(g)) £(t), (1.26)

It is to notice that this kind of preparation is actually realized for a large class of
experimental settings.
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1.4 Spectral density function

In this section we introduce the bath spectral density function, which describes the fre-
quency distribution of the reservoir (or thermal bath) and the coupling of each oscillator

with the particle

62

N
7r
J(w) = 5 ; "y d(w — wj). (1.27)

Note that J(w) has the dimension of a mass times a frequency. By comparing Eq. (1.17)
and Eq. (1.27) one can see that the bath spectral density function and the memory damping
kernel are related by the equation

12 [ J
~(t) = @(t)MT&'/O dw ((:J) cos(wt). (1.28)
To relate J(w) to ¥(w), the Fourier transform of the memory damping kernel v(t), we have
to express the latter in the frequency space. The Laplace transform of y(t) (see Eq. (1.17))
is

1.2
MZm] 2)\2+w (1.29)

The Fourier transform is related to the Laplace transform through the relation 4(w) =

lim,_,g+ (A = —iw + €), so that in Fourier space ~y(t) reads
N iw

Y(w) = lim — 1.30

() e—>0+MmeJw2—w 2 + 2ew’ (1.30)

The real part of ¥(w) = 7' (w) + 7" (w) is

1 ™ N2
% L 6w = wj), .

As a result the real part of the Fourier transform of the damping kernel is related to the
spectral density function through the relation

J(w) = M7 (w)w. (1.32)

Already for a moderate number of reservoir oscillators, the periodicity in the time
evolution of the system, given by the Poincare recurrence time, is practically lost so that
the continuum or thermodynamical limit N — oo of the reservoir is usually considered.
In this case the coupling constant c;, the masses m; and the frequencies of the bath’s
oscillators w are continuous functions ¢(w), m(w) and w, respectively. The special case of
frequency independent (Ohmic) damping 7' (w) = 7, Eq. (1.32) gives J(w) = Mryw.

However, allowing this linear behavior to arbitrarily high frequency gives non-physical
results as, for example, the divergence of the renormalization term

—AV( ) mm = 2’qu07r/0 dw = 00 (133)

in the Hamiltonian Eq. (1.12).
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To avoid this kind of difficulties a cut-off is introduced on the memory time of the
kernel at a finite time 7p = wBl, the inverse of the (Drude) frequency wp. The friction
memory kernel with Drude cut-off reads

3(t) = O(t)ywp exp(—wpt). (1.34)

This exponential cut-off corresponds to an algebraic cut-off on the spectral density func-
tion. Indeed

N YWD
A) =
30 = (1.35)
and, using the relation ¥(w) = lim,_,g+ Y(A = —iw + €),
~1 .y Y . '7‘*’/ WD
= . 1.
T + ') = T T (1.36)
The corresponding spectral density is
- Mryw
J(w) = M~ =—— 1.37
() = MY (o = 1 Ty (1.37)

The physical consequences of the introduction of the cut-off is that the system behaves like
being in contact with an Ohmic environment on time scales longer than 7p. At shorter
times the higher frequencies are coupled to the system according to Eq. (1.37). So the
cut-off corresponds to a coarse grained model for the system dynamics. What is the effect
of the high frequency modes of the reservoir on the coarse grained dynamics?

To answer this question we consider a general cut-off f(w.) at a characteristic frequency
w. and take into account the high frequency part (w > w,) of the reservoir by writing the
spectral density as the sum [9]

J(w) = De(w) fwe) + Jns(w)[1 = flwe)]. (1.38)
Comparing the definition of J(w) in Eq. (1.27) with the expression in Eq. (1.30), we get
N . 2 [ JW) iw
= lim — ! . 1.
Y(w) o Mr /0 du W ow? —w?+ 2w (1.39)
At w < w, we have
- Ji(w) L w
)~ W)W A 1.40
Y(w < we) o Lartnn (1.40)

where Ays = 2/7 [;° dw'Jue(w') /w’. Inserting this expression into the Fourier transform
of the quantum Langevin equation (Eq. (1.16)) we have

it (M + Ang)ao + FIV'(@)] = ¢ (—iw), (L41)

which makes clear that, at sufficiently long times (¢ > w_!), the effect of the high frequency
spectral density function consists in dressing the particle’s bare mass by the high frequency
modes of the bath. In the coarse grained description, once the mass has been redefined,
one can consider only the low frequency part of the spectral density function and drop the
suffix “If «.

In the general case of continuous bath the spectral density function is modeled as a
power law, characterized by the exponent s with respect to w, with an exponential cutoff
at w.

J(w) = M’ysw;gswse_w/%. (1.42)
The bath is said sub-Ohmic for 0 < s < 1 and super-Ohmic for s > 1. The phonon
frequency wpy, is introduced for s to mantain the dimension of a frequency also in the
non-Ohmic case (s # 1).
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1.4.1 Coupling with the individual bath oscillators in the Ohmic case

Having introduced the bath spectral density function J(w) and its continuous limit, it
is now possible to extrapolate the frequency dependence of the coupling of the system
with the individual bath oscillators for frequencies < w.. The general expression for the
spectral density is

N 2

™ G
Jw) =352 mjwjé(w — wj). (1.43)

j=1
If the n-th coupling coefficient is given by
oM 1/2
Cn = (’y mwi) , (1.44)
™

then, substituting in Eq. (1.43) with w,/n =: Aw,, we get

Nq
J(w) :M’yz Awjw;d(w — wj)
j=1 (1.45)
MM’}// dw'w'§(w — ') = Myw,
0

and we obtain the Ohmic spectral density in the continuous limit.

The result (1.44) shows that if the environment is a large collection of oscillators, one
can have strong dissipation, quantified by -, and still a weak coupling with the individual
oscillators, as anticipated in Sec. 1.2.

1.5 Outline of the thesis

In this thesis the dissipative dynamics of bistable quantum systems, as those described in
the previous sections, is studied within the path integral (PI) approach. This approach
is particularly effective in the presence of nonlinear potentials, such as those involved in
tunneling dynamics and escape problems in the quantum regime [8, 9, 43, 44].

Being inherently non-perturbative in the coupling with the environment, the PI ap-
proach is suited for treating the dissipation in the weak to strong coupling regime, whereas
the traditional Born-Markov master equation techniques, perturbative in the coupling [42,
45], are confined to the weak coupling case. Moreover, the PI techniques have the fur-
ther advantage of being flexible, as they allow for different approximate treatments in the
various dissipation regimes.

The Hamiltonian model used throughout the thesis is the Caldeira-Leggett model,
introduced in Sec. 1.2. The results shown are obtained for Ohmic dissipation in the
thermodynamical limit, i.e. considering a quasi-continuum of bath spectral components
with spectral density given by Eq. (1.42) with s = 1.

In Chapter 2 a brief description of the path integral representation of Quantum Me-
chanics is given, with a detailed description of the approach for discrete variable systems.
In particular, as an exemplification, the dynamics of a free two-level system is obtained by
the PI approach and compared to the standard result as given by the Sro6dinger equation.

In the second part of the chapter a PI picture of dissipation is introduced by deriv-
ing the Feynman-Vernon (FV) influence functional from the trace over the environment
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degrees of freedom in the PI representation of the full density matrix, along the lines of
Ref. [9]. The FV influence functional multiplies the amplitude associated to a path of
the isolated system, accounting for the effects brought by the environment. Further, it
incorporates the effects exerted by the motion of the particle on the reservoir of harmonic
oscillators constituting the environment. This last feature gives a hint of how this ap-
proach describes the non-Markovoian character of the dynamics in open systems. Using
the FV formalism, a formally exact expression for the propagator of the system reduced
density matrix is obtained. However this exact expression is too intricate in the general
case and of little practical use, unless suitable approximations are introduced.

In Chapter 3 the main approximations to the FV influence are introduced and applied
to the the so-called spin-boson model, a two-level system coupled the bosonic heat bath of
the Caldeira-Leggett model. A generalized master equation is derived for the populations,
the diagonal elements of the system reduced density matrix in the {|L), |R)} basis, starting
from their PI expressions. The kernels of the master equation are taken within approxi-
mation schemes designed to deal with different coupling strengths and temperatures.

In Chapter 4 the techniques developed in Chapter 3 are applied to a bistable system
beyond the two-level system approximation. The energy levels in the strongly non-linear
potential considered are arranged in doublets. If kT is of the order of the inter-doublet
spacing or the initial condition involves energy states beyond the first doublet of energy
state, a description in terms of two-level system is inappropriate and the physical sys-
tem has to be describes as a multi-state system. Specifically, the so-called double-doublet
system is considered. By the combined use of the Bloch-Redfield perturbative approach
and of the PI techniques, a phase diagram showing the various dynamical and dissipa-
tive regimes of the double-doublet system is established. Examples of time evolution of
the populations in a spatially localized basis are shown in various coupling/temperature
regimes.

Chapter 5 deals with the general case of biased multi-state system in the strong cou-
pling regime, possibly driven by a high-frequency oscillating force. Using a Markov-
approximated version of the generalized master equation for these multi-state systems,
a systematic study is performed on the transient and stationary properties of the dynam-
ics as functions of the driving parameters. The role of the temperature and the damping
is investigated. Within the same approach the problem of the escape from a metastable
state with nonequilibrium initial condition, in the presence of strong dissipation, is also
considered in the static case. This dynamical approach to escape dynamics allows to take
in consideration a broader class of initial preparations, with the particle possibly not in
the quasi-stationary state, at the bottom of the metastable well. This is motivated by the
role played in the corresponding classical problem by the initial condition. The nonmono-
tonic behavior of the escape time as a function of the noise intensity, found in the classical
context, takes the name of noise enhanced stability (NES). The study of the corresponding
quantum problem is aimed at determining if a similar effect is present once the tunneling
is involved.
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Chapter 2

Path integral approach for discrete
variable systems

In this chapter the path integral representation of Quantum Mechanics is introduced and
the expression for the propagator of the state vector for a closed system is derived in
the position representation. The corresponding expression for a closed system with finite
Hilbert space (of dimension D) is derived in the eigenbasis {|k;)} of some operator K.
This general expression is specialized to the free two-level system. The propagator for the
density matrix of a discrete variable system with D-dimensional Hilbert space is obtained
along the same lines.

In the second part of the chapter the path integral approach to dissipation is introduced
for a general open quantum system. The trace over the environment in the path integral
expression of the full density matrix leads to the introduction of the Feynman-Vernon
(FV) influence functional. The discrete variable version of the FV functional is obtained
through a suitable parametrization for the step-like paths of the reduced density matrix
(RDM) of the open system. The formalism and the notation introduced here are applied
to the dissipative two-level system in Chap. 3 and to the dissipative double-doublet system
in Chap. 4.

2.1 Path integral representation of Quantum Mechanics

In this section a brief outline of the path integral expression of the propagator for a generic
closed quantum system is given following the derivation in [46, 47].

The probability amplitude for a quantum mechanical system, described by the (time
independent) Hamiltonian H = T(p) + V(§), to be in the eigenstate |q) of the position
operator ¢ at time ¢ is given by

(ql(1) = (qlU(t - () = /dQ’<QIU(t —t)ld N [v (), (2.1)

where U(t) = exp(—iHt/h) is the time evolution operator, solution of the Schrédinger
equation ihU () = HU (), which satisfies the composition law U (t—t') = U (t—t")U (" —t')
(where t' < t" < t).

The function

Glg.t:qt) = (glU(t = t)ld) (2.2)

21
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is the propagator for the quantum state of the system from the state |¢') at time ¢’ to the
state |g) at time t.

Dividing the time interval ¢ — ¢ in N > 1 intervals At = (¢t — ¢)/N and using the
Trotter splitting formula

. ) e N - - N
o i(T+V)(t=t")/h _ ( efz(TJrV)At/h) _ ]\}gnoo ( o—iTAL/R eszAt/h) 7 (2.3)
the propagator can be put in the form

N
G(q,t, q/,tl) ~ <q| H e*iTAt/hefiVAt/hmI)

n=1

N
=1] /dQndpn<Qn’pn><pn‘eiTAt/h@iVAt/h’Qn—ﬂé(QN —q)6(@—q¢)  (24)

n=1

N i dn —4dn—1

H /dqn;lp;;e—hAt[p%/QM-i—V(Qn1)_pn N ]6(qN o q)(s(qo o q/)
™

n=1

Here the identity operator I = [ dgy | dpn|gn){gn|pn)(pn| has been introduced N times in
passing from the first to the second line and the scalar product (g, |p,) = exp(ignpn/h)//21h
has been used.

Performing the gaussian integrals over p, (using the result [ dpexp(—ap® + bp) =
/7 /aexp(b?/4a)) and taking the limit N — oo, the path integral representation of the
propagator is obtained

a(t)=q ;
Glastiast) = [ el (2.5
q(t')=q’
The functional Slg] = f; dt"L(q,q) is the classical action functional associated to the

Lagrangian L(q,q) = M{?/2 — V(q). The integration symbol is defined as

M YA
= [ . 2.6
| Pa= i s L (25)

The meaning of Eq. (2.5) is that the propagator is the sum of the amplitudes exp(:S[q(7)]/h)
over all possible paths ¢(7) with fixed extrema (the values of the function ¢(7) at ¢ and

).

2.2 Propagator for a discrete variable system

There are quantum system with no classical analogues, as for example two-state systems
like a spin 1/2 particle, for which the classical action is not defined. Nevertheless the path
integral expression for the propagator can be constructed as follows.

Consider a system with a finite Hilbert space of dimension D, spanned by some basis
set B = {|K1),...,|Kp)}. The probability amplitude for the system to be in the state
\k¢) € B at time ty is the discrete analogous of Eq. (2.1), i.e.

Kp

(kploo(tp)y = > Glkp,tys ki to)(kilth(to))- (2.7)

k=K,



2.2. PROPAGATOR FOR A DISCRETE VARIABLE SYSTEM 23
Splitting the time interval ¢ — ¢’ in N > 1 small At, the propagator can be written as

N
Gk, tyikisto) = (kg T e ™2 k)
j=1

N :
1
~ Sy Ot | [ D (Kj[1 = FHALE ).
=1k

(2.8)

In passing from the first to the second line of Eq. (2.8) the identity I = Z;‘il |K;)(K;| has
been introduced N + 1 times. Moreover, due to the small At, the time evolution operator
from time t;_; to time ¢; has been taken in the linearized form, i.e. to the first order
in At. As the limit N — oo of Eq. (2.8) is taken, the path integral expression for G is
obtained, but before doing the limit it is necessary to perform other intermediate steps.

The propagator in Eq. (2.8) is the sum of the amplitudes relative to all of the possible
paths with n < N transitions. If, for some path, k; = k;_1, then no transitions occur in
the time interval ;11 —t;_1. As a consequence, even if IV is very large there are paths
with few or even zero transitions. It is convenient to express the propagator as the sum
over the propagators G,, with fixed number n of transitions

Gk tyikisto) = Gulky,ty; kisto), (2.9)

n=0

and then to take the limit N — oo, as in Ref. [48].
The propagator with zero transitions doesn’t vanish only if initial and final state are
the same (k; = k;). It reads

N .
. 1 ~
Golky,tyikito) = lim Gk, H §kv:<kj|1 — Ak 1)k,

N i=1E,

~ im g (1 fHk k‘tf—t())N (2.10)
Nooo M h N

= 5kfk e ZEfi(tf*tO)

Hereinafter the Hamiltonian H in the {|k)} representation is decomposed into its diagonal
and off-diagonal parts

Epm = Sum (ki H k) /B (2.11)
(

Apm = (1 = 8 (kn| H o) / .

The one-transition propagator is different from zero if k; # k;. Suppose that the unique
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-A -iAp

exp[-iE(t;-t;)] \ exp[-iE (t-t))] / exp[-iEg(trt))]

- 4 4 =
¢ L k> k> [k>=lke> te
At t) t,

Figure 2.1: Example of a path with two transitions at times ¢; and ¢5. The factors that
form the amplitude for this path are indicated in the upper part of the figure. See the last
line of Eq. (2.13) for comparison.

transition occurs at time ¢y, where L runs between 1 and N — 1, then

N-1 N

G (kf,tf /{?z,to) = hm 6kaf6k'Ok‘ Z H Z k ‘1 — *HAtVC] 1>5k k] 1
L=1 j=L+1 k;

. L—-1
1 ~
x> (el = 3 HA L) [T (k11— HAtIk] 1)0%k;
kr j=1 k; (2.12)

N-1 tp—tr N—L tr —to L
= lim > At (1 — B L) (—iAg) (1 — ZEL>

t
=— Z/ ’ dtlAfiefi[Eff(tf*t1)+Eii(t1*to)}_
t

0

Notice that the sum over the intermediate state collapses because the target state of the
transition has to be the final (fixed) state.

By a similar construction the two-transition propagator Gs is obtained. For n > 2
the propagator is nonzero for any pair of initial and final states. In the n = 2 case the
target state of the first transition and the starting state of the second transition have to be
the same, which implies that only one of the sums over the intermediate states survives.
Assume that the first transition to take place at time tg and the second at time t; with
0 < R < L < N. The resulting n = 2 propagator reads

N—-1 N—-L
. t .
Gg(kf,tf;ki,to) :]\}g%o E At <1—ZEffN II:> E (—ZAfR)
=2 kn

L—-1 tp —tr L—-R tr —to R
At(1-iE Cidm) (1 —iE; 0 2.13
XRz:l ( 7 RRL—R> ( 2 R)( 2 R > ( )

—2)2/ dtg/ dtlzﬁflﬁle i[Eps(ty—ta)+E11(ta—t1)+Ei(t1—to)]
to to k1

In Fig. 2.1 is sketched an example of two-transition path. The factors constituting the
amplitude are indicated in correspondence of the stationary parts and of the transitions.

The three-transition propagator (G3, obtained with the same procedure as that used
above for Ga, results in a series of three nested integrals over the transition times ¢; (with
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j = 1,2,3). The sum over the intermediate states is for the first and second transition,
since the third is fixed by the fact that the target state has to be |k¢). The resulting
expression is

tf t3 to . 3 .
Gg(k}f,tf; ki,to) = (—i)g/ dtg/ dtg/ dty Z eilEff(tf*tS) H Ajj_leilEjjfl(tjitjfl)
to to to k1 k j=1

(2.14)
We are now in the position to generalize the result for the n-transition propagator which
reads

ty . n )
Galhy,tys isto) = (=0)" | Dfthne Prols=n) TT Ajj_ye Frlti=ti-0 (g 15)
0 j=1

where

ty ty tn t2
D{t}":/t dtn/t dtnl.../ dty Y. (2.16)
0 0

to to k1,kn—1

Notice that in the energy basis {|E;)} the propagator assumes a very simple form because
the Hamiltonian is diagonal in this basis: every term but the first (Go) vanishes as, by the
definition in Eq. (2.11), the factors Aj;_; vanish. In the energy basis

G(Ej.ty; Bisto) = p, gy~ Prits—10), (2.17)

2.2.1 Propagator for the free two-level system

The simplest nontrivial example of a quantum system with finite Hilbert space is that of
a two-level system (TLS). As an illustrative example, I give the path integral expression
of the propagator in the localized basis {|L),|R)}, introduced in Sec 1.1.1 (Eq. (1.8)). In
this basis the Hamiltonian reads

Hrrg = —g(AUx—i-eJZ), (2.18)
where 0, = |R)(R| — |L)(L| and o, = |R)(L| + |L)(R|. In terms of the tunneling (A)
and bias (€) factors the energy splitting between the ground and the excited states is
E=FE.— E;=hA?+ € (see Fig. 1.3).
Suppose that the system is in the localized state |L) at time ¢ = 0. The probability
amplitude for the system to be in the state |L) at time ¢ is easily calculated using Eq. (2.7)
in the energy eigenbasis, with the propagators given by Eq. (2.17), which gives

bt

(LI(ts)) = cos (%> + iz sin (271) , (2.19)

where I used Eq. (1.8) and tan ¢ = A/e. The survival probability in the state |L) is thus

h?e*  hEA? Et
2 - 2(=). 2.2

Let’s move to the path integral expression in the localized basis. The probability am-
plitude (L[t (ty)), as given by Eq. (2.7) in the localized basis, coincides with the propagator
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G(L,t; L,0) itself. The initial and final state are fixed by the definition of the propagator
but, contrary to the D > 2 case in the TLS there is no sum over the internal states, since
the path can only alternate between |L) and |R).

Specializing to the TLS case, the matrix elements of the Hamiltonian are Ej; = £¢/2
and Aj, = —A/2 (see Eq. (2.18)). Recognizing that, if the starting and final states are the
same, each contributing path must have an even number 2n of transitions, the sum (2.9)
of general term (2.15) becomes

0 t ts A2 n n ' no
G(L, 1,00 =Y /0 dto .. /0 dt, <—4> [ eictarn—tar2 T eictos—tas-)12
n=0 §=0

j=1
0 t t—og t—.Th—1—0n—1 AQ n n ) n )
= Z/ dO’()/ dr . / dry, (—4> He_““f/Q He“Tf/2,
n=0"0 0 0 j=0 j=1
(2.21)

where I introduced the n + 1 odd time intervals o; = tg;11 — t2; and the n even time
intervals 7; = tg; — to;—1. The Laplace transform of Eq. (2.21) reads

AL AN L |
G(L,AL,0) = <—4) H A+ ie/2 H A —ie/2
n=0 Jj=0 J=1
1 ad A?/4 (2.22)
_ A2
T N2+ E2/4R?

The inverse Laplace transform is performed using the Bromwich integral

1 c+100
G(L,t;L,0) = L~HG(L,\; L,0)}(t) = =— / dAeMG(L,\; L, 0), (2.23)

211 — 0o
where, by convention, a counterclockwise oriented integration contour is used with ¢ €
R > R{poles of G(L,\; L,0)}. The integral is evaluated calculating the residues at the

poles A = +iE/2h. The result is

Et he . (Et
G(L,t; L,0) = cos <2h> + i sin <27i> , (2.24)

which coincides with the amplitude in Eq. (2.19) obtained in the energy basis.

