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Abstract

We study the concept of heat and work in quantum thermodynamics. Our analysis fo-
cuses on overdamped quantum systems, specifically investigating the currents in two magnet-
ically coupled quantum RLC circuits. We derive an analytical expression for the heat current
between two damped quantum oscillators, which are in contact with local thermal baths at
different temperatures. By exploiting the time scale separation inherent in the overdamped
regime, our analysis separates the total heat current into classical and quantum contributions,
without relying on conventional weak coupling and Markovian approximations. Interest-
ingly, our study reveals the persistence of non-trivial quantum corrections even when the
temperatures greatly exceed the frequency scale relevant to the system’s overdamped dy-
namics.

Building upon this, we extend our investigation to non-linear quantum circuits involving
superconducting qubits. We provide a detailed description of how the Josephson junction
can be manipulated to function as a qubit. Subsequently, we discuss the interaction between
these qubits and demonstrate that, in the regime of strong coupling, Feynman path integral
techniques are necessary when connecting the qubits to the environment.

In the context of quantum electronic circuits, we examine the dynamical Casimir ef-
fect, which involves cavities interrupted by a superconducting quantum interference device
(SQUID). By quantizing the degrees of freedom of the SQUID, we obtain a three-body inter-
action Hamiltonian. We show that this interaction can be reduced to a quantum autonomous
refrigerator.

Furthermore, we explore the statistics of work in closed quantum systems. By introduc-
ing a modified version of the Keldysh contour, we construct a consistent perturbation expan-
sion of the moment generating function (MGF) for work that satisfies fluctuation theorems
(FT) at all orders of the expansion. Additionally, we extend standard diagrammatic tech-
niques to compute work MGFs and demonstrate that these contributions can be combined to
obtain a general expression for work statistics, represented as a sum of independent rescaled
Poisson processes. In this context, the FT can be understood as a detailed balance condition

that connects each Feynman diagram with its time-reversed counterpart. In the second part
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of our study, we investigate path integral approaches for calculating the MGF and explore the
influence of the choice of contour on the final form of the path integral action. Our analysis
reveals that using a symmetrized contour allows for a straightforward generalization of the
Keldysh rotation, enabling a semiclassical expansion of the work MGF. Finally, we lever-
age our findings to discuss a generalization of the detailed balance conditions at the level of

quantum trajectories.
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Chapter 1

Introduction

Quantum thermodynamics has been the subject of extensive research for more than two
decades. Similar to the thermodynamics of classical systems, the concepts of exchanged
work and heat are central parameters that need to be extended to the quantum regime. In fact,
heat arises from the interaction of the system with its surrounding environment. One imme-
diately realizes that heat can be interpreted as a source of noise in the system. In quantum
information processing, one of the most undesirable but unavoidable issues is the presence of
environmental noise and dissipation [43]. Therefore, it is essential to understand and control
noise in quantum systems.

To analyze heat currents, one needs access to the dynamics of the dissipative system.
In classical non-equilibrium systems, this is achieved by using Langevin and Fokker-Planck
equations [93], which describe the time evolution of the probability distribution function of
a system subject to drag forces or dissipation. However, these equations are not applicable
in the quantum regime. Obtaining tractable descriptions for the reduced dynamics of open
quantum systems is generally only possible for weak coupling between the system and the
environment. This is accomplished by deriving quantum master equations, such as the well-
known Gorini-Kossakowski-Sudarshan-Lindblad equation [75].

In most quantum information tasks, the coupling between the system and the environment
is weak, making quantum master equations a fruitful tool to describe heat currents in such
systems. However, the regime of strong dissipation can still lead to the understanding of
interesting emergent processes in the dynamics of the system. Recent efforts in stochastic
and quantum thermodynamics have therefore focused on understanding the effects of strong
coupling in both equilibrium and non-equilibrium settings [31, 30, 32, 10, 14, 64, 98, 40, 85,
13, 28, 52, 104]. Interestingly, it has been shown that in the overdamped limit, where strong
friction induces a time scale separation, with the momentum degree of freedom relaxing

much faster than the position degree of freedom, one can obtain the quantum version of the
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Smoluchowski equation using path integral techniques [83, 6, 26]. Therefore, analyzing the
behavior of heat currents in this regime becomes a compelling task.

Work, on the other hand, is the result of an imposed external drive on the system of in-
terest. This can be translated into explicit time dependence in the Hamiltonian of the system,
which drives it out of equilibrium [108, 107]. This can indeed be interpreted as a useful form
of energy that can be utilized for specific quantum information tasks. For instance, one can
store work in quantum batteries and then use it later to create entanglement among atoms [3,
59, 18]. Therefore, understanding the behavior of work in closed and open quantum systems
will be essential for both theoretical and practical reasons.

In this thesis, we analyze both heat and work. We first study the heat currents in the
overdamped regime. We explore the overdamped limit of a quantum system in contact with
a non-equilibrium environment, where the system simultaneously interacts with two thermal
baths at different temperatures. Specifically, the system of interest is an electrical circuit
composed of two parallel RLC circuits coupled by a mutual inductance, where the resistors
represent the thermal baths into which energy can be dissipated. In this case, the nonequi-
librium stationary state reached by the system results in heat flowing from the hot to the
cold resistor. The properties of this heat current in the overdamped limit, where dissipation
dominates, are of interest and can be achieved. The heat current can be split into classical
and quantum contributions, and analytical expressions for both contributions can be obtained
for linear systems such as this one [78, 39]. Moreover, we provide a detailed analysis of
the behavior of the heat currents in different regimes, taking into account non-Markovian
effects. Interestingly, the quantum corrections to the heat current do not necessarily vanish
even when both temperatures are high with respect to the slow frequency scale, with the
surviving quantum corrections depending logarithmically on the temperatures.

Afterward, we also consider non-linear quantum systems where one needs to rely on path
integral techniques to find an analytical solution for the heat currents. We study supercon-
ducting qubits in contact with their environments as the non-linear system and outline the
approach one might take to analyze the interaction in detail. We comment on the fact that,
for a non-equilibrium situation where a single qubit is in contact with two thermal baths
at different temperatures, an analytical solution can be obtained. However, as the number
of qubits increases, along with internal interactions among them, the calculations become
significantly more challenging, and numerical solutions become necessary.

In the next chapter, we expand the analysis of the quantum RLC circuit to study systems

of cavities that are connected via a Superconducting Quantum Interference Device (SQID).
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This setup is similar to the study of the dynamical Casimir effect in [34, 116] and the usual
transmission lines interrupted by SQUIDs. However, in those studies, the degrees of freedom
of the SQUIDs are not quantized, and they typically act as an external drive in the system.
Nevertheless, we show that by quantizing the SQUID, one can obtain a three-body interac-
tion term within the Hamiltonian of the dynamical Casimir setup. We indicate that such a
form of interaction term can indeed be reduced to the Hamiltonian of a quantum absorption
refrigerator [54, 82, 80].

At the end, we shift our attention to the other main ingredient of quantum thermody-
namics, i.e., work. We investigate the work statistics of closed driven quantum systems by
calculating the moment generating functions (MGFs). In fact, by introducing a modification
of the Keldysh-Schwinger contour [66, 96, 60], we construct a perturbation of the MGF of
work that satisfies the fluctuation theorem (FT) [5, 4, 56, 29] at all perturbative orders. Addi-
tionally, the contour can be used to generalize the notion of Keldysh rotation [62] to the work
counting statistics case, introducing a new procedure to compute the semiclassical limit of
MGFs.

Moreover, we investigate the semiclassical limit of the work MGF. We generalize the
usual Feynman path integral technique [35] to the modified contour. A generalization of the
Keldysh rotation is considered, and it is proven that a convenient way to achieve this is to
introduce a symmetrization of the modified contour. After performing such a symmetrization,
procedures similar to those in [88, 86, 89, 27] are adapted to obtain a semiclassical expansion
of the MGF where we explicitly compute the zeroth (classical) order and the first quantum

correction to the work MGF.






Chapter 2

Heat current in quantum RLC

circuits

2.1 Introduction

This chapter concerns itself with the work that has been done in the paper Heat transport
in overdamped quantum systems [61]. In this work, we explored the overdamped limit of
a quantum system in contact with a non-equilibrium environment, where the system inter-
acts with two thermal baths at different temperatures. To study the system of interest, we
first describe the elements of quantum RLC circuits. Next, we incorporate dissipation by
modeling it with the Caldeira-Leggett model of the bath. Using this model, we derive the
Heisenberg equations of motion for the system and solve them by employing Green’s func-
tion techniques. Afterwards, we introduce the overdamped limit and obtain an exact analyti-
cal expression for the heat currents, which consist of classical and quantum contributions in
the overdamped regime. Finally, we extend our analysis to non-linear quantum systems by
investigating superconducting qubits. We demonstrate how qubits can be constructed using
Josephson junctions and how they can be made to interact with each other. Subsequently, we

analyze heat currents in these systems using Feynman path integral techniques.

2.2 Quantization of LC circuit

The idea of a quantum electric circuit is based on the notion that certain variables of the
circuit can capture the collective behavior of its microscopic degrees of freedom. In order to

quantize these variables, two specific conditions must be satisfied:

1. The temperature of the system should be much smaller than the natural frequency of

the system, i.e., kT < hwy.
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X

FIGURE 2.1: A SQUID ring consists of a Josephson junction (JJ) and a
superconducting ring with inductance L. ®, represents the external applied
flux to the ring.

2. The width of the energy levels must be smaller than their separations.

One example that satisfies these conditions is a superconducting interference device (SQUID),
which consists of a superconducting ring interrupted by a Josephson junction. It has been
suggested that using this device, one can observe quantum tunneling from a metastable state
to a more stable state [17]. The collective macroscopic degree of freedom that describes the
system is the trapped flux @ in the ring. The potential energy of the SQUID ring represented
in Fig 2.1 can be written as

(® — D)2

U(®) = 5]

— [ Dycos(2td/ Dy), 2.1

where L represents the self-inductance of the ring, I, denotes the critical current of the
Josephson Junction, @ represents the flux quantum, and @, corresponds to the external flux
passing through the ring, which we have control over. If the parameters satisfy 27tLIc /P >
1, we can adjust @, in a way that allows U (P) to possess at least one metastable state. There-
fore, there is a possibility of observing flux tunneling through the barrier at a temperature of
T = 0. To elaborate, if the system is initially located inside the metastable state 1;,, at time
to, we can observe the system in the state outside the barrier ¥, at a later time f;. However,
due to the strong interaction between the system and the environment, the superposition state
¢ = a;, + by, may not be observable.

Having motivated our topic, we proceed to quantize a simple LC circuit. We begin by
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discussing the Hamiltonian formulation of a classical LC circuit. One approach to justify this
Hamiltonian is to utilize the Lagrangian of the system and perform a Legendre transformation
to derive the corresponding Hamiltonian. To begin, we consider an LC circuit (shown in
Fig. 2.2) comprising an inductance L and a capacitor C. By applying Kirchhoff’s circuit

laws, which govern voltages and currents, we obtain the following equations:

VL =V¢ (2.2)

ic + 1 =0, (2.3)

where V} /¢ represents the voltages across the inductance and capacitance, respectively, while
i /¢ denotes the currents flowing through these circuit elements. Using the relation between
the voltages we can write

q o
c=9 (2.4)

where ¢ is the flux inside the inductance and g is the charge stored in the capacitor. Above

relation between charges and fluxes together with Kirchhoff’s current law will result in
g+2 —o, 2.5)

which is the equation of motion for the circuit. This can be shown that, the above equation
of motion is associated with the Euler-Lagrange equation of motion. In fact, if we use the

definition of the Lagrangian of the system we will have

o ouZlep P
L=T-U= 2C4> Tk (2.6)
We can see
oL
q= 874), (2.7)

which plays the role of the conjugate momentum. Now employing Legendre transformation
we will have

Hegp—L= et & (2.8)
q 2 2L '

Replacing g = C¢ in the above Hamiltonian we have

2 2
P A (2.9)
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FIGURE 2.2: The LC circuit involves an inductance L, where the flux is de-

noted by ¢. The voltage across the inductance and capacitance is represented

by V1, and Vi, respectively. The currents passing through the inductance and
capacitance are denoted as iy and ic.

Using the Hamilton equations of motions we obtain

oH
-%
. 0H
P =%

q= (2.10)

2.11)

By solving the above equations, we can derive the equation of motion for the flux in the
circuit, which is analogous to that of a harmonic oscillator. To quantize the LC circuit, we
must replace the classical variables in the Hamiltonian (2.9) with their quantum counterparts.

In other words, the Poisson bracket of the flux and charge in the circuit will be replaced by

dpoq 99 9
qr = 575, =1 2.12
As shown by Dirac the value of a classical Poisson bracket imposes its corresponding quan-

tum commutator

1..
9.9} — = 1¢,4]- (2.13)

Thus, we can observe that the transfer of the classical Hamiltonian into its quantum version is
supported by the uncertainty relation between flux and charge variables, as they correspond
to position and momentum, respectively.

After quantizing the LC circuit, we aim to take it one step further by introducing dissipa-
tion into the aforementioned quantum circuit. Specifically, we include a resistor R in parallel
to the existing circuit. However, the addition of a resistor leads to an irreversible time evo-

lution of the system, which cannot be described by Hamilton’s time-reversible equations of



2.3. Caldeira-Leggett model and dissipation 9

*— Z(w) —

L, I3 L,
Bl

Gy Gy €,

FIGURE 2.3: The Caldeira-Leggett model for Impedance.

motion. To address this issue, we employ the Caldeira-Leggett model of dissipation for sys-
tems interacting with the environment. In this model, the LC circuit acts as the system, while

the resistor functions as the environment.

2.3 Caldeira-Leggett model and dissipation

In this section, we employ the Caldeira-Leggett model of resistors[25] to elucidate the role of
dissipation in the quantum LC circuit. Essentially, the Caldeira-Leggett model replaces the
resistor (impedance) in an RLC circuit with an infinite series of harmonic oscillators arranged
in the form of an LC circuit in Fig. 2.3. If we write the electric impedance of each elements

of parallel LC circuits we have

Z1, =jwL, (2.14)
1

— , 2.1

26, =70t (2.15)

Despite the pure imaginary impedance of the capacitor and inductance, the series LC circuit

has a real part in impedance. In fact

j 1 1
- 2.1
2C, <w—wp+w+wp>’ (2.16)

L__ Before we obtain the real part of the above result, we need to go back

VLG

to the definition of impedance which is responsible for the voltage response when a current

where wy =
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Y(o)| ©

FIGURE 2.4: The Caldeira-Leggett model for Admittance.

is applied to the system
wn:/’za—ﬂuﬂﬁ. 2.17)

Above relation must show the causality between the input (I(7)) and the output (V' (¢)), thus,
we should have Z(t) = 0 for all + < 0. Going back to (2.16), we need to make sure that
Z,(w) is analytic in the upper half plane so that its Fourier transformation Z,(t) remains

causal. That said, we shift the poles of the Z,(w) slightly into the lower half plane by

introducing w — w + je. Then we can use the identity xjje = PV(1) — jmé(x). Hence,

we have,

- 1 1
Z =1
p) el—r>r(1)2Cp (w—wp+je+w+wp+je>

= —Z, {pr[é(w —wp) + 0w + wp)] + % [PV(wcjpwp) + PV(wipwp)] } /

(2.18)

where Zy, = %, and we set it equal to the resistance of the corresponding RLC circuit.
The total resistance of this model will be the sum of all LC circuits.

Alternatively, one can also model the admittance in terms of an infinite series of LC
circuits (see Fig. 2.4). In fact, admittance Y represents the inverse of the impedance of an
electrical circuit, which governs the current response when a voltage is applied to the system

uo:/myu—ﬂvuwu 2.19)

—o0

which is again causal in the sense that Y(t) = 0 for all + < 0. We can follow the same
procedure that we had for modelling the impedance, however, with a modified series of LC

circuit. Fig. 2.4 shows that, in contrast with the modelling of impedance, we need to use an
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infinite series of parallel LC circuits. Thus, we have

1 1 -1
Y(w) = + 2.20
(@) (nm«u) ch(w)> (220
where
Yc, =jwCp (2.21)
1
Yy, =l (2.22)

are the admittance of the capacitor and inductance of the m-th LC circuit, respectively. Since

each circuit is a parallel LC circuit, the impedance would be Z,, = Z; + Zc,, so that the

m?

total admittance of each LC circuit would become 1/Y;, = 1/Yr,, +1/Yc,. Hence, we

have

Ym(w):—2£m< LI ) (2.23)

w—wy w4 wy

Following the same arguments that we used to obtain (2.18), we have

Y (w) = lim —J ( ! + ! )

e=02Ly \w —wpy +je  w+wy+je

_ZT)P 2 2 W — Wy w + Wy
(2.24)

o {nwm[é(w_wm)+5(w+wm)]+f{pv( “in_y 4 py(—m )]}

Therefore, we observed that both the impedance and admittance of a series of LC circuits
will exhibit dissipation through their real parts. This observation is helpful in understanding
the influence that such an element will have on the rest of the circuit. In that regard, the idea
of the Caldeira-Leggett model is to replace the resistor in a circuit with large number of LC
harmonic oscillators. Thus, we can express the Hamiltonian of the model by utilizing the La-
grangian of the system. To streamline the process, we derive the Lagrangian for the simplified
circuit illustrated in Fig. 2.5, making it straightforward to extend it to the Caldeira-Leggett
model. In Fig. 2.5, the flux variables ® and ¢ represent the node variables. Specifically, the
node flux is defined as the integral of the voltage over the path connecting the node and the
ground. For instance, in our example shown in Fig. 2.5, integrating the total voltage between

the node ¢; and the ground would yield the following result:

$1 = Ve, + Ve = Vo (2.25)
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—— e ———

FIGURE 2.5: A simplified circuit.

where V, is the voltage of the capacitance Cy and Vg = 0 is the earth voltage. Therefore, we
are relating the voltage of the capacitance to our node flux variable. Calculating the voltage

between the node ® and the ground we will obtain

D = / pr dt + / Prdt. (2.26)

Hence,

¢r, = P — 1. (2.27)

By the same method we find that ¢y = ® and using Kirchhoff’s circuit laws we may write
Ve =V, (2.28)

where V¢ and V. are the voltages associated with the capacitance and inductance C and L,

respectively. Thus, we have
gc = Co. (2.29)

According to Kirchhoff’s current Law, the sum of all currents passing thorough the node ®

is zero. Hence,

iL = ic + i, (2.30)
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where iy, ic and iy, are the currents passing through L, C and L1, respectively. Using (2.30)

and (2.29), we have

p- . @
A +CP = I 2.31)
—-d ..
. (2.32)

which they exhibit the equation of motion for this circuit. With that in hand, we can write the

corresponding Lagrangian as

1o 1, @ (@)

With the Lagrangian at our disposal, we can employ the Legendre transformation to compute
the Hamiltonian. By substituting g = Cd and g1 = Ci¢y into the Lagrangian, we can
express the Hamiltonian as follows:
2 2 2 2
q o, P (1 —P)
H=1_ 4+ 17 4= ) 2.34

2C + 2Cy + 2L + 2L, (2.34)
In this example, if we disregard the presence of inductance and capacitance on the left-hand
side and solely focus on their existence at the corresponding flux node ®, our Lagrangian
and, consequently, the Hamiltonian will solely depend on C; and L. Thus, for the general
scenario involving a large number of LC circuits, the Hamiltonian can be expressed as

_ q>)2
L !

2
T (¢Pm
H; = + (2.35)
; 2Cy, 2

where @ is the flux corresponds to the other terminal of the admittance. Indeed, we will see

that it plays the role of the interaction between the dissipative part and the LC circuit.
Having modelled the dissipation in the LC circuit in terms of impedance and admittance,
we are at the position to calculate the fluctuations in charge and flux variable of the circuit

which can be obtained using the Hamiltonian of the Caldeira-Leggett model.

2.4 Fluctuations and dissipation

In the presence of dissipation, considering a damped LC circuit as shown in Fig. 2.6, we

will employ equation (2.35) to calculate the fluctuations in the system variables. The total
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FIGURE 2.6: A damped LC circuit.

Hamiltonian of the circuit will be

2 2 2 2
H=¢ T Y ch’”m + ((szl;f) . (2.36)
Prior to computing the fluctuation relations for the entire circuit, our initial focus is on the
dissipative component. If we were to exclude the dissipative part, we would be left with
an infinite series of LC circuits (& = 0 in (2.35)). In this context, we assume that all the
harmonic oscillators are in a thermal state with a temperature of 1/ = T. Consequently,
we can determine the correlation function of the overall flux and charge within the circuit.

First of all we write the Hamiltonian in terms of ladder operators

hZ.,

Pm =\ =5~ (am + al) 2.37)
1/ n
G =1/ 57 (am = al,) (2.38)
1
_ + 1
H; = ;hwm(amam + 2). (2.39)

Since all the oscillators are independent, we can find the time evolution of the charge and

flux variables at time ¢.

dpm i qm
. [(P , Hd] c (2.40)
It E[qm/Hd] c (2.41)
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Hence, for the flux and charge variables we have

—M (atelwnt 4 ge~ivmt) (2.42)

=
3
=
I
N

7 .
gn(t) =\ 57 ———(afe'mt 4 ge=iwnty, (2.43)
m

Writing Kirchhoff’s laws for Fig. 2.6 we can see that the the voltage across all series LC
circuits are equal while the total current i will be the sum of all currents i,, passing thorough

each LC circuit. In other words we have
i=)Y i (2.44)
m

Thus, for the charges we can write

=Y qm. (2.45)

Now, we can calculate the correlation function for the total charge in the circuit as

(9(£)q(0)) =Y (qm(t)qm(0))

m

h . ,
= ¥ 57— ((anal)e " + (ahan)eort)
m m

= ;221; [coth (,37;(0) — 1] e iwomt 4 5 [coth (’BZ > + 1] elont
= ;th J:odwci(é (w—wp)+ 0 (w+ wp)) [coth (/37; > +1] e it
= ;2}; /;Oo dww [coth </32w> + 1] Re(Yy(w))e !
= ;;T /:o dw% [coth <ﬁ7; ) + 1] e(Y(w))e @, (2.46)

where in the forth line we used the real values of Yy, (Re(Yy,)) in (2.24). To obtain the
correlation functions for the flux variable, one needs to change the circuit for the dissipative
part to the one in Fig. 2.3 where we have a collection of parallel LC circuits. For that circuit,
all currents are equal while the total voltage is the sum over voltages in each LC circuit such

that

V=) V. (2.47)

m
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Thus, for the fluxes (V = 4}) we can write

¢=) Pu (2.48)

Using the same steps we employed to calculate charge fluctuations, we can find the correla-

tion function for the total flux in the circuit as

{(£)9(0)) =;<4’m(f)¢m(0)>
:;hgm ((ama;r1>e_iw’"t + <a+mam>ei“’"’t)
_n /+OO da); {coth <’8 w) + 1} Re(Z(w))e ™, (2.49)

27T

where we have used Re(Z,,) as the real part of the impedance. As we can see, equations
(2.46) and (2.49) show the connection between fluctuations and the impedance or admittance
in the circuit, hence they are called fluctuation-dissipation relations.

Returning to the circuit depicted in Fig. 2.6, our goal is to derive the correlation functions
for the flux and charge variables. To achieve this, we must solve the Heisenberg equations
of motion for the flux and charge variables using the Hamiltonian given in (2.36). How-
ever, there exists an alternative method to determine the correlation functions by utilizing the
fluctuation-dissipation relation. In this approach, we treat the entire circuit shown in Fig. 2.6

as a dissipative element with an impedance Z(w), which is defined as follows:

1
Z(w) = (2.50)
]Lw +jCw + Y(w)

Conservation of flux would also tell us that the flux ¢ through the dissipative part is equal to
the flux @ through the inductance of the system. Then using equation (2.49) we will replace

the real value of (2.50) with Y (w) inside that equation. Thus, at time t = 0 we have

Y(w)
R(Z(w)) =
(Z()) Y2(w) + (Cw — )2
4,212
:yzLszwg + w* + w§ — 2w2w}
_ Z3w?wiY (w) 2.51)

(w? — wg)z + ZZwiw?Y (w)?
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where we have used the relation Zy = \/% and wg = \/% Replacing (2.51) in (2.49) we
will eventually have
hZo [+ ZowwlY h
(@?) = 120 Skt (@) coth (ﬁ “’) dw. (2.52)
2 Jeo (w2 = w})” + 22k (w)? 2

The above result is valid with any choice of admittance Y (w). Nevertheless, one should also
be able to obtain the same result by solving the Caldeira-Leggett Hamiltonian (2.36). In the

following subsection we will explicitly delineate this approach.

2.4.1 The Caldeira-Leggett model and fluctuations

The Hamiltonian (2.36) can be written in the alternative form as

H=0 +Z +Z 4”” —Zicp ¢ (2.53)
2L 2C 2L, Ly '

This Hamiltonian describes a harmonic oscillator interacting with a large number of harmonic
oscillators (denoted by m), which serve as the degrees of freedom for the bath. The final term
in the Hamiltonian explicitly represents the interaction between the system and the bath,
which takes a bilinear form in terms of the flux operators of the interacting quantum systems.
The coupling constant between the m-th oscillator of the bath and the system is given by L%,

To solve this Hamiltonian, we utilize the Heisenberg equations of motion for both the

system and bath variables. By doing so, we obtain

d 1 d 1

‘Zit) =4, Zl(:) = ;—mqu(t) - % - ;ﬁ; (2.54)
dpn(t) 1 dgn(t) 1 1

TR m(t), ek —m%(t) +E¢(t) (2.55)

Taking the derivation of the above equations for ¢ and ¢, with respect to ¢ and replacing the

reciprocal momenta g and g, we reach the equation of motion for ¢ as

) ¢ _
dt2 +/ (t— )2 2df + 7= —7(¢(0) + F, (2.56)
where
1
Y(t) = }; T cos(wmt), (2.57)
and
F =Y Liqam (0) cos(@nt) + W (0) sin(wnt). (2.58)
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v(t), known as the memory kernel, incorporates the influence of the system’s history on
its dynamics. In the case of Markovian dynamics, this memory kernel assumes the form
of the Dirac delta function, which effectively separates the initial information of the system
from its subsequent dynamics (yielding a memoryless kernel). Additionally, F represents a
fluctuating force arising from the interaction between the system and the bath. The behavior
of this force depends on the initial values of the bath variables.

Using the equation (2.56), we can find the flux variable at time ¢, which allows us to
calculate its correlation function. To solve the equation of motion, we perform a Laplace

transform on (2.56), yielding

oo —st
/o dte ( i /

dt+> /dte —y(B)p(0) + F).

(2.59)

In order to address the assumption that the term -y ()¢ (0) vanishes in the long-time limit,
we can incorporate this term into the fluctuating force F. Consequently, we assume that all
oscillators of the bath are in equilibrium around the point ¢(0)[15, 112]. This implies that

the initial state of the bath is a thermal state centered around ¢, such that

Pbatn(0) = Z texp (Z ;L(Z(O) ! ) : (2.60)

Hence, we can still recover the fact that the average of the shifted fluctuating force, F(t) =

—v(t)$(0) + F(t), is still zero. With that in mind we have

<C52 + Csy(s) + i) ¢(s) = F(s), (2.61)

where we have used L[h(7)g(t — 7)] = H(s)G(s) where H(s) and G(s) are the Laplace

transform of their reciprocal functions. Hence, we have

(](,U—I—O') —(jw+o)t
00=¢ | Garors e ton (o +0) +

dw. (2.62)

We have replaced s — (jw + ) in order to take the inverse Laplace transform. To solve

the above integral, we choose the real axes ¢ = 0 and the integration will be done along the
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imaginary axis jw. For t = 0 we can calculate the correlation function (¢?) such that

R B Y (F(jw)F(jw')) deode!
)= C2 /_oo /_oo (—w? + jwy(jw) + W) (—w? + jw'y(jw') + w}) e
(2.63)

Thus, we need to calculate the fluctuation in the force term F(t). According to (2.58) we can

write

F(jo) =3 {2 nl0) (0 = ) + dleom + )

— jomun(0) (5w + @) — (wm — @) } (.64

Since (¢, (0)gm(0)) = 0, we will have

(F(jw)F(je'))
1

= 1 ¥ 1 (030)) (8(eom — @) + 5(wm + @) (8w — ) +3(cm + ')

—jIZwi(qzm(O» (6(wm + w) = 6(wm — w)) (6(wm + ') = 6(wm — ') . (2.65)

Also, for the fluctuation in flux and charge variables of the bath we already obtained

(#3,(0) =5 comn( P10 ) 266

2 )y =1t pheom
(0)) =55 cotn (5, 267

Replacing the above equations into (2.63) we have

coth(@)
(=i + jomy(jwm) + i) (=wh = jwomy(=jwn) + )

1 fiw?
2\ _ m

. (2.68)

We can change the sum into integral such that

2 wm (5(wm — @) + (W + w)) coth(%)
e 2/ Zn w (—w?+jwy(jw) + wi) (—w? — jwy(—jw) + w3)
(2.69)

Using (2.24) we have

ho oo wY (w )coth(ﬁhw)
2y
(97 = 2C2 loo dew (—w? + jwy(jw) + wi) (—w? — jwy(—jw) +wi)

(2.70)
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Replacing Z3w3 = é and y(jw) = ZowoY (jw) we will obtain

wY(w) coth(ﬁhTw)

h o]
2y 1
(99 = 2C2 /,oo dew (—w? + jwZowoY (jw) + W) (—w? — jwZowoY (jw) + wi)
Q.71)

Therefore, by employing the Caldeira-Leggett model, we can successfully reproduce the re-
sult obtained in equation (2.52) using the fluctuation-dissipation theorem. In the subsequent
section, we will utilize the aforementioned discussions on quantum RLC circuits and dissi-
pation to investigate heat currents in a system composed of two magnetically coupled RLC

circuits.

2.5 Two magnetically coupled RLC circuits

In this section, our objective is to derive the Hamiltonian describing two magnetically in-
teracting RLC circuits. By utilizing this Hamiltonian, we will determine the fluctuations in
relevant coordinates.

