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Chapter 1

Introduction

Significant technological advances in nanolithography and cryogenics since the 1960s have facilitated
the fabrication of novel, mesoscopic, structures in which quantum effects are prevalent and give rise to
remarkable phenomena[l]. While conventional macroscopic systems exceed in size by far the inelastic
mean free path and phase breaking length, i.e. the length scales at which their carries (such as electrons)
scatter inelastically and lose their quantum mechanical phase information, dimensions of the mesoscopic
devices are of comparable order of magnitude. Consequently, both relaxation into thermal equilibrium
and decoherence can be significantly suppressed.

The quantum coherent movement of carriers comes along with non-local correlations, interference
and Aharonov-Bohm oscillations which become manifest in phenomena such as universal conductance
fluctuations, conductance quantization, and weak localization. At the same time mesoscopic devices
often are large enough to feature the onset of decoherence and thus represent an ideal laboratory to
study the crossover between quantum mechanical and classical behavior.

While most traditional experimental systems, such as bulk magnets and superconductors, can hardly
be driven significantly away from equilibrium, mesoscopic devices, metallic and superconducting, have
proven to be appropriate to establish and maintain nonequilibrium conditions and expose specifi-
cally nonequilibrium phenomena. Particularly the interplay with strong Coulomb interaction can lead
to sizable changes of the systems’ behavior, e.g. in the context of the Kondo[2-5] and Fermi-edge
singularity[6, 7] problem. And not least, nonequilibrium enlarges the phase space for inelastic scatter-
ing and thus is a prime source of dephasing.

The conceptually simplest device to expose decoherence is the interferometer. Different electronic
variants can be realized in mesoscopic systems. Of these the clearest interference patterns were obtained
in interferometers which are constructed with edge states in quantum Hall systems, e.g.[9]. The
quantum Hall effect arises in two-dimensional electron gases when a strong perpendicular magnetic
field is applied. The bulk conductance vanishes and dissipationless currents flow along the edges of
the sample. In quantum point contacts (QPCs) edges which are usually separated by large distances
are brought into close proximity e.g. by applying negative voltages on suitably shaped electrodes.
They allow for tunneling between different edges and thus serve as beamsplitters. By an appropriate
arrangement of such QPCs (see Fig. 1.1) electrons traveling from source to drain reservoirs along the
edges can be offered several different paths. Quantum mechanics tells us that the total current is given
by the interference of all possible paths and thus is an oscillatory function of the relative phase of these
trajectories. Due to the Aharonov-Bohm (AB) effect[10] the latter can be tuned via the magnetic
field. Indeed, in experiments device conductances show clear AB oscillations. The visibility of these
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Figure 1.1: a) Micrograph of a Mach-Zehnder interferometer realized in a quantum Hall
system/[8]. In analogy to optical interferometers edge states, indicated by arrows, play
the role of light beams while quantum point contacts (QPCs) serve as beam-splitters.
b) Two-dimensional colour plot of current in a quantum Hall interferometer[9]. Os-
cillations arise upon varying magnetic field and gate voltages. Gate electrodes are
used to manipulate the potential landscape for the electron gas and thus its geometric
shape. Changing the size of the interference loop, varies the accumulated Aharonov-
Bohm phase.

interference patterns is suppressed upon increasing the source-drain voltage and hence the energy of the
injected electrons. While this is obviously a sign of nonequilibrium-induced decoherence and as such
little surprising, later measurements on similar samples have revealed quite unexpectedly additional
oscillatory features in the visibility, leading even to its complete vanishing at certain values of the
voltage (Fig. 1.2). It became quickly clear that this “lobe” structure is caused by Coulomb interaction
and considerable theoretical effort is being made to account for it.
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Figure 1.2: Visibility and phase of Aharonov-Bohm conductance oscillations in the quantum Hall
Mach-Zehnder interferometer/8].

The quantum Hall edge currents are commonly viewed as being carried by one-dimensional fermions.
While this is an effective quantum mechanical description of drifting/skipping cyclotron orbits, arising




from the interplay of strong magnetic field and a confining potential at the sample boundaries, a more
typical example of one-dimensional fermions is found in very thin nanostructures. Their small lateral
extent leads to a strong finite size quantization of the transverse propagation modes of the carriers.
At low temperature all modes, but the lowest, are frozen out and the carrier motion is effectively
one-dimensional. Examples for such quantum wires are semiconducting and metallic nanowires and
carbon nanotubes.

In one dimension the restricted phase space drastically enhances the effect of Coulomb interaction,
and the conventional Fermi liquid picture of weakly interacting fermionic quasiparticles breaks down.
For screened, short-range interaction its place is usually taken by the Luttinger liquid which exhibits
bosonic collective density modes (plasmons) and shows critical behavior with nonuniversal power-law
correlations. They are experimentally accessible e.g. via the algebraic suppression of tunneling density
of states (zero bias anomaly) and tunnel barrier transmission. The latter result was first found in the
seminal paper Ref. [11] which considered a Luttinger liquid with a single impurity. Since then this
system is subject of extensive ongoing research.