2.3 Propagator for the density matrix of a discrete variable
system

As shown in the previous sections, the calculation of the propagator for a free system is
straightforward in the energy basis. However the path integral construction in different
basis (e.g. position eigenstates) demonstrates its usefulness in the presence of a (possibly
strong) interaction with the environment as in the Caldeira-Leggett model. As the envi-
ronment is the large thermal reservoir with uncontrollable degrees of freedom such as that
introduced in Sec. 1.2, the formalism suited for describing the system dynamics is that of
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the density matrix. Therefore, in view of the applications to the dissipative case, in this
section I construct a path integral expression for the propagator of the density matrix of
the discrete variable system considered in Sec. 2.2, which has a D-dimensional Hilbert
space spanned by the basis {|K;)} (j = 1,...,D). It turns out that the propagator as-
sumes the form of a double discretized path integral. The construction is along the same
lines as the one performed in Sec. 2.2.

The density matrix element k¢, k:} at time ty is given by

Pry i, = (plo(tp) k) = (kplU(tr, to)lp(to) U (27, to) K

5p , , (2.25)
= Z P,k (t0) G kg, Ky, trs ki, K, to),
i K= Iy

where the propagator for the density matrix is defined as
Gky, Ky, triki ki to) = (kylU(tg, to) k) (kiU (t5, t0) |K). (2.26)

Dividing the time interval into N sub-intervals and proceeding as for the quantum
state propagator in Sec. 2.2 we have

Kp N
Glhy, Ky tpika ki to) = Y [TRANU @5t )k ) K U (1, 850 K)), (2.27)
oy K=K G=1

where f = 0 5’“6716{ Ok ks 5"3&7"/’} fixes the states at initial and final time. Again, it is con-
venient to express the propagator as a sum over the number of transitions of propagators
with fixed number n of transitions, i.e.

Gy, Ky tyiki ki to) =Y Gulky, Ky tr; ki, K, to). (2.28)

n=0

The difference with the quantum state propagator is that now n is the sum of the number
of left and right coordinate transitions.

The propagator with zero transitions doesn’t vanish only if ky = k; and k; = k. It is
given by

N .
. 1~
Go(kf,k},tf;k:i,k;,to):J\}LrgofﬂE (i1 — 5 H AL )

J=1kj K,
i (2.29)
x (k4|1 + ﬁHAtj\k})ékﬁhk].ék;wk;
=5kf,k,-5k;},k:§ exp {—i€;(ty —to)},
where I have introduced
& = By — By =+ (sl Bllky) — (5 AR ) (2.30)

Notice that €; vanishes if the system is in a diagonal configuration (k; = k:;) Indeed the
so-called bias factor exp(—ie;At) gives the probability amplitude to be in the off-diagonal
state (kj, k) during the time At.
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The one-transition propagator is obtained with a procedure similar to that in Eq. (2.12)
and we eventually obtain

ty .
Gi(ky, k) tys ki, ki o) :—islAl/ dtyeilertr—t)Feilti=to)] (2.31)

to

where s; = +1 (—1) if the unique transition, occurring at time ¢1, is in the left [unprimed]
(right [primed]) coordinate. Accordingly, the factor Ay is defined as Ay, k, (Ap; 1) (see
Eq. (2.11)). Also in this case there is no sum over the internal transition as the target
state is fixed by the final state of the coordinate that makes the transition.

In the two-transition propagator, with transitions occurring at times ¢; and ¢y, we sum
over the intermediate configurations {(k1,k), (k2,k5)} denoted by {k;,k}}2. The n = 2
propagator is

t to 2
Gg(kf, k},tf; k;, k;,to) = / ’ dtg/ dtq Z e tei(ti—ti) H (—iSjAj) et (tj+1—t5)
to to {kj,k;-}g j=1
(2.32)
According to Eq. (2.28), the full propagator is the sum over the number of transitions
of the n-transition propagators and reads

Xty , i ,
G(k‘f, k}’ tf; k;i, k;;7 tO) = Z t D{t}ne—zei(h—to) H (—’L'SjAj) e—zej(tj+1—tj)’ (233)
n=0""0 j=1

tf tf tn to
’D{tj}n:/ dtn/ dtn_l.../ dt Z .
to to to to

{kj K dn

In Chapter 3 this general path integral expression for a D-state system is specialized
to the free TLS and then used in the dissipative case.

where

2.4 Path integral and dissipation: the Feynman-Vernon in-
fluence functional

Due to its close resemblance to the classical Langevin equation for a particle subject to
a stochastic force, the quantum Langevin equation gives a clear insight into the physics
described by the Caldeira-Leggett model. However, for practical calculations beyond the
weak coupling approximation, it is more convenient to use the path integral representation
of the reduced dynamics.

Consider the system described by the full Hamiltonian H in Eq. (1.12) plus a possible
external driving term of the type f(¢)g(t). The full (system plus reservoir) density matrix
at the initial time is W(¢g) and evolves according to

W(t) = U(t, to)W(to)UT (¢, t), (2.34)

where the time evolution operator, in the general case of a time dependent driving acting
on the particle, is

Ult,to) = T exp (—; /t dt’ﬁ(t’)) : (2.35)

to
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The position eigenvalues of the bath oscillators are collectively denoted by x := (z1,...,2n).
In the position representation the matrix elements of W(t) are given by

(a5 %AW ) X)) = / daodahdxodxy(az, 51U (t, to)ldos xo0)

% (g0, x0/W(to) g0, x0) (a0, X0|U (¢, to) ], ).

(2.36)

Here I have used Eq. (2.34) and inserted two times the identity operator [ dgodxo|qo,%0){qo,Xo|,
before and after W(typ). The transition amplitude for the full system in the path integral
representation reads

qf,Xf
(qr,x¢|U(t,t0)]q0, %o0) =/

q0,X0

Da(t)Dx() exp (;sm@),x(t)]) L @)

where S[q(t),x(t)] is the classical action for the full system’s path ¢(t),x(t) with fixed
extrema (qo,Xo) at time tp and (¢, x) at time ¢

Sla(t),x(t)] :/t dt' L{q(t"), 4(t"), x(t), x(¥'), t').

For brevity, from now on I omit the time dependencies of the coordinates where there
is no ambiguity. The classical Lagrangian function for the full system is

N
‘C(Q> Q>X75(7t) = ES(Q?‘Lt) + Zﬁg{(%%xja x"jat)a (238)
j=1

where the bare system Lagrangian is

M?
2

Ls(q,q,t) = —Vig) — f(t)q (2.39)
and the Lagrangian of the j-th oscillator under the influence of the external time-dependent
force exerted by the particle is

T4 m;wj C

2 2 2
J

Qmj 2 m]’

The choice of merging the interaction term and the free-bath Lagrangian is motivated by
the circumstance that the path integral for a driven harmonic oscillator is exactly resolv-
able. Instead, in most of the interesting applications, such as the dissipative tunneling
dynamics, the strong non-linearity of the potential prevents an exact calculation of the
path integral for the bare system, even in the non-driven case.

2.4.1 Factorized initial condition: the Feynman-Vernon influence func-
tional

Suppose that the interaction starts at time ¢y and that the bath is in the unperturbed
thermal state of Eq. (1.19). The full density matrix at initial time is then in the factorized
form

W(to) = plto) @ pi. (2.41)
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From Egs. (2.36) and (2.37), the RDM at time ¢, obtained by tracing out the bath’s degrees
of freedom, has the formal expression

(aslo(®)ld)) = / dx{gg, ;WO\ xp)
o g (2.42)
—/dqodq6<qO!p(to)Q6)/ Dq | D¢ eiSsl=SslaD Fpylq, 4],

q a

where Sg[q] is the classical action given by the Lagrangian Lg of the bare system defined
in Eq. (2.39). The functional Fpy is the so called Feynman-Vernon influence functional
whose explicit expression is

xf xf i !
Frvlg, d] = / dxodx{(xo|pif1x0) / dx / Dx / DX/ enSr1bodl=Sriblal) (9 43)
X0 x!

where, using Eq. (2.40),

SRI Q7 Z/ dt’ [’RI %‘ijax]) (2'44)

Since the bath oscillators are mutually independent, the amplitude for a path of the
reservoir under the influence of the particle factorizes as the product of the amplitudes for
the single oscillators as follows

Zj.f

xs i i qi
/ DxerSrilxa — D:z:jeﬁsj?[xj’q]. (2.45)
X0

j=1"%5,0

Also the matrix elements of the thermal density matrix, describing the state of the bath
at initial time, factorize as the product

N
i
(x0|pfhx) = 1_[1 Z; BHR‘%‘,O% (2.46)
J:
where
o
. 1 1
Zj = Z (njle—Bhwjhj|n;) = 1 — e Bhw; 2 sinh(fhw;/2)” (2.47)
n;=

The path integral for the harmonic oscillator in the presence of a time-dependent
potential V' (¢) is solved in [49]. The solution for the j-th oscillator, in the product on the
RHS of Eq. (2.45), is

s i gi PSRy ;
Da.erSrlTid — JWj LpRe
/xj,o mere \/27rihsin (w;(t —to)) eXp (hS[x] @], (2.48)

where § [l‘JCl(t)] is the action for the classical path :U]Cl(t). This path is the solution of the
Euler-Lagrange equation of motion with the Lagrangian function given in Eq. (2.40) and
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boundary conditions x(tg) = x;0 and x;(t) = x;. Explicitly
;Wi

2sin (w]' (t - to

_,_% / dt' sin (w;(t —t)) q(t')

sin (wj (t - t()

S[zSi(#)] = 5 (23 + 27 ;) cos (wj(t — to)) — 2z;02j 7]

. e P (2.49)
2 / dt’ ) q(t') — —2 / dt'¢*(t'
sin (w;(t — to)) sin (w] ) a(t) 2mjw]2- to 7 (*)
C? ! / v /! / " / "
- - dt / dt" sin (w;(t — t")) sin (w;t") q(t)q(t")
T ™, el ) )
Eq. (2.48) is the path integral expression for the transition amplitude
<xj70‘e*%ft0 i Hyp(t |z i f) (2.50)
where H iz is the Hamiltonian operator of the driven j-th harmonic oscillator, i.e.
Ny ﬁ? mjw? ¢; 2

At this point we note the formal identity of the j-th term of the product defining
the canonical thermal equilibrium of the bath (Eq. (2.46)) and the transition amplitude
of Eq. (2.51). It follows that the solution of the path integral expression for Eq. (2.51),
given by Eq. (2.48), represents also the state of the j-th bath’s oscillator in the canonical
equilibrium state (non-normalized), provided that we express it ¢) in imaginary time ¢t =
—ihf, ii) with ¢; = 0 (because the interaction starts at ¢t > ty) and 4ii) with different
endpoints. From Eq. (2.48) and Eq. (2.49), the matrix elements of the product (2.46) are
given by

4 _Bf]g% Iy o myw
(zjole |%.0) \/ 2rh sinh(fhw;)

(2.52)
X exp {—%SITQE‘ZM (3732‘,0 + w’io) cosh(Bhw;) — 2x]~,0:c;-,0} } )
Putting everything together and setting
Frv = exp(—Ppv), (2.53)
the influence phase functional @y takes the form
v
wrviy el =y [ @t [ @) [~ ) i~ ()
o w0 (2.54)
—Hﬁ dt x(t)y(t),

where I have introduced the relative and center of mass coordinates

y(t) =q(t) —d'(t) and x(t) = q(t) + 4 (t), (2.55)
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and used the the bath correlation function L(¢), whose expression is (cf. Egs. (1.20)
and (1.27) )
h [ hw
L(t)y=L'(t) +iL"(t) = / dwJ (w) <coth Tﬁ coswt — isinwt> . (2.56)
0

s

Performing the time integrations in Eq. (2.54) by parts, with care in exchanging the
integrations variables, the Feynman-Vernon influence phase functional can be put in a
form convenient in view of working with discrete variables (see below)

t t/
Brvlegl = [ d [ a[iE)QE i) + Q"¢ ~ i)

() / dt' [§()Q (¢ — t) + id(t)Q"(t — )]
to . (2.57)
T yto) [w)@’(t ~to) - [ty - to>]

o) [y - t0) - [ @0a@)Q @ 1)
The function
QE) =Q'(t) +iQ"(t) = S /000 de(w) [coth @ (1 — coswt) +1 sinwt] (2.58)

wh w?

is related to the bath force correlation function by L(t)/h? = d?Q(t)/dt? (see Eq. (2.56)).
Substituting in Eq. (2.58) the bath spectral density function in the general continuous
limit form given in Sec. 1.4

J(w) = M%wél:swse_w/“’c, (2.59)

the integral can be performed and yields [9]
_Mys [ we
mh \ Wph

— (hBwe) ™ [C(s — 1,1 + K +ikwet) + C(s — 1,1 + k — ikwet)] },

s—1
Q1) ) [(s— 1){1 — (14 iwet) ™5+ 2(hBwe) T5¢(s — 1,1 + k)

(2.60)

where the dimensionless quantity k = (hfw.)~! is a measure of the ratio between the
temperature and the cutoff frequency. The function ((z,q) is the Hurwitz zeta function,
related to the Riemann zeta function {(z) by ((z) = ((z,1), and I'(z) is the Euler gamma
function.

The limit s — 1 of Eq. (2.60) gives Q(t) in the Ohmic case

_ My KTIT2(1 4 k)
Q) =5 I (F(n iR T+ r — mwct)> ' (2.61)

At finite temperature and assuming a high frequency cutoff w, > wqg i.e. in the limit
k < 1, the function Q(¢) has the form

M inh ct M
Qt) = —; In (\/ 1+ w?t? sinh(rw )> +1 ; arctan(w.t). (2.62)
m m

s KWt

The long time or high temperature limit (kw.t > 1) of Eq. (2.62) has a linear dependence

on time M M
Q(t) ~ F—; [%t—ln( 2m )} +i 2;. (2.63)
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2.5 Discrete variable representation

The exact path integral expression for the reduced dynamics (Eq. (2.42)) can be computed
only in special cases. As noticed above, in the presence of nonlinear potentials, approxi-
mate solutions have to be found based on spatial discretization, which in turn is attained
by restricting the Hilbert space of the open system. Specifically, based on the assumption
that, given the initial condition and the damping/temperature regime, the system is not
likely to visit high-energy states during its time evolution, the Hilbert space of the system
is restricted to that spanned by the first D energy eigenstates. Thus the problem reduces
to that of a dissipative D-state system.

The continuum of position states turns into a discrete set of states localized around a
grid of D position eigenvalues @1, ...,Qp, where

41Qj) = Q;1Qy)- (2.64)

In this picture, called discrete variable representation (DVR), the paths of the coordinates g
and ¢’ are represented by a sequence of transitions among the positions );. Consider a path
of the coordinate ¢(7) (where ty < 7 < t) with N transitions at times t1,...,ty € (to,t).
In the DVR this path is parametrized by

N-1
g(r) = ¢ [0(r —t;) = O(r — tj41)] + qvO(r — L)
= N (2.65)
= qO(T —to) + > _ (¢ — 4j-1) O(T — ).
j=1

As a consequence the paths of relative and center of mass coordinates read

N
y(r) = ZSJ@(T — 1))
. (2.66)
w(1) =) x0T — 1),
=0

where, for j # 0, the quantities £ and x, called charges (for the reasons shown below), are
defined by

, —_—

§ =(q5 — qj-1) — (qj

, —_—

Xj =(¢5 — ¢j-1) + (¢;

Q;—l)

, (2.67)
Qj—l),

whereas /X0 = qo F ¢(- Notice that, with this definition, the £-charges in a path sum up
to the value y(7 = t) of the relative coordinate at the final time ¢

N
]Zgﬁj =q0 — qo + (1 — 90) — (¢1 — o) (2.68)

+-~-+(CIN—QN—1)—(Q§\/—QEV—1)ZQN—QEVZ?JN.
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The time derivatives of the y and = coordinates, entering in the phase of the influence
functional (see Eq. (2.57)), are

(2.69)

2.6 Feynman-Vernon influence for the populations in the
DVR

We now focus on the calculation of the populations, i.e. the diagonal elements of the RDM,
in the position representation. The population pgi(t) = (qr|p(t)|qx) gives the probability
of finding the particle localized around the position g at time t.

pn(®) = [ dao [ b Glan, 0850t 00D (0 (2.70)

In the path integral approach the paths contributing to the summation which gives pgg
are those ending in a diagonal configuration at the final time ¢, i.e. those for which
y(7 =t) = 0. The Feynman-Vernon influence phase in Eq. (2.57) for these paths reduces
to

pyle,y) = - / dt / at" [()Q (' — i) + ig(#)Q"(E — ¢)i(t")]

. (2.71)
— x(to) / dt'y(tHQ" (t' — to).
to
Substituting Eq. (2.69) in Eq. (2.71) we find
N -1 N
Pry(€x] =~ Z (&Qi;65 +1&Qix;) — xo Z&'Q}'o
S 0 (2.72)

(6Q},;& +i&QYx;) -

12
,MZ

i=1 j=0

Here the shorthand notation @Q;; = Q(t; — t;) it is used. The second term in Eq. (2.72)
describes a transient effect which can be neglected for Ohmic damping with large w,.
Indeed, for times ¢t 2 1/w,, from Eq. (2.62) we have Q" ~ M~ /2h. Thus the second term
is approximated by the quantity M~/2hx vazo & = M~ /2hxoyn (see Eq. (2.68)), which
vanishes, since yy is equal to zero for the contributing paths in the calculation of the
populations.

From Eq. (2.72) we see that the Feynman-Vernon functional couples the &- and x-
charges through the function Q(t), called pair interaction [9]. This explains the name
charges. The nature of the coupling is nonlocal in time and reflects the non-Markovian
character of the general time evolution for a dissipative quantum system. This feature
constitutes a major difficulty in the practical evaluation of the propagator.
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Using the expression (2.33) for the amplitudes relative to the bare system and Eq. (2.72)
for the phase of the Feynman-Vernon influence functions, the exact path integral expression
for the propagator G(qx, gk, t; qo, q)), to) of the dissipative D-state system is

00 t N
G (g, @r: £ 90, 40, t0) = Y DN{t }Bo(t1 — to) H (tj+1 —t5)
N=0 j=1
N (2.73)
X exp <Z (& Zl&ﬂ@%xl))
i=1 1=0
The N = 0 term in this sum is 5q/ 900q0q: - Equation (2.73) is the propagator for the popu-

lations in the DVR in the presence of dissipation. It reduces to the free case (Eq. (2.33))
if the coupling with the environment is turned off.
The ¢/q' transition amplitudes per unit time A; in Eq. (2.73) are defined by

1 ..

AY Hg qj—1 for a ¢ transition

Aj = h<1 |Hslgj-1) / b (2.74)
_?<qj’HS\qj_1> for a ¢’ transition

and the bias factors by
Bj(tjy1 —t;) = exp [—iej(tjr1 — t;)], (2.75)

where

& =

(tal1s1ay) — (| sla))) (2.76)

Dr\*—‘

2.7 Conclusions

In this chapter the path integral approach to the dissipation in quantum Mechanics was in-
troduced. The path integral representation of the reduced dynamics features the Feynman-
Vernon influence functional. The discrete variable version of the functional was given along
with the picture of interacting charges, which will be exploited for carrying out the ap-
proximations in the next chapter.
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Chapter 3

The dissipative Two-Level System

[Part of the present chapter is published in collaboration with Prof. D. Valenti*, Prof. B.
Spagnolo' and Prof. M. Grifoni® [50]]

Consider a quantum particle subject to a double well potential such as the one asso-
ciated to a flux qubit, shown in Fig. 1.3. If the particle is initially in a superposition of
the two lower energy states (|g) and |e)) and the temperature is low enough, to a good
approximation the system can be considered a two-level system (TLS) and the model in
Eq. (1.12) reduces to the celebrated spin-boson (SB) model [51]. A picture of the TLS
dynamics in terms of tunneling from one well to the other is given by the localized basis,
where the left /right well states |R/L) are combinations of |g) and |e).

For the SB dynamics there exist various approximation schemes. When the system is
weakly coupled to the heat bath (usually this is the case for quantum optical systems and
qubit setups), the approach traditionally used is that of a Born-Markov master equation
for the RDM [52]. It captures well the coherent tunneling dynamics, characterized by the
relaxation and dephasing rates 'y = 7, L and Lpp =79 ! respectively.

However, the perturbative in the coupling character of this approach makes it unsuited
in situations where the coupling is not weak. In this case the real-time path integral tech-
niques can be used to trace out the bath degrees of freedom and obtain a still exact formal
expression for the RDM. This expression can, in some cases, be numerically evaluated
by tensor multiplication [53] or using Monte Carlo or stochastic techniques [547 —56].
However, the numerical evaluation of the path integral is a hard task, especially at long
times.

It is therefore convenient to have an equation for the RDM in the form of the Nakajima-
Zwanzig equation [42], which captures the non-Markovian reduced dynamics of a general
system plus bath model. The difficult task, in this case, is to have a reasonably simple
expression for the kernel.

Starting from the real-time path integral expression for the particle’s RDM, there are
different approximation schemes, all yielding a generalized (integro-differential) master
equation for the populations in a spatially localized representation. By tracing out the
bath degrees of freedom, the amplitude associated to a path has the factorized form of
a bare amplitude, relative to the free system, multiplied by the Feynman-Vernon (FV)

!Dipartimento di Fisica e Chimica, Universita di Palermo.
2Theoretische Physik, Universitit Regensburg, Regensburg Germany.
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influence functional [57] which weights the path according to the effect exerted by the
particle’s motion on the bath degrees of freedom.

The FV influence introduces nonlocal in time correlations inside the paths which make
the path integral expression intractable when the confining potential is anharmonic. For
the SB dynamics the simplest, non-perturbative in the coupling approximation is the non-
interacting blip approximation (NIBA) [51]. The NIBA scheme neglects the nonlocal part
of the correlations due to an exponential cutoff in the FV functional, which is effective at
high temperature and/or strong damping. This approach, while being non-perturbative
in the coupling, is perturbative in the tunneling A.

