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Abstract

Current fluctuation in mesoscopic conductors is of increasing importance along with the
development of nanotechnology. The current fluctuation provides interesting and unique
information on nonequilibrium interacting systems. The distribution of the current has also
been extensively studied from a viewpoint of the nonequilibrium statistical physics. In
this thesis, we shed light on two important aspects of the current fluctuation in interacting
systems: (i) a detection scheme of the current distribution in a mesoscopic conductor and
(i1) renormalization effect on current noise through an interacting mesoscopic system. The
difficulty of analyzing the fluctuation in interacting systems arises from the absence of a
systematic framework. We utilize a path integral approach based on the Keldysh formalism
to provide microscopic understanding of the current fluctuation.

(i) Detection scheme of current distribution in a mesoscopic conductor

Owing to the rapid development of on-chip devices, it becomes realistic to characterize
nonequilibrium transport in mesoscopic conductors by the distribution of current through
the system. The first purpose of this thesis is to substantiate a detection scheme of the
current distribution by using a simple LC circuit. We use a stochastic method of describing
the dynamics of the detector LC circuit, which can be understood as a stochastic particle
subject to non-Gaussian noise. We show that the current distribution is fully determined
by the steady-state probability density function of the degrees of freedom in the detector
circuit in the classical-to-quantum crossover regime. At sufficiently low temperatures, the
effect of the quantum fluctuation in the detector circuit becomes significant to correctly
estimate the current distribution.

(ii) Renormalization effect on current noise in a charge-fluctuating quantum dot

Among mesoscopic conductors, quantum dot systems offer an ideal arena to study nonequi-
librium transport of interacting fermions. One of the most prominent many-body effects
in the quantum dot system is the strong renormalization of the transmission between the
quantum dot and the reservoirs due to their capacitive coupling. The second purpose of this
thesis is to elucidate the renormalization effect on current noise in the charge-fluctuating
quantum dot system. We develop a functional renormalization group method to systemati-
cally investigate the current noise in the quantum dot system in wide parameter regions. It
is found that the current noise shows power-law behavior at large bias voltages. This is a
manifestation of the renormalization effect in the nonequilibrium situation.
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Chapter 1

Introduction

1.1 Current fluctuation in mesoscopic conductors

Mesoscopic physics deals with condensed matters of an intermediate length scale [1]. The
characteristic lengthscale lies between the microscale where the system is considered as
an isolated quantum system and the macroscale where fluctuation is suppressed in the
thermodynamic limit. Hence, the mesoscopic systems offer an ideal arena for research into
both the quantum and statistical physics. The mesoscopic physics has been developed along
with the rapid advance in nanotechnology. In particular, novel transport phenomena have
been investigated in artificially-fabricated mesoscopic conductors. They are easily driven
out of equilibrium by an applied electric field in a controllable manner. Such availability of
the mesoscopic conductors paves the way to understanding the nonequilibrium statistical
physics.

The importance of current fluctuation in mesoscopic conductors has been widely
appreciated in a field of the mesoscopic physics, leading to a vast amount of experimental
and theoretical studies [2, 3]. The intrinsic sources of the current fluctuation are classified
into two types: thermal noise and shot noise. While the thermal noise is determined by
the equilibrium nature of the system, the shot noise has a nonequilibrium origin. It is a
consequence of the granularity of carrier particles, and reveals unique information which
is averaged out in conductance. The experimental demonstration of a fractional charge
in fractional quantum Hall systems is a good example to illustrate the usefulness of the
shot noise [4, 5]. The informative role of the noise is expressed as “The noise is the signal”
by Rolf Landauer, who made a significant contribution to research into the mesoscopic
physics [6].

As the current fluctuation essentially reflects a correlation of particles, it can be
utilized to elucidate the properties of a low-energy excitation which is intrinsic to the
system. Among various mesoscopic conductors, quantum dot systems form an ideal
test stage for investigating the nonequilibrium transport of interacting electrons. At
low temperatures, the quantum dot exhibits the Kondo effect [7], where an elementary
excitation is described by the Fermi liquid interacting with each other via the residual
interaction [8]. The current fluctuation in the quantum dot system in the Kondo regime
helps us to understand the microscopic scattering processes of the Fermi liquid [9]. Another
prominent example of quantum many-body effects is the Fermi-edge singularity [10, 11].
The Coulomb interaction between a local electron and surrounding conduction electrons
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can lead to singularities of the resonant tunneling close to the Fermi energy [12-15]. It
is closely related to the instability of the Fermi sea against a localized perturbation [16],
and generalization of the problem to the nonequilibrium transport provides nontrivial and
challenging issues.

Largely owing to the great advance in measurement techniques, the interest in the
current fluctuation has been extended beyond the Gaussian distribution [17-20]. The first
significant step was made by L. S. Levitov and G. B. Lesovik, who laid a foundation of the
full counting statistics [17]. They considered the counting statistics of electrons which are
transferred from one reservoir to another in a sufficiently long time interval. The histogram
thus obtained fully characterizes the microscopic scattering processes in the mesoscopic
conductor. The current distribution has attracted much attention also from a viewpoint of
nonequilibrium statistical mechanics. The combination of the equilibrium property of the
reservoir and the microscopic reversibility of the quantum dynamics requires the current
distribution to satisfy a special symmetry, which is known as the fluctuation theorem [21].
The fluctuation theorem reproduces the fluctuation-dissipation relation and the Onsager-
Casimir reciprocal relations in the linear-response regime. What is surprising is that the
fluctuation theorem is valid far from the equilibrium state, imposing strict constraints
on the current distribution. Another important consequence of the fluctuation theorem
is the appearance of the universal relations among nonlinear transport coefficients [22].
Experimental verification of the fluctuation theorem in the mesoscopic conductors is
currently in progress [23-27].

The fundamental question as to the full counting statistics is whether and how it can
be detected in a feasible measurement. The measuring device was first proposed by
considering an ideal spin 1/2 galvanometer that is exposed to a magnetic field produced
by current through a conductor [18]. In this setup, the number of the transferred charge
in a given time interval is directly related to the precession angle of the spin. Later, a
simple LC circuit started to be employed as a realistic detector circuit for the current
through the conductor [28-30]. The detector was also quantum mechanically treated to
ascertain the measurability of the full counting statistics [19, 31-33]. Now, the subject on
the measurement of the full counting statistics is not just a theoretical matter because of the
remarkable development of on-chip detection schemes [34-45]. In various experiments, the
detector consists of another electronic circuit fabricated on the same chip. In the classical
regime, it is even possible to count the number of the transferred electrons [25, 46, 47],
and the histogram is qualitatively compared with the theoretical prediction [25].

Motivated by the theoretical and experimental progresses on the current fluctuation in
mesoscopic conductors, we investigate the following topics in this thesis.

Detection scheme of non-Gaussian current fluctuation
We investigate a realistic detection scheme of non-Gaussian current fluctuation in a
mesoscopic conductor by using a simple LC circuit as a detector circuit. In previous
works, the explicit relations between the cumulants of the current distribution and
those of the detector LC circuit have been known only for the first three cumulants.
It is still an open question whether and how the LC circuit can characterize all the
cumulants of the current. In this thesis, we establish the relations for all the higher-
order cumulants by developing a stochastic method of incorporating the thermal,
non-Gaussian, and quantum noise in the detector circuit. It is shown that there is a
one-to-one correspondence between the distribution of the current and the detector
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in the quasi-classical regime. We also clarify how the quantum dynamics of the
detector circuit affects the estimation of the current fluctuation.

Renormalization effect on current noise in a charge-fluctuating quantum dot

We investigate current noise through a quantum dot system dominated by charge
fluctuation. It is well established that the capacitive coupling between the quantum
dot and the reservoir introduces power-law singularities in / — V' characteristics due
to the renormalization effect [48—-54]. However, little is known about the current
noise except for a special parameter point where the model exhibits self-duality [S5—
57]. In this thesis, we clarify the renormalization effect on the current noise in the
charge-fluctuating quantum dot system. The functional renormalization group (FRG)
is one of the promising theoretical schemes which can incorporate the two-body
interaction in nonequilibrium situations [51, 58]. We develop an FRG scheme to
gain a comprehensive understanding on the current noise in the interacting quantum
dot system in wide parameter regions.

1.2 Full counting statistics

In contrast to bulk systems where the fluctuation is suppressed in the thermodynamic
limit, the fluctuation of current in mesoscopic conductors is of the same order as its
mean value. This fact is crucial from a viewpoint of application as the signal-to-noise
ratio determines the performance of the device. On the other hand, unique properties
of the fluctuation have also been appreciated and utilized for a long time. The current
fluctuation has rich information on carrier particles and dynamics of a system [2]. The
noise measurement has now become an indispensable tool to investigate equilibrium
and nonequilibrium systems. Substantially supported by the rapid development of fine
processing and measuring technologies, the trend is gradually being shifted to the current
fluctuation beyond the Gaussian approximation, namely the current distribution. It is
closely related to the fundamental aspects of nonequilibrium phenomena, such as the
fluctuation theorem [21]. This also requires us to develop a suitable framework to describe
the current fluctuation in all orders. The full counting statistics is such a theory to
conveniently and totally characterize the current distribution [18].

In this section, we review the theory of the full counting statistics, and provide basic
knowledge on the current fluctuation. In subsection 1.2.1, we provide a general framework
to describe the fluctuation of current through a mesoscopic conductor. In subsection
1.2.2, the full counting statistics is applied to the simplest model in order to elucidate the
fundamental microscopic processes lying behind the nonequilibrium transport phenomena.
In subsection 1.2.3, the fluctuation theorem and its consequences are discussed.

1.2.1 Stage of nonequilibrium transport

Let us consider a generic setup which consists of the system coupled to the left and right
reservoirs (Fig. 1.1). The full Hamiltonian reads H = Hy + Hr. The isolated regions
are described by the Hamiltonian Hy = Hs + Hy + Hg, where Hg, Hy, and Hg are the
Hamiltonian of the isolated system, the left reservoir, and the right reservoir, respectively.
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Fig. 1.1 Schematic of a generic setup of mesoscopic conductors.

Each reservoir is connected to the system via the tunneling Hamiltonian Hr, which
describes the hopping of an electron from the system to the left and right reservoirs.

The idea of the counting statistics has roots in the photodetection, which reveals that
the higher-order correlation functions carry fundamental information on the coherence of
photons [59]. The full counting statistics is an electronic analog of the photodetection:
The number of the electrons transferred from one reservoir to another in a given time
interval is counted to obtain the histogram which is intrinsic to the transport. The theory
of the counting statistics of the electronic current was pioneered by L. S. Levitov and
G. B. Lesovik [17, 18]. There are several ways to establish the full counting statistics: the
spin 1/2 galvanometer [18], the Keldysh formalism [60, 61], the system-detector coupled
system [19], and the two-point measurement [62].

The central object in the full counting statistics is the probabilities p(n) associated
with the transfer of n electrons from the left to the right reservoir in the time interval
[0,7]. One of the intuitive ways to determine the probabilities is to use the two-point
measurement scheme [62]. In this approach, we project a many-body state to the eigenstate
of the numbers of electron in the right reservoir Ng at t = 0 and r = 7. The outputs at
t =0 and ¢ = 7 are denoted by ng(0) and ng(7), respectively. The number of transferred
electrons is associated with the difference between the outputs of the two measurements,
i.e. n=ng(7) —ng(0). An alternative formulation of the full counting statistics based on a
field-theoretical method [60, 61] is discussed in the next chapter.

Once the probabilities p;(n) are determined, it is possible to evaluate the expectation
value of the measurable function g(n) as

Eden]= Y sln)ps(o) (L)

It is convenient to define the characteristic function of the counting process associated with
the transfer probabilities p;(n) (n € Z) as

xe(A) = E[e"™]

= Z em’lpf(n). (1.2)

n——oo

The auxiliary parameter A is called the counting field in the theory of the full counting
statistics. The moments of the numbers of the transferred charge n can be generated by
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Fig. 1.2 Schematic of a tunneling junction.

differentiating the characteristic function with respect to the counting field A;

"1z (2)
En")= =22 . 1.3
T[ ] i’@lk 10 ( )
As the number of the transferred charge n is expected to grow asymptotically in proportional
to the observation time interval 7, it is useful to introduce the scaled cumulant-generating
function

S(A) = lim lln)h(?L). (1.4)

T—oo T

Then, cumulants of the steady-state current is defined as

o

F=e S|, (1.5)

with the elementary charge e.

1.2.2 Levitov-Lesovik formula

The theory of the full counting statistics has achieved great success in varieties of meso-
scopic conductors such as diffusive conductors [61, 63], quantum Hall systems [64],
chaotic cavities [65], Aharonov-Bohm rings [22], Coulomb blockade system [66], Kondo
systems [9], charge fluctuating quantum dot [67], superconductors [68—70], and conduc-
tors under a time-periodic driving field [71]. One of the cornerstones of the full counting
statistics is the Levitov-Lesovik formula [17, 18].

In order to illustrate the usefulness of the full counting statistics, let us consider the
simplest model: the noninteracting fermionic system which is composed of weakly coupled
left and right reservoirs (Fig. 1.2). The isolated reservoirs are described by the Hamiltonian
Hy = H; + Hp with

Hy = Zgakcj;kc(xka (1.6)
k

for = L, R. Here, ¢ L(R)K and ¢y (g)x are the creation and the annihilation operators of the
electrons in the left (right) reservoir with momentum k, and the dispersion relation €.
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These reservoirs are coupled to each other with the tunneling Hamiltonian

Hr = Z (tc};kch/ —I—t*czk,ch) , (1.7)
174

with the transmission amplitude . The left and right reservoirs are assumed to be in
equilibrium at the inverse temperature 3. The chemical potentials of the left and right
reservoir are [ = €r + eV /2 and ug = €p — eV /2, respectively, with the Fermi energy &f
and the bias voltage V. Then, the distribution of the electrons in reservoir ¢&¢ (=L, R) is
characterized by the Fermi-Dirac distribution;

1

=— 1.
Jal®) = o 11 (1.8)
Since the total Hamiltonian H = Hy + Hr is quadratic in terms of the fermionic degrees
of freedom, the characteristic function )¢(A) is exactly evaluated. According to the field-
theoretic analysis discussed in subsection 2.3.2, the scaled cumulant-generating function is

obtained as

SiL(A) = %/da)m (14 Tk [fu(@) (1~ frl@)) (e~ 1)

+hr@)(1=f@)e =], @9

with the transmission coefficient Trg = 47m°t?py (¢ )pr(€r ). Here, we have neglected the
energy dependence of the density of states pg—z r(®), for simplicity. The result is known
as the Levitov-Lesovik formula [18].

The first and the second cumulants of the current [see Eq. (1.5) for the definition] are
computed respectively as

I= 2%/dcoTLR(fL(w) ~ (@), (1.10)
_ 2
I*= ﬁ/dw [Ter [f(@)(1 = fr(@)) + fr(@)(1 — fr(®@))]

+Tir(1 = Tir) (fi(@) — fr(@))?]. (1.11)

The first expression is known as the Landauer formula, which represents the current
through the transport channels lying within the bias window f7(®) — fgr(®). The linear
conductance G = dI/dV|,_, is obtained as

2
e“Tir

G= . 1.12
2rth ( )

The first two terms in the second-order cumulant (1.11) are the thermal noise because
fo(®) and (1 — fy(w)) are overlapped at finite temperatures. It is also known as the
Johnson-Nyquist noise. The last term in the same equation is called the shot noise, which
is finite in the presence of a bias voltage. The factor Tyg(1 — Tzg) originates from the
partition process of the carriers: The injected electron is transmitted through or reflected at
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the scattering region. After performing the energy integration, we have

- 1 \%4
I2 = ﬁ 2kgTTi g + €V coth (ZZBT) TLR(l — TLR):| , (1.13)

with the Boltzmann constant kp and the absolute temperature 7. When the thermal noise
is dominant (eV < kgT ), we obtain the fluctuation dissipation relation

I? = 4kgTG, (1.14)

which connects the thermal noise to the conductance with the universal factor kg7 . In the
zero temperature limit, on the other hand, the current noise is dominantly given by the
partition process at the scattering region:
3
= eV
2= —Tr(1-T, 1.15
p— Lr(1 —Trr), (1.15)
which increases linearly with the bias voltage. In the weak tunneling regime (Tjz < 1),
the shot noise is related to the averaged current as

12 =2el. (1.16)

This is identical to Schottky’s result for the shot noise induced by uncorrelated injections
of particles with the charge e. The ratio between the shot noise and the current can be
utilized to detect the effective charge of the quasiparticle which is intrinsic to the system
[2]. The property is elegantly utilized by identifying the fractional charge in quantum Hall
systems [4, 5].

While the second-order cumulant of the current has already elucidated the unique
properties of the carriers, the Levitov-Lesovik formula (1.9) contains much information
on the microscopic transport processes beyond that obtained with the Gaussian treatment.
Actually, it is possible to understand the stochastic processes underlying the transport
phenomena by comparing the characteristic function for the transport with that of the
basic stochastic distributions. In order to discuss this point, we consider the three cases
(i) at zero-temperature, (ii) with small transmission coefficient and (iii) away from these
regimes.

At zero temperature, the scaled cumulant-generating function (1.9) becomes

_ \% :
SI=0(2) = %m 1+ Tir(e? — 1)

\%
- %SBM;TLR), (1.17)

where Sp(A; p) is the cumulant-generating function of the Bernoulli distribution with the
success probability p;

Sp(A;p) =In [l—p—kpe’%} . (1.18)

The stochastic interpretation is as follows. At zero temperature, electrons are unidirection-
ally injected from the source reservoir to the drain one. The electron succeeds to transmit



8 Introduction

through the scattering region with the probability 77 g, otherwise it is reflected back to
the source reservoir. Within the bias window eV, there are eV /2h numbers of available
energy channels, in which the Bernoulli trial occurs independently.

Another important case is the electron transmission in the weak tunneling regime
Trr < 1, where the scaled cumulant-generating function (1.9) becomes

SN A) = i@ = 1) Fpo(e* 1), (1.19)

with u = Gk [dofi (0)(1 - fr(e)) and - = SR [defr(®)(1 — fi()). This is
equivalent to the cumulant generating function for the Skellam distribution [72]

Ss(As i, o) = pi (€™ — 1) + o (e ™ — 1), (1.20)

which describes the difference of the two independently Poisson-distributed random vari-
ables with the rate parameters (; and . It is also called the bidirectional Poisson process
in the context of nonequilibrium transport. The equality SELLR<<1 (L) =Ss(A; s, 1) can
be interpreted as follows. In the weak tunneling limit, the electron transmission is domi-
nated by the lowest-order processes, in which a single electron is transferred from the left
(right) to the right (left) reservoir with the transition probability 4 (u—). These processes
are considered to be rare events characterized by the Poisson distribution with the rate
parameter (4 and to have opposite contributions to the current. If the system is further
assumed to be at zero-temperature 7 = 0 with a finite bias voltage, the cumulant-generating
function is reduced to the Poissonian one

Sp(Astn) = (™ —1), (1.21)

withn =V /|V].

We can extend the above argument to the strong tunneling regime by decomposing
the microscopic transport events into the Poisson processes. By noting that (a(.e"’l —
1) +b(e~** —1))" can be expanded with respect to ¢ —1 (m = —n, —n+1, ---, n),
the Levitov-Lesovik formula (1.9) can be generally expressed as the summation of the
Poissonian cumulant generating functions;

Su)= Y Wa(e™ —1)

Nn—-—oo

= Y Sp(A). (122)

N——o0

where the transition matrices W, are defined as the coefficient of the (¢* — 1) term.
According to the probability theory, the cumulant generating function of the linear com-
bination of independent random variables is described by the summation of each one. In
our case, the number of the transferred charge m obeying the Levitov-Lesovik formula
is expressed as the summation of the random variables m,, which obey the Poisson distri-
bution with the rate parameter W,,. From a different point of view, we rewrite the scaled
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cumulant-generating function as

[}

SiA)=pp Y wa(e™ 1)

n—=—o0

e
= Sp(—iSw(A): 1tp), (1.23)

by introducing the rate parameter up =Y. W, the probability w, = W, /up, and the
cumulant generating function S,(A) =InY,"_ wye* This is equivalent to the cumulant
generating function of the compound Poisson distribution.

1.2.3 Fluctuation theorem

As was discussed in the previous subsection, the current distribution contains much
information on the microscopic transport processes beyond the second cumulant. One of the
illuminating properties that hold in the higher-order cumulants is the fluctuation theorem,
which is derived from the microscopic reversibility of the system and the equilibrium
nature of the reservoirs [21].

The fluctuation theorem states that the distribution p;(c) with the time-averaged
entropy production rate ¢ and the time interval T must be related to the time-reversed
probability pIR (o) as

piR(—0) = pe(0)e " (1.24)

This imposes a universal relation between the typical processes with the entropy production
and the rare ones with the entropy consumption. While both the entropy-producing and
entropy-consuming processes are allowed in the short time interval, the former dominates
the latter for T — oo. Thus, Eq. (1.24) can be viewed as a quantitative description of the
second law of thermodynamics. Indeed, the non-negativity of the expectation value of the
entropy production rate E[c] > 0 is proved by using the Jarzynski equality

E[e°] =1, (1.25)

which is readily confirmed by integrating the left- and right- hand sides of Eq. (1.24) with
respect to ¢, and Jensen’s inequality

E[e %% > ¢ EloT], (1.26)
The fluctuation theorem (1.24) is also expressed as
X:(A) = xz (it = 4), (1.27)

with the characteristic functions y;(1) = [dce*®p.(c) and yTR(A) = [doe?° pIR(o).
In the long-time limit, the fluctuation theorem takes the form

= 1.28
MRy = (1.28)
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Fig. 1.3 Schematic of a spin 1/2 galvanometer.

which is also equivalently represented with respect to the (time-reversed) scaled cumulant-
generating function S(1) (STR(1)) as

S(A) =S™i-1). (1.29)

What is nontrivial about the fluctuation theorem is that the general results obtained in the
linear-response theory, such as the fluctuation-dissipation theorem and the Onsager-Casimir
reciprocal relation, are recovered systematically [21].

The general discussion as to the fluctuation theorem holds true for the electron transport
phenomena, in which the entropy production is related to the Joule heating. When an elec-
tron is transferred through the scattering region with the applied bias voltage V, the Joule
heat eV is generated. The corresponding entropy production is 6 = BeV with the inverse
temperature 3. The fluctuation theorem can be verified in the simple model discussed in the
previous subsection. By noting the identity f(®)(1 — fr(®)) = PV fr(®)(1 — fr(®)),
the scaled cumulant-generating function (1.9) is shown to satisfy the symmetry

SiL(A) =Sin(ifeV —A1). (1.30)

The time-reversed scaled cumulant-generating function is identical to the original one in
the simple model (SiL.(A) = S{R(2)) because of its time-reversal symmetry.

1.3 Detection scheme of current distribution

The current distribution discussed in the previous section is introduced with a purely theo-
retical motivation. A natural question is whether and how we can observe the distribution.
In order to fill the gap between theory and practice, a gedanken measurement scheme for
the current fluctuation was proposed by using a spin 1/2 galvanometer [18]. A magnetic
moment placed near a conductor precesses due to the electromagnetic field emitted by
electrons flowing through the conductor. The total precession angle during a time interval
T is associated with the number of the transferred electrons.
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Let us consider a virtual spin 1/2 galvanometer which is placed near a mesoscopic
conductor (see Fig. 1.3). According to Ampere’s law, the current flowing through the
conductor generates a magnetic field, which exerts a torque on the magnetic moment. The
spin 1/2 starts to precess around the z axis according to the interaction Hamiltonian

A
Hine = Elcz, (1.31)
with the current /, the Pauli matrices oy ., and the coupling constant A. The total
Hamiltonian is given by

H. A2 0 Hy O
H:HSYS®1+Hint:< s / ):(

A
0 Hyys — A1/2 0 HL)’ (1.32)

with the Hamiltonian of the system Hgys. The total Hamiltonian is diagonal in the spin
space, and the components are denoted by Hy and H. If the spin is coupled to the
conductor during the time interval [0, ), the expectation value of the transverse component
Oy = O, +1i0y 18

—iHT ( iH’L']

Tr[oyp(7)] =Tr [G+€ Pe1 @ pspin) e
=Tr [e""7e™ M py | Tt [0 pspin] (1.33)

with the initial density matrix Pis; = Pe ® Pspin- In the classical picture, the precession
angle of the magnetic moment is estimated as 6 = An, when n electrons are transferred
through the system. If we consider that the electron transport is decomposed into such
stochastic processes which occur with the probability p;(n), the precession-angle part in
Eq. (1.33) is identical to the characteristic function (1.2);

Tr [e+iHTTe_iHlTpel} = pr(n)ei}”" =x:(A), (1.34)

which is also consistent with the result obtained in the two-point measurement scheme
without the initial correlation [62]. The similarity between the above characteristic function
and the partition function defined in the Keldysh formalism is discussed in the next chapter.

The spin 1/2 galvanometer was an illuminating idea to understand the full counting
statistics, but, at the same time, left some questions on its applicability. For instance,
the current distribution through superconducting junctions does not allow a probabilistic
interpretation because it can be negative [69]. This difficulty was solved by considering a
quantum mechanical description of the detector [19]. The authors of the paper found that
the probabilistic interpretation of the characteristic function is valid only in the presence
of the gauge symmetry. They also pointed out the importance of back action originating
from the dynamics of the detector. As the current fluctuation requires high accuracy of
the measurement, the detailed analysis of detector dynamics is a practically important
problem.
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1.4 Related Experiments

Mesoscopic circuits are promising arenas to test the fundamental aspects of nonequilibrium
statistical physics. In particular, the current distribution attracts much attention in the
context of the fluctuation theorem. In the following, we review two important experimental
works which examined the fluctuation theorem in the classical and quantum regimes.