Before delving into the case of two coupled RLC circuits, let us first examine two simple
coupled circuits as depicted in Fig. 2.7. The coupling between the two circuits arises when
the flux produced in one circuit passes through the other circuit, generating current. Specif-
ically, we can define ¢; and ¢, as the total fluxes passing through the left and right circuits,
respectively. ¢11 and ¢oo represent the fluxes produced in inductances Ly and Ly, while ¢
and ¢, are the mutual fluxes passing through the circuits. Thus, we obtain the following

relations:

$1 =11 + P12 (2.72)

P2 =2 + Po1. (2.73)

Kirchhoft’s law for voltages would be written as

. diy .
01 = = leTl + 12 (2.74)

. di .
vy =g = de—f + ¢o1, (2.75)
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M
h ¢ T i
«
Cl —— Ll L2 ——— C2

FIGURE 2.7: Two magnetically coupled circuits [61].

where v1 and v, are the voltages associated with the two capacitances. For mutual flux ¢15 /21

we can write

_dprpdip dip
P2 =" ar =~ Mg

_dpydip dip
¢ =i, dt My T (2.76)

where Miy/51 = % is the mutual inductance between the two circuits and it can be
proved that M1, = Mjp; = M. To calculate the energy stored in the two coupled circuits, we
first assume that i, = 0 and 77 is increased up to an arbitrary value I;. Then the power stored

in the left circuit is

di
=011 = i1L1—. 2.77
p1 i =nlizy (2.77)
Next, we write the total energy as
L 1. 5
E1 = /pldt = / 11d11 = ELlll' (2.78)
0
Now, we assume that i1 = Ij is constant and we change i, from zero to I,. Since iy is

changing, the mutual voltage induced in the left circuit is Mdi,/dt and therefore the total

power would be
. diy iy di diy
p2 = v2lp + IlME = lzLQa + IlME 2.79)

Thus, the energy stored in the circuit will be

I I 1
E, — /pzdt :/ZiZdi2+I/ " Mdiy = 5LaB +MhD. (2.80)
0 0

The total energy of the inductance part of the circuit will be

1 1
Ei+E = §L1112 - 5L21§ + M©I. (2.81)
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)

Rl —— Ll Lz —— Rz
C1 G

FIGURE 2.8: Two magnetically coupled RLC circuits.

Adding the energy with respect to the capacitances to this energy we can write the Hamilto-

nian as

_ ‘71 ‘72
2C1 + 2C,

1, 1. .
+ Ele% + ELzl% + Miqip, (2.82)
where we have replaced arbitrary currents I; and I by i; and ip. We can see that M is playing
the role of the coupling constant between the two circuits. Now we can find the Hamiltonian
for two RLC circuits which are coupled by their mutual inductance (Fig. 2.8). We replace the
resistors with the series of LC circuits, and using the Caldeira-Leggett Hamiltonian we can
write
2
Lh 4+ 12 4’11 + [}
2C1 2C2 2L, 2L2

_ 2
my My my my

my,my

Omy /m, and Gy, /p, are the flux and charge variables of each LC circuit in the Caldeira-
Leggett representation of the resistors of the left and right circuits, respectively. Addition-
ally, Ly, /, represents the inductance and capacitance associated with the m-th LC circuit
in the model. To express the Hamiltonian in terms of the total fluxes passing through the

inductances (¢ and ¢»), we utilize equation (2.72). The fact that

. M
P12 =Mnoip = leth
2

) M
P21 =Mp1iy = le(ih, (2.84)

enables us to write

__ Ll M _
P =y L.l 4?2 g}

LiLy
¢ = M- LiL, <L1¢1 gbz). (2.85)
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Replacing the above relations into the Hamiltonian of the coupled circuits will yield

_ G g Ll (¢F ¢} M
3 P12
2C; 2C,  LiL,—M2 \2L; 2L, L4L,

Tm, ((Pml qmsy Qbmz _4)2)2
+Z <2Cm1 2L, > +Z <2Cm2 2L, ) . (2.80)

We can expand the terms inside the summations and write the Hamiltonian in terms of ma-

trices in the following closed form:

1 1
H, ziqT(t)C*1 (t) + fng(t)L*l(p(t) (2.87)
1 _
Hiun =1 508 (063 () + 59 (L1900 2.8
mt ZQD L (Ptxr (289)
$1 . .
Where, « = {1,2}, ¢ = , ¢o and g, are the vectors formed with the position and
¢2
momentum of the a-th bath. g = n . Ly and C, are N x N matrices while I:,;l isa2x N,
q2
- L L .. L _ 0 0 . 0
matrix. In fact Ll_1 = 2 N and Lz_l = .C=
0 0 .. 0 Ly1 Lx . Lon
-1 -1
,and L1 = + Yoo . Once we have obtained
0 C2 _M LZ O Li’l’lz

the form of the Hamiltonian H = Hs + Hpan + Hiy, We can analyze the fluctuations of the
variables in our system by solving the equations of motion. In the upcoming section, we will
delve into this topic extensively, discussing how these fluctuations can be associated with

heat currents.

2.6 Heat currents and the Green’s function method

Our main objective is to calculate the fluctuations in the system variables, which we have
achieved by solving the equation of motion for the flux variable (2.56) using Laplace trans-
form techniques. These fluctuations are crucial in determining the heat currents exchanged
between the system and the baths.

To illustrate this, we introduce the variance matrix that captures all possible fluctuations
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of the system variables. We will explicitly demonstrate the relationship between the covari-
ance matrix and the heat currents flowing to or from the baths. Finally, we will utilize the

Green’s function to compute the covariance matrix and, consequently, the heat currents.

2.6.1 Covariance matrix and heat currents

The elements of the covariance matrix ¢ contain all the correlation functions of the system

variables, i.e ¢ and g. For our system of interest, we first define the phase space variable

Z = , where ¢ and g are two vectors. The covariance matrix in terms of phase space

q

variable can be written as

o(t) = Re <<Z(t)Z(t)T>> —(Z(1)) <Z(t)T>, (2.90)

where expectation value of an operator A(t) is given by (A(t)) = Tr[A(#)p(0)], and p(0)
is the initial state of the total system. To justify the first term on r.h.s of (2.90) we calculate as
an example ¢*1P1 component of the covariance matrix. To do so, we need to consider that g
and ¢ do not commute. Consequently, we have to account for the ordering of these operators,

which results in the following expression:

lepl(t) — <‘P1(t)ql(t) Z_Q1(t)¢l(t)> _ <471(t)> <q1(t)> . (2.91)

However, for the first term, we can use the commutation relation between the momentum
¢1(f)q1(f);fh(f)4>1(t) _

and position ¢1(#)q1(t) — q1(t)¢p1(t) = ih and thus, we can write
w. Therefore, Re({(¢1(t)q1(t))) = <¢1(t)q1(t);ql(t)¢l(t)> which proves why we

can write (2.91) in terms of (2.90). To find the relation between the covariance matrix and

heat currents, we take the mean value of the Hamiltonian of the system H; which gives

(") + 5 (97O (). .92)

N =

(Hs) (t) =

Writing the above equation in terms of their matrices components we have

(H) (1) = TG (a 0a0) + 3 DL (ol 0gi0) . @93)
1,] 1]
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Using the definition of the covariance matrix (2.90) we have
1 —1_pp 1 -1 _xx
(Hs) () = 5 ) _Cyloi" () + 5 ) Ly " (1) (2.94)
i,f if

We can change the above sums over the matrix elements to the trace by inserting an identity

operator in the middle of each sum. In this way we obtain
1 -1 _.pp 1 -1 _xx
(H) () = 3Tr [c o (t)] + 5T [L 0 (t)] . (2.95)

Taking the derivative of the above relation we have

d _1 —1£ 1 —1£ XX
- (Ho) () = STr [c dta””(t)}+2Tr [L 0 (t)]. (2.96)

Before delving into the concept of heat, it is important to highlight a few points. In our system
Hamiltonian, L plays the role of potential energy and, in general, it can be time-dependent.
By varying L with time, we effectively exchange external work with our system. However, in
our specific model of interest, we assume L to be constant. As a result, the change in the total
energy of the system (2.96) corresponds solely to the heat exchange between the system and
the baths, which is directly connected to the change in the covariance matrix of the system.
To calculate the heat exchange, we require the covariance matrix. In the next subsec-
tion, we will demonstrate how we can express the covariance matrix in terms of the Green’s

function of the system.

2.6.2 The Green’s function approach

In the preceding section, we employed the Heisenberg equations of motion to describe the
dynamics of the system variables. We expressed the Heisenberg equations of motion (2.54)
in terms of the phase space variable Z for the system and z, for the baths. This yields the

following equations:

Z+a;Z =) buzy (2.97)
o

Zau+ g2y =07, (2.98)



26 Chapter 2. Heat current in quantum RLC circuits

where

0 —ct
as = ’
L1 0
0 0
boc = |_ ’
;v o
_ 0 0
th = 7
(LDt 0
0 —C.!
ﬂa -
Lt 0

To obtain the equation of motion for Z, one can solve equation (2.98) for z, and substitute it
back into equation (2.97) to obtain the desired result. In order to solve equation (2.98), we

utilize the Green’s function g, (f,t’), defined such that it satisfies:
$u(t,t) +augu(t,t') =5(t — ). (2.99)

With the boundary condition g, (¢,¢') = 0 for t < t', g,(,1') encodes the response of the
a-th heat bath to a delta function impulse at time #'. Employing this, the solution for z, ()

can be written as

zo () = gu(t,0)2,(0) + /Ot gu(t, )b Z(t)dt . (2.100)

For t > t’ and the aforementioned boundary condition that g, (¢, ') = 0 for t < ' we can

find

cos(wy(t—1')) (waCa) ! sin(wy (t — 1))

14 ’/ :6 _,
BB =0 | L) st =) cos(walt—#)

(2.101)
where, w2 = L;1C; ! and (¢ — t') is the Heaviside step function. Substituting (2.100) into
(2.97) we can use G(t,t") as the Green’s function for the system phase variable to find Z, so

that we have

t
74 aZ — / Y baga(t, ) Z(#)dt' = ¥ bagu(t, 0)z4 (0). (2.102)
O 14 14
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Here we first find that

- 0 0
Ha(t,t') = boga(t, )by = 0(t —1t') | )
LY (waCy) 7 tsin(w, (t— ) (L;HT 0
(2.103)
Next we can write the only component of this matrix as
n(t—t) = Ly (waCa) sin(we(t — ) (LT (2.104)

Finally we introduce the spectral density of the baths variables I, (w) such that
[e0]
7 (E) = / Lo (@) sin(wt)dw, (2.105)
0
where we have
L(w) = LY (wC) ML H)T0(w — wy). (2.106)

Having defined the spectral density of the baths we can write (2.102) such that
, t
7 +asZ — / (L) Z(E)dt = Y buga(t,0)24(0), (2.107)
0 o

where #7(t, ') = Y, (¢, t'). Now we can find Z(t) by using the Green’s function method

that we employed to find z,(t). Hence,
t
Z(t) = G(1,0)Z(0) + / G(t,) Y baga(F,0)z, (0)dF, (2.108)
0 42

where G(t,t') is the Green’s function associated with the previous equation and its given by

t
iG(t, t") +a;G(t, 1) —/ n(t,T)G(t, t)dt =6(t—t'), (2.109)
ot 0

where we assume again that G(t,') = 0 for t < t'. The above equations will give us the
exact solutions for the time evolution of the phase space variable of the system. The above
integro-differential equation contains the noise kernel #(f, '), however, one can modify the
equation in such a way to write it in terms of damping factor -y (¢, ') which we define such

that 57(t,t') := %7(@ t'). To do so, we integrate by part the integral in the above equation
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and we have

t

2G(t, Y+ asG(t,t') —y(t, T)G(T, )| + /Ot v(t, r)iG(r, thdt =6(t—t').

ot 0 aT
(2.110)
Since G(0,t') = 0 and 7y(t, ) = y(0) we can write the above equation as
a !/ !/ t a / !/
=G(t,t') +arG(t,t) +/ v(t, T)==G(T,t")dT = 6(t — '), (2.111)
ot 0 oT
where ag = a; — (0). We can also write the damping kernel in terms of the spectral

density of the baths. First we should notice that y(f,t') = Y, va(t,t') where (¢, ') =
0

Yt —t) 0

. Therefore, we have

T (t) = /Ooo I“E‘)w) cos(wt)dw, (2.112)

which is reminiscent of the equation (2.57) yet in a matrix form.
Now we have all the requirements to calculate the covariance matrix ¢ in equation (2.90)
using the phase space Green’s function of the system and baths variables. Therefore, we

replace (2.108) in (2.90) and we will have

+‘/Ot /OtG(t, t1) [%baga(tl,O)Re [<Z,X(O)z/3(0)T>] gﬁ(tz,O)TbZ;(O) G(t, tz)Tdt1dt2

+(z®) (z®"). @.113)

Here we need to impose a few conditions on our problem. First of all, we assume that
(Z(0)) = (z4(0)) = 0. Thus, according to (2.108) we will have (Z(t)) = 0 so that the last
term in the previous equation will vanish. Furthermore, we assume that there are no initial
correlations between the system and the baths which means Re [(Z(0)z,(0)T)] = 0. Thus,
the second and third terms will also vanish.

We can calculate the fourth term in (2.6.2). Indeed, if we assume that the initial state of

each bath is a thermal state with an inverse temperature B, such as p,(0) = Z; le PeHa,



2.6. Heat currents and the Green’s function method 29

where Z, is the partition function, we will be able to calculate the correlations between the

initial states of each bath. This can be expressed as

(Caws) ! coth ( 2Bucce 0
wlfuonior)] - | <D
(2.114)

Thus, we can write

Vit — ) = [Zﬁ;baga(tl,O)Re [(z(0)25(0)7)] gﬁ(tz,O)Tl_Jﬁ(O)]

0

(2.115)
LY (Cawn) L cos(wy (t — £2)) coth(hﬂ“%) (L;HT

0
:ZO

o

The only component of the matrix in the r.h.s is related to the spectral density I, (w). We can

0 0
write v(t) = Y, where we have
0 vg*(t)
= Ia(w)cos(wt)coth<hﬁzo‘(u>dw. 2.116)
0

Therefore, we have
h t t
o(t) = G(t,0)0(0)G(t,0)" + 5/ / G(t t)v(t1 — t2)G(t, 1) Tdtdt,.  (2.117)
0 JO

Equation (2.117) explicitly illustrates the method for determining the time evolution of the
covariance matrix. In order to investigate the behavior of the system in the long time limit, we
make an additional assumption that the Green’s function decays exponentially with time ¢.
Consequently, the first term on the right-hand side of equation (2.117) will become negligible
in this limit, indicating that the evolution of our system will eventually become independent

of its initial state. Therefore, in the long time limit, we obtain

Bt st
a(t):E/O /O G(t, t1)v(ty — t2)G(t, t2) Tdtydts. (2.118)

We notice that G(#, ') is the Green’s function for the system phase space variables. Neverthe-
less, we can express (2.118) in terms of the Green’s function for the configuration variables
of the system g(t,t'). Indeed, our goal is to find the relation between G(t,t') and g(t,¢'). If

we look at (2.107) we can expand it in terms of the momentum and position variables. We
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have

$—Clg=0 (2.119)

t
q+L—1¢—/O (k1 () dt —ZL Loll(t,0)¢,(0) + L 1g2(£,0)9,(0). (2.120)

Taking the time derivative of (2.119) and using (2.120) we will have

t
Ch+L7p— [ (e,t) g(t)at = L Ll (6.0)6a(0) + L g17(1,0)au 0)
0
(2.121)
We can solve this equation using the Green’s function for the configuration variable g(t,t')

given by

2
Caatzg(tt)JrL g(t,t") /17 (t, T)g(t,t)dt =6(t—t). (2.122)

Again using the definition of damping kernel () we can rewrite the above equation such

that

0? 0
Catzg(t )+ Lg'g(t,t) +/ 7 t—T)aTg(T thdr =6(t—1t), (2.123)

where Ly = L~1 — 4¥%(0).
To find the relation between G(t,t') and g(t,t') we expand the equation (2.111) in a

: . GXX pr
matrix form by defining G = , so that we have
pr GPP
0 -1 !
5, G =C G =8t 1) (2.124)
9 9
5;Crx +Lr 'G x+/ 7t = T) 5 Gua(T, #)dT = 0. (2.125)

One can easily solve these two coupled equations to see that Gy (t, ') = g(t,¢) and conse-
quently, Gy, (t,t') = C2g(t,#') and Gyp(t, ') = g(t,#). That being said, we can find the
components of the covariance matrix in a way that
2/ / t tl tl — tz)g(i’, fz)Tdtldtz (2.126)
d
=— t )V ( — ) =—¢(t, ) T Cdtydt 2.127
3 [ [ sttnv (e — 1) g, 1) Catat @.127)

hortort 9 )
pp —_ _ xx _ e T
oPP(t) 2/0 /O Catg(t,tl)v (t tz)atg(t,tz) Cdtydt,. (2.128)
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Having calculated the components of the covariance matrix in terms of the Green’s function
of the system, we are able to find the relation for the heat currents. Going back to equation

(2.96) we have

. 1 1 d 1 d
Q(t) = = {[Hs, Hin]) = 5T [Cldtam’(t)] + 5T [leta"x(t)] . (2.129)

The above equation will give us the total amount of heat current exchanged between the
system and the baths in terms of the covariance matrix of the system. One can also find
the local heat currents exchanged between each LC circuit and the bath it is in contact with.

Thus, we have

. 1 1
O = 2 ([Ho Hiyl) = = 52 (147C 0,7 )

=(q"C 'L ¢u). (2.130)

To write the local heat current relation in terms of the system variables, we need to eliminate
g« using the Heisenberg equations of motion (2.54). However, this equation is a sum over all
the environments. To get rid of the sum, we define an operator P, which is a projector over
the sites of the a-th bath. Indeed, its effect would be such that P,g = —P,XL_lfp + i;lqba
assuming that Py Pg = 6,5 which ensures that, each system is coupled only with one bath

directly. Applying this operator to (2.130) we will have
Qu = (qTCIPL71P) + (qTC 1 Pug). (2.131)

Again as we did for the mean value of the Hamiltonian of the system, we can write (2.131)

in terms of the covariance matrix. To do so we have

Zk:C Djelaigr) + Zk:Cl] w) ji(Gidik) - (2.132)
I ij

Therefore, we will obtain

Qu=Tr [P,th(ﬂ’p(t)c_l] + Tr [P(XL_laxp(t)C_l} : (2.133)
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For steady state limit of the covariance matrix at long time, the first term of (2.133) will

vanish. To calculate the local heat current, we first rewrite o*¥ () by using

vy (h —t) = /0 V¥ (w) cos(w(ty — t))dw = Re/O vV (w)e =) g, (2.134)

where V}* (w) = I (w) CO’[h(hﬁZ”‘w) . Replacing this into (2.126) we can see

00 t pt . .
P (t) :Re/ Z/ / g(t, t1)e 1y (w)e I@h ;tg(t, to)TCdtydtydw.  (2.135)
0 0 Jo

In the limit t — co we can write
/Ooo g(t,t)e hdty = ¢(jw), (2.136)
Thus, we will have
o*F(t) = —Re /Ooo Zg(jw)vx"(w)ng(—jw)Tde. (2.137)

Replacing this equation into (2.133) the local heat current expression for steady state limit

can be obtained as
Qu = hImZ/wwcoth Moo Tr [P L 'g(jw) Iy (w) (_.‘U)T} dw (2.138)
2 & 2 ab SUW wi@)8 ] ’ '

where we have used the fact that Re(—jX) = Im(X). Here we define the hear transfer

matrix f, such that
fuwr = ImTr [PaLflg(jw)IM(w)g(—jw)ﬂ . (2.139)

In case P,L™' = P,Lp' + L', we can see that Tr [P,L; g(jw) Ly (w)g(—jw)T] = 0
because L' is a symmetric matrix and ¢(jw)Iy(w)g(—jw)T is anti-symmetric and the
trace of their product will be vanishing. To prove the anti-symmetry of this term we de-
fine B = Img(jeo) L ()g(—je)T = (8(jew) o (@)g(jew)" — g(jew)* I (w)g(jo)T) /2.
Thus, we can see that BT = —B which shows this matrix is anti-symmetric. That said we

can rewrite the heat current matrix element as

fuw = ImTr [Panglg(jw)Ia,(w)g(jw)j . (2.140)



2.6. Heat currents and the Green’s function method 33

To expand the above relation further, we first take the Laplace transform of (2.123) such that
g(s)1 = Cs® + 9™ (s)s + L' (2.141)
Writing LEl in terms of g(s) ! we have
Lt =g(s)™' — Cs® + 4™ (s)s. (2.142)
Replacing the above equation into (2.140) with s = jw, we will have

fowc’ =ImTr [Ptxltx’ (w)g(]w)q
+ImwTr [CPag(]'W)Iw(w)g(]'wﬂ

+HImjwTr [Pa’y”(jw)g(jw)l,xf(w)g(jw)q . (2.143)

The first term vanishes because Py I, (w) = 0 for & # &’. The second will also be vanishing
because it is a product of two symmetric and anti-symmetric matrices. In the third term, the
matrix g (jw) I (w)g(jw) is hermitian so that we only have to calculate Im (jwy** (jw)) =

Re(wy*™(jw)) = 51(w). Thus, we have

fuw = 5T [ La(@)g(@) I (@)gje)"] (2.144)

Inserting this matrix back to the equation (2.138) we will have
. o hBy
Ou = hnZ/ wdw coth<‘85w> Tr [Ia(w)g(w)lw(w)g(jw)*] . (2.145)
« 70

Using Y-, fuer = 0, we have Y,y fawr = — faa- Thus, we can write the heat currents such

that

Qu = Z Y /oo Wdew g (w) (coth(Flﬁz"‘“’) —coth(hﬁ;’“’» . (2.146)

o' #o 0

The linearity of the system implies that even if the model is fully quantum, its dynamics
are equivalent to the classical case [87]. Consequently, the Green’s function in Eq. (2.141),
appearing in the heat transfer matrix of Eq. (2.139), is the solution to the classical equations
of motion and does not depend on 7. The dependence on 7 only arises in the noise spectrum
2hw coth(Bahiw /2). Tt is worth noting that the expression in Eq. (2.146) can be obtained by

computing the classical transfer function of the circuit connecting the two ports, treating the
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resistors as sources of Johnson-Nyquist noise [95, 106]. However, an important distinction
is that the exact equations of motion for the system, although classical, are non-local in time
due to the non-Markovian effects caused by the environment. This aspect is not captured in
a classical circuit treatment but is fully accounted for in our approach, as explained later.
We utilize the aforementioned result to calculate the heat exchanged between each bath

and the interacting system. Specifically, we assume that our baths are Ohmic with Lorentz-

ww?

Drude cutoff spectral densities given by [, = %'YORX o

where w, represents the cutoff

frequency of the bath and 7y plays the role of the coupling to the bath, similar to 1/R in the

previous chapter when defining the frequency-dependent admittance Y (jw) = ii . In this

jw
we
case, the Laplace transform of the dissipation kernel is given by 7y (s)** = o2

C
stwe*

Using this information, we can evaluate the heat current matrix f, ,» such that

Tr [Io(w)g(w) Iy (w)g(jw)"]
(2 W?>2Tr O (s s [00) (S o
0 0/ \ga1 g2/ \0 1/ \¢hh, &»

2 ww? 2 .
= | =Y (812312) . (2.147)

Thus, we only need to calculate the two off-diagonal elements of the Green’s function in

(2.141). Writing that equation in matrix form will result in

_Cw? + Lo 4 jwrwe M
g(jw) = ! A T o A , (2.148)

M _ 2 Ly  WYyoWe
A Crw” + A +]jw+wc

where A = L1L, — M?. We need to find the inverse of the above matrix, however, we only

need the off-diagonal terms. Thus we can write

M
glz(fw):m
-1
L wYyow L wyow M\?
_M o2 ke s wWrWe N~ 2 B WYoWe (VD
A (( Crw +A+]jw+wc)( Cow +A+]jcu+wc) (A))

(2.149)

Substituting this result into (2.6.2) we will have
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fam (2, wet ) (MY
1277 n,yowz—i—w% A
-1
L wYyow L wyow M\?
et 2 erwe oo L wywe (M
x(( Giw +A+]jw+wc)( Cow +A+]jcu+cuc) <A)>

(2.150)

Employing this component of the heat current matrix, we can find the local heat current Q4

as

Q= Z/OOO wdw f1(w) <c0th<hﬁ21w> —coth(h’gzzw>> ) (2.151)

For the hyperbolic functions, we can write them in terms of digamma functions and the poles

are obtained straightforwardly. For the hyperbolas we have

h,Bl(U - 21 . _jhﬁlw . ]h[ﬂlw
ncoth<2> = b == =)+ += =), (2.152)

where | = {1,2}. In the high-temperature regime, the digamma functions become negligible.

Consequently, the heat current splits into two components: a classical contribution and a

quantum correction. This splitting is achieved through the following equation:
Q1 = Qf +QF, (2.153)

where Qil and Q‘ll denote the classical and quantum contributions to the heat current, respec-

tively. The classical contribution is given by:

) = (;1 — /512) /OOO dwfio(w), (2.154)

whereas the quantum contribution is expressed as:
“q _ ih /00 _ipohw 1w
Q] o | dww fia(w) [lp <1 BT p(1 | (2.155)

The classical contribution is independent of 7z and corresponds to the high-temperature
limit. On the other hand, the quantum contribution depends on 7 and represents the low-
temperature correction.

To solve the integral in (2.155) we need to find the poles of fi, and also the digamma
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functions. In fact the poles of the function (1 — ix) are all located on the lower-half of the

imaginary axis, i.e x = —i, —2i, —3i, ..... We write f1o in such a way that
2 , ,(RM\? 1
_2 ) 2.156
falw) e ( A > luy (iw) u—(iw)|? ( )
with
3 2
= R —w,. 2.1
us(s) = (s° + wes”)RC + <LiM+wC>S + L:I:ch (2.157)

provided that s = jw, C; = C; = Cand L; = Ly = L. Although exact evaluation of the
integrals is possible [39], we will utilize the overdamped limit approximation to simplify the

calculation. Additionally, we will discuss the frequency scales involved in this limit.

2.7 Overdamped limit of the heat currents

The equation of motion for a single parallel RLC circuit is given by a classical equation with

flux variable ¢ in the inductance,
¢ +79 +wip =0. (2.158)

The damping rate v = 1/RC and the natural frequency wy = 1/+/LC are important fre-
quency scales. The roots of the corresponding characteristic equation are given by I'y =
—(7/2) £ (v*/4 — W32 If v > wy, the system is in the overdamped limit, which

can be achieved by reducing the capacitance so that C < L/R?. In this regime, the damp-

ing rates of magnetic flux and charge are |T'y| < |T_|, where, I' ~ —wg/ yand I'_ ~
-7+ w%/ v, indicating that charge relaxes much faster than flux. The flux damping rate
wy ~ w(z) /v = R/L becomes independent of C. For the two coupled RLC circuits, a sim-
ilar analysis can be performed by replacing L with L £ M for each normal mode. We can

express the functions # 4 (s) in Eq. (2.157) in terms of 7y and wy = wy /(1 + M/L),
us(s) = (82 + wes?) /vy + (Wt + we) s+ wiwe. (2.159)

In the overdamped limit, we observe that the cubic and quadratic terms in the equation are
suppressed, although they still dominate at high frequencies. However, it is important to note
that in the frequency integral of Eq. (2.151), the factor remains unaffected. coth (B hiw /2) —

coth (B hw /2) will cut off frequencies higher than wy, = kj max, { Ty } /h. Therefore, we
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(a) High temperatures: wy K 7 <K Wi
(b) Intermediate temperatures: w+ < wp KLy
(c) Low temperatures: wih < Wt K 7y

TABLE 2.1: Different temperature ranges can be distinguished within the
overdamped regime, assuming that both baths have temperatures of the same
order characterized by the thermal frequency wy,. The first range, labeled
as (a), corresponds to the classical Smoluchowski equation or overdamped
Langevin equations. In the second range, labeled as (b), the bath tempera-
tures lie between the frequency gap associated with the overdamped regime.
The third range, labeled as (c), corresponds to low temperatures compared
to the lowest frequency scale of the system. Additionally, mixed conditions
can be considered, in which one bath has a low temperature and the other
has a high temperature, or situations where wy, is comparable to 7.

see that the cubic and quadratic terms can be ignored with respect to the other two when we

have

wn < 7, (yw)V?, (ywiw )3 (2.160)

Thus, we can rewrite

us(s) ~ (we + we) s+ wrw, (2.161)

The only relevant frequency scales in this case are w+ and w,. It is worth noting that the
conditions described in Equation (2.160) can be met by increasing 7y, and they do not impose
any constraints on the ratios between wy,, w=, and w.. However, they limit the maximum
temperature values, and Table 2.1 provides information on temperature ranges that are sig-
nificant in the overdamped regime. Later on, we will demonstrate the persistence of quantum
effects even when the temperatures are high relative to fiw /kp.