In the opposite damping regime, the weak coupling approximation (WCA) [58], treat-
ing the coupling to the first order and A to all orders, is appropriate. It gives the same
results as the Born-Markov approach. Finally, an approach exists which interpolates be-
tween these two extrema by considering the local correlations fully and the nonlocal ones
to the first order in the coupling. This scheme is called weakly interacting blip approxima-
tion (WIBA) [59], and, by construction, also covers the intricate regime of intermediate
temperatures and damping, where both the WCA and the NIBA fail.

In this chapter the three above approximation schemes are implemented in the kernels
of a generalized master equation derived within the path integral approach, and their valid-
ity discussed. The predictions for the TLS dynamics obtained using these approximation
schemes are shown in different dissipation regimes.

3.1 Two-level system Hamiltonian and parametrization

A V(%)

1<x | L] [<x|R>P

—~ Py

Eg
\ / (82+A2)1/2

Qo

Figure 3.1: Potential and energy levels for a bistable system in the TLS approximation and
probability density relative to the left and right localized states |L/R), defined in Eq. (1.8).

The TLS Hamiltonian in the localized basis |R),|L) is

. h
Hrps = _g(AUx + EJZ), (31)

where A is the tunneling frequency, € is the (static) bias. The spin operators in the
localized basis are o, = |R)(R| — |L)(L| and o, = |R)(L| + |L)(R].
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A path of the TLS consists of a sequence of alternating blips (y # 0) of length 7; =
to; — taj—1 and sojourns (y = 0) of length o; = t9;41 — t2j. Consequently, if the system
starts and ends in a sojourn, every path will have an even number 2n of transitions. The
two &-charges in the same blip (say the i-th blip) are opposite in sign (£2; = —&2;—1) and
the same is true for the two y-charges in the same sojourn (x2i+1 = —X2i)-

A convenient parametrization for the TLS is in terms of the new charges ¢ and 7,
scaled with gy and associated with blips and sojourns, respectively. They are defined by

SRS Q S n=-1 =1
LRRL LRRL LL LR
LL/RR LL/RR LL/RR
M Mo o n
%o T 0 T ) RL RR
—=+1 n=+1

Figure 3.2: Parametrization of the TLS in terms of the sojourn and blip states 7 and (. These
are related to the x- and &-charges by Eq. (3.2). Left panel - An example of TLS path with 2n =4
transitions. Right panel - TLS states and corresponding values of n and (.

(see Fig. 3.2)

$2j-1 = Gog j=1...,n  and X2j = 4075 J=0,...,n (3.2)

If the system is in the diagonal state L,L (R, R) then n = —1 (n = +1), whereas if the
system is in the blip state L, R (R, L) then ( = —1 (¢ = +1). Using this parametrization
and considering the tunneling elements and the bias factor as given by the TLS Hamilto-
nian of Eq. (3.1), the bare system’s amplitude for a path of 2n transitions, starting in the
sojourn 7y and ending in the sojourn state 7, = n, reads

H —in;-1G5) 5 (=inGj) 5 exp(—iGiem;) = mio (—4> exp | =i Y Gerj |, (3.3)
j=1 j=1

where we used the property n? = CJZ =1.

3.1.1 Free TLS dynamics with the path integral approach

The general path integral expression for the populations, in the free TLS case (Frpy = 1),
with the parametrization given in Eq. (3.2), becomes

2
(UJ‘TIOJO) = 5777]0 + 1Mo Z <_> Z Z / dth /t dtq HeXp ZCZGTZ)

{ntn-1{C}n

Consider the |R) (|L)) state population corresponding to 7 = +1 (n = —1). The sum over
the intermediate sojourns sates yields a factor 2"~!, while the sum over the blip states ¢
gives the product of the n factors 2 cos(e7;). Changing the integration variables into the
blip and sojourn times and taking the Laplace transform (as explained in Appendix ?7)
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one gets a factor 1/ for each of the n 4+ 1 sojourns. The resulting expression in Laplace

space is
Onmo MM | 1Mo A \"
P(n. Mna. to) =—Lm 18 T =
(TL |7707 0) A\ 2\ + )\ A2+ €2

(3.4)
:5,77,70 Mo, Mo /\2 + €2
A 2\ 2\ N2+ E?/h?’
where E = hy/A2 + €2. This expression is transformed back to the time domain using the
Bromwich integral

B 1 ct+ioco
L7HP(, Alno, to)} = / e P(n, Ao, to)- (3.5)

27 Je—ioo

We explicitly calculate the survival probability in the state |L) (n = no = —1). The

function
1 2X2 + B2/h 4 &2

2N A2+ E? /h?
has poles at A = 0, £iF/h so that, performing the inverse Laplace transform, in the time
domain it reads 5 5 202
h*e h Bt
P(—1,t| — 1,ty) = —5- 2=
(=LA =Lt) = + S<2h>
which coincides with the result in Eq. (2.20).

P(=1,A = 1,t0) = (3.6)

(3.7)

3.2 Feynman-Vernon influence functions for the TLS

Now we consider the Feynman-Vernon influence function for the TLS. To this end we
introduce the dimensionless functions

S(t)=¢Q'(t)  and  R(t) = ¢3Q"(t). (3.8)
Using the TLS parametrization introduced above, the phase of the influence function,

whose expression for a generic M-level is given in Eq. (2.72), can then be put in the form
(N =2n)

n i—1 n i—1
(I)FVC 7771*252121 IZZC’L ’L]Cj ZZZC@ zﬂ?gv (3-9)
i =2 j=1 i=1 =0

where
Aij = S2i2j-1+ S2i—1,2j — S22 — S2i-1,2j-1 (3.10)
Xij = Roi—12j + Roi2j4+1 — Rai2j — R2i—12j+1. '
(see Fig. 3.3). Note that, since R(0) = 0, the functions X;;,—; = Y;;_1 are the sum of only
three non-vanishing terms
Yiic1 = Roi—12i—2 + Ro;2i-1 — Roi2i—2 — Roj—1,2i—1.
—_———

=0

(3.11)

The functions Y take into account the blip-preceding-sojourn interactions. Rearranging
the sums in Eq. (3.9)

-1 n
Prv(C,m n—ZSszz 1+Z Z GilijG — Z > GXigmy, (3.12)

j=li=j+1 j=01i=j+1
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Figure 3.3: Interactions introduced by the FV influence phase in Eq. (3.12). (a) - Interactions
(blue dotted lines) between a couple of blips inside a longer sequence constituting a TLS path. (b) -
Interactions (green dotted lines) among a blip and pair of sojourns, one of which (the sojourn ¢ —1)
directly precedes the blip. Red and blue dots indicate the interacting charges. Time differences
are indicated by transition time indexes. Transition times and blip/sojourn times are in the low
part of the figures. (c¢) - Blip-blip, blip-preceding sojourn and intra-blip interactions collectively
indicated by the symbols defined in Egs. (3.10) and (3.11).

3.3 Exact path integral expressions of the conditional prob-
abilities for the dissipative TLS

Using Eq. (3.3) and Eq. (3.9) in the general path integral expression for the system propa-
gator we can now write the formal expression for P(n, t|no,to), which is the probability of
finding the system in the sojourn 7 at time ¢, given that it started in the sojourn state ng
at time to (see the left panel of Fig. 3.2). A contributing path has an even number 2n of
transitions, with n + 1 sojourns interrupted by n blips. The resulting general expression
for the conditional probabilities is

A2
P(nvtmOatO) 17770 +777702 <_> Z Z/ dt2n / dtl
) {ntn—1{Cn (3.13)
X exp (—i Z Cﬁn) exp (—Pry (¢, nn) -

=1

Notice that, since the initial and final sojourns are fixed, the sum over the paths with 2n
transitions is realized by the sum over the n — 1 intermediate sojourn states ({n}n,—1 =
M,.--,Mn—1 = £1) and over the n-blip states ({(}n = (1,...,(n = £1).

In the influence phase (Eq.(3.12)) we isolate the j = 0 terms in the last sum, because
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7o is fixed

n—1 n n n—1 n
—iz Z GXin; = —iUOZCz‘Xi,o—ian Z GiXij

J=0i=j+1 i=1 j=1  \i=jt1

Performing the sum over the intermediate sojourns 1 in Eq. (3.13), we get

1 — A2
P(n,tIno, to) =0y, + 777705 Z <—2> Z / dtoy, . . / dty

n=1 {Ci=%1}n
n
X exp <—iZQ (e1i =m0 Xio ) exp ( ZSQZ 2i— 1) (3.14)
i—1
n
X exp Z Z Gihi G Hcos > GXiy |,
j=1li=75+1 1=j+1

where we used the formula

Z Hexp{—znjx]} =2" HCOS ;). (3.15)

{nj=%1}m j=1

We write the first exponential in Eq. (3.14) as cos (z) — ¢sin (z). This factor is mul-
tiplied by an even function of the (’s so that, once we perform the summation over
¢, the contribution of the sine part vanishes. Moreover we express the cosine part as
cos(a) cos(b) 4 np sin(a) sin(b). Doing this, the amplitudes in the path integral expression
of Eq. (3.14) can be written as the sum of two terms, symmetric and antisymmetric in the

bias e:
1 o0 A2 no et to
P(W!"?o,to)=5nno+777702n21<—2) /tdtzn.../t dty

0 0

« Y (BYFD +mBOFO)
{Cz:il}n
where we have introduced the symmetric and antisymmetric bias factors

B) = cos <Z Cz‘%’) and B[ =sin (Z Cie”) (3.17)
=1 i—1

and the influence functions

n—1 n
= Gy H cos Z GiXij
§=0

i=j+1

(3.16)

1 (3.18)
F(7) = G, sin (Z Cin) H cos Z GiXij |
i=1 j=1 i=j+1
where

n—1 n
n—exp< 2521,21 1) exp —Z Z Gl ;GG

j=1i=j+1
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3.4 (Generalized master equation for the population differ-
ence

The conditional population difference P, is the difference between the conditional popu-
lation of the |R) state (n = +1) and that of the |L) state (n = —1)

Py (t) = P(+1,t[no, to) — P(—1,t|no, to) = 2P(+1,¢[no, to) — 1. (3.19)
It coincides with the expectation value of the o, operator, given the initial condition
Py1(tp) = £1. Using Eq. (3.16) for the conditional populations of the TLS, the conditional
population difference for a general initial state g = +1 reads

> A2\" i to
Pno(t):UO+Z(—2> /tdt%.../ dty Y (noB,(f)FéﬂjLBr(La)Fr(;))’
n=1 0

o {g=t

(3.20)

where we used 641, — 6_1,, = no and 73 = 1. Notice that the stationary value of P,

doesn’t depend on the initial state 7y since the symmetric in the bias part of P, (oco)

vanishes (the population difference at equilibrium for the unbiased system must be zero).

In this section we obtain the exact generalized (integro-differential) master equation

(GME) for P, and in the next sections we obtain the dynamics of the TLS by making

suitable approximations on the kernels of the GME. We start by making the following
general ansatz [60]

t
P(n,tlno,to) = > / dt'K(n, ;0 )P, ¥'no.to),  n==%L. (3.21)
n'=%1 to

Since, for the conservation of probability P(+1,|no,t0) + P(—1,t|no,t0) = 1, we have
P(+1,tno, to) + P(—1,t|no, to) = 0, then K(+1,t;7,t')+ K(—1,¢1,t') =0, so the GME
for the population difference reads

Py (t) = / " [KH) (t,8) Py (¢) + KO, (2, t')] (3.22)

to

K® (1) = K(+1,t;+1,t") + K(=1,t; —1,t') = Kgg(t,t') + Kpp(t,t'),

3.23
KOt t) = K(+1,t;+1,t") — K(—1,t; —1,t') = Kgg(t,t') — Kpp(t, ). (3.23)

Now we substitute Eq. (3.20) in the right hand side of Eq. (3.22) and compare the
result, order by order in A%, with the time derivative of Eq. (3.20), to find the kernels

K®) in terms of the influence functions BS/® F{*). The time derivative of P, (t) is

. o0 AQ n t to 3
Py (t) = Z <—2> /t dton 1. / dt; Z {noBfls)F1§+) + B@E )}. (3.24)
0

n=1 to {Gi=+1},

e At the first order in A2
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A2 s

KO e)® = -2 3 BIRT @),

¢1

A2 a) (—

KO ()0 = -=- 37 BWFET (,¢).

=+1
e At the second order in A2, using ftt dt’ ftt/ dt’ = ftt dt” ftt,, dt’,

t3
K®(t,¢)® = ( )/dtg/ dts E B ED (¢, 5,10, 1),
t/ !

C1,62=
AQ t3
KO(t,t)® = < > /dtg/ dts Z BSWEST (¢ ts, 1, 1).
t/ !/
C1,62=

Here we have introduced the symmetric and antisymmetric irreducible influence functions
of order 2. Irreducible means that they consist of the part of the original influence functions
that cannot be expressed as the product of lower order, non-interacting parts. This is
shown for the n = 2 case in Fig. 3.4.

BO RS = BPEM _ g pH) g g
B — B p) B pH) p@ p)

S, S, S, S,

EZ(S/a)fZ(H-) B 1(s/a)Fl(H-)B 1(s/a)Fl(H-)

Figure 3.4: Interactions in an irreducible (left) and a reducible (right) second order kernel.

e Finally, at order n in A?

A2 n t t3 ~ ~
K(+)(t,t’)(n): <_2> /dt2n1.../ dts Z B£S)F7(L+)>
t’ t

{Gi=£1}n
2\ " [t t3 o
K(_)(t,t’)("):<A2> /dtgnl.../ dty > BWF,
v P {a=£1

where the irreducible influence functions of order n are given by
B/ E(+/=) —g(s/a) p(+/-)

_ Z( Z BY FGOBE) FGH __st/a)pg/f)gmﬁh.mjm.

mi,...,my

(3.25)
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The result for the symmetric and antisymmetric irreducible kernels is then

2
KO0 == 5 Y RO ,0)
&=%1

0 AQ n t t3 _ _
_= (s) pr(+)
+Z< 2> /tfdtzn_l'”/t/ dty > BPE®,

n=2 {Ci:il}n (3 26)

2
KOw) =~ 5 3 B w)
E1=+1

0 AQ n t t3 - 5
= 1 Bl (),
#3(-3) [t [ S BOR

{G=%1}n

Notice that the K(7) is antisymmetric in the bias and vanishes for ¢ = 0, while K() is
symmetric in e.

3.4.1 GME for the free system

The free TLS dynamics is recovered setting to zero the coupling with the environment in
the kernels of the GME. The only non-vanishing contribution to the irreducible kernels
is the lowest order term in the symmetric kernel (the antisymmetric kernel vanishes for
v = 0, as can be checked from Eq. (3.26) with the definitions given in Eq. (3.18)) so we

have
2

Kf(r—gg(T) = _% Z exp(—iCeT) = —A? cos(eT)

(=+1 (3.27)
K=o
The GME for the free system is then
: e
Pa(t) = [ KL= )Py (). (3.25)
0

In this simple case it can be solved by passing to the Laplace space where the GME for
the free conditional population difference reads (P, (to) = o)

A
AP (A) = mo = _A2>\27_|_62PT]0(>‘)' (3:29)
Transforming back to the time domain by using the Bromwich integral (Eq. (3.5)), the
result is 1202 A2 5
€ t
PUO (t) = noﬁ + 770? COS <h> . (330)
The survival probability in the left state (1 — P, (t))/2 with 1y = —1, obtained from

Eq. (3.30), coincides with those given in Egs. (2.20) and (3.7).
Here we introduce the self-energies, defined as the differences between the irreducible
kernels of the GME with dissipation and in the free case [9]

SO ) = KO t) — KD — 1),

free
(3.31)
S, ) = KO (¢, ).

Notice that they vanish for zero coupling with the environment.
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3.5 Approximation schemes

The generalized master equation in Eq. (3.22), with the exact symmetric and antisym-
metric irreducible kernels given in Eq. (3.26), gives in principle the exact dynamics of the
dissipative TLS in any regime of damping/temperature compatible with the TLS approxi-
mation. However, due to the intricacies brought by the F'V influence functions in practice
it is not possible to compute the kernels, and approximations are required. There exist
various approximation schemes, according to the dissipation regime to which the system
is subject.

3.5.1 Noninteracting-blip approximation

Th simplest approximation on the influence functions consists in neglecting the nonlocal
in time part of the interaction. In terms of the TLS parametrization it consists in re-
taining only the intra-blip interactions, represented by the wavy lines in the lower panel
of Fig. 3.3. For this reason the resulting approximation scheme is called non-interacting-
blip approximation (NIBA). This is a valid approximation at sufficiently high temperature
(T 2 hAp/kp) i.e when the cutoff operated by the real part of the Feynman-Vernon influ-
ence function occurs on time scales comparable to the average blip length. In this case one
can use the long time/high temperature limit of Q(¢), given in Eq. (4.12). Specifically, the
dimensionless functions S(t) and R(t) take on the linearized form and, by the definitions
given in Eq. (3.10), we have

Aij=0,  Xijzi1=0, Y1 =Ry =R(m). (3.32)
Applying to the definitions of Eq. (3.18), the approximation (3.32), the NIBA symmetric

t t

Gy T G Ch1 Ty Gy

Figure 3.5: Interactions retained in the NIBA: intra-blip interactions (red wavy lines). Example
of a TLS path of n transitions

and antisymmetric influence functions, in terms of the blip times, are

Z BB EMH) ~ on H e cos (ery) cos (R(73)) (3.33)
{Gi=%1}n

and

n

Z B F() ~0me =5 gin (ery) sin (R(7;)) H e cos (e1;) cos (R(71)), (3.34)
{G==£1}n =2

respectively. Both the n-th order NIBA influence functions have the structure of the
product of n first order functions. As a consequence the NIBA irreducible kernels consist
solely of the first order terms in A? (see Eq. (3.26)), because the higher irreducible
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influence functions vanish, as it can be easily checked from the definition of irreducible
kernel in Eq. (3.25). Explicitly, the GME in the NIBA scheme is

By (t) = /t ar [K}W (t—t)P, () + Kt — t’)} (3.35)

with the NIBA kernels given by

K](\;r)(t) = —A2e7%® cos (et) cos (R(t)),

KO (8) = —A2e=50 gin (et) sin (R(1)). (3.36)

The solution of the GME given in Eq. (3.35) can be obtained in principle (and also
in practice, but in particular cases) by expressing it in Laplace space and solving the
Bromwich integral of Eq. (3.5), once the poles are known. In terms of the self energies,
defined in Eq. (3.31), the NIBA master equation in Laplace space reads (P, (to) = o)

_ m+ 2 (/A
A+ A2X/(A2 4 €2) — (7 ()

Py (A) (3.37)

The result shown below are obtained by numerically integrating Eq. (3.35) rather than
transforming back Eq. (3.37) to the time domain.

3.5.2 Validity of the NIBA

The NIBA scheme is non-perturbative in the coupling (the intra-blip interactions are
retained at all orders in v5) but it is at the second order in the tunneling element A, so in
the general case it describes correctly the dynamics only at short times ¢ < 1/A.

At high temperatures (T 2 hA,/kp) it gives the correct results for the conditional
populations both in the biased and in the unbiased case. For Ohmic dissipation, in the
symmetric case (¢ = 0) the NIBA scheme reproduces the correct results also for weak
damping at every temperature [9].

The NIBA fails for a biased (¢ # 0) Ohmic system at low temperature (T° < AA,/R).
For example, it predicts complete localization in the right well at equilibrium in the limit
T — 0, even for vanishingly small bias, as can be seen from Eq. (3.37), considering the
limit

S =7 (0) ehB
P(c0) = lim AP (\) = _zg”(o) = tanh <2> (3.38)

The correct population difference at equilibrium for vanishing damping, obtained by ther-
modynamic considerations [9], is

P(00) = Trl02peq) = % ((Rle=#res|R) — (Lle=#ris|L)) = %tanh (@E) (3.39)

which shows no localization in the limit €, 7 — 0. In Sec. 3.8 a similar expression is given
for weak but finite damping using the self energies in the weak coupling approximation.
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3.5.3 extended-NIBA

The convolution character of the path integral expression for the NIBA probability dif-
ference in the time domain is preserved if the blip-preceding sojourn interactions Y [61],
discarded in the NIBA scheme, are taken fully, while the other blip-sojourn as well as the
inter-blip correlations are discarded. In formulae

A;; =0, Xij#i-1 =0,
Yiic1 =Y (0i—1,7) = R(oi—1) + R(7) — R(oi—1 + 73).

In terms of the blip and sojourn times the influence functions take the form

(3.40)

Figure 3.6: Interactions retained in the extended-NIBA: intra-blip interactions (red wavy lines)
and blip-preceding sojourn interactions (red semicircles). Example of a TLS path of n transitions.

Z BO ) ~ on H e %) cos (er;) cos (Y (01, 73)) (3.41)
{Gi=%1}n i=1
and

n
Z B E) ~ 9me =5 gin (ery) sin (Y (09, 71)) H e cos (er;) cos (Y (0i-1, 7))
{Gi==*1}n i=2
(3.42)
As stated above the extended-NIBA preserves the convolution character of the expression
for the population difference. As a result, the irreducible kernels of the extended-NIBA
master equation are of the first order in A2, as for the NIBA. Using the prescription (3.26)
we have

KS\F,) (t,t) = ZAZe 51 (g (e(t — t')) cos (R(t’) +R(t—t)— R(t)),

/ (3.43)
K (t,4) = =A% 50 sin (e(t — ) sin (R(t) + R(t — ') — R(t)).
The resulting extended-NIBA master equation reads
t
Py (t) = / at [ K0Py (#) + K ()] (3.44)
0

For later convenience we now find the master equation satisfied by the symmetric part
P,g;r ) (t) of the conditional population difference in the extended-NIBA scheme

t
B = [ KGR ) (3.49

The path integral expression for Rg: ) is
P(+) (£) = no + Z _A72 n th{t} Z B p(+)
10,eN o + 1o 5 2n n tn' s (3.46)
n=1 0 {¢=+1}n
with 3" B () given by Eq. (3.41).
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3.6 Weakly-interacting blip approximation (WIBA)

While the extended-NIBA represents a small correction to the NIBA, there is a scheme,
called weakly-interacting blip approximation [59] (WIBA), which is capable to give correct
results in the regimes from weak to strong damping. Its results coincide with those of the
weak coupling approximation (WCA [9], perturbative in ) in the weak coupling/low tem-
perature regime and with those of the NIBA in the opposite limit of strong coupling/high
temperature. This is attained by taking at all orders in v the intra-blip (’intra’) and the
blip-preceding-sojourn ("bps’) parts of the influence function, as in the extended-NIBA
scheme, and to the first order in the coupling strength ~ the blip-blip (’b-b’) and the
blip-sojourn (’b-s’) parts.