Fluctuation theorem in the classical regime

The fluctuation theorem has been tested in Ref. [25] by using a double quantum-dot
(DQD) system in the classical tunneling regime. The experimental setup is shown in
Fig. 1.4(a). The DQD structure marked by the white circles is fabricated between the drain
and source reservoirs. The position of an electron in the DQD is monitored by a detector
quantum point contact (QPC) which is asymmetrically coupled to the left and right dots.
Figure 1.4(b) shows the QPC conductance Ggpc, from which we can resolve the possible
charge states of the QPC; the left (right) occupied state “L” (“R”) and the empty state “0”.
The experiment was performed in a parameter region where the doubly occupied state is
not allowed. By counting the number of transitions between L and R during a time interval
T, we can obtain the probability p;(n) with the number n of electrons transferred from the
source to drain.

The probabilities obtained at the bias voltage Vpop = OuV and Vpgp = 20uV are
shown in the upper and lower panels in Fig. 1.4(c), respectively. The distribution is clearly
shifted in the presence of Vpgp. Nevertheless, a charge flow against the source-drain
voltage n < 0 can occur with a finite probability. According to the fluctuation theorem
reviewed in subsection 1.2.3, the forward and backward probability should be related as

pr(n)

tn pe(—n)

= neVDQD/kBT, (1.35)

with the temperature 7 of the DQD system. This relation is directly tested in Fig. 1.4(d) for
various 7" and Vpgp. The experimental data shows linear behavior in accordance with the
theoretical prediction plotted as the solid lines though the discrepancies of 20% to 30% are
found in the slope. These discrepancies can be removed within the statistical uncertainty
of the data when we take into account the limited bandwidth of the detector circuit (dashed
lines).

This clear demonstration of the fluctuation theorem in the classical regime shows that
the recent technology has reached a stage of experimental verification of the full counting
statistics. The above result also suggests that a detailed analysis of the detector circuit is
indispensable to achieve good agreements between the theory and the experiment. The
detector cannot react to charge-switching events which occur much faster than the inverse
of the detector bandwidth. The missing events results in the correction of the fluctuation
theorem. We note that the discrepancies found in this experiment are explained not by the
QPC backaction [73] but by the imperfectness of the detector. The former scenario implies
excitation in the DQD system perturbed by the detector while the microscopic scattering
processes are not perturbed in the latter one.
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Fig. 1.4 (a) DQD system with a detector QPC. (b) Conductance of the QPC. (c) Probabilities
of the transferred electron number n. (d) Test of the fluctuation theorem (1.35). [Reprinted
from “Irreversibility on the Level of Single-Electron Tunneling” by B. Kiing et al., Phys.
Rev. X 2, 011001 (2012) under the terms of the Creative Commons Attribution 3.0
License.]

Fluctuation theorem in the quantum regime

The fluctuation theorem results in novel consequences also in the quantum regime. At near
equilibrium, the current / and the current noise S can be expanded in terms of the bias
voltage V as

I(V,B) = Gl(B)VJr%Gz(B)V2+%G3(B)V3+---, (1.36)
S(V,B) = So(B) + S, (B)V + %Sz(B)Vz—l—m, (1.37)

under an applied magnetic field B. The first coefficients of the current and noise are
related by the Johnson-Nyquist relation as So(B) = 4kgT G (B). The Onsager-Casimir
reciprocity states that the lowest-order coefficients are symmetric with respect to B, i,e,
G1(B) = G1(—B) and S;(B) = S;(—B). Remarkably, the fluctuation theorem further
imposes relations for nonlinear coefficients of the current and noise [22—-24]. We introduce
the symmetrized and antisymmetrized components of the nonlinear coefficients with
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Fig. 1.5 (a) Aharonov-Bohm ring with the measurement setup. (b) Symmetric components
Gg and S*f . (¢) Antisymmetric components G/Z‘ and S’f. (d) Sf plotted against Gg. (e) S?
plotted against G/z‘. [Reprinted with permission from “Fluctuation theorem and microre-
versibility in a quantum coherent conductor” by S. Nakamura et al., Phys. Rev. B 83,
155431 (2011). Copyright 2011 by The American Physical Society. ]

respect to the magnetic field as

Gy" = G2(B) £ Ga(B), (1.38)
$34 = 81(B) £ 51(B). (1.39)

Here, 4 and — are taken for § and A, respectively. The fluctuation theorem requires the
relations

St = 2kgT G5, (1.40)
S4 = 6kgT G5 . (1.41)

These results are beyond the consequence of the Onsager-Casmir reciprocal relation and
the fluctuation dissipation theorem.

The consequences of the fluctuation theorem have been directly tested in a quantum
coherent conductor [23, 24]. The experimental setup is given by using an Aharonov-
Bohm ring fabricated on a GaAs/AlGaAs 2DEG. Atomic force microscope image of
the system is shown in Fig. 1.5(a). The back-gate voltage V, tunes the electron density
in the Aharonov-Bohm ring. Figures 1.5(a) and (b) show the V,-dependence of the
symmetric components Gg (Sf ) and antisymmetric components Gé (S‘i‘) in the left (right)
axis, respectively. The symmetric and antisymmetric quantities are found to have a
strong correlation independently. Indeed, the proportionality between Gg and S‘f and
between sz‘ and S/l‘ are clearly seen in Fig. 1.5(d) and (e), respectively. More quantitatively
speaking, the factors are estimated as S‘f [2kpT G5 = 6.00f8:g§ and S/f /6kpT G5 = 1.61J_r8:%(2)
in Ref. [24]. Unfortunately, there are discrepancies between the theoretical predictions and
the experimental results for the moment.
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Fig. 1.6 Flow chart of this thesis.

The experiment reviewed here has demonstrated that there exists nontrivial proportion-
ality between the nonlinear response and the nonequilibrium fluctuation in the coherent
mesoscopic conductor. This is the first experimental verification of the fluctuation theorem
in the quantum regime. In spite of this remarkable achievement, the reason of the observed
discrepancy has not yet been clarified. Recalling that a similar problem found in the
incoherent transport through the DQD required the detailed analysis of the detector circuit,
there is a possibility to explain this discrepancy by taking into account the realistic situation
of the system. This is an important question for future studies.

1.5 Organization of this thesis

As have been reviewed above, the current distribution has fundamental information on
the microscopic processes underling the nonequilibrium transport through the mesoscopic
conductors. With strong support from the recent progress in nanotechnology, it is feasible
to experimentally characterize the higher cumulants of the current both in the classical and
quantum regimes. It is an urgent need to refine the theoretical detection framework for
the current distribution. Another important viewpoint in the full counting statistics is the
modification of the current distribution itself due to many-body effects. It is known that the
transmission through mesoscopic conductors is strongly renormalized by the interaction
with the surrounding environments [60]. As the current fluctuation is sensitive to the
correlation of quasi-particles, it can be utilized to elucidate the intrinsic properties of the
interacting systems.

In this thesis, we investigate twofold topics on the current fluctuation in mesoscopic
conductors: a detection scheme of the full counting statistics and a renormalization
effect on the current fluctuation. These topics are subjects of nonequilibrium transport
in interacting mesoscopic systems. In order to utilize accumulated knowledge of such
challenging systems, we need an integrated framework which can treat the two-body
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interaction in both the classical and quantum regimes. In chapter 2, we develop a path
integral method for nonequilibrium transport in interacting systems based on the Keldysh
formalism. The current fluctuation can be transparently written in terms of the field-
theoretic language. The full counting statistics and the renormalization structure are
systematically incorporated in the framework. In chapter 3, we review recent insights
on a “particle” under Gaussian and non-Gaussian noises. Such a particle can work as an
effective detector for the fluctuation in the system of interest. Chapters 4 and 5 concern the
two main topics of this thesis. In chapter 4, a detection scheme of the current distribution
is discussed based on a stochastic method. We show that the current distribution in a
mesoscopic conductor is fully characterized by the steady-state distribution of the detector
circuit. Detailed analysis of detector dynamics is indispensable to correctly estimate the
current distribution. In chapter 5, we discuss the renormalization effect on the current
fluctuation in an interacting quantum dot system, i.e. the interacting resonant level model.
The current noise is found to exhibit a universal power-law behavior as a consequence of
the renormalization effect. In chapter 6, we summarize the results and state concluding
remarks of this thesis. The flow chart of this thesis is presented in Fig. 1.6.
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Chapter 2

Method for nonequilibrium fluctuation
in open quantum systems

In this chapter, we develop a theoretical framework to investigate nonequilibrium fluc-
tuation in mesoscopic conductors. We utilize the Keldysh formalism, which is one of
the most successful theories to treat nonequilibrium quantum and classical systems. In
particular, the path integral approach based on the Keldysh formalism provides a unified
way to describe wide varieties of physics including nonequilibrium transport, many-body
interaction, renormalization group structures, and the stochastic processes.

In section 2.1, we remark the general ideas in the Keldysh formalism and summarize
the notation used in this thesis. In section 2.2, the path integral approach is developed
based on the Keldysh formalism. In section 2.3, the nonequilibrium transport through open
quantum systems is discussed by focusing on a generic noninteracting model. In section
2.4, a method for interacting systems is developed by using a functional renormalization
group approach.

2.1 Keldysh formalism

The Keldysh formalism is one of the most powerful methods for nonequilibrium systems.
The original idea was proposed by Schwinger [1], and later developed and elaborated
by Keldysh [2]. It properly takes account of the effect of the dissipative environment as
a boundary condition of the Green’s function. There are some extensive textbooks and
review papers on the subject [3—6].

In a field-theoretic formalism, a many-body perturbation theory is developed by adia-
batically switching on the interaction from the noninteracting vacuum state [7, 8]. A core
part of the equilibrium theory is the Gell-Mann and Low theorem, which relates the vacuum
state of an interacting system to the corresponding noninteracting one up to a manageable
phase factor [8, 9]. In nonequilibrium situations, the state is quite different from the initial
one after asymptotically long times, and the Gell-Mann and Low theorem may not be
applicable. A way out is to use the doubled contour, which is called the Keldysh contour
(see Fig. 2.1) [1, 2]. With this, we do not need to pay attention to the infinite future. The
complexity of the doubled contour brings great benefits, allowing unified understanding on
nonequilibrium systems [4—6]. The techniques which have been developed in equilibrium
systems can be straightforwardly generalized in the Keldysh formalism. In addition, it
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Fig. 2.1 The Keldysh contour C.

provides a clear reformulation of the full counting statistics [10, 11] and the stochastic
processes [12]. Combined with the path integral approach, the renormalization structure
[13] is transparently discussed.

Hereafter, we summarize the notation used in this thesis. The argument z defined on
the Keldysh contour C is a combination of the real-time 7 and the Keldysh index p = F.
The doubled degrees of freedom on the Keldysh contour C is conveniently described by a
matrix structure. We introduce the Pauli matrices,

(01 (0 —i (1 0
rx:<1 0),ry:(i 0),TZ:(O _1). 2.1

The integration of a function f(z) over the Keldysh contour C is defined as
/C azf@) = [ (£ ()~ £70) 22)

_ / diTr [rz< ! _O(t) f+0(t) )} 2.3)

where fT () is the function projected on the contour C™ and Tr is the trace in the Keldysh
space. The Dirac delta function on the Keldysh contour is defined as

Ok (z, z’) =1,0(t, t/), 2.4

with the Dirac delta function on the real-time axis 8(¢,'). The integral of the product
of the functions A and B defined on the Keldysh contour is abbreviated as (AB) (z,7) =
[dz1A(z,z1)B(z1,7'). We use an analogous abbreviation for the functions with the argu-
ments on the real time axis as (AB) (¢,t') = [dnA(t,t1)B(ty,1).

It is useful to introduce the contour-ordering operator 7¢ along the Keldysh contour
C. It is identical to the (anti-)time-ordering operator on the forward (backward) branch
C~ (C™"). Any argument on the backward contour C* is considered to be later than all the
arguments on the forward contour C™.

2.2 Path integral approach

The path integral approach provides a systematic scheme to handle the seemingly over-
complicated structure in the Keldysh formalism [6]. In order to compute the expectation
value of observables, it is convenient to introduce the generating functional with a source
term. Building blocks in the field theory, namely the Green’s functions, are also defined
on the Keldysh contour. The Green’s functions defined on the Keldysh contour acquire



2.2 Path integral approach 23

transparent physical meanings by employing a suitable basis. The basic computational
tools developed in this section are utilized to discuss various nonequilibrium phenomena
in later sections.

In subsection 2.2.1, basic ingredients for the functional representation of fermionic
systems are introduced. In subsection 2.2.2, the Green’s functions are defined as the
derivatives of the generating functional. In subsection 2.2.3, the Green’s functions of the
noninteracting fermionic system are computed based on the functional approach.

2.2.1 Grassmann numbers and coherent states

Let us consider the path integral representation of fermionic annihilation and creation
operators f and fT. We introduce the Grassmann number , which satisfies the relations

vy =—vyy, (2.5)
1,/2 =0, (2.6)
{v.f}={v.fi}=0. (2.7)

From this property, any functional of the Grassmann fields y is expressed as the first two
terms of the Taylor expansion as F[y] = fy+ f1 . The functional differentiation of F[y]
is introduced in a natural way as

0
syl V=1 2.8)

The functional derivatives with respect to the Grassmann fields y and y’ are also mutually
anti-commuting in order to be consistent with the commutation relations;

We also define the integration over the Grassmann variables as
/lezm (2.10)
/wa:L @.11)
The coherent state is defined as a state associated with the Grassmann number y;
w) = (1-y7") 1) =™ 0), 2.12)
with the vacuum state |0). Then, the coherent state |y) is an eigenstate of the annihilation

operator f with the Grassmann eigenvalue vy, i.e. f |v) = y|y). We analogously define
the Grassmann variable ¥ and the left coherent state

(y| = (0] (1= f) = (0¥, (2.13)
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which satisfy the eigenequation (y|f" = (y|Wy. With the aid of the overlap of these
coherent states

(yly') =", (2.14)

the matrix elements of an arbitrary normally ordered operator F ( frf ) take the form

/

(WIF(f DI =F(p,yp)e?v. (2.15)

Therefore, the path integral representation of the expectation value of an operator O with
the density matrix p is obtained as

(O) =Tr(Op) (2.16)
— [ [ DuDye v (yi0p| - w). (2.17)
where the minus sign in | — y) is a consequence of the anticommuting property of the

Grassman variable y. The identity operator 1 is represented in terms of the coherent states
as

i= [ [DwDye i)yl (2.18)
The Gaussian integration is performed as
N N
/ / [] PwiDyjexp | Y, wiMijy;| = detM, (2.19)
i,j=1 i,j=1

for an N x N matrix M.

2.2.2 Generating functional

In order to systematically calculate various quantities, it is convenient to introduce the
partition function with the fermionic source fields 1 and 7 as

Znal=(teex |1 [a:[n@f@+ Feama]]). e
The path integral representation of the partition function is

Zinl= [ DwDwern (Gl v+ Swnal ). @2y
where the density matrix is incorporated in the action S[W, y| [4]. The source term is

Sy A= [ REVE + P (). e2)

where the source fields 1(z) and 7(z) are the Grassmann numbers and anticommute with
the Grassmann fields of the fermions.
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The generating functional of the connected Green’s functions is defined as
Win,n]=—ilnZ[n,7]. (2.23)

The functional differentiation with respect to 1 and 1,

5n5(z) = "[5 517(2 Ok (2.24)
7 = L 5 2
leads us to the equations
TS = v 2.26)
SR = P @.27)
where
(0 = s [ [ PUDyoes (Gt vl+STivinan) @29

stands for the statistical average with the source term (2.22). These are reduced to the
physical values when all the source fields are set to zero.

The connected two-point Green’s function G(z,z’) on the Keldysh contour C is defined
as a derivative of W[n, 7] as

0
— — (Tew ()W () — (W) (F(E))) - (2.29)

The statistical average without the source fields is denoted by (O) = (0)*|,, _5_o. The
Green’s function projected onto the real time axis by specifying the branches is denoted
by GPP'(t,1') = G(z,7) for z € CP and 7 € CP'. From the definition of the contour-
ordering operator, G~ ~ (G'T) is the Green’s function for the (anti-)time-ordering product.
The remaining components G~ and G~ are called the lesser and the greater Green’s
functions, respectively.

It is often more convenient to introduce another representation of the Green’s functions
with a new pair of fields,

WP = % (2.30)

vi=y —yt. (2.31)
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6% 66 9

The subscripts “p” and “‘s” represent “physical” and “source”, respectively. They are often
called “classical” and “quantum” components [6]. The unitary matrix

1 1 —1
Q:E(l | ), (2.32)
transforms the original fields ¥~ and y into the new basis as
S 2 —
(748)-o(3)
Accordingly, the Green’s functions in the rotated basis are introduced as
Gk G G~ G
< G oK ) = Q( G- Gt )QT (2.34)
1 (G T=-GT-G"+G" GG -G -G
- 2 G -G *F —I—G+_ -Gttt G— +G_+ + Gt— + G+t
(2.35)
1 &Wn,n ~ &Wn,q
2 8nP()ONP(7) [y==o  SNP(O)ON(t') |y==0
= . (2.36)
_ &W(n, ] , 8°W[n,q]
SO () | yono OO |y

The components G*, G?, and GKX are called the retarded, advanced, and Keldysh Green’s
function, respectively. In the absence of the source component 7n°, the forward and
backward contributions in the partition function are canceled out [4, 6], and the partition
function is constant, i.e. Z[n,7]|,s_o = Tr[p]. Hence, the p-p component of the Green’s
function vanishes,

GX =0, (2.37)

leading to the relations
G=G -G "=G"-G"", (2.38)
G*=G -G =G"-G"", (2.39)
GX=Gt+Gt=G6"+G. (2.40)

The retarded and the advanced components are mutually Hermitian conjugate as

G (t,t") = (G'(t',1))". (2.41)
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Fig. 2.2 Discretized Keldysh contour C.

The causality requires the retarded (advanced) Green’s function lower (upper) triangular
matrices in the time domain;

G'(t,t') =0 (for t <t), (2.42)
G*(t,t') =0 (for t >1). (2.43)

2.2.3 Noninteracting system

In order to demonstrate how the Green’s functions are calculated based on the functional
approach, we consider the simplest fermionic Hamiltonian

Hy=¢/f'f, (2.44)

with the fermionic creation (annihilation) operator f (f) and the energy level €. The
initial density matrix is chosen to be the equilibrium density matrix

Peg = & PR~ (2.45)

with the inverse temperature 3, the chemical potential ut, and the particle number operator
V=F

We divide the Keldysh contour C into (2N — 2) time intervals of small length & such
that #{ = fpy and ty = ty+1 (Fig. 2.2), and insert the identity operator

i= [ [ DwDwe "y (wil, (2.46)
ati=1,2,---, 2N. Then, the partition function (2.20) becomes
Z[n, 0= /HD%D%CXP [ 25 ( Wl L Py i Wi +l/_/ini>]
X (W1]Peq| — WZN>, (2.47)

with 8; = t; —t;_. The last contribution is evaluated as

(W1]Peq| — Wan) = exp [~V Wanpeq(€r)] , (2.48)
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with peq(&7) = exp [~ (€ — it)]. Then, the partition function is rewritten as

2N

) ) i iy _
Z[n, 1] :/HDWI‘D%CXP [g Y l//iGijll//j"i_%Zéi(ni—lllfi—l“f“//ini) , (2.49)
i=1 i= i=1

where the matrix is given by

-1 0 0 0 0 —pegley)
h -1 0 ... 0 0 0
0 hy -1 ... 0 0 0
0O 0 O —1 0 0
0O 0 O hon—_1 —1 0
0O 0 O 0 hon —1

with h; =1— i5,'€f.

The determinant of the matrix —iG ! is calculated as

2N

det (—iG_l) =1 +Peq(8f)Hh,~ —1 —|—peq(8f),

i=2

in the limit & — 0. The (m,n) cofactor is similarly calculated as

(—1)"*"det[—iG™"] =

n

( n
[T "

k=m+1

1

2N m
~paten [T/ TT me (m=n

=2 k=n+1

(2.50)

(2.51)

(2.52)

Noting the relations H,%Z yhe = 1and 1/TIL,. = [}, h;» We obtain the inverse

matrix as

. 1
iGpun =

1+ peq(&r)

(

—peq(er) [ i, (m<n)
k=m+1

1, (m=n).

m
H hk7

\ k=n-+1

Up to the first order in &, the product of 4; is simplified as

N e—i.ﬁ‘f(l‘m—ln)7 (Zi’l - Cj_7 Im € C_)
H hy = e—igf(t,,,—tn)7 (zn €C, zm € C+) )
k=n+1 eﬁ»l'f:'f(fm*tn)7 (Zn c C+, Zm € C+)

(2.53)

(2.54)
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where z,,(,,) is the variable on the Keldysh contour with the real time 7,(,,). If we introduce
the Fermi-Dirac distribution

()
flw)= per(:zg) j)L 1 eB(wlu) +1’ 2.55)
the Green’s function are obtained as
G (1,/)=—i0(t—1')(1— f(g))e ") 1i0(t —1) f(gf)e &) (2.56)
G H(1,f') =if(ef)e &), (2.57)
G (1,f') = —i(1 — f(gr))e &), (2.58)
GTH(t,f)=—i0(t' —1)(1— f(g)))e &) 1i0(t —1') fgf)e &) (2.59)

in the continuous limit (N — c) with the step function 6(¢). The Fourier transforms of the
Green’s functions are

— f(€&) N f(&r)

G o= o — zaf%—zO+ o—¢gr—i0F’ (2-60)
G- +(a)) =27if(e7)6(w—€y), (2.61)

() =—27i(1— f(gr))6 (0 —gp), (2.62)
GHw)—— &) SE) (2.63)

C0—g—i0" ©—g+i0

with the infinitesimal positive value 0. The Green’s functions in the rotated basis are
computed as

G'(t,1') = —iO(t —t')e er=1), (2.64)
G(t,t') = i0(t' —t)e &1, (2.65)
GX(1,1') = —i(1—2f (gf))e 1), (2.66)

and, equivalently, their Fourier transforms are

b 1

Glo)=——(—7 P (2.67)
1

G'(w) = m, (2.68)

GX(w) = —2mi(1 - 2f (&) 8 (o — €). (2.69)

2.3 Nonequilibrium transport in open quantum systems

In this section, we provide a field-theoretic description of nonequilibrium transport through
open quantum systems. One of the simplest examples of open quantum systems is the
resonant level model, which is an archetypical and exactly solvable model. It is a very
good starting point of the transport phenomena away from equilibrium. Moreover, it forms



30 Method for nonequilibrium fluctuation in open quantum systems

E
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Fig. 2.3 Schematic energy diagram of the resonant level model.

a basis of interacting open quantum systems, which need further elaboration of theoretical
treatment (see the next section). Though the present section is devoted to the analysis
of the resonant level model, it is straightforward to generalize the discussions to other
noninteracting systems, such as multiterminal systems and lattice systems.

In subsection 2.3.1, the resonant level model is introduced and solved by using the
field-theoretic techniques. In subsection 2.3.2, the full counting statistics is revisited from
a viewpoint of the Keldysh formalism. In subsection 2.3.3, useful expressions of the
transport quantities through the open quantum systems are derived by utilizing the gauge
structure of the system.

2.3.1 Resonant level model

In order to understand the nonequilibrium transport phenomena, we introduce the reso-
nant level model with an applied bias voltage (see Fig. 2.3). The resonant level model
consists of a single level which is coupled to fermionic reservoirs. Physically speaking,
it describes a noninteracting electron residing in a quantum dot (QD) coupled with leads.
The Hamiltonian of the resonant level model is written as

Hum =ed'd+ Y Y ek — ta) Elpéar+ Y, Y (tad'éux+he),  (2.70)
a=LR k oa=LR k

where df (cf) and 6:; « (Cax) are the creation (annihilation) operators of the electron in the
QD and the conduction electron in the leads o = L, R with momentum k and dispersion
relation €44, respectively. For simplicity, we do not consider the spin degrees of freedom.
The first term of the Hamiltonian describes an isolated QD with an energy level €;, whereas
the second term represents noninteracting electron in the reservoirs with the chemical
potentials u;, = €r +¢eV /2 and ug = €p — eV /2. Here, € and V are the Fermi energy and
bias voltage, respectively. The third term describes electron tunneling between the QD
and the leads with the hopping amplitudes #,. The important assumption is that the both
leads are always in equilibrium. This formally means that the correlation functions of the
conduction electrons in the leads are given by the equilibrium ones.
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The path integral representation of the resonant level model is given by the action

Srmld, d; ¢, ¢ /dzdzd )gd 2,7) —l—/a'za’z Zéak(z)g;;(%zl)cak(zl)
o= LR k

—/dz Y ) (tad(z)cox(z) +h.c.). (2.71)
C  a=LR

k

All the quantities in the action are defined on the Keldysh contour C shown in Fig. 2.1.
The Grassmann fields of electrons in the QD are denoted by d (d) and €y (cqx) represents
the conduction electron in the leads & = L, R with momentum k. The two-point Green’s

functions for the electrons in the isolated QD and those in the lead «¢ with momentum

k are defined as g;'(z,7) = 8(z — ) [ aa, Ed} and gak(z 7)=06(z—72) [ 8‘91 8054

respectively.