Using the approximation of Eq. (2.161), the integrals in Egs. (2.154) and (2.155) can be

readily evaluated. For the classical contribution to the heat current, we obtain:

cl b [ -+
! 2 ( ! 2) ( ) (‘LC ("‘d (Ld ’ ( )

where A4 is the only root of 14 (s),

Ay = —eE (2.163)
We + w4+

To compute the quantum contribution to the heat currents, we need to consider the poles of
both the digamma function and f15(w). The poles of (1 — ix) are located on the lower half

of the imaginary axis, at x = —i, —2i, —3i,.... On the other hand, the poles of the heat
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/\/*

FIGURE 2.9: Upper-half plane contour. The dots are the poles of the
digamma function [61].

transfer matrix element in the overdamped limit, A1, and their conjugates, A7, are on the
imaginary axis. To exclude the contribution from the digamma function poles, we choose
the integration contour to run on the upper half plane, covering only A.. Therefore, we can

express the integral as:

Ql = ;lT/dewflz(w) [IP (1— i,BZZZw) -9 (1— iﬂ;Zw)}
t o [ fa@) |y (1- B2 ) -y (1B | caen

27

The integral over the contour c in Fig. 2.9 is computed using the residue theorem. The second
integral is the contribution when w tends to infinity. To evaluate this contribution, we need

to expand the digamma function using a series representation such that
¥ (1+ix) ~ log (& ix) F % (2.165)

for x — oo. Since the integrand is vanishing as 1/w then we only need to keep the loga-
rithmic term in the asymptotic digamma functions. Replacing this expansion into the second

integral in Eq. (2.164) we will have

2 fsveroly (- 52)-o-42)
R () e

We change the variable w = Ae® and we integrate over the semi-circle on the upper-half

plane for 0 < 6 < 7t and A — oo, thus we will have
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Zlodwwflz(w) [llﬂ (1—“;27?:0> -9 <1_15217F;w)]

R (M (AAN? T
L) () )

Hence, by adding the above result and the integral over the contour we will obtain
g M\ (AA? T:
q_ (M + 22
=7 (7) (55) s (5)
h we M D) BihA L BalhA L
—_—— A 1-=——) - 1-=
+47'cwc—|—de X{ +[1’b< 27 v 27
A _ BahA—
—A2 L B o : 2.168
p(-f) (-] e

Equations (2.162) and (2.168) allow for the calculation of heat current in the overdamped

regime without relying on the weak coupling or Markovian approximations. This is an im-
portant development as previous results in similar systems have either been limited by these
approximations or have relied on numerical methods [45, 7, 81, 38]. By providing a way to
calculate heat current without these limitations, the approach presented can be used to gain
a better understanding of the behavior of such systems in the overdamped regime . The re-
sults show that the classical contribution to the heat current is proportional to the temperature
difference between the two reservoirs, while the quantum contribution depends on both reser-
voir temperatures in a non-linear way. In order to compare the exact heat current obtained
from numerical integration of Eqgs.(2.162) and (2.168), we plot in Fig. 2.10 the heat current as
a function of 7y /wy for different values of T; and T, where w, = 5wy and M/L =1/2. Tt
can be seen that the two results agree as 7y /w, increases. This analysis allows us to compute
the heat current in the overdamped regime without assuming weak coupling or Markovian
approximations, thus complementing previous studies that were either numerical or limited
by these approximations.

We will now consider some relevant limits to simplify the previous expressions. The
Markovian limit, where w, — oo, can be obtained by replacing the factors w./ (w. + wy)

in Egs. (2.162) and (2.168) with 1. We can then note that the roots A4 satisfy

lim Ay = —w4. (2.169)

We—r00

To examine the impact of a finite cutoff, we can use Eq. (2.163) to see that it is equivalent to

reducing the values of the frequencies w+ or wj.
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FIGURE 2.10: Heat current with respect to 7y / w,. Solid lines show the exact

heat current in terms of the different values of baths temperatures T and T.

The dashed lines are the heat current in the overdamped limit. This plot is
sketched for M =1,L = 2, w, = bwy, wy = 1 [61].

To analyze the low-temperature regime, we can take the limit Ay |/wg > 1 (which
implies wy, <K w4, w). In this case, we can use the following expansion for the digamma

function when x is large

1 1 1
~logx — — — 5 + > 2.170
y(x) ~logx = 70— 02 1500 T O (170)
The contribution of the first logarithmic term cancels the first term in (2.162), while those
coming from the third term vanish in the limit [A+|/wy > 1. Thus, the only remaining
contributions originate from the term proportional to 1/x*, and the final result for the low-
temperature heat current is given by

jow _ 2 E3M2£§ 4 _ T4 6
& _15<h) L) & (Tl Tz)+0(T1/z)- (2.171)

To analyze the low-temperature regime, we consider 7, = T £ AT /2 and, to the first order

in AT, we can express the heat current as Q1'% = T GoAT, where Gg = k2T /31 is the
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fundamental unit of thermal conductance [84, 51, 95], and 7= (47t%/5)(M/L)?(ky T/ hiwy)?
is a temperature-dependent transmission coefficient. We note that Eq. (2.171) for the low-
temperature heat current is independent of the cutoff frequency. This behavior arises because,
at low temperatures, the heat current is predominantly influenced by low-frequency modes,
while the cutoff frequency governs the high-frequency portion of the spectral densities. It is
important to note that the same expression for the heat current in the low-temperature limit
can also be obtained in the weak coupling regime, where v < w~. This is again attributed
to the fact that, at low temperatures, only the low-frequency response of the system is sig-
nificant. To further illustrate this point, let’s consider the case of Ohmic dissipation in the
Markovian limit (w, — 00). In this scenario, both the spectral density and the dissipation

kernel simplify to

Iy(w) :%Rﬁ ; (2.172)
1
v(s) =R (Pr+ P>). (2.173)

Replacing the above equations into the heat transfer matrix element f,,/ (w) we will have

2
falw) =2 <M> W (wyw_ ) L (2.174)

T\ L aTﬁ |ty (iw) u_(iw)|?’
where in the weak coupling regime we have

1 i i
s (w) =~ (w - g +\/7wi> <w - % - 'ywi> . 2.175)
By utilizing the heat transfer matrix element, we can compute the classical and quantum con-
tributions to the heat currents using the method described in the previous section. However,
our focus is on the low temperature limit of the heat currents. As a result, the classical con-
tribution becomes negligible, and the heat current, up to the first non-vanishing order of the

quantum correction, can be expressed as

'IOW—& E 3 M Zkig wyw-— 2 4 d 6
' 715 (h) L) % \(y+4wy)(y+4w) (Tl T2)+O(T1/2),

(2.176)

where in the weak coupling limit of ¢y < w4 the above expression will be the same as
(2.171). Figure 2.11 displays the behavior of the total heat current as a function of tem-

perature. As temperature is decreased, we observe that the heat current can be accurately
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FIGURE 2.11: We compare the total heat current (represented by the green
solid line) with the expression for the low-temperature regime (shown by the
blue dashed line) for different values of T; [61]. In this comparison, we set
T, = Ti1/2, which means we decrease both temperatures simultaneously
with a constant ratio. Interestingly, as the temperatures decrease, we observe
that the two expressions converge and become indistinguishable. The param-
eters used for this comparisonare M = 1, L = 2, w, = 5wy, and wy = 1.

described by Eq. (2.171) in the low-temperature limit. This confirms the validity of the ana-
lytical result we obtained for the heat current in this regime. In the intermediate temperatures
regime, where |A4|/wn < 1, we employ the following expansion of the digamma function
for small values of x,

2

Pp(1+x)= —17+%+0(x2), (2.177)

where 7 is the Euler—Mascheroni constant. We then find the following high-temperature

expansion of the quantum contribution

. o M\? (A A \? T
q_ 1 (M + 12
Q1_7T<L> ( Wy ) IOg(Tl)
®”owe M., 4. (1 1 L

(2.178)

Remarkably, even under the constraints specified in Eq. (2.160), it is unexpected that the



2.7. Overdamped limit of the heat currents 43

—_— T1=1 (Fiwg/kp)
— T1=10 (hwd/kb)
0.3 4 =—— T1=100 (Awgq/kp)

—— QYTMEN (kyTiwg)

)¢ (koTiwa)

T T LB | T LB ELELIL | T LB |
109 10! 102 103
Tg(hwd/kb)

FIGURE 2.12: The quantum contribution to the heat currents for various

values of Ty is depicted as a function of T,. It is observed that for high

values of T; and T, the quantum correction does not vanish and aligns with

a non-trivial logarithmic expression (represented by the black dashed line).

This plot corresponds to the parameters M = 1, L = 2, w, = 5w, and
wy = 1][61].

dominant term in the expression for the heat current does not necessarily vanish as ]/\i ] /wn —
0. This occurrence can be attributed to the fact that the temperature is assumed to be high in
comparison to the slow frequency scale w;, while it must still remain low in comparison to
the fast frequency scale y. Essentially, the temperature lies within the intermediate region of
the time scale separation associated with the overdamped regime. Consequently, considering

the first non-trivial order, the total heat current for high temperatures can be represented as:

hi (M (A2 T
?gh:Q‘i‘+ﬂ<L> ( = ) log (Tj) 2.179)

Figure 2.12 shows the behavior of the quantum contribution with respect to the growth of

the temperature. When both bath temperatures are increased, we can still observe a non-zero
quantum correction to the heat currents.

So far, we have covered the fundamentals of linear quantum RLC circuits, considering



44 Chapter 2. Heat current in quantum RLC circuits

the effects of dissipation. Expanding on this, we conducted an analysis of heat currents
within a system comprising two magnetically coupled RLC circuits. As a result, we obtained
analytical solutions for the overdamped heat currents in the steady state, which have been
documented in the article [61]. In the forthcoming sections, we will provide an overview of

the non-linear scenario in relation to the aforementioned study.

2.8 Non-linear quantum systems

Firstly, we will begin by revisiting some key aspects of superconductivity and the Joseph-
son junction. From there, we will delve into the exploration of utilizing Josephson junctions
to create qubits. This will involve studying different models for coupling these qubits and
understanding how to effectively model dissipation in quantum electrodynamics (QED) cir-

cuits.

2.9 Josephson junction

b)

2A

N—m N+m

FIGURE 2.13: a- metal with superconducting gap 2A. b- JJ [48]

The Josephson junction (JJ) is a structure composed of two superconducting metallic
electrodes brought into close proximity, separated only by a tunnel barrier [58, 24]. In con-
trast to normal metals, a superconducting electrode consists of paired electrons known as
Cooper pairs. In the ground state of the superconducting electrode with an even number of

electrons, there exists a unique non-degenerate state filled with Cooper pairs. This ground
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state is separated from other excited states by the superconducting gap 2A, where A rep-
resents the energy required to break a Cooper pair into two normal electrons. In the low-
temperature regime kgT < 2A, where kp is Boltzmann’s constant and T is the temperature,
all Cooper pairs are predominantly located in the ground state and separated from the excited
states.

We can represent the superconducting state of the electrode as |N), where N denotes the
number of pairs in the metal. However, in the case of a Josephson junction, we have two
superconductors. Therefore, we need to describe the state by the number of pairs tunneling
between the two metals, denoted as m. Thus, the state of the Josephson junction can be
expressed as:

jm) = [Ny —m, Ng +m), (2.180)

where Ni and Ny are the number of Cooper pairs on the left and right superconducting
metals (Fig. 2.13).

The bare tunnelling Hamiltonian, without considering the Coulomb force could be writ-
ten as

Hy = —%2\m><m+l\+\m+l)<m\. (2.181)

The Josephson coupling energy, denoted as Ej, characterizes the strength of the pairs’ ability
to tunnel through the barrier. The Hamiltonian mentioned above describes the process of
annihilating one pair on the right side and creating another pair on the left side, while leaving
a hole in the right superconductor. As a result, since the value of m changes by unity, we
can represent the eigenfunctions of the tunneling Hamiltonian as wave functions with a phase

factor ¢. This can be expressed as follows

o)=Y ™ |m). (2.182)

Mm=—00,00

This leads to the eigenvalue equation as

Hr|p) = —Ejcos ¢ |@) . (2.183)

Using the above equation, we can find the tunnelling current I(¢). Indeed, we can use the
expression I(¢) = 2evy(p) where vg(@) = % is the group velocity of the pairs. We may

write this with respect to the eigenvalues of Hy since Hr = fiw and ¢ = k as the wave
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vector. Thus, it can be written as

1 .
ve(9) = ﬁaq)HT = - sing. (2.184)
Therefore, the current will be
I = 2evy(@) = I sin g, (2.185)
where [, = @ is the critical current or the maximum tunnelling current. In fact, adding

more current will result in a voltage difference and breakage of the superconducting gap. One
can alternately define the current operator by introducing two conjugate variables. First, we

define the number operator 7 as
A=Y m|m)m|, (2.186)
m

which indicates the number of tunnelling Cooper pairs. Furthermore, we can find (¢|1|y)

such that
R . d
{olily) = iz—(ly). (2.187)
¢
Thus, we can see that the number operator is
0
n=i—. (2.188)
o

Indeed, the variables 71 and ¢ are conjugate variables that satisfy the commutation relation
[, §] = i. The phase variable ¢ can be related to the node flux variable introduced earlier
in the RLC circuits, which represents the time integral of the voltage between a node and the
ground. To establish this connection, we need to consider the influence of the Coulomb force
in the junction.

The Josephson junction can be conceptualized as an LC circuit comprising a non-linear
inductance and a capacitance C; formed by the two superconducting plates. Therefore, the

Hamiltonian of the junction can be expressed as follows

B Q) )
H=Ec n—z—e —E]COS(p, (2.189)

where Ec = (26)2 /2Cj is the Coulomb charging energy corresponding to one Cooper pair

on the capacitance Cj. Q; takes into account the offset charge existing in the capacitor. This
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charge was also present when we wrote the Hamiltonian of a linear LC circuit. However,
since the Hamiltonian was quadratic in flux variable, this term can be neglected. Using

the Heisenberg equation of motion we can write (at this point, we drop the hats over the

operators)
dn 2e .
I _ZeE = —E[H,n] = I.sing (2.190)
dp 1 _ 2e

where V¢, and V; indicate the voltage with respect to the Cooper pairs and the offset charge
on the capacitor. Equation (2.191) is indeed indicating the dependence of the phase variable

on the node flux, such that ¢ = fot (Ve — V;) dt or equivalently (V, — V;) = ¢. Thus

¢
=27 r, 2.192
¢ 7T¢0 ( )

where ¢p = % is the superconducting quantum flux. As a result, when the flux variable
changes by one quantum flux, the superconducting phase undergoes a winding of 27t.

Our objective is to explore how Josephson junctions can be utilized to create qubits.
However, before proceeding to that, it is important to address the fluctuations associated with
the presence of offset charge in the capacitor. One approach to mitigate these fluctuations
is to introduce a voltage source in series with a gate capacitor Cq, which gives rise to the

construction of a Cooper pair box.

2.10 Cooper pair box

To obtain the Hamiltonian of the Cooper pair box (CPB) in terms of the flux and charge
variables, we consider the CPB configuration shown in Figure 2.14. The CPB consists of a
Josephson junction (JJ) in series with the gate capacitor Cq and a voltage source created by
the capacitor Cg.

In this setup, we introduce the node fluxes ®; and ®, as shown in the figure, and the
capacitor Cg creates the voltage source Vp. To derive the Hamiltonian, we treat the voltage
source as a capacitor with a large capacitance, allowing us to consider it as a constant voltage

term. According to the definition of the node flux we have

V) =d, (2.193)

Vg =&, (2.194)
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FIGURE 2.14: Circuit for the determining the electrostatic energy of a
Cooper pair box [48]

Ve =d1 — Dy, (2.195)

where V; and V] are the voltages associated with capacitors Cq and Cj, respectively. Kirch-
hoff’s current law for the currents i¢, ip and ij which pass through the capacitors C,, Cp and
C; implies that

i =ip =g, (2.196)

Thus, we can find the equations of motion for the flux variables as

Cpd, =C;d; (2.197)
Cpdy =Cq (P, — P1) (2.198)
CiP; =Cq (D — D7) . (2.199)

Based on the above equations we may construct the Lagrangian of the system such that
1. 1 . o0 1.
L= Ec]c1>§ +5Cq (b1 — o) + Ech1>§. (2.200)

Replacing the flux variable with their conjugate charge variable we can write the following

Hamiltonian of the system in a matrix form:

H= %qTC*lq, (2.201)
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where g = n indicates the charge variables and the capacitance matrix defined as
q2
1 Cg+C C
cl_ B g (2.202)

To simplify this matrix we define

Cix =Cg + Cos (2.203)
Cox =Cp + C, (2.204)
with
1 1 1
T 2.205
Cis Co G ( )
1 1 1
— =4 . 2.206
Cos g Cs ( )

Using the above relations the capacitance matrix can be written as

1 K
cl=|= ©C= (2.207)
x 1|’ ’
Cox Cox
with ¥ = Cg(jfc,' Expanding the matrices in (2.201) together with including the tunnelling
term we have
H= T Vg — Bycos (22 20) + Lepgv (2.208)
Tacy | ERTH @) 2B ‘

In the given equation, the last term is constant and can be disregarded. Firstly, we substitute
g1 = 2en — Q; into the equation and then utilize the fact that Cp is greater than the other
two capacitances. In this scenario, where Cp > Cj, Cq, we obtain C1x = Cg + Cj, which

represents the total capacitance of the CPB. Therefore, we have

1

d 2
H=Ec (n2 — Znng) — E] COs (ZﬂqD(l)> + *szVé + Qr

2C1Z !

> (2.209)

where in the limit of Cp > C;, Cg we defined

1 1
ng = 5 (Qr = kCixyy) = o (Qr — CeVi). (2.210)
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On the other hand, unlike the integer value of 7, the parameter ng depends on both the
voltage Vp and the capacitance C,. This dependency allows us to manipulate and reduce the
fluctuations in Q. Finally, by disregarding the constants in the aforementioned Hamiltonian,

we can express the Hamiltonian of the CPB as follows:
o
H=Ec(n— ng)2 — Ejcos (27‘(@3) ) (2.211)

After obtaining the Hamiltonian of the CPB, we will now explore how we can create a qubit
using this Hamiltonian. Let us begin by examining the regime where the charging energy
greatly exceeds the tunneling energy, denoted as Ec > Ej. In this regime, the dominant
term in equation (2.211) is the Coulomb charging term. The eigenvalues of the Coulomb
charging term Ex = E¢ (n - ng), expressed in terms of 714, exhibit a particular pattern for
the first few energies. Notably, when 1, = 1/2, a degeneracy occurs at the states N = 0 and
N = 1. The energy of this state is Ec-/4, while the energy of the subsequent excited state is
9E/4. This significant energy gap allows us to consider only the two degenerate states in
this limit.

The presence of a small Josephson tunneling term acts as a perturbation, breaking the
degeneracy and giving rise to a qubit. By utilizing equations (2.181) and (2.186), we can
rewrite equation (2.211) as

H=EcY (n—ng)?|n)n| - % Y m)n + 1] + [+ 1)(n], (2.212)

To find the Hamiltonian of the qubit we limit 74 to the vicinity of 1/2 or we set ny =
1/2 + Ag with A, sufficiently small. Neglecting all the states except for N = 0,1 in (2.212)

we have

2 2
H = Ec ((; + Ag> |0)(0] + (; — Ag) ]1><1|> —E;(Jo)1] 4+ [1)(0])  (2.213)

The above Hamiltonian can be written in terms of the Pauli matrices and the identity matrix
1 such that

H=Ec(t+a EcA 5 2214

= Ec LI+ g 1+ Cga'z_fo'x- (2.214)

Since the first term is only an energy shift to the system, we can drop it from the Hamiltonian,

yet we will take into account its presence at the end. Therefore, the Hamiltonian of the qubit



2.11. Transmon qubit 51

can be written as

E
.. (2.215)

Hy = EcAgo: — -

Applying a rotation to this Hamiltonian, it transforms into

E
Hy = EcAgoy + 7’@. (2.216)

The control parameter available in the system is still A,, given by A, = n, —1/2. When
ng = 1/2, we observe that the Hamiltonian becomes independent of both Ag and Q,. Con-
sequently, the fluctuations of the offset charge are eliminated at this particular point known
as the "sweet spot". Therefore, the Hamiltonian can be expressed as

Ej

Hy = =0, (2.217)

with the eigenvalues E+ = Ec/4 & E;/2. For non-zero ng, one can find the eigenvalues of

the full Hamiltonian of the qubit such that

1
E, = Ec (4 + A§> + 4 /E%Ag + E%/4. (2.218)

For the higher order terms of the Hamiltonian (2.212), the energy gap between energy levels
will become smaller and smaller due to the condition Ec > E;. As a result, only the first
two levels will remain well-separated and form a viable qubit. In the upcoming section, we
explore an alternative form of qubit that operates in the opposite regime compared to the

charge qubit.

2.11 Transmon qubit

So far, we have discussed how to create a charge qubit using a CPB in the regime where
Ec > E;. However, we should note that the Hamiltonian of the charge qubit (2.216) is
directly influenced by the values of the gate charge n,. While we were able to mitigate
fluctuations caused by the offset charge Q,, noise associated with the gate charge 74 remains
a concern, which can negatively affect the system. Although setting 7, = 1/2 at the sweet
spot can help, fluctuations in 74 still exist around this point.

To address the noise in the gate parameter, one approach is to increase the ratio Ej/Ec
and enter the regime of a transmon qubit. This condition offers several advantages. First,

it relaxes the impact of noisy offset charges. Additionally, it provides anharmonicity in the
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FIGURE 2.15: Circuit representation of the transmon qubit [47].

energy levels similar to what we had in the charge qubit with a small Ej/Ec ratio. By
satisfying these requirements, we can alleviate the noise issue associated with the gate charge
and enhance the performance of the qubit system.

The transmon qubit, as illustrated in Fig. 2.15, consists of a CPB and a large capacitor Cp
connected in parallel to the junction. The purpose of adding Cp as a control parameter is to
maintain Ec smaller than Ej, as the charging energy is inversely proportional to the junction
capacitance. Consequently, the Hamiltonian of the transmon qubit retains the same form as
that of the charge qubit. In order to demonstrate the effectiveness of Ej > Ec in suppressing
charge noise, one needs to solve the eigenvalue problem for the transmon Hamiltonian. This
analysis will provide insight into the energy levels and behavior of the transmon qubit.

It has been demonstrated that the fluctuations in ¢ decrease exponentially with \/m
[68]. As shown in Fig. 2.16, increasing E;/Ec reduces the dependence of energy levels on
ng and leads to a more harmonic oscillator-like behavior.

This phenomenon can be understood by drawing an analogy between the qubit Hamilto-
nian and a charged rotor in an external magnetic field. The Hamiltonian of a charged rotor,

expressed in terms of its angular momentum L, can be written as follows:

2

_ LZ
H, = iz mgl cos @, (2.219)

where [ is the length of the rotor. This Hamiltonian will be similar to the qubit if we turn the

magnetic field By on. Thus, the momentum of the rotor will change accordingly to
1 2
L, —=L,—qgA=L,+ EqBol , (2.220)

where g represents the rotor charge and %qBolz can be considered as the gate charge 7, the
limit of E; > E¢ corresponds to a strong gravitational field. This leads to small oscillations

around ¢ = 0 and breaks the periodicity in ¢. By expanding the cos term up to the fourth
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FIGURE 2.16: Eigenenergies E,; (first three levels) for the qubit Hamilto-
nian as a function of 1, [68].

order, the rotor transforms into an anharmonic oscillator. Since the oscillator is no longer
periodic, we can apply a gauge transformation to eliminate the effect of the magnetic field,
which is equivalent to reducing the influence of 74 in the problem.

The transmon qubit exhibits robust insensitivity to charge fluctuations, as we have ob-
served. However, it is important to confirm the presence of level anharmonicity in the trans-
mon qubit. To demonstrate this, we expand the cos term in the CPB Hamiltonian (2.211) up

to the fourth order, resulting in

2 4
H = Ec (n—ng)* — E (1—(’;+§4>‘ 2.221)

As we said before, with this expansion, one can remove 71, by gauge transformation due to
elimination of periodicity in ¢. Therefore, the Hamiltonian is merely a perturbed harmonic
oscillator. Using the ladder operators a and a' and also the relation [, ¢] = i, we can write

the Hamiltonian such that

H = /8EEc (a+a n 1/2) —E - % (a* n a)4. (2.222)

To write the above Hamiltonian we first obtained

| hw +
n =i E(a—a ) (2.223)
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¢ =/ Z;(a +a"), (2.224)

and then the commutation relation [n, ] = i gives us iw = /8E;Ec. Considering the

second term as a perturbation, we can find the eigenvalues of the above Hamiltonian. The

first non-zero order correction using the perturbation theory gives the energies as
(W) _ Ec 2
E,’ = ﬁ (6n*+6n+3). (2.225)
Thus, we may write the total energy as

E
E,= —Ej+ /8EEc(n+1/2) — T?f (6n* +6n+3). (2.226)

From the above relation, we can define the relative and absolute anharmonicity as

14

N = E12 — E01 Ky = —. (2.227)
En
Therefore, for large E; / Ec we will have
1
E] 2
a=—Ec oa,=—|—= . (2.228)
Ec

Indeed, the parameter a, plays a crucial role in determining the range of good anharmonicity
in the transmon regime. In practice, it is often tuned by adjusting the pulse duration applied to
the qubit [68]. For instance, if the transition frequency is approximately wq; /271 =~ 10GHz,
the pulse duration can be estimated as T, = |wora,| 1. To ensure that the pulse duration is
shorter than the inverse of the transition frequency (7, < wp1), we can derive a lower limit
for &, as a™" ~ 1/(2007).

With a pulse duration of 7, &~ 10ns, this lower limit for «;, corresponds to a range of
20 S Ej/Ec < 5 x 10*. This range provides a significant span with reduced sensitivity
to charge fluctuations and sufficient anharmonicity, making it suitable for transmon qubit
operations.

The transmon qubit and the charge qubit share a similar structure. In both cases, the two
superconducting islands are not directly connected to each other, and only tunnelling current
is present. As a result, the superconducting phase ¢ is compact and restricted to the range
0 < ¢ < 27t. However, if we design a circuit where the islands are connected and can be

influenced by an external flux or current, we can create another type of qubit known as a flux
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FIGURE 2.17: Flux qubit circuit.

qubit which we will study in the next section.

2.12 Flux qubit

The corresponding circuit for the flux qubit is shown in Fig. (2.17), where a CPB is connected
to an inductance L and ¢ represents the node flux of the inductance.

Similar to the approach used for the CPB, we can derive the Hamiltonian that describes
the circuit. Specifically, we combine the Hamiltonian of the inductance in the circuit shown
in Fig. 2.17 with the Hamiltonian of the CPB in equation (2.211). In this case, the inductance
acts as the control parameter and also provides the voltage applied to the junction. Therefore,

the combined Hamiltonian can be expressed as follows
2 1 2
H = Ec (n—ny) —Ejcosg+ 57 (0 —¢q)”, (2.229)

where ¢, is the and extremal flux which is a control parameter. In the above Hamiltonian, we
can observe that the distinction between the charge and flux qubits lies in the element they are
shunted by. In the case of the charge qubit, a capacitor couples to the charge variable, whereas
in the flux qubit, an inductance is utilized to achieve flux coupling. Additionally, similar to
the charge qubit, the dependence on 7, can be eliminated through a gauge transformation,
rendering the flux qubit insensitive to charge fluctuations. By employing equation (2.192),
we can express the inductive energy in terms of the phase variable, leading to the following
expression

H = Ecn?® — Ejcos 9+ EL (¢ — 95)°, (2.230)
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where E; = is the inductive energy. The regime in which the flux qubit operates is
characterized by E; > Ec, similar to the transmon qubit. However, in the case of the flux
qubit, we also need to consider another condition, namely A = E;/E; ~ 1. This condition
ensures that the third term in the Hamiltonian cannot be neglected; otherwise, the phase
qubit would behave as a charge qubit. By satisfying these conditions, we can expand the
Josephson term up to the fourth order, similar to the expansion performed for the transmon

qubit. Choosing the external flux parameter as ¢, = @, — 1/2, while ¢ approaches 1/2,

we obtain the following:

1 4
H = Ecn® + 5 (Ej +2EL) ¢* EI% — 2F; 9@, — (Ej — ELg?). (2.231)

To find the eigenvalues and eigenvectors of the above Hamiltonian we use perturbation theory

once more. We first define

n =i :E”C(a—a*) (2.232)
Y R R (2.233)
? =\ 4(E, +2E) / '

where fiw = \/8(Ej + 2E1 ) Ec. By substituting the expression above into the Hamiltonian,
we can calculate the energy eigenvalues up to the first order such that

Ec

D _ _
" 24(1/2+1/A)

(61 +6n +3) — (E] - EL¢§) . (2.234)

We can determine the corresponding eigenstates, but it is sufficient to consider only the first

two lowest states to form a qubit state. Therefore, we have the following expression for the

eigenstates:
~ hw Vn vVn+1
n)y=|n)—E n—-1)+—In+1)|. (2.235
’ > ‘ > LqDe E] +2EL <El’l1 _ EVl ’ > En+1 _ En ‘ >> ( )

Hence, the first two eigenvectors are

10) = |0) — @I, |1) (2.236)

1) = [1) + eI, 0), (2.237)

where I, /2 = E; (0] ¢ |1) /hw = 2%} % We can utilize the above states to calculate



2.13. Qubit couplings 57

the matrix elements of the Hamiltonian (2.231) up to the first order in ¢,. This allows us to

express the Hamiltonian as follows

Eo+E . Eo—E 1

H

where Eg = (0| H 4+ 2E; @@, |0) and E; = (1| H + 2E; @@, |1). We can see that the above
Hamiltonian is very similar to the one we had for the charge qubit. Thus, neglecting the
Identity term, in the limit ¢, — 0 we have

By —F

H 2 5.

(2.239)

The next step after understanding the basic architecture of superconducting qubit will concern
how they can be operational. In the next section, we will investigate the coupling between
superconducting qubits, which is essential for understanding their heat transport behavior
and their operation in a quantum information processing setting. It is particularly important
when considering the construction of an array of these artificial atoms for various purposes.
By studying the different forms of qubit coupling, we can gain valuable insights into their

behavior and performance.

2.13 Qubit couplings

To couple multiple qubits together, there exist number of ways. Here we consider the cou-

pling structure named inductive coupling.