This scheme represents an improvement of the NIBA-like schemes in that its results
coincide with those of the NIBA at high temperatures, where the nonlocal part of the
interactions introduced by Fpy is efficiently suppressed by the cut-off operated through
the real part of the pair interaction S(7) so that, considering them at the first order
is immaterial, even if the coupling is strong. On the other hand at low temperature the
nonlocal interactions cannot be neglected and at weak coupling the WIBA gives the correct
predictions for the TLS dynamics. The problematic regime is that of low temperature
and strong damping because taking the nonlocal interactions at the first order in v is
not strictly correct. Nevertheless it turns out [59] that also in this regime the WIBA
predictions agree quite well with those of numerically exact ab initio calculations [53].

We split the influence functions of order n in the above mentioned parts and expand
the nonlocal terms b — b and b — s to the first order in ~

Fry = exp (Pintra) exp (Pps) exp (Pp-p) exp (Pp-s)

(3.47)
= exp ((I)intra) €xp ((I)bps) (1 + (bb—b) (1 + q)b—s) s

It is convenient to restate the definitions of the influence functions (Eq. (3.18)) so as
to separate the intra-blip and blip-preceding sojourn arguments from the blip-blip and
intra-blip arguments. The ezact influence functions are

T o () ) - ) ()
F\7) =exp (qbflntr“) exp ((bffb) [Sin (gbl{pS) cos ( 11’_5> + cos (gbl{ps) sin ( l{_s)}

T o o)) i )i (4]

F{T) =exp (¢77) exp (cb?fb)

n

(3.48)

where
n
intra __ bps __
G = =" Spinic1, G =Y o1,
i=1

e . (3.49)
R D D R i cs Fah

j=li=j+1 i=j+1
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3.6.1 WIBA symmetric irreducible kernel

Now we calculate the symmetric irreducible kernel order by order in A%. This is done,
once n is fixed, by summing over { (using the linearized b-b and b-s terms), taking the
result to the first order in -y, and then applying the recipe (3.25). The power series in A2
for the symmetric WIBA kernel is

Kyt =Y Ky, r)e (3.50)
n=1

e For n=1 the symmetric WIBA irreducible kernel coincides with the symmetric
extended-NIBA irreducible kernel because, at the first order in A?, the b-b and
b-s contributions are absent. We have

K 0) = KD (1,1) = =A%) cos (et — 1)) cos (Y (E — ¢, 1)), (3.51)

where

Y(r,0) = R(0) + R(1) — R(T + o). (3.52)

e The n = 2 symmetric WIBA irreducible kernel is (see Appendix B)

t t—71
K&J/r)(t,t')@) :A4/O d7'1/0 droeS(1)=5(72) sin(ery) sin(ers) cos(Y (1o, — 71 — 72))

X [X(LT, T2, 0’0) Sin(Y<7'1,00)) + A(E, T2,7'1) COS(Y(Tl, 0’0))]
(3.53)
wheret =t —t', o=t —t — 1 — 01, and o9 =t/ — tyg = t/, and where

X(E, Tns 00) = R(E— Tn + 0'0) + R(E) - R(£+ O'o) — R(E— Tn)

A(E, Tn,Tl) = S({) + S(E— Tn — 7-1) _ S(f_ 7.1) _ S(E— Tn)- (354)

For reason which will be clear below, we eliminate the oy dependence in Y (72,01) =
R(o1) + R(m2) — R(12 + 01), by substituting it with the NIBA approximated form
Y (12,01) ~ R(12). It follows that

i— 1
Kt )(t t') / dﬁ/ drs W (E, 71,7, 00),

where we have introduced the function

W (F 11, 1o, 09) =A% 5)=502) gin (et ) sin(ets) cos(R(t2))

X [X(f, tQ, Uo) Sin(Y(tl, 00)) + A(f, tQ, tl) COS(Y(tl, O’o))] .
(3.55)

e The n = 3 symmetric WIBA irreducible kernel is

t—t’ t—t'—7 t—t'—11—01 t—t'—Ti—o1—T2
Kg)(t,t/)(g) :—Aﬁ/ov d’Tl/O d0'1/0 d’]’g/ov dO’Q

x ¢S =8(m)=8() gin (e71) cos(ery) sin(ers) cos(Y (73, 02)) cos(Y (12, 01))

1
X [X(f, 73,00) sin(Y (11, 00)) + A(£, 73, 71) cos(Y (71, UQ))] ,
(3.56)
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Wherefzt—t’, U():t/—t():t/ andngt—tl—Tl—O'l—Tg—UQ.

Similarly to the n = 2 case we make the change of variable oo — 73 =t —t/ — 7 —
o1 — T2 — 09, and then exchange the integration order using the rule (C.2). Finally
we use Y (02, 73) ~ R(73). The result is

i— T1
KW 1) / dn/ drsWH E, 1,13, 00)pV(E — 1 —73), (357
where the first order in A2 function p(!) is defined by
t—o1
M = HOPTEJLZN (1) AQ/ dal/ drae %) cos(ery) cos(Y (19, 01)). (3.58)

The extended-NIBA symmetric population difference Pé:g y(t) is defined in Eq. (3.46)
and satisfies Eq. (3.45).

e For generic n > 3, the symmetric WIBA irreducible kernel reads

i— T
/ dTl/ dr, W t Tl,Tn,O'())p(nim(f— T — Tn), (3.59)

where

P2 (t) = Py (H "2

t teeo— s
= (—AQ)nz/ doy . / dty-1 H ) cos (e7;) cos(Y (13, 09-1))-
0 0
(3.60)

Here, again, we changed the last integration variable o, 1 = 7, =t —t' — 77 — -+ - —
on—1, and used the approximated form Y (7, 0,,—1) =~ R(Ty).

Using Y (7n,0n-1) =~ R(7,), at every order > 2 in A? the WIBA symmetric kernel
appears as a convolution between the second order function W) and p(®—2)

p(t) =Py (1) (3.61)

, where

(the expansion of P( 3\, in powers of A? is given in Eq. (3.46)). This feature allows us to

perform the sum in Eq (3.50). For the symmetric irreducible WIBA kernel with initial
time ty, we have

i t—T1
K@ T = KDET) + / ir / WO 7 Ppi—r— 1), (3.62)

where t =t —t and ¢ =t/ — t,.
It is important to notice that the function p(t) doesn’t depend on the initial condition
P,y (to) = no. In practice it is the solution of the equation

p(t) = / KD () (3.63)

to

with initial condition p(ty) = 1oPy,.en(to) = 1. The kernel KS\}) is given in the first of
Equations (3.43).
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3.6.2 WIBA antisymmetric irreducible kernel

The antisymmetric irreducible WIBA kernel is obtained carrying out the same calculations
as for the symmetric kernel. The power series in A? is in this case

[e.9]

=K ). (3.64)
n=1

e For n=1 the antisymmetric kernel coincides with the corresponding on in the extended-

NIBA
KI(/;)(t, ) = Ke(;f) (t, 1) = —A%e 5 gin (et —t))sin (Y (¢t —t',t")) (3.65)

e The n = 2 antisymmetric WIBA irreducible kernel is (see Appendix B)

t t—11
K‘(,[;)(t,t’)@) ’:A4/ dn/ droe 5 =5(12) cog(ery) sin(ery) cos(R(2))

X(t T2,00) cos(Y (11, 00)) — A(L, TQ,Tl)SID(Y(Tl,O'o))} (3.66)

i— T1
/ dTl/ dTQW t (t, 1, 7T2,00).

wheret =t—t', 75 =t—t'—11—01, and 09 = t' —tg = t'. As for the symmetric kernel
we have used the approximated form Y (79,01) ~ R(72). Here we have introduced
the function

W E 1, ta, 09) =A%e™5)=502) cog(ety ) sin(ety) cos(R(t2))
X [X(E, to, 00) COS(Y(tl, 00)) — A(E, to, tl) sin(Y(tl, 0'0))]
(3.67)
(see definitions of X and A in Eq. (3.54)).

e The n = 3 antisymmetric WIBA irreducible kernel reads

t—t' t—t'—11 t—t'—11—01 t—t'—T1—01—T2
K&;)(t,t/)(?’) = — AG/O d’i‘l/o d01/0 d’i‘z\/0 doy

x e—S(T1)—S(7'2)—S

(73) cos(ery) cos(ery) sin(ers) cos(Y (73, 02) ) cos(Y (12, 01))
x [X (T, 73,00) cos(Y (11,00)) — A(t, 73, 71) sin(Y (71, 00))]
(3.68)

Wheref:t—t’, Uozt/—t():t/ andngt—tl—Tl—O'l—Tg—UQ.

Similarly to the n = 2 case we make the change of variable o9 — 73 =t —t/ — 71 —
01 — T — 09, and then exchange the integration order using the rule (C.2). Finally
we use Y (02, 73) ~ R(73). The result is

t— T1
t t/ / dTl/ dTgW t Tl,Tg,Uo)p(l)(f— L — T3) (3.69)

where W(=) and p1) are defined in Egs. (3.67) and (3.58), respectively.
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e As for the symmetric one, the n > 3 irreducible antisymmetric WIBA kernel is
obtained using the approximated form Y (7,,,0,-1) ~ R(7,), and reads

t t—m1
K5 ()™ ~ /Od“/o Ay WO E 71, 1y o)™ (i =1 — 1), (3.70)

where p(*~?) is defined in Eq. (3.60).

It is now possible to perform the sum in Eq. (3.64). The full antisymmetric irreducible
WIBA kernel, with initial time tg, is

7 fr
K7 = K@) + / dr / dr' W E, 7,7 T )p(E — 1 — 7), (3.71)
0 0

where t = t —t' and ¢ = t' — t5. The function p(t) is the solution of Eq. (3.63) with
p(to) =1.

3.6.3 Validity and features of the WIBA scheme

Some remarks are in order at this point. First, as it can be seen by inspection of Egs. (3.59)
and (3.70), the irreducible kernels of order n show a structure in which the initial sojourn
and the first blip o¢g and 7 are connected through the beyond NIBA interactions X and
A to the last blip 7,,, which is the time-nonlocal feature that gives to the WIBA scheme
the non-Markovian character. The intermediate propagation has the time-local intra-blip
and blip-preceding sojourn interactions given by p(t). This is exemplified in Fig.3.7.

-

I' \\
to ) N t
NANAS—— o — L A NAANAS—o — L aAANAN—
Gp T Gy it T, G Opn-1 Ty Gy

Figure 3.7: Interactions in the irreducible WIBA kernels of order n. Solid lines are the intra-
blip (wavy lines) and blip-preceding sojourn interactions (semicircles). Dashed lines represent the
blip-blip (red) and blip-sojourn (sky-blue) interactions taken to the first order in +.

Secondly, the kernel K ‘(,;_ ) is symmetric under the inversion € — —¢, nevertheless the
beyond-NIBA correction vanishes for ¢ = 0 (as obviously does the full antisymmetric
kernel). This is consistent with the discussion about the validity of the NIBA scheme
in Sec. 3.5.2, where it is pointed out that, for ¢ = 0, the NIBA reproduces the correct
results down to weak coupling in the low to high temperature regime. We also notice
that the beyond-NIBA corrections in the WIBA kernels is proportional to =, through
the functions A and X. This means that the entity of the correction grows with ~.
However it must be kept in mind that the scheme is derived under the assumption that
the correction can be treated perturbatively in v at low to intermediate temperatures,
where their contribution is not made irrelevant by the cutoff exerted through S(¢). As a
consequence, if the temperature is not high, in principle the WIBA is not valid at strong
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damping. On the other hand, at high temperature it coincides with the NIBA because
the functions A and X vanish, as S(¢) and R(¢) assume the long time/high temperature
linearized form (4.12), and Y (t) — R(t). Finally, the dynamics within the WIBA scheme
cannot be computed analytically so the GME (3.22) with the WIBA kernels has to be
numerically integrated in order to obtain the time evolution of the population difference.
The numerical scheme used to solve the GME here and in Chapter 4 is described in
Appendix A.

3.7 Master Equation for the populations

In view of applying to M-states systems, with M > 2, the approximation schemes intro-
duced in this chapter, we write the kernels for the conditional populations of the TLS in
the basis |R/L) starting from the expressions of the population difference kernels K&,
Using Eq. (3.23) and the probability conservation, with no reference to any particular
approximation scheme, one gets

Krp(t,t) = —% (K(+>(t,t’) + K(*)(t,t’))

N N e (=) (p 4
Kru(tt) = =5 (KO @) - KO (t1) (3.72)
Kgrr(t,t') = —Kpr(t,t)

3.7.1 NIBA and extended-NIBA kernels for the populations

Substituting Eq. (3.36) into Eq. (3.72) we obtain the irreducible NIBA kernels for the
populations
A2
Kfp(r) = —-e %7 cos (7 — R(r)),

A2
KﬁL(T) = 76_5(7) cos (e + R(7))

(3.73)

and analogue expressions for the extended-NIBA, with the function Y (7,¢') in place of
R(T).
3.7.2 WIBA kernels for the populations

The symmetric and antisymmetric irreducible WIBA kernels of the master equation for
the population difference have the form of a extended-NIBA (eN) plus a beyond-NIBA
(BN) contribution. The same holds for the irreducible WIBA kernels for the populations.
Substituting Egs. (3.71) and (3.62) into Eq. (3.72) we get

Kppt¥) = Kigp(¢) + KEg (41 ~/)
A 50 gos (e _af T e S-5) /
=€ cos (et — Y (t,1) dT sin(er”) cos(R(7"))

xp(t—71—1")[AL, 7, )sm(eT — ( )+ X(t,7',1) cos(er — Y (7,1'))]
(3.74)



3.8. WEAK COUPLING APPROXIMATION 55

and

Kpp(6.1) = K& (6, ¥) + Kgp (1,1 ~/)

A t—7
=€ e cos (et +Y(L,1) / d’T/ /e 3N =5(") gin(er’) cos(R(7"))
xp(t—71—7")[AE T )sme7'+Y7't — X (&, 7, 1) cos(er + Y (1,1))],

(3.75)
where t =t —t and t = ' — to, p(t) is given by Eq. (3.63), and the functions A and X
are defined in Eq. (3.54).

3.8 Weak coupling approximation

The dynamics of P, in the weak coupling approximation (WCA) scheme [9, 62] can be
derived quite simply by the results obtained for the WIBA in Sec. 3.6. The WCA is
perturbative in v both in the inter-blip and in the intra-blip interactions and thus is an
approximation scheme valid in the opposite limit with respect to the NIBA, i.e at low
temperature and weak damping, where the NIBA fails in describing the biased TLS (see
Sec. 3.5.2).

The WIBA interpolates between these two opposite regimes and reproduces correctly
the WCA results. However at low temperatures the non-Markovian character of the dy-
namical evolution becomes relevant and this is reflected by an increase of the memory time
of the WIBA kernels which, in turn, makes the numerical solution of the GME increasingly
harder. On the other hand the WCA allows for an analytical solution which can be used
as a check for other approximation schemes in the weak coupling and low temperature
regime.

We start from the expressions (3.62) and (3.71) for the symmetric and antisymmetric
WIBA kernels and expand every function of v to the first order. The result is

KGO (@) = K@) + 56, (1)

free

O) i) Q7 (3.76)
Kyoa(t,t) = Syoat 1),

where K" )( t) = —A%cos(et) is the kernel of the GME for the free system (see Equations

free

(3.27) and (3.31)). The self energies take the form
SUL (5 ) =A2S(7) cos(el)

t t—1
+ A4/ dT/ dr'A(t, 7', 7)sin(er) sin(ET’)pfree(f —7—7)

@ sz . ~ (3.77)
Sivoatt) =— A?Y (£,1) sin(ef)
t t—7
+ A4/ dT/ dr' X (t,7',t") cos(er) sin(e7")pfree(t~ -7 =1,
where
he? h2A2? Et
free 2
=1+ Z —A?%) / D{t}oy, cos(er;) = N2 + N <h) . (3.78)
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Expressing the self energies in Laplace space, using the spectral representation of the
dimensionless pair interaction S and R, given by Eq. (2.58), and exchanging the time and
frequency integrals, one obtains the expressions for E(i)()\) [9, 58, 63]. Substituting these
expressions in

_ M0 + Sy ba(V)/A
+
A+ A2N/(A2+ ) = S (V)
and transforming back into the time domain, the following analytical expression for the
conditional population difference in the WCA is obtained

Pﬂo()‘)

(3.79)

€2
Py (t) =~ <77092 - P(oo)> eI 4 P(o0)

A2 I.e2 +TA2 r (3.80)
ff T ff r . Tt
+ [770 QGQ cos(Qt) + <Qge - QP(oo)) sm(Qt)] e
where
Q2 =A% (1 - 2R{u(iE/R)}) + € = AZ; + €
MgiA2% BhQY
I, = S h
"onn O 2 (3.81)
Iy nge2
The function u(z) in the definition of € is
Mq? /°° we~w/we hBw
=V dw——— th{ — | —1]. 3.82
u(z) =7 27h J, w3 e co 5 (3.82)

This integral can be solved by a contour integration with residues at the two poles w = +iz
and at the infinite series of poles at the so-called Matsubara frequencies v, = n2w/hf.
Note that increasing the damping ~ the oscillation frequency Q (which also depends on
the temperature T, at low T') is decreased, which gives the frequency shift introduced by
the environment. For vanishing v one gets the free case with Q@ — F/h. The asymptotic
population difference, entering in Eq. (3.80) is given by

(-)
- Siveal0 Q
P(00) = lim APy, (A) = —%A() — ~ tanh (hﬁ> : (3.83)
A—0 S (0) Q 2

This formula is similar to that given in Sec. 3.5.2 but takes into account (for weak coupling)
the effects of the environment in determining the equilibrium values of the right/left well
populations.

3.9 Examples of TLS dissipative dynamics

We show the time evolution of the conditional probability difference P,y = Pg . — Py, =
(02)n, in the presence of Ohmic dissipation

J(w) = Mrywe @/«

with cut-off frequency w. = 50A. The initial condition is g = —1, meaning that the
particle starts in the |L) state. Both the biased and unbiased TLS are considered at low
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temperature and in the weak to strong coupling regimes. The predictions of the approx-
imation schemes described above are shown. No noticeable difference emerges between
the NIBA and the extended-NIBA results (an example is given in Fig. 3.8). On the con-
trary both these schemes give results significantly different from those obtained within the
WIBA for the biased system in the weak to intermediate damping regime.

v=04 A, T=0.1 hA/kg

1 F - - T =
05 r ]
Or NIBA —— |
extNIBA
-05 1 ]
_1 J 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
tA

Figure 3.8: Comparison between the NIBA and the extended-NIBA schemes for the biased system
(e = 1A and we = 50A) in the intermediate coupling v = 0.4A and low temperature T =
0.17A/kp. The two results practically coincide and both give an incorrect stationary population
difference (see Fig. 3.12).
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v=02 A, T=0.1 hA/kg

1 T T T T
WIBA ———

05

0 -
-0.5

_1 1 1 1 1 1

0 20 40 60 80 100 120
tA

Figure 3.9: Symmetric system (¢ = 0 and we = 50A) in the weak to intermediate coupling
v = 0.2A and low temperature temperature 7' = 0.1AA /kg. The NIBA gives the correct result for
the unbiased system, as confirmed by the comparison with the WIBA scheme.

y=02 A, T=0.1 hA/kg

I N N N A - o Y e O

i ..'. ,\],’V V LVAT R R

0 20 40 60 80 100 120
tA

Figure 3.10: WIBA, NIBA and WCA results for the biased system (e = 1A and we = 50A) in
the weak to intermediate coupling v = 0.2A and low temperature temperature 7' = 0.17A /kp.
The WIBA scheme reproduces the WCA results while the NIBA predicts incorrectly localization
at equilibrium.
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y=0.05 A, T=0.1 hi/kg

1 T T
Pywca(®) :
05 | il i .
O WIBA —— |
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_1 | | | | |
0 50 100 150 200 250 300

tA

Figure 3.11: WIBA, NIBA and WCA results for the biased system (¢ = 1A and we = 50A) in the
weak coupling v = 0.05A and low temperature temperature T = 0.12A/kp. The WIBA scheme
reproduces exactly the WCA results. The NIBA scheme for the biased system fails in this weak
coupling regime.

v=0.5 A, T=0.1 hA/kg

1f ' ' _.' = '...-.,'.__,.---.__,.---'.__.----....---'....--........l........____.l____._
Pycal(®) R
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Figure 3.12: WIBA, NIBA and WCA results for the biased system (¢ = 1A and we = 50A) in the
moderate coupling v = 0.5A and low temperature T = 0.1AA/kp. In this intermediate coupling
regime the WCA looses validity as predicts less localization than the WIBA. On the other hand
the NIBA fails on the opposite direction predicting complete localization. The WIBA scheme is
the most reliable in this dissipation regime.
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y=10A, T=0.1 hA/kg

1 B T T - T T . _ l l
Pyca(®) - T
05 r |
’l WIBA ——— |
WCA

NIBA oo

05 |
_1 I I I : L I I I
0 10 20 30 40 S0 60 70 80

tA

Figure 3.13: WIBA, NIBA and WCA results for the biased system (e = 1A and we = 50A) in
the strong coupling v = 1.0A and low temperature T' = 0.17A /kg. In the strong coupling regime
the NIBA is valid and its results coincide with those of the WIBA scheme. The WCA completely
fails since v cannot be treated perturbatvely.