The Fourier transform of the Green’s functions can be computed in the same manner
as in subsection 2.2.3. The retarded and the lesser components of the isolated QD Green’s
function are given by

. B 1
8a(®) = ————— e 10" (2.72)
g, (w) =27in 6 (0w — &), (2.73)

where n, is the initial density of the QD. As we consider that the lead « is in equilibrium
with the chemical potential uy and the inverse temperature 3, the retarded and the lesser
components of the isolated lead Green’s function are

1

w(0) = ——— 274
8ot (@) = 27ifo(Eak) S (@ — Eg), (2.75)
with the Fermi-Dirac distribution function for the lead o,
fa(@) = : (2.76)
“ N eﬁ(W—Noc)+1' :

The partition function Zgy v is given by the functional integration over the fermionic
degrees of freedom;

Zrim = / D[dd|Dec] exp (%SRLM d, d;c, c]) . 2.77)

The fermionic environments consisting of the conduction electrons can be exactly traced
out using the Gaussian integration. The hybridization between the QD and the lead o is
expressed as the tunneling self-energy of the dot electron,

Ya(z,7) =Y ta8ak(z.7). (2.78)
k
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The retarded and the lesser components of the tunneling self-energy are

ooy ly
S Vi
_ __iA“Z(“’), (2.79)
Yo (@) = iAg (@) fo (o). (2.80)

where the real part of the Cauchy principal value is neglected in the second line of Eq. (2.79),
and the linewidth is defined as Ay (@) = 2712 po () with the density of states in the lead «
denoted by pg (@) = Y 0(@ — €y ). The matrix representation of the tunneling self-energy
in the rotated basis is given by

Zlé(a)) (o) \ _ 0 iAo (@) /2
( (o) Ig(w) ) B ( —iAg(0)/2 iAg(®)(2fa(®)—1) ) (2.81)

After integrating out the conduction electrons, the partition function becomes

ZRim = /D[Jd] exp (%SRLM[d_a d]) ; (2.82)

up to an unimportant factor with the action
Srimld, d] = /Cdzdz'aT(z)Gadl (z,7)d(Z). (2.83)
Here, the Green’s function of the isolated QD is modified as
Goy (2:7) = 85" (2,) = Tres(2,7), (2.84)
with the tunneling self-energy Yres(z,7') = X1.(z,7') +Zr(z,7'). The index 0 means that the

results are for noninteracting case. The Coulomb interaction term is considered in section
2.4. The retarded and the lesser components of the modified Green’s function are

. B 1
Goa(0) = 0T iN@)2 (2.85)
Gaj(w) _ Z iAo (@) fo(Eqi) (2.86)

oig OF+ A (@)/4]

with the linewidth A(w) = Ar(®) + Agr(®). We note that the lesser component (2.86) is
no longer dependent on the initial QD density n; described by the lesser component of
the isolated Green’s function gg+(a)). It also holds for the greater component. Hence,
the lesser and the greater components of the isolated QD Green’s function can be set to
zero, i.e. g, (@) = g/~ (®) = 0 as far as we are concerned with the steady-state of the
QD-reservoir coupled system;

(gdK(w) g4(o) ) _ ( » 0 1/<“’_gd_i0+> ) 2.87)

8q4(®) g4(0) ®—€4+i07)

LR
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2.3.2 Full counting statistics revisited

The full counting statistics [14, 15] is elegantly incorporated in the Keldysh formalism
[10, 11]. In order to trace the hopping process of the electrons in the time interval
[0, 7], we introduce the auxiliary phase y(z) = —(pA/2)6(t)0 (T —1t) for z € CP so that the
transmission amplitude 7z acquires the phase as tge'V?) . The introduced parameter serves as
a “non-demolishing marker” because it can detect the electron hopping without disturbing
its dynamics. As a consequence of the additional phase, the tunneling self-energy (2.78)
associated with the right reservoir is transformed as

Sry(2,7) =R Y e T gpe(z,2)e), (2.88)
k

which is equivalent to the matrix

The partition function is modified as

Zrim(y) = / Dldd]exp (i /C dzd7 d(2)Gyy, (2, z’)d(z/)) : (2.90)
with the gauge-transformed tunneling self-energy Xiesy = X7 + Xgy and the Green’s function

Gadly(z,z') =5, (2,7) = Zresy(z, 7). (2.91)

Since the action is quadratic with respect to the fermionic Grassmann fields, the Gaussian
integration is formally performed as

Zrim() = det (iGy ) (2.92)

If we multiply the above equation by the constant det(—ig,) and redefine the partition
function, its logarithm is obtained as

I
= B

—

anRLM(’}/) det(1— gdzfresy)}
]

In

—

resy)

(1-
i

EM8

I
|
Mx

/ * Ty [(g4tEn)'] (1), (2.93)

T
L

The bold letters represent the matrix of the Green’s function and the self-energy in the
rotated Keldysh basis.
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Here, we assume that the observation time 7 is so large that the gauge phase is
approximated as

1z) =~ (2.94)
for z € CP. It is possible to justify this assumption by noting that the sub-leading contribu-

tion is just logarithmic in 7 [16]. Then, the logarithm of the partition function is further
calculated as

1 k
Tlgrolo EanRLM Z / —Tr O) T Lyess (0) Tx) ]

_/—TI‘ ln 1—g ( )szresl(w)rx)]
:/Eln [det(l—gd(w)rxzresl(w)rx)]' (2.95)

The tunneling self-energy is Fourier transformed as
( T () T (0) ) - ( T (@) e (o) ) (2.96)
I (o) i (o) Iy (w)  IpT(m)
In the rotated basis, the tunneling self-energy is given by
( K T, ) _ (o) ( (l—e ™) fp—(1—eM)fx e frrefi ) |

2 —e ™ fp— e fi (1+e ™) fr— (1+e?) fr
2.97)

with fo (@) = 1 — fu(®). With the aid of the formal expression of the partition function
(2.95), we obtain the result

Th_r)n lanRLM(A) = /i_wln [1 + Tr(0) [fL(w)(l — fr(@))(e* —1)
+fr(@)(1 = fr(w))(e ™ - 1)“ . (2.98)

with the transmission coefficient

AL((J))AR(CO)

1
Tir(@) = 4(0—¢))>+ (AL(0) + Ar(0))2 /4

(2.99)

This is the Levitov-Lesovik formula (1.9) for the transport through the single resonant
level. We note that the general procedures of the full counting statistics outlined in this
subsection can be generalized to interacting electronic systems such as the QD in the
Kondo regime [17] and the charge-fluctuating regime [18].
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2.3.3 Field-theoretic description of transport quantities

The full counting statistics combined with the two-point measurement scheme is well
suited to describe the time-averaged transport quantity in a long time interval. However,
the formulation is of limited use to describe time-dependent problems such as the photon-
assisted transport. Moreover, it is more transparent to formulate the problem from a general
point of view by separating it from the specific realization of the measurement protocol.
A key observation to generalize the full counting statistics is that the structure of the
counting field is the same as the gauge field defined on the Keldysh contour. We explicitly
investigate the gauge structure of the Lagrangian of the resonant level model, and show
that the full counting statistics is naturally built in the Keldysh formalism. The result of
the two-point measurement is recovered in a certain limit of the theory.
The action of the resonant level model with the gauge fields is written as

Srum(d, d; ¢, c; A :/CdzaT(z) (18% — &5 — €A0(Z)) d(z)
T /Cdzggc‘ak(z) (’a% — Eqk — eVa(z)> Cak(2)
-/ D) (fae@g(2)d(2) +h.c.) (2.100)

All the quantities in the action including the gauge fields are defined on the Keldysh contour
C shown in Fig. 2.1. Scalar potentials in the QD and the lead o are written as Ay and
v, respectively. The vector potentials A, are incorporated using the Peierls substitution:
The hopping parameters t,, are modified as #4e JadrA where J, dr-A are the integral
of the vector potentials along the paths from the QD to the lead o. Here, we assume
that these integrals can be averaged over the path, whose length is set to one. The gauge
invariance of the action can be readily confirmed as shown in Appendix 2.A. By using
the gauge transformation, it is always possible to consider the gauge-fixing condition
Ao(z) = va(z) = 0. Hence, we do not consider the scalar potentials Ay and vy in the
subsequent discussions.

The action (2.100) with the gauge-fixing condition is solved in the same way as the
previous case. The dependence on A, is incorporated in the tunneling self-energy as

La(e,d) = Lige A gax(z,2)e ). (2.101)
k

From this expression, it is clear that the tunneling self-energy with the counting field (2.88)
is expressed by setting the gauge field Ay(z) in a specific way.

By doubling the degrees of freedom of the external gauge fields as A, (), we can de-
scribe both the time-evolution and the statistical correlation. The functional differentiation
with respect to the gauge potentials on the Keldysh contour is represented in the Keldysh
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Space as

o

S 0Aq(1)
Twe s | (2.102)

8441
The expectation value of the current and its higher-order cumulants are obtained by
differentiating the generating functional with respect to the gauge field.
We define physical fields and source fields as

Ab(t) = % (Ag (1) +Ag (1)), (2.103)
AL () = A (1) —AL (D). (2.104)

In order to preserve the normalization and the causality structure of the partition function,
the gauge fields should satisfy the condition Ay (t) = A (t) = AL(¢) in the end of the
calculation. Hence, the source field A, (¢) must be set to zero in the last step of calculations.
On the other hand, the physical components A% (¢) can be left finite to describe an external
driving field. Noting the relation (j, (¢)) = (j& (¢)) with the current operator jy(z), the
expectation value of the current can be obtained on the real time axis as

_ Win,n:A]

<.]Ot(t)> - (SA%C(I) n:f':AS:().

(2.105)

The source component of the vector potential Af,(7) is closely related to the counting field
which is introduced in the full counting statistics. The important difference is that the
counting field is designed to describe the time-averaged current while the vector potential
is applicable to arbitrary time-dependent transport.

The current-current correlation function is defined as the second derivative of the
generating functional

8°W(n,n:A]
"o — P B
Pena(dt,22) = g A (&) 2100
Its real-time representation is given as
;W m:A] ; W, m:A]
SAa()8AL ()| o hy  FALBAL)| L g
Daa’(t>t/) = ’
; OWn,m;A] W, m:A]
8Aa()6AL ()| o\ g SAGWSALWD| .

(2.107)
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where the minus signs of the lesser and the greater components come from the signs in
Eq. (2.102). The current noise is given as

&W [0, 7:4]
Soo (t,1) = —2i —
w0 = e O8AL ) oo
=D (t,t') + Do (1,1). (2.108)

The current-current correlation function defined in this way is Hermite, and relevant in
experiments as far as we focus on the time-averaged value.

2.4 Method for interacting nonequilibrium systems

In this section, we establish a theoretical method for nonequilibrium fluctuation in interact-
ing quantum systems. Based on the path integral formalism, we introduce the effective
action and vertex functions, which are convenient to express the transport quantities.
Though the derivation is rather formal, the resulting expressions provide a good starting
point to further elaborate the theoretical scheme. In particular, the problem is reduced
to how the vertex functions are calculated in various interacting systems. The functional
renormalization group approach, which is mainly used in chapter 5, is such a formalism to
calculate the vertex functions.

In subsection 2.4.1, we define the effective action and the vertex functions. In subsec-
tion 2.4.2, we provide formal expressions of the transport quantities in a generic interacting
system in terms of the vertex functions. In subsection 2.4.3, the expressions are applied to
the interacting quantum dot system. In subsection 2.4.4, the functional renormalization
group approach is developed.

2.4.1 Effective action and vertex functions

The effective action is a quantum analog of the classical action [7]. The quantum field
theory can be reformulated in terms of variational problems of the effective action. This
advantage of the effective action has been utilized for analyzing quantum many-body
problems. In the quantum field theory, various quantities are conveniently described
by the vertex functions. They are diagrammatically obtained by removing the external
propagators included in connected correlation functions, and belong to the class of one-
particle-irreducible (1PI) diagrams. The effective action is proved to be a generating
functional of the 1PI vertex functions. This is the second reason why the effective action is
an important object in the quantum field theory.
Let us consider an interacting fermionic system;

S, w; Al = So[W, w; Al + Sine[W, W], (2.109)

where the Sy and Sj,; are the actions for the bare part and the interaction part, respectively.
The bare action is written as

ol i) = [ dzdZ ()G} 4] 2 w2 (2.110)
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where the repeated indices are summed over. We assume that the external gauge field
A can be solely incorporated in the noninteracting Green’s function Gy[A]. This is true
for various important examples including the resonant level model, the single-impurity
Anderson model, and the interacting resonant level model. The generating functional for
the connected Green’s functions is given by

Wn, n;A] = —tln/Dwaexp< (S[w, y: A+ 8 [y, w:m, n])) (2.111)

with the the source term
Sy, win,nl = /Cdz [71i(2) yi(2) + Wi(2)ni(2)] - (2.112)
The effective action T[()*, (w)*;A] is defined as the Legendre transform of W [n, };A],
THw)’, (w)" Al = Wn, ;4] —/Cdz[ﬁi(z><tm(z>>s+ (Wi(2))'Mi(2)] - (2.113)

By using [n(n)A] (yi(z))* and 6W[1;7(n)’4} —(Wi(z))® [see Egs. (2.26) and (2.27)] and

the chain rule, we can obtain the important relations to determine 1 and 7;

”ﬁ&&3]=m@, o
B (e e ] @113

Equations (2.114) and (2.115) provide a variational problem because the physical state
can be realized in the limit of 1,77 — 0. The effective action is identical to the action in
the tree approximation [7], where the optimal-path solution corresponds to the classical
Euler-Lagrange equations. The full quantum effect can be incorporated in a perturbative
manner. This is the reason why T'[(¥)*, (y)*;A] is called the effective action.

By using Egs. (2.27), (2.29), and %‘n:ﬁzo

arbitrary functional f[, y] is written as

A _ (., A
S g~ I D) S|

The functional differentiation of Eq. (2.114) with respect to 7; can be performed by

substituting W for f in Eq. (2.116). This leads us to the equation

s [ STy
36)de = [ Grted) s

= 0, the chain rule for the

(2.116)

—7=AS=0

(2.117)
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This expression indicates that the second functional dervative of the effective action is the
inverse propagator

S°T[(w)’, (y)":A] RV
=G, (z,2). 2.118
ST S W) |y g pey it &) @.118)
If we define the self-energy as
2 T\ S
Tin(2,7) = Gyl (2,7) — (Srwz (V)5 A] , (2.119)

6 (Wi(2))°8(Wy () | n=p=as=0

with the noninteracting Green’s function Gy, Eq. (2.118) becomes the Dyson equation of
the two-point connected Green’s function.

The effective action is the generating functional for the 1PI vertex functions [7]. The
1PI vertex functions can be diagrammatically obtained by truncating the external legs of
connected correlation functions. The vertex expansion of the effective action is given as

._.

[<‘I/>S7<‘I7>
Z (

m,n=

2mn) /. LN "
H/dZ]ded l}// TR (Z17 "7Zmazlv"'7zm’zlv'“7zn)
17

J
< l1>s</1) W) @) (Wi ) (21) - (W3,)* (2m)A e (2) - Ag, (2)- (2.120)

We note that the auxiliary vector potential Ay (z) is also defined on the Keldysh contour, i.e.
it has the two components A (¢) and A7 (¢). Hence, there are in total 22"+" components
for the current-vertex function 72"

Arbitrary vertex functions can be generated by functionally differentiating the effective
action with respect to (), (y)*, and A. In particular, the functional differentiation of
Eq. (2.118) with respect to the gauge fields generates the three-point 1PI vertex func-
tions with two external electron lines and one external photon line. With the aid of the
Dyson equation G~! = G, '_%, the three-point 1PI vertex function is divided into the
noninteracting part and the interaction-induced part as

2,1 TP, (w)'3A]
Viia(230:2) = -
25 = S e oA |
= 1o () F T, 2.121)
—1/.1
) (o — 92
Yoriia(@02") = == TWEIR (2.122)
o0Xyi(Z,
T (2 21y = 2ile ) (2.123)

= A

Here, j/é?’,},)a and 'y(, 1 are called the bare vertex function and the dressed vertex function,

respectively. The Vertex functions are straightforwardly generalized to the higher-order
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Fig. 2.4 Diagrammatic representation of Eq. (2.126) relating the three-point correlation
function and the three-point vertex function. The black filled circle with the two fermion
lines and one wavy line represents the three-point current vertex function. The wavy line
denotes the external gauge field which couples to the electron system. The open and gray
circles represent the bare and the dressed three-point current vertex function, respectively.

terms. For example, the bare and dressed four-point current vertex functions are defined as

-1/
_ 2.124
y()l 31500 O (Z Z Zl ’ZZ) 6Aa1 (ZY)SAOQ (ZIQI) ’ ( )
0X(Z,
%(/ 121 (07) (ZI;Z;Z/{;Z”) = 2.2 (2.125)

04 ()840, (55)’

respectively.
The three-point connected correlation function is related to the vertex function as

8Gii(Z,2) Z /dzldzlGu 7 zl)}/l(zll)a(zl,m,z )Gi,i(z1,2), (2.126)

which can be confirmed by differentiating the identity (2.117) with respect to the vector
potential. The diagrammatic representation is shown in Fig. 2.4. Repeating the same
argument for the noninteracting Green’s function, we obtain an analogous equation for the
bare part as

0Gyi(Z,2)

_ ! 1rya(2:1) I
SAq (2" _/CledZIGOi’i’l(Z721)'}/0,-/1;1-1;“@1,21,2 )Goi,i(z1,2)- (2.127)

The equation can be diagrammatically interpreted that the functional derivative of the
noninteracting propagator with respect to the gauge field A, corresponds to the insertion
of the bare vertex function. This interpretation is useful to determine the diagrams of the
dressed vertex functions (2.123): They can be given by inserting a bare current vertex
function at every internal noninteracting propagator of the self-energy.

2.4.2 Formal expression of current fluctuation

In this subsection, we derive formal expressions of the current and the current fluctuation
in terms of the vertex functions. As was discussed in section 2.3.3, the expectation values
of the transport quantities are obtained as the functional derivatives of the generating
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(a) : (b) :
Fig. 2.5 Diagrammatic representation of (a) the bare part So and (b) the vertex correction
S of the current noise.

functional W[n,;A]. The current is obtained as

6WnnA_ 0” ( 2) ,
S ——z/ iz’ o G,

= i/cdzdz YOI-/’;Z.;)O‘(Z 127G (2,7). (2.128)

The higher-order transport quantities can be obtained by further functional differentiat-
ing the generating functional. With the aid of the four-point current vertex function (2.124)
and the identity for the three-point connected Green’s function (2.126), the current-current
correlation function (2.106) is also divided into two parts as

"N "N /i
Doy, (21+75) = Dooya, (21,23) + Dy, (21,25) (2.129)
with the bare term of the correlation function
"oy 1 (2,2) A, /
Doay o, (21+22) Z/Cdzldzﬂ’oifl;il;alaz(zl,Zl’Zlazz)Gilig(ZhZO
+ [ dz1dZydzd7- )/(2’1) (ZI'Z 'Z//)G 7 (z Z/)
c 181888 0i)5i1304 1241521 )Y 5 \&15 42
(2,1) P oM
X Vit (22:22:22) Gz, (22,2}), (2.130)
and the vertex correction term
= 2.1
Doya, (21,2) E/Cdzldzlldﬁdzlﬂ(gi’ ;i?;al (21321321) Gy (21,22)
(2,1)

X Ty iyian (2322:22) Gyt (22,21)- (2.131)

The same formulas have been obtained by G. H. Ding and B. Dong [19] using the full
counting statistics. The symmetrized current noise (2.108) is divided into the bare part and
the vertex correction as

Saa’(t,t/> — SOaa/(t t/) +Saa/(t t/) (2.132)
Soaer (t,1') = Dyt (t,8) 4+ Dy (1,1, (2.133)
Sae (t,) =D 5 (t,t) + DL (1,1). (2.134)

The diagrammatic representation is shown in Fig. 2.5.
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2.4.3 Application to interacting quantum dot systems

The noninteracting part of quantum dot system is often given by the resonant level model
(2.100). The bare current vertex functions Eqs. (2.122) and (2.124) are calculated by
differentiating the tunneling self-energy (2.101) as

WV(2sz2") =ie [8(",2) — 8(2,7")] Za(Z,2), (2.135)
W) (2352, 2) = (ie)8ayas [8(2].2) — 8(Z,2))] [6(24,2) — 8(Z,25)] ZalZ.2).
(2.136)

These equations are used to express various quantities in terms of the Green’s functions
and the tunneling self-energy.
With the aid of Eq. (2.135), the formal expression of the current (2.128) leads to

(Ja(2)) = e[(Z2aG) (z,2) — (GZa) (z,2)], (2.137)

where (AB) (z,7) = [dz1A(z,21)B(z1,7'). By using Langreth’s theorem [5], the above
equation is projected onto the real-time axis as

é(ja(t» = (ZRG ) (1,0)+ (25 7GY) (1,1) — (G5 ") (1,1) — (GTTEG) (2,1), (2.138)

where (AB) (t,1') = [dnA(t,1)B(t1,t'). Hence, the problem of calculating the current is
reduced to the evaluation of the Green’s functions in the QD. In the stationary system, the
tunneling self-energy is given by Eqs. (2.79) and (2.80). Then, the expectation value of the

current (j) = (jr(t)) = —(jr(¢)) is simplified as

r(®)
)=e [ do ot AR<w>A(“’> (f(@) — fr(®)), (2.139)
with the spectral function
Alw) = —%ImGr(w). (2.140)

Equation (2.139) is equivalent to the Meir-Wingreen formula [20].

The formal expressions of the current fluctuation [see Egs. (2.130) and (2.131)] require
rather laborious calculations. The important difference between the current and its fluctu-
ation is the existence of the vertex correction term, which cannot be expressed solely in
terms of the self-energy. We need to develop suitable schemes to determine the three-point
dressed vertex function (2.123). One way is to straightforwardly evaluate the diagrams in
the perturbation theory. Another promising way is to utilize the functional renormalization
group, which is discussed in subsection 2.4.4.

2.4.4 Functional renormalization group approach

We develop a functional renormalization group (FRG) method [13, 21-23] for the nonequi-
librium transport of correlated fermions. The FRG is an implementation of Wilson’s idea
of the renormalization group, where the high-energy degrees of freedom are successively
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incorporated to reach the emerging low-energy physics. While deep philosophy of the
renormalization group theory is inherited in the FRG scheme, it is also useful to invent
efficient approximation schemes. This method has contributed to deepen our understanding
of the nonequilibrium transport through interacting quantum dot systems [24-27].

In setting up the FRG scheme, we have to (i) introduce a flow parameter A and a
regulator function Ry, (ii) derive flow equations for a A-dependent effective action I's, (iii)
use an appropriate initial condition of 'y at Ajpi, (iv) truncate the flow equations into a
finite set of ordinary differential equations, and (v) numerically or analytically solve the
equations. We outline the procedure in the following.

Regulator function

The first step in the FRG approach is to introduce a regulator function R, which suppresses
the low-energy degrees of freedom. The parameter A is called the flow parameter. In
the following, we choose the regulator function by replacing the unperturbed propagator
G, ! with a A-dependent propagator Go A =Gy '+ R. This is equivalent to introduce the
addltlonal action

ASA[ / dzd? () Raij (2,2 W (2)- (2.141)

In contrast to the usual renormalization group procedure where the original action S 1s
described by a set of parameters at different scales A, the model itself is modified as
S+ AS in the FRG approach. In order to recover the original problem in the limit A — 0,
the regulator function Ry must be chosen to satisfy the condition Ry o =0

We define the A-dependent generating functional

Waln,m;A] = —zln/DwaeXP( (S [w,w]+ASA[1P,W]+SS[1P,W;n,ﬁ])>,
(2.142)

and the A-dependent effective action

TALW)", (y)%:4]
= Wa[na, a:A] — /Cdz [Mi(2){Wi(2))" + (Wi(2)) Nai(2)] — ASA[(W)°, (w)°]. (2.143)

Here, 1a; and ny; are determined by solving the following equations
STAKW)", () A] _

stw@y
v

N N
o(Wi(z2))* Nai(2) — Rair (W)’ (2.145)

+ (W) Rayi, (2.144)
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Flow equation

The A-dependent effective action satisfies the equation

(2.146)

dUA[(9)*, _ —l/dzd /AR i (2,7) 8*Wa[NA, TIa3A]
dA dk SnAt( )517/\1( )

whose derivation is given in Appendix 2.B. In the following, we simplify Eq. (2.146) by
introducing auxiliary matrices for the A-dependent Green’s function

SWalna, Al 8°Walna, asA]
5 OMai(2)0MNAi (2') OMAi(2)0Mai (2')
G, /[Ma, Al (2,7) = : (2.147)
_ BWalna, Al 8WaANa, insA]
ONAi(2)0NAr(Z)  OMAi(2) 6T (')

and for the regulator function

Rpii (2,7 0
RA,-i/(z,Z/)E( A (() ) R Z))- (2.148)

We note that the off-diagonal components of the Green’s function can be finite in the
presence of the source fields 17 and 77. With the auxiliary matrices, Eq. (2.146) is written as

dUA[(P)*, (y)"A] dRp 2)

where the trace involves integration over all the internal indices. The auxiliary vertex
function

S TALW) (w):A]  8°TAl(W)’, (w)":A]
S(W)*(2)0(wy)* () 8(Wi)*(2)8(Py)*(2')

_ O () A] SPTAl(W)*, (w)*14]
S (wi)*(2)6(Wn)*(2')  S(wi)*(2)&(W)*(2')

T, (y)34](, ) =

can be proven to be related to the A-dependent Green’s function as

-1
G\ [Na, 1nsA] = (1“5\2)[<ll7>s, (w)%;A] +RA> . (2.151)

Using this relation in Eq. (2.149), we obtain the exact functional differential equation for
the A-dependent effective action;

dFA[<lI76>;7\<W>S;A] _ 7Tr (dR/\ (rE\)[<W>s, (y)%:A] +RA>1) , (2.152)
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G

dRA
dA

Fig. 2.6 Diagrammatic representation of the flow equation (2.152). The slash line repre-

sents the insertion of the derivative of the regulator function %.

which is called the flow equation. This is the central tool of the FRG approach. Though
it has a simple one-loop structure (Fig. 2.6), it describes the evolution of arbitrary vertex
functions under the change of the flow parameter A.