The quantum Hall interferometers considered above and quantum wires with single impurities are in
fact very similar when considered as networks of tunnel-coupled one-dimensional fermionic channels.
While in the quantum Hall interferometers QPCs couple unidirectional (chiral) channels at different
edges, backscattering at the impurities is a tunneling process beween right- and left-moving states.

Figure 1.3: Network model of the electronic Mach-Zehnder interferometer: Chiral wires (solid
lines), each connected to reservoirs (white boxes), are tunnel-coupled by two point
scatterers (white circles).

Fig. 1.3 shows a quantum wire network which corresponds to the electronic Mach-Zehnder interfe-
rometer. Chiral fermionic channels (the edge states) are coupled by two point scatterers (the QPCs)
with scattering matrices s, s2. The channels are connected to reservoirs via incoming and outgo-
ing leads, which are usually assumed to be noninteracting. The reservoirs may be hold at different
chemical potentials and temperatures or in generic nonequilibrium states. Population of the wires is
determined by the incoming leads through which electrons with given distribution functions f; and
f— are injected.

One of the main goals of this thesis is the development of a theoretical framework to treat such
nonequilibrium interacting quantum wire networks.

A powerful and elegant theoretical approach to one-dimensional interacting systems is bosonization
[12]. In its standard operator formulation all operators such as fermionic fields, the Hamiltonian and
thus the equilibrium density operator are expressed in terms of bosonic fields. In a clean metallic wire
the low energy physics is determined by free bosonic excitations. Out of equilibrium, however, the
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density operator is not as straightforwardly bosonized.

Recently, a nonequilibrium generalization of the bosonization framework was formulated[13, 14] in
the functional integral language, within which instead of direct bosonization of the density operator,
the nonequilibrium many-body state is encoded in the “Keldysh action”. Its specific structure in the
case of clean wires allows for an exact evaluation of many-body averages.

The key requirement of the technique is that the electronic nonequilibrium states is established in
the noninteracting reservoirs and injected into the interacting wire. In this sense our interest lies
in a more complicated situation when tunneling/backscattering occurs in the interacting region, and
the state of the system is a nonequilibrium bath of plasmons populated through inelastic tunneling
processes of electrons. Such coupling terms represent in general a very serious complication for the full
bosonization approach. We choose instead an alternative route based on the functional bosonization
formalism[15] that retains both fermionic and bosonic degrees of freedom, and was used in the Keldysh
formulation by Ref. [16] to reconsider the problem of Luttinger liquid with impurity.

We find that under specific assumptions the problem of a network with two scatterers (the quantum
Hall Mach-Zehnder interferometer) can be solved exactly. In general, however, this is not the case
and we develop a saddle-point (real-time instanton) approximation scheme, which applies for weak
interchannel tunneling but goes beyond pure perturbation theory. This approach will enable us to
describe decoherence effects due to the noise induced by the nonequilibrium plasmon bath, which having
Poissonian, rather than Gaussian (like external or thermal noise) correlations cannot be captured
satisfactorily in usual perturbative treatments.

The structure of this thesis is as follows: In Chapter 2 we give a short overview over different bosoniza-
tion techniques, including the functional bosonization method for clean wires. Chapter 3 presents its
generalization to quantum wire networks and the real-time instanton approximation scheme. This
method is illustrated in Chapter 4 where the tunneling density of states of a nonequilibrium Luttinger
liquid containing a single impurity is calculated. The subsequent two chapters are devoted to the study
of interaction effects in quantum Hall interferometers: dephasing and oscillatory features of the visi-
bility. The Fabry-Pérot geometry is considered in Chapter 5. The Mach-Zehnder geometry, treated in
Chapter 6, is a notable example of quantum wire network which can be dealt with exactly. Chapter 7
is devoted to the time evolution of a clean nonequilibrium Luttinger liquid after an interaction quench.




Chapter 2

Nonequilibrium Bosonization

Due to the constrained phase space in one-dimensional systems interaction leads to drastic effects.
Already for weak interaction and in close proximity to the Fermi energy the spectral function has no
sharp peaks, and Landau’s Fermi liquid picture of weakly interacting fermionic quasiparticles, which
proves so successful in describing higher-dimensional fermion systems, breaks down. The key step on
the route to an alternative description is the observation that for free fermions with linear spectrum
particle-hole pair excitations have a well-defined energy-momentum relation, and that the excitations
of the Fermi gas can be mapped onto excitations of a free boson gas. Hence, while a brute force
fermionic treatment is still possible, an alternative and very powerful approach is bosonization, in
which the theory is formulated in terms of bosonic degrees of freedom.