Chapter 4

The dissipative double-doublet
system

[The present chapter is published in collaboration with Prof. D. Valenti', Prof. B. Spag-
nolo' and Prof. M. Grifoni® [50]]

In this chapter the study of dissipative bistable quantum systems is extended beyond
the TLS approximation. In the presence of strongly non linear potentials, such as those
considered throughout this thesis (see Figs. 1.1, 1.4 and 3.1), the first energy levels are
organized in well separated doublets. It follows that different time scales appear in the
dynamics as energy states other than those of the first doublet are involved. Exploiting
this separation in the time scales and using the techniques introduced in Chap. 3, an
approximation scheme is introduced which is capable of treating the four-state system
resulting from considering the first two energy doublets, in the intermediate coupling and
temperature regime, where the system’s dynamics displays coherent intra-well oscillations
and incoherent tunneling.

If a bistable system is prepared with the particle in one of the two wells, coherent
Rabi oscillations between the wells occur at very small dissipation strengths and low
temperatures. On the other hand, at sufficiently large damping and/or high temperatures
the dynamics is known to be incoherent. So far, the coherent to incoherent crossover
has been only investigated in the so-called two-level system (TLS) approximation for the
Hilbert space of the bistable system: the temperature is taken to be low enough that, to a
good approximation, the system’s dynamics can be restricted to the space spanned by the
lowest doublet {|g), |e)} of eigenstates of the system’s bare Hamiltonian (cf. Fig. 3.1). A
vast literature exists [9, 33, 51, 64] which investigates the coherent to incoherent crossover
for various dissipation mechanisms in great detail.

For temperatures of the order of the separation to the next lying energy levels, the TLS
approximation breaks down and the multi-level nature of the bistable potential cannot be
neglected. Despite its relevance for applications, the dissipative bistable dynamics in this
temperature regime is so far poorly understood [65-72].

For very small damping strengths, a perturbative Bloch-Redfield approach capturing
coherent intra-well and inter-well oscillations is appropriate [69, 70]. In the opposite

!Dipartimento di Fisica e Chimica, Universita di Palermo.
2Theoretische Physik, Universitit Regensburg, Regensburg Germany.
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regime of moderate to large damping and temperatures the dynamics is fully incoherent
and is well described in terms of rate equations for the populations of states localized in the
wells, with rates obtained within a non-perturbative path integral approach [71]. However,
the crossover regime, characterized by moderate damping and temperatures, presents an
unsolved challenge. The major difficulty lies in the fact that, as the tunneling dynamics
occurs on a time scale much larger than that of the intra-well dynamics, a hybrid situation
can occur where quantum coherence is present at the level of intra-well motion, but is lost
at longer times where tunneling processes are relevant.

In this chapter we consider a generalization of the SB model to a four level bistable
system, the so-called double-doublet system (DDS), because its energy levels are arranged
in well separated doublets due to the strong nonlinearity of the potential (see Fig. 4.1). We
develop and use a novel approximation scheme, outlined in [61], which is based on a differ-
ence in time-scales between the fast intra-well motion and the slow inter-well (tunneling)
dynamics and makes use of the TLS WIBA scheme (presented in Chap. 3). To take into
account the different time scales of the intra- and inter-well dynamics, we include in the
vibrational relaxation (VR) dynamics the long and short time correlations introduced by
the Feynman-Vernon influence functional. On the other hand, only short time correlations
turn out to be relevant for the tunneling process. Using this novel scheme we succeed in
treating the crossover region of intermediate temperatures and damping not accessible to
currently existing Bloch-Redfield-like [69, 70] or NIBA-like [71, 72] approximation schemes
for multi-state systems.

At low temperature and weak damping, the resulting dynamics exhibits coherent oscil-
lations at short times and incoherent tunneling behavior at longer times. By increasing the
temperature and/or coupling strength, a crossover to a fully incoherent regime is observed,
in accordance with the predictions in Ref. [71, 72].

A phase diagram in the coupling strength-temperature plane, displaying the various
dynamical regimes, with the corresponding approaches or approximation schemes, gives a
comprehensive account for the problem of the dissipative quantum dynamics beyond the
TLS approximation.

4.0.1 The double-doublet system

The double well potential considered is modeled by the quartic polynomial in the particle
position operator . )
V(@) = St - Mg (41)
which has qualitatively the same features as that of the flux qubit in Eq. (1.7. The
parameters € and AU are the bias and the potential barrier, respectively.

The specific bistable system considered in this chapter symmetric (e = 0 in Eq. (4.1))
and its relevant Hilbert space spanned by the first four energy eigenstates. Since the
corresponding energy levels are arranged in a pair of two well separated doublets, the
system is called double-doublet system (DDS).

In Fig. 4.1 are shown the potential, the energy levels and wavefunctions (q|E;), along
with the corresponding DVR eigensystem, given by

qQj) = Q41Q;)  j=1,...,4 (4.2)

The energy doublets are characterized by internal frequency differences 2o < 1 < Qy,
where h{dy = Fy — E) and hQ); = E4 — E3 are the intra-doublet (or tunneling) splittings,
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Figure 4.1: Potential V' (Eq. (4.1)) with AU = 1.4hwo and € = 0. The minima are at qr/g F

3.35\/h/(Muwy). Upper panel - The four energy levels (horizontal lines) and the respective energy
eigenfunctions. The spacing between the first two levels is exaggerated for the sake of clarity.
The frequency ¢ = 0.8151wy is the average inter-doublet frequency spacing while the tunneling
frequency splittings of the higher and the lower doublet are 7 = 0.1212wy and Qs = 0.0037wy,
respectively. Lower panel - Discrete variable representation. The four position eigenvalues {Q,}

and the corresponding eigenstates {|Q;)}. In the present problem Q;,4 ~ F3.51\/h/(Mwy) and

Q2/3 ~ $182\/ h/(MOJO)
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and hQdy = (E4 + E3)/2 — (E2 + E1)/2 is the average inter-doublet spacing, which is of
the order of hwg (the numerical values for the potential used in this work are given in the
caption Fig. 4.1).

In the DVR the wave functions are peaked around the four eigenvalues @1, ..., Q4 so
that, for the particle, to be in the state |Q;) means to be localized around Q);.

It is important to notice that limiting the energy levels involved in the system dynamics
to the first four is a good approximation as long as the environment is not likely to excite
the particle to higher energies, i.e. as long as kT /h < Q.

The passage to the DVR is performed through the diagonalization of the position oper-
ator ¢. This operation can be carried out analytically, to a good degree of approximation,
and is made more comfortable by writing the position operator in the localized basis of
the DDS {‘L1>, |L2),|R1), |R2)}, where

|L1) = *(|E1> |E2)) , |La) = (|1E3) — |E4))

7 (4.3)
(|1E1) +E2)), |R) = —= (|E3> |Ey)) .

g

|R1) = %

The position operator in the localized basis reads

g

—ann —aiz 0 b an = (E1}d|E)
A Y 2a12 = (E1|q|E4) + (E2|G|E3)
g ) where
0 —b  an a2 aze = (E2|q|Es)
b 0 a2 a2 20 = < ’q‘E4> <E2‘(j’E3> < Qij

(4.4)
The DVR is provided by the the eigensystem {Q;, |Q;)}. To proceed analytically is simpler
to take b ~ 0, however the parameters used for calculating the DDS dynamics in Sec. 4.3
are obtained form numerical diagonalization. The position eigenvalues are (see Fig. 4.1)

1
Q12 = 3 (—au —ag F \/(an —a)?+ 4a%2>
(4.5)

1
QR34 = B <a11 +axn F \/(an —a)? + 4a%2> .

Note that, because of the symmetry of the potential, these eigenvalues are displaced sym-
metrically, i.e. Q34 = —Qg/1. The four DVR states, expressed in terms of the energy
eigenbasis |E1),. .., |Fy4), are

Q)= 5 (1B1) = |B2) = wly) + ul 1))
Q2) = —=( = ulBa) + ul Ez) — | Es) + | Ey)
Al ) "
Qa) = 5 (wlF) + el B2) + | ) + |2 )
Qi = 5 (1B1) + |B2) — ulBy) — ulE3) )
where
u = O and v= ; (4.7)
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In the present problem u ~ —0.585125.
The transition amplitudes per unit time A and the bias factors ¢, defined in Eq. (2.76)
in terms of the frequency differences w;; = w; — w;, are given by

2
Ao =201 =—Ag3=—A3z4=1v"uld

v3u
A3 =731 =—-Ngy=—-Ngp= 5 (wa,3 — w2 1)

[
—

=~

oo
~—

A3 = A3z = %(w4,3 +ulwa 1)
2
Ajg=A0g1 = §(U2w4,3 +wa 1)
and
€10 =€13=€43=¢€10=—€2] = —€41 = —€34 = —€94 = v°(u? — 1)Qp

(4.9)
€14 = €41 = €23 = €32 = 0.

The last line derives from the symmetry of the problem. Here the two indexes are used to
specify the states ¢; and qg., whereas in Eq. (2.76) the single index specifies the transition
number.

A formally exact expression for the dynamics (of the populations in a generic basis) of
a multi-state system has been given in Eq. (2.73). As already noticed, because of the in-
tricacies introduced by the Feynman-Vernon influence functional, approximate treatments
are needed. Approximations which go beyond the generalized NIBA (gNIBA) proposed in
Ref. [72] are discussed in Sec. 4.1. Notice that the parameters of the bistable potential are
chosen as in [72], such that some of the results presented there for the incoherent regime
can be used as reference.

In the DVR the double path (¢(t),¢'(t)) is no more a continuous function of time but
a walk on a two-dimensional spatial grid with 4 x 4 grid-points. Each coordinate takes
values in the set {Q1,...,Q4}, so the path integral turns into a sum over all the possible
path configurations, integrated over the transition times (as in Eq. (2.73)). An example
of double path with five transitions is shown in Fig. 4.2.
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Figure 4.2: Left panel - Example of a double path in the DVR plane (g,q’) in which the two
diagonal sites (Q2, Q2) and (Q4,Q4) are connected by five transitions. When the path crosses the
horizontal (vertical) dotted line the coordinate g (¢’) is making a tunneling transition. Right panel
- Time resolved picture of the path in the left panel in terms of relative coordinate y = g —¢’. The
path has three sojourns and two clusters.
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4.0.2 Exact free dynamics of the DDS

The calculation of the DDS dynamics in the DVR basis is not straightforward within
the path integral approach described above. Nevertheless, if the system is isolated, the
populations in the DVR are easily obtained by carrying out the calculations in the energy
representation. Suppose the initial condition is [¢(0)) = |Q1). The DVR populations, i.e.
the probabilities to find the particle in the DVR states |Q;) (i = 1,...,4) are

4
v
p11(t) :?{1 + ut + cos(wart) + u? [cos(wsit) 4 cos(wart) + cos(wsat) + cos(waat)]
+ u? cos(w43t)}
u?v?
p22(t) =—5— {2 + cos(wa1t) — cos(wsit) — cos(wait) — cos(wsat) — cos(waat) + cos(wast)}
u?v?
p33(t) = 5 {2 — cos(wa1t) — cos(wsit) + cos(wart) + cos(wsat) — cos(wazt) — cos(wast) }
4

paa(t) :%{1 + ut — cos(wart) 4 u? [cos(wsit) — cos(wyit) — cos(wsat) + cos(wyat)]

— u? cos(wyst) },
(4.10)
where w; ; = w; — wj.

The free DDS dynamics is shown in Fig. 4.3, where the relevant time scales are high-
lighted and a comparison is made with the long time free dynamics of the system in the
TLS approximation.

The free dynamics displays fast intra-well oscillations of frequency {2y and a tunneling
dynamics, occurring in two distinct time scales: the shorter one is given by the higher
energy doublet (frequency €21, see Fig. 4.1) and the longer one, involved in the left/right
population inversion, occurs on the times scale set by the frequency Qo = (E2 — Fy)/h.
As shown in Fig. 4.3, the long time oscillations coincide with those of the system in the
TLS approximation starting with the particle in the left well.

The rich dynamics described reflects the configuration of the energy levels in two well
separated doublets, with different inter-doublet separation, and allows for the approxima-
tions on the Feynman-Vernon influence functional introduced in the following sections.

4.1 Approximations

We want to study the DDS dissipative dynamics in terms of the time evolution of the
populations, the diagonal elements of the RDM in the DVR basis, assuming that the
particle is initially in the state |@1). This amounts to calculate the propagator (see
Eq. (2.25))

,Okk(t) :G(Qk,Qk,t;Ql,Ql,to), k= 1,...,4. (4.11)

The evaluation of the propagator involves two main difficulties. The first one is that,
contrary to the TLS case, the variety of possible paths of the multi-state system makes
the summation difficult, if not impossible, even in the absence of coupling with the bath.
This feature calls for a selection on the paths to be summed.
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Figure 4.3: Time evolution of the populations in the DVR for the free DDS with initial condition
p(to = 0) = |Q1)(Q1] (analytical result). Left panel - Long time dynamics of the left well population
Pr, = p11 + p22 compared to the |L) state population of the system in the TLS approximation.
Right panel - Short time dynamics of the left well population of the DDS and time evolution of
the single populations of the DVR basis states.

The second difficulty is constituted by the intricate set of time nonlocal correlations
among the & and x; charges, introduced by Fry, which make the path integral expression
intractable.

Hereinafter we shall use an approximation on Fgy which is based on the separation of
time scales between the intra-well and the inter-well dynamics. The first one is charac-
terized by transitions among states in the same well, called vibrational relaxation events
(VR). The inter-well dynamics consists of transitions among states in different wells, called
tunneling events (7T).

In order to give a justification for this approximation we describe, in the next section,
the free dynamics of the system. It shows the characteristic time scales associated with
the level structure of the symmetric double well potential considered (see Fig. 4.1).

4.1.1 Selection on the paths and retained interactions

When a double path is in a diagonal configuration (¢ = ¢), it is said to be in a sojourn.
The non-diagonal configuration (¢ # ¢’) between two consecutive sojourns forms a cluster.
The latter is a generalization of the blip configuration for the TLS [51]. The difference
is that a blip consists, for geometrical reasons, of a single off-diagonal excursion while a
cluster can be made of an arbitrary long sequence of off-diagonal transitions. In Fig. 4.2
we give an example of a path with three sojourns and two clusters, the first of which is a
simple blip and the second a proper cluster with multiple off-diagonal excursions.

For Ohmic damping with exponential cutoff at a high frequency w¢, the long time or
high temperature limit (¢ > h/kpT) of the bath correlation function (Eq. (2.62)) is

Q) = Mo [mf “In <2”>] 4 M (4.12)

wh we

where k = mkpT/h. In this limit, the inter-cluster interactions cancel out exactly, so that
the suppression of the path weight exerted through @Q'(¢) depends on the length of the
cluster. For this reason, in the presence of the dissipative Ohmic environment considered
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here, the contribution of paths with long off-diagonal excursions is suppressed. Thus, the
main contribution to the sum (2.73) is given by those path returning in a sojourn after a
single off-diagonal excursion.

The first approximation we do is to consider only this class of paths. Following the
TLS convention, we call the off-diagonal configurations wvibrational relazation-blips (VR-
blips), if ¢ and ¢’ belong to the same well, and tunneling-blips (T-blips), if ¢ and ¢’ belong
to different wells.

The second approximation consists in neglecting, among the interactions induced by
Frv, i) all the interactions between couples of T-blips, ii) those between a T-blip and a VR-
blip and iii) the interactions between two non-consecutive VR-blips. This approximation
is justified by the long time scale of the tunneling dynamics, i.e. by the fact that, on
the average, tunneling events are rare, because the transition amplitude per unit time
associated with them is small in comparison with that of a VR event. Since in a typical
path the T-blips are well separated in time, their & and y charges interact through the
long time limit of the bath correlation function, meaning that the total interaction sums
up to zero, as stated above.

Moreover, a tunneling blip is strongly suppressed by the environment, since §;§;—1 =
—(gq; — q})2 in Eq. (2.72) is large if ¢ and ¢’ are in different wells. The resulting picture, for
a typical path among those retained in the summation, is that of a sequences of frequent
VR-blips, which we call VR-blip chain, interrupted by T-blips, as sketched in Fig. 4.4.
Notice that, inside a VR-blip chain, the interactions are retained.
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Figure 4.4: A path made by two VR-blip chains separated by a T-blip. The transition times and
the blip/sojourn times are indicated. The shaded areas on the lower part of the figure represent the
time intervals inside which the correlations are retained according to the approximations discussed
in Sec. 4.1.1. Specifically, according to the VR-WIBA scheme introduced in Sec. 4.1.2, the
intra-VR-blip and intra-T-blip interactions (solid wavy lines) are taken at all order in - while the
inter-VR-blip and VR-blip-sojourn interactions (dashed lines) are taken to the first order in ~.

Under these two approximations the system decouples into a set of six TLSs. Any
double path can be seen as a sequence of arbitrarily long, non-interacting paths inside
the two dimensional sublattices in Fig. 4.5, each of which represents a different TLS
characterized by its own bias factor, tunneling element and distance between the spatial
coordinates.
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Figure 4.5: With the limitations on the allowed paths and the separation of the intra- and inter-
well dynamics, the motion of the system in the 4 x 4 grid of spatial positions decouples into a
sequence of arbitrarily long paths inside the six two-dimensional square sublattices in the figure,
each one representing a different TLS. The dashed squares indicate the TLSs with nonzero effective
bias while the solid squares indicate symmetric TLSs.

4.1.2 Weakly-interacting VR-blip approximation

The approximations done still allow for the treatment of the VR-blip chains, i.e. the
motion of the TLSs formed by the couples of states inside each well, to arbitrary accuracy.

Again, also for an intra-well TLS, an exact treatment is impossible due to the intricacies
brought by Fry . It is therefore necessary to make further approximations on the nonlocal
interactions inside the VR-blip chains.

At high temperatures, in the limits of the DDS description, the long time limit of Q(t)
(see Eq. (4.12)) is attained at short times. If the linearized form is attained on time scales
of the order of magnitude of the average separation between two VR-blips, they can be
considered noninteracting objects. This amounts to retain only the local in time effects
introduced by Fry. The resulting scheme for the intra-well dynamics is the well known
NIBA. Within the NIBA for the VR-blip chains every blip is noninteracting with any
other. The resulting overall scheme is the multi-level generalization of the NIBA, which
can be called generalized non-interacting blip approximation (gNIBA)3.

At lower temperature the gNIBA breaks down because the inter-blip interactions are
not removed completely inside a VR-blip chain. However, due to the long timescale of the
inter-well dynamics, the isolation of the T-blips is still valid if the cutoff operated by Fry
occurs on the time scale Qfl of the fast tunneling dynamics.

To account for inter-blip correlations in the VR dynamics, we adapt to our purposes
a scheme for the TLS, called weakly interacting blip approzimation (WIBA) [59], which
interpolates between strong and weak damping regimes. The scheme retains, to the first
order in +, the nonlocal part of the interactions among the VR-blips and, to all orders,
the interactions inside the VR-blips. We name the resulting overall scheme for the DDS
VR-WIBA.

3This scheme corresponds to the generalized non-interacting cluster approximation (gNICA) at the
leading order in the A factors [72].
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From what stated above two considerations can be made about the validity of our
VR-WIBA approximation scheme. The first is that the region of the parameter space in
which the VR-WIBA is valid includes that of the gNIBA because the isolation of any blip
implies the separation among T-blips and VR-blip chains. The second comment is that,
while the validity of the gNIBA is established by the temperature and depends weakly on
the damping, in determining the validity of the VR-WIBA both temperature and damping
play an important role.

In the Sec. 4.2 we discuss in more detail the validity domains and in Sec. 4.3 we show
and compare their results for the dissipative DDS dynamics.

4.1.3 VR-WIBA generalized master equation

By properly taking into account the above approximations every double path can be
considered as a sequence of non-interacting paths along the two 2 x 2 sublattices in Fig 4.5.
A sublattice is identified by the coordinates of its two diagonal sites (red dots in the
figure). Suppose a sublattice has diagonl sites (ga,q4) and (¢p,gp). Then the path
inside this sublattice is mapped onto the motion of the TLS {|q4), |¢gg)}. Every TLS path
has, by definition, an even number of transitions, since it starts and ends in a diagonal
configuration, so the whole path has an even number 2n of transitions (see Fig. (4.5)).
We can therefore factorize the amplitude A(to, ..., ton, t) = A(q)A*(¢") Fry(z,y) into the
product of the amplitudes A; associated to the paths into the TLSs. The initial and final
states are fixed: gy = @1 and ¢, = Q.

From inspection of Eq. (2.73) (see also Fig. 4.4) we see that the amplitudes don’t
depend on the last sojourn time.

Moreover we neglect, in each of the amplitudes A;, the interactions involving the first
sojourn time (this is justified by the fact that the VR-blip chains and the T-blips are well
separated, which implies a long first sojourn time).