Initial condition

The flow equation must be supplemented with an appropriate initial condition, which
depends on the choice of the regulator function Ry. Usually, the regulator function at
initial value Ajyj is chosen as Ry, — o for Ajyjp — oo so that all the fluctuation can be
suppressed at Ajyir. As the lowest-order term of the effective action is the bare action, the
initial condition of the effective action is given by I'y, . = S. The A-dependent effective
action (2.143) connects the classical action S with the effective action I'. Although the
trajectory is dependent on the detail of the regulator function Ry, it reaches the unique
original effective action at the end of the flow (A = 0) irrespective of the choice of Ry.

Infinite hierarchy

One systematic way to analyze the flow equation (2.152) is to expand it in terms of the
fields (¥)® and ()*. In order to isolate the term depending on ()® and (y)*, we define
the self-energy and the Green’s function as

Sa=— (2)+r(2>‘ (2.153)
AT = (w0
G;! _r(z)‘ +Ra. 2.154
AT Ty TN @19
Then, the flow equation becomes
dTy  —i_ (dRA [ 1 « \-!
TA_ I (A _5
dA 2 r(dk (GA A) )
—i__ (dRy dRa . « ARy . « . «
=—T G GAXAGA+ ——GAEAGAXENG
5 r(dk A+dk AAA+dk AAAAA>+
= %TI‘ (les/\ +SAEA+SAiAGA2A> +--, (2.155)
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- -5

Fig. 2.7 Diagrammatic representation of the flow equation of the self-energy (2.157). The
black filled circle (square) with two (four) fermion lines is the self-energy (four-point
vertex function. The slashed inner propagator represents the scale-dependent propagator
S defined in Eq. (2.156).

with the scale-dependent propagator

dR
SA = _GAWGA' (2.156)

If we expand the flow equation (2.155) in terms of (¥)* and (y)*, each term of the
expansion is expressed in terms of the vertex functions with the aid of the vertex expansion
(2.120). By comparing the coefficients of the corresponding terms in the left and right
hand side of Eq. (2.155), we obtain the flow equation of the vertex functions.

The flow equation of the two-point vertex function, which is related to the self-energy
(2.119), 1s

dy,(\z’o) (z}5213)
dA

= iTr (Sar (2 213) ). (2.157)

The diagrammatic representation of the flow equation is given in Fig. 2.7. It is found that
(4,0)

we need to determine the four-point vertex function yA4’
as

, whose flow equation is obtained

d'}//(\470)(Z/1’ZI27Z1’Z2;>

dA
— {Tr (SA}//(\4’O)(',ZI1;',Zl;)GA}’/(\4’0)(-,Z/2;',Z2§) +GA}’[(\4’0)(~,Z/1;',ZLQ)SAY/(\4’O)(',Z/2;',Zz;)
—SAr Y (22 GART O (s zs) — Gar O (220 SAr O (L s

+SA7§470)(-,-;m,zz;)G‘Awa)(z’l,z’z;-,-;)+SAy§67°)(-,z’1,z’z;-,zl,zz;)). (2.158)

Then, we need to determine the six-point vertex functions to solve the flow equation. This
procedure is endless, forming an infinite hierarchy of the flow equations.
(2,1)

We need to calculate the three-point current vertex function }/Az’ to determine the
vertex correction of the current noise (2.131). The flow equation of the current vertex
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d AN . \» \» \»\
N o = + Q\N +
b4 < v «
/ / / /
Fig. 2.8 Diagrammatic representation of the flow equation of the three-point vertex

function (2.159). The black filled circle with the four fermion lines and one wavy line
represents the five-point current vertex function.

functions are obtained in the same way as the self-energy as

dy,(\z’l) (752:7")
dA

=iTr (SAY,(\‘LO)(',Z/; ~,Z;)GAY,(\2’1)('; 4

+ G () S ()

+ SAY,(\4’1)(',Z';-,Z;Z”)> , (2.159)

whose diagrammatic representation is shown in Fig. 2.8.

The flow equations of }/[(\%’cl) (;Z") and %(\0,2) (;2{,25) are obtained, respectively, as

dy"V ;2"

_ QU ...n
A <SA7A (552 )>7 (2.160)
©02) .. n n
d 2 Y o
YA d(AZ1 Zz) =IiIr (SAY,(\Z’I)(';';Zﬁ/)GAY,(\Z’I)(';';Zg)+GA}’,(\2’1)(';'§Z/1/)SAY[(\2’1)(-;~;z’2')

+SA( .)},[(\272)(,;,;Z/1/,Zg)) . (2.161)

Noting that the first (second) derivative of the effective action in terms of the gauge field is
directly related to the current (noise), Eq. (2.160) (Eq. (2.161)) provides a way to determine
the transport quantities within the FRG scheme.

Truncation

In spite of its appealingly simple structure, the flow equation of the effective action (2.152)
cannot be solved exactly due to the infinite hierarchy of the flow equations of the vertex
functions. Hence, we have to devise an approximation scheme to handle the problem. The
simplest way is to truncate the hierarchy by neglecting the higher-order vertices. In chapter
5, we use the lowest-order approximation to determine the vertex functions.



48 Method for nonequilibrium fluctuation in open quantum systems

Appendix 2.A Gauge transformation

Let xo and y, be arbitary functions whose supports are the lead o and the QD, respectively.
Then, the gauge transformation on the Keldysh contour is expressed as

Co(2) = cak(z)e’exa( )

T (2) = Con(z)e X

d'(z) = d(z)e %,

d(z) = d(z)e "e%ad) (2.162)

and

Vo (2) = va(z) = 0:xa(2), (2.163)
Ap(z) = Ao(z) — d:xa(2), (2.164)
Ay(2) =Aa(z) + (Xa(z) — 2a(2))- (2.165)

The gauge invariance of the tunneling part of the action (2.100) is confirmed by calculation
such as

zeA’a / d’_e e(Aoq+Xa— xd) lexafakeiede

— e . d. (2.166)

Appendix 2.B Derivation of the flow equation (2.146)

In this appendix, we derive the flow equation of the A-dependent effective action I'y.
Straightforwardly differentiating the definition (2.143) of 'y with respect to A, we obtain

GATAIOP)(9)7) = JeWAln ] = sl )
- [z ity @ E ] e

By noting that the source fields 1n,; and 75; are dependent on A, the derivative of the
generating functional W, with respect to A leads to the equation

d
d_AWA[nA7n/\a ] d_A . WA[”A»ﬁA;A]
_/ [dnm 5WA[TIA:7_7A§A]+5WA[nA>ﬁA§A] dﬂAi(Z)}
d/\ 07Ai(z) 0MAi(2) dA
diai(z sdMNAi(2)
— [ [ty + iy @168

Hence, the right-hand side of this equation are canceled with the last two terms in
Eq. (2.167). Keeping the source fields ny; and 1,; fixed, the second term of the left-
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hand side of the above equation is

d
— Wa [N, IAA]
dA T’A7ﬁA
d i ) )
/Dwa m—AASA[W, V]exp ( (S[W, w;A] + ASA[W, ]+ S°[ W, w;n,n])) :

—/dZdZ/C;iARAij(Zazl)<‘/7i(Z)WJ'(ZI)>

dk 87as (2 )5nm()

Collecting Egs. (2.167), (2.168), and (2.169), we can prove the flow equation (2.146).

(2.169)
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Chapter 3

Particle coupled to environments

In mesoscopic systems, we frequently encounter a situation where a few degrees of
freedom are considered to be coupled to one or more environments. The degrees of
freedom are not only microscopic coordinates, such as the positions of particles, but also
macroscopic variables, such as the flux through a simple LC circuit [1]. The environment
causes dissipation and fluctuation of the “particles”, invoking stochastic description of
the dynamics. Microscopic description of the damped harmonic oscillator is given by
the Caldeira-Leggett model [2]. In the path integral approach, the dissipative equation of
motion is recovered as the optimal path of the action, and the fluctuation is systematically
incorporated around the path. Remarkably, the path integral approach can even describe
non-Gaussian stochastic processes [3].

A particle coupled to an environment is often viewed from a reversed perspective:
The characteristic nature of a specific environment is probed by introducing a tracer
particle. The inverse problem to detect the full counting statistics through a mesoscopic
conductor was put forward in Ref. [4] by using a detector LC circuit, whose variance was
perturbatively evaluated to extract the information on the current noise. Later, quantum
mechanical treatment of the detector circuit was discussed to consistently assess the current
fluctuation in various setups [5-9].

The difficulty of detecting the current distribution originates from the fact that the
non-Gaussianity is characterized by rare events with exponentially small probability. A
physical intuition of the dominance of the Gaussian fluctuation can be substantiated by the
theory of Van Kampen [10]. On the other hand, new insights on non-Gaussian noise in
classical systems have been presented lately by Kanazawa ef al. [11, 12]. They clarified
that a non-Gaussian Langevin equation universally appears in a classical stochastic system
which is composed of multiple environments. They have also derived an inverse formula to
infer the statistics of the non-Gaussian noise from the tracer particle. These achievements
are crucial in the context of detecting the full counting statistics.

In section 3.1, the Caldeira-Leggett model is introduced and its deterministic motion
is derived using the optimal path approximation. In section 3.2, the classical fluctuation
of the particle is systematically incorporated and analyzed based on stochastic methods.
In section 3.3, the path integral representation of stochastic processes are derived by
utilizing characteristic functionals. In section 3.4, the universality of non-Gaussian noise
is discussed.
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3.1 Caldeira-Leggett model

Let us consider damping motion of a particle of mass M moving in a potential U. The
classical dynamics of the coordinate variable X is given by the damped equation of motion

AU (X)
X

MX +yX + =0, 3.1
with the friction coefficient y. The coordinate X in the damped equation of motion (3.1)
can represent not only the position of a point particle but also a collective motion of
macroscopic numbers of small constituents. For example, it is known that the magnetic
flux ® threading a superconducting interference device (SQUID) is phenomenologically
described by the same equation with the replacement X — ®, U(X) — U(®), M — C,
and Y — 1 /R [1]. Here, C and R represent the capacitance and the resistance, respectively.
This is a typical example of macroscopic quantum phenomena; collective behavior of
macroscopic numbers of coherent quantum particles. If we consider the harmonic potential
U(®) = ®? /2L with the inductance L, Eq. (3.1) is equivalent to the circuit equation for
the RLC circuit.

What kind of quantum dissipative dynamics is expected in a system whose classical
dynamics obeys the damped equation of motion (3.1)? This question was featured by
Caldeira and Leggett [2]. They ascribed the physical mechanism of the dissipation to a
large external environment surrounding the system. The crucial assumption is that the
equilibrium state of the environment is just weakly perturbed by the motion of the system.
This allows the environment to be represented as a collection of infinitely large numbers of
harmonic oscillators which are linearly coupled to the system. Moreover, if the classical
dynamics is given by Eq. (3.1), the coupling between the system and the environment is
assumed to be bilinear in the system and bath coordinates. Another important point is
the introduction of the counter term, which compensates the frequency-dependent shift of
the potential under a physical assumption that the coupling between the system and the
environment should not modify the potential. Further considerations are given in the main
text and Appendix C in the paper by Caldeira and Leggett [2].

Keldysh action of the Caldeira-Leggett model

The action of the Caldeira-Leggett model on the Keldysh contour is given by

ScLXs {xa}] = Ssys[X: {xa }] + Senv[{Xa }] + Sint[X; {xa }], (3.2)
2
Suys[X] = /C dz EM (a);—iz)) _U(X(2)

Senv[{¥a}] = Z / dz |m (‘h"‘ ))2 wéxé(z)r (3.4)

2
Sint[ X {xa}] = Z/Cdz [caxa(z)X(z) — —O‘ZXZ(Z)} . (3.5)

; (3.3)

2mo g,

The set of the coordinates {xq } describes the harmonic oscillator composing the external
environment with the parameters my and @,. The coupling constant between the system
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and the environment is denoted by c. As is discussed later, these auxiliary parameters can
uniquely specify the phenomenologically given dissipation term. The partition function of
the Caldeira-Leggett model is given by

ZcL = /DXDxa exp [%SCL[X;{xa}]} ) (3.6)

The Green’s functions of the bath oscillators defined on the Keldysh contour C are
calculated in the same way as the fermionic case;

1
0 ——
i (02— 02 — 00"
(gg(a)) g?x(a))): ("~ 0 — 007) . (37
ga(0) gg(0) 1 —2micoth (Bhw/2)
me(@? — 03 + iw0™) m2 (0% — w2)

with the inverse temperature 3. As the action is quadratic in the bath oscillators x4, the
degrees of freedom in the environment can be exactly traced out, resulting in the self-energy

(@) Zh(0) Y _( 0 /(o)
( (@) Zgy (o) ) a ( iJ(w) —2iJ(w)coth(Brw/2)) )’ (3.8)

with the spectral function

i cg, B
2L mama&(a) Wq)- (3.9)

Here, we made an important assumption that the spectrum of the environmental harmonic
oscillators is dense enough to be considered continuous. The auxiliary parameters in-
troduced to describe the external environment, i.e. mgy, @y, and cq, are included in the
spectral function J(®). Hence, these parameters can describe the spectral function phe-
nomenologically specified in accordance with the system of interest. We also stress that the
Keldysh component of the self-energy results from the assumption that the environment is
equilibrium at inverse temperature 3. This is known as the fluctuation-dissipation relation.
The action obtained after tracing out the environmental degrees of freedom is

o0t?
3 [t X6 (1, X)X (1) (1K)

ScLXP,X*] = / dr (—MXS(I) O°XP() _ U™ [XP. X%+ U™ [XP,XS]>

+X5 (1) 8 (1) X5 ()] (3.10)

where the physical and source components of the bosonic field are denoted by XP =
(X~ +X7T)/2and X=X~ — X, respectively. The external environment introduces (i)
the friction terms X%, and X2  and (ii) the fluctuation XX . If we expand the action up to
the linear order in X*®, the functional integration over X*® leads to the functional Dirac delta
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function requiring the equation

2
m° ()9(;() /df eny (L1)XP (1) + XP ()28, (1)) =0. (.11

This leads to the classical equation of motion with the friction force. The thermal and
quantum fluctuation is systematically incorporated in the higher order terms in X9 as is
discussed in section 3.2.

Ohmic coupling

As a simple but important case, we consider the Ohmic spectral function
J(0) = yo, (3.12)

which leads to the self-energy in the time representation:

Zé(nav)(t,t’) :j:y5(t,t')%,

K / 2r " 1 !
Fen (1,1) = _W(ﬁh ﬁ2h2 /dt sinh? [m”/Bh]) o(1.1)
L 2miy 1
B2h? sinh? [z(r —1')/BH]

The coefficient of the Dirac delta function of the Keldysh component is chosen to satisfy
the condition

(3.13)

(3.14)

—4iy
pn -

With the aid of the retarded and the advanced self-energy (3.13), the action (3.10) becomes

/dzzgw() K (@ =0)= (3.15)

St X7, — / () ‘923(;(’) - yx%r)”‘;f” U X+ )

2 L

from which we recover the damped equation of motion (3.1) in the lowest order in X°.
Hence, the Ohmic spectral function (3.12) produces the Ohmic dissipation within the
optimal path approximation.

XW))Z

(X 4l3h / smh2 —t')/Bh]

(3.16)

3.2 Classical fluctuation

In the previous section, we showed that the optimal path solution of the Caldeira-Leggett
model (3.2) up to the lowest order in X* leads to the classical damped equation of motion.
The resulting equation disregards fluctuation originating from the environment. Thermal
and quantum fluctuations, which are coded in the Keldysh component (3.14), are sys-
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tematically incorporated in the higher-order terms in X®. In this section, we consider the
fluctuation which is present in the classical limit 7z — O.
Partition function in the classical limit

In order to properly recover the thermal fluctuation in the classical limit, it is convenient to
rescale the source component as X® — 7.X®. Noting the relation

- 1
2B% sinh? [x(r —1') /B

—8(t—1'), (3.17)

in the classical limit (% — 0), we obtain the partition as

Zer = /DXPDXSexp [/dt (—iXS(t) ({Mg—:z + y%} XP(0)+U’ pr]))]
<ow[-2 ey
- /DXPDnGéS ({Maa—;%—y%} XP(1)+U' [XP) —nG(t)) exp {;—f/dtné(t)} ;
(3.18)

where the Gaussian noise 1g is introduced in the second line by using the Hubbard-
Stratonovich transformation

1
exp[—X°*vX®| = /DnGexp {—ZnlenGjLiXSnG] . (3.19)

Stochastic differential equation

The partition function (3.18) is equivalent to the Langevin equation

°XP(t)  9XP(1)

M 32 +y 3 +U' [XP] = ng (), (3.20)
J ([ XP4) \ VP (r) 0

5 ( MVP(r) ) = ( —yVP () — U'[x7] ) * ( na(1) ) 62D

E [na(ma(e)] = 586~ (3.22)

The random force 7ng is uncorrelated with itself at different time and is referred to as a
white noise. Moreover, its amplitude is given by 27/ being consistent with the fluctuation
dissipation relation; a consequence of the equilibrium nature of the environment. The
random force ng is called the Johnson—Nyquist noise in electronic circuits. The field-
theoretic formulation of stochastic processes was first proposed by Martin, Siggia, and
Rose [13], and later reformulated in terms of a more transparent Lagrangian method
[14-16]. The relationship with another path integral formulation proposed by Onsager and
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Machlup [17] may become clear if we obtain the action

. 2
ScL[X?] = g / di (Masz(t) + anp(t) +U' [XP]) : (3.23)

ot? ot

by the functional integration with respect to ng in Eq. (3.18).

Free particles and trapped particles

In order to clarify the relevance of Gaussian processes to physical systems, let us consider
a classical particle in the absence of the potential U. The equations for the position and the
velocity (3.20) become

axP

7 - Vp(l), (324)
VP y y 1
—- ==V + VB (1), (3.25)

with E[E(£)E(¢')] = 26(t — ). The equation for the velocity (3.25) is called the Ornstein-
Uhlenbeck process with the time constant T = M /¥ and the noise intensity D = 1/yf. The
solution is given by

VP(t) = VP(0)e /7 + \/TB /0 a1 TE(). (3.26)

If we focus on the time much later than the time constant (¢ > ), the initial value is
irrelevant and the lower limit of integral can be extended;

VP(t) = @ / Z di'e /TE (), (3.27)

Then, the stationary value of the velocity is zero (E[VP(¢ > 7)] = 0), while the correlation
of the velocity is given by

D /
D i)/

E[VP(1)VP()] = 5 :

(3.28)
which reduces to the white noise DS (¢ —1') in the limit T — 0. The technique of tracing out
the variable which rapidly relaxes to its stationary value is called the adiabatic elimination.
The resulting equation for the position describes the diffusive motion with variance growing
proportional to the elapsed time ¢.

In the presence of the harmonic potential U[XP] = k(XP — X)?/2, the stochastic
differential equation for the velocity is modified as

M% = —YVP(1) — k(XP(r) — Xo) + \/gg (1) (3.29)

Here, we assume that the friction coefficient 7y is much larger than the characteristic energy
scales governing the internal dynamics of the particle. In the overdamped regime, the
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velocity reaches its stationary value instantaneously. Using the value in the equation of the
position, we find it obeying the Ornstein-Uhlenbeck process
axP k 1
= ——(XP(t) = Xo) + —=8 (). (3.30)

ar oy V7B

In the long-time limit, the particle is trapped around the minimum of the harmonic potential.
Such a process is called mean-reverting. In striking contrast to the free particle case, there
exists a stationary distribution with the bounded variance 1/kf. This is consistent with the
equipartition theorem E [k (XP — Xo)* /2] = 1/28.

3.3 Path integral representation of stochastic processes

In the previous sections, probabilistic equations of a particle connected to an equilibrium
environment were obtained by incorporating the fluctuation around the optimal path of the
Caldeira-Leggett action. As was clear from the derivation, this argument can be inverted
to reformulate a given stochastic process in terms of the path integral [13—17]. The path
integral approach has an advantage of being able to proceed analytic calculations even for
non-Gaussian and non-Markovian processes [3, 18]. It also provides a transparent connec-
tion between the stochastic differential equations and the deterministic time-evolution of
the probability density function (PDF) such as the Fokker-Planck equation and the master
equation.

In subsection 3.3.1, we provide a path integral representation of general stochastic
processes using the characteristic functional defined on the Keldysh contour. In subsection
3.3.2, the Gaussian process is discussed including the important cases with the white
and colored noise. In subsection 3.3.3, the Poisson processes are formulated using the
field-theoretic technique.

3.3.1 Characteristic functional for stochastic processes

Let us consider the functional representation of a stochastic process XP(z) obeying the
stochastic differential equation
dXP(t)
dt

— FXP) (). (3.31)

Here, the random noise 1(¢) is another stochastic process. The stochastic differential
equation (3.31) is interpreted in the Ito sense in order to make it consistent with the
discretized Keldysh contour used in the previous sections.

The stochastic process XP(¢) can be regarded as the degree of freedom of a detector
perturbed by a system of interest. The realization of the random perturbation 7n(¢) carries
fundamental information of the system. From this viewpoint, detecting the fluctuation
in the system corresponds to inferring the statistical property of 1 (¢) from the dynamics
of XP(¢). Although the statistics of 17 is assumed to be given in Eq. (3.31), they should
be specified according to a microscopic calculation. This is one of the main subjects in
chapter 4.
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The expectation value of the random variable O[XP] averaged over every realization of
the random noise is given in the path integral form as

E[O[X"]] = [ / DXPO[XP)$ (dXd—pf) _F(xP) - n(t)ﬂ . (3.32)

Here, the Jacoiban associated with the change of variables in the delta functional is proven
to be unity by virtue of the Ito regularization [19]. The expression is further computed as

E[O[XP]] = l/DXPDXSO[XP] exp [—l/drx <@ - f(x?) - n(f)>H

dXP (1)

:/DXPDXSO[XP]X[XS] exp [_,-/thS(;)< ar

~rom)]. e

where the statistics of the random noise is determined by the characteristic functional

1IX|=E [exp (i / thS(t)n(t)>] . (3.34)

The action giving the expectation value (3.33) is

S[XP, X°] = / X1 ( ) (Xp))—ilnx[XS]‘ (3.35)

In the following, we provide the characteristic functional of fundamental stochastic pro-
cesses such as the Gaussian processes and the Poisson processes.

3.3.2 Gaussian processes

One of the most typical stochastic processes found in various applications is the Gaussian
process, which is characterized by the mean function E[n(¢)] = u(¢) and the noise kernel
En(t)n()] =2v(z,t'). As the mean function can be incorporated in a deterministic force
f(XP), the stochastic property of the Gaussian process is determined by the noise kernel
v(t,t"). The characteristic functional of the Gaussian process is given by

26[X°] = exp {— / dsds'Xs(s)v(s,s’)Xs(s’)} . (3.36)

Substituting Eq. (3.36) for the characteristic function in Eq. (3.33), we read the action

GIXP, X*] / drXs( <pr ) f(Xp)>+i / dsds'X*(s)v(s,s)X*(s"), (3.37)

which is the Keldysh action for the stochastic differential equation (3.31) with the random
noise obeying the Gaussian process with the noise kernel v(¢,7"). An important point is
that the noise kernel describes an arbitrary colored Gaussian noise.

It is readily found that the action (3.37) is closely related to the Caldeira-Leggett
model (3.10). In the latter context, the time-nonlocal noise originates from the quantum
fluctuation in Eq. (3.14). This implies that the quantum dynamics can be mapped to
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“classical” stochastic processes. We employ this correspondence in chapter 4 to analyze
the quantum fluctuation in the detector.