2.13.1 Inductive coupling

The inductive coupling between two circuits is analogous to the magnetic coupling between
two LC circuits, as illustrated in Fig. 2.7. When two flux qubit circuits are placed in close
proximity, they become coupled through their mutual inductance M. Fig. 2.18 represents
the circuit configuration for the coupling between two flux qubits. As we have previously
solved this circuit, we can express the Hamiltonian of the linearly coupled LC circuit by

incorporating the Josephson tunneling term. Therefore, we obtain the following expression

2 2
H =Ec,n} + Ec,n5 — Ej, cos 91 — EL, (91— @g,)” + Ej, cos g2+ Er, (92 — 9g,)

+Eum (91— 9g1) (92— @g2) (2.240)
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FIGURE 2.18: Two coupled flux qubit circuits.

where E, , = ﬁ(])ﬁ and Epy = 7]\424)0 To derive the Hamiltonian of the qubit

L,L

in terms of the Pauli matrices, we will employ the same perturbation method as before. This
time, we treat the interaction term H; = Ey (@1 — ¢g,) (92 — @, ) as a perturbation for
small values of @, , = 1/2 — ¢g, ,,. By expanding the Hamiltonian up to the first order in

@e, ,» We obtain the following expressions

|00) = |00) + EmI3y o ‘1_1 o ™ (q)el Elo‘l_o £+ ‘01 > (2.241)
\OA1> 01) + Eplz———— Ery |1 mlm ((P‘” E11|1—1 E01 |OO 1) (2.242)
10) = [10) + EmIfym—"— E. ‘01 <§9€1 o~ Ew En — ) (2.243)
1) = [11) + Bl - = ‘00>E — — Euly (qogl EOJO_”EH + o Elo‘l_mEH) . (2244)

where Iy = (nn| @1/, |nn) and E,y, = (nm| H — Hy |nm) for n,m = {0,1}. In case we

set g = 1/2 we will have the Hamiltonian such that

22

2 2 2

A A A1 — A A A A1 — A
+Ezz\/1112v1< 1142- 104 4 112 10 Zl) (_ 11—; 105 4 112 10022>, (2245

Eoo — E A1 Eyp — ApE Eyn—E Ao1Epn — A E
H:< 002 0 p,Antu 10 10>021+< 10 1 _ p,A0ko 11 00)

where A1 = EHIZ o and Ajg = Emlz o . Above Hamiltonian describes the inductive cou-
pling between two qubits. In the next section, we will investigate the effect of dissipation
on the qubits by introducing resistors, which act as heat baths in a similar manner to our
previous discussions. This will allow us to study the heat transport behavior in the context
of the coupled qubits and gain insights into the dynamics and stability of the system in the

presence of dissipation.
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FIGURE 2.19: Spin-Boson model of the coupling between a flux qubit and
a resistor

2.14 Environment coupling

In this section, we will investigate the dissipation in a qubit system. Similar to our approach
with linear systems such as the harmonic oscillator, we can utilize the Caldeira-Leggett model
to describe the coupling between the qubit system and a bath. Specifically, we couple the flux
qubit circuit to a resistor and then represent it using the Caldeira-Leggett formalism (as shown
in Fig. 2.19). Since we are now dealing with a spin system coupled to a bath of harmonic
oscillators, this model is commonly referred to as the "spin-boson" model.

Let us examine Eq. (2.238). Neglecting the identity term, we define € = Eg — E; as the
energy splitting between the previously degenerate levels and A = ¢.I, (E; — Eg — hw) as
the tunneling energy. With these definitions, we can express the Hamiltonian of the two-level
system as follows

1 1
Hris = _EhAUX + Eheaz. (2.246)

One more time we would mention that the condition for this Hamiltonian to be valid is that
Vi, > hA, ke, kT, (2.247)

where V), is the barrier height in the double well potential. The eigenstates of the Hamiltonian
are denoted as |L) and |R), which correspond to the eigenvectors of 0. Since we are dealing
with a double-well potential, the two minima are located at positions £¢g. To truncate the
system, we express the phase operator in terms of ¢, which represents the position of each
localized state |L) and |R). In other words, we truncate the position operator (phase in our

setup) into a 2 x 2 Hilbert space, which can be written as ¢ = %gooaz.
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Using this operator, we can couple the two-level system (TLS) to a bath of harmonic os-
cillators. As we have seen in the Caldeira-Leggett model, the bath is coupled to the position
operator of the system. The same principle applies here, and the bath is coupled to ¢, effec-
tively measuring the position of the localized states during the interaction. By employing the

Caldeira-Leggett representation, we can write the Hamiltonian of the damped TLS as

2
H = Hrps + Z <2C + EL, (¢m q0)2> . (2.248)

Here E;,, = ¢2/2L,,. Expanding the Hamiltonian we will have

H = HTLS + Z <2qcr'n + L ¢m> — 0z ZZELM gDqum + ZQOOELm (2249)

The above Hamiltonian represents the spin-boson model, which describes the interaction
between a two-level system (TLS) and its surrounding environment. The last term in the
Hamiltonian is a constant term that represents the zero-point energy of the TLS and can be
disregarded in many cases since it only contributes a constant offset to the energy. Thus, it
does not affect the dynamics of the system and can be dropped when considering the system’s

behavior and dissipation.

2.15 Solving spin-boson model

Most studies on the spin-boson model focus on the regime of weak coupling between the sys-
tem and the bath. For example, in [74], the authors investigated the problem of two TLS and
two harmonic oscillators interacting with two thermal baths simultaneously. They derived
an analytical expression for the heat currents, showing that weak internal coupling between
the qubits can lead to a violation of the second law of thermodynamics. Similarly, in [111,
67], the authors studied the steady-state entanglement generation in a similar system using
Markovian master equations. These studies primarily consider weak system-bath couplings.

In the regime beyond weak coupling, numerical techniques have been employed to study
the dynamics of two interacting qubits [63]. However, analytical works on this subject mostly
focus on a single TLS interacting with a non-equilibrium environment [8, 97, 110], employ-
ing methods based on path integrals.

Given the challenges of obtaining exact analytical results, it is beneficial to explore the
path integral approach and approximate methods to analyze the behavior of the spin-boson

model in the regime of strong system-bath coupling.
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To begin, we can apply the path integral method to solve the spin-boson model and find
the time evolution of the system state for arbitrary couplings. However, obtaining exact ana-
lytical results may still be challenging. To overcome this, we can employ the non-interacting
blip approximation (NIBA) technique, which is particularly effective in exploring the over-
damped limit of the system. In the overdamped regime, the system reaches an equilibrium
state without exhibiting oscillations [73, 16].

In our study, we will first explore the propagator technique to analyze the time evolu-
tion of the system state in the spin-boson model. This technique allows us to calculate the
transition probabilities between different states of the system. Next, we will employ the
Feynman-Vernon path integral method to find the time evolution of the density matrix of the
system. This technique incorporates the influence of the surrounding environment through a
path integral formalism.

Finally, we will utilize the NIBA technique to study the regime of strong coupling be-
tween the qubit and the environment. NIBA is particularly useful in exploring the over-
damped limit of the system, where the system reaches an equilibrium state without exhibiting
oscillatory behavior.

It is important to note that while NIBA can provide insights into the system’s dynamics in
the strong coupling regime, it may not be suitable for describing a system of two interacting
qubits and environments. However, the analytical solution using NIBA in such a scenario

could be a subject of interest for future research.

2.15.1 Propagator method

One approach to determining the evolution of a system’s state involves the utilization of a
propagator, and subsequently, the Feynman path integral technique.

Assuming a system-bath interaction described by the Hamiltonian H = Hg 4+ Hp + Hj,
let us consider the initial state of the system as a factorized state, denoted as pg = ps & pB.

The temporal evolution of the entire state can be expressed as follows
p(t) = e Mppe™. (2.250)

We can write the above equation in terms of the system and bath coordinates by projecting

the density matrix using the state \x, R), where x denotes the system coordinates and R does
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the bath. Thus, we have

o(x,R,y,Q,t) = (x,R|e” M poe™ |y, Q), (2.251)

where p(x, R,y, Q,t) = (x,R| p(f) |y, Q). Defining Identity operators of form

1= / dx |x) (x|, (2.252)

we may write Eq. (2.251) in terms of propagators. Thus, we will have

p(x,R,y,Q,t) :/ dx'dR'dy'dQ'K(x, R, t;x', R',0)K*(y, R, t;y/,Q",0)po(x', R, ¥, Q").

(2.253)

K(x,R,t;x',R’,0) and K*(y, Q, t; 1/, Q’,0) are the propagators written such that
K(x,R,t;x',R’,0) = (x,R| e |2, R") (2.254)
K*(y, Q. t;v/,Q,0) = (v, Q| ™ |y, Q). (2.255)

Writing the density matrix in this manner will help us find the time evolution of the system
state by taking the partial trace over the bath degrees of freedom. In fact, we should put
R = Q and integrate over R. We first take into account that the initial state is factorized so
that po(x’, R’,y', Q") = ps(x’,y',0)ps(R’,Q’,0). Replacing this state into Eq. (2.253) we
will have

ps(x,y,t) = /dx’dy’j(x,y, t;x',y,0)ps(x',y,0), (2.256)

for which we have

J(xy tx,y,0) = / dRAR'AQ'K(x, R, t;x",R',0)K* (y, Q, t;y', Q', 0)ps(R’, Q', 0).
(2.257)
The aforementioned equations indicate that we can determine the temporal evolution of the
system’s state at any given time by obtaining the propagators. This process involves two
essential steps. Firstly, we need to establish a model that describes the bath and its interaction
with the system. Secondly, we employ the Feynman path integral approach to calculate the

propagators.
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2.15.2 Path integral

Considering the propagator K(x, t;x,0) = (x|e~"H/" |x') where we assume the system is
described by the Hamiltonian H = P?/2M + V(q). We subdivide the time interval [0, ]
into small partitions such that [0, {] = .= [ty_1, tx] where to = 0 and ty = t. In this way

we can write the propagator such that
K(x,t;x',0) = (x| e HU=tna)/omil{t=tic) /R o=iHE/T |57 (2.258)

Adding identity operators in between the expectation values, i.e 1 = [ dxy [x) (xk

, We can
reduce the problem to finding K(xy, tg; Xx_1, tx_1). Moreover, we assume that t; — t;_1 =

€e=t/N—=0 (N — o). Thus, we have
i€
Kot ti -1, te-1) = (x| 1= 5-H |21 - (2.259)

This time, we add the identity operator in terms of the momenta to simplify above equation.

Therefore, we will obtain

i€
K(xg, ti; xx—1,t-1) = /dpk (el pe) (il 1= 5 H [x-1) - (2.260)

Utilizing the fact that the Hamiltonian is H = P?/2M + V(g) we will have

i€ pi
K(xp, tr; Xp—1, te—1) = /de (xxlpr) (prlxr—1) | 1— 7ot V(xe) | |- (2261)

Using (x|px) = 1/V/2mhe'P*/" and writing the expression of the energy term in expo-
nential form we can write
K(xg, tes Xk—1,tk—1) 1 /d e ipk(x Xk—1) €X —ie (i + V(xx)
s Lkr —1,Ftk— = Xp—— - — I NAA .
ks tkr Xk—1,Tk—1 N pkphkklp M k
(2.262)

After calculating the integral over py one obtains

M ie (M (x — x5_1)?
K2k, b -1, be1) = || e exp o (2("62"1)) —~ V(xk)> . (2263)
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Now, we can write the propagator in terms of the above expression

S N, ie (M (x5~ )
K(x, ;2 ,0)=] [/ 5== /dxl...dx wdxn_1exp ) — < — V(xk)) )
iy V 2rihe ¢ s\ 2 €?

(2.264)

Here, x; denotes the different paths that the system can follow and we are summing over all

those paths. Changing the sum into integral we can write it in terms of the action so that we

will have
Cordx()
K(x, t;x',0%= exp —S[x(t')], (2.265)
EO/ N Ph
where
! ! ! 1 -2
Sx(t)] = /0 at (M- V(x)). (2.266)

We may write (2.265) in simpler from such that

K(x,t;x',0) = /jc Dx (t') exp %S[x(t’)]. (2.267)

Going back to the calculation of J (x,y,t; x",y/,0), we first write
x rR i
K(x,R,t;x',R',0) = / / Dx (') DR () exp 2 S[x(t), R(#). (2.268)
x/ /

The definition of the action S[x,R] = fot dt'L(x,%;R,R,t') enables us to write the total
action in terms of the action of the system, reservoir and interaction terms using their corre-

sponding Lagrangian in a way that
S[x, R] = So[x] + Sg[R] + Si[x, R]. (2.269)

By combining the previous equation with equation (2.268), we can rephrase the expression
for J(x,y,t;x',y,0) in equation (2.257) in a more comprehensible manner using the ac-

tions. Therefore, we will have

X

J(x,y,t;x,y,0) = /

x/

/ " D (#) Dy (1) ek SOl 5] Flx (), y (#)].
y/

(2.270)

Here we have
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Fle(t),y ()] = [ [ [ draraQes(®,00) [ [ DR (1) DO ()
<exp {1 [SI(), RO = Sily(), Q)] + Sa[R(9)] - SalQ)]) |, 2271

which is the so-called influence functional. This carries essential information regarding the
time evolution of the initial state of the environment when it interacts with the system and its
time-reversed counterpart.

To compute the influence functional, we make the assumption that the initial state of the
environment is thermal and that all degrees of freedom in the bath are independent of one
another. We begin by expressing the total Hamiltonian using the Caldeira-Leggett model of

environment interaction. This allows us to write the Hamiltonian as follows:

1 1 2
= SM* 4 V(x +2{ Mafy + 5 Mty — cnxrn+x22m:w%}. (2.272)

Above Hamiltonian describes the interaction between a system with potential energy V(x)
and an environment consisting of independent harmonic oscillators. Based on that we can
proceed to switch back to our system and express everything in terms of charge and flux
variables. By utilizing the aforementioned Hamiltonian, we can express Sy + Sp in terms of
the Lagrangian. Since the bath oscillators are independent, we can focus on the Lagrangian
of the n-th bath oscillator. By calculating its action and subsequently the propagator, we can
obtain the total bath propagator by multiplying them together. In other words, according to

equation (2.268), we can express the Lagrangian for the n-th oscillator of the bath as follows:

R 1 1 c
K&, = /R/ DR (') exp { / dar’ { i — zmnw%r% + Cpxty — x22m:w% H )
(2.273)
Above integral is the reminiscent of finding the propagator of a forced harmonic oscillator
[36]. We technically assume that r,, = 7,, + X, where 7,, denotes the classical path and ), is

the quantum deviation from that. Based on this we can write the above integral such that

' R
Kf; = exp [;Sd] /R/ DR (') exp { / dat’ (1 n (Xn? —w%x%))] . (2.274)

The classical action can thus be calculate by taking advantage of the Euler-Lagrange equa-
tions. To solve the quantum deviation, we first write X, in terms of its Fourier series such

that

Xn(t) =) _xusin (vat');  ve = ma/t. (2.275)
14
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Replacing this back to (2.287) we can take the time integral and we will have

K§; = exp [;Scl] /Ij DR (') exp [ Z( (V:-w ))] . (2.276)

Having this in hand, we can calculate the integrals over the different paths by changing the
sum into a product. Then it will become a Gaussian integral which is already given for a free

particle when w;, — 0. We can calculate this for each path and we will obtain

o
1-w2/vd) 2, @21
=1

4

R
/ DR( exp[ E(Xn V2 —w? )]
where C = (m,,/ 27‘ciht)1/ Zis merely the free particle normalization constant. Using

© 242 ;
11 <1 _ wyt ) _ sm(wnt), (2.278)

242
ol T wyt

[ muw
Kb =, ,/—12" ¢ S , 2.279
BI 27tih sin wy,t Py hoel ( )

we finally have

where

n mVlwi’l

o —

Tenco ] [ <R31 + Rﬁ) cos wyt — 2R, R,
n

_ 2e4Ry t
Cn / x(#) sinwyt'dt’ —
my Wy

2¢,R), [t
“nZa / x(t') sinwy (t — t")dt’
MmuWy JO

mzwz/ dt’/ dt’x(t)x(t") smwn(t—t)smwnt”] (2.280)

The time reversed counterpart of the above propagator can be obtained by changing i — —i,
x(t') = y(t') and R" — Q. Next, we should multiply those two and then take the average
over the bath density matrix. We notice that, because all the bath degrees of freedom are
independently thermal with the temperature T, we may still decompose the bath density

matrix into the form

ps(R,Q,0) =[] pk (R}, Q;,0). (2.281)
In this way we can rewrite (2.271) such that
Flae (), (#)1=T 1/ | dRAR'aQ gl (R}, @1, 0) Ky (x(t'), R R, Kby (t'), Ry O ).

ijl
(2.282)

The integral mentioned above is Gaussian in nature and can be solved. However, before



2.15. Solving spin-boson model 67

proceeding with its solution, we must first derive the expression for the density matrix of the
bath. To accomplish this, we employ the imaginary time path integral technique, wherein we
utilize the Euclidean action instead of the usual Minkowski action. The bath density matrix

pL(R!, Q!,0) can be written as

ph(R, Q0) = 2 (Ri| e 17 |, (2.283)

with Z as the partition function. Comparing to (2.254) we can see that this can be similarly
written in terms of the action if we have t = —i13. Thus, one can follow the procedure that

we had before to obtain

. 1 /< 1
ps(R;,Q!,0) = z | DR; (') exp —ﬁsE [Ri(t)], (2.284)
where Sg denotes the Euclidean action written as
14! hﬁ 1 '/2 /
Se[RI(H)] = /0 MR+ V(R)(7) ) dr. (2.285)

Indeed, in the expression above, we observe the insertion of the Euclidean Lagrangian Lg,
which differs from the system Lagrangian due to the negative potential V. Ultilizing the
aforementioned action, we can compute the density matrix of the bath, following a similar
approach to what was done to obtain equation (2.277). We can begin by writing

np
SE[Ri(H)] = /0 (;mi (r;-2+w%r§)> dr. (2.286)

Once again, we divide the path r; into its classical and quantum deviations, as we did in the

previous case. This yields the expression

, 1 Qi i [t 1 .
eh(R, Q,0) = exp |53 | [ DR () exp 1 [ av (G (i + i) )|

’ (2.287)
We have already solved this integral in (2.287) with the negative sign. by changing v, — iv,

in (2.277) we will have

w; -1
T exp =59, (2.288)

(RO 0) = — 71
p(Rj, Q,0) = 27ih sinh w;t h
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where we have

m;wj hw;

sd = _1—1%) [(Rf + ng) cosh ( X YZ) — 2Q;Rg] . (2.289)
27 sinh ( KbT> b

Having obtained this, we can go back to the influence functional and write it in terms of noise

and dissipation kernel such that

Flx (1), y (1)] = et i Ji dvdel=in(x-0) x() -y (D) (0) +(@)} +v(r=0)x(r)~y(x)|x(e) (o))}

(2.290)

where the noise kernel v(t — ¢) = [ dw](w) cos w(T — o) coth (Bhw/2) and the dis-
sipation kernel 77(T — 0) = [;” dw](w)sinw(T — ¢) are written in terms of the spectral
density of the bath J(w) = Y %5@) — wy).

To proceed, we can apply the expression for the influence functional to the spin-boson
Hamiltonian in order to determine the evolved state of the system at time f. Since we are
dealing with a two-level system, the paths (x(¢),y(t)) it takes correspond to the states |1)
and |]) exclusively. In other words, for instance, x(s) only takes on the values £¢y for |1)
and || ), respectively. Consequently, the spin double path can be viewed as a single path that
jumps among four distinct states: |11), [T]), |4 1), and |]|). In this sense, we can construct

two functions of these paths, one symmetric and one antisymmetric, such that

x(5) = (x(s) + ¥(s)) (2.291)
Po

£(s) = (x(s) - y(s)). (2.292)
(]

For example, for the two states {|11),[]))} we will have x = +1 while { = 0. For
the other two paths we have the opposite situation that { = 41 while y = 0. Based on
this construction of these paths, we regard them as sojourns that refer to the diagonal states
a = |171) andd = |]), and blips that refer to the off-diagonal states b = |1]) and ¢ = || 1).
As a final remark about the two paths, one may notice that x describes the classical path that
the system would take because it refers to the diagonal elements of density matrix. ¢ also
refers to the quantum paths taken due to it being related to the off-diagonal elements of the
density matrix.

Before solving the integral in (2.290), let us first consider the free paths in (2.270). To
calculate the action for the two-level system, we construct its kernel using the same procedure

that we had to obtain (2.265). Hence, the amplitude to stay in the state |1)(]].)) during time
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dt may be written as
K(Xk<’f),dt; xk,l,O) = <Xk,1’ 1-— iHTLsdt/h |xk> . (2.293)

If the system remains in state |1) (|])), the amplitude will be exp (—162‘#) (exp ( edt)).
In the case of a switch between the two states, the amplitude becomes (7 (4 )| 1-— HTLS””

=55, ing this to the four states (a, b, ¢, d), we can find the amplitude for the
L (1)) = i%*. Applying this to the f (a,b,c,d) find the amplitude for th

double path as follows

K(xx(7), yx(7), dt; X1, Yx—1,0)
= <xk—l/yk—l‘ (1 — iHTLsdt/h) (1 + iHTLsdt/h> ]xk, yk> . (2.294)

Therefore, the amplitude to stay in the same state will be exp ( C(h)dt) and for the "blips"
or transitions between states, we will have iA ( )dt, where A = Ofora 2 dandb = ¢
—1fora 2 bandd & c, and +1 for a = c and b = d. These amplitudes are chosen such
that, for example, the contribution to staying in state a is given by (1|1 — iHys |T) (1|1 +
iHys |1) = 1 when ignoring dt?.

To determine the total amplitude, we need to multiply the amplitude for each flip in the
path taken through the four states a, b, ¢, and d. Considering a path that starts from a at
time zero and returns to it at time ¢, consisting of 2# flips, the time it takes for the system to
undergo the k-th flip is denoted as t;. We subdivide this time interval into small partitions of
dt and use the same method as in equation (2.265) to calculate the propagator for the k-th flip.
By multiplying all the propagators (a total of 21), we obtain the propagator for the 2n-flip
path. Summing over all possible values of 1 will yield the probability of finding the system
in state 4 when it started in state 4.

Based on the amplitudes obtained during dt, we find that the total non-zero contribution
to the amplitude after 2 flips will have a factor of (—1)" (%)2'1. We then have 27 integrals
over all transitions that occur along the path. We will write this explicitly later. For now,
let us derive the influence functional from equation (2.290). We express the symmetric and

antisymmetric functions in equation (2.291) in the following form:
2 1 (0(s — ta)) — 0(s — tajs1)) (2.295)

s) = Z g (0(s —taj_1) — (s — 1)) - (2.296)
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From the above equations, we observe that when tzj <t< t2j+1, )((t) takes the values 17j =
+1 while &(+) = 0. This indicates that the system is in a diagonal state (a,d). Conversely,
when ty;_1 <t < ty;, {(t) takes the values ¢/ = 41 while x(t) = 0. In this case, the system
is in a blip state transition (b, c). We substitute these two functions into equation (2.290) to

obtain

Fle(t),y (0] = exp 50 [ ["asas {in(s ~ )e(s)x(s) + vls - e

(2.297)
Hence, we will have
. trj 2k+1
Flirt,60) =o' T gyt / dsds'y (s —<')
j>0,k>0 tyj—1 Sk
% ex q)O ik By _
p—— 77 * dsds’ v(s —s). (2.298)
Th ]>Ok>0 Jhj1 ok

Since we have the noise and dissipation kernels functions, we can proceed with solving the

time integrals. For the first one we have

tyj  plaktr , , o by rtaka ;. ,
/ / dsds'n(s —s') = / dw](w) / / dsds'sinw(s —s').  (2.299)
taj—1 St 0 taj—1 J o

Solving the above integral results in defining a function such that

t) = /Ooodw]g‘;)

We may follow the same procedure for the noise kernel v(t) so that we have

sin wt (2.300)

byt
/ 5 /Zk dsds'v(s —§') / dw](w) coth (Bhw/2) / / dsds’ cosw(s —s').
toj fok—1 trj—1 Jtok—1

(2.301)
Similarly we define another function in a way that
RN ()
Qa(t) = dw 2 (1 — cos wt) coth (Bhw/2) . (2.302)
0

Replacing the above functions into (2.298) we will have

ip? .
Flx®), &) = e%{ipo,kzo U (Qu(ty—tars1) —Qu (boj-1—tok1) —Qu (baj—tak)+Qu (f2-1—ta) ) }

_2 .
% 6# {2]7":1 Qa(tj—toj—1)+Ljs 020,k TTF (Qa(taj—tar—1) — Qa(taj—1—tor—1) — Qa(toj—tax) +Qa(trj—1—t2) ) }

4

(2.303)
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where we have used the fact that &% = 1 for j = k. Moreover, the propagator for staying at
the blip {/ during the interval t5; — t5;_1 is exp —i€ ft:l . G(s)ds. Thus, the contribution of
n blips is accumulated in the bias factor exp —%e Zj el (tzj - tzj,l) that will be multiplied to
the influence functional.

Now we can find the probability of the system starting and ending in a which would be

p(t) = (a] ps(t) |a). Using (2.256) we will have
=1+ Z "(A/2)%" Ka(t), (2.304)

where

t trn tr
t) = E/o dtzn/o dtznq----/o dt1Fy (1, t2, oo 1205 810 G20 vver Cus M1, 12 o 1) -
1.4
(2.305)
We note that the time integrals in the above are time-ordered. One can simplify the influence

functional by first defining

Xjk = Qu(tyj — toks1) — Qu(t2j—1 — toks1) — Qutaj — tox) + Qu(tzj—1 — tax). (2.306)

Next, we will sum over all 7 = =£1. Since their values are limited to 31, the first term in

(2.15.2) together with the blip amplitude can thus be written as

ZeXp h( ) ﬂkaXjk) X exp — ZC by — toj-1)

i>0k>0

— 2
_on—1 H %o '
—2” o cOos [ﬂ_’h Z €]X]k

j=k+1

j € 9%
cos |} <(t2j_t2j—1)h—7_[hx]'o> . (2.307)
J

With this in hand we may write

F, (tm;Cm} 6) =k (tm) 1) (tm/' ém) F (tm;Cm) Fy (tm; (’m; 6) ’ (2.308)
where
— 2
Fi =exp (MO Zs]) (2.309)
E —exp ( n(’;lo y gfgkA]-k)> (2.310)
jk>0
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n—1 2 )
F; =2"" ] cos [;’T’% Y X (2.311)
k=1 j=k+1
i € %
F; = cos ;g (taj = toj1) 2 = = Xo (2.312)
with
Sj =Qa(taj — ty(j—1) (2.313)

Ajie =Qa(taj — tax—1) — Qa(taj1 — tae—1) — Qu by — tak) + Qu(f2j—1 — k). (2.314)

It is worth noting a few remarks about the relations presented above. F; represents intrablip
correlations since it arises from the term with k = j in 7I7. F, denotes interblip correlations,
representing correlations between ¢/ and ¥ for j # k. On the other hand, F3 and F; capture
correlations between the entire blip sequence and the k-th sojourn.

The equations presented, including equation (2.304), provide essential insights into the
dynamics of the spin-boson model. However, obtaining an analytical solution for the prob-
ability function given by equation (2.304) is challenging without suitable approximations.
One successful approach is to employ the Noninteracting Blip Approximation (NIBA). This
approximation assumes that the time intervals associated with blips are much smaller than
the time interval for sojourns, implying that the system predominantly resides in diagonal
states. By making this assumption, the influence functional can be significantly simplified by
neglecting many interaction terms between blips and sojourns. In the following sections, we
will provide a detailed exposition of NIBA, focusing on its application to derive analytical

solutions for heat currents.

2.16 Heat currents

To calculate the heat transport between the system and the bath, we employ the functional
method and utilize the standard definition of heat. This definition involves measuring the
change in energy of the bath degrees of freedom at the initial and final times of the evolution
[44, 8]. In essence, we perform two projective energy measurements on the reservoir, one
at t = 0 and the other at the final time f. The difference between these measurements
corresponds to the heat exchanged between the system and the bath during the evolution.
By repeating this process multiple times, we can construct the probability density function

(PDF) for the exchanged heat.
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To investigate non-equilibrium heat currents, we consider a system interacting with two
heat baths at different temperatures. Additionally, we assume no initial correlations between
the system and the baths, leading to the following initial density matrix for the combined

system-bath configuration:

p(0) = ps(0) ®q pi, (2.315)

where o denotes the thermal state of the two baths with temperature B, = (k;T,) ! for
a = {1,2}.

To construct the PDF for the heat current, we introduce two projection operators, P;* and
P, which correspond to measurements on the a-th bath degrees of freedom. Pj measures
the a-th bath at the initial time (f = 0), while P; measures the same bath at time {. With

these projection operators, the PDF for the heat current can be expressed as follows

P(Qut) = Y 5(Qu+ef —e3)ples; ef]plet], (2.316)

€165

where p[ef] is the probability of finding the energy ef, and ple}; e{] is the conditional prob-
ability of finding the energy e5 given that the a-th bath was initially in the state with energy
e7. These probabilities can be expressed in terms of the density matrix and the unitary time

evolution operators U () generated by the total Hamiltonian H = Hg + Hp, + Hj, as
e5;et]plet] = Tr [ PEU(H)PEp(0) P (1)PS | (2317)

To find the average heat current, we introduce the generating function (GF) G, (v, t) which

will generate all the moments of heat currents. It is defined such that

Galv, 1) = / " 4QuP(Qu, £)e%. (2.318)

Using the GF, we can find the average heat current (Q,(#)) such that

dG( t)

= . 2.31
(Qu(®) | 2319)
To proceed further we first use Eq.(2.316) to write
Gva,t) = Y ples; ef)plef)e™ (21, (2.320)

s
e ey
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Due to the initial state of the total system being a product state, the projection operators

commute with the initial state. Therefore, we can write the generating function as
G(vg t) = Tr [U‘L(t)ei”“H“ Ue_iV“H“p(O)} , 2.321)

Fivee? i
where we have used that } . P]f"e Wali — etivaHe,
]

. To determine the GF, we performed si-
multaneous measurements on the a-th bath. The final measurement result can be expressed as
Tr [P21P22U(t)P11Pup(O)P11P12U+(t)P21P22], where Pj; are the projection operators cor-
responding to the i-th energy of the j-th bath. Based on this, we can define the probability

density function (PDF) as follows

P(Q1,Qat)= Y, d(enn —enn+Q1)d(ear —exn +Qn)

€11,€12,€21,€22

X Tr |:P21P22U(t)P11P12p(0)Pllplzu*(t)lepzz] . (2.322)
Thus, we will have
G(EZ, t) — Tr [u'l'(t)ei(v1H1+Vsz)uefi(l/1H1+1/zH2)p(0):| , (2.323)

where V = {vy, 12 }. In this way the heat current would be

dG(V, t)
dvy

<Qa(t)> = —i

, (2.324)
=0

which would be similar to what we had in (2.319).
Finding the GF in (2.323) is the main purpose of this section because it will help us
calculate the heat currents at the end. Eq. (2.323) can be written in terms of the Feynman-

Vernon path integral. First, we define
p(0) = ps,(0) @ ps,(0) @ pff © PR, (2.325)

where R and L indicate the right and left baths. With this definition of the initial state of
the total system, we can find the Feynman-Vernon representation of the GF using the same
procedure of the previous sections. Indeed, the only difference is the counting terms coming
from the energy measurement. This term can still be dealt with using the Euclidean action
technique that we employed to find the density operator of the bath in (2.287). Moreover,

we need to take into account that we have now two qubits as our system. Therefore, one can
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write the GF as
G(EZ, t) = / dX1dX2dY1dY2E(X1, XY, Yz)Fg(Xl, X5,Yq, Yz), (2.326)
where

E(Xy, X2, Y1, Y2) = g%(SO[Xl}JFSO[Xz]JFSOI[XlrXZ})*%(50[Yl}ﬁLSo[Yz]vLSOI[Yl,Yﬂ)_ (2.327)

X1 and Y7 5 denote the forward and backward paths of the qubits and F5(X1, X2, Y1, Y2) is
the influence functional. Sgy is the interaction action between the two qubits. To write this
action we look at the interaction term in the Hamiltonian which is 01, ® 0»,. Using the same
method that we used to obtain the action for the free qubit in the previous section we can

write the action of the interacting part such that

Sor = Emzqoﬁ /ds [X1(5)82(s) + x2(s)¢1(s)], (2.328)

where we have X1, = =£1 for sojourns and 0 for blips and ;o = =£1 for blips and O for

sojourns. The influence functional can also be written as

Fo(Xe, X, Vi, Vo) = e%(sgq [X1,1]+5E, , [%2, 2] ) o7 (Ska XY +88, [X12]) (2.329)

7

where we have

T,XR/L

t t
SR/L TXR yL] :/fdt{/ ds (XFX§+Y}YSL) KRIL(t— )
ti t;

1

—XRYLKRIL(+ — s+ agyp) — XRYFKR/E(t — 5 —agyp) } (2.330)

and for the imaginary part we obtain

LAR/L

t t
SR/L [XR yL] = /fdt/ ds{ (xfxf—yfyj) KR/L(E— s)
t; ti

+XRYLERE(t— s+ agyr) — XRYERRL(t— 5 — ag)p) } (2.331)
where the kernels are

KRL(E—5) = / dw]r1(w) sin (wgyL(t —s)) (2.332)

KRIL(t —s) :/dw]R/L(w) coth <FMR/2L[3R/L> cos (wgr/L(t—s)). (2.333)
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To find the expression for the GF, we again use the same method of the previous sections.