If a path switches sublattice M times, with 2k; transitions in the j-th sublattice and

Z;V:l k;j = n, we have
M

Altrta s ton-t,ton) = [ [ A5 ool y0mi), (4.13)
j=1

where 7; = t9; — to;_1 are the blip times and o; = t2j41 — t2; the sojourn times.
The population pgi(t) of the state |Qg) at time ¢, given the initial condition p(tg) =
|Q1)(Q1] (see Eq. (4.11)), is

0 t
prk(t) = 00,0, + Z/ Don{tjYA(to, t1,. .., ton, t). (4.14)
n=17t0

Due to the fact that the amplitudes in this sum over the paths factorize as in Eq. (4.13),
the Laplace transform of pgx(t) reads

) 1 & o
pre(N) = =HE 4 £ 37 || (4.15)

where, for ¢; # g;—1, the functions K‘h’—l‘]j(A) are the Laplace transforms of the TLS
kernel K, _,4,;(7) in the master equation for the populations of the TLS {|g;—1),|q;)} (see
Appendix C).
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We now switch to vector notation. We define the four-dimensional vector p(\), whose
components are the Laplace transform pkk(A) of the four populations. Defining also the
4 x 4 matrix (), whose elements are the functions K, (M), Eq. (4.15) reads

—, t 1 (o] >
gy =200y 25 R )
M=1
~ N
£ (4.16)

Transforming back to the time domain we obtain the following generalized master equation
(GME)

pt) = / dt'KK(t —t)p(t'),

to

where K(t) = L7{K(\)}. Restoring the index notation, we find equivalently
4t
()= 3 [ Kt~ )00, (4.17)
=17t

The diagonal elements of the kernel matrix K(t) are given by the probability conservation

4
Kj(t)=— > Ky(t).
i(#5)=1

The non-diagonal elements have been defined as the TLS kernels corresponding to
the motion into the sublattices. These elements of the kernel matrix are taken within
different approximation schemes, according to the populations they connect in the GME.
Specifically, on the basis of the approximations made, they are classified as follows

e If the DVR states k and j belong to different wells, i.e.
(k) = (1,3),(3,1), (1,4),(4,1),(2,3),(3,2),(2,4), (4,2),
the corresponding kernel is a NIBA kernel K ,i\jf(t)
e If the DVR states k and j belong to the same well, i.e
(k. 7) = (1,2),(2,1),(3,4), (4,3),

the nonlocal correlations can be, in principle, taken into account to any accuracy.
We use the WIBA scheme for these intra-well kernels. In this scheme they consist
of a NIBA plus a beyond-NIBA part

K () = KR () + KN (1),

If we set to zero the beyond-NIBA correction in these intra-well kernels we obtain
the gNIBA scheme for the DDS discussed in [71].

The explicit expressions for the kernels are given in Appendix E.
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4.2 Dynamical regimes and validity of the approximation
schemes: phase diagram

While the dynamics of a TLS can occur in the coherent or incoherent tunneling regime, for
the DDS there’s a richer variety of dynamical regimes, due to the different energy scales
involved in the problem.

Looking at the free DDS dynamics depicted in Fig. 4.3, we recognize three charac-
teristic frequencies: Qs < Q1 <K Q. As discussed in Sec. 4.0.2, this is reflected by the
presence of a slow tunneling dynamics, occurring at the time scale €25 1 a fast tunneling
dynamics with frequency Q1 and the intra-well dynamics, which occurs on the shortest
time scale €y ! In the dissipative case the different oscillatory behaviors undergo damp-
ing/temperature dependent frequency shifts and are progressively suppressed at different
dissipation regimes.

At intermediate damping and temperature the dynamical regimes are controlled by
the behavior of the effective TLSs introduced in Sec. 4.1, as the natural description for
the system passes from the energy representation to the localized one given by the DVR.
It is thus suggestive to use the machinery existing for the spin-boson problem to give an
indication of the boundaries between different dynamical regimes in the parameter space.

As discussed in Sec. 4.1.1, each effective TLS, denoted by {|Q;),|Q;)}, has its tun-
neling element A;;, bias €;; and characteristic distance ¢;; = Q; — Q;. It follows that at
fixed 7, the effective coupling Kj;; to which a TLS is subject can be more or less strong,
depending on its parameters. The effective damping strength, or Kondo parameter, for
the TLS {|Q;),|Q;)} is defined by

Kij = Mg/ (2mh). (4.18)

For a real symmetric TLS at 7' = 0, the value K = 1/2 corresponds to the transition from
the coherent to the incoherent behavior, while at K = 1 the localization occurs, consisting
in the complete inhibition of the tunneling, with the consequence that the particle doesn’t
leave the well where it was prepared. The coherent-to-incoherent transition temperature
T* as a function of the effective damping for the symmetric TLS is given by [9]

2 K 1/(1-K) A'r‘
(2m) ) hA (4.19)

T (K) = (ﬂ( =3

where A, = A(A/w)5/0-K) (K < 1) is the renormalized tunneling element.

We exploit the decoupling of the DDS into effective TLSs, in conjunction with numer-
ical tests, to identify the following dynamical regimes in the (v, T')-space for the DDS: (a)
- completely coherent regime, with coherent tunneling at both the slow (€25 1) and the fast
(Q;") tunneling time scales and coherent intra-well oscillations (5'); (b) - coherence at
the fast tunneling time scale Ql_l, with oscillations of the left /right well populations around
a slow incoherent relaxation behavior and coherent intra-well dynamics; (¢) - crossover
regime, where the coherence is only at the level of intra-well motion (on the time scale
Qy ) (d) incoherent regime, where the four populations relax incoherently to their equi-
librium values.

The regions in the parameter space corresponding to the above mentioned dynamical
regimes and the validity areas of the approximation schemes used to treat the DDS are
depicted in the phase diagram of Fig. 4.6.
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Figure 4.6: Phase-space diagram in the dimensionless coupling-temperature space. The dynamical
regions, separated by solid lines, are: (a) complete coherence, (b) coherent regime, (c) crossover
regime and (d) incoherent regime. The dashed line is an extrapolation to finite temperatures of the
localization regime predicted for the effective symmetric TLS {|Q2), |@3)} at T = 0. The shaded
areas indicate the validity domains of the approximation schemes used. The WR-WIBA reduces to
the gNIBA at high temperatures, so the domain of the first scheme includes that of the latter. The
characteristic frequencies §2; of the DDS, reported in both axes in units of wy, serve as reference to
establish the effective dissipation regimes. The diamonds refer to the parameters chosen to obtain
the results presented in Sec. 4.3.

The completely coherent regime (Region (a) on the phase diagram) is established by
considering 17, the coherent-to-incoherent transition temperature as a function of the
effective coupling for the effective TLS {|Q1),|Q4)} (cf. Eq. (4.19)). The boundary be-
tween Regions (a) and (b), given by 77, determines the suppression of the slow oscillatory
behavior of P, = p11 + p22, while both the intermediate tunneling oscillations and the fast
intra-well dynamics survive.

In the part of Region (a) where the perturbative in the coupling treatment is appro-
priate, the Bloch-Redifield master equation describes correctly the dynamics of the DDS.
The master equation has, for the coherences in the energy representation, the solution (see
Appendix D)

pE (t) = e~ Wnmte=Lnmmmt p)E (403, (4.20)

nm

To determine the domain of validity of the Bloch-Redfield approach we compare the de-
phasing coefficient L1212 with the frequency wa1 = {23 = wy — wq imposing L1212 < wor.
The result is the shaded area on the left part of the phase diagram. However, the extension
of this validity domain may be overestimated, having neglected the frequency shifts in the
evaluation of the Bloch-Redifield tensor (see. Eq. D.5). The weak coupling approximation
fails near the boundary between (a) and (b) where the long time oscillations of Py, turn
into incoherent relaxation.

Region (b) of the diagram, characterized by stronger damping and/or higher tempera-
ture, is outside the validity domain of the Bloch-Redfield approach. Nevertheless we can
use the weak coupling estimates for the asymptotic values of the populations on the basis
of the following argument. Whenever the relaxation to the equilibrium occurs, the asymp-
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totic values of the left- and right-well populations are Pr(c0) = Pr(o0) = 1/2, due to the
symmetry of the system. This means that we can obtain the single populations p;;(c0),
focusing on the intra-well biased TLSs {|Q1),|Q2)} and {|Q3),|Q4)}. They are charac-
terized by effective tunneling elements |Aj3| ~ 0.35wg and effective biases |e12| ~ 0.40wyq.
For these intra-well TLSs the effective damping K34 is still weak and we can use the
expressions given by the WCA [9] for the asymptotic populations of the intra-well TLSs
states

1 € hAy
pasyaa(oc) = 1 F - tanh <2kBT) , (4.21)

where A, = /A2, + €7,. By the symmetry of the problem we have p22/11(00) = p33/44(00).
The boundary between the Regions (b) and (c) indicates the passage to the crossover

regime in which the tunneling is incoherent. The right boundary to the area (b) is obtained
considering the coherent-to-incoherent transition temperature 755 as a function of K»3 for
the symmetric TLS {|Q2), |Q3)}.

The boundary between the coherent and the crossover regimes delimits also the validity
of the approximation lying at the basis of the factorization of the DDS amplitudes into
uncorrelated amplitudes relative to TLS paths. Indeed in the crossover regime, where
the tunneling is incoherent, the contribution of the clusters in the sum over the paths is
negligible so that the limitation made on the contributing paths holds.

Since the two intra-well TLSs have an effective bias, they can be treated according to
the NIBA only in the high temperature/strong coupling regime (on the frequency scale
Qg of the intra-well motion) [9].

Treating the intra-well dynamics within the NIBA amounts to use the gNIBA scheme
for the complete DDS and we can conclude that the gNIBA reproduces correctly the
dynamics inside the darker shaded area in the uppermost part of the diagram.

The WIBA scheme applied to the intra-well TLSs extends the path integral approach
for the DDS to low temperatures in a quite large damping range. The WIBA correctly
predicts both the transient behavior and the asymptotic populations for the TLS whenever
the intra-blip correlation can be neglected (high temperature at any coupling) or treated
to the first order (from low to high temperature at weak coupling) [59]. Thus the validity
area of the VR-WIBA includes that of the gNIBa and covers the upper-right shaded region
in the phase diagram.

The dissipation regime inaccessible to the WIBA for a biased TLS, and consequently
to the VR-WIBA for the DDS, is the low temperature/intermediate-to-strong coupling,
where the inter-blip correlations are non suppressed by the bath and the coupling is not
sufficiently weak to justify their treatment to the first order in . This corresponds to
the lower-right part of the diagram where the dashed line at strong damping indicates
an extrapolation to finite temperatures of the localization regime occurring at 7" = 0 for
the symmetric effective TLS {Q2, @3}. The extrapolation is made observing that, in this
region of the parameter space, the effective tunneling elements of the inter-well effective
TLSs vanish [9], so that the DDS is not expected to undergo the tunneling dynamics,
irrespective of the initial condition.
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4.3 Results for the DDS dynamics

4.3.1 Parameters and units

We scale all the parameters with wg, the natural oscillation frequency around the minima of
the potential described in Eq. (4.1). We use the Ohmic bath spectral density function with
exponential cutoff J(w) = Mryw exp(—w/we). The cutoff frequency is set to we = 50wy.
The potential is the same as in Fig. 4.1, with parameters ¢ = 0 and AU = 1.4hwp. In
what follows tgp = 0 and the initial condition is p(0) = |Q1)(Q1].

4.3.2 Dissipative DDS dynamics

In this section we show the time evolution of the populations in the DVR basis |Q1), . .., |Q4),
at the parameter space points indicated in the phase diagram (Fig. 4.6).

In the Region (a) of the phase diagram (completely coherent dynamical regime) we
give the dynamics at two phase space points. The first one (Fig. 4.7), at very low T
and -y, is well within the applicability domain of the Bloch-Redfield master equation.
The dynamics of the left/right well populations, P g, of the DDS shows a slow damped
oscillatory behavior of frequency 2o with superposed small oscillations of frequency 2q
featured also in the free dynamics (see Fig 4.3). The short time behavior of the single
populations is shown in the lower panels and resembles the free case, with fast oscillations
of frequency 2y and an oscillatory envelope of frequency €2;. This is because, at short
times, the effect of the environment is not visible in this dissipation regime. We remark
that in this dissipation regime the fast intra-well oscillations are a result of the initial
condition (cf. Sec. 4.0.2).

The second dynamics is shown in Fig. 4.8 and corresponds to point 2 in the diagram.
It is in the same dynamical regime as the first. The populations show the same qualitative
feature as in the free case even if the damping of the fast tunneling oscillations is now
visible.

The third point in the diagram is in the crossover regime at weak coupling and inter-
mediate temperature (with respect to y). Here the coherence is only in the intra-well
motion. In this dissipation regime the WCA completely fails as v ~ 1, so the time
evolution of the populations is calculated within the path integral approach in the gNIBA
and in the novel VR-WIBA scheme.

The results are given in Fig. 4.9 and show that the gNIBA fails as expected from the
discussion in Sec. 4.2. Indeed the point 3 in the phase diagram is outside the regime of
validity of the gNIBA because the temperature is not sufficiently high to justify NIBA in
the biased intra-well TLS.

The next time evolution is provided at point 4 in the diagram of Fig. 4.6, i.e. at weak
damping and high temperature with respect to the intra-well frequency. Contrary to the
previous case, here both the VR-WIBA and the gNIBA are expected to give the correct
prediction. The results for the two schemes at this point of the parameter space coincide,
as shown in Fig. 4.10.

The point 5 in the phase diagram is inside the crossover region at intermediate damping
and temperature with respect to {29. The gNIBA and VR-WIBA dynamics are shown in
Fig. 4.11. Similarly to the case 3, the gNIBA fails and the VR-WIBA is expected to give
the correct predictions. Interestingly, even if the damping is larger than that at point 3
in the phase diagram, the gNIBA prediction in this case is even worse than in Fig. 4.9,
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Figure 4.7: Completely coherent dynamics of the DDS at very weak damping and low temperature
(point 1 in the phase diagram). Results obtained within the Bloch-Redfield master equation.
Uppermost panel - Time evolution of the left/right well populations of the DDS. The long time
behavior of Pp/r = pi11/33 + p2aja4 is characterized by weakly damped oscillations of frequency
Q9 and fast oscillations (of frequency €21) around the long time envelope. Both these features are
related to the tunneling dynamics. Lowest panels - Time evolution of the four populations in the
DVR basis. The short time behavior of the DDS in this dissipation regime is very similar to the
free case (see Fig 4.3).
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2 - y=0.005 wy, T=0.005 hoy/kg
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Figure 4.8: Uppermost panel - Time evolution of the left/right well populations of the DDS
(Pr/r = p11/33 + p22/44) for v and T' at point 2 in the phase diagram. The long time oscillations
are more damped with respect to the case in the uppermost panel of Fig. 4.7. Lowest panels -
Short time dynamics (with respect to Q5 ') of the individual DDS populations. As in Fig. 4.7,
the time evolutions display qualitatively the same features found in the free case (right panel of
Fig. 4.3) but the damping is now visible at this short time scale.
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Figure 4.9: Weak damping and low to intermediate temperature with respect to the intra-well
frequency (point 3 in the phase diagram). Comparison between the VR-WIBA and the gNIBA
results for the time evolution of the populations in the crossover dynamical regime (Region (c)
in Fig. 4.6). As expected, the gNIBA gives incorrect predictions of both the transient and the
stationary, while the VR-WIBA is expected to give the correct results. The configuration at
equilibrium, as given by the WCA (Eq. (4.21)), is shown for comparison.
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Figure 4.10: Weak damping and high temperature with respect to the the intra-well frequency
(point 4 in the phase diagram). Comparison between the VR-WIBA and the gNIBA results for
the time evolution of the populations in the crossover dynamical regime (Region (c)). The results
in the two scheme coincide and reproduce the correct stationary configuration, provided by the
WCA (Eq. (4.21)). This example shows that the gNIBA scheme is reliable also at weak damping,
provided that the temperature is high enough, according to the domain of validity established in
Sec. 4.2.
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Figure 4.11: Intermediate damping and temperature with respect to the intra-well frequency
(point 5 in the phase diagram). Comparison between the VR-WIBA and the gNIBA results for
the time evolution of the populations in the crossover dynamical regime (Region (¢)). As in Fig.
4.9 the gNIBA fails and the VR-WIBA is expected to be valid. The blue dashed lines are WCA
prediction for the equilibrium values of the populations.
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as it predicts localization. This is because the beyond-NIBA correction in the intra-well
kernels on the GME is proportional (at appropriate damping) to the damping itself (see
Appendix 77?).
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Figure 4.12: Strong damping and intermediate to high temperature with respect to the intra-well
frequency (point 6 in the phase diagram). Comparison between the VR-WIBA and the gNIBA
results for the time evolution of the populations in the strong coupling part of the crossover
dynamical regime (Region (¢)). The gNIBA and VR-WIBA results disagree as the coordinates of
point 6 in the diagram are outside the gNIBA validity domain.

The sixth point in the diagram is in the strong coupling and intermediate to high tem-
perature regime with respect to the intra-well TLS parameters. The dynamical regime is
the crossover (Region (¢)) with strongly damped intra-well oscillations and slow incoherent
tunneling relaxation. Again, the gNIBA results differ from those of the VR-WIBA, which
confirms that also in this coupling regime the gNIBA is valid only at high temperatures.

The last two points (7 and 8 in the diagram of Fig. 4.6) are in the incoherent regime
(Region (d)). The gNIBA describes well the incoherent relaxation at strong damping and
high temperature, as shown in Fig. 4.13. In the strong coupling regime at intermediate
temperatures (point 8) the gNIBA fails. The VR-WIBA is expected to give better results
even if the treatment of the inter-blip interactions to the first order is questionable at this
level of coupling with the environment. The comparison of the WIBA with numerically
exact approaches (QUAPIT [73]) for the asymmetric TLS, in the strong dissipation regime,
proves that the WIBA attains a good performance also outside the weak coupling limit at
finite temperature [59].
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Figure 4.13: Incoherent dynamics at strong damping and high temperature (point 7 in the phase
diagram). This dissipation regime is in the overlap of the validity domains of VR-WIBA and
gNIBA. As expected, the results in the two schemes agree. Upper panel - Short time dynamics
within the two approximation schemes; comparison with the Markov approximated gNIBA master
equation (see Chap. 5). Lower panel - Long time dynamics (time in log scale) calculated by the
gNIBA Markovian master equation.
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Figure 4.14: Strong damping and intermediate temperature (point 8 in the phase diagram). This
regime is outside the reach of the gNIBA scheme, as shown in Fig. 4.6. Nevertheless the gNIBA
predictions are in qualitative agreement with those of the VR-WIBA.

4.4 Conclusions

In this chapter we give a comprehensive account of the dissipative dynamics of the double-
doublet system in an Ohmic environment with a high frequency cutoff, using a novel
approximation scheme based on a real-time path integral approach, the VR-WIBA.

By taking into account the nonlocal inter-blip correlations at the level of the intra-
well dynamics, this scheme contains and extends the domain of validity of the generalized
NIBA and succeeds in describing the crossover dynamical regime occurring at intermediate
temperatures for a broad range of damping. The crossover regime is characterized by
coherence at the level of intra-well motion and incoherent tunneling dynamics and is, to
a large extent, inaccessible to previous approximation schemes.

At weak damping and low temperatures we use a Born-Markov approximated master
equation technique to account for the coherent oscillatory behavior of the intra-well and
tunneling dynamics. This approach is also used to check the VR-WIBA predictions for
the stationary configuration where the damping is large respect to the tunneling frequency
but still weak with respect to the intra-well characteristic frequency.

The combined use of the master equation and path integral techniques, within our
novel scheme, accounts for the dissipative dynamics of the DDS in a large region of the
parameter space where the four-state truncation of the Hilbert space is justified. To show
this we establish a phase diagram which describes the dynamics corresponding to the
various dissipation regimes and the domains of validity of the techniques used in this
work. We provide several examples of DDS dynamics in each of the accessible dynamical
regimes in the phase diagram, ranging from the weak coupling/low temperature to the
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strong coupling/high temperature regime.

Two final remarks are in order. Even if the calculations presented in this work are
performed for an unbiased double well potential, the applicability of the VR-WIBA is not
limited to the symmetric case. Indeed a static bias can be taken into account as long as
the dynamical time scales of the intra- and inter-well dynamics remain well separated. In
terms of energy levels this means that the inter-doublet energy separation should be much
larger than the intra-doublet separation. This condition is not very restrictive as it is
fulfilled for any bias for which the two energy doublets are below the top of the potential
barrier.

Finally, the generalization of the VR-WIBA to broadband sub-Ohmic or super-Ohmic
environments is possible, although care must be taken in establishing, from time to time,
the validity of the approximations discussed throughout this chapter.



Chapter 5

Strong coupling regime: driven
multi-state systems and
metastability

[Part of the present chapter is going to be published in collaboration with Prof. D. Valenti',
Dr. P. Caldara and Prof. B. Spagnolo']

In this chapter, following Ref. [72], we consider the general case of a D-state bistable
quantum system (with D > 4), possibly subject to a (high-frequency) sinusoidal driving,
in the strong coupling regime. Using the analytic technique of the strong coupling Markov-
approximated master equation, the transient dynamics occurs as an incoherent relaxation
towards an equilibrium state which depends on the driving parameters as well as on the
damping regime. Along with the time evolution a systematic study is performed in the
driving parameters space (amplitude and frequency) to give an account for the stationary
configuration and time scales of the relaxation in different (strong coupling) dissipation
regimes [74].

The same technique is used to study the problem of the escape from a metastable state
(static case) in the quantum regime. By an analysis of a suitably defined escape time,
a non monotonic behavior with respect to the damping and temperature is found, which
resembles the well known phenomenon, in the classical context, of the noise enhanced
stability.

5.1 Master equation for the driven multi-state system within
the gNIBA

In the presence of a sinusoidally varying bias the bare system Hamiltonian Hg in Caldeira-
Leggett Hamiltonian (1.11) acquires a time dependence

- 2 M2w Muw?
p 04 042 Ge(t). (5.1)

s®) =537 T sanv? 1
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The time dependent bias is defined by
€(t) = e+ Asin(Qt), (5.2)

where we assume 2 > wg. The general expression for the propagator for a D-state non-
driven system, given in Eq. (2.73), with the time dependent Hamiltonian, turns into

o0

G, @h: 90, 4hr o) = D _ DN{t }Bo(t1, to) H —i) AjBj(tj1,t5) Frv (5.3)
N=0 =1

The bias factors, defined in Eq. (2.75) for the non-driven system, now do not depend
anymore on the time differences t; 1 — t;, but take on the form

tjt1
Bj<tj+1,tj) =exp —i/ dtIEj(t/>
t,

=exp [—iej (tj+1 - tj)] (5'4)

2Aq; A Q Q
X exp |: ;;J <sin 5(75]'4_1 + tj) sin 5<tj+1 - tj)):| ,

where Ag; = q; — qz- is the difference between the left and right coordinates at the j-th
transition.