Gaussian process with white noise

The Langevin equation with the white Gaussian noise is recovered by choosing the noise
kernel as

v(t,t') =D&t —t'), (3.38)

with the noise intensity D. The characteristic functional is simply given by

xwa[X°] = exp [—D/dt (Xs(t))z} , (3.39)
from which the action reads
dXP(t
Swa[XP, XY / X’ (t ( (t) f(Xp)) +iD / ds (X5(s))2. (3.40)
The Gaussian Langevin equation has a corresponding Fokker-Planck equation
i77(Xp t)= J f[Xp]%—Di P(XP,1) (3.41)
ot oxP axr e '

In the following, we provide a field-theoretic derivation of the Fokker-Planck equation
(3.41) by following the transfer matrix method [19]. The starting point is the action (3.40),
which is understood in the Ito representation

Swa [XP,x*] =Y [—X; (X]‘.’ —xP -5 f[xy_1]> +iD§, (X;)Z] . (3.42)

J

(9)

The time stride is denoted by &;, and the coordinate variables are abbreviated as X]P
XP(@(j§,). The probability density function (PDF) at the jth step is defined as

P, =TI, T, / DX)DX;iexp (iSwa [XP,X°]). (3.43)
The PDF P; is related up to the first order in &; with P;_ as

P~ / DEXPDX [1 +i8X° f[X — 5XP]]

1 0 i SXP
X exp {—E( SXP X* )( ; 2ch3¢ ) ( ¥ )]Pj_l, (3.44)
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with X = X;’, dXP = XP xP

1 and X* = X;. The PDF P;_, can be further expanded as

Pj 1= [X—3Xp tj—5t]

5Xp) d"P; JdP;
~ Z 6L (3.45)

The functional integration with the Gaussian weight in Eq. (3.44) can be performed
term by term. If we denote the expectation value of the variable O by (QO), the two-point
correlation functions are given by

(§XPSXP) = 2D8,, (3.46)
(8XPXS) = (X38XP) = —i, (3.47)
(X°X%) =0. (3.48)

The two terms in Eq. (3.44) are evaluated up to the first order in J; using the relations

1 9*P; . JP;
</Pj,1> :Pj+§<6Xp5XP) aXZJ 5; 8t1

8273 873

and
(X°f[X —6XPIPj_1) ~ —(X°6XP) f [X] a — (X°6XP) fIX]P;
0
~is (FIXIP)). (3.50)

By taking the limit & — 0, Eq. (3.44) is reduced to the Fokker-Planck equation (3.41).

Ornstein-Uhlenbeck process

Another important situation is the noise 17(¢) being the Ornstein-Uhlenbeck process,

an() 1
=0 +E0)] (3.51)
E[E(1)E()] =28(t—1"), (3.52)

with the time constant 7. The correlation function of the noise is exactly computed, and it
corresponds to the exponentially correlated colored noise,

E[n(t)n()] =2v(,1') = %e‘f‘“'/ ‘. (3.53)

Such a noise is generated by filtering a white Gaussian noise with an overdamped harmonic
oscillator [see section 3.2]. The action for the stochastic process with the Ornstein-
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Uhlenbeck noise is obtained as

SoulXP, X /th (pr 1) f(Xp)) +%/dsds/Xs(s)e_“_sl/TXS(S’).
(3.54)

Unfortunately, it is not possible to determine the PDF of the stochastic process XP described
by the action (3.54). However, it is known that an effective Fokker-Planck equation can be
derived for a small correlation time 7 [19].

In the following, we perturbatively analyze the PDF for the stochastic process XP. We
note that Egs. (3.31), (3.51), and (3.52) form coupled Markovian stochastic differential
equations for two stochastic variables XP and 7. If we denote the joint PDF by P(XP,n,1),
the Fokker-Planck equation is obtained as

0 d [1 1 0
= p — 7 (_fIxP p 2|z - Z p
SPOC0) = =S (A4 M@ PO + 5 1+ 5| POXR),
(3.55)
We consider a perturbative solution of Eq. (3.55) in the form
2T
P(XP,m,1) =7 [P(XP,1) + N (XP,1)]. (3.56)

Hereafter, we suppress the arguments of P (XP,7) and A/ (XP,¢) for simplicity. Substituting
the form in Eq. (3.55), we obtain

)

N" ~ oXP

2 P+ N =5 [FIXIP] -

1
) (P—JIXPW)n——Nn.  (357)

8X p oXP

21:
Integrating Eq. (3.57) in terms of 1 with the Gaussian weight e , we obtain the equation

for P as

8 1 d

E 8XP [fXP]P ]—;m/\/’- (3.58)

If we integrate Eq. (3.57) after multiplying it by 1, we obtain the equation

0 1
—N =— XP —-N. 3.59
N = 2 P KON~ SN (359
If the correlation time 7 is much smaller than the other characteristic time scales of the
stochastic process, 5 [./\/ and f[XP|N are much smaller than A//7. By neglecting these

terms, we find the relation %/\/ = —555P. Then, Eq. (3.58) is reduced to the ordinary

Fokker-Planck equation

8XP

d d d
_ PP _—
atP =>xp [fIXP)P] + 8XPP (3.60)

up to the first order in 7.
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3.3.3 Poisson processes

The Poisson process is an important non-Gaussian stochastic model found in various
phenomena such as electron emission from a cathode in a vacuum tube [20]. We denote the
number of events which have occurred during the interval (¢',¢) by N(¢,¢’). Then, N(z,t')
is a Poisson process with rate parameter A > 0 if it obeys a Poisson distribution with the
rate parameter A (t —1t');

N(; __ +\n ,
P[N(1,/') =n] = M—'I)e“fﬂ. (3.61)
n:

The probability of the occurrence of the event during an infinitesimal time df is

PIN(t+dt,t) =0 =1—Adt, (3.62)
P[N(t+dt,t) = 1] = Adt, (3.63)
P[N(t+dt,t) =n>2] =0, (3.64)

up to the first order in dt. Hence, the Poisson process can be viewed as a pure birth
process: The events may occur in the infinitesimal time interval df with the probability
Adt independently of events outside the interval.

Shot noise with a single amplitude

We consider a particle which is perturbed by a delta pulse at each event obeying a Poisson
process. The shot noise is the sequence of pulses,

N()
N =7y 8(—un), (3.65)
i=1
where the events have occurred at times 71, f2, - - -, fyy(;). In order to derive the expression

of the characteristic functional (3.34) for the noise, we introduce the auxiliary function
t
Io[X]=E [exp {z/ dt’XS(t')n(t’)H : (3.66)

which is related to the characteristic functional as yp[X®] = x~"[X®]. It satisfies the
relation

2] = ((1 —Adt) + ldleixs([)> Pyl (3.67)

which leads to the differential equation

dlnyp[X®] iX5 (1)
y _;L(e _1). (3.68)

By integrating the equation, the characteristic functional of the Poisson noise is obtained as

xp[X°] = exp {l / dt (e"Xs(’) -~ 1)] . (3.69)
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Shot noise with a random amplitude

The stochastic process for the Poisson noise is slightly generalized by considering that the
amplitude of each noise is also a random variable with the probability density function
w(a). This variant of a Poisson process is called the compound Poisson process. The
random noise is written as

N(1)
n() =Y aié(r—1n), (3.70)

i=1

where q; is the jump size of the particle at ith event that has occurred at ¢;. The characteristic
functional of the compound Poisson noise is obtained in an analogous way as

Xcp[X®] = exp P /dt (/da w(a)e ™) — 1)}
:e“{l/ﬁﬂxﬂwﬁﬂ—lﬂ, (3.71)
where the characteristic functional associated with the jump is introduced as
L) = [ daw(@e™ 0. 372

The compound Poisson process is reduced to the Poisson process when w(a) = 6(a—1).
The Keldysh action associated with the compound Poisson process is

ﬂﬂxﬂ:—/mww(wzm—f@%)—u/m@@ﬂm—n. (3.73)

The (compound) Poisson process is a typical non-Gaussian process found in various
applications. The non-Gaussian statistics of the noise is characterized by the higher-order
terms in X® in Eq. (3.73). If the characteristic functional for the jump is expanded up to
the second order in X* as

X3(1))*
MWWW4:MWWM—L%DﬂWL (3.74)
the action is reduced to the Gaussian one (3.37) with the modified deterministic force
fIXP] + AE[a] and the white noise of the intensity A E[a?]. A further generalization for an
arbitrarily shaped pulse is discussed in Ref. [3].
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Gaussian and shot noise

We consider a stochastic process driven by noise which consists of the white Gaussian and
shot noise as

Nas(t) = nwa(t) +nep(?), (3.75)

E [nwa(t)nwa(t')] =2D8(t —1'), (3.76)
N(t)

Ncp = Z a;id(t —1t;). (3.77)

i=1

Here, D is the intensity of the white Gaussian noise, and the shot noise, whose amplitude
a; is characterized by the jump-size distribution w(a), occurs at t; according to a Poisson
process with a rate parameter A. The characteristic functional of the additive noise Ngs ()
is given by the product of that of the white Gaussian noise (3.39) and the shot noise (3.71);

xGs[X®] = xwa[X®]xcp[X°). (3.78)

Then, the action is

Sgs[XP, X*] /th (pr ) f(Xp)>+iD/ds(XS(s))2
_iA / dt (u[X*(0)] = 1). (3.79)

In the absence of the shot noise, the time-evolution of the PDF P (XP,¢) is described by
the Fokker-Planck equation (3.41). The Poisson noise introduces jump processes, whose
dynamics is described by the master equation. In the case of the compound Poisson noise
(3.73), the master equation is

OP(XP,t) 0 )
e axp{ f[XP]+Dm} P(XP,1)
+7Lp/a’a w(a) (P(XP—a,t) —P(XP,1)). (3.80)

In the following, we provide a field-theoretic derivation of the master equation (3.80).
The strategy is closely analogous to the derivation for the Fokker-Planck equation discussed
in subsection 3.3.2. Hereafter, we use the same notation used in Egs. (3.42) and (3.44).
The starting point is the discretized action

Sas X2, X = Y [-X5 (XP —XP | — 8, £[XP_ 1) +iD§, (x;)”

7
—i/lé‘,/da w(a) (eiaxf - 1)] . (3.81)
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The PDF (3.43) at the jth step is

P~ / DSXPDX® {1 +i§ X f[X — 6XP)+ A5, / da w(a) (ei“X? - 1)]

1 j p
X exp [—5( 5XP X* ) < (l,) 21;& ) ( 5;(5 )} Pi_1. (3.82)

The crucial difference is that we need to evaluate the higher order-terms in X*® to describe
the non-Gaussian nature. With the aid of the correlation functions (3.46), (3.47), and (3.48),
the non-Gaussian term in Eq. (3.82) can be evaluated as

iaxs e @ (=) 1, 9'P;

o (e — 1) —@;lzéT((X) (6XP)") oy
v (—a)dtP;
~5 ), k! oXxk

)
[N

(3.83)
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up to the leading order in &. This can be understood by noting that the cross correlation is
of order 1 while the auto-correlation vanishes or is of a higher order in &. This requires
that the physical components to be contracted with the source ones. The number of the
combination of contraction is /!, which is canceled with the denominator. Considering the
Fokker-Planck term derived before, we can obtain the master equation (3.80) in the limit
o — 0.

3.4 Non-Gaussian noise in classical systems

The Gaussian Langevin equation is frequently used as a phenomenological model of
fluctuating systems. For instance, the LC circuit with a dissipative environment is well
described by the Langevin equation in the high-temperature limit [21]. The universality
of the Langevin equation is established by the system-size expansion developed by Van
Kampen [10]. On the other hand, the non-Gaussianity of fluctuation is widely recognized
in various nonequilibrium systems such as electronic circuits [22, 23], granular particles
[24-26], nanomagnets [27], particles in dense collides [28], and particles with long-range
interactions [29]. Recently, the condition for the emergence of the non-Gaussianity and
the asymptotic derivation of the non-Gaussian Langevin equation have been given by
Kanazawa et al. [11, 12]. In this section, we review the Gaussian and non-Gaussian
Langevin equations from a microscopic point of view.

3.4.1 Van Kampen’s system size expansion

We review Van Kampen'’s theory for the Gaussian Langevin equation [10]. Let us consider
dynamics of a stochastic variable ¥, whose probability density function (PDF) is denoted
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by P(v,t) = P[V¥(¢) = v]. If the variable ¥ is Markovian, the PDF obeys the master equation

= [y lPo—3W (v —yi9) = PO W (i), G54

where W (v;y) is the transition rate from v with the jump size y. In general, the transition
rate depends on the microscopic detail of the jump events. Here, we make a critical
assumption that the transition rate is characterized by the typical jump size € < v and the
e-independent transition probability W (v;)) with the scaled jump size ) = y/e. More
precisely, the scaled transition rate, which is defined by the relation

W (v Y)dY =W (v:y)dy (3.85)
1.
Wy =W (v; X) , (3.86)
E E
no longer depends on the small parameter €. This assumption can be viewed as a separation

of the characteristic scales. The Kramers-Moyal expansion of the master equation (3.84) is
given by

dP(v,1)
ot

-[ dy[ < ey,rWV(v—ey;y)—P(w)vV(v;y)] (3.87)

Z n, avn o (v)P(v,1)] (3.88)
with the Kramers-Moyal coefficient
= / dYW (v; Y)V". (3.89)

With the rescaled time 7 = €t to see the coarse-grained dynamics, the master equation is
approximated up to the first order as

JP(vt) 0

5z = 5y (PO, (3.90)

which is identical to the deterministic equation for v. For simplicity, we assume that the
v is stable around v = 0. If we denote the kth coefficient in the Taylor expansion of the

(k)

Kramers-Moyal by o, ' (v), the stability requires the relations

al” =o, (3.91)
al) = —y<o. (3.92)

The fluctuation around the stationary point is incorporated in the higher-order terms in the
master equation

JdP(vt) o s O )2 N0 " 14
5 =9y }/vP(v,t)—Zk P(v,t) +8ZZ n'k' oy 3o [vP(v,t)].

k=2 n=2k=0
(3.93)
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We rescale the stochastic variable as V = v/4/€ so that the second term describing the
fluctuation has a finite contribution in the limit € — 0. With the variable az(o) =2yT and

the rescaled PDF P(V, 7), the master equation is reduced to

IP(V,1) d 02
Yy V — . 3.94
S = Vo VPV DI+ YT 55 P(V,7) (3.94)
From the correspondence between the stochastic differential equation and the deterministic
equation for the PDF, the Fokker-Planck equation (3.94) is found to be identical to the

Gaussian Langevin equation

83(5) = V(1) +/7T (1), (3.95)

with the white noise E[n(7)n(7)] =26(t—1/).

The consequence of Van Kampen’s theory is general and powerful because it justifies
phenomenological description of various fluctuating systems in terms of the Gaussian
Langevin equation. From this viewpoint, it seems almost impossible to observe the non-
Gaussian fluctuation, which we are interested in. However, it is not the case. In the
next subsection, we review the universality of a non-Gaussian Langevin equation and the
information which can be extracted from the distribution of the tracer particle according to
the recent paper by Kanazawa et al. [11, 12].

3.4.2 Non-Gaussian Langevin equation

What is crucial in Van Kampen'’s theory is that the transition rate is characterized by a single
parameter €. Kanazawa et al. considered a particle coupled to multiple environments,
where the amplitudes of the noise are naturally characterized by several independent
parameters [11, 12]. The coexistence of thermal and athermal environments is crucial
for the non-Gaussian dynamics; otherwise the noise is reduced to be Gaussian according
to Van Kampen’s theory. Furthermore, the sensitivity of the stochastic particle to the
non-Gaussian noise allows us to probe the athermal environment by carefully considering
the asymptotic behavior of the particle.

Let us consider a particle coupled to thermal and athermal environments (Fig. 3.1(a)).
The coupling to the thermal environment at temperature 7" introduces the friction coefficient
Y and the thermal noise with the intensity y7. The jump process induced by the athermal
environment is characterized by the transition rate We(v;y) from velocity v with the jump
size y. Here, the typical jump size is denoted by €. The Markov dynamics of the particle
velocity v is described by the PDF P(v,7) = P[¥(t) = v] obeying the master equation

% = }/% [v + T%] P(v,t)+ /_oo dy [P(v—y,t)We(v—y;y) — P(v,t)We(v;y)].

(3.96)
The first term is the Fokker-Planck term originating from the thermal environment. As with

the case in Van Kampen’s theory, we assume that the time scale of the athermal environment
is well separated from that of the system. Then, we can define the €-independent scaled
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Fig. 3.1 (a) Particle coupled to both the thermal and athermal environments. (b) Typical
time evolution of the particle velocity v in the presence of both the thermal and non-
Gaussian noise. (c) Steady-state probability density function (PDF) with the strong
non-Gaussianity.

transition rate W (v; ) with ) = y/¢ from the scaling assumption

W (v )dY = We(v:y)dy (3.97)
oy L (Y
& We(viy) = W <v, e) . (3.98)

In the following discussion, we derive the non-Gaussian Langevin equation under the
three assumptions [11, 12]:

1. Small noise
The typical jump size € is much smaller than v.

2. Strong dissipation due to the thermal environment
The friction coefficient Y is independent of €.

3. Coexistence of thermal and athermal noises
There exists an e-independent parameter 7 such that 7 = T €.

We introduce the scaled variable V = v/¢ and the scaled PDF P(V,t) = €P(v,t). Under
the three assumptions, the master equation (3.96) is written as

IPV,t) 9 J
—5 T3y {V—FTw} PWV,1)
+X o / SR W) [PV Y.V =) PV, (3.99)
ol )

with the expansion

en
!

|
=

W(eV:Y) = i (v (3.100)

n=0

S



3.4 Non-Gaussian noise in classical systems 69

In the small-noise limit € — 0, the master equation is reduced to

w aav {v +T—} (V1) + /_wdyW(y) [PV =Y.t)—P(V,1)], B.101)
with the scaled transition rate W()) = W ())). The jump processes described by the
scaled transition rate WW()) are Markovian and no longer dependent on the state ) because
the environmental correlation vanishes in this limit. Moreover, the dissipation due to the
friction term is dominantly induced by the thermal environment.

The steady-state PDF Pgg(V) = lim;_,. P(V, 1) of the master equation (3.101) has been
already known in the previous work [11, 12]. The Fourier transform of the steady-state
PDF Pss(A) = [dVe*VPss(V) is solved as

Pss(A) = exp [/(fds (/dy W(y)eisy_1 —Ts)]. (3.102)

Ys

Moreover, the inverse formula to achieve the transition rate Y/()) from the steady-state
PDF Pgs(A) can be derived as

dA =ity

W)= [ 5

{l*+ﬂ12+ylaln7jss(7t)] (3.103)
with the intensity A* = [dYW()).

Employing the correspondence discussed in the section 3.3, we obtain the stochastic
differential equation which corresponds to the master equation (3.101) as

dV
= —}/V-l-\/ Nr(t) + Nng (f (3.104)

with the white Gaussian noise Nr(¢) with E[nt(t)n7(t')] = 26 (t — ') and the non-Gaussian
noise 7N (f) whose statistics is determined by the characteristic functional

ANGIX®] = exp th/dy W) (e"yXS@) — 1)} . (3.105)

Once the transition rate YV ()) is given, we can perform numerical simulation of the
non-Gaussian Langevin equation (3.104). Typical trajectories of the velocity obtained by
solving Eq. (3.104) are shown in Fig. 3.1(b). The non-Gaussian noise induces the jumps,
which are subsequently decayed due to the thermal dissipation. Non-Gaussianity is clearly
found in the steady-state PDF shown in Fig. 3.1(c).

The universality of the non-Gaussian Langevin equation is crucial in the context of the
full counting statistics because it justifies the observability of the higher cumulants of the
current through a conductor. However, there remains some points to be clarified in order
to exploit the insights for the full counting statistics. First, it has not yet been clarified
what is the transition rate associated with the electron transport processes. It requires a
theoretical scheme to determine the transition rate from a microscopic description of the
mesoscopic conductor. Second, the above discussion is limited to the classical regime
while various novel phenomena of the current fluctuation are expected in the quantum
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regime. In chapter 4, we address these issues to substantiate the fundamental part of the
full counting statistics.
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Chapter 4

Detection scheme of non-Gaussian
fluctuation in mesoscopic conductors

Nonequilibrium fluctuation in mesoscopic conductors has been intensively studied in both
classical and quantum regimes [1, 2]. Current distribution provides exclusive information
on microscopic transport processes in the mesoscopic conductors [3, 4]. Owing to the rapid
progress in nanotechnology, it becomes realistic to address the current fluctuation beyond
the Gaussian one [5-7]. In the classical regime, it is experimentally possible to count
the number of electrons which pass through a conductor [8, 9]. The achieved histogram
completely characterizes the nonequilibrium transport. The current distribution elucidates
the fundamental aspects of the nonequilibrium properties such as the fluctuation theorem
[10-12].

In general, it requires a sophisticated scheme to measure current fluctuation compared
with the conductance measurement. The fluctuation in small systems is sensitively affected
by their environments including its detector [12—18]. This is not just of theoretical interest
because recent technology enables us to fabricate electronic nanostructures. In particular,
on-chip devices are promising arenas to investigate the non-Gaussian noise in a well
controlled manner [19-30]. So far, it has been proposed to measure the current fluctuation
by using on-chip devices such as quantum point contacts [8, 9], double quantum dots
[19, 21], Josephson junctions [25, 26, 31, 32], LC circuits [33-35], and RLC circuits
[36, 37]. As has been reviewed in section 1.4, detailed analysis of the detector circuit
is indispensable to qualitatively explain the experimental data obtained in the classical
tunneling regime [12]. It is also expected that elaborate description of the detector is
essential to understand the results for quantum coherent conductors [11].

In the classical regime, the detector circuit of the current fluctuation can be understood
as a tracer particle under non-Gaussian noises [18, 33, 34]. A coupled mesoscopic conduc-
tor works as an athermal environment for the detector due to the nonequilibrium nature of
the system. In section 3.4, we have reviewed the universal appearance of the non-Gaussian
Langevin equation in such a system [38, 39]. The results are useful in that they indicate
a complete connection between the dynamics of the detector and the statistical property
of the non-Gaussian noise. However, there is still a gap between our insights into the
non-Gaussianity in the classical [38—40] and quantum [3, 4] systems because they have
been investigated separately so far. The previous works on quantum conductors [34, 36]
have related the second and third cumulants of the current to those of the detector degrees
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Fig. 4.1 Schematic of a QPC inductively coupled to a detector LC circuit. The flux through
the LC circuit can be considered as the position of a harmonic oscillator attached to both
the thermal and athermal environments.

of freedom based on a perturbative approach. Still, it is an open question whether and
how the detector circuit can characterize all the cumulants of the current. What remains
unclear to use the insights obtained in the classical systems is the microscopic derivation
of the non-Gaussian statistics of the noise. It is also an important next step to describe the
quantum dynamics of the detector circuit. Indeed, the quantum nature of the effective LC
circuit was reported in the context of the Josephson qubit [41].

In this chapter, we study a detection scheme of the current fluctuation in mesoscopic
conductors in the classical-quantum crossover regime. In order to proceed to a concrete
discussion, we consider that the detector is described by a dissipative LC circuit, which
is an effective model of the Josephson junction [41, 42]: a typical on-chip device used
in various experiments [26, 27, 41-46]. As a simple and generic setup, we consider the
detection of the current fluctuation in a quantum point contact (QPC). The LC circuit is
subject to the fluctuation generated by the nonequilibrium transport through the QPC [18].
The problem can be interpreted as quantum Brownian motion driven by a non-Gaussian
noise in terms of the correspondence between mechanical systems and electronic circuits
[47]. We develop a stochastic method for describing the quantum dynamics of the detector
circuit, and establish the one-to-one correspondence between the current distribution in
the mesoscopic conductor and the steady-state probability density function (PDF) of the
detector degrees of freedom.

This chapter is organized as follows. In Sec. 4.1, we give a microscopic description
of the dissipative LC circuit coupled to the QPC based on the Keldysh formalism, and
simplify the model by assuming the separation of the time scales of the subsystems. In
Sec. 4.2, the dynamics of the coupled system is formulated based on a stochastic method.
In Sec. 4.3, the inverse formula to infer the current distribution from the steady-state PDF
of the flux in the LC circuit is extended to the quasiclassical regime by solving the master
equation. In Sec. 4.4, the effect of the quantum correction on estimating the statistics of
the non-Gaussian noise is numerically evaluated. We summarize the results in Sec. 4.5.
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4.1 Model

4.1.1 Detector LC circuit coupled to a quantum point contact

We provide a microscopic description of a dissipative LC circuit coupled to a QPC (Fig. 4.1)
based on the Keldysh formalism [see section 2.1].

Detector LC circuit

The detector LC circuit is composed of an inductance L, a capacitance C, and a resistor
with admittance Y (@). In realistic situations, the LC circuit is considered as an effective
model of a SQUID device, which is frequently utilized as an on-chip detector. The basic
variable of the LC circuit is the flux @ through the inductor. If we denote the voltage
across the inductor by V, the flux is defined as its time integral as ®(t) = ["dt'V(¢'). In
the absence of the resistor, the Lagrangian of the LC circuit is written as

2
Lic= ¢ (a_cp) — icb? 4.1)

Hence, the flux @ is an analog of the coordinate X of a particle moving in a harmonic poten-
tial. The resistance in the circuit works as a dissipative environment for the “particle”. This
completely isomorphic structure indicates that the detector LC circuit is microscopically
described by the Caldeira-Leggett model [48],

Saal®] = 5 [ 4207 (010, (42)

which was discussed in section 3.1 based on the Keldysh formalism [49, 50]. The symbol
Jc denotes the integration over the Keldysh contour C, and the argument z is a combination
of the real time ¢ and the Keldysh index p = F. The forward and backward Keldysh
contours are denoted by C~ and C™, respectively.

The physical meaning becomes quite clear if we move to the rotated Keldysh basis

Sget[®P, D] = / drdt’ {@S(r) (gl)r(r,t’)cbp(r’)Jr%qf(r) (g*l)K(r,z’)cpS(r/) ., (4.3)

with the physical component ®P = (®~ + P ™) /2 and source components ®° = P~ — P,
With the aid of the self-energy (3.8), the retarded and Keldysh Green’s functions are
obtained as

C(w? - Q%) +il(w), (4.4)
2iJ (w)coth(Bhw/2), (4.5)

(67" (@)
(6" (@)

with the resonant frequency Q = 1/+/LC, the inverse temperature 3, and the spectral
function

cw
J(w) = W, (4.6)
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which is related with the admittance Y (w) as J(®w) = oY (®). Here, we assume that
the coupling is Ohmic with the conductance ¢ in the low-frequency regime. The high-
frequency cutoff is introduced using the Drude cutoff wp. We note that the quantum nature
of the dissipative LC circuit is solely incorporated in the Keldysh component describing
the fluctuation due to the linearity of the equation of motion of the flux ® [47].