First we define

Xt =Xi +Y;

Gt =X — Vi (2.334)

To calculate the real and imaginary parts of the actions as expressed in equations (2.16) and
(2.16), we need to perform double integrals over interacting paths at different times. As
mentioned earlier, these paths can be either blips or sojourns. Additionally, in order to obtain
analytical solutions, we will make use of the Noninteracting Blip Approximation (NIBA).

The assumptions underlying NIBA are as follows

1. The blips time interval Atp is much smaller than the sojourns Atg. In the other words

Atp < Atg.
2. Bath correlations decay over times much shorter than the sojourn interval.

Under these two assumptions the only non-zero contribution of paths interaction could be

listed as

1. t and s are in the same blip interval.
2. tand s are in the same sojourn interval.
3. tisinasojourn and s is in an adjacent blip interval.

4. t and s are both in sojourn intervals separated by one blip.

Furthermore, we need to make an additional assumption regarding the system interaction
action (2.328). It is worth noting that the integral in (2.328) considers both qubit paths
simultaneously. However, each qubit can independently be in a blip interval or a sojourn. If
the two qubits are in the same state (blip or sojourn), the action will be unity, resulting in
no contribution. Therefore, the non-zero contributions arise from the interactions between
qubits in different states.

For example, if the first qubit is in a sojourn state during the time interval Atg, the second
qubit may have transition between m sojourns (Atg) and n blips (At%) within this interval,
satisfying mAty + nAty = Atg. As mentioned before, we assume that the blip intervals are
much smaller than the sojourns.

In practice, we can separate the interaction between sojourns and blips into different

orders. In the first order, we consider only one blip in the path of the second qubit. The
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second order introduces an additional blip, and so on for subsequent orders. To establish a

more rigorous framework, we define the following relations:

x1a(t 277 0052, —H —o(52 - 1)] (2.335)

&12(t) Z@“[ 2 1) — 0t t)}. (2.336)

Using the above relations we may write the integral in (2.328) such that

Sor = "’0 / ds [x1(s)Ga(s) + xa(s)Ga(s) ’“% (ZA CzﬁwﬁZAzl@lfzk'?k)
(2.337)

Al 2 — ;12 t;;.z_l is the blip interval in the first or the second qubit. f;; takes care of the

number of existing blips on the first and second qubits. For the first order approximation
stating that there is only one blip interacting with the sojourn, fjx = Jj. Therefore, we can
write

Sor =

M(PO Z (AZZ 1771 + AZt 11712) : (2'338)

Now we may use the assumptions of NIBA and the four mentioned regimes of non-zero
contributions to find the the free particles action and the influence functional. This is pretty
much the same calculations that we did in previous sections. Therefore, one can write the GF

such that

G(d,t) = < ) / dti..dt}, / dt3..dt3,

x Y ex (;l 12;A21> exp <622ng )

(rifz. (R1) ric 01’71]§z+1X] (@, 21+2) It 1’71§]X] (aj,8%,)+ L1 ’7]’71]+1 I (, A21+2)+R’(“1 A] )+ (&, A] ))
Xe
X e(%{uxf'zl (A%igz'2771'1+A%ig}77i2))
(ﬁl L (R1) ]€1+1 (‘"1 21+z)+2? 17715]1?] ("‘/ )"'Zn o ’75’7{“2/("‘ijJZi+2)+Cj(D‘j'AJZi)"'Dj(“f’AJZi))
Xe

4

(2.339)
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Eng? .
where U = #. Moreover, all the other functions are as follows

(‘*;) sin<WA%> (1 + Cos(wl’éj))

sin (wA]é) sin(wa;) coth (W)

XL (aj, &) :E/ dew

F " (aj, A] / dw

2

N(aj, Ay) =~ 3 / dw
S(aj, Aly) = / da)
Bi(a;, A)) = / dw

Ol 8p) =3 [ ) o) 1) (1) (")

D/ ) =3 [ ! (1 - cos(am)) com (")

w2 2

cos <wA]é) sin(wzxj)

cos (wA]é) (cos(wa;) —1) coth (an;ﬂ) (2.340)

sin (waj)

Ri(wj, Ny) = — N (a;, Ap).

The GF in (2.339) can be written in terms of the transport matrix. To that end, we first write
(2.339) in terms of cosh functions. Shifting the sum indices to start at i = 1 for all the

summations, we can sum over all {/ so that we will have

HHZcosh h{e]AJQi +1 [X]Jr(l"j, A)) +iF (a), AJZ:‘)}
i=
+1) [xf_ (aj, A) + iF. (ocj,Ale.)] L[77]A] }

i (2 A Iy j j j j iviilci j j j
« 6% (’71‘71’7,' [N(“/’IAzi)“Z’(“PAzJ] R (aj,8;) B (aj,8) i (CJ (@), 85;)+D (“jrAZi)>)
7

(2.341)

where j # j. To write the above relation in terms of the transfer matrix, we should first find

the 16 matrix elements by summing over all 17j . Rewriting the expression we will have

T T2cosh {efA§i+ (’71 s ”Z) [X7++Xf_+i(1-i+1fi)}

j =0
(M) [ i () il
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5 (7] [ o) g 80,) | R G 8,) + B (o 85) 4+ (0 g, )+ D ) ) )

xe " (2.342)

To consider all possible transition states of the two qubits at each interval, we need to account
for all combinations of 17{ values. For example, the first matrix element can be constructed
by assuming the transition (1,1) — (1,1). This means that both qubits start and end with a
sojourn, represented by 17{ = 1. By substituting this transition into the expression, we observe
that the asymmetric term vanishes, resulting in the first element of the transfer matrix M as

follows

i )
M111) (87) =cosh & (e'ah+ [XL+ XL +i (FL+ )| - us)
x cosh% (&Aéi + X2+ X2 +i(F2+F2)] - UA;i)
o e ([AM (a1, A3)+i! (a1, 85) ]+ R (ay,A3) +B" (1,03 +i (CH (a1, 05)+ D' (w1,A),)) )
o e ([N (02,85 +iZ2 (a2, 03) |+ R? (w2, A5,) + B2 (2,05 +i ( C* (a2, 3+ D? (2,03, ) )

(2.343)

Proceeding with this approach, we may write all the other transport matrix elements which
would shape a 4 X 4 matrix. Next we assume that at the beginning, we start with a so-
journ state (1,0,0,0) and at the end of the process, we sum over all possible states (trace)

(1,1,1,1). Therefore, one may write the GF in a matrix form such that

(2.344)

H(1 111 2( ) /dt] dtJZnHMoc],

S O O =

To find the GF, we will Laplace transform the above equation. This could help us to do the

summation and write the transfer matrix in terms of its eigenvalues. Thus, we will have

1
) 2n .o . . n . 0
H(l 11 1)[%)(?) /0 e‘“dt/dtjl...dtJZHl_gM(ucj,A]zl.) )
j n= i
0
(2.345)

At this point, we encounter a limitation in our approach. In equation (2.343), we observe

that the interaction term inside the coth function depends on the time interval of the second
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qubit. This arises due to the approximations we made regarding how the blips and sojourns
of one qubit interact with the other qubit (equation (2.338)). As a result, while it is possible to
perform the Laplace transformation, the resulting steady state and subsequent heat currents
become unphysical.

Specifically, the steady state density matrix should have a unit trace. However, after
performing the Laplace transformation and setting the counting fields to zero (a; = 0), the
generating function does not become equal to 1. This implies that the trace of the steady
state density matrix will not be unity. Furthermore, the steady state heat currents become
time-dependent. Therefore, we conclude that NIBA and the approximations made to derive
equation (2.338) fail to produce a physically valid result.

It is worth noting that it is possible to obtain analytical solutions by removing one of the
qubits [8]. However, for the case of two interacting qubits, finding analytical solutions using

NIBA remains a subject of interesting future research.

2.17 Conclusions

In this chapter, we began by discussing the quantization of LC circuits and introduced the
Caldeira-Leggett model to incorporate dissipation. This model replaces the resistor in the
circuit with a large number of series LC circuits, allowing us to study the heat current be-
tween two overdamped quantum harmonic oscillators coupled to local thermal baths. Im-
portantly, we derived closed analytical expressions for the heat current that account for both
quantum and classical contributions, without resorting to weak coupling or Markovian ap-
proximations.

Next, we explored the nonlinear dynamics of two interacting qubits coupled to baths at
different temperatures. We introduced superconducting qubits and discussed their imple-
mentation using Josephson junctions. To study the heat currents in this setup, we employed
Feynman path integrals and described the qubit dynamics in terms of blips and sojourns.
However, finding closed analytical solutions for the heat currents in this case remains a chal-
lenging task. While analytical expressions for heat currents in a reduced system of one qubit
are possible [8], the case of two or more interacting qubits fails to yields physical results and
can be a subject to the future study.

Overall, this chapter has provided a comprehensive exploration of heat transport in quan-
tum systems, ranging from harmonic oscillators to interacting qubits. While analytical solu-

tions have been obtained in certain cases, the study of heat currents in more complex systems
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remains an active area of research, often relying on numerical methods to gain insights into

the thermal behavior of these systems.
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Chapter 3

Dynamical Casimir effect and

refrigeration

3.1 Introduction

The objective of this chapter is to develop an autonomous quantum refrigerator, consisting
of two cavities connected by a SQUID (Superconducting Quantum Interference Device).
Similar to its classical counterpart, the quantum refrigerator is an engine that can cool down
the cold bath while heating up the hot bath by absorbing work. Our goal is to demonstrate
that our setup can exhibit this behavior in the appropriate regime.

This setup is similar to previous studies on the dynamical Casimir effect [34, 116] and
transmission lines interrupted by SQUIDs [117, 37, 76, 46, 109, 12]. As mentioned in the
previous chapter, a SQUID is a highly sensitive device used for measuring magnetic fields
[21]. It consists of two Josephson junctions, which are superconducting devices that allow
electrical current to flow without resistance. The two junctions are connected in a loop, with
a thin insulating barrier between two superconducting wires. When a magnetic field passes
through the loop, it induces a change in the superconducting current, which can be measured
as a voltage across the junctions, enabling precise detection of magnetic fields.

In our setup, the cavities are represented by a large number of parallel LC circuits. Each
cavity consists of identical inductances Lg/ and capacitors C6/ ! The primary variables used
to describe the cavities are the node flux variables ®'/! associated with each node in the
cavity. The SQUID is modeled by two parallel Josephson junctions with the same energy E;
and capacitance C;. The SQUID is characterized by the node flux at x = 0, denoted as Py,
and the phase drop 2f related to the self-inductance L of the SQUID. This phase drop can
also be influenced by an external flux.

The resistors R'/" located at each end of the setup play the role of heat baths connected
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FIGURE 3.1: The Schematic of the model.

to the cavities, to which we can assign temperatures later on. It is important to note that
the resistors can also be replaced by the Caldeira-Leggett representation of the bath, which

essentially corresponds to an infinite cavity with the same structure as described above.

3.2 Lagrangian of the system of cavities and the SQUID

To write the Lagrangian of the circuit of the cavities and SQUID, we use the node flux

representation. First we describe the Lagrangian of the two cavities.

L= EZ}Z axC (o) 4L (o _ o)
cT\2e) 2 - o (P LI Ax i+1 i
)’ 1 1\ 2 1 2
In the continuum limit of Ax — 0 it can be written as

h 2C(ZJ O o oo n h 2C6 bz 0 2in
L. = <2€> Z/Ll(cp —vf® )dx+<2€> 7/0 (®° — v )dx. (3.2)

where v;/, = 1/,/L{Cj. We notice that Cy and Lo have the units of [C;]/[x] and [L]/[x],
or in the other words they are capacitance and inductance per unit length. Next we consider

the Lagrangian of the SQUID that is written as

A\*C . . n\2C/,. .
Ls = | — J(@o—f)2+ — J(@o—f-f)z-l-E]COS(q)o—f)+E]COS(¢0 +f)
2e 2 2e 2
n\? 1 M
— =) = (4f? . 3.
(Ze> i ( fe8i m) (33)
The term % represents the presence of an external circuit with an inductance Ley. This

external circuit is magnetically coupled to the SQUID through a mutual inductance M and it
introduces an external flux fex;.

Let us write the equation of motion for the total Lagrangian L = L. 4 L, assuming v; =
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2 2
vy = v. We can redefine the following parameters: C) = Cj) = (%) Co, C; = (%) Cy,

2
and E; = ( 5 E) i Therefore, the equations of motion become:

d— 129" =0 (3.4)

n\? . . n\2
2(2) q¢”_<%>(%ﬁ“%+‘¢6>+ﬂﬁw%ﬁ©o=0 (3.5)

B\ _ . ' M
<2> Cjf 4+ Ejcos @ysin f+E;. (f + fext) =0. (3.6)
e Lext

As we can observe, the above equations represent two coupled non-linear oscillators. To
simplify the analysis, we assume that &y < 1, which corresponds to the Transmon condition
Ej > Ec, discussed in Chapter 2. Under this condition, the last two equations decouple, and

the effective Lagrangian for the SQUID and cavities can be written as follows
"\ o2 E a2
Lsys = L + % CjPy — EjPgcos f. (3.7)

In a more unified form this Lagrangian can be written as

Loys = <2er>2(;()/L (1+ 2(;]5( ))d? —02<I>'2—|—2<2hl;]2(:()5(x) cos(®) cos(f)dx,

(3.8)
where the equation of motion for f reads
A\? . . . M
— | Cf+Esinf+Ep | f+—Ffu)=0. (3.9)
2e Lext

where for small values of f will describe a harmonic oscillator. We can solve equation of

motion (3.4) by separation of variables. This means that we can write

Zq; Y (x, t) (3.10)

where ¢, (x) is an instantaneous basis satisfying the bellow boundary conditions:

W+ K2 (H) Y, =0 (3.11)
¥'(=L1) = ¢'(L2) =0 (3.12)

2, Cpk? E
PL0") =9 (07) = (==t 4
©(E) o

¥ cos f)y. (3.13)
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Therefore, plugging (3.10) into the equation (3.4) we will have

Gntpn (x) — V2 (1)) (x) = 0. (3.14)

To rewrite the Lagrangian in terms of the new variables, we first find the time and position

derivatives of ®(x, f) such that

D(x,t) =Y Putpn + Pup (3.15)

D' (x,t) =) puth), (3.16)

Consequently, we can obtain

cbz(x, t) = Z‘f’n‘f’mlpnlpm + Z¢n¢m¢n¢m +2 Z‘f’n‘f’mlpnl/’m (3.17)

D (x,t) =Y Pupmipr iy, (3.18)

We then replace these terms inside the Lagrangian and from the first term we will have

B\ 2 L, 5 71\ 2 . Ly
(Ze> Co/ (14+2C;/Cod(x))D :<26> COZ‘Pn4’m/ (14+2C;/Cod(x)) pntpm

—I by —I

7\ 2 Ly o
+<2€> Comzm(pncpm/ (1+2C;/Coé(x))Pntpm

7L1
Ly
1

n\? , _
2 <2e> Con,chpncpm /_L (1+2C;/Cod(x) ) ntpm- (3.19)

To simplify above equations further, we define the inner product as

1 [l
3/_L (1+2C;/Cod (%)) Ypntpm = mn, (3.20)

where d = L1 + L; is length of the system (This is added to make J function dimensionless).

Applying this to the first term in the Lagrangian we obtain

n\* . L L[R2 - n\2 .
<2€> CO/ 1(1+2C]/C0(5(x))q> = <2e> C;‘Pn +2<2€) CgAmn‘Pn‘Pm

h 2
+<%>C§&wwm (3.21)
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where we defined Cy = C/d and
1 rl .
A =~ / " dx(142C;/ Cod ()t (3.22)
—L1

1 L o
Bun = / Lz dx(1+2C;/Cob (X)) futim = ¥ ApAue = Y AppAne.  (3.23)
—H k k

The next term in the Lagrangian will give rise to

[ R = 2 gugn(t) [ il e 9l =

—v?Y Ka¢A(t) + Ej cos f®o, (3.24)
mn

where to obtain the last equality we have used the boundary condition (3.13) together with

the inner product. Therefore the Lagrangian will be written as

1/h\° 2 o h\? .. :
LsySZZ(Ze) C;((Pn _wn¢n>+<2e> Cfn,ZmMnm(anbm

h\?% _f?
—+ (23) C? n%ankak(Pn(Pml (325)
with
B 1 sl dl/)n
My, = [ | {142}/ Cod(x) ipm - (3.26)

The time dependence of the 1, functions is related to the field f. This Lagrangian describes
the interaction among the fields inside the cavity. We notice that the source of this interaction
is the time dependence of f or, equivalently, the existence of the SQUID, which resembles
a moving mirror in the middle of the cavity [71]. Next, we will study the Lagrangian of the

SQUID.

3.3 The SQUID Lagrangian

The phase drop of the SQUID over its inductance L follows the equation of motion

AN , h\?2 M

Therefore its Lagrangian can be written as

2
L= (22) (;ffZ —V(f), (3.28)
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where

V(f) = —Ejcos f + <2he>211J <f2 + Lﬁfffm) , (3.29)

is the potential energy. This Lagrangian is exact up to the assumption that &y < 1. However,

we can also look at the limit of small displacement of f around fo namely assuming

f=/fot+df(t)
fext = Pext + 5fext(t)~ (3.30)

where §f < 1 and Jfexs < 1. This limit will be useful once we write the full Hamiltonian
and we need to make the linear interaction approximation. Therefore the equation of motion

for f can be rewritten as

h 2 . h 2 2 . h 2 2
<2€> Cjof + Ejcos fo+ (2e> L§f—|—E]smfo—|—(2e> Zfo

n\? 2M n\? 2M
=5 ) et — | 52 ) —+— 31
(28) LLext(Sfext <2€) LLextFext (33 )

The stationary solution where we set 6f = 0 and Jf,,¢ = 0 gives

. h\?2 M
E] Slnf() + <2€> E <f0 + LEXtngt) =0. (332)

This indicates the relation between fy and F,y;. Using it we obtain

n\? _ . n\?2 n\? 2M

which is basically a forced oscillator. Furthermore, one can rewrite the Lagrangian of f

according to its equation of motion in (3.27). In this way we will obtain

N2 . 5FF  /h\*1 n\2 2M

Li=(~] G5 =5 ) sCQwisf*— (= | ——6f5 3.34
f <2e> ) <Ze> 2 Crepf <2€> LT et (534

where )

1 h\"2
2
— E — =, 3.35
wy - 2C <]cosfo+<ze> L) (3.35)
(k)¢

is the frequency of the oscillation in Jf. The above discussion and approximations will

be essential when we will investigate the interaction between the SQUID and the cavities.

However, In the next section, we will use this Lagrangian and the Lagrangian of the cavities
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to study the total system.

3.4 Full Lagrangian and Hamiltonian

Previously we studied the Lagrangian of the Cavity and the SQUID part separately. To find
the Hamiltonian description of the system we will first find the Lagrangian of the total system

by combining the Lagrangian of the cavities and the SQUID. This allows to write
1/ 1\ . A :
Lsys == | = CZ ((Pnz — CU%(P%) + | = Cf E Mnm(,bn4)m
2\ 2e - 2e byt

n\? . f? ANNA
+ <2€> C? Z Mnkak(Pn(Pm + <2€) C]? — V(f) (3.36)

n,m,k

The next step in our analysis is to derive the Hamiltonian for the system. Following a similar
approach to the previous chapter, we begin by obtaining the momentum variables for both the
cavity and the SQUID. This allows us to express the Lagrangian in terms of these momenta,
enabling a straightforward transformation to the corresponding Hamiltonian formalism. The

momentum variables for the cavity and SQUID are given by

1 0L 1\? .. 1\? ..
gy = v h <2e> Chu+1 (2e) CfY. Mum¢m (3.37)
1\* . 1\? _. 1\* . .
pr="h (2> C Y Mun@nm + 1 <2> Cf Y. MucMypndpm +h <2> Cif,
e i e nmk e

(3.38)

Next, we proceed to write the Hamiltonian. Following the approach used in the previous
chapter, we introduce the momentum variables for both the cavity modes and the SQUID,
denoted by g, and py, respectively. It is worth noting that the inclusion of the factor 1/7 en-
sures that the momenta are dimensionless. Consequently, the Hamiltonian can be expressed

as
H=1 ("1)2 CY (6 +w2g?) +1 <1>2 Cf Y Muntnn
2 \2e - 2e by
+ (2?2)2 C]f; + <2he>2 Cf; n;ankakgbnqu + V(). (3.39)
This Hamiltonian still does not contain the momenta. Therefore we first write

, 1 .
¢Pn = 172(:% — fMum®m, (3.40)
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where using this we can write

1\? .
pf:};nM”MQn(l’m‘f‘h(ze) Cif, (3.41)
and hence
: 1
f= > Pf— Y MumGum- (3.42)
h(z) Cr o Ry ) Cy nm

Replacing ¢, inside the Hamiltonian (3.4) we will have

_ (23)22 EEZ 2,2
H_;lzc Tt g2 ) Condi

Therefore the final Hamiltonian after also replacing f from (3.42) will take the following

n\? _ f2
+ <2€> Cry +V(f). (3.43)

form

H= ;lzc 1(h>2 Wty

Eq. (3.47) represents the total Hamiltonian of the system. We notice that the interaction

2
& (p —ZMnmqnw) FV(f).
(3.44)

between the SQUID and cavities are contained in the second term. To study the nature of

interaction we rewrite the above Hamiltonian in terms of Ladder operators by first defining

b = Z‘g |, +at] (3.45)
n = —i zriin [an - aZ] : (3.46)
Thus, the Hamiltonian will become
H= Zhwna an + (2C)2 (pr +T()* + V() (3.47)
where the operator I'(f) is defined as
- % nzm Mo [an - aﬂ [an + aﬂ . (3.48)

We observe that the operators a,, and a!, exhibit a dependence on f through w;,. This implies
the presence of an interaction between the cavity fields and the SQUID degrees of freedom,
f. Thus, we can proceed with the first linear approximation of the Hamiltonian. This approx-

imation assumes that the position of the SQUID, denoted as f, undergoes small oscillations
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around its equilibrium position, fo.
Concretely, we employ the same approximation as in equation (3.3), expressing f(t) as
f(t) = fo+ df(t), where 5f(t) is a small deviation satisfying 6 f (f) < 1. Consequently,

up to first order in J f, the frequency w,, can be approximated as

wn(f) = wn(fo) +dfwy(fo)- (3.49)

For the ladder operators we can also write

(P hwn fo _1 hwn fo
2th (fo) ™" n 2 Zhw fo 2Ec

(3.50)
which can be written as
1 wy(fo)
~ — Z6f " fo). 3.51
an a”(f()) 2 fwn(fo)an(f()) ( )
Moreover, we notice that in this limit using equation (3.26) we have
My = Myumo + (5fM;m0. (3.52)
with Mi/ﬂnO =Y 3 MyuxoMuro and
e dky dipu (fo)
Mo = = dx(1+42Cy/Cod it KAAELTA} 3.53
mo = | (14201 Cod ) (o) g (353

Now, we need to substitute these terms back into the bare Hamiltonian and I'(f) in equation
(3.47). These terms contribute non-linearly to the interaction Hamiltonian. However, since
we have f < 1, we can make a linear approximation. We express I'(f) asT'(f) ~ I'(fo) +
SfT'(fo), where I is determined by substituting the aforementioned expansions of creation
and annihilation operators and M, into T'(f), while keeping only the terms linear in Jf.

Therefore, we will have

() = 200 [ M+ Mo 28] () 8 0)) () = a;<f02 .

Replacing this into the Hamiltonian we will obtain
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_ / b s W) s Wt
H=1)_(wn+w,f) (an 5f2wnan) (an 3f 5. an>

2
+<22?] (ps+To + 6fTH)> + V(6f). (3.55)

where, for simplicity, we have replaced I'( fo) with T, and similarly for I'". Moreover

n\*1 n\* 2M
V(f) = <2e> SCIwidf* + (26) 110 fert (3.56)

In the Hamiltonian (3.55), the ladder operators are independent of 6f. To find the form of

interaction, we perform a unitary transformation H' = TTHT where
. 1. .
T=expqidf(To+ E(Sfro) . (3.57)
We first apply this on the second term of the Hamiltonain and the result will be
T (pf +To +0fT9)* T = p2. (3.58)

Therefore we are shifting the momentum by I'g + 6 fT. Next we need to trasnfrom the first

term in the Hamiltonian;

w), w),
T*h; (wn + w;,0f) (az - (szafnan) <an — 5f2a;1na;> R

T
t Wy 42, 2 2 (W, ’ t
hEn Wy a”a"_(sza;ln(a” +ay) +0f <2a:1> ana,

n
' t 2 Wy o 4 2
—I—h;wn Ofaya, —Of m(an +a;)

jéfmzr:nMnm %’: [wm <um — a+m> <an — aZ) + wy, (am + a%) (an + ai)]

_Z(SfZ anMnm\/?’: {wm (ﬂm - a*m) (an — a};> + wy, (am + aL) <an + a;ﬂ”

_Z(SfZ %Mnm Z—’: [w”jl <am —|—a;§1) (az +an) —i—me;” (a:rn — am) (an — ai)]

n m

W

h
_E(sz ZMW’ o [wfﬂ (am — aL)(an - ai) + wj, (am + a;)(an + aZ)}—i—O((SF’),
n,m n
(3.59)
where M, = [M,’m + Mnm%ﬂ . Now, these terms represent the interaction between the

cavities and the SQUID, expressed as powers of 6f. In our analysis, we have considered

terms up to second order in 6 f. However, we can simplify the Hamiltonian by employing
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two approaches.
Firstly, since Jf is very small, we can neglect all the second-order terms in 6 f. Notably,

2
there is a second-order term in V(& f) given by <%) %C ]wj%(s f2. Nevertheless, the prefactor
2 72002
of this term, <%) %C ijzf = % o Ej, is large. Consequently, we can neglect this term in

comparison to other dominant terms in the Hamiltonian.

Secondly, we can utilize the rotating wave approximation (RWA). By applying the RWA,
we can show that all the second-order terms in éf cancel out. This approximation helps
simplify the Hamiltonian further.

To outline the implementation of the RWA, let us first write

_ G +
=\ o [y +a}] (3.60)
I L +

Replacing them in to the Hamiltonian will result in writing the bare Hamiltonian as
Ho=h)_ wuaja, + hwfa}af. (3.62)
n

Therefore we can use the above Hamiltonian and move to the rotating frame by applying the

unitary

on the interaction Hamiltonian of equation (3.59). Therefore one can show that after doing
the RWA, applying the resonant condition w¢ = wy + wy, to any two modes when m # n

and finally going back to the Schrodinger picture, we obtain

Ec, [ & \?
= t t i n t ot
Hypo=h ;wnanan + hwfafaf +h ;wn@ <2wn) And,Afay
b Ee Y Mum W (wm + wy) (a*aman +apal a*) : (3.64)
2\ hws i Wy f fhmn

Moreover, we can neglect the third term of the first line by reasoning that, the constant
EC] /hw I /EC] /Ej < 1. Therefore that term is negligible and we write the final Hamil-

tonian as
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Hypy = 1 analan + hwfa}af
n

h | Ec [w t t ot
_E ﬁ Z M wilz ((Um + wn) (afaman + afaman) . (3.65)

f nm

Considering that there are only two modes of the cavity which satisfy the resonant condition,

we can write from (3.65)

Hypy =1 anaZan + hwfa}af

n
2 hwf w1 (€%)) f f724

The Hamiltonian presented here is commonly known as an "absorption refrigerator" [54, 82,
80]. In this setup, one can achieve autonomous cooling of one mode by utilizing the other
two modes. The concept of absorption refrigeration has attracted significant interest in the
field of quantum thermodynamics.

In the next section, we will delve further into this topic, exploring the principles and

dynamics of the absorption refrigerator.

3.5 Absorption refrigerator

As mentioned earlier, the Hamiltonian given by Eq. (3.66) can serve as a quantum refrigera-
tor. This is evident from the interaction term among the three modes, a}azal. This interaction
implies that one photon is created in the SQUID while two photons are simultaneously ab-
sorbed in the other two cavity modes. As a result, the energy of the SQUID is increase, while
the energy of the two other modes is decreased. It is important to note that the conjugate of
this Hamiltonian describes the reverse process.