Having assumed a fast driving it is reasonable [72] to average over a driving period
with respect to the variable £ = ¢;41 + t;, so as to restore the time-convolution character
of Eq. (2.73) in the propagator (5.3), allowing for the simple derivation of the GME given
in Sec. 4.1.3. The averaged bias factors read

B 0 Q/4m R B
Bj(tj+1 —t)) :%/ dtBj(tj, tj+1 — ;)
—Q/4r
1 a (5.5)
—exp =iy (1321~ )] (280,35 5 (600 1)
where Jj is the zero-th order Bessel function of the first kind.
By this procedure and assuming to be within the validity of the gNIBA (see Sec. 4.1),
it is possible to derive the generalized master equation for the populations in the DVR for

the D-state system along the same lines as done for the non-driven case in Sec. 4.1.3. The
GME for the D-state system reads

Pt Z / PN (t — ¢)ps5(t), (5.6)
where the gNIBA kernels with averaged bias factors read (see Sec. 4.1.3 and Appendix E)

, 2qi;A . Qt
K’gjv(t) :2Ai]‘6_ql€jQ (t) JO (q?; sin 2> COS (Ek]t + ql%jQ//(t)) (] # k?)

(5.7)
N N
KN (¢t § KNt
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Here we have used )
Ay = ﬁ<Qk|HS|Qj>

1 . .
erj = + ({anlHslar) — (a1 Aslas)) (5:8)

where Hg is the static part of the system Hamiltonian in Eq. (5.1).

At strong damping, in the incoherent regime, the populations evolve on time scales
larger than the time intervals over which the gNIBA kernels are substantially different
from zero. The characteristic time over which they vanish is dictated by the smallest g;;
and by v and T in @', at the exponent in Eq. (5.7). This observation allows to approximate
the gNIBA GME (5.6) into the Markovian master equation

D
prr(t) =Y Tijpj5(t), (5.9)
j=1
where
[e.e]
T = / dtK{Y (1) (5.10)
0
The Markov-approximated maser equation (5.9) admits the analytical solution
D
k(1) =Y SpiS; et 10 i (k). (5.11)
ij=1

The rates A; are the eigenvalues of the rate matrix I' and S is the transformation matrix
which diagonalizes I'. The probability conservation implies that the smallest in absolute
value of the A’s, say Aj, is zero (the others have negative non zero values) so that the
asymptotic value of py is obtained as

D
pkk(oo) = Zskls;jlpjj(to). (5.12)
J=1

The smallest, in absolute value, of the A’s gives the so-called quantum relaxation rate
(|Arelax|) whose inverse, Tyelax, gives the time scale of the relation to the equilibrium con-
figuration [72].

5.2 Driven dissipative multi-state dynamics

In the following discussion the environment is assumed to be Ohmic (J(w) = M~w, with
a high-frequency cut-off) and the static potential of Hamiltonian (5.1) considered is de-
picted in Fig. 5.1. The potential barrier is AU = 1.4hw( and the static bias (Eq. (5.2))
€ = 0.15\/Mhwj. We show the time evolution of the populations p,,(t) in the DVR in
different driving regimes as well as the asymptotic population of the metastable well and
the relaxation times as functions of the diving parameters. Everything is evaluated for
v = 0.1wp and 0.3wy and T' = 0.17wy/kp and 0.14hwy/kp, in regimes in which quantum
tunneling through the potential barrier is an active mechanism of population transfer from
one well to the other.
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dp d2 43 Q44 045 O 'q7 ds

Figure 5.1: Static potential (barrier height AU = 1.4hw, and static bias € = 0.15\/Mhwy)
and first three energy eigenfunctions. The horizontal lines are the first eight energy levels and
the vertical lines the position eigenvalues in the DVR. The distance between the minima is ~

6.5v/h/ (Muwp)

Within the present choices for the environmental parameters, it is a good approxi-
mation to assume that no energy levels higher than the first eight are involved in the
dynamics, even in the presence of external driving. The resulting unequally spaced grid
of positions in the DVR is depicted in Fig. (5.1) together with the potential profile and
the first two energy eigenvalues in units of Awy.

The system-plus-environment initial condition is of the factorized kind of Eq. (2.41),
with the system in the state

p(to) = [qa){qal- (5.13)

Notice that in the static case, since T" < wp, a description in terms of fewer states
is sufficient, provided that the initial condition doesn’t involve higher energy states. Our
preparation (5.13) actually involves all of the eight states, being a state localized around
the top of the potential barrier.

5.2.1 Results I: Dynamics

For each of the four combinations (v,7T), three different driving regimes are studied,
namely: (i) non-driven, (ii) driven off-resonance and (iii) resonantly driven (Q ~ Ey — E}).
At the resonance the oscillating bias induces transitions among states localized in different
wells, in particular |g7) — |g2). Indeed, for this configuration of the potential |g7) ~ |E7)
and |g2) ~ (|E2) + |E3))/V/2 as can be seen in Fig. 5.1. This is at the basis of the striking
difference in the stationary configuration of the populations between the static and the
resonantly driven case.

The results for the dynamics of the eight populations in the three driving regimes are
shown in Figs. 5.2 and 5.3. Each time evolution is plotted up to time t = 1007;¢1ax, Where
Trelax 18 the relaxation time defined in Sec. 5.1. By comparing the truncation times of two
plots one gets an indication of the relative magnitude of Tyelax (which depends on both
the driving and the dissipation regime) for the two configurations considered. A more
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systematic study of the relaxation time as function of the driving parameters is done in
Sec. 5.2.2.

1=0.1 g, T=0.1 hy/ky =0.1 w, T=0.14 hay/ky

P11 — No driving LT P — No driving

05 | 1 os}| I .

025 4 025

Figure 5.2: Populations in the DVR as functions of time (in units of wy ') for v = 0.1wp. The
driving amplitude is set to A = 0.2/Mhw{ and the frequencies are 2 = 0.35wq (off-resonant
driving, middle panels) and Q = 0.87w (resonant driving, lowest panels). Left - T = 0.1hw/kp.
Right - T = 0.14hwo /kp. The off-resonant driving suppresses the peak in poy during the transient
and populates the right well states at the stationary. The driving resonance gives a noticeable
stationary population of the left well. At the higher temperature a speed-up of the transient
dynamics occurs together with a reduction of the stationary |g2) population in the resonantly
driven regime.

A general feature of the transient is the presence of peaks in the populations of the
metastable well states (|q1), |g2) and |g3)) whose height is sensitive to the driving force,
being largest in the non-driven case, and smallest with off-resonant driving. Notice that,
in the driven case far from resonance, these peaks are almost suppressed. Another general
related feature is that the external driving, especially in the off-resonant case, shortens
the transient times. This is clearly visible in the results of Sec. 5.2.2.

This behavior is given by the interplay among driving parameters (A and ) and
distances ¢;; present in the argument of the Bessel function in Eq. (5.7). These parameters
determine the time integrals of the kernels giving the rates I'.

The off-resonant driving suppresses the rates involved in the tunneling dynamics and
enhances the vibrational relaxation inside the right well. As a consequence the stationary
state is reached faster and the asymptotic configuration displays a spread in the population
among the states in the right well.

On the other hand, the driving at the resonance (2 ~ Fy— F; ~ wy) induces transitions
between |g2) and |g7), and an asymptotic population of the state poo (in the metastable
well) which is substantially different from zero, as shown in Fig. 5.2. By slightly increasing
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Figure 5.3: Populations in the DVR as functions of time (in units of wy ') for v = 0.3wy. The
driving amplitude is set to A = 0.2/Mhw{ and the frequencies are Q = 0.35wq (off-resonant
driving, middle panels) and Q = 0.87w (resonant driving, lowest panels). Left - T = 0.1hwo/kp.
Right - T = 0.14hwo/kp. The qualitative features of the dynamics for the two temperature
considered are similar to those in Fig. 5.2 (v = 0.1wp). The main differences are that, at this
stronger damping regime, the relaxation in slower and the system relaxes almost completely into
the right (lower) well, even in the presence of resonant driving.
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the temperature, the relaxation times are shortened in all the driving regimes, and the
asymptotic value of pgg in the resonant case decreases (see Figs. 5.2 and 5.3).

In passing to the stronger coupling regime (v = 0.3wp, Fig. 5.3), two new features
appear: a noticeable slowing down of the evolutions and an almost complete relaxation
towards the lower well, even with driving at the resonance. This is because the damping
inhibits transitions among far away lying states. As in the v = 0.1wq case, an increase in
the temperature enhances the relaxation, making 7ycax Smaller.

5.2.2 Results II: Stationary left well population and relaxation times

In this section we show the results for the asymptotic value of the population of the
metastable (left) well, defined as the sum of the asymptotic populations of the DVR
states belonging to the left well

Pr,(00) = p11(00) + p2a(00) + p33(00),

with pgr(oc0) defined in Eq. (5.12). We also consider the relaxation time Tyelax, defined in
Sec. 5.1. Both these quantities are plotted as functions of the amplitude A and frequency 2
of the high-frequency oscillating bias, in the same four damping/temperature parameters
as considered in Sec. 5.2.1.

We observe a strong non-monotonic behavior of both Pr(00) and Tpelax with respect
to Q. Specifically, all the Pr(co) plots display peaks in the lower part of the frequency
domain, whose magnitude is sensitive to the damping constant, being larger at lower
damping (compare Figs. 5.4 and 5.5 with Figs. 5.6 and 5.7, upper panels). For v = 0.1wg
peaks are also present in the higher frequencies domain, noticeably at the resonance, while
for v = 0.3wq these peaks are strongly suppressed, even at the resonance.

As noticed in Sec. 5.2.1, this is because the driving couples far away lying states and
the transfer of population between these states is inhibited by the exponential cut off in
the kernels (5.7), which is larger at stronger damping.

At the lower damping v = 0.1wyp, the plot of Pr(oc0) displays several peaks, correspond-
ing to the level structure of the static potential in Fig. 5.1. We note also that, in all of
the four dissipation regimes considered, if the system is driven at very high frequency its
behavior is the same as in the non-driven case. The same happens for Tielax-

Finally, for both the values of v at the higher temperature, a non-zero asymptotic Pr,
is present for A = 0 (static potential). This is due to the fact that the system eventually
reaches a ~y-dependent state of equilibrium with the environment at temperature 7 at
high temperature states of energy higher than that of the first few are thermally populated.

In the lower panels of Figs. 5.4-5.7, we show the relaxation time in the four regimes
considered. The key feature is that at low driving frequency, around €2 = 0.3, the driving
enhances the relaxation, as already pointed out in sec. 5.2.1, in all of the dissipation
regimes. A relevant feature, already pointed out in Sec. 5.2.1, is that Tyelax, in the stronger
damping regime, has roughly twice the value taken at v = 0.1wyg.

On the other hand, the slight increase in temperature has the opposite effect of reducing
considerably the relaxation time at both the damping regimes considered.
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Figure 5.4: Asymptotic left well population Pr(co) (upper panel) and relaxation time Tyolax
(in units of wy ', lower panel) as functions of the driving amplitude A (in units of \/Mhwg)
and frequency € (in units of wp). Damping constant and temperature are v = 0.lwp and T =
0.1hwq /k g, respectively.
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Figure 5.5: Asymptotic left well population Pr(co) (upper panel) and relaxation time Tyelax
(in units of wy?', lower panel) as functions of the driving amplitude A (in units of \/Mhwg)
and frequency € (in units of wp). Damping constant and temperature are v = 0.lwp and T =
0.14hwq /k g, respectively.
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Figure 5.6: Asymptotic left well population Pr(co) (upper panel) and relaxation time Tyolax
(in units of wy ', lower panel) as functions of the driving amplitude A (in units of \/Mhwg)
and frequency € (in units of wp). Damping constant and temperature are v = 0.3wp and T =

0.1hwq /k g, respectively.
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5.3 Metastability in the strong coupling regime

Recently, the role of dissipation on the dynamics of quantum systems has been the subject
of renewed interest [75, 76].

The presence of a dissipative environment indeed influences significantly the escape
from a quantum metastable state. This is a general problem, of interest in many areas of
physics, whenever a sudden change in the state of a system occurs on time scales small
with respect to the typical times of the systems dynamics.

The archetypical model describing the escape process is that of a particle subject to
a cubic or asymmetric bistable potential and linearly coupled to a heat bath of quantum
harmonic oscillators [9, 40, 77]. In such a system the decay from the metastable state
occurs on time scales that depend on the friction and temperature. Various physical
systems such as magnetization in solid state systems [37, 78], proton transfer in chemical
reactions [79] and superconducting devices [24, 30] can be described within this framework.

Calculations of the decay rates, using a cubic potential, have been performed in
Refs. [43, 80] using functional integral techniques. In Ref. [43], starting with the par-
ticle at the bottom of the metastable well, it has been shown that the decay rate decreases
monotonically as the damping increases and grows with the bath temperature. Similarly,
by using a master equation technique, a monotonic increase of the escape rate, with re-
spect to the temperature, is found in Ref. [81] for a Gaussian wave packet initially in the
metastable well of a biased quartic potential.

Stabilization of a quantum metastable state by an external time-periodic driving, in ab-
sence of environment, was obtained in Ref. [82]. Moreover, suppression of activated escape
from a metastable state by increasing the temperature was found in a time-periodically
driven quantum dissipative system [83].

Common wisdom is that environmental fluctuations always enhance the escape from
a quantum metastable state. A critical issue of great importance is: can the dissipation
enhance the stability of a quantum metastable state?

To answer this question we follow the time evolution of the populations of spatially
localized states in a strongly asymmetric bistable system, starting from a nonequilibrium
initial condition. This choice allows us to observe how, increasing the damping, the re-
laxation process towards the stable well goes from a population transfer in which the
metastable well is temporarily populated, to a mechanism of direct transfer to the stable
state. This stabilization effect is related to that due to the suppression of tunneling by
dissipation in quantum regime [40, 43]. As a result we find that dissipation can enhance
the stability of the quantum metastable state. Indeed, we observe that the escape dynam-
ics is characterized by a nonmonotonic behavior, with a maximum, as a function of the
damping strength: there is an optimal value of the damping strength which maximizes
the escape time, producing a stabilizing effect in the quantum system. This result, which
resembles the phenomenon known, in the classical context, as noise enhanced stability
(NES) of metastable states [84-87], sheds new light on the role of the environmental fluc-
tuations in stabilizing quantum metastable systems. We also find that the behavior of
the escape time versus the temperature is nonmonotonic with a minimum. Therefore as
the temperature increases, an enhancement of the escape time is observed, increasing the
stability of the quantum metastable state.
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5.3.1 Model

We consider the static biased bistable potential

M?ws . Mwi ,
= — 72— G 14
NI 4 e (5.14)

V(q)

where € is taken large enough to mimic the cubic potential, which is the archetypal po-
tential to model metastable systems.

", 2
@h\haLltd

qQ ¢5)

Figure 5.8: Potential profile V(q) (Eq. (5.14)) for AU = 1.4hwq and € = 0.27/Mwj. Horizontal
lines: the first 6 energy levels. Vertical lines: the position eigenvalues in the DVR. The dashed
curve is the initial probability distribution |¥(z,0)|?. For the tunneling splitting we have AF, 3 =
E4 — Eg = O2FLUJO while E2 - E1 = 0985%0

As in the previous section, the oscillators bath is assumed to have the Ohmic spectral
density J(w) = M~w, with a cut-off at a frequency much larger than any other involved.

In the quantum regime, given our choice for the particle’s initial preparation and
the bath temperature (see Sec. 5.3.2), it is appropriate to assume that the dynamics is
practically confined among the first 6 levels of the potential shown in Fig. 5.8. In this
reduced Hilbert space, the particle’s reduced dynamics is described in terms of the localized
basis of the position eigenstates {|q1),...,|gs)}, where ¢|g;) = ¢i|¢;), giving the discrete
variable representation (DVR, see Sec. 2.5).

5.3.2 Escape time

In the following we focus on the particle’s transient dynamics, as given by the solu-
tion (5.11) of the master equation (5.9), starting from the nonequilibrium initial condition

p(0) = |g3)(gsl, (5.15)

i.e. with the particle’s probability density initially peaked on the right of the potential
barrier, in the interval (g, q.) (see Fig. 5.8). This may be experimentally attained by
preparing the particle in the ground state of an appropriate harmonic well centered at the
desired position, and then relaxing the harmonic potential [88].

Before giving the definition of escape time in the present context, we define the popu-
lation of the lower (right side) well as the cumulative population of the three DVR states
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from |g4) to |ge), that is

6
Pright (t) = Z p,u,u(t)v (516)
pn=4

which is a discretized version of the probability of penetration of the wave packet through
the barrier [81]. During the transient dynamics the populations of the metastable states
(lg1) and |g2)) reach a maximum. Afterwards, by tunneling through the potential barrier,
the population of the metastable well decays, finally settling down to a stationary value
dependent on the temperature.

We consider large asymmetry of the potential, low temperatures with respect to the
barrier height, and damping regimes ranging from moderate to strong (v 2 wp). Given
the above conditions, the relaxation occurs in the incoherent regime, with no oscillations
in the populations. As a consequence we may consider the particle irreversibly escaped
from the metastable state once Prignt(t) has reached a certain threshold value that we set

to Pright(’r) = 0.95.
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Figure 5.9: Escape time 7, in units of wy *, for the initial condition p(0) = |g3){(gs| (see Eq. (5.15)).
(a) 7 and Tyelax as a function of both damping v and bath’s temperature T. (b) 7 as a function of
v for different temperatures. Inset - escape time vs temperature at fixed values of y. The variables
~ and T are given in units of wy and fiwg/kp, respectively.
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5.3.3 Results

We observe a nonmonotonic behavior of 7 with respect to both v and T . In Fig. 5.9
it is shown the presence of a peak in 7 vs v, whose height and position depend on the
temperature.

A comparison between 7 and Tyelax versus v indicates that the two quantities exhibit
roughly the same behavior until the peak in 7 is reached (see Fig. 5.9b). At higher 7,
while Tyelax keeps increasing monotonically, 7 has a sudden fall off at a critical value ~.,
dependent on the temperature (for example v, ~ 0.98 at T" = 0.352).

This critical value corresponds to a dynamical regime in which the population transfer
from the initial state to the states of the metastable well is inhibited and there is a direct
transfer to the states of the lower right well. In this regime the probability to find the
particle in the metastable state is practically zero throughout the entire dynamics. Indeed,
while Tielax 18 the time needed for the system to reach the equilibrium in the double well
potential, the escape time is a relevant quantity for the transient dynamics, involving the
crossing of the potential barrier and the depletion of the metastable well. Therefore, our
analysis applies to the general problem of the escape from a metastable well, starting from
a nonequilibrium condition.

The nonmonotonic behavior of 7 vs 7 can be interpreted as the quantum counterpart
of the NES phenomenon observed in classical systems, and may be called quantum noise
enhanced stability (QNES).

Another interesting feature is the presence of a slow monotonic increase of 7 for v > .,
which leads to the quantum Zeno effect [89].

The behavior of 7 vs the temperature is characterized by a minimum as kg1 approaches
the tunneling splitting AEy 3 = E4—E3 (see Fig. 5.8). This is the signature of the thermally
activated tunneling, an experimentally well established phenomenon [90]. This is better
shown in the inset of Fig. 5.9b.

Finally we wish to point out that our results are robust against the variation of the
potential asymmetry, threshold value and initial conditions (initial DVR states within the
interval (gp, qc), see Figs. 5.8 and 5.10).

To exemplify this robustness, we give here the results for another potential profile and
a different initial condition (see Fig. 5.10).

The definition of 7 is the same as for the previous case i.e. Pignt(7) = 0.95. In this
situation however, due to the different number of energy levels considered, the right well
population is defined as Pight(t) = Zzzs Puu(t)-

The escape time displays qualitatively the same features as for the first configuration,
even if now the initial wave packet is centered close to the top of the potential barrier. In
particular 7 has a nonmonotonic behavior as a function of both v and 7. The minimum
of 7 vs T'is at T ~ 0.27/kp, which is the average value of the three tunneling splittings
AE;6,AEg5, and AFEs5 4 (see Fig. 5.10a). Moreover, for v > 7., we observe a monotonic
increasing behavior of 7 leading to the quantum Zeno effect.

5.4 Conclusions
In this chapter the analysis of the dissipative bistable system, carried out for the two-

level system in Chap. 3 and for the double-doublet system in Chap. 4, was generalized
to a multi-state system with an arbitrary number of states and possibly subject to a
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q3 ds4 9s 96 97 Qs

Figure 5.10: (a) Potential profile V(q) (see Eq. (5.14)) for AU = 2.5hwo and € = 0.35y/Mhwg.
Horizontal lines: the first 8 energy levels. Vertical lines: position eigenvalues in the DVR. The
dashed curve is the initial probability distribution |¥(z,0)|?. Here AFE7¢ = 0.14hwo, AEgs5 =
0.58%wg, AE54 = 0.1hwg. (b) Escape time 7, in units of wal, for the initial condition shown in

panel (a).

periodically varying bias. This general case was treated exclusively in the strong coupling
regime, where the analytical technique of the master equation derived within the path
integral approach is available.

The first part of the chapter was devoted to the study of the driven dynamics starting
from a nonequilibrium initial condition. The time evolution and the stationary values of
the populations in the discrete variable representation were studied, along with the char-
acteristic time scales of the dynamics. In particular the interplay between the dissipation
and the driving was systematically investigated.

A strong non-monotonicity with respect to the driving frequency was found in the
metastable well population at equilibrium, which is characterized by the presence of res-
onant peaks. This means that, at appropriate frequency, the probability to find the par-
ticle in the metastable well is noticeably different from zero. On the other hand, a strong
damping enhances the relaxation towards the lower well. The analysis, carried out at two
temperatures, showed also that the relaxation times are smaller at higher temperature.