Quantum point contact

The action of the quantum point contact (QPC) consists of two parts as Sqpc|[¢,c; P| =
Sol¢,c] + St[¢,c; P]. The first term Sy describes the conduction electrons in the leads;

Sofe.c= ¥ ¥ [ dzazu(zley (2. eu?). @47

i=LR k

where ¢ [c;] are the Grassmann fields for the creation [annihilation] of an electron with
the wave vector k and the dispersion relation €;;, for i = L, R. The bias voltage V is applied
to the leads, which are assumed to be in equilibrium at inverse temperature Bqopc. The
chemical potentials for lead i = L and R are [; = &g+ €V and ug = €f, respectively, with
the Fermi energy €r. The Green’s functions of lead electrons are given in Eq. (2.74) and
(2.75) with the Fermi-Dirac distribution function

1
~exp|Bopc(@ — pi)] +17

fi(o) (4.8)
for lead i = L, R. The second term St describes the tunneling between the leads, accompa-
nying an electronic excitation in the inductively coupled LC circuit [47];

1 ie
St[é, c;P] = N Z /Cdz [ILReﬁa(D(Z)ERk(z)ch/ (z) +H.c.|. 4.9)
kK’

Here, the hopping amplitude between the leads and the coupling constant between the
QPC and the LC circuit are denoted by #;r and &, respectively.

As the QPC action Sqpc|[¢, c; @] = So[¢, c| + St[¢,¢; D] is quadratic in terms of the
conduction electrons, we can exactly integrate out the fermionic degrees of freedom in the
same calculations as are found in subsection 2.3.2. Then, the QPC action becomes

Sopc|®] = if /C detn [1 = oGV [®]GrV (@] (z,2), (4.10)

with the vertex operator

V[®] = exp <ie7(xq)) . (4.11)
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Here, we used the abbreviation (AB)(z,7') = [-dz"A(z,Z")B(Z”,7'). The Green’s function
is defined as G;(z,7') = I%Zk gik(z,7), whose retarded and Keldysh components are

Gi(w) = —inp;, (4.12)
G (w) =2mip;(2fi(w) — 1), (4.13)

respectively. The density of states py(g) is assumed to be independent of energy for
simplicity.

Partition function

Using the actions (4.2) and (4.10), the partition function of the QPC-LC coupled system is
given only in terms of the bosonic field & as

Z= / Ddexp {% (Saet|®] + Sqpc[®@]) | 4.14)

The calculation is exactly performed so far. However, it is not possible to perform the
functional integration because the QPC action Sgpc[®] contains an infinite numbers of
non-linear terms with respect to the bosonic field ® [see Eq. (4.10)].

4.1.2 Quasistationary approximation

Throughout the following analysis, we assume the separation of the time scales in the
subsystems: The dynamics in the QPC is much faster than that of the LC circuit. This
assumption is called the quasistationary approximation [18, 25, 51, 52]. The correlation
time of the current fluctuation in the QPC is governed by either the bias voltage V or the
inverse temperature fgpc, while the dynamics of the LC circuit is characterized by the
resonant frequency Q and the relaxation time C/o. If these time scales are well separated,
we are allowed to consider the intermediate time scale At satisfying

. [ h . [(C 1
min (W’hﬁQPC) < At < min <E’ 5) ) (4.15)

In the time interval of length Az, we can regard the flux ® in the QPC action Eq. (4.10)
as a constant because the dynamics in the LC circuit is frozen. The action for the QPC is
written on the discretized Keldysh contour as

tj+At
Sopc [®F, @] = in )" [ " A TrIn [1—rfRGLrZVT[cpJ-]GRV[qnj]TZ} (.7),  (4.16)
j 7t

where ®; denotes the constant flux ® in the jth time interval. If we introduce the auxiliary
self-energy X [®@;] = 17,V [®,]GrV[®,], it is written in the Keldysh space as

__ _leaps —t
h
Gy e " iGy )
b

jedt s (4.17)
e ®iGET  GET

L [@5] =17z (
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which has the same structure as the tunneling self-energy with the counting field (2.96).
Since At is sufficiently long for the QPC dynamics, the same calculation in deriving
Eq. (2.98) from Eq. (2.95) leads to the QPC action

Sopc [®°] = ihAtZ / C;—jr)ln [det (1 — GL(0)7ZL[@)](0) 1) ] (4.18)

= ih/dt/g—f:ln [1 +Tir [fL(a))(l —fR(a)))(eieTaq)s(f) —1)
(@)1~ fu(@)(e FFO 1], @19

with the transmission coefficient Ty g = 47r2t,%RprR. Thus, we find that the QPC action
has the same structure as the Levitov-Lesovik formula (1.9), which is widely known in the
full counting statistics [3].

With the action of the LC circuit Eq. (4.3) and the QPC Eq. (4.24), we obtain the
partition function

zZ= / DOPDP* exp L% (Sqec[®P, @] + Sopc[@]) | - (4.20)

The important point is that the QPC action is no longer dependent on ®P as a consequence
of the quasi-stationary approximation. This allows a stochastic interpretation of the QPC
action as is shown in the next section. We note that the quasi-stationary approximation is
violated when the time scales of the LC circuit and QPC are comparable to each other. In

this regime, the dynamics of the whole system is closely related to the dynamical Coulomb
blockade [53].

4.2 Stochastic analysis

In this section, we provide a stochastic interpretation of the QPC-LC coupled system by
rewriting the partition function (4.20) in terms of the characteristic functionals discussed
in section 3.3. The exponential of the QPC action can be associated with the characteristic
functional of the compound Poisson process. The thermal and quantum fluctuations
originating from the dissipative environment are incorporated in the noise kernel. The
non-Gaussian Langevin equation is derived using the asymptotic scaling.

4.2.1 Characteristic functionals
Gaussian fluctuation

The Gaussian fluctuation originating from the thermal environment is described by the
quadratic term in ®° in the LC action Eq. (4.3). In order to recover the thermal fluctuation
in the classical limit [see subsection 3.2], we scale the fields as ®°(r) = (/ey) @*(s) and
PP (1) = (e/CQ) PP (s) with the dimensionless time s = Qt and the dimensionless friction
coefficient y = 6 /CQ. The contribution from the (@) term in the action is identical to
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the Gaussian characteristic functional (3.36)
ST — T ! ~S / S/
xG[@°] = exp —;/dsds O (s)v(s—s5)o*(s) |, 4.21)

with the dimensionless temperature T = C/e”[3 and the noise kernel

— ﬁh = d_a) ﬁh(l) —isw/Q
v(s) = 560 | o7 J(w)coth 5 e . (4.22)

Using the Ohmic spectral function with the Drude cutoff (4.6), the noise kernel becomes

o _ i 1 _ k
v(s) = 706 |s|ox +}; a1 (a)ce Isloc e kIS/T) : (4.23)

where @, = wp/Q and T = BrQ /27 are the dimensionless cutoff and the quantum-
mechanical time scale, respectively. The cutoff frequency @p is usually assumed to
be much larger than the resonant frequency Q (@, > 1) so that the first term on the right
hand side of Eq. (4.23) may become a Dirac delta function. The second term is the non-
Markovian quantum correction, which becomes relevant at sufficiently low temperatures
1/B of the order Q. In the classical limit (7 — 0 and @, — o), the second term vanishes
and the noise kernel is solely determined by the thermal noise (7/7)3(s). As will be
shown later, the existence of the cutoff @. and the exponentially decaying form of the
second term are crucial to analyze the quantum correction.

Non-Gaussian fluctuation

As was already discussed in the introduction 1.2.2, the Levitov-Lesovik formula is in-
terpreted as a compound Poisson process by introducing the transition rate W,, using the
following relations

Sopcl’) =i Y[ dr w7 1), (4.24)

N—=—o0

Then, the contribution from the QPC action in the partition function (4.20) is given by

NGl = exp [AP [ s { [y wi) (2770 - 1)” , (4.25)

where we defined the rate parameter Ap = Y, w,, and the jump size distribution

| e
w(y) = P Y, wad (y— %) ; (4.26)

—=—o00

with the dimensionless transition rate w, = W, /iQ (n € Z). The functional yNg is identical
to the characteristic fuctional for the compound Poisson processes (3.71).
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In the weak tunneling regime, dominant contributions of the non-Gaussian noise comes
from the lowest-order terms of the transition rate Eq. (4.24);

Wer = ie [ 5201 (@) fi(0)
TLR ev

= o T eEare” (4.27)
d
Wor = 1Tir [ 52 fel@) (1~ fe(@))
Tie__eV (4.28)

- o e?VhBarc _ 1°

The transition rate Wi (W_) is proportional to the probability for an electron to be trans-
mitted from the left (right) lead to the right (left) one.

As the non-Gaussian characteristic functional is structurally equivalent to the cumulant
generating functional (1.9) for the QPC without the detector, the transition rate W, is
directly related to the current fluctuations. According to the full counting statistics, the
higher-order cumulants of the current fluctuation are generated by introducing the counting
field . If we consider the weak-tunneling regime for simplicity, the QPC action is
expanded in terms of the counting field as

iSqpc(X) = (Wit (€% —1) +W_y (e7* —1)]
= (W1 —=Wo1) (i) + (Wi +Wor) (i0)* + 0 (1), (4.29)

The current and noise through the QPC are obtained as the coefficients, which are related
to the transition rate W,, as

I= (Wei —W_1), (4.30)

St

S= " (Wy1+Wo1), (4.31)

SIS

respectively.

Stochastic interpretation

In the following discussions, we consider the overdamped regime (y > 1). The partition
function Eq. (4.20) is written in terms of the two characteristic functionals (4.21) and
(4.25) as

Z= / DoPDo’ x[9° anG (@] exp {i / ds@*(s) (—g - —> wp(s)} : (4.32)

In deriving the equation of motion of the LC circuit, we used the fact that the friction
kernel becomes Markovian under the assumption of the large cutoff @, > 1. The action
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for the total system is

slo%. o) = [ dsg*(5) |- 52 [0 0)+ ] [ asa g o)vis =)

—idp / ds / dy w(y) (ay‘PS(S) . 1). (4.33)

As the characteristic functional is the product of the Gaussian and Poissonian ones,
the “tracer particle” is considered to be driven by the two independent noises obeying the
Gaussian and Poisson statistics. The stochastic differential equation corresponding to the
action (4.33) is

0P 1 T
7w —;¢P<s>+\/;ng<s>+ L idls—s) (4.34)

(MG(s)nG(s)) =2v(s—+'). (4.35)

The statistical property of the Poisson noise, which is often referred to as shot noise, is
determined by the non-Gaussian characteristic functional }Yng. There are two random
variables to determine the shot noise; a set of the arrival times {s;} and the amplitudes {y;}.
The arrival time s; obeys the Poisson process with a rate parameter Ap. The amplitude of
the noise y; is chosen according to the jump-size distribution w(y). In our model, the noise
amplitude at each event takes the value no/y with the probability w;, /Ap.

The physical meaning of the Gaussian and shot noise is as follows. As is clear from
the derivation, the Gaussian noise is induced by the dissipative environment of the detector
circuit. In the classical limit, it is reduced to the Gaussian white noise, i.e. the thermal
noise. The non-Markovian nature of the Gaussian noise is a consequence of the quantum
nature of the environment, which is expected to be relevant at sufficiently low temperatures
[see the discussion below Eq. (4.23)]. The quantum correction to the thermal noise is
discussed later. On the other hand, the origin of the shot noise is the nonequilibrium
current through the QPC. According to Ampere’s law, the instantaneous current produces
a magnetic field, which perturbs the flux in the inductively coupled LC circuit. All the
information of the current fluctuation in the QPC is coded in the shot noise. Hence, the
detection of the current distribution is equivalent to determining the statistics of the shot
noise. This is a reminiscent of the virtual spin 1/2 galvanometer reviewed in section 1.3.
Our model is a more realistic model of the detector by taking its internal dynamics into
account. We note that the statistical property of the shot noise is decoupled from the state
of the LC circuit as a consequence of the separation of the time scales.

4.2.2 Asymptotic scaling

The detector LC circuit coupled to the QPC can be considered as a quantum particle which
is coupled to both thermal and athermal environments. As was reviewed in section 3.4,
a particle coupled to a number of environments has been studied in the previous works
[38, 39], which clarified the three conditions for the non-Gaussianity to emerge:

1. The typical jump size € induced by the non-Gaussian noise is small.

2. The thermal friction coefficient y does not depend on €.
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3. The thermal noise is smaller than or of the same order as £2.

It is straightforward to confirm these conditions in our case. The jump-size distribution
(4.26) indicates that the characteristic size of the jump is given by € = a /¥, which is
small in the regime of weak inductive coupling and large damping. The condition 1 is
satisfied if it is possible to neglect the higher-order terms in the jump-size distribution.
This holds when the transmission coefficient is small; 77z << 1. The condition 2 is trivially
satisfied because the thermal friction coefficient ¥ is irrelevant to the QPC, i.e. the athermal
environment. The condition 3 requires the temperature T at the detector to be scaled as €2,
allowing to define the e-independent scaled temperature 7 = T /€.

With the rescaled variables ¢ = ¢P /e, ¢5 = £¢® and ) = y/¢, the action (4.33) is
scaled as

sio.9°1= [ aso*(s)| - 5. - ﬂ )+ L [ dsas 6°6)v(s—)0°(s)
—idp / ds / aYW() (206 1), (4.36)
with the rescaled jump-size distribution
W(Y) = ew(y)
_ %P :iwwné(y ). (4.37)

This is equivalent to consider the partition function

2 [ Do zaiplasalolewp i [ aso') (5= )l @3
with the scaled characteristic functionals
InxG[¢°) = —— / dsds'9*(s)v(s — s )9*(s), (439)
In ynG[9°] = Ap / ds / AYW() (70 -1)

—/dsfzmln 1+ Tig [ fu(@) (1= fe(@) (')~ 1)
+fr(@)(1 = fu(@)(e O -1)]]. @40

The corresponding Langevin equation is

ap(s) 1 T
ds __}q)(S)J“\/;nG(S)ﬂLTIP(S)v (4.41)

with the Gaussian noise 7)g, whose statistical property is given as (4.35), and the shot noise

) =Y Vib(s—si). (4.42)
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Fig. 4.2 Time scales.

The rescaled shot-noise amplitude ); takes an integer value with the jump-size distribution
W(Y), while the arrival time s; is determined by the Poisson process with a rate parameter

Ap.

4.2.3 Fluctuation theorem

The fluctuation theorem [see subsection 1.2.3 and Ref. [10] for details] imposes strict
constraints on the statistics of the shot noise. With the aid of the identity f7(®)(1 —
fr(@)) = VP fp(w)(1 — fr()), the non-Gaussian characteristic functional (4.40)
satisfies the relation

ANG[0°] = NG [—9° +ieV Bopc] - (4.43)

By expanding the non-Gaussian characteristic functional in terms of the transition prob-
ability, the forward and backward processes represented by the transition rate W, are
mutually related as

Wy, = W_ eV Pare, (4.44)

for n € Z. This relation is nothing but the detailed balance of the transition rate. We note
that Eq. (4.43) is a consequence of the fluctuation theorem in the QPC.

4.2.4 Quantum fluctuation

In the following, we consider the dynamics of the detector circuit away from the classical
limit. The relevant time scales are shown in Fig. 4.2. The characteristic time scale of the
detector LC circuit is determined by the resonant frequency and the decay time constant
as Tgee = min (C/o,1/Q). In the classical regime, the fluctuation induced by the thermal
bath can be described by the inverse temperature 3. The quantum nature of the dissipative
LC circuit becomes relevant at sufficiently low temperatures such that T = BAQ /271 # 0.
Here, B7 can be understood as the quantum-mechanical correlation time of the thermal
bath which is composed of an infinite numbers of harmonic oscillators. We note that the
QPC time scale Tgpc = min (72/eV,hfgpc) is assumed to be much smaller than the other
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time scales so that the quasistationary approximation Eq. (4.15) is applicable. In addition,
we need not consider the memory effect of the friction kernel as the cutoff is sufficiently
large (@w; > 1).

The quantum effect is incorporated via the second term on the right-hand side of
Eq. (4.23), whose kth term gives the contribution

T 1

k
S —ols| _ " —k|s|/T
v ka2 =1 (a)ce Te ) . (4.45)

The exponentially decaying colored noise is a hallmark of the Ornstein-Uhlenbeck process
discussed in section 3.3. The auxiliary variables n,ﬁl =+ obeying the Ornstein-Uhlenbeck
processes

Ing (s) _ —ng (s) +&f'(s)
L= m , (4.46)

(EF(5)EL (') = 268 (s — ') Buas By (4.47)

with ’L']j_ =1/o., T, =T /k, and the Kronecker delta s and 5# s have the same statistical
properties as the fluctuation in Eq. (4.45);

/ 1
(e (s)mp (s)) = T OXP (—Is—5'l/}") S Syuper- (4.48)
k

Hence, it is possible to consider that the quantum fluctuation is decomposed into the
mutually independent auxiliary variables n,f . This discussion is substantiated in the
field-theoretic treatment by applying the Hubbard-Stratonovich transformation.

The overdamped Langevin equation with the quantum correction is

1 T =T .
= =—;¢<s)+\/;no(s>+k§ 5 @+ @] +me(s), @49

with the noise amplitude 7; = 7 /((k/t®.)? — 1) the thermal noise 1y whose statistics is
given by

(Mo(s)Mo(s")) =28(s— ). (4.50)

We note that the 1), term is pure-imaginary because the second term of Eq. (4.45) is
negative. Thus, we were able to map the quantum dynamics of the detector coupled to
the QPC into the linearly-coupled non-Gaussian Langevin equations with the auxiliary
variables.

4.3 Master equation

In this section, we perturbatively solve the stochastic equations (4.42), (4.48), (4.49), and
(4.50) by mapping them to a deterministic equation of the probability density function
(PDF), i.e. the master equation. In section 3.3, we showed that the Gaussian processes are
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described by the Fokker-Planck terms and the non-Gaussian noise introduces additional
jump processes. The master equation (3.80) for a single variable is straightforwardly
generalized to a multivariate case.

We denote the PDF ! by P(¢,n,s) with the flux ¢, a set of the auxiliary variables 1,
and the rescaled time s. The corresponding master equation is

JdP(¢,m,s) 19 T 9*P(¢,1,5)
T os 796 0P (9,1, )]+?T
[Wlepud 1 0 Npu 1 0
+Z Z ( a(P +Tlg anlg [nk +,L_]tt anlg )7’(¢717,S)
+Ap/dyW(y) <e3’a¢ - 1) P(d,1,s). (4.51)

The first two terms on the right-hand side of Eq. (4.51) is identical to the Fokker-Planck
equation in the classical limit. The second line, which essentially originates from the
quantum nature of the thermal environment, describes the coupling between the flux ¢
and the auxiliary variables n,ﬁl we sell as their diffusive motion. The last term is the
consequence of the jump processes induced by the shot noise.

The multivariate master equation Eq. (4.51) is reduced to a single-variate one using
the technique discussed in subsection 3.3.2. In this case, the conditions for the short
time constant and the positive coupling constant [50] are expressed as T,f <L land T >0
for an arbitrary natural number k € N and g = +. The former condition leads to the
inequalities 1/@. < 1 and 7 < 1. The latter one further requires a cutoff frequency to
filter the quantum-mechanical energy scale (T@. < 1). Under these assumptions, we can
construct a perturbative solution from the classical limit as

2 (o]
P(o,m,s) Nexp[ Z Z ] [7?(¢,s)+2 Zin,ﬁ‘N,f@,s)]. (4.52)
k=1u=

The coupled master equations for P(¢,s) and N,ﬁl (¢,s) are given by

u77<9N (9,s)
4.53
+Z1,uzifk Y a¢ , ( )
INF(9,s) |1 0 T 92 9 1
ik }(1+¢—)+ a¢2+7tp/dyw (yw—l)——u]N,ﬁ‘((P,@

Tk—:

ds a0

Wk 87?(¢ s)
1/ 4.54
+ v 90 (4.54)

! The classical interpretation of the PDF fails in the quantum regime. In this case, we need to consider
the density matrix of the quantum circuit [4].
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respectively. The equation for the steady-state PDF Psg(¢) is given up to the first order in

T as
0= 1+<p T2 A/dyW(y) 1
(P a¢2 YAp

2 -1 2
I P /e Y T [1——]8—2 Pss(9), (4.55)
% ¢

y 00%| <

with 7, = 1/@. — t/k. With the Fourier transform of the steady-state PDF Pss(A) and the
cumulant generating function Fgs(A) =InPss(1), Eq. (4.55) is solved as

Fss(2) =K () + F§g(A). (4.56)
Here, the solution in the classical limit is known in Refs. [38, 39] as
A= Jaw / cm'e - @57)

The additional kernel describing the quantum correction is

o 1 k
with the parameters
1/2
o= (" i) val) 4.59)
1T nTW, 1
k=3 L—ez (1 ~ tan (mr@y) (nrwc)> - ;} - (4.60)

Here, y(x) = % InT'(x) is the digamma function with the gamma function T'(x) = [ dt ¥ le™".

The factor of K is determined by the normalization of the PDF Pss(0) = 1. The quantum
correction kernel Eq. (4.58) is identical to the characteristic functional of the difference of
the two independent random variables obeying the identical gamma distribution with the
scale parameter 6 and the shape parameter k. The parameters 0 and k are associated with
the amplitude and the arrival rate of the quantum fluctuation, respectively. The quantum
correction does not modulate the mean but the fluctuation of the flux ¢. The quantum
correction vanishes in the classical limit, i.e. InX(1) = 0 for T = 0.
The kernel K can be Fourier transformed for k > 0 as

k—1/2
K0 = =g (5p) K (91/6), @6
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with the modified Bessel function of the second kind Ky (z). The steady-state PDF with the
quantum correction /(@) is related with the classical solution as

Pss(9) = [ do'Kc(o — 0P (9)). 462

The steady-state PDF of the quasiclassical LC circuit is determined if the detailed informa-
tion of the non-Gaussian noise is given as WW())).

As was discussed in the previous work [38, 39], the steady-state PDF of the classical
particle can be utilized to probe the non-Gaussianity of the athermal environment. This
also holds for the quasiclassical particle; we can derive the formula to determine WW()))
from Pgs (@) by using Egs. (4.56), (4.57), and (4.58). The inverse formula is

1 [dA _. 2k62 d -
- Eeﬂm [y)tp+(7+ >7Lz+7t—}"ss(7t) . (4.63)

W) 1+ 6212 dA

The classical limit is recovered for T = 0. The quantum correction becomes significant
when the temperature of the LC circuit is comparable to the variance of the quantum
correction (7 ~ 2k6?). Equation (4.63) is one of the main results of this chapter.

4.4 Results

4.4.1 Quantum correction without non-Gaussian noise

First, we discuss how the quantum correction (4.61) affects the steady-state PDF of the
detector circuit. In order to discern it from the effect of the non-Gaussian noise, we
suppose that there is no transmission in the QPC (T = 0). The steady-state PDF Pgsg(¢)
for the LC circuit in this setup is shown in Fig. 4.3(a). In the absence of the non-Gaussian
noise, the flux in the LC circuit is driven by the thermal and quantum fluctuations. The
amplitude of the thermal noise is 7 = 0.01, and the cutoff is @, = 10. We examine various
quantum-mechanical scales: T =0, 0.01, 0.02, 0.03, 0.04, and 0.05. As is shown in Fig.
4.3(a), the quantum fluctuation broadens the steady-state PDF. The behavior of the quantum
kernel can be qualitatively understood as the increase of the temperature of order 2k62.
We note that this interpretation is not perfect because of the A-dependence of the quantum
correction. The variance of the PDF Gq% = ((¢ — (¢))?) normalized with its classical value
7T is plotted in Fig. 4.3(b) for various values of @.. The cutoff effectively modulates the
quantum effect by controlling the filtering. The T dependence of the variance indicates
that the quantum fluctuation grows as 7 increases. This implies that the quantum effect
cannot be filtered by the cutoff, and the effective temperature becomes higher than the real
temperature.

4.4.2 Non-Gaussian noise in the weak tunneling regime

The non-Gaussian noise produced by the instantaneous current through the QPC signif-
icantly modifies the steady-state PDF. For simplicity, we consider the weak tunneling
regime (T r < 1) so that the lowest-order terms (w. 1) are dominant. As is reviewed in
subsection 1.2.2, the non-Gaussian noise obeys a bidirectional Poisson process [10] in this



88

Detection scheme of non-Gaussian fluctuation in mesoscopic conductors

10

10°

Pss(0)

10°

107

(a)

T

= 0
0.01
0.02
0.03
0.04
0.05

T
-0.6 -0.4 -0.2 0.0

0.2

¢

0.4

0.6

1.8

1.6

&

N$1.4
b

1.2

1.0

(b)

wc
- 10
20
30
40
50
60

0.000

0.005
T

0.010

Fig. 4.3 (a) The steady-state PDF Pgg without the non-Gaussian noise for various quantum-
mechanical time scales 7 with the cutoff @, = 10. (b) The dependence of the variance Gq%
normalized with the thermal noise amplitude 7 on 7 for various @.. The other parameters
are setto Tir =0, y=2.0, and 7 = 0.01.
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Fig. 4.4 (a) The steady-state PDF of the flux in the detector LC circuit coupled to the
QPC at large bias voltage (eV /277Q = 10%). The solid and dashed lines correspond to
Tig=4-10"%and Tjr = 1.6- 1077, respectively. (b) The dependence of the skewness
(dashed lines) and the kurtosis (solid lines) on Ap for various values of 7. The notation
of the colors is the same as the left panel. The other parameters are given by y = 2.0,
T =0.02, @ = 10, and 2whQPgpc = 10°.

regime: The rate parameter Ap is reduced to Ap = w| +w_, and the amplitudes of the
shot noise take two values +1 with the probability w;/Ap [see also Eq. (1.19)].