To promote the refrigeration process, one can manipulate the energy levels of each oscil-
lator. One approach is to connect each mode to a heat bath, allowing them to reach a thermal
equilibrium state with temperatures T; for i € f,1,2. By adjusting the temperatures, the
occupation probabilities of the oscillators can be tuned. The initial occupation number #; of

the i-th oscillator can be expressed as

n; = Tr[pTia:-rai] (3.67)
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— Ei(t)
— Ex(t)

2.5

1.0

Time

FIGURE 3.2: Averaged energies of each mode after time t, showing the in-

crease in energy of the SQUID and the decrease in energy of the other two

modes. The solid lines show the average energy of each oscillator at time ¢.
Dashed lines indicate the average energy at the initial time.

where
_ 1 .t
exp( KbTiaial)

Ty L (3.68)

Pt =

is thermal initial state.

In the general scenario, the system can function as both a refrigerator and a heat engine.
By applying the resonant condition wy = w; + wy, one can adjust the temperatures of the
three modes (corresponding to the initial occupation probabilities) in a way that allows the
SQUID to cool down the other two cavities. This occurs when the temperature of the SQUID
is higher than that of the other two modes, i.e., T1 < Tp < Tf. This is because, in this tem-
perature regime, the state of SQUID will have a lower occupation probability comparing to
the other modes. Therefore, in this configuration, we observe that the final average energy of
the SQUID, denoted as Ef(t) = Tr(w fa}a #p(t)], exceeds its initial average energy obtained
from the thermal state E¢(t) = Tr[wfa}a #p1,(0)]. To explore this case, there are two ap-
proaches. The first approach involves connecting each mode to separate heat baths initially,
allowing them to reach their respective temperatures. Subsequently, the modes interact with
each other while still being influenced by the baths. In this scenario, the dynamics at time ¢
can be obtained by solving the master equation, as demonstrated in [54].

Another simpler approach is to disconnect the modes from the heat baths once they have
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reached their respective temperatures. Subsequently, the modes interact with each other with-
out the influence of the baths. In this case, the dynamics are determined by the unitary time
evolution. This approach is considered in our analysis. In Figure 3.2, we observe the average
energy of each mode at time ¢. The comparison with their initial values clearly indicates that
the energy of the SQUID increases while the other two modes become colder. This confirms

that this configuration operates as a refrigerator, consistent with the findings in [82, 80].

3.6 Conclusions

In this chapter, we studied a setup that is used as a realization of the dynamical Casimir effect.
By quantizing the SQUID degrees of freedom, we obtained the Lagrangian of the quantized
system in terms of the modes inside the cavity. After switching to the Hamiltonian repre-
senttion, we obtained a three-body interaction term consisting of the cavity modes operators
and the SQUID. By assuming a weak coupling between the cavities and the SQUID and the
rotating wave approximation, we reduced the Hamiltonian into the form of the absorption
refrigerator interaction. In this way we showed that by heating up the SQUID one can cool
down the two modes of the cavity.

This result is significant as it demonstrates the versatility of the architecture depicted in
Figure 3.1. The system offers the flexibility to work with multiple cavity modes and their
interactions with the SQUID. In the refrigerator configuration, we focused on two of these
modes. However, to enhance the cooling process, we can explore the influence of the other
available modes. This will be the next step in advancing this research project, as we aim to

fully investigate the impact of these additional modes on the cooling dynamics.
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Chapter 4

Work statistics in quantum systems

4.1 Introduction

This chapter concerns itself with the work that has been done in the paper A convenient
Keldysh contour for thermodynamically consistent perturbative and semiclassical expan-
sions [20]. In this paper, we have introduced a modified version of the Keldysh contour
that is specifically tailored for studying work statistics in quantum thermodynamics. By em-
ploying this modified contour, we have developed a perturbation expansion of the moment
generating function (MGF), which allows us to investigate work fluctuations and their statis-
tical properties.

The perturbative approach we have presented exhibits a similar structure to conventional
perturbative expansions based on non-equilibrium Green’s functions (GFs) [90]. However,
the key difference lies in the building blocks, namely the GFs and the contour itself. By
employing the modified contour, we are able to derive a perturbative expansion that satisfies
the fluctuation theorem (FT) [5, 4, 56, 29] at all perturbative orders.

As an application of this method, we have computed the work statistics for a scenario
where a slight non-linear perturbation of a quadratic Hamiltonian is activated after an initial
measurement and deactivated prior to a final energy measurement. The resulting probabil-
ity distribution of work can be expressed as a combination of Poisson processes, providing
insights into the statistical behavior of work fluctuations in this specific scenario.

Furthermore, we have investigated the semiclassical limit of the work MGF. Building
upon the usual Feynman path integral technique [35], we have extended it to the modified
contour framework. To achieve this, we have considered a generalization of the Keldysh
rotation and demonstrated that a convenient way to achieve it is through the introduction
of a symmetrization of the modified contour. By performing this symmetrization, we have

adapted procedures similar to those in [88, 86, 89, 27] to obtain a semiclassical expansion of
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FIGURE 4.1: There are three distinct time integration contours commonly
used in calculations: a) The Keldysh contour g, which consists of two
branches denoted as y_ and y. The y_ branch corresponds to the for-
ward time evolution, while the y4 branch represents the backward evolu-
tion. b) The contour <y, obtained by extending the Keldysh contour with
two additional vertical tracks, 4+ and 7). These vertical tracks serve to en-
code specific initial conditions. c¢) The contour <y, constructed by further
augmenting the ¢ contour with an additional track, 7y, that carries infor-
mation about the initial condition. These various time integration contours
provide a framework for handling calculations in different scenarios and en-
able the analysis of quantities of interest in a systematic manner. [20].

the MGF. Specifically, we have explicitly computed the classical order (zeroth order) and the
first quantum correction to the work MGF, shedding light on the interplay between classical

and quantum contributions to work fluctuations.

4.2 The Contour idea

The Schwinger-Keldysh contour is employed as a useful technique to streamline calculations
in open and many-body quantum systems. This concept can also be extended to the realm
of counting statistics within a double measurement setup. In this section, we provide a brief
overview of the Keldysh approach and its application to counting statistics, before delving
into more specific topics such as work generating functions. In many-body quantum theory,

a general quantity can be represented as a correlator of the following form

Ko
Po [THA%”(tj)] } @.1)

where g is the initial-state density matrix and Ag’i) (t) are a set of quantum operators in the

Heisenberg picture, with 7 and 7 indicating, respectively, the time ordering and anti-time
ordering operators. An elegant way to simplify Eq. (4.1) is to introduce a generalized version
of the time-ordering operator: the confour ordering operator, which orders the operators
according to the position of their time arguments on a new domain, called the Schwinger-
Keldysh contour [90, 103, 62]. This contour is composed of two branches, which we call

lower (—) and upper (+4) branch: the first one leads from time O to a final time ¢, while the
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second goes backward from £ to time O (see Fig. 4.1 A). Equation (4.1) can be rewritten in

terms of the new ordering operator in the much simpler form

G=Tr { [TK I Al (zi)p(]] } ) 4.2)

where the time arguments z; fori = 1,..., M 4 K are chosen on the Keldysh contour g and
hence belong to the forward or backward branch. Writing the evolution operator explicitly

we can also cast the equation above as (setting i = 1)

G=Tr Hne—ika H(z)dz HA@ (Zi)po}] ) (4.3)

where the operators AW are in the Schrodinger picture and H(z) denotes the system Hamil-
tonian. Eq. (4.3) is written in terms of a single ordering operator instead of two different
operators 7,7 like in eq. (4.1) and this represents a huge advantage [103, 90]. In a double
measurement process the simplification achieved with the contour idea is even greater. In
this framework a generic observable A is measured at time 0 and time #¢, and in between the
system evolves under the action of a time dependent Hamiltonian H(#) [29]. The generat-
ing function for the statistics of the difference of the outcomes between the first and second

measurement is given by
Ma(A, tg) = Te[eMltr) e Au0) g, (4.4)

This representation holds under the assumption that the initial measurement operator com-

mutes with the initial state density matrix pg. Now let us write Eq. (4.4) in the form of
. pid

Eq. (4.3) by using the dummy integrals A1) = M) = =1 Jo” A1)z gpg A(0) = p=AA0) =

e*iﬁg A0z Then, we find

MA(/\/ tf) =
- {7% [efifw H(2)dz i [ A(ty)dz =i [ A(O)dzpo} } (4.5)

By examining the sum of the three integrals, it becomes evident that it can be consolidated
into a single integration along an alternate contour called 7yc. This modified contour is de-

rived from the Schwinger-Keldysh contour but includes two additional vertical branches at
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times 0 and f (Fig. 4.1 B). As a result, the ordering operator must also be extended to accom-

modate this new contour. Consequently, we can express the given expression as
Ma(A, tf) = Tr {TC [e*i Jre Hdz)dzpo} } , (4.6)
where now the Hamiltonian H is naturally extended as

H(t f =1 € Yk,
He(z) = Y HETIEK 7

A(O),A(tf) forz=1¢€ Y1

where we labelled the vertical tracks of the contour drawn in Fig. 4.1 B by 4. As a last step,
we point out that the dependence on the initial state pg can also be cast as an integration on
an additional track of the contour. Indeed, if we define Hy + log(Z)/ = —(1/B) log po
with Z = Tr[e PHM], we can always write pg = exp [—i fofiﬁ HM(z)dz} /Z and express
Eq. (4.6) as [33]

Tr [7}{6_% Hy(z)dZ}:|
Tr [7’7{[% H%o(z)dZ}} !

M(A, tf) = (4.8)
where 7 is the contour defined in Fig. 4.1 C, built by adding an additional track yas, 7
denotes the time-ordering operator along this contour, and the extended Hamiltonian H.,(z)

is defined as

H(t) forz =1t € g,
Hy(z) = { A(0),A(tf) forz=1€ v, (4.9)
Hy forz € ypm.
Moreover, we have used H,o := H,|s—o. If the initial state is a Gibbs state, we have

Hyr = H(0) and B assumes the role of the inverse physical temperature.

To write the work MGF, we will study the case in which the measurement operator A (f)
coincides with the system Hamiltonian. Therefore, the difference of the outcomes of mea-
surements will be the difference of the final and initial energies, i.e. work in a closed quantum

system. This corresponds to Eq. (4.4) with Ay (0) = H(0) and Ay (t) = Hy(t)

M(A, t7) = Tr[eMult)e=AHu(0)p(0)]. (4.10)
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Indeed Eq. (4.10) can be written in terms of equation (4.8), where in eq. (4.9) we have
A(0), Atf) = H(0), H(tp).

By employing the modified contour <, it becomes feasible to construct perturbative ex-
pansions for work generating functions in weakly perturbed quantum systems. In the upcom-

ing section, we study the perturbation expansion of the MGF.

4.3 Perturbation theory

In order to apply the standard perturbation theory approach, the contour Hamiltonian can be
decomposed as H,(z) = Hy(z) + x(z)Hi(z), where Hy(z) and H;(z) correspond to the
unperturbed Hamiltonian and the perturbation, respectively. These Hamiltonians are defined
on the contour 7, while x(z) represents a switching function. Two scenarios will be explored
for work extraction.

In the first scenario, the final Hamiltonian is identical to the initial Hamiltonian, which
implies x(0) = x(tf) = 0. This protocol is called the switching on/off protocol because the
perturbation Hj(z) is activated after the initial measurement and deactivated before the final
measurement. Bochkov and Kuzovlev derived the first integral fluctuation theorem ([11]) for

this setting, and the corresponding switching function is expressed as

x(t) forz=1t¢€ g,
X(Z) =30 for z € Y, 4r (4.11)

0 forz € yp.

In the second scenario, the final Hamiltonian is arbitrary, i.e., x(0) = 0 but x () # 0. This

is the general setting considered by Jarzynski [56] and the associated contour Hamiltonian is

x(t) forz =1t € g,
x(z) = x(tg) #0 forz € vy, (4.12)
0 for z € YM, |-

The customary approach to time-dependent perturbation theory is done in the interaction

picture [94]. To generalize this concept to the modified contour we use the following relation

U,(z,0) = T {e # @Gy Z 11 o (2,0)0L,1(2,0), (4.13)
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where we denoted with f Af the integration between the initial point of the modified contour

and the point z and defined
U’yO — T{e_%.f7dZH0(Z)}; a'y,l — T{e_%fyde(Z)Hl(Z)}, (4.14)

with the contour interaction Hamiltonian defined as Hy (z) = U, 0(0,z)H; (z)U,0(z,0). To
derive equation (4.13) we first take the derivative of U, (z,0) with respect to z. Thus we will

have
i

d

7 H,(z)U,(z,0). (4.15)

Above equation can be obtained by an infinitesimal displacement of the generator. Expanding

to the first order we will have

U,(z +¢,0) = 77),{67%]?@ HW(Z)dZ} — (I— i%HW(Z))'E{Ef’L’ﬁ HW(Z)dz} +0(e?)
— (- i%Hv(z))Uy(z,O) +O(e2). 4.16)

Next we will show that the r.h.s of Eq. (4.13) coincides Eq. (4.16).

;—ZUWO(Z,O)HAM (z,0) = —iHp(z)Uq0(z,0)U,1(z,0) — ix(z)Uy0(z,0)H1(z) U, 1 (2,0)
= —iHy(2)Uy0(z,0)U,1(z,0) — ix(z)Uy0(z,0)H (2)Uy0(0,2)Uy0(2,0)U,1(2,0)

= —iHy(z)Uy0(z,0)U,1(z,0) — ix(z)H1(z)Uy0(z,0) U, 1(z,0), 4.17)

and the last term is equal to the r.h.s. of (4.15) after regrouping Hy(z) and x(z)H1(z). Note

now that the numerator of Eq. (4.8) in terms of U, (z,0) is simply given by
Tr [7?,{6_7%fv Hv@dz}} = Tr[U, (—ihB,0)], 4.18)
and we can use Eq. (4.13) to write
Te[U, (—ihB, 0)] = Te[U, o(—ifB, 0)TL, 1 (—ifB,0)] = Tr[e PHIL, 1 (~ihp,0)]. (4.19)

Expanding l:l%1 as a contour ordered exponential and dividing by the proper normalization,

we obtain o i
Tr[eiﬁHMﬂ{e_% s de(Z)Hl(Z)}]
Tr[e—FHum] ’

Mw (A, tf) = (4.20)
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where we used that Hy(z) = H), on the 7y branch of the contour. Equation (4.20) can also

be written as an explicit function of Hy(z)

Te[ T, {e F 1 #H0@ i @) @)y

Mw()\, tf) = Tr[,ry{eféfwdzHo(z)]

4.21)

The significance of the aforementioned equation lies in the fact that when Hj(z) is a minor
perturbation of Hy(z), we can expand the second exponential in the numerator and obtain a
series of perturbations for the generating function. However, before delving into this, let us
first concentrate on the crucial component of perturbation theory, which is known as Green’s

function.

4.4 The Green’s function on the modified contour

Consider a generic two-point correlation function on the contour in the Schrodinger picture.

This can be found as

Gayny(21,22) = (T7{ A1(21) A2(22) })
= 0(z1 — 22)(A1(21) A2(22)) + 0(22 — 21) (A1(22) A2 (z1))
— 0(z1 — 22)Te[Uy (—ihB, 21) Av (21) U (21, 22) Aa (22) U (22, 0)]
16(z2 — 20)Te[Uy (—ihB, 22) A (22) U (22, 21) Ay (21) U (20, 0)]. (422

This can be rewritten the as

Gay,a,(21,22) =0(z1 — 22) Te[Uy (—ihB, 0) Uy (0,21) A1 (21) Uy (21, 22) A2(22) Uy (22, 0))]
+0(z2 — z1)Tr[U, (—ihB,0)U, (0, 22) A2 (22) U, (22, 21) A1 (21) Uy (21, 0)].
(4.23)

To take the the derivatives with respect to z1 and z5, we use the equations bellow which come

from (4.16)
d i
Euv(zlfzz) =~ Hy(21)Uy (21, 22)
d i
—Uy(20,21) = U, (22,21)Hy(21). (4.24)

le h
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Using above equations we can take the derivative of (4.23) to obtain the equations of motion

for the two-point correlation function

d

a71(3Al,A2 (z1,22) =

i'9(21 — 22) Tr[Uy (—ihB, 0) U, (0, 21)[Hy (21), A1 (21) Uy (21, 22) A2 (22) Uy (22, 0)]

h

+£0(22 = 21 T (—ihf, )y (0, 22) Aa (22) Uy (22, 20) [y (21), A (21)] Uy (21,0))

+6(z1 — 20)Tr {U (=i B, 0)U (0, 21) A1(z1) U, (21, 22) A2(22) U, (22,0) }

—0(z1 — z2) Tr {U (—1hB,0)U (0, 22) Az(22) U, (22,21) A1(21) U (21,0) },

d

EGALAZ (le ZZ) =

%9(21 — 22) Tr[U, (—ihB,0) U, (0, 21) A1 (z1) Uy (21, 22) [Hy (22), A2(22) U (22, 0)]

+%9(Zz —z1) Tr[U, (=B, 0)U, (0, 22) [Hy (22), A2(22) Uy (22, 21) A1(21) Uy (21, 0)]

—0(z1 — 22)Tr {U (—ifB,0)U(0,21) A1(z1) U, (21, 22) A2(22) U, (22,0) }
+6(z1 — 22)Tr {U, (=11, 0)U(0,22) A2 (22) Uy (22, 21) A1(21) U (21,0)} . (4.25)

More general correlation functions can be obtained by including more operators in the trace

(4.22). For instance, we introduce the n-operator correlation function as
Gay,ot (21, 020) = Tr | T {e #h MO 4, (z1). Au(z) (4.26)

The primary focus of this chapter is on scenarios where the operators A; are composed of
bosonic or fermionic creation and annihilation operators. However, the equations of motion
(4.25) can only be solved in certain instances, such as when H, is quadratic, and Aq, are
single creation/annihilation operators. Conversely, when H,, is non-quadratic, the equations
(4.25) are not self-contained in Ga,,4, and depend on higher-order correlation functions,
which leads to the Martin Schwinger hierarchy [103].

That said for systems consisting of coupled bosons and fermions, the two point correla-

tion function is given by the Green’s function defined as
G(z,7) = — (T {e(2)e" ()}) = —iTe[T{e H ¥ @c(2)ct ()}, @“27)

The expression in equation (4.27) involves a bosonic/fermionic annihilation operator ¢, and
the angular brackets denote averaging over the density matrix of the initial state. This equa-

tion is a straightforward extension of the Keldysh contour GFs [62], but it is important to
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note that z and z’ are defined on the contour shown in Fig. 4.1C, as opposed to the standard
Keldysh contour.

By utilizing the aforementioned derivatives of the two-point correlation function G4, 4,,
it is possible to derive expressions for a bosonic operator a that is governed by the Hamilto-

nian Hy = wa’a. Specifically, we obtain:

—i£<7'7{ﬂ(z)ﬂ+(z/)}> = (T {a(z)[wa' (2)a(2),a" (2')]}) +ila(z),a" (z')]é(z — 2')
= w(T{a(z)a"(z)}) +i6(z — 2'), (4.28)

where the J-term appears because, if z’ > z, the ordering operator switches the position of a
and a'. Substituting the definition of the Green’s function into the equation above, we have

for a bosonic Green’s function,

%Géo) (z,7)) = iWGzEO) (z,2") +i6(z — 2'). (4.29)

We can derive the same equation for a fermionic operator ¢ as follows,

—ié(ﬂ{c(z)c*(z’)}) = (T {c(2)wc" (2)e(2), " (2)]}) +ile(t'), ' (t)]é(z — 2')
= w(T,{c(z)c"(z)}) +id(z —2'), (4.30)

which is formally identical to Eq. (4.29). The solution of Eq. (4.29) for a generic GF reads

Gl(;?f) (z,2)) = —ie @EZ LA[O(z - 2) +O(Z —z)] +O(z—2)}. (4.31)
The value of the constant A in the aforementioned equation can be calculated using bound-
ary conditions [103]. Specifically, if we substitute either of the contour arguments with the

earliest and latest time instances on the contour, the results should be identical for bosons or

differ by a sign for fermions. For a two-point GF, we can therefore derive:

Gyp (—inp,t') = £Gy}(0, 1),
Gy (t, —ihB) = £G ) (£,0), (4.32)

which leads to obtaining

ngof) (z,2) = —ie “EF [ £ 10, (2 — 2) + 10, (z — 2)]. (4.33)
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In the equation above, the upper (lower) sign corresponds to bosons (fermions), 1 = 1 &£ n,
and n = ny, ¢(w) = (¢"f 7 1)~! represents the Bose (Fermi) distribution function associ-
ated with frequency w. Similar to standard Schwinger-Keldysh theory, the contour Green’s
function lacks a clear physical interpretation. However, its components can be obtained by
restricting the z and z’ variables to specific branches of the contour (denoted by = subscripts)

such as

GO (ki t) = GO (b4, t) = —imd e iolt=t),
Gop (£, t,) = Gy~ (b, 1) = Fime Moo, (4.34)

The components of the contour Green’s function G4, 4,(z,z") have physical meaning only
when we restrict z and z’ to selected branches of the contour. The greater (>) and lesser
(<) components are obtained by restricting the domain of z and z’ to y_ and -y branches,
respectively, and are given by Eq.(4.34). The A-dependent displacement between y_ and
v+ tracks gives rise to the dependence of the components on A. Other components can
be obtained by choosing different contour arguments, such as the time-ordered and anti-
time-ordered components, which are A-independent and are defined as Gg)}T(t—, t—) =
Géf)}(t,,t’—) and Géng(t+,t’+) = G,gg)(u,tﬁr), respectively. When A = 0 and t = t/, the
Eqgs.(4.34) represent the components of the non-interacting density matrix [90]. Choosing

instead both time arguments on y_ or 7y4 we obtain the time ordered and anti-time ordered

GF

GO (1) = —ie @) [ £ n@(F — 1) + aO(t — )],
(
b

Gy (i t) = —ie 0= [Ln@(t ') + 7O(F — 1)], (4.35)

where © is the Heaviside step function on the real axis. These functions coincide with the
conventional Green’s functions, and other components can be obtained by choosing different
arguments on the contour. For example, one can define mixed non-interacting Green’s func-
tions such as Gégg (t,it) for t € v+ and iT € 74, which are relevant when considering the
more general assumption (4.12). However, these new Green’s functions do not play a role in
discussing the work statistics in the switching on/off scenario (4.11).

As a matter of fact, we can define a non-interacting GF with both arguments on the
vertical track, Gé?f)ﬁ(r, r') = GEESB (ir,ir") with ir,ir" € 7. As a consequence we have

Gy (1,1) = —ie" ™) [£nO(" — 1) + O(r —1')]. (4.36)
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Another possibility is represented by the case in which one argument is on the horizontal

branches and one on 7. We can identify four different cases Géof)T+(r, t) = Glgof) (ir, t),
- 0) 0)+1 0/, - 0)—1 0)/, -

GOT=(r,t) = c;g,f)(zr,t), GZSJB (t7) = Gl(],f)(t,zr), GZEJB (t7) = Gl(ylf)(t,zr). We

explicitly write this four new components below

G(O)T+(r, ¥ = :Finew(rf)\)Jriw(tfft’); GZEO)T_(r, F) = _iﬁewmw(tutf);
(t, 7’/) _ _l-ﬁefw(rf)x)fiw(tfft’); GéO) T(t, 1,/) _ :Fl-nefwrfiw(t’ftf)‘ (4.37)
These definitions enable the extension of the theory to protocols that go beyond the switching
on/off paradigm, where the function x(z) is defined as in Eq. (4.12). With the Green’s
functions now defined on the modified contour, we can proceed to explore the perturbation

theory of the work generating function.

4.5 Cumulant generating function of work for a weak perturba-
tion

Within the perturbative framework we can expand the second integral in the numerator of

Eq. (4.21) in terms of correlation functions of arbitrary order, and obtain an expression of the

form

MW(A,tf) = i l' (—;)n / dzi...dz, %

= n! y

(T Tofe b Oz Hz1) () Fi (20) )
Tr[Tye_% I, dzHg(z)]

(4.38)

Each order n corresponds to an n-point correlation function of the Hamiltonian Hq. As-
suming H; to be a linear combination of fermionic and bosonic creation and annihilation
operators, Wick’s theorem can be used to decompose these correlation functions into non-
interacting Green’s functions [103, 90]. Importantly, the expansion of the correlation func-
tions in non-interacting Green’s functions is identical to standard perturbation theory because
Wick’s theorem follows from the commuting (or anti-commuting) algebra of the operators
¢, ct, which holds regardless of the integration contour.

The diagrammatic representation of the discussion follows standard perturbation theory,
with the Feynman diagrams in Eq. (4.38) being identical except for the contour of integra-
tion for the vertex variables zy, . ..,z, and the non-interacting Green’s functions from Eq.

(4.33). For instance, let us consider the second-order perturbation theory of the Hamiltonian
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Hy = hwy(a + a")ctc, where c and a are the annihilation operators for a fermionic and a
bosonic mode, respectively. The second-order contribution (1 = 2) in Eq.(4.38) comprises
two connected Feynman diagrams, represented by the upper and lower panel diagrams in

Fig. 4.2a. Focusing on the former, denoted as MI(AZI)’1 (A, t), we find

M%)’l()\, tr) = —iw)zc // dzldzzx(zl)x(zz)Géo) (21,22)G}0) (21,22)G}0) (z2,21). (4.39)
v

For the switching on/off protocol of in Eq. (4.11), we divide the integration over y into two
contributions of integration over y_ and -y (similar approach has been introduced before
by Langreth [70]), we rewrite the above integral in terms of the components of the GFs such

that

(2)1 o [
MPA(A b)) = iw? //0 dtdtax (1) x (F2) %

x {fo”T(tl, t)G (11, 02)GP (12, 11) + G (11,1) G (11, 2) G (1, 1)

—G§°)>(t1,tz)G}°)>(t1,t2)G}°)<(t2, ) — G£°)<(t1,tz)G}°)<(t1,t2)G}°)>(t2, tl)}.

(4.40)

In a similar manner to the correspondence between Eq. (4.39) and Fig. 4.2a, we can establish
a relationship between the four terms in Eq. (4.40) and specific Feynman diagrams. These
diagrams incorporate a "charge" =+ that reflects the position of the vertex variables on the
contour. An illustration of these diagrams can be seen in Fig. 4.2b.

Among these terms, the time-ordered and anti-time-ordered components remain indepen-
dent of the parameter A. On the other hand, the G="~ functions include an exponential factor

of eihw/\

that encodes the frequency fiw (as indicated in Eq. (4.34)). This factor captures the
energy transfer associated with the corresponding propagator.

The diagrammatic representation thus allows us to visually connect the mathematical ex-
pressions with the underlying physical processes, highlighting the role of the vertex variables
and the significance of the frequency-dependent terms in the Green’s functions.

The simplicity of this dependence allows us to introduce the concept of energy transferred
in a "charged" diagram d, denoted as E¢. This energy transfer is defined as E? = 1}, s?wi,
where the sum runs over all propagators in the diagram, and s;-i takes on values of 0, —1, or
1 depending on the nature of the propagator i in diagram d. Specifically, if the propagator
is a G< function, we set sf = —1;if itis a G~ function, we set s? = 1;and if itis a GTT

function, we set s? =0.
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FIGURE 4.2: An example of how different Keldysh components appears in

the form of Feynman diagram. In both top and bottom figures, the diagram

on the left denotes the Fyenman diagram while the diagrams on the right

are the diagrams related to the components of the Green’s functions. The

solid and wiggly lines denote the fermionic and bosonic non-interacting GFs,
respectively [20].
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d
AET where

Each diagram contributes to the generating function with a factor of T4(t)e
T';(t) represents a prefactor associated with the contribution of the diagram. This prefactor
can be determined by evaluating the contribution of the diagram itself, typically through the
calculation of a corresponding double integral over the time variables. For example, in the
case of Eq. (4.40), one can obtain I';(#) by computing the relevant double integral.

For convenience we introduce the cumulant generating function (CGF), given by the

logarithm of Eq. (4.8),
Cw(A, tf) = log Tr[ﬂ{eié JdzHa (2) } —log Tr[Ty{e*% Jy 4zHo(z) . (4.41)

As a consequence of the linked cluster theorem, above diagrammatic expansion of each of
the two logarithms contains only connected diagrams (see for example [103], chapter 11).

Therefore we obtain the following general formula for the CGF

wAtr) = Y Ta(t)(ete —1). (4.42)
d,conn.

The index d in the sum in Eq.(4.42) runs over all the connected charged diagrams. The cu-
mulative generating function (CGF) in Eq.(4.42) can be understood as a sum of independent
Poisson processes that are rescaled with average rates I';(t) and energy jumps given by Ej.
Each diagram represents a distinct channel that enables the exchange of quantized energy E;
with a Poissonian rate I';(#). The universality of Eq. (4.42) is a consequence of the Poisson
law of rare events since, within the perturbative framework, the rates of energy exchange
processes are small. In the next subsections, we study two examples that can be used as a

verification of this result.

4.5.1 Dispersive coupling

In the case of the dispersive coupling model Hy =~ (a +a H)cte we can verify the result of Eq.
(4.42) by direct calculation of the CGF using the matrix form of the time evolution operator.

The total Hamiltonian is given by
H = hwya'a + hwecte + hxwycte(a’ + a). (4.43)

The bosonic and fermionic annihilation operators are denoted by a and c, respectively. The
CGF can be obtained using Eq.4.42, with the Feynman diagram for the second-order expan-

sion of Eq.(4.38) shown in Fig. 4.2a. The diagrams in Fig. 4.2b on the top are labeled as
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d = 1,...,4, while those on the bottom are labeled as d = 5,...,8. The diagrams with
E; = 0ford = 1,2,5,6 contribute nothing to the CGF (4.42).
The contribution to the cumulant generating function comes from the three propagators

in the third and fourth diagrams of Fig. 4.2:

a7 (A, tr)a=sa =
. [ty
e [ [ andtGl (1, 2)G (12,)[G)” (t1, 1) = G (1, 12) o

. [ty
it} [ [ anatG P (0, 2)6P (12, 1) G (1, 12) = G (b1, 12) o]

(4.44)

The prefactor —% x 2 x —1 xi® x —1 = i arises due to various factors. The term —%
appears in every second-order diagram, while the factor of 2 accounts for the two possible
ways of exchanging the two vertices in Fig. 4.2. The single + in Fig. 4.2b contributes a factor
of —1, and the factor of i> comes from the definition of many-body Green’s function (refer
to Egs. (4.27) and (4.39)). Lastly, the factor of —1 is prescribed by the Wick theorem (see,
for instance, [103]).