In the second part of the chapter considered the static case of a strongly asymmetric
potential was considered, which mimic the situation encountered in escape problems in
classical and quantum mechanics. We showed that in nonequilibrium dynamics the escape
time from a quantum metastable state exhibits a nonmonotonic behavior as a function of
both the damping, with a maximum (QNES), and temperature, with a minimum at the
resonance with the tunneling splitting (see Figs. 5.8 and 5.10).

We also observed stabilization of the quantum metastable state due to the dissipation
and its interplay with the temperature. Moreover, a suppression of the activated escape
was obtained by increasing the temperature. The stabilization phenomenon associated
to the model considered is within the reach of existing experimental technologies such as
superconducting qubits [88] and optical trapping [91].



Chapter 6

Conclusions

In this thesis the path integral approach is used to study the dissipative dynamics of the
bistable quantum system. The open quantum system, consisting in a particle subject to
a double well potential, is assumed to interact with an environment of bosonic modes,
according to the celebrated Caldeira-Leggett model [40]. This Hamiltonian model allows
for a microscopical derivation of the dissipation, which emerges as the environmental
degrees of freedom are traced out and a description in terms of reduced density matrix is
given for the open system.

If the coupling is weak, perturbative techniques based on the Born-Markov approxi-
mation are appropriate for predicting the time evolution of the system’s reduced density
matrix. However, as the coupling with the environment cannot be treated as a pertur-
bation, the inherently non-perturbatively path integral has to be used, which allows in
principle to deal with every coupling regime.

The strong nonlinearity of the potential causes the energy levels below the barrier top to
form doublets with large inter-doublet spacing with respect to the intra-doublet separation.
As a consequence, if the temperature is much lower than the inter-doublet energy difference
and the particle is initially in a superposition of the first two energy states, a description
in terms of an effective two-level system is appropriate. This regime is experimentally
attained, for example, in the superconducting qubits operating at temperature in the
mK scale. The model describing the two-level system linearly coupled to the bosonic
environment takes the name of spin-boson model [51]. The spin-boson model has been,
and still is, extensively studied using a variety of techniques, including the path integral [9,
51] and related stochastic [54] and numerically exact methods [53, 92], or the numerical
renormalization group [93, 94]. Present-day path integral approaches, based on suitable
approximation schemes, are capable to investigate the spin-boson problem virtually in
every regime of dissipation, corresponding to dynamical regimes ranging from the coherent
regime to incoherent relaxation to equilibrium, both in the symmetric and the biased case.

However, if the initial condition involves higher energy levels or the temperature is
of the order of the inter-doublet energy separation, the two-level system approximation
is no more tenable. Considering the successive energy states entails the introduction
of multiple dynamical time scales, due to the nonlinearity of the potential, as mentioned
above. Moreover the description in terms of sum over paths, which, for a finite-dimensional
Hilbert space, consists in sequences of transitions among localized states, gets dramatically
more involved as the dimension of the problem exceeds two.

This is reflected by the fact that, up to now, investigations of multi-state dissipative
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systems are confined to the opposite regimes of weak and strong coupling [69-71], de-
scribing coherent dynamics and incoherent relaxation. The crossover region, absent in the
spin-boson problem, characterized by the simultaneous presence of long time incoherent
relaxation associated to the tunneling and coherent oscillations at the level of the intra-well
motion remained poorly understood.

In Chap. 3 of the present work the path integral approach was applied to the spin-
boson problem, in its various approximation limits, covering the corresponding dissipation
regimes. Specifically the non-interacting blip approximation (NIBA [9]), an approxima-
tion scheme which discards the time non-local interactions inside the double-paths of the
reduced density matrix, was illustrated together with the weakly-interacting blip approx-
imation (WIBA [59]) scheme, treating the time non-local interactions to the first order in
the coupling and the local ones to all orders. Finally the weak coupling approximation
(WCA ]9, 62]) was introduced as a perturbative limit of the WIBA.

The techniques described for the spin-boson model were then applied to the so-called
double-doublet system (DDS), the four level generalization of the two-level system, char-
acterized by two well separated energy doublets, producing a rich dynamics which has
three, well separated time scales. The crossover regime for the (DDS) is investigated using
a novel approximation scheme which exploits the separation of the time scales of the sys-
tem dynamics. In particular the NIBA scheme is applied to the tunneling dynamics and
the WIBA to the intra-well motion (vibrational reaxation). The resulting novel scheme,
called vibrational relaxation weakly-interacting blip approximation (VR-WIBA, outlined
in Ref [61]) describes successfully the fast intra-well oscillations and the incoherent tunnel-
ing relaxation of the crossover regime. Moreover it reduces to the gNIBA (the multi-states
generalization of the NIBA [72]) in the strong coupling limit. These path integral approxi-
mation schemes, in conjunction with the Bloch-Redifield (weak coupling) master equation
approach, cover almost entirely the coupling-temperature parameter space of the problem
and allowed for the realization of a phase space diagram in which the various dynamical
regimes are described, together with the domain of applicability of the above mentioned
approximation. The phase-space diagram for the DDS is the main result of Chap. 4.

The part of the parameter space of the DDS which remains outside the reach of the
novel approximation scheme is that in which coherence is still present at the level of both
the fast tunneling dynamics (involving the higher doublet) and intra-well motion, while
the slow tunneling dynamics has turned into incoherent relaxation. In the corresponding
dissipation regime the coupling is too strong to allow for weak coupling description (such
as the Bloch-Redfield) and, on the other hand, is still too weak for the DDS to separate
into a set of effective two-level systems to be treated within the NIBA or the WIBA. The
difficulty in this case is not given by the intricate time non-local correlations introduced
by the environment, but it is due to the fact that the so-called clusters (complicated path
configurations) start to contribute, in the sum over the paths, as the coupling is weak
or the temperature is low. Further investigations are needed to find a technique which
fully exploits the approximations on the environmental influence on the path’s amplitudes,
without neglecting classes of intricate path configurations.

In Chap. 5 a systematic study of the multi-state dynamics (for an asymmetric eight-
level system) in the presence of time dependent bias was performed. The interplay between
a high-frequency driving and the dissipative environment in the strong coupling regime
was illustrated using a Markov approximated master equation technique [72]. It was found
that the resonant driving (of the order of the natural oscillation frequency of the wells)
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increases the population of the metastable well at the stationary. A plot of the overall
metastable well population at the stationary versus the driving amplitude and frequency
shows several resonant peaks as a function of the driving frequency. Moreover the effect
of increasing the coupling is to enhance the relaxation towards the lower well. Finally
an increase of the temperature enhances the relaxation in the sense that the equilibrium
configuration is reached within a shorter time.

In the second part of Chap. 5 a study on the escape problem in the strong coupling
regime was carried out using the same analytical technique as that used in the first part
of the chapter. The escape from a metastable well, starting from a nonequilibrium initial
condition has been extensively investigated in the classical context [84-87], where the
counterintuitive phenomenon of an enhacement of the lifetime of a metastable state at
appropriate noise intensity occurs. This effect is called noise enhanced stability (NES).
Considering the dynamics of the particle starting in a localized nonequilibrium state, in
a strongly biased (static) potential, and introducing a suitable definition of escape time
in the quantum context, we obtained a result which can be considered a quantum version
of the NES. Specifically we found a non-monotonicity of the escape time with respect to
both the damping strength (a peak followed by a rapid fall-off of the escape time at a
critical damping strength) and the temperature (a resonant minimum). The finding that
the environment can have a positive role in the enhancement of the lifetime of a metastable
quantum state is the main result of Chap. 5.

The study of multi-state bistable systems in the general case of arbitrary bias and
number of levels within the path integral technique is at present limited to the strong
coupling regime. This is because, at low temperature/weak coupling the clusters start to
contribute and the path integral becomes intractable, as already pointed out for the DDS.
However in general, contrary to the DDS case, one cannot rely on a sharp separation of
the time scales of the dynamics. For this reason it may be useful to find a weak coupling
path integral scheme for the DDS, to be possibly suitable for further approximations or
to be used for dealing with some other specific multi-state system in the weak or, at least,
intermediate coupling regime.
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Appendix A

Numerical scheme for the GME

The following numerical schemes are applied independently of the particular approxima-
tion used for the kernels of the generalized master equation.

GME for the TLS

We use a simple implicit scheme for integrating the GME for the population difference
t
P(t) = / dt! [K(+)(t, )Pt + KO (¢, t’)} . (A1)
0

We denote the time dependencies by discrete indexes: P; = P(iAt) and K; j = K (iAt, jAt).
Using the forward finite difference for the derivative and the trapezoid rule for the integral,
Eq. (A.1) becomes

1 (-)
AL AtZ[ z+1]P+K+1]

A
T [KZ(JF% ofo + K(+1) o™t K(+1) i1 Pit1 + Kz(-i-% H—l}

so that we can express the population difference at time (i + 1)At in terms of the same
quantity at previous times

At B
P = (1- SR

a3 (i3, |
j=1

(At)* /o (+ -
P+ 2 (Ki(—i-l),OPO + Kz(—&-% o™t Ki(+%,i+1)

GME for multi-state systems

We integrate the master equation for the populations of the M-state system (M > 2) using
a generalization of the method employed for the TLS population difference. In this case
however, the implicit method requires a matrix inversion at every time step. The master

107



108 APPENDIX A. NUMERICAL SCHEME FOR THE GME

equation reads
M
pu,u(t) = Z/ dt/KwJ(tut/)puu(t/).
v=1 0

Using vector notation
) t
o) = [ dexe i), (A.2)
0

where K is the M x M kernel matrix and g = (p11,...,pmum) is the M-dimensional
population vector.

As for the TLS, we use forward finite difference, trapezoid rule and discrete time
indexes. Thus Eq. (A.2) becomes

1. : LAt ; q
Ag (Pirr = pi) = ALY Ky + — [Kit1,000 + Kit1i410i1],

J=1

The solution at time (¢ + 1)At in terms of the populations at previous times is

—

- -1
Pi+1 = Mz‘+1Cz‘;

where Ap2
t
M1 =1- ( 2) Kit1i+1
L (A2 } d i}
Ci = pi + (Q)Kzurl,opo + (At)? Z Kit1,50;-

j=1



Appendix B

n = 2 influence functions

Exact n = 2 symmetric influence function

S BYEY =exp(—S(m) — S(r)) cos(Xa,1)
&1,&2==1

X [cosh(AgJ) cos(X1,0) cos(Xa,0) cos(ery) cos(eTa)

+ Sinh(AQJ) COS(XL(]) COS(XZyO) Sin(ETl) Sin(GTg)

+ sinh(Ag 1) sin(X o) sin(X2,0) cos(ery) cos(ety)
+ cosh(Ag 1) sin(X1 0) sin(Xs o) sin(ery) sin(erg)] .

) )

Approximated form (Ag; and Xz to first order in )

Z BéS)FQ("') ~exp(—S(1) — S(72)) cos(X2,1)
§1,62==1

X | cos(X1,0) cos(ery) cos(ery)
+ Ao 1 cos(X7 o) sin(er) sin(ers)

+ X5 0sin(X7 o) sin(er ) sin(ers) |.
Irreducible approximated symmetric influence function

3 BT ~exp(—S(r1) — S(r2)) cos(Xa.1)
£1,82==1

X | Ag 1 cos(X1 ) sin(ery) sin(ets)

+ X5 0sin(X1 o) sin(er ) sin(ers)|.
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Exact n = 2 antisymmetric influence function

> BYET =exp(=S(n) — S(72) cos(Xa)
§1,62==+1

x | cosh(Ag1)sin(X1,9) cos(Xa,) sin(ery) cos(ems)

+ cosh(Ag 1) cos(X1,0) sin(Xa,0) cos(ery) sin(ers)
— sinh(Ag,1) cos(X1,0) sin(Xz,0) sin(ery) cos(e)

— sinh(Ag 1) sin(X7 o) cos(X2,0) cos(ery ) sin(ets) |-

) ) )

Approximated form (Ag; and X5 to first order in )

" BYFET ~exp(—S(r1) — S(r2)) cos(X21)
51752::|:1

X [sin(XLo) sin(ery) cos(ems)
+ X5 0cos(Xq,0) cos(ery) sin(ery)

— Ay sin(Xy ) cos(ery) sin(erg)} .
Irreducible approximated antisymmetric influence function

3 B E ~exp(—S(m) — S(72)) cos(Xa1)
£1,862==+1

X |:X2,0 cos(X1,0) cos(ery ) sin(ems)

— Ag,l SiIl(XLQ) COS(€7'1) Sin(E’Tg)] .

For n > 2 it is convenent to expand the b — b and b — s terms to the 1% order in 7,
then to get rid of all the possible reducible contributions and finally sum over the £’s.



Appendix C

Propagator in Laplace space

First we give the expressions for the blip times 7 and the sojourn times o

Tj =12y —l2j—1
05 = l2j4+1 — t2;.

The approximation on the paths made in Sec. 4.1.1 implies that, if p(t9) = |Q;)(Q;|, then
each path contributing to the population pgr(t) has an even number 2n of transitions.
Consider the series of integrals

t ton t3 to
/ dtgn/ dtzn_l.../ dtQ/ dt;. (C.1)
to to to to

Using repeatedly the integral interchange rule

tir1 t; G+1 J+1
/ dtj/ dt; 1 :/ dtj 1 (C.2)
to to tj—

we can put Eq. (C.1) in the form

t
/ dtl/ dtg/ dts.. / dton—1 dton,
ton—2 ton—1
t—oo t—T1—09
:/ dO’o/ dTl/ dal...
0 0 0
FmTn Fomom 1
x/ danl/ dr,.
0 0

Notice that there is no integration over the last sojourn time, since it is fixed by the length
of the interval t =t — ;.

In passing to the Laplace space we note that t = o, +7,+- - -+7; +0¢. Using repeatedly
the rule [°dt [T dt' = [7°dt’ [° dt, we obtain

t t—i—Op_1
,Ct/ dog. .. / dm,
0 0

00 ot t——0Op—1

= / die= / dog ... / dry, (C.3)
0 0 0

/ dane_’\(’"/ dTne_/\T".../ doge 0.

0 0 0
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Suppose that a path of the DDS with 2n transitions starts in the diagonal state (qo, qo)
and ends in the diagonal state (g, q). Suppose moreover that the path changes sublattice
M times. Specifically it passes from (qo,qo) to (q1,q1) making 2k; transitions in the
first sublattice, then passes from (g1, q1) to (g2, ¢2) making 2ko transitions in the second
sublattice and so on, with n = Z;V: 1 k;. Notice that the starting and arrival sites of
the sub-paths need not to be different. Due to the approximations made in Sec. 4.1, the
amplitude A for this path factorizes as

A(T1,01 ..., 0pn—1,Tn) = H Aj(Tf, ol ..., aij_l, Téj).
j=1
Here Tij (ag ) is the i-th blip (sojourn) in the j-th sublattice (see Fig. 4.4 and 4.5). Therefore
the Laplace transform of the multiple integral of the amplitude A is

t T—i—Op1 1 M
E/ dog . .. / drnA(T, - —
"Jo 0 R f:[

() Ly 0 ; . .
fjg\ ) :/O dnge AT /0 dag)e*’\a(J]Aj(wa--,Té.)

J

T T——0] _, .
J
:ET/ de.../ diA(Tl,...,T’gj),
0 0

with Ug playing the role of o, in Eq. (C.3): the integral over the sojourn times results in
the 1/ factors because none of the amplitudes depend on the initial or final sojourn time.
The full propagator from (qo, qo) to (g, q) is the sum over the paths

(C.4)

where

0 t
G(q,q,t; 90, qo, to) = Ogqo + Z/ Don{t;}A(to, ..., 1). (C.5)
=1%o

Exploiting the factorization of the amplitudes in this sum and extending the reasoning
made above for a single amplitude, the Laplace transform of the propagator is

G(4,4; 90, 403 A) = qqo Z Z H Bo1g () ”” (C.6)

ghr= Hgj}=Q1 =1

where, if ¢; # ¢;—1, the function K i_1q;(A) is the Laplace transform of

Kjja(t—t)= Z/ dta, /dt2
t/
X Z AL (g g,

pathSij
This, in turn, is the kernel that connects the populations of the states [¢j—1) and |¢;) in
the integro-differential equation [9, 60]

9 tog
Pa;q; (L) = Z / dt1 Kg; 1 (t — 1) pu(t)

I=gj_, 710

for the populations of the TLS {|¢;j—1), |¢j)} corresponding to the j-th sublattice {g;_1,¢;}.



Appendix D

Bloch-Redfield master equation

The energy representation of the DDS is given by the four energy eigenstates |u) satisfying
the equations
Hg|n) = hwy|n) (n=1,...,4).

We define
Wnm = Wnp — W and dnm = (n[cﬂm)

In the energy representation, to the first order in the coupling and under the assump-
tion that the memory time of the bath is short compared to the characteristic times in the
evolution of the density matrix (Markov approximation), the following master equation
can be derived [52] from the microscopical model given in Sec. 1.2

Pgm(t) = _iwnmpgm(t) + Z ﬁnm,klPkEl (t). (D.1)
kel

This is the Bloch-Redfield master equation. The Bloch-Redfield tensor is

Enm,kl = Qnk (le + le) + qim (an - Pnk)

= [Oknim (Quj + Pij) + Stmang (Qjk — Pji)] (D2)
j

where - o 7
Qnm = Qnm/ dT/ dw(wh)
0 0 g (D.3)
IBM —1WnmT
x coth (2> cos(wr)e” *“nm
and - o 7
Py = qnmwnm/ dT/ dw () Cos(wT)e_i“’”mT. (D.4)
0 0 wrh
To perform the integral over T we use
] N 1
/ dre™T = 7d(w) + iP—. (D.5)
0 w
Neglecting the principal value, which gives a frequency shift, we have
J (|wnm|) Bhlwnm|
Q q 5 cot 5 (D.6)
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e )
Po = 22008 o (D.7)
We notice that for wy;, >0
Qum = Pan = Qo+ P = 2,
while, for wy,, < 0,
J (|wnm|)

Qnm_an:an+PngQnm (n6(|wnm’)+1)

h

Here ng(wnm) is the expectation value of the number of bath excitations of energy hAwnm
at temperature T = (kgf) L.

Analytic solution in the full secular approximation

Setting pZ (t) = e~*wnm{t=t)g - (#), Eq. (D.1) becomes

Unm(t) = Z Enm,lenm,kl(t)Jkl(t)a (DS)
Kl
where Q. 11(t) = exp [i(wpm — wir) (t — to)]. We have o(tg) = p(to).
The full secular approzimation (FSA) consists in neglecting the terms in the master
equation for which w;,, — w.y # 0. Mathematically this condition reads

Quwi)\ (t) — (&{ué)\y + 55)\6uu) Quwﬁ)\ (t)

In the FSA the equations for the diagonal elements decouple from those for the non-
diagonal elements of o.

Specifically, the dynamics of o(t) is given by a master equation for the diagonal el-
ements and a set of independent equations for the non-diagonal elements. The master
equation for the diagonal elements reads

Unn(t) = Z Enn,kkakk(t)’ (Dg)
k

where, for n # k,
Enn,kk = Qnk (an + Pkm) + Qin (an - Pnk)
and Lnpn=— ) Lin.
The solution of Eq. (D.9) is

Onn(t) = Z Snieki(t_to)(s_l)ijgjj (o),
ij

where S is the transformation that diagonalizes the matrix L,; = Ly, and ); are the
eigenvalues. From the definition of o(t) we have pZ (t) = ().
The uncoupled equations for the non-diagonal elements of o(t) are

Onm (t) = _Enm,nmo'nm(t) (DlO)
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with
Enm,nm :(an - Qmm) [an - Pnn - (Qmm + Pmm)]

+ 3 Gim(Qumj + Pnj) + Y 4nj(Qjn — Pjn).-
j#m j#n
In our specific problem, due to the symmetry of the potential, the diagonal matrix elements
qi; of the position operator in the energy representation vanish.
The solutions of Eq. (D.10) are

Unm(t) = e_ﬁnm’nm(t_to)o'nm(t0>a
so that the non-diagonal elements of the density matrix in the energy representation are

p7EL‘m (t) — e_iwnnL (t_tO)e_['Twn,nnL (t_tO)pEm (to) .

Once the solution for p(¢) in the energy basis {|n)} is known, to pass to the DVR basis
{lg;j)} it is sufficient to perform the transformation

pDVE@) = Tupl(t)T],,
ij

where T3; = (i|g;).
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Appendix E

VR-WIBA kernels

The gNIBA kernels connecting the populations of the states |g;) and |g;) in Eq. (4.17) are
the modified versions of the TLS NIBA kernels

K]‘Z]N(t) = QA%je_qI%jQ/(t) P (ijt + ql%jQ”(t)) (El)

where
<Qk: |Hslg;)

= ( ax|Hslar) — qg|ﬁs\qg'>)
= (g — 4j)*

In the VR-WIBA scheme we use these expressions only if ¢ and g; belong to different

wells.
If g1, and ¢; belong to the same well, we use the modified TLS WIBA kernels (see

Ref. [59]) K,E/].Rw(t) = K;ZN(t) + K,ng(t). The beyond-gNIBA correction is

=7 2 !
KBgN / dT/ - quj (T)—a3; Q' (")

X sin ekj )cos(qk]Q (1 ))pkz] (t—7—1 ) (E.2)
x[q; X (t,7") cos(ex; ™ + Q" (7))
_qijA(t, T, T) sin(eij + qszH(T))]?

where
At, 7, ) =Q ) +QUt—-7-7)-Q(t—-1)-Q'(t -7
and
Xt ) =Q"(t)-Q"(t—1).
In the calculations the function @Q'(t) and Q" (t) are taken in the form of Eq. (2.62).
The functions py; obey the equations

o) = [ a0~ iy (0)
with initial condition py;(0) = 1 and kernel
K,i\][.’(ﬂ (1) = —4Azje_q'3jQ/(T) cos(€ex;T) cos(q,%jQ”(T)).
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Note that, by the symmetry of the problem, the four functions pi2, p21, p34 and pys are the
same for the symmetric DDS.
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