High bias voltage

With the aid of Egs. (4.27) and (4.28), the transition probability and the rate parameter at
zero-temperature are computed as

PEL _ g(xev), (4.64)
Ap
TLR €|V|
— CLRelV] 4.65
P =D 0 (4.65)

respectively. The sign of the shot-noise amplitude is determined by that of the bias voltage
as the current flows unidirectionally at zero-temperature due to the Fermi statistics. The
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Fig. 4.5 (a) The steady-state PDF of the flux in the detector LC circuit coupled to the QPC
without the bias voltage (V = 0) and at finite temperature (27hQBgpc = 10~3). The solid
and dashed lines correspond to T g = 4 - 10%and Tig =1.6-107°, respectively. (b) The
dependence of the kurtosis on Ap for corresponding 7. The other parameters are set to
Y=2.0,7 =0.02, and . = 10.

rate parameter is given by the product of the attempt rate e|V|/27wh€2 and the transmission
coefficient 77 z. The steady-state PDF for the detector LC circuit coupled to the QPC in the
shot-noise regime (27QBopc = 10% and eV /27AQ = 10°) is shown in Fig. 4.4(a). The
curves are plotted for various quantum-mechanical time scales 7. The rate parameter is
estimated as Ap ~ 0.004 (Ap ~ 0.016) for Trg = 4-10° (Tzr = 1.6-1079), respectively.
Hence, the variance induced by the shot noise is smaller than or comparable to that of the
thermal noise (7" = 0.02). As can be understood by comparing the results with and without
the shot noise (Figs. 4.3(a) and 4.4(a)), the shot noise induces the shift and asymmetry
of the PDF; it has a long tail for the positive region of ¢. Moreover, the PDF exhibits a
characteristic step around ¢ = 1 because the amplitude of the shot noise is discretized due
to the granularity of the electron transport in the QPC. The quantum correction smoothens
the non-Gaussian structures of the PDF. Nevertheless, the T dependence is weak around
¢ ~ 1, where the shot noise is dominant.

The non-Gaussianity of the steady-state PDF is quantified in terms of the skewness
(¢ — (¢>)3>/6£ and the kurtosis ((¢ — (¢>)4>/G$ — 3). The dependence of the skewness
and the kurtosis on the rate parameter Ap is shown in Fig. 4.4(b) as dashed and solid lines,
respectively. The notation of the colors is the same as in Fig. 4.4(a) in that each color
represents the curve with corresponding values of 7. In the regime where the shot noise
coexists with the thermal noise (Ap < 7 = 0.02), the non-Gaussianity develops as the rate
parameter Ap increases. When the shot noise becomes dominant over the thermal noise,
the non-Gaussianity begins to be suppressed. This is consistent with Van Kampen'’s theory
reviewed in subsection 3.4.1 because the flux is effectively driven by a single environment.
The broadening of the steady-state PDF due to the quantum fluctuation manifests itself as
the decrease of the non-Gaussianity for larger values of 7.

Finite temperature without bias voltage

The non-Gaussian noise is induced by the QPC even at high temperatures without the bias
voltage because of its nonlinear coupling to the LC circuit. The transition probability and



90 Detection scheme of non-Gaussian fluctuation in mesoscopic conductors

Fig. 4.6 The transition of the steady-state PDF from the non-Gaussian to the Gaussian
distribution for large Ap = Trr/ThQPBqpc with the fixed inverse temperature 27QBopc =
1073, The solid and dashed lines correspond to T = 0.05 and 7 = 0, respectively. The
other parameters are set to the same values as in Fig. 4.5.

the rate parameter are computed as

W1 1
S 4.66
T (4.66)
Tir
Ap=—n. 4.67
P ﬁhQﬁQpC ( )

At finite temperatures without the bias voltage, the shot noise amplitude becomes either
positive or negative with the same probability because the current through the QPC is
bidirectional and unbiased. The rate parameter is proportional to the product of the
temperature and the transmission coefficient. The rate parameters for the solid lines
(Tigr = 4-107%) and dashed lines (Tpz = 1.6- 10~°) are estimated as Ap ~ 0.008 and Ap ~
0.032, respectively, in the steady-state PDF for 2n7QBqpc = 10~3 shown in Fig. 4.5(a).
The characteristic structures of the PDF around ¢ = 41 is smoothened by the quantum
fluctuation as 7 increases. The reduction of the non-Gaussianity by the quantum fluctuation
is also confirmed in the kurtosis plotted in Fig. 4.5(b).

4.4.3 Relation to the central limit theorem

As is expected from Van Kampen’s theory, the steady-state PDF approaches Gaussian as
the rate parameter Ap becomes larger: If the arrival interval of the intermittent noise is
much shorter than the decay time, it is piled up to be Gaussian. The steady-state PDF of
the detector circuit coupled with the equilibrium QPC with a relatively large transmission
coefficient is shown in Fig. 4.6. The solid lines are for the case with the quantum fluctuation
(T = 0.05), while the dotted lines indicate the corresponding classical limit (7 = 0). The
rate parameters are approximately evaluated as Ap ~ 0.008, 0.05, 0.2, 0.8, and 1.8. The
characteristic step around ¢ = +1 are smoothened as Ap increases. Moreover, the quantum
correction becomes less relevant when the non-Gaussian noise plays a dominant role in
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Fig. 4.7 The steady-state PDF of the flux in the detector LC circuit coupled to the QPC
with the finite temperature (277QBgpc = 0.001) and the bias voltage [eV /27AQ = 100
(1000) for solid (dashed) lines]. (b) the logarithm of the ratio w | /w_; estimated by the
inverse formula Eq. (4.63). The solid curves are obtained by properly incorporating the
quantum correction, which is neglected in the dashed lines. Parameters: y=2.0, 7 = 0.02,
@. =10, and T;g = 4.0-107°.

determining the PDF. The behavior is consistent with the Ap-dependence of the kurtosis
shown in Fig. 4.5(b).

4.4.4 Estimation of current distribution

Finally, we come back to our original problem to detect the full counting statistics in the
QPC from the steady-state PDF Psg(¢). This can be done by estimating the transition rate
w1 with the aid of the inverse formula Eq. (4.63). As a demonstration, we estimate the
transition rate in the QPC at a finite temperature (277QBgpc = 0.001) and a finite bias
voltage. The steady-state PDF for the LC circuit coupled to the QPC in this parameter
regime is plotted in Fig. 4.7(a). The solid and dashed lines correspond to eV /27hQ = 100
and 1000, respectively. In contrast to the case without the bias voltage [see Fig. 4.5(a)],
the bias voltage introduces asymmetry of the PDF by modulating the transition rate w. .
Nevertheless, the transition rates are rigidly related with each other as

W4l

In <—) = eV Bopc, (4.68)

w_q

because of the fluctuation theorem discussed in subsection 4.2.3. The logarithm of the
ratio estimated by using the inverse formula Eq. (4.63) is plotted in Fig. 4.7(b) as solid
lines, which perfectly agree with the theoretical prediction Eq. (4.68). In general, the
transition rate which is estimated by neglecting the quantum correction is no longer correct.
The approximate estimate for various values of 7 is shown as dashed lines in Fig. 4.7(b).
The curve for the classical limit (7 = 0) is consistent with the fluctuation theorem, while
the ratio gradually deviates from the correct value for larger 7. This result indicates that
the quantum correction is essential to correctly estimate the transition rate by the inverse
formula.
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4.5 Discussion

In this chapter, we have studied a detection scheme of the current distribution through
a quantum point contact (QPC) by using an inductively coupled detector LC circuit.
With the assumption that the detector dynamics is much slower than the QPC dynamics,
the detector can be considered as a quantum particle driven by the non-Gaussian noise:
the instantaneous current through the QPC generates a non-Gaussian fluctuation in the
circuit. The statistics of the non-Gaussian fluctuation is solely determined by the current
distribution in the QPC as a consequence of the time-scale separation. The quantum
nature of the dissipative circuit becomes also relevant at low temperatures. We have
used a stochastic approach to determine the statistics of the non-Gaussian and quantum
fluctuations from a microscopic viewpoint. The quantum correction of the steady-state
probability density function (PDF) is perturbatively evaluated, and is found to smoothen the
non-Gaussian structure of the steady-state PDF. This behavior is qualitatively understood
as the increase of an effective temperature. We have derived the inverse formula to infer
the non-Gaussian noise from the steady-state PDF. The formula establishes a one-to-one
correspondence between the PDF of the detector circuit and the current distribution in the
mesoscopic conductor even in the classical-quantum crossover regime. The numerical
results indicate that the quantum correction is essential to correctly estimate the statistical
property of the current fluctuation.

As typical values of the bias voltage applied to quantum conductors are set to |eV | <
S50ueV ~ 12GHz in shot-noise experiments, the resonant frequency of the detector we
used is estimated as Q ~ 10 MHz. If the QPC and the detector circuit are placed at
sufficiently low temperature 7 ~ 10mK ~ 0.2GHz to observe the quantum shot noise,
the quantum-mechanical time scale is approximately given as 7 ~ 0.008. Hence, the
quantum correction is relevant for the realistic parameter region. We note that our analysis
cannot be directly applied to the experiment which have tested the fluctuation theorem in a
coherent Aharonov-Bohm ring [see [11] and section 1.4]. In order to reduce undesirable
noises such as the 1/f and the random telegraph noises, the authors of Ref. [11] used the
finite-frequency current fluctuation, which is not available in our setup. It is necessary
to go beyond the quasistationary approximation to detect the current fluctuation in the
dynamical regime [54, 55]. In this regime, the strong electromagnetic coupling between
the conductor and the detector results in the dynamical Coulomb blockade [53]. Further
studies are needed to tell whether the proper treatment of the quantum correction can
explain the discrepancies between the theoretical predictions and the experimental results
[11].
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Chapter 5

Current noise of a charge-fluctuating
quantum dot system

Remarkable advance in nanotechnology enables us to investigate the non-linear transport
in interacting systems. Among mesoscopic conductors, quantum dot systems offer exper-
imentally well-controlled situations to study the interplay of nonequilibrium fields and
two-body interaction. The interacting resonant-level model (IRLM), which was originally
introduced as a variant of the Kondo model [1], is an archetypal model to describe a
quantum dot dominated by the charge fluctuations. The nontrivial transport property which
has been confirmed by a vast amount of works on the IRLM [2-9] is the appearance of
universal power-law behavior in the nonlinear regime. In the scaling regime, where the
lead bandwidth A is much larger than any other energy scales, the [-V characteristic shows
a power-law decay whose exponent depends on the strength of the two-body interaction
[2-4, 6-9]. This is a consequence of a renormalization effect due to the charge fluctuation
in the quantum dot system.

While a unified understanding on the current through the IRLM has been established,
the research of the current fluctuation has been just started recently. A perturbative
approach based on the Keldysh technique was put forward in Ref. [10] to understand the
current noise. Important insights for the noise were gained at a special parameter point
where the model has self-duality [11]. With the aid of this symmetry, the IRLM can be
mapped to a solvable model even under a finite bias voltage [4]. The analysis on the
shot noise using field-theoretic techniques and the density-matrix renormalization-group
method consistently indicates that the quasi-particles with the effective charge e* = 2e are
formed at the self-dual point [12—14]. This is in clear contrast to the noninteracting limit
e* = e. Away from the self-dual point, the bias-voltage dependence of the current noise of
the IRLM is still an open question. In addition, finite-temperature effects have not been
investigated so far. Considering this situation, it is strongly desirable to clarify the current
noise through the IRLM in general parameter regions.

In this chapter, we study a renormalization effect on the current noise of the IRLM in
wide parameter regions using the nonequilibrium functional renormalization group (FRG)
method [15]. Logarithmic divergences, which are major obstacles to go deep into the
scaling regime, are consistently removed in the FRG framework [6, 7]. It is also found
that the renormalization of the hopping between the dot and the leads can be described
using a surprisingly simple approximation [6]. In this chapter, we obtain and solve the
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flow equations of the current vertex functions (2.159) to determine the current noise. For
the on-resonance transport, an artificial divergence of the vertex correction found in plain
perturbation theory with respect to the interaction is consistently removed in our FRG
scheme. Away from the particle-hole symmetric point, a severe divergence which occurs
in the perturbation theory when the dot energy level is aligned with the chemical potentials
is shifted to higher orders. These achievements allow us to gain a comprehensive picture
of the zero-frequency current noise in the scaling limit. We show that the current noise
is governed by a universal power-law scaling in the large bias-voltage regime with an
exponent which, to the leading order in the interaction, is the same as that of the current.
The temperature dependence of the current noise is incorporated consistently with the
fluctuation-dissipation theorem. In addition, the effective charge is discussed by combining
analytic considerations with numerical results of the vertex correction. We conclude that
e¢* = e [14+ O(u?)] with the dimensionless amplitude of the interaction u.

This chapter is organized as follows. In section 5.1, we describe the model and the
FRG scheme to compute the current noise. In section. 5.2, the results for the noise are
presented. A discussion of the results is given in Sec. 5.3.

5.1 Model and formalism

5.1.1 Model

We consider the charge-fluctuating quantum dot system without the spin degrees of freedom.
The minimal interaction in this situation is the Coulomb interaction between the spinless
fermion in the quantum dot and those in the leads. The interacting resonant level model
(IRLM) describes such a localized fermion capacitively coupled to delocalized ones in the
left and right leads (see Fig. 5.1). In the following discussions, we use a three-site system,
in which a fermion in the quantum dot, i.e. the central site, feels the interaction with those
in adjacent ones. The hopping amplitudes 74—; r between the three-site region and the
leads are assumed to be much larger than the inter-site one ¢ such that the left (right) site is
effectively incorporated into the left (right) lead. The single-site model studied in [1] is
recovered in this limit [6, 7, 16, 17]. The action of the IRLM is given by

S= Z /dzdzd gdl](z Z)di(Z) + /dde Cak(2) 8o (2.7 )car(?)

ij=1 ocLRk

- ﬁz / dz [tLd_l (2)erk(z) + trd3(2) g (2) +H.c.} +Su. (5.1)
k

The Grassmann fields d;(z) (d;(z)) defined on the Keldysh contour C (Fig. 2.1) create
[annihilate] a spinless fermion on the site i. The creating and annihilating Grassmann fields
of the delocalized fermions in the lead o with the momentum k are denoted by ¢ (z) and
cak(2), respectively. The retarded component of the Green’s functions of the isolated dot is

w+U/2 —t 0

(8) (@)=| — if-(e-U) | (5.2)
0 —t w+U/2
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Fig. 5.1 Schematic of the interacting resonant level model (IRLM).

The energy level of the localized site and its hopping amplitude with adjacent sites are
denoted by € and ¢, respectively. The energy level € is defined such that € = 0 corresponds
to the particle-hole symmetric case. The third term of the action Eq. (5.1) describes the
hopping between the three-site region and the leads with N sites. As was discussed in
subsection 2.3.1, the lesser component of the isolated three-site system is irrelevant in the
steady-state. The retarded and lesser Green’s functions for the noninteracting delocalized
fermion are given by Eqgs. (2.74) and (2.75), respectively. We use units with kg = 1 and
h =1 and elementary charge ¢ = 1. The interaction part is given by

Sy=-U / dz (d>(2)da (2)d1 (2)di (2) + da(2)da (2)d3 (2)da (2)) - (5-3)

The noninteracting reservoirs can be integrated out yielding the action

3
S = Z /dzdz'cL(Z)G&}(z,z’)dj(z’)-I-Su, (5.4)
=1

where G, Yz,7) = g;l (z,2)—Zy !(z,7). The tunneling self-energy is given as

Y (z,7) 0 0
Xo(z,7) = 0 0 0 : (5.5)
0 0 Zg(z,7)

with Eq. (2.101). We suppose that a bias voltage V is applied symmetrically to the
equilibrium leads at the inverse temperature 3. The Fermi-Dirac distribution is given
by fo(®) = 1/(eP(@=Ha) 1 1), where the chemical potentials are y; = &r +V /2 and
Ur = €r —V /2 with the Fermi energy €r. The Fourier transforms of the tunneling self-
energies are obtained as

—iATL 0 0
Nw) = 0 0 0 : (5.6)
iAR
0 0 -—~
iAL (2fr(@)—1) 0 0
=X (w) = 0 0 0 . (5.7)
0 0 IAR (2fR((D) — 1)
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Here, we suppose that the bandwidth Ay, = 27pgt2 with the frequency-independent density
of states py. For simplicity, we assume Ay = Agp = A. As the particle-hole symmetry
€ = 0 corresponds to the resonant transport, we often refer to this case as the on-resonance
situation.

5.1.2 Functional renormalization group approach
Reservoir cutoff scheme

In setting up the functional renormalization group approach discussed in subsection 2.4.4,
we utilize the reservoir-cutoff scheme [16, 17]. One of the most crucial advantage of this
scheme is that the KMS condition is automatically satisfied, enabling the calculations
consistent with the fluctuation-dissipation theorem. In the reservoir-cutoff scheme, the
regulator function R [see Eq. (2.141)] is introduced as

Ry (0) = %\1, (5.8)

RX(0) = —iA2fux(®) —1]1, (5.9)

where faux (@) is the Fermi-Dirac distribution function at the inverse temperature f,,x and
1 is the identity matrix of dimension three. This prescription is equivalent to consider
additional structureless reservoirs (see Fig. 5.2). It was shown in the previous work
[18, 19] that results for the current are independent of the choice of B,ux. In the following,
we use the auxiliary reservoirs at infinite temperature, i.e. fyux(®) = 1/2, so that the
Keldysh component of the regulator function vanishes. The full Green’s function with the
interaction-induced self-energy Xy 4 is obtained by the Dyson equation

(G (@)
Gi(0)

(G)) ™' () + Ry (0) — Zjy A (), (5.10)
G} (0) [Z5(0) +Z§ A(0)] G\ (o). (5.11)

The retarded and the Keldysh components of the scale-dependent propagator Sy (z,7') [see
Eq. (2.156)] are obtained as

—i

Si(@) = 2 G} ()G} (0), (5.12)

sK(@) = 5 G\ (0)GE () + 1 GK(0)G) (). (5.13)

AiAA
- o o

Fig. 5.2 Reservoir-cutoff scheme.
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dXy, A

-
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- O
T = v I
+ o+ (o

Fig. 5.3 Diagrammatic representation of the flow equations of (a) the self-energy and
(b) the three-point current-vertex function in the static approximation. The gray square
represents the bare two-particle interaction. The open and gray circles are diagrammatic
representations of the bare and the dressed three-point current vertex functions, respectively.
The inner line denotes the Green’s function G while the slashed one denotes the scale-
dependent propagator Sx.

Truncation of the flow equation

In order to implement numerical calculations, we need to truncate the infinite hierarchy of
the flow equations (2.152). In the following, we use the lowest-order truncation, which
is known as the static approximation [15], to determine the flow equations of the self-
energy and current-vertex functions. We consider the Hartree-Fock-type diagram for the
self-energy and the RPA-type diagram for the vertex function [see Fig. 5.3]. In the static
approximation, the flow equation of the four-point vertex function is ignored, and its value
is replaced by the anti-symmetrized bare two-particle interaction Uy ;. In spite of its
simplicity, this truncation for the self-energy is known to describe rich properties of the
[-V characteristics due to the built-in renormalization effect [15]. In particular, logarithmic
divergences found in the plain perturbation theory are consistently resummed to power laws
[6]. Hence, we expect that it is a good starting point to examine the current noise by solving
the flow equation of the current vertex functions within the static approximation. We note
that higher-order corrections can be systematically included in principle by incorporating
flow equations of higher-order vertices.
The flow equation of the self-energy is obtained as

d

iUi;' do
(), = L [ 52 (8K), (@), (5.14)

Within the present approximation, the self-energy is independent of the frequency due to
the structure of the right-hand side. Hence, the single-particle Green’s functions can be
interpreted as effective noninteracting ones with renormalized parameters.

As we are interested in the current fluctuation in the steady state, we focus on the vertex
functions related with the current from the left reservoir to the quantum dot region. The
flow equation of the retarded component of the interaction-induced part of the three-point
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vertex function (2.123) is given by

d (_o)\™ WU 2\ K 2\ K

ﬁ(yf\ >ij;L_ 2 {(q)/\ >1k+(¢A >lk’ (5.15)

with
(2.1) K:/a’_w . 2,1\ ~K K 2D\® qa
(807)" = [ 52 [sai@) (1) 6K(@) +50) (15) 61 (o)
K;s Kss

+Si (@) (W) T GA(@) +SK(w) (V) ] GK(wH(MG)], (5.16)

and
K dow a K;s .
(cb(Az,l)) E/E lSA(co) (75\2’1)>;L GA(a))+(S<—>G)]. (5.17)

The abbreviation (S <> G) denotes the terms which are obtained by mutually replacing S
and G in the preceding ones in the same parentheses. Similarly, the flow equation of the
Keldysh component is obtained as

7 (Y(AZI»I?L: S (@V), + (a8):]. (5.18)

CRAE / do [srA(w) (y@l))f G, (0) +SK (o) (yf”)is Gl () + (S G)] :

21 A
(5.19)
2\ _ [dO | 2,0\ %S a a 2N\Ks
(ef") = [ 52 [sA<w>(yA )., Gr@)+8i(@) (1)) GA<w>+<S<+G>].
(5.20)

The argument of the three-point vertex functions is omitted as these turn out to be inde-
pendent of the frequency in the static approximation. In contrast to the self-energy, these
vertex functions do not have a simple interpretation in reference to a noninteracting model.

Using the initial condition and the flow equation, we can prove the symmetry relations
for the three-point current-vertex functions;

()] = ()"
<Y(AZI)>ITL E (Y(AZI))TSL (5.22)
()] = ()
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In the static approximation, we can derive the additional relations

() - ()
- ()

Hence, it is sufficient to determine the retarded and the Keldysh components of the three-
point vertex function.

We determine the self-energy and the three-point current-vertex functions by solving
these flow equations numerically, and use the functions at A = 0 in the formula of the
current noise given in Egs. (2.130)-(2.134).

Initial condition

We consider the model with A;,;; — oo as the initial one of the flow as all the vertex functions
defined in Eq. (2.120) can be calculated exactly in this limit. The initial conditions of the
self-energy and the vertex functions are computed in the following. The set of coupled
flow equations has to be integrated down to A = 0 at which the auxiliary reservoirs are
decoupled and the original model is restored.

The initial condition of the self-energy for Aj,jr — oo is written as

(ZUAu) (@) = Una, (5.26)
(ZU Ay )2y (@) = Urni +Usns, (5.27)
(ZU Ay )33 (@) = Usna, (5.28)
(T8 A) 1 (@) =0, (5.29)

where n; is the occupation of the ith site.
As all the internal propagator is suppressed in the limit of Ajpje — oo, the initial current-
vertex functions are identical to those of the noninteracting system;

p/p ;S-S p/p 388
() ) = (06) " it (forn>0). (5.30)
ini ij;00 0y ij;00 -0y
The noninteracting current-vertex functions can be determined using the Ward-Takahashi
identity
2,1 .
(W), €sd) =i[6(2) ~ 6] (Bl (2. (531)

The other components of the three-point vertex functions are zero because the source field
AL(z) is only included in the (1,1)-component of the tunneling self-energy Eq. (5.5). The
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initial conditions of the three-point current-vertex functions are obtained as

(o)), (@10 1:0) = ~0181 86,1801 = 21 (00), (532)
170
(2,1)) &8 .
(7hn)).., (@1, 00:0) = 8181801801 = 2fi (0n), (5.33)
17,0
2.1) K:s
(Ya)). (@1,01:0) = ~ 818180141, (5.34)
init ij;al
2.0)**
('}'Aimt ) o (@1, 01;0) = 6161 6cy AL (5.35)
17500

Here, we show only the case with @; = @; because we focus on the zero-frequency current

K:s
noise in this chapter. We note that ('}'5&53) does not need to be zero. The multi-point

current vertices are determined by recursively using the Ward-Takahashi identity, and the
initial conditions for four-point current-vertex functions are

(22)) " :
(YAM >l_j.a o (@1, 01;0,0) = 2i6;10/100,1.00,L AL (5.36)
»U]
(22)) %% : ;
(78), g (@10 01:0.0) = 285181 0,8 . (5.37)
>
(2.2)) 58 :
(Th), 0, (@1 1:0.0) = 21818 0 Bens A (1~ 2f1 (@1)) (538)
»U]
22\ Kiss :
(var )ij'a o (01,00:0,0) = 21615185, 8Ar (1 2 () (5.39)
»U

The initial conditions of the four-point and higher-point vertex functions are determined
by the bare action. If we denote the anti-symmetrized bare two-particle interaction [20] by
Uij.xi> these vertex functions are written as

(4,0))”“’5;”1p2 ;o by —p1Uija if p1 = py = p1 = p2,
( (wlaa)Zawl7wl+a)2 (D])— 0

Ainit ) k1 otherwise.
(5.40)
I ~7 " n
4 P1P23P1P2:PY P
(vam)” (0], @h: 01, 0207, @) =0 (m>0). (5:41)
nit lj;kl;al"'a;;z

5.2 Results

In the following discussions, we focus on the scaling regime where the bandwidth A is
much larger than any other energy scales. It was established by earlier studies that the
universal features of the steady-state current, such as the power-law behavior at large bias
voltages, manifest themselves in the scaling limit [2—4, 6-9]. The characteristic energy
scale governing the low-energy physics of the IRLM is introduced as Tk = 8|7™"|? /A with
the renormalized hopping amplitude 7" =7 + Xi,|;_,_._, obtained at the end of the
flow (see e.g. Ref. [6]). An alternative definition of the scale using the susceptibility is
discussed in Appendix 5.A. The current shows a crossover from the linear-response regime
to a power-law decay at V ~ Tx [4, 6].
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Fig. 5.4 The dependence of 81 on the dimensionless interaction u for various values of
V /Tx. The parameters are set to 7/A = 0.001, €/Tx =0, and T /Tx = 0.