The energy jumps for these diagrams d = 3,4 are E3 = —hwy, and E4 = hwy, respec-

tively, where we can verify them directly by replacing the components in Eq. (4.44),

2) _ 2wy _ 2
C' (A tr)a=sa = e (1 —cos(wpts))[nf(ws) —np(wr)?]
X [(1 4 np(wp)) (" — 1) + ny (e r —1))]. (4.45)

By direct comparison with Eq. (4.42), we find

T3(tf) = Ve, () 15 (@) — 1 (wp)][1+ np(wyp)],

Ta(t) = Ve (tp) [nf(wy) — n3(wp)Imy (wp), (4.46)
2,2
with ¥, (tf) = 2i}%[l — cos(wpts)]. The diagrams d = 7,8 represented in Fig. 4.2 give

the same contributions as the ones computed for d = 3,4 with only change that the prefactor

(—njzf +n f) will be exchanged with nj%. Summing all the contributions, we obtain

CE A t) = Y v (b s (wp) iy (Fep) (XM — 1), (4.47)
+

To verify this result we calculate the CGF directly. In fact, the fermionic operators in the
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Hamiltonian (4.43) can be expressed as Pauli matrices acting over a two dimensional Hilbert

+

space, by defining " = ¢, 0% = 2c'c — 1. The anticommutation relations {c—, 0"} =

{c,c™} =1 are preserved and we obtain

1
H = hwpa'a + 1 (C;Z + 2) (wy + xwya® + xwya). (4.48)

The Hamiltonian commutes with ¢, so we can write the time evolution operator as

1

e (hwba+u+hwf+h)(wxa++hxwxa)t

U(t,0) = T{e # o HSdsy — (4.49)

tat

0 efiwba

The top-left element of the matrix (4.49) is the same as from a driven harmonic oscillator.

We can define H, = hwy(ata +1/2) and
<1|€—%Ht‘1> _ e—i(wf—wb)te—%Hbt—i)(wx(a—i-a*)t, (4.50)
the exponential above can be written in terms of displacement operators [19]
o~ Hpt—ixwy(ata’)t _ e%e(t)D[(s(t)]eféHbt’ (4.51)
where 60(t) is a phase factor and
D[s(t)] = exp{(a(t)a+ . 5*(t)a)}, (4.52)

is the displacement operator of argument 6(¢). The time dependent parameter (¢) is con-

nected to the classical solution for the Hamilton equations for the variable a(t) = Mf;‘lﬂ(f)’
with «(0) = 0. This variable evolve as a(t) = ae™"“* 4 5(t), where 5(t) = X4 (1 — ¢ ~iwH),

Wy

For counting the work statistics in the sudden quench scenario we have the following gener-

ating function
Mw(A, tf) = %Tr[e)‘HOU(tf,O)e_(/\+ﬁ)H°U+(tf, 0)], (4.53)

so that it is clear using Eq. (4.49) that we have to evaluate the tilted displacement operator
D[6(tf), A] = eMDD[5(tf)]e M. Since e*oe*Ho = 1 we can bring the two matrices at

the exponent in the displacement operator and obtain
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D[5(ts), A] = exp [8(ts)e*oat e o — 5% (tf)eMHoge=Ao]

= exp [8(t7)e"rat — 5% (tf)e MM ea]. (4.54)

Using Eq. (4.53) we find

M (A, tf) = STe[UT (£, 0)Us (¢, 0) e-bentag=Iber 0
WV Ef) = fr AEf, . Aot
T D[—-o(tf)]D[o(ts),A] 0O o—hBwyata ,—hpwy 0
= S lr
0 1 0 e—hﬁw;,u*a

(4.55)

Our focus lies in obtaining a weak perturbation expansion for the equation mentioned above.
This entails considering the condition 6(t;) < wy, allowing us to perform a Taylor expan-
sion of D[—4(tf)]D[6(ts), A]. In this expansion, we retain only the terms that contain an
equal number of a and a’ operators. Meanwhile, terms with unequal numbers of these op-
erators average out to zero, thereby playing no significant role in the expansion. Thus, we

have

D[~6(t)ID[6(tf), A] = 1+ [6(t7) P[(M — 1)aa” + (e —1)a%a] + O(x°).
(4.56)

The final expression for M (A, t) thus reads

My (A, tf) =Zlf(1 +e PO+ [8(tp) P[(eM — 1) (14 np) + (e — 1)my]})

2w? wyt
=1+ 4Xw2" sin? ( ;f)nf[(e“wh —1)(1+mp) + (e ™ — 1)), (4.57)
b

computing the logarithm to find the expansion for the CGF and noting that 2 sinz(w%tf) =

1 —cos (wb t f) we obtain and confirm the result of the Eq. (4.47).

4.5.2 Anharmonic oscillator

Another example of the application of our result is the anharmonic oscillator with Hamilto-

nian

H = hwyata + I/szwx(ofr2 +a?). (4.58)
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The standard protocol involves preparing the system in a Gibbs state of the unperturbed
Hamiltonian, turning on the anharmonic term at time zero, measuring the system’s energy
at times 0 and ¢ before and after the perturbation, respectively. The vertex in Eq. (4.58)
corresponds to two lines pointing inward or outward, which in the second order generates a
single diagram in the form of a loop with two bosonic propagators between times 1 and ;.
The contribution of this diagram yields the second-order cumulant generating function will

be
CE (A tr) = 2720, (£ [(e72A — V)2 + (1 4 mp)2 (2 — 1)), (4.59)

Similar to Eq. (4.42), this cumulant generating function contains two rescaled Poissonian
energy jumps with energies E; = £2%w;, and rates given by Yo, (tf)n5 and Y2, (tf) (1 +

ny)?, respectively.

4.5.3 Beyond switching on/off protocols

As we mentioned before, the other components of the Green’s function (4.37) are useful
when we want to deal with a scenario other than switching on/off. Considering a generic

integral of a function in the modified contour we have

[x@fEz= | x@f@d+ [ x@fGdet [ x@f(e)e

_ ’)/T

- :ft nae— [ bt + i " dr, @60
=[x wde= [Txofde+ i) [ A@drn, @

where f, f1 are the components of the function f in the modified contour. Notice that the
contribution of the downward and Matsubara tracks is absent. This is because we are implic-
itly assuming that x(z) = 0 on 7y as prescribed by the protocols (4.11) and (4.12). The
same decomposition of the integral can be done for the equations arising from the perturba-
tive expansion, such as Eq. (4.39).

For the ease of calculations, let us do them in the case in which the switching function is

given by

0 forz € g,
xX(z) =140 forze YM,Ls (4.61)

x forz e ;.
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In this scenario, the system undergoes a quench of the Hamiltonian w, Hy, followed by an
immediate measurement without allowing the system to evolve over time. We can compute
the generating function for the Hamiltonian given in Eq. (4.43). The involved diagrams are
the same as shown in panels A of Fig. 4.2, but we integrate over the vertical branch, and only
the Green’s function Gl(ff)ﬁ appears in the calculations. The integrals in Eq.(4.39) are then

simplified to

A A
C%)(A/tf)dzlzixzw}%/o /0 drlerG£0)TT(rlrVZ)GJ(CO)TT(T’I/rZ)G}(fO)TT(VZ/7’1)

A A

= —)(Zw)z(/ / drldrz(—nfﬁf)e“’b(rl’”)[nb®(rz —11) +71,0O(r; — 12)]
0 Jo

fidwy, + e e — 1 L —hAwy + eMer —1

2 2
=X wxnfnf[nb w% iy w%
2 T ”?‘ —hAw dw
=X Wy [np(e7"% — 1) + (1 + ny) (" — 1) — hdwy]. (4.62)

b

d = 1 indicates that the contribution of the diagram in Fig. 4.2 assumes the value of the
vertex variables to be chosen in <y4. The contribution of the dumbbell diagram is instead

given by

A A
M (A tf)a—s = —i)czw;z(/o /0 dfldsz;(,Om(Tl,Vz)GJ(fO)TT(VLVf)G}O)TT(Vz, )

A A
= Xzﬂ);z( / / dr1drznj2re“’b(’1’r2) [1,©(r2 — 11) + 1,O(r1 — 12)]
0o Jo

Idwy +e Mo — 1 —hAwy, + M — 1
a
2,22
X wan
= w§ Llnp(e7™9 — 1) + (14 mp) (& — 1) — hdwy).  (4.63)
b

The CGF at second order can be obtained by summing the two contributions in (4.62) and
(4.63).

We have examined the perturbation expansion for the work MGF in two distinct sce-
narios thus far. To establish the reliability of this perturbative expansion, we investigate the

symmetries of the modified contour as a means to demonstrate its consistency.

4.6 Fluctuation theorems

In this section, we will explore a fluctuation symmetry that connects the MGF of the work

extraction process, My, with that of the time-reversed process, M{,f,v. We assume that the
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system is initially in the Gibbs state, so that the Hamiltonian at ¢ = 0 is equal to the unper-
turbed Hamiltonian, Hy = H(0) = Hp. To compute Mi:’, we introduce the time-reversed
process, where the system is initialized in the Gibbs state prey (0) = e PH(r)/ Z(tf) and
undergoes a time-reversed evolution. The time-reversed evolution consists of a time-reversal
operation =, such that = = Z-1land Bi = —iE, and a forward evolution in which the driv-
ing protocol is reversed, i.e., Hyey(s) = H(t; — s) (assuming that the Hamiltonian does not

depend on a magnetic field B)
Eprev(t)E = Urev(tf, 0)Eprey (0)EUL, (t£,0), (4.64)

where Usey (£7,0) = T[exp(—i I Hrev(s)ds)]. Using Eq. (4.64) and ZU™ (¢, 0)E =

U'(tf,0) we can write the following chain of equalities

My (A, tf) = Z(lo)Tr[ueﬁH(O)eAH(O) ufeAH(tf)]
= Z(lo)Tr[ueﬂH(O)eAH(O)u+e(A+ﬁ)H(tf)e,sH(tf)]
= Z(lo)Tr[u*eM%)H(ff)e—ﬁH(ff)Ue—<A+5)H(o>]
= %Mﬁv(—ﬁ = Atp). (4.65)

After introducing the free energy difference as Z(ts)/Z(0) = e PAF the above result leads

to the fluctuation symmetry
My (A tr) = e PAEMEY (=B — A ty). (4.66)

To express the symmetry in the contour framework, it is important to note that the dependence
of Eq. (4.8) on the counting field and final time is incorporated through the modified contour
7 shown in Fig. 4.1C. Thus, each step in the derivation of Eq. (4.65) can be viewed as
a transformation of the contour itself, as illustrated in Fig. 4.2. The geometric symmetry
can be expressed by explicitly showing the dependence on A, i.e., vy = 7Y _ B and the
ratio between the weighted generating function of the forward and time-reversed processes

becomes

M (A, t0)Z(tf) T[T, {e I &Y

- ] = 1/ 4.67
M{/(\efv(_)t_ﬁ' tf)Z(O) {eflfwrfj’\fﬂ H(z)dz}] ( )

1}[7;mv

—A—B



4.6. Fluctuation theorems 117

Adding and subtracting

A a new track B
/ b ty+ih(B+ N
%
B < ty FihA ihAy < tp+ i
y A y A
». . N
'0 tf '0 tf
*_ihB ®_ing
S —tf—s A B+ A
and conjugation
D (e
iE WL R 2tf 01 2
> 4
A v '
044 “ 3 —ihB ot :
A\ 4 A
3 —ih(B + ) #% « o3
t; — ihB tr—ih(B+ \)

—

Cyclic property of trace

FIGURE 4.3: A visual representation illustrating the proof of Eq. (4.65) is
presented. The connection between exponentials of time-dependent Hamil-
tonians and contour tracks enables a convenient analogy. By multiplying and
dividing by the exponential of —BH(t), we can equivalently add and sub-
tract a new track (1 — 2) in the graphical depiction. The exchange of —A
with 8 4 A corresponds to an inversion of the blue and green dots (2 — 3).
The cyclic property of the trace, employed in the last step of the equalities
(4.65), can be visualized as removing slices from the end of the contour and
attaching them at z = 0 (3 — 4). The final step demonstrates that contour
4 is indeed associated with the backward evolution of the original contour
4 — 1) [20].
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that is equivalent to the result (4.66). The proof of the FT based on the contour 7y depicted
in Fig. 4.1 C is a fundamental structural symmetry of any theory that relies on this contour,
and is essential to demonstrate the thermodynamic consistency of the perturbation theory ex-
plained in the subsequent sections. This symmetry guarantees that the FT holds for all orders
of the perturbation in equation (4.38), since the Green’s function (4.33) and the integrations
in (4.38) are all defined on the modified contour. Consequently, the fluctuation symmetry
implies that the perturbation expansion of the time-reversed MGF will coincide with that of
the forward MGF for the switching on/off scenario, thereby preserving this symmetry at all
orders of the expansion.

At this point we may also discuss fluctuation theorem at the level of the single Feynman
diagrams.We can introduce time-reversed diagrams by examining the time-reversed generat-
ing function. Suppose we have two points z and z’ on the contour used to calculate Myy in
Fig. 4.1c or Fig. 4.3a. We can also choose the same two points on the contour used for M5,
as shown in Fig. 4.3d. If we take z = t and 2/ = ' + i\, then we obtain

Gyp(2,2) = GI (b)) = Gl (1), (4.68)

(0)

Let us consider Grev> as the greater component of the Green’s function (GF) on the contour
of Myy. The relationship in equation (4.68) is derived from the inversion of the forward and
backward branches in the two contours depicted on the left side of Fig. 4.3. However, the
time-ordered and anti-time-ordered components remain unaffected by the relative positions
of the branches. Thus, we have GZ(J?T(t, t) = Géfi)f;v(t, t') and Gégf)T(t, t) = Gz(;?f)rTev(t' t).
If we interpret z and z’ as vertex variables in a switching-on/off protocol, similar to
Eq.(4.11), then Eq.(4.68) implies that for every diagram involved in the calculation of My,
there exists a corresponding diagram in the calculation of Mjf" with the time arguments
chosen in the same branches. However, the two diagrams have different weights due to the
exchange of the lesser and greater Green’s functions in Eq.(4.68). The ratio of the contri-
butions from these two diagrams can be computed using Eq.(4.34) and the properties of the
GFs.
Gop (L)
Gop (1)

In summary, the ratio of the contribution of a “charged” diagram and its time-reversed

= e Plwpm2Ahew, (4.69)

counterpart is multiplied by a factor of 4eP"e=2A for every lesser GF, and a factor of

+ePhwet2Mw for every greater GF present in the original diagram, where w represents the
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frequency of the corresponding fermionic/bosonic mode. In Section 4.5, we introduced E,4
and setting A = 0, resulting in the relationship between the weights T'y(ts) and T (¢5) of a

given diagram and its time-reversed counterpart:

rd(tf) _ eﬁEd

4.70
F ] (4.70)

where the sign contribution =+ in Eq. (4.69) can be neglected by assuming that the interaction
Hamiltonian contains an even number of fermionic fields. The Crooks fluctuation relation
in Eq. (4.70) can be interpreted as a diagrammatic representation of the detailed balance
conditions [1, 69, 91, 101]. It is worth noting that the requirement in Eq. (4.70) is more
stringent than the FT for the CGF, Cy (A, tr) = CjV (A, ts), since it applies to individual
transitions rather than the overall statistics. Furthermore, one can derive the FT for the CGF
from Egs. (4.70) and (4.42) in a straightforward manner.

In conclusion, we have developed a perturbative expansion on the modified contour that
is consistent at all perturbative orders, satisfying the fluctuation theorem. However, as we
have also discussed in chapter 2 regarding heat generating functions, it is also possible to
study the Feynman path integral representation of the generating functions. Therefore, In the
upcoming sections, we will investigate the application of Feynman path integral techniques

to the modified contour framework.

4.7 Path integrals on the modified contour

To go beyond perturbation theory, one can express Eq. (4.8) in terms of path integrals [41,
42, 9]. which can be considered as an extension of the usual Feynman path integral approach
on the Keldysh contour [113, 100, 35]. Employing this approach, we will find out that the
modified contour is in fact particularly suitable for work statistics and for describing the
semiclassical limit of the MGF by performing an expansion for small values of 7 of the
generating function [86]. Considering the Hamiltonian of a single particle in an external
potential we can write,
p2

H(t) = o+ Va(t), X), 4.71)

where P is the momentum operator, 7 is mass and V[« (), X] is a single particle potential in
the particle position X, which depends parametrically on an external driving parameter ().
Inserting the Hamiltonian (4.71) into Eq. (4.8) and performing a Trotter decomposition of

the contour-ordered exponentials, we obtain the path integral form of the moment generating
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function,

Mi(A,t7) = Z(lo) [ Px(2)Dp()et 70, 72)

where p(z) and x(z) are the momentum and position fields defined on the modified contour
v, Z(0) is the partition function corresponding to the Hamiltonian at time 0 and S is the

classical action

5= [ a{ 2 p(z) — 1, [x(2) 21 }. @73

In this presentation, we demonstrate the derivation of a measurement operator denoted as A,
which corresponds to the total energy. It is given by the equation A = % + V(X). However,
it should be noted that the formalism described can be applied to alternative measurement
operators as well.

To facilitate the analysis, we divide the fields on the contour by assigning components
to them, following a similar approach to that employed for the Green’s functions (GFs). By

defining the variable z as z = t 4 iT, we can express the aforementioned division as

x_(t) forz=teqy_,
x4 (t) forz=t+iA € 7y,
x(z) = (4.74)
x4(T) forz =ty +iT € 74,
xi(T),xM(T) forz =it € YI,Ms

and analogously for p(z). To write the path integral in terms of the position coordinates we

consider the quantity S = (i/hS) in the exponent of the Eq. (4.72). We have

S = ;L{ljzx<z>p(z) _p@? V[x(z)]}dz, @75)

2m

where to simplify the notation, we omit the parameter « from the argument of V. The inte-
gration of the momentum variables yields different outcomes depending on the branch under

consideration. Using discrete notation, the exponent of the path integral can be expressed as

follows:
. 9 . ¢ 2 {
CipA) ., idx(t) . ip(t) \,  idx(t) .
ony- = —p At—i—h 0 p(t)At; onyy — o At D p(t)AL;
(4.76)
2 2
p3(T) Axy(T) _ P m(T) dx| m(T)
on = — AT—1i = p1(T)AT; on vy m — — m AT +i e p(T)AT,

@.77)
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where we have assumed z = t + iT. After eliminating the momentum variables from the ac-
tion of the path integral via gaussian integration, the new exponents on the different branches

of the contour read

2h dt 2h dt

2 2
on vy — 1m [da;(:)} AT, onvy,vm — —%m [dilf)] AT.

. 2 ' 2
onvy_ — im [dx(t)] At;, onyy — —im [dx(t)] At;
(4.78)

2

The terms mentioned above contribute to the exponent in the path integral and can be ex-
pressed as iT, —iT, T, and — T, where T represents the kinetic energy. Upon reverting to the
contour variable z, this contribution from the kinetic term combines with the potential energy

and yields a modified expression:

ony_ — (iT—iV)At = (iT —iV)Az = iLldz;

onvyy — (—iTH+iV)At = (—iT+iV)(—Az) = iLldz;

(4.79)
onyy — (T+V)At=—i(T+V)Az =iLlydz;
ony,ym — —(TH+V)At=i(T+V)(=Az) =il mdz.
In total we can write the exponent of the path integral as
S = %/ L, [x(z),x'(z)] dz, (4.80)
Y

where L is defined on the contour as

£(z) = Llx(t),x(t)]  forz € 1k, ws)

‘CT’ Ll' Lm forz € Y1,1,M-
Therefore we will write
1 i
Mi(A,t) = 755 [ Dx(z)etsh ), (4.82)

where D’x(z) is the new measure of integration following the elimination of the momenta,

and the Lagrangian action reads

S = [ydz L [a(z),x(z)], (4.83)
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where L, is the Lagrangian on the modified contour that according to the portion of the

contour of interest can assume different forms as

Lla(t),x— ()] z=ten.,

£ 6(2), x(2)] = Lla(t), x4 (t)] z=t+il €y, 454
Lyla(ts), x4(T)] z=tf+iT € 1y
L mla(0),x,m(D)], 2 =it €vm,

where we have

2
Lila(ty), xi(7)] = —% [d"giﬂ] — Via(ts), x1(7)], (4.85)
Lol 3 (2)] =~ [ TN Via(0), 3, (o))

This observation suggests that the Lagrangian on the vertical branches corresponds to the
negation of the classical energy. By utilizing the action-based generating function mentioned
in Eq. (4.73), one can analyze the characteristics of work fluctuations at the path integral

level and explore its semi-classical limit.

4.7.1 Symmetrization of the contour and Keldysh rotation

As per the quantum-classical correspondence principle [57], the generating function’s semi-
classical limit should yield its classical analogue at the first non-zero order in /. Therefore,
the path integral representation of the generating function (4.82) on the contour 7y must repli-
cate its stochastic path integral counterpart in an appropriate limit [105, 72, 53]. However,
there exists a disparity between the domains of integration of the stochastic path integral,
which is [0, t¢], and the Keldysh contour [22, 77, 2]. In the path integral formulation of dy-
namics, this obstacle is surmountable since the forward (7y_) and backward (v ) branches
are identical. Consequently, integration on the Keldysh contour becomes integration on the
segment [0, ¢ f] of the forward and backward actions’ difference [62]. To apply this reasoning
to the contour depicted in Fig. 4.1c, we need to transform it to divide it equally into two
halves. To achieve this symmetrization, we assign half of the vertical lines of 4, 7| and

M to an upper branch called -y, while the other half of the lines goes to a lower branch,
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Yo (refer to Fig. 4.4 for a detailed description of this process). Subsequently, for the sym-
metrized contour in Fig. 4.4c, an argument z € yg maps to Yo via complex conjugation,

which enables us to represent the action in Eq.(4.83) as

5= / c, [x@(z),oc(z)]dz+/ L, [xo(2),a(2)] dz

E] Yo

Lylxela)a@]dz [ L), a(z)Jd

= {Ly[xc(2),a(z)] — Ly[xa(z"),a(z")]} dRe z

+i [ {Ly[xs(2),a(z)] + L [xe(2"),a(z")] }dIm z, (4.86)

In the last equation, we have split the differential dz into its real and imaginary parts. Fol-
lowing a similar procedure to the Keldysh rotation [89, 86, 88, 99], we can introduce the

classical and quantum fields as:

1

Xq(z) = % [xo(z) + xa(2")], xq(z) = 5 [xo(z) — xa(2")]. (4.87)

By substituting the above expressions into the action in Eq. (4.86), we can rewrite the gener-
ating function as a path integral over ys. It is worth noting that the integrand of the action
in Eq. (4.86) depends on the specific branch of the contour. For instance, Im : z vanishes
on Y(s,—), while Re z vanishes on (¢ 1), ¥(e,,)> and (g m). Therefore, it is convenient to

separate the contributions of the horizontal and vertical branches, resulting in:

b

(&h).(eM) Z[x(2),%(2)]d Im z

Mw()\, tf) :Zgo)/p/xcl/q(Z)E%

Z[x(z),x4(2)]d Imz

0 M[xcl(z)rxq(z)]dReZe% f7 , (488)

i
xe" hie, e

where D'xj/4(z) = D'x(z)D'x4(z) and we introduced the functions

Y =—-m (xfl + xfl) + V(a, xg +xg) + V(a, xq — xg),

M = 2mx iy — V(a, xq +x5) + V(a, xg — xg). (4.89)

Note that in equation (4.86), the field domain of the path integral is denoted as yo, with
the starting and ending points represented by z = iffi/2 and z = ty, respectively. As the
forward and backward fields are equal at these points, the boundary conditions for Equation
(4.88) are given by x,(ts) = x4(iph/2) = 0.

Drawing inspiration from the classical case, where the fluctuating work can be defined
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A B ©
ihA ty +ihA X
I z% + 1% .
ty +ihA 5
'0 o ,—Y < 3 Yed) Ve,Mm) <0 Yo
N N\ ®,+ 2
t 4 ] Y@
_jhB 4 hA ! 0 > ] L
‘2 "2
—ihB 4 ik b l 'k > m
5 2 2 J Ve A
4 —z
V(@) V@, M)
—ihf3

FIGURE 4.4: The contour in Fig. 4.1c can be transformed into a new sym-

metric contour by: a) Detaching the interval [—i @ +1 %A, —ihp] (labeled as
%) and attaching it to the initial part using the cyclic property of the trace. b)
Shifting the contour along the imaginary axis by 7)‘, utilizing the translation
invariance of the generating function. c) The resulting symmetric contour

has zg = i@ and z; =ty + iF‘TA. The branches 74 | a in Fig. 4.1c can be

divided into Yer) Y Yed): Vel and Y(e,M)> V(e,M) The branch
0% extends from zg to z = 0, while the branch extends from
(e.M) )

z=0toz = —i% [20].

based on the endpoints of stochastic trajectories, it is natural to introduce a quantum energy

function at time ¢ f- This function is defined as follows:

1
EoMty) = 7+ /7 - Z[xei(2), x4(z)]d Imz, (4.90)

and its analogue at the initial time ¢ = 0, where (¢ 1) is replaced by (g ). The difference
between the initial and final energy functions gives a characterization of the fluctuating work

at the trajectory level, and we can write the MGF as

1 [, Z(z)dImz { [ M(z)dRez ypr(a s
My (A, tf) = Z(0) / D'xe1/q(z)e" e e" e M) (4.91)
where M (z) and X(z) are given in Eq. (4.89) and
W(A,tr) = Eq(A, tf) — Eg(A,0). (4.92)

The specific symmetrization depicted in Fig. 4.4 plays a crucial role in obtaining a repre-
sentation of the MGF (Moment Generating Function) where W (A, f) depends solely on the
initial and final points of the trajectories.

If an alternative contour had been chosen instead of the contour shown in Fig. 4.4c and
its lower half 7y as the integration domain in the final equation set (4.86), the functional
dependence of W(A, t f) on the fields would have been different. A particularly noteworthy

alternative is the one utilized by Funo and Quan [42], which will be summarized in the
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subsequent section.

4.7.2 Comparison with an asymmetric contour

To highlight the distinction in our approach using an asymmetric contour, we opted for the
contour presented in Reference [42]. In this paper, the authors have explored work statis-
tics using Feynman path integral techniques applied to an asymmetric modification of the
Keldysh contour. The key feature of this contour is that it does not have any vertical branches
except for the yp; branch. This is because the counting fields A are purely imaginary. As a
result, our modified contour can be transformed into the one introduced in [42] by replacing
A with —iA. This substitution effectively replaces the original contour y with a flat contour,
as depicted in Fig. 4.5b.

With this chosen contour, it becomes possible to calculate the characteristic function of

work using path integrals. The expression for the characteristic function of work is given by:
M (iM tf) = Z(lo) / D/xMD/xD/ye*%(Sl[x]*SZ [¥]) =3 Smlxu] (4.93)

where S1, Sy and Sy are the the actions of the forward, backward and 7y branches in the

contour of Fig. 4.5b, respectively,

nA A+t
S, = /0 ds [w(0),x(s) 4+ [ dsLla(s —hA), x(s)],
tf h/\+tf
S, = ; dsL [a(s),y(s)] + } dsLC [a(tf),y(s)],
Sw = /0 T s [2(0), xm(3)]. (4.94)

The fields in the path integral equation (4.93) are subject to the following boundary condi-
tions: x(AA +tf) = y(hA +t¢), xm(—7B) = x(0), and xp1(0) = y(0). These boundary
conditions arise directly from the continuity requirement of the field x(z) along the modified
contour. In the context of Fig. 4.5b, where x, y, and x ) represent the components of the field
on the contour, these boundary conditions differ from those specified by equation (4.74) in
the case of Fig. 4.5a.

It should be noted that, unlike the contour shown in Fig. 4.5b, the Lagrangian in the
forward and backward branches now exhibits differences. This is due to the definition of

the work functional as a difference between the forward and backward action in terms of the



126 Chapter 4. Work statistics in quantum systems

A B

i Yoo tp+ih)

wg < =~
YN ‘| YA \|

Y » \

0 7- t 0
™Y f 4

—ihf —ihf

FIGURE 4.5: We can convert the modified contour into an asymmetric one

by substituting A with —iA. a) The modified contour in its original form.

b) The resulting asymmetric contour after the transformation. This contour

can be utilized to define the work functional based on the forward paths. By

employing this asymmetric contour, we can study the properties and charac-
teristics of the work functional [42, 20].

forward path x (for details we refer to Ref. [42])

i

ZAW/\ [.X'] = %

(81121 — s3[1), (4.95)
which after some manipulations makes it possible to express the work functional at the level
of quantum trajectories:

. Mdsa(t)av[“(g);égt“)],

ty
W, = dt

; i Jo (4.96)

In the first integral, the integrand serves as a quantum extension of the concept of instanta-
neous power. This outcome differs from the representation (4.92), where the work is solely
expressed as a function of the endpoints of the trajectories.

After highlighting the significance of contour symmetry, we can utilize the symmetrized
contour to investigate the semiclassical limit of the work moment generating function. This
semiclassical analysis allows us to derive classical and quantum corrections to the work MGF,
shedding light on the interplay between classical and quantum dynamics in thermodynamic

processes.