5.2.1 Consistency with the Meir-Wingreen formula

A standard approach to compute the current through an interacting system is to use the
Meir-Wingreen formula with the self-energy [21]. In this subsection, it is shown that
an alternative FRG formulation can be developed by solving the flow equation for the
current (2.160). We show that the current thus determined is indeed consistent with the
results with the Meir-Wingreen formula up to the controlled order. As the three-point
current-vertex functions enter the flow equation for the current, this consistency validates
our reformulation of the transport in terms of the FRG approach.
The explicit expression of the current using the Meir-Wingreen formula is given as

XV = 5[40 [1(0)((0) ~ fi(@) + T (@) (i(0) - fan(@)] G542
with

T/x(©) =ALAR (G}) 13 (@) (G, (@), (5.43)

Tioux (©) =ALA (GL G )4, (0). (5.44)

This should be equivalent to the current obtained by solving its flow equation, which is
denoted by IROW. If we denote their difference by 01 = Ik’lw — IR"W, its flow equation is
given by

doly -l [do r (=25 a (21| ® K [20) K:s
A2 -5%-BSA%j<7k >ji;L+(SA)"f(yA )ﬁ1f+(SA%f<7A >ﬁi
dx; ax? dxs
A (2F —1 r U a U a r U ~K
el >( AdAGA Ca AGA>11( AdAGA 11

dz?
+AL (Gﬁ y /(’ Gjl\)l } : (5.45)
1
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Fig. 5.5 The vertex correction Sy calculated using the FRG scheme (solid lines) and the
plain perturbation theory (dashed lines) for various values of ¢ as a function of V. The
parameters are set tou = 0.1, £/Tgx =0, and T /Tx = 0.

with the initial condition 04, = 0. The right-hand side should be zero within the
approximations that we use.

Equation (5.45) together with the expression for the self-energy Eq. (5.14) as well as
the vertex functions Egs. (5.15) and (5.18) can be solved numerically. The resulting value
of the relative difference, |61| /IMW as a function of the dimensionless interaction u = U /A
is plotted in Fig. 5.4. Within the static approximation the difference should be of second
orderin u,i.e. 0 = 0lp—¢ = O(uz), which is confirmed in Fig. 5.4 for various values of
V. This finding indicates that we can consistently determine the current by solving its
flow equation and that the flow of the current-vertex function was properly implemented.
Hence, we can correctly reproduce all the known results for the current, e.g. a power-law
scaling with a U-dependent exponent at large voltages from the current determined by the
new scheme.

5.2.2 On-resonance current noise

As the current is governed by the single universal energy scale Tk, it is natural to expect
it as the characteristic energy scale of the current noise as well. As long as we are
concerned with the zero-frequency current noise in the steady state, it is sufficient to
focus on the component S = Sy (® = 0) due to the charge conservation. If we denote the
zero-frequency bubble term (2.130) and the vertex correction (2.131) by Sy = SgL(a) =0)
and Sy = SgL(a) = 0), respectively, the current noise can be written as

S=S80+Su. (5.46)

In this subsection, we consider the current noise for the on-resonance transport (€ = 0).

Necessity of renormalization group treatment

In order to calculate the current noise, we need to determine the current-vertex functions,
which enter the expression for the vertex correction [see Eq. (2.131) and Fig. 2.5(b)]. The
three-point vertex function can be computed either by using plain perturbation theory or
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Fig. 5.6 The dependence of noise S and its logarithmic derivative dInS(V)/dInV on V
for various values of u. The parameters are set to €/Tx = 0,7/A = 0.001, and T /Tx = 0.

by solving the flow equations (5.15) and (5.18). It is established in the previous study that
the self-energy is plagued by a logarithmic divergence when it is computed in the plain
perturbation theory [6]. To avoid this known problem, we use the propagators with the
self-energy computed within the FRG scheme. Thus, we single out a possible divergence
of a perturbatively calculated three-point vertex function. The V-dependence of the vertex
correction Sy obtained by perturbation theory and FRG is compared in Fig. 5.5 for various
values of 7/A. The both vertex corrections are divided by the bubble term Sy, which
is free from artificial divergences. A significant difference is that the results obtained
by perturbation theory in the linear-response regime becomes gradually larger as we go
deeper in the scaling regime 7 /A < 1. The artificial divergence around V = 0 prohibits
us to correctly analyze the scaling limit with the plain perturbation theory. The vertex
corrections calculated using FRG for the three-point vertex are free of this problem and
collapse into a single curve if rescaled by Tx. This indicates that the FRG regularizes the
divergences of the vertex correction as is the case for the self-energy.

Zero-temperature current noise in the presence of the bias voltage

The dependence of the zero-frequency current noise on the bias voltage V is shown
in Fig. 5.6 for various u. Both the self-energy and the vertex function are determined
by numerically solving their flow equations. The logarithmic derivative of the noise
dIn[S(V)]/d1In(V) is also plotted to read off the exponent with respect to the bias voltage
V. At small bias voltages V < Tx, the curves for the current noise scaled with Tx are
proportional to V3 and collapse into a single one. This indicates that the prefactor of the
leading term proportional to (V /Ti)? is independent of the two-particle interaction. For
u = 0, the current noise computed in our three-site problem agrees with the analytic result
for a lattice model discussed in Ref. [22] [see the thick dashed line in Fig. 5.6].
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Fig. 5.7 (a) The dependence of the logarithmic derivative of the current and noise on V for
various values of u. (b) The exponents for the current (blue squares) and noise (red circles)
read off at large bias voltages for various values of u. The black dashed (solid) lines in the
left (right) panel are the analytic result for the current [see Eq. (5.47)]. The parameters are
€/Tx =0,t/A=0.001,and T /Tx = 0.

It is established that the current shows a power-law decay at high bias voltages

_Adu
T

I[Tx ~ (V/Tx) =, (5.47)

whose exponent is correct up to the first order in u. The constant logarithmic derivative of
the noise at large voltages (V > Tx) in Fig. 5.6 indicates that the current noise exhibits
power-law behavior in the same regime. The exponents read off from the logarithmic
derivatives of the current and noise at large bias voltage are compared in Fig. 5.7. The
dashed lines in Fig. 5.7(a) and the solid line in Fig. 5.7(b) are the analytically obtained
exponent for the current —4u/m [6]. The exponent of the noise is found to reach the
same value as that of the current at sufficiently large bias voltages. Previous works
employing FRG showed that the behavior of the current can be understood from an
effective noninteracting model with a renormalized hopping amplitude [6]. However,
whether the effective noninteracting model can also describe the noise is not obvious
because the current-vertex corrections enter its expression. The contribution of the vertex
correction to the current noise is discussed in more detail in the next section.

Finite temperature current noise

The dependence of the equilibrium thermal noise S on 7 is shown as the solid lines in
Fig. 5.8. The fluctuation-dissipation theorem states that the thermal noise is related with the
linear conductance G =d 1/dV|,,_, as S =4T G, which are plotted as the dashed lines. The
excellent agreement confirms that the fluctuation dissipation relation is indeed guaranteed
in the reservoir-cutoff scheme. The observed power-law decay of the thermal noise at
high temperatures in Fig. 5.8 can be understood as a renormalization of the transmission
amplitude.

The finite-temperature current noise as a function of V is plotted for 7 < Tx and
T > Tx in Fig. 5.9(a) and (b), respectively. The black dashed lines in Fig. 5.9(a) are the
thermal noise calculated via the fluctuation-dissipation theorem 47 G for each temperature.
The current noise obeys the fluctuation dissipation relation in the zero-bias limit; S(V —
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Fig. 5.8 The dependence of the equilibrium noise S (solid lines) and its logarithmic
derivative dInS(7T)/dInT (dashed lines) on T for various values of u. The fluctuation
dissipation theorem requires the equilibrium noise to be related with the conductance G
as § = 4GT, which are plotted as dash-dot lines. The parameters are set to £/7g = 0,
V/Tx =0, and t /A = 0.001.

0) = 4TG. The crossover from thermal to shot noise occurs around voltages such that
S3V3 ~ TG, where S3 is the coefficient of the V3 term in the current noise S. The power-
law decay of the current noise is observed in the high-bias regime as it is for the zero-
temperature noise. The current noise at high temperatures 7 >> Tk is shown in Fig. 5.9(b).
The power-law decay at high-bias voltages still survives when the bias voltage is larger
than 7. It is found that the current noise exhibits a power-law decay at sufficiently large
voltages; V > max{T,Tx }. Due to this renormalization effect, the value of the current
noise at high voltages can become even smaller than the value in the zero bias limit. We
note, however, that the current is suppressed as well with the same exponent.

Effective charge in the weak interaction regime

The ratio between the noise and the current can be interpreted as an effective charge of
carriers when the transport is governed by the Poisson statistics [23]. At the particle-hole
symmetric point, the effective charge is defined as the ratio between the noise and the
backscattering current [12, 13] as

. S(V)
| 5.48
¢ TV 205 (V) >-4%)
with the backscattering current
Igs =GV —1. (5.49)

In the noninteracting case u = 0, the effective charge e* is e as is expected for the resonant
level model [see subsection 2.3.1 for details]. The self-dual point [12, 13] is another solv-
able case reached at a relatively large interaction in the presence of the particle-hole symme-
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Fig. 5.9 The dependence of the noise on V for (a) T < Tk and (b) T > Tx for various
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Fig. 5.10 The dependence of the ratio between the noise S and the backscattering current
Igs on V for various values of u. The parameters are set to €/Tg = 0, t/A = 0.001, and
T/Tx = 0.

try. At this point, field-theoretical techniques and the density-matrix renormalization-group
approach were utilized to show that the effective charge is 2e. However, It is totally
unknown so far how e¢* develops from e to 2¢ when u is increased. In this subsection, we
study this issue using our FRG scheme. Since our scheme is based on an expansion in
terms of the interaction strength (on the right-hand side of RG flow equations), we are
bound to small to intermediate u.

The dependence of the ratio S/2Igs on V is shown in Fig. 5.10 for various values of u.
The value of e* /e can be read off at V /Tg = 1072, It is found that ¢* does not depend on
the interaction in our approximation. As all the contributions to linear order in u are kept
in our FRG scheme, we conclude that ¢* /e = 14+ O (uz). This numerical observation can
be substantiated by combined with the following analytic considerations.
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Fig. 5.11 The vertex correction Sy divided by u*S calculated using our FRG scheme for
various values of u as a function of V. The parameters are set to €/Tx =0, 1/A = 0.001,
and T /Tx = 0.

We, first, consider the leading term of the backscattering current Igg with respect to the
bias voltage V. In the linear-response regime, the transmission amplitude

Tir(@) = ALAR(GY) 3 (@) (GY)3 (). (5.50)

can be expanded in terms of the bias voltage as

1% 2
Tig=1,% -1, (T—K) SR (5.51)

Here, the frequency dependence of the transmission amplitude is neglected as we focus on
the small bias-voltage regime (V < Tx). Since we are concerned with the on-resonance

transport, the first term is unity TL(g) = 1. The second-order coefficient is obtained as

TL(I? = 1/3 because field-theoretical considerations [24] have shown that the backscattering
current is given by

=g (1) 4D () vo ]
(5.52)

which is consistently obtained by FRG (see footnote [52] of Ref. [24]; for a similar analysis
of the current as function of temperature see Ref. [19]). We note that this result can be
reproduced by our numerical calculations with the properly chosen Tk (see Appendix 5.A).
This shows that the nonlinear coefficient of the current and noise can be reliably obtained
by our numerical calculation.
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As for the bubble term of the current noise, the lowest-order contribution in V at
zero-temperature (7 = 0) and on resonance (TL(I? = 1) is obtained as

So 1/vY° (2)
—=—| = Ty . 5.53
]k 7F(7k) LR ( )

Then, the effective charge (5.48) is directly associated with the vertex correction Sy as

37'L'SU

ef =1+ —
(V/Tx)

(5.54)

V=0

This relation shows that the U-dependence of the effective charge is incorporated via the
vertex correction.

The remaining question is whether the leading (V /T )? term in the vertex correction
has an correction of order u. The answer is negative as is numerically seen in Fig. 5.11, in
which the vertex correction divided by u? is plotted for various values of «. From this figure,
it is evident that S;; depends on u and V as |Sy| /Tk o< u?(V /T )* in the linear-response
regime (V < Tx). Because of the prefactor of order u? , the vertex correction is not under
control within the static approximation which only contains terms of order u. However,
the vertex correction does not contribute to the effective charge because it is of order V4
while the bubble term scales as V3 in the linear-response regime (V < Ti). These analytic
and numerical considerations on the effective charge and the numerical observation of the
vertex correction consistently lead us to the conclusion that the effective charge e* shown
in Fig. 5.10 is not dependent on the two-body interaction u up to the first order. In order to
discern whether the correct u? term is proportional to V3 or not, we have to use the higher
order truncation schemes.

5.2.3 Current noise away from particle hole symmetric point

In this subsection, we investigate the current noise away from the particle-hole symmetric
point (€ # 0).

Breakdown of plain perturbation theory away from resonance

We start by considering how the plain perturbation theory breaks down in the particle-hole
asymmetric case. The bias-voltage dependence of the noise with the three-point vertex
functions calculated with plain perturbation theory is shown in Fig. 5.12(a) for different
values of u and 7/A. Here, all propagators entering in the current vertex function are
computed in the FRG scheme to suppress the artificial divergence originating from the
self-energy. The peak located around V /2 ~ € divergently develops as we go deeper into
the scaling regime (1/A < 1). The vertex correction Sy divided by the product of the
two-body interaction u and the bubble term Sy is shown in Fig. 5.12(b), in which the
diverging peak is found to have a prefactor of order u. The plain perturbation theory cannot
be used to study the current noise away from particle-hole symmetry in the scaling limit
even for very small u.

The current noise and its vertex correction determined by solving their flow equations
Egs. (5.15) and (5.18) are shown in Fig. 5.13. The divergent behavior of the current noise
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Fig. 5.12 (a) The current noise S and (b) the vertex correction Sy divided by uSy calculated
from a plain perturbation theory for various values of u and ¢ away from the particle-hole
symmetric point as a function of V. The parameters are set to € /Tgx = 10 and T /Tx = 0.

= $/A=0.001u=0 ‘ ¢SSEEEEERELLLLLL 103 = =
1 t/A=0.001 u=0.01 Y
10" H t/A=0.001 u=0.02 y = 10% E -
t/A=0.01 u=0 —_
t/A=0.01 u=0.01 o8 10t ]
- t/A=0.01 u=0.02 ~
) < 100 - o
w102 L i ~ = #/A=0.001u—0.01
".' U)b 1 t/A=0.001 ©=0.02
o N10° ¢ /A =0.001 u=0.03[]
''''' - #/A=0.01 u=0.01
Jpes. 10° t/A=0.01u=0.02 [
5 P 3 /A=0.01u=0.03
10 Xl 5 10 < )
10 10 10 10
V/Ty V/Tk

Fig. 5.13 (a) The current noise S and (b) the vertex correction Sy divided by u*S calculated
using our FRG scheme for various values of # and # away from the particle-hole symmetric
point as a function of V. The parameters are set to €/Tx = 10 and T /Tx = 0.

observed in Fig. 5.12(a) is essentially removed for the curves in Fig. 5.13(a) for /A = 0.01.
This indicates that our FRG scheme regularizes the leading-order divergences as for the
self-energy. In order to analyze the weak features still visible in the deep scaling regime
t/A = 0.001, we plot the vertex correction Sy divided by u2S in Fig. 5.13(b). This figure
shows that the divergence with a prefactor of order u of plain perturbation theory [see
Fig. 5.12(b)] is pushed to order u#?> within the FRG scheme. We cannot get rid of the
artificial divergence of order 1> within the static approximation which is valid up to the
linear order in u. This second-order divergence manifests itself as the artificial dip of the
noise appearing in Fig. 5.13(a) in the deep scaling regime (/A = 0.001). In the subsequent
discussions, we take /A = 0.01, where this artifact of order u? is negligibly smaller than
the bubble term.

Off-resonance current noise

The current noise as a function of V is shown in Fig. 5.14 for various values of u. In
the linear-response regime (V' < Tx), the current noise is proportional to V in contrast to
the resonant transport [see Fig. 5.6]. At large bias voltages, the current crosses over to a
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Fig. 5.14 The dependence of the current noise S on V for various values of u away from
the particle-hole symmetric point. The parameters are set to €/Tg = 10, 1/A = 0.01, and
T/Tx = 0.

power-law decay with an interaction-dependent exponent aig = —4u/m. This accordance
with the on-resonant case € = 0 is reasonable as the bias voltage dominates the transport
regardless of the presence or absence of € for V > €.

The dependence of the current noise on € at a fixed value of V' is shown in Fig. 5.15.
The noise is constant for € < V as the level is placed inside the bias window. The &-
dependence of the noise is visible when the level energy is away from the bias window
(¢ 2 V/2). For large € > Tx, the noise crosses over to a power-law decay as a function of
€ as the level position works as the cutoff of the renormalization in this case. For u = 0O the
exponent is —2 and the interacting part of the exponent is found to be twice as large as that
of the V-dependence; see the logarithmic derivative shown in Fig. 5.15 for £ /Tx < 1 and
e/Tx > 10.

5.3 Discussion

In this chapter, we have investigated the current noise through a charge-fluctuating quantum
dot system. The minimal model for the interacting spinless fermion in the quantum dot is
given by the interacting resonant-level model (IRLM), where the transmission amplitude
between the dot and the leads is significantly renormalized by the two-particle interaction
u. We have developed a nonequilibrium functional renormalization-group (FRG) scheme
to investigate the current fluctuation in wide parameter regions which previous works could
not have addressed. In contrast to the current which is solely determined by the self-energy,
the current noise requires computation of the current vertex function. We start with the
lowest-order truncation with respect to the two-particle interaction « to derive and solve the
flow equation of the current vertex function. The simple approximation allows a unified
picture of the current noise through the IRLM in the wide parameter regions including the
case without the particle-hole symmetry.
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Fig. 5.15 The dependence of the current noise and its logarithmic derivative on € for
various values of u. The parameters are set to V /Tgx = 5,¢/A=0.01,and T /Tx = 0.

In the scaling limit, where the bandwidth of the lead is much larger than any other
energy scales, the current noise calculated in plain perturbation theory is plagued by
artificial divergences. We have confirmed that the divergence originates from the vertex
function which enters in the vertex correction to the current noise. Our FRG method
removes the divergence at the particle-hole symmetric point, allowing a reliable analysis
in the deep scaling limit. In this regime, the current noise at high bias voltages shows
a power-law decay with the same exponent as that of the current. A finite-temperature
effect on the current noise is also incorporated consistently with the fluctuation-dissipation
theorem. The effective charge associated with the on-resonance transport through IRLM is
found to be independent of the interaction in the linear order in u. In the absence of the
particle-hole symmetry, a severe leading-order divergence found in the plain perturbation
theory is consistently replaced by O(u?) one, which is out of control in our lowest-order
approximation. Although the remaining order u? divergence prohibits us to go deep in
the scaling limit, we obtain reliable results down to #/A = 0.01. We found that the current
noise robustly shows a power-law decay for max{V,e} > Tx.

The remaining problem is that we are bound to the regime where the two-body inter-
action is weak or intermediate. Higher-order calculations are desirable in the future to
discuss the crossover of the effective charge from the noninteracting case (¢* /e = 1) to the
self-dual point (e* /e = 2) realized at relatively large values of u [12]. Furthermore, the
higher-order contributions need to be taken into account to remove a diverging term of
order u> away from the particle-hole symmetric point. Another promising step is to extend
the FRG framework to determine the full counting statistics of interacting fermion systems
[13, 25, 26].

Appendix 5.A  Definition of T

There is an alternative definition of the characteristic energy scale Tx other than Tx =
8/t + Zi5|7—y—e—o |>/A used in the main text. The definition used in previous papers
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[6, 7, 18, 19] is related with the susceptibility as

-1
ows = 2 (d<”2> ) : (5.55)
T=V=e=0

K= 7\ de
where (n,) is the occupation of the central site. Both definitions can equivalently be used
when comparing with field-theoretical results obtained for /A — 0 in the scaling regime.
We found that results rescaled with the 7k obtained with the renormalized hopping are
weakly dependent on ¢ /A and are closer to the field-theoretical predictions.
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Chapter 6

Summary and conclusion

In this thesis, we have investigated the nonequilibrium current fluctuation in mesoscopic
conductors. In chapter 1, we have reviewed the full counting statistics [1] and shown that
rich information on the microscopic transport processes is accessed by utilizing the current
fluctuation. The recent knowledge established by theoretical and experimental works have
motivated us to clarify two important aspects of the current fluctuation: a detection of the
full counting statistics and renormalization effect due to the two-body interaction. These
are essentially concerned with interacting mesoscopic systems. In order to microscopically
discuss the current fluctuation in such systems, a systematic method has been developed in
chapter 2 based on the Keldysh path integral formulation. In chapter 3, we have overviewed
the recent insights into the non-Gaussian stochastic equation which describes a particle
coupled to multiple environments. Chapters 4 and 5 are devoted to the topics of our main
interest. We summarize the results in the following.

Detection of non-Gaussian fluctuation

In chapter 4, we have studied a realistic detection scheme of full counting statistics in
mesoscopic conductors. We consider the simple problem of determining the current distri-
bution through a quantum point contact (QPC) by using an inductively coupled LC circuit
as a detector. We use a critical assumption that the characteristic time scale of the detector
i1s much larger than that of the QPC. With the aid of the quasi-stationary approximation,
we can obtain a stochastic picture in which the flux through the detector circuit is per-
turbed by a non-Gaussian noise generated by the current through the QPC. In the classical
limit, the detector can be considered as a stochastic particle driven by the thermal and the
non-Gaussian noise. At low temperatures, the quantum nature of the dissipative circuit
becomes significant as well. We used a stochastic approach to microscopically describe the
dynamics of the particle in the presence of the thermal, quantum, and non-Gaussian noises.
Based on this, we have shown that the steady-state probability density function (PDF) of
the detector circuit can fully characterize the statistical properties of the non-Gaussian
noise even in the classical-quantum crossover regime. It is also clarified that the quan-
tum correction is essential to correctly estimate the current fluctuation in the mesoscopic
conductor.

The result of this thesis has established the observability of the current distribution
by using a realistic on-chip device. The information on the full counting statistics, which
looked too abstract to be determined at first sight, is completely encoded in the dynamics
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of the detector circuit. We have provided the inverse relation to infer the statistics of the
current fluctuation from the steady state PDF of the detector circuit even in the presence
of the weak quantum fluctuation. It is an important future work to use the formalism
for coherent conductors such as the Aharonov-Bohm ring [2]. A possible drawback of
our analysis is that it is restricted to the time-averaged current fluctuations. When the
time scale of the detector is comparable to that of the conductor, the transport through the
conductor are significantly affected by the photon exchange between the subsystems [3, 4].
We need to go beyond the quasi-stationary approximation to discuss the time-dependent
transport [5, 6] and the finite-frequency full counting statistics [7].

Current noise in a charge-fluctuating quantum dot

In chapter 5, we have studied nonequilibrium current noise through a charge-fluctuating
quantum-dot system. The quantum dot in this regime is well described by the interacting
resonant-level model (IRLM), where the capacitive coupling between the quantum dot and
leads results in significant renormalization effect on the transmission amplitude. Although
the nonlinear I-V characteristic has been established by various methods [8—14], little
work has been done on the current noise except for a self-dual point [15-17]. We have
developed a functional renormalization group (FRG) approach [11, 18] to describe the
current fluctuation in the IRLM in wide parameter regions. The flow equations of the
current-vertex functions are derived and solved to determine the current noise. Our FRG
method consistently removes artificial divergences found in the plain perturbation theory,
allowing a comprehensive understanding of the current noise in the scaling regime. It
is found that the current noise exhibits universal power-law decay, whose exponent is
dependent on the strength of the two-body interaction. We also analyze the effective charge
in the weak coupling regime and find that it is only modified to the second or higher orders
in the two-particle interaction.

Our results indicate that novel renormalization effect manifests itself in the current noise
in the interacting quantum-dot systems. The nonequilibrium FRG approach developed
in this thesis offers a versatile method to discuss the full counting statistics in interacting
systems [16, 19, 20]. What remains unclear in our analysis is the higher-order contributions
in terms of the two-body interaction. An important question for future studies is to clarify
the microscopic scattering process of Fermi liquids in nonequilibrium situations [21].
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