4.7.3 Semiclassical limit

For the analysis of the semiclassical limit, it is advantageous to express the path integral in
the Hamiltonian convention, keeping the integration over the momentum fields p until the
final stages of the calculation. In this scenario, we can replicate the procedure described in
Section 4.7.1 and obtain an equivalent result to the equation (4.88), but with the inclusion of

the momentum variables Dp, . in the path integral. To demonstrate this, we can write the
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following;

2 { P @) - Hyfxa ), pa()]

_ b dxs(z) _dxg(z) N
— 1 | drez{TEEp ) B
1 dxo(2) dxg(z") .
_hLedImz{ 7 pe(z) — T pa(z") —Hy ¢, 4.97)
where we defined
Hy = H,[xs(2), pa(2)] & Hy[xa(z"), pa(z")], (4.98)
and we used that in the vertical branches, in which d Imz # 0, we have di* = —dilz, while

in the horizotontal branches, in which d Rez # 0, we have % = dilz. To write the action in

terms of the quantum and classical components of the fields we apply the linear transforma-
tion (4.87) and substitute x¢(z) = 1/2[xc(z) + xa(2")], x4(2) = 1/2[xo(2) — x0(2")],
Po(z) = 1/2[po(2) — pa(z*)] and pa(z) = 1/2[pe (2) + pa(z*)]. therefore

dz 5(2) dz o(z") =
P2 () — o))+ T [ @) 4 pae)] w99)

From it, using again Eq. (4.87), we obtain an expression only in terms of the quantum and

classical components

d d i * d c dx,(z
sz(Z) pe(z) — xiiz )P@(Z ) =2 xdlz(z) pe(z) +2 ;é )Pcz(z). (4.100)

If we replace the equation above in Eq. (4.97) we obtain the action in terms of the quantum

and classical variables

i dx(z) dxy(z)
ﬁs_ﬁ %dRez{Z I pqe(z) +2 1 pei(z)

i

5 | dRe{ () 2,2, pa(a) + 2]~ Hyra®) — 302, pal@) - (2]

_1 dxcl(z) dxq(z)
7 mdlmz{z e pe(z) +2 e pe(z)
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i [ dmz{b b (2) 4 33020, pa(e) + (D) 2) ~ (2, paz) ~ (]

TR,
4.101)
Therefore, the functions M and X are replaced by
=K+m (pfl + pé) + Via, x + x4] + Va, xo — x4),
2
M, =K+ PPy — Ve, xq + x4] + Vo, xq — x4]. (4.102)

Here, K = 2p, (dx”) 2x, (dp - ) . In the classical limit, we anticipate that the final energy
will depend on x;(t¢) and p.(tf). Consequently, we assume that the contribution of x,; and
pq is negligible along the vertical branches. This assumption can be verified by considering
the nonlinear contributions in x,; and p,; and demonstrating that they scale with higher powers
of f (refer to [86] for further details).

Expanding both integrals over the quantum variables x; and p,; up to second order in

(4.101), we obtain the following expression for the horizontal track:

Hy [xa(2) + x4(2), pai (2) + pg(2)] = Hylxa(2) = x4(2), pa(2) = pg(2)] =

PciPq

(4.103)
2P0 1 Vi (2) + xy(2)] = VIwa(z) - xy(2)] ~ 220

d
2 ,
+ xq axcl [xcl]
and for the vertical branches

Hy[xa(2) +%4(2), per(2) + pg(2)] + Hy[xar(2) = x4(2), pa(2) = pe(2)] =

pa(2) 02

+53(2) 5 VIl

2H,[xa(2), pa(z)] +

After integrating by parts Eq. (4.101) and replacing the expansions (4.103) and (4.104) we

obtain
= ames{ 240 - e - [ 5T vinal]
;/e { Xa(z )Pq( ) — dp;lZ(Z)xq(Z)
2
_ [H'y[xcl(z)/pcl(z)] + p;f;) + ;xs(z)aizzlv[xcl] } (4.104)

It is worth noting that the boundary terms resulting from the integration by parts vanish due

to the boundary conditions x,(tf) = x4(inB/2) = 0.
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Next, we decompose the integral over the vertical lines ( f e dImz) into two distinct
contributions represented by the vertical tracks ¥ 1) and (¢ 1) (o m). We express the com-

ponents of the quantum and classical fields as follows:

xd/qT(T) forz = tf +1iT € YY)
xcl/q(z) = (4.105)

Xei/qu(T)  forz =it € v(5 ) (6,m)-

In equation (4.74), we denoted the components of the branches yas and y| as xp(T) and
x| (T), respectively. However, on the symmetrized contour, for the sake of simplicity in
calculations, we represent the fields on the branches 7y, ) and 7 up) as X /4 1(7). In this

way we will have

SHN

/% dImz{ dx;;fZ) pe(z) — dp;lz(z) xq(2)

2 z
- [Hﬂm(z»m(z)} + 2 4 200 Vi } -
2 OM/sz{ WD) () - D

2 T 2
_ [pm() + Vxar (7)) + Pl + 1’CET(T)VN [xclT(T)]] }

2m 2m 2
pn/2 dpclJ,( ) dxcu( )
h/Ah/2 { dt X‘N(T) I——= At PqL(T)
pa, (7) P2 (1) 1 ,
B [l;m + Vxay ()] + qzim + §x$¢(T)V [xay ()] ] - (4.106)

By utilizing the equation mentioned above, we observe that to first order in p, and x4, euation
2

(4.102) yields £, ~ K +2E4(z) = K+ p”’T(Z) +2V[a(tf), x;(z)]. Consequently, at this

order, the path integrals over x,; and p; become trivial. As the function K includes the first

order of the quantum fields, the path integral over ¢, 1) can be expressed as

) K(xe1,%0,0¢1,
/ DayDpgelon ESIIE T i) w8, (4.107)
c=pq

Consequently, in this limit, the only permissible classical paths are those in which x;(z) and

Pci(z) on the vertical branches are consistently equal to x¢(t¢) and p(ts). Keeping this in
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mind, the path integral over the classical fields can be straightforwardly evaluated as

2
AL V() e )}}
Hé[@(z)—cd(tf)]:e{z e,
¢

/Dx 1Dp zef% P2V (a)ldz
(o C

(4.108)
Combining this result with the one we obtain doing the analogous calculation on y(¢, ;) and

Y(o,M) We finally conclude that
W(A, tf) = Ea(tg) — Ea(0) + O(h). (4.109)

This expression corresponds to the classical counterpart of Equation (4.92). Notably, this
outcome remains unaffected by the presence of A and aligns with the fluctuations of work in
classical driven isolated systems [65, 56].

To obtain the first quantum correction to this result, we retain the quadratic terms in x,
and p, from the expansion of Equation (4.106). This leads to a Gaussian integral over the
quantum fields. If we define %S as the exponent of the path integral following this Gaussian

integration, we obtain

is_1 / dt {dm ] Ly [dw >r
h b2 Vixar(0)] | dr h M/Z dt
2 (T Bhi/2 d 2
2 ar Parl®) (e Ly dt [m(r)}
h A/2 2m Ch)mp V7 [xc (T)] at

/2 2 71/2
! /ﬁ dtm [W] 2 [F T { pCu(T) + V[xcli(T)]}~ (4.110)

hJ_nrs2 dt h —hA/2 2m

It is important to note that a consequence of the path integration mentioned above is a change

in the normalization factor proportional to 1/4/V"[x¢ (7)] and 1/4/V"[x.4(7)]. To fa-

cilitate further manipulations, we make the assumption that the quantities 1’8 [xcy(T)] and
v’ [xc14(T)] can be replaced with V' [x(0)], V' [x4(0)], V" [x(tf)], and V' [xa( tr)] re-
spectively, both in the kinetic terms of the action and in the normalization factor.

The rationale behind this replacement is that the vertical tracks are short in the semiclas-

sical limit, allowing us to substitute the values of the fields at the boundaries of v+ and 7y

with the values of the fields at those boundaries.
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We now turn our attention to the integral involving the momentum variables. By defining

mi(ty) =2/ V' [xar(ts)] and w(ts) = \/ V" [xas(tf)]/m, we obtain:

0 7 d . 2 it 2 ¢ g
/Dpcnexp{;l/ﬁmdrm(sz) [ PUIITT(T)] N (tp)w (zf)P ZT(T)} _

_fiw oLt { P4 403 O] coshhor/2)=2pat)pen O} ) 4 111
2nth sinh(hwA /2)

Let us for now restrict our analysis to ;. The integral over p.4(0) will give

mw {thw\/z) {IPa ) +p2,(0)] Cosh(hw/\/Z)prd(tf)pdT(O)}}
/DpClT\/Zrchsinh(hw/\/@e
- 1 paltp)mw
B \/2 cosh(fiwA /2) &P {Zh cosh(fiwA /2) sinh(fwA/2) o (4.112)

Similar to this we will do the integration on the other vertical branch. This will result in

/Dpcuexp{_l /ﬁh/z d,[.m(tf) |:dpcli(7-'):|2+ m(tf)wz(tf)]?%u(’f)} _

? —AR/2 2 aTt >
mw 1w cosh(fiw (A + B)/2)
\/Zﬂh sinh(iw(A+ B)/2) T {_ 2hsinh(hw(A + B)/2) [P2(0) + v, (B1/2)] }
* &P { 2h Sinh(h(ih)?j\ +B)/2) {ZPcz<0)Pcu(ﬁh/2) }} . (4.113)

We are still missing the integration over p.| (Bh/2). This will be in line with the above

results and yields

—1 A2 dity) [dpay()]® | M@ (E)pgy ()|
Dpcuexp{h/Ah/sz 2 { dt ]Jr 2 -

1 —p2(0)mw .
\/ 2cosh(iw(A 1 §)/2) F { 2h cosh(hlw(/\ gy /2) b (A +B)/ 2)} :

4.114)

Above calculations will pave the way to write the total contribution of the vertical branches

to the path integral. One can write them such that

J

Z[xg,xg]d Imz

S[x,x]dImz L[
[cl q} eh jW(e,T) —

(re,4).(0,M)

1
/ Dx,DpyD,,e"

drgp(0)]? _ dxy) (1] P2 (i
%fi)m/zdr{'g {%} +V[xd¢(r)]} 72 fﬁz)/jzdr{’;{ Xcéﬁr } +V[xdl(r)]} {dzj;ltanh(hw)\/z)
e e

e
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(4.115)

1 { g O tanh(hw(/\+,8)/2)}
4 cosh(hwA /2) cosh(hw (A + ﬁ)/Z)

This relation gives us the semi-classical definition of the work function up to the second
order in /1. For a generic potential we write the fields in the vertical branch as x4 (T) =

X (tf) + 0xc4(T) and keep only the second order in dx¢4(T)

/bmwmh/mq {[”ﬁ”]+vmmm}=

dox ZT(T)

%fom/ZdT{’?{ T }+V[xc1(tf)]+v/[xcl(tf)]5xclT(T)+%V//[xcl(tf)]‘sxclT(T)z}
/’D(SXCITE

ox T 2
V' [xa (7)) } ;f°mdr{m[ 4] +V"[xd(tf)wxm<r>2}

mpA{VVMU”_ZV%nKUﬂ

(4.116)

To derive the final line, we completed the square in the last two terms of the second line and

then redefined dx.;4 + v”[[ ”]] — 0Xcpy-

It is important to exercise caution when considering the integration domain of the path in-
0x¢
tegral f Déx,j4. Prior to the change of variable, the integration limit was f y ’T h A/2) Déx .

By utilizing 6x.1(T) = xq1(T) — xa(tf), the limit of integration becomes [ Déxr =

fxclT (0) =2 (tf)

0 Ddxpy. As aresult, the change of variable in the equation leads to a modifi-

cation in the integration domain

Mxey (tp)]
Yo (0) —xcr (£f) Xt (0)—xar () + \‘//”[*(711?;
/0 Dfsxcl'[‘ — /V, [y ( f)] D(chlT 4.117)

V//[Y I ]
With this in mind (4.116) can be written as

déx 7T<T)

2
V' [xalty))? b Lo 2d { e +V"[xcr<tf>wxm<f>2}
eXpA {V[xcl(tf)] W /DéxCIT < )

V/[xgy ()] malts) [ V[t \ 2
\/ 1 A{v[xcz(tf)]—zv,/[;”ﬁf)]} { o (vu[xiz(f;)]) tanh ficw ()2 /2
e e .

2cosh(hw(tr)A/2)"

(4.118)

We need to do similar integration for other vertical branch. The result will be the same except
that we need to change A — A + B and w(ts) — w(0).

At the end, calculating all the above equations, we can eventually obtain a solution for
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(4.115). This in fact will help us find the semi-classical expansion of work. First we write

(4.115) as

JW(@,L),(@,M) X[xg,xq)d Im z

1
Z[xd,xq}dlmzeﬁ j”(en) _

1

/Dxcl/ququDpclEh
2 mw

. ’Wtanhhw(ff))‘/z} A

2cosh(hw(tf))\/2)e ¢

X exp {mwh(tf) [V/I[xcl(tf)]]:| tanh(hw(tf)/\/z) }

V[xg ()2
Vixa(tr)] = ZVH[XIC[(ftf)]:|

[xcl(

1 _pc (O)rﬁw(O)
" 2cosh(nw(0)(A + p)/2) F { — o tanh(hw(0)(A + B)/2) }

, 2
Vil ) {murl(o) % tanh(hw(O)()\+ﬁ)/2)}
xexp{ (A+B) Vixa(0)] — V[/[Z(I(y)]} {V : } .

(4.119)

Expanding above equation in orders of /2 will yeilds the semi-classical expression of the work.
If we introduce W(A, t) = Wo(ts) + AWi(tr) + A2Wa(tg) + O(A3, 7?) with Wo(ts) =
Eq(tf) — Ec(0), we will therefore have

hZV”[zx(tf),xcl(tf)] hZV”[ (0), x,(0)]

Wi(ty) = — o o (4.120)
W2V [a(ty), xa(t)] [p2(tr) | V2a(ty), xa(tf)]
Walty) = 2m om T2V (ty), xa (i)
_ PV[a(0), % (0)] [pém) L V2[(0), xa(0)] ]
12m 2m 2V [a(0),x,4(0)] |~

where Wy contributes to the variance of work that can be obtained from the second derivative
of the generating function with respect to A.
As a cross-check of the above result we will study the case of time-dependent harmonic

potentials. This will show that the semi-classical limit will become exact in that case.

4.7.4 Work MGF for a harmonic oscillator

In the case of a time-dependent harmonic oscillator with potential energy given by V[x, t] =
IMw(t)x?, the potential simplifies for the vertical lines to w(0) = wy for the left vertical
branch and w(ts) = wy for the right vertical branch. In this case, both w(ts) and m(ty) are

constant, so the approximation V" (Xt (T)] = V' [xa(t )] becomes exact. Therefore, using
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(4.115) and performing the path integral over x.;, we obtain

2 [xe,%g)d Im z

h ) =

S[x,x]dImz 1
() ey Ll Im e f”(a?

1
/Dxcl/ququDpdeh

! exp { - Faltman sinh(fiwiA/2)
2 cosh(hiwrA/2) P\ ficosh(hwoiA/2) !

—xfl(O)mwo

1 .
" \/ 2 cosh(wn(A+ )/2) { cosh(fucn(A 1 §)/2) O+ B/ 2>}

- exp Palty) sinh(fiwiA/2)
2 cosh i A/2 mw1 i cosh(fiwiA/2)

X L ex —ra(0)
2 cosh(fiwo (A + B)/2) P et cosh(hwy(A+ B)/2)

sinh (hiwo (A + B) /2)}

(4.121)

Next we need to integrate over p(ts), x(tr), p.(0) and x.;(0). We notice that the relation
between them is given by the path integral over the horizontal line that results in the equation
of motion for a time dependent harmonic oscillator as x(ts) = A(tf)x(0) + B(tf)p(0)/ M
and p(tf) = MA(ts)x(0) 4+ B(tf)p(0). Therefore we can write the above relation as

- sinh(B7/2)
My (A, ) = 2 cosh(fiwiA/2) cosh(hwy(A + B)/2)
(4.122)
_ C C 0
exp 71 (x(O) p(O)) . 2) (X0 , (4.123)
Coi Cx2) \p(0)
with
Cit = 2™ tanh (oo (A + B)/2) — 2;”1 [A2w? + A?] tanh (hwiA/2)
2 2 .
Cp = = tanh (hwo(A + B)/2) — Fnon [w}B? + B?] tanh (haw1A/2)  (4.124)
Cip=0Cy =— zhﬂAB —+ a)zlhAB tanh (hwlA/Z),

where the term sinh p71/2 comes form the normalization of the generating function. There-
fore the integration over py and xo will result in 277/ y/det(C) which can be written as
sinh(ph/2)

cosh(hwiA/2) cosh(hwy(A + B)/2)
1

X
VY2 B) =20 Y2 (M)Yi (A, B) + [AB — BA] Y, (A)

Mw (A, t) =

(4.125)
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where Y1(A, B) = tanh (hwo(A + B)/2) and Y2(A) = tanh (fiwyA/2). We notice that the
last term under the square root is the Wronskian and for our given boundary conditions is 1.

Also for Q* we have

* 1 2 212 52 242 i2
Q" = oo {wp [wB* 4 B*] + [wiA® 4+ A%]}. (4.126)

Thus, setting the Wronskian to 1, (4.125) will coincide with the exact result in ref [23]. This
cross-check will serve to verify the semiclassical expansion of the work functional. As a final
step, we will examine the fluctuation relations within the path integral approach, similar to

what we previously did for the perturbative expansion of the moment generating function.

4.7.5 Fluctuations and the Wigner function

The representation of work given by equations (4.91) and (4.92), which arises from the con-
tour in Fig. 4.4c, offers a significant advantage. It allows for the isolation of the dynamics
information in the forward branch 7y (¢, ), while the A dependence is confined to the vertical
branches.

This separation between the dynamical contribution to the action and the "thermodynam-
ical" contribution enables us to solve both aspects separately, at least in a formal sense. In
contrast, representing work as in Eq. (4.96) is problematic because the fields used to de-
fine W) are the same ones appearing in the dynamical action (i.e., the fields in the forward
branch).

Exploiting this advantage, we can explore a generalization of the concept of detailed
balance at the level of quantum trajectories, following a conceptual approach similar to the
one presented in Sec. 4.6 for the diagrammatic approach to perturbation theory.

To begin this analysis, we introduce the formal solution to the path integral over the
vertical branch 7. 1). This involves dividing the path integration in Eq. (4.88) into three

separate propagators, given by

1 ik Elxa(z)xg(2))d1
Enslyh vl a(t)] = 5 log/am D'y jge Vo HHEHENImE 4.127)
o 1 Lr Zlxg(z), dIm
E_A—p0 [qu,ylcl,(x(o)] = 5 log /B’(yi) D/xd/qeh j’r(@,l)/(e/M) [xe1 (2),24(2)] z’

(4.128)

i M(x(2),%7(z)]dRez
ULy, vl ey v, 0 = /B i) D'xqy4e fie oy Mlxal@) ) (4.129)

T~
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where B(v'), B (y/), B (y',y/) are shortcuts to denote the boundary conditions of the path
integrals and we made the dependence on «(f f) explicit for convenience.. For Eq. (4.127)
the boundary conditions are x4 (—hA/2) = yg, x4(0) = 0,xq1(—1A/2) = y{l, for
Eq. (4.128) we have' x, (7/2) = 0,x,(=1A/2) = yi, xq (=7A/2) = v, while for

Eq. (4.129) we have x,(0), %1(0) = v, v, xq(t7), xar(tr) = v}, v

1 E[xq(z),xq(z)]dImz
Exs ] vl altp)] = flog / Dxcl/qe"f”@f“ o , (4.130)

We can write Eq. (4.88) as

e)\g/\[]/q ]/cz ot )} P
( )]u[y{;’y{l’tf;yq’yclfo]’

f
M) / dy}dy’ dyidy’, B NE s 0

(4.131)

With U denoting the propagator from the initial values of the fields (y;,yél) to the final
values (y{; , y{l), which can be obtained by integrating the contribution of the forward branch
in Eq.(4.88) with the appropriate boundary conditions mentioned below Eqs.(4.130), (4.128),

(4.129), we define the integrand of Eq. (4.88) for A = 0 as

K (g, Yo Vi Via) = Z2(0) " Ulg, ly 1y o, O POl a13)

The expression in Eq. (4.132) exhibits a similar structure to the joint probability distribution
of a classical system with a two-dimensional configuration space spanned by (v, ;). In this
analogy, the system is initially prepared in a Gibbs state characterized by the Hamiltonian
E_ ﬁ[y;, ycl', x(0)] and undergoes a stochastic evolution that brings it to the final configura-
on (v} 1)

However, it should be noted that due to the general complex nature of I/, the quantity K
lacks a direct probabilistic interpretation. Nevertheless, we can interpret Eq. (4.132) in terms
of Wigner functions [115, 114, 50, 86, 88]. It has been shown that by considering appropriate
phase space representations, the expression can be connected to Wigner functions, which
provide a phase space formulation of quantum mechanics.

Indeed, it is possible to establish a connection and prove the relationship between the

expression in Eq. (4.132) and Wigner functions. First we write

/ ayydyiK (v, yh Yo, yi) = C / dp'dp TU(p’, vl ' Y We(pyl)  (4133)

There we use the notation Xg/¢1,(T) for the fields on the branch Y(©,0),(0,M) (see Eq4.105).
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The variable Wg corresponds to the Wigner representation of the initial state, while I1 repre-
sents the Weyl transform of the propagator. The constant C serves as a normalization factor.
It is well-established that on the right-hand side of Eq. (4.133), Wy and IT can be interpreted
as classical distributions in phase space. Specifically, Wp corresponds to a classical Gibbs
state distribution, while IT represents a classical propagator that enforces the deterministic
equations of motion in the phase space [115].

By considering both the integrand on the left-hand side and the integrand on the right-
hand side of Eq. (4.133), we can introduce a generalization of the detailed balance conditions.
Utilizing the notion of time-reversed trajectories introduced in Section 4.6, it can be shown
that the propagators of the forward trajectory and the time-reversed trajectory coincide when
we reverse the initial and final positions.

To proceed, let us focus on the classical expansion of the quantity £ g, which corre-
sponds to the integral along the branch (¢ »7). The action in this case is denoted by X and

can be expanded in terms of small xg) [115] (see footnote 1). Therefore
Y=m (xfu + xﬁi) + 2V (&, xq1)) + V' (&, X1y )22, + O(1?). (4.134)

In comparison to Eq. (4.89), there is a sign change in the kinetic term in the present case due
to the use of x| (T) instead of y(z). This arises from the relationship 4 = —i% in the
vertical branches. Considering that the branch (g ) is short for I — 0, the value of x|
will not vary significantly from the value at the boundary with (5 ), denoted as yil. Hence,

we can define x.| (s) =y, + &(s) and derive the following expression

% = (8(s) +32,(5) ) +2V (@(0), yy) + 2V (@(0), y)o(s)

+ V" (a(0), yip)[x2, (s) + 62(s)] + O (). (4.135)

Our primary focus lies in the scenario where the boundaries in the path integration described
by Eq. (4.128) with A = 0 are specified as x, (78/2) = x4y (0) = 0. In this particular
case, the contribution from the integral over the quantum variables becomes negligible. Con-
sequently, the path integration involving x;; simplifies to a path integration over 6(s) with
boundary conditions 6(0) = 0. While the initial value of ¢ remains arbitrary, we denote it as
0.

/ Dse’ Y dr (md(s)+2V (2(0),5i,)+2V" (w(0)y)8(5) + V" (2(0),5,)6%(5) )
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0 g e [md(s) tme? (s+4) - ma2a?]
:/D se" 18 , (4.136)

VO o A — V(@)

where we introduced () = - Vi(a(0)y1,)

. After doing the change of

variable § — J 4+ A and solving the path integral we obtain as a result

cosh (T) [(5+A)2+A2)-2A(5+A) }

(’”Q o BV @Oy~ tmera?, | s (252 )
)

7th sinh (@

2 2000y
~ o BV ((0) i)~ 3mOPA?) ( 2;{3) exp {_ 2m s 2m IpTQ) [2A% 4 25A + 52]} ,
7T

(4.137)

In the last exponential, the two contributions arise from the zeroth and second order expan-
sions of the hyperbolic cosine with respect to /. It is important to observe that the terms
proportional to A? cancel out, resulting in an integral over § as the remaining contribution.

Hence

1

00 . 2 202
/ d5e— BV (®(0)yL) ( 2;%) exp {—;‘2”;52 - @[2& + 52]}
—00 7T,

o | : |
~ / dbe PV (*(0)ya) ( 2;21[3) exp {—;;;52} = PVOwa), (4.138)
— 0 7T

where the second term in the integrand in the first line can be neglected since it is of the next

order in fi. This proves that

K(yg, y{l, y;, yil) B o BE-plYy v (0)]

—BAF
' _ ¢ BOF, (4.139)
Krev (yg, v, yé, y{l) e—ﬁg,ﬂ[yjq(,yj;,a(tf)]

The quantity e PAF = Z(t;)/Z(0) represents the ratio of partition functions between the
final time ¢ and the initial time ¢t = 0. As mentioned earlier, K is not necessarily real and
does not have a direct operational interpretation in terms of measurements. However, if we
set y}% = yg = 0, then K corresponds to the joint probability distribution P(y{l,yél) in a
two-point measurement process of the position operator, where the initial and final measured

values are given by yél and y{,. This can be inferred from Eq. (4.133) that
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| dvidvik vl v i)

B //dy‘?dy”’ //dp dpf//d’? dy K(p! gty eV V) e =)
(4.140)

Let us focus on the dependence by 17i, y;, pi, after replacing the definition of K in the equation

above we have a contribution of the form
Z(0 / dn'dye” Uyl 'y, 0] PE Rl 4O, (4.141)
Remembering the definition of £_g we can also write

e~V Z(0) e FE- I Wam(O)] = o—in'¥ <y —y

Yo+ 1 > (4.142)

After integrating over 17i, the expression above, disregarding irrelevant prefactors, becomes
proportional to the Wigner function associated with the initial state, denoted as Wp. Similarly,
f

by integrating over yf7 and y;, the propagator U transforms into the quantum phase space

propagator. In the classical limit, this reduces to

M _ BVt v~V ((0)y)]-BAF + O(h). (4.143)
P (i, )
This corresponds to a detailed balance condition for the exchanges of potential energy in
the system. This result is consistent with the fact that in the initial measurement, there is
no information about the initial momentum of the particle. To derive the classical form of
detailed balance in the phase space representation, we need to consider the right-hand side of

Eq. (4.133). In the classical limit, the Wigner function becomes non-positive, and we obtain

(!, vl Py We(Pyl)  Welplyl)
L (—pl,yl, = YW (—plwl) Wi (=0T )

~ ePWa=8F) L O(h),

(4.144)
The function W,; is given by Eq. (4.109) following the classical results [65], while W;e"
represents the Wigner function associated with the initial state of the time-reversed trajectory.
The final equivalence can also be derived from the relationship between the Wigner function
and classical Gibbs state in the classical limit [115]. It should be noted that the inclusion
of minus signs in front of the final momentum is done for completeness, although in our

calculations, where the Hamiltonian is always quadratic in p, this change of sign becomes
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irrelevant.

4.8 Conclusions

In this chapter, our focus was on exploring the statistics of work using the concept of moment-
generating functions (MGFs). To achieve this, we introduced a modified Keldysh contour,
which proved to be a powerful tool for our analysis. The symmetry properties of this con-
tour played a crucial role in ensuring the consistency of our perturbative approach and the
emergence of fluctuation relations.

We demonstrated the versatility of the modified contour technique, particularly in the
context of diagrammatic methods. By utilizing this technique, we derived the work distri-
bution for a switch on/off scenario, revealing that the work can be represented as a linear
combination of rescaled Poisson processes. Each process corresponds to a distinct channel
through which energy is exchanged between the system and the experimental driving appa-
ratus, taking the form of discrete energy packages.

By employing Feynman path integral techniques and symmetrizing the contour, we ap-
plied a generalized version of the Keldysh rotation approach. This allowed us to express the
action in terms of classical and quantum fields, enabling us to extend the notion of detailed
balance to quantum trajectories and establish connections with the Wigner function.

Lastly, we obtained the semi-classical expansion of the work MGF, which provided valu-
able insights into the behavior of the system under different perturbations and approxima-
tions. This expansion allowed us to explore the semiclassical regime and extract meaningful

information about work statistics.
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Discussion and perspectives

In this thesis, we focused on two main concepts of quantum thermodynamics: work and heat.
Specifically, we analyzed the behavior of heat currents in overdamped quantum systems by
studying two magnetically coupled RLC circuits. We established the role of dissipation by
employing the Caldeira-Leggett model, which replaces the resistor in the circuits with a large
number of series LC circuits. This paved the way to examine the heat current between two
quantum harmonic oscillators that are overdamped and coupled to local thermal baths. We
derived closed analytical expressions for the heat current, taking into account both quantum
and classical contributions, without resorting to weak coupling or Markovian approxima-
tions. These results can serve as a useful benchmark to test approximate methods, such as
Markovian embedding schemes or the method developed in [79]. Our findings indicate that
in the overdamped regime, there is an intermediate temperature range where significant quan-
tum corrections to the classical heat current exist, even if the temperatures are high compared
to the only relevant frequency scale of the system dynamics. This is a noteworthy observation
as it broadens the temperature range where quantum effects are relevant in thermal transport.

Although our results apply to general harmonic systems, we have specifically focused on
an electronic implementation as low-temperature electronic circuits are a promising platform
for investigating quantum energy transport. In this regard we studied a set-up which is used
in realization of dynamical Casimir effects [34, 116]. This set up was consisting of cavities
that are interrupted by SQUID. By quantizing the SQUID degrees of freedom we showed
that, one can find a three-body interaction Hamiltonian. The Hamiltonian can be reduced to a
form of quantum absorption refrigerator interaction in which the SQUID can autonomously
cool down the other two modes of the cavities.

In the last section, we discussed the statistics of work extraction for closed quantum
systems. We utilized the modified Keldysh contour to investigate the perturbative approach

to MGFs and their semi-classical limit, and demonstrated the consistency of the perturbative
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expansion through the symmetry property of the extended contour. Our study showed the
suitability of the modified contour technique for diagrammatic approaches, allowing us to
derive the work distribution in a switch on/off scenario. Expressing the MGF in terms of a
Feynman path integral and using the Keldysh rotation, we generalized the detailed balance
to quantum trajectories and made contact with the Wigner function and classical phase space
approaches to thermodynamics.

Interesting perspectives of this thesis may involve the study of non-linear RLC circuits.
As we discussed in the second chapter, it is indeed a burdensome task to find analytical
solution to the heat currents for interacting superconducting qubits. Therefore, developing a
new methodology to study those systems will be essential for understanding heat currents in
strong coupling regime.

In the concept of work statistics, a potential avenue for future research is to extend our
approach to many-body open quantum systems [103, 102] and evaluate the effectiveness of
our new contour in maintaining thermodynamic consistency while calculating work and heat
counting statistics using established approximation schemes like GW or random phase (RPA)

[92, 49, 55].
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