In this chapter we will quickly review the basic ideas. We adress the standard, operator bosonization
method (Sect. 2.1) and its nonequilibrium extension (Sect. 2.3). We will turn our attention to the func-
tional bosonization technique, which is more convenient when dealing with one-dimensional systems in
the presence of scatterers such as impurities or quantum point contacts. In fact, the generalization of
the functional bosonization approach to quantum wire networks is one of the main goals of this work,
and Chapter 3 will be devoted to this problem.

2.1 Standard Bosonization

We outline the standard bosonization technique for which a host of reviews and pedagogical introduc-
tions exists (e.g. [12]).

Usually bandwidth A and Fermi energy Er exceed by far the energy scales set by temperature and
voltage. The interest therefore lies in a model which captures the low energy physics and takes into
account excitations of electrons from states close to Er to other close states. In striking contrast to
their higher-dimensional counterparts, in 1D systems the Fermi surface is a disconnected set of points
which are separated by large momenta. When sufficiently long-range interaction or disorder scattering
is considered, transitions between these Fermi points are negligible. One can thus treat them separately,
pretending that states close to different Fermi points belong to different fermion species 7. One then
forgets that species 1 was defined by the proximity of its momentum states p to a specific Fermi point,
and assumes that it has an unbounded range of momenta p € (—o0,00) at its disposal. The gain of
adding artifically these infinitely many states — which do not affect the low-energy physics — is that
they allow for an exact bosonization of the theory.

Our prime example are single-channel spinless electron, say with dispersion E, = p?/(2m). The
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Fermi energy Ep defines 2 Fermi points +pp = £v/2mFEpr with velocities v = +vp = +pp/m. One
linearizes the spectrum around 4+ppr and introduces two fermion species 7 = +, commonly dubbed
“right- and left-movers”. Their dispersion is £ — Er = v,k where the momentum k& = p — npp is
measured relative to the respective Fermi momentum npr. In systems of finite size L momenta are
discretized, k = Q%nk, ng € Z when periodic boundary conditions are assumed.

We introduce fermionic creation and annihilation operators for the corresponding single-particle

states which satisfy the canonical anticommutation relation {ckn,cz,n,} = Ok Oy . Fourier transfor-
mation yields the field operators 1, (x) = % S eF e,

The noninteracting ground state |0) is the Fermi sea with all negative-energy states filled. It is
annihilated by c¢j 4, c_j— for k > 0 and CL 4 cT_k7_ for k < 0. The existence of infinitely many
negative-energy single-particle states of which always infinitely many are occupied, or for short the
lack of a lower band edge, leads to ultraviolet (UV) divergencies. The simplest example is the total
kinetic energy

- L/2
o= 33w chyen =3 [ devi(o)(-iv,00u(a) 1)
n k n —-L/2

the ground state expectation value of which is, of course, negative infinity. One way to deal with
these divergencies is normal-ordering. Normal-ordering of products of operators means interchanging
factor operators such that those which annihilate |0) stand right from all the others. Interchange of
two fermionic operators is to be accompanied by a global sign switch. Physically, one is interested
in observables such as energies and momenta relative to their groundstate values, and an equivalent
representation of normal-ordering is

: ABC...:= ABC...— (0| ABC...|0).

The normal-ordered density operators o,(z) =: zbj,(:n)wn(fc) : measures density fluctuations on top
of the homogeneous ground state |0). Fourier transformation yields g:g (p) =:> % CZ +pyChn + Which, for
p # 0, create particle-hole pairs with momentum p or, for p = 0, measure the relative total particle
number ]\777 = Q;r7 (p =0). Let us consider their commutation relations. For different species n # 1’ the

operators o, 0,y obviously commute, in the other case (p # 0 # p')

[QL(p), QL(—p’)} = (czﬁnmclﬂrp’ﬂ - CLp—p/,an,n) :
k

For p # p’' the expression can be split into a difference of two infinite sums each of which acts on
physical states (with arbitrary but finite numbers of particle and hole excitations) in a well-defined
way. By performing the index shift k& — k + p’ the second sum can be made manifestly equal to the
first one and the commutator vanishes. For p = p’ more care is needed since sums ), c;rc +pnChtpn ATe
infinite and may only be treated separately after normal-ordering. After the split the above index shift
yields a vanishing difference and one is left with

Q%(p% Q%(_P)} = Z (3 C};_H,mckﬂ),n T CZW% (0] CL+p7an+p,n 10) = (0] CLann ‘O>>
k

= >~ ({0l el a9 10) = (O] cf iy 0))
k

L

e — 2.2
Mp = —N5_P (2.2)
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The appearance of this nonvanishing commutator is intimately related to the UV divergence and
usually referred to as “Schwinger anomaly”. Under the assumption of unbounded discrete momenta,
up to normalization the density operators satisfy bosonic commutations relation. This leads us to
define for p > 0 the bosonic creation and annihilation operators

1 1
P Ot N
1 1
b, = — b_p=—=0-(—
D \/@m(p), P \/@Q (—p)

which indeed satisfy the bosonic commutation relations [bp,bg] = 0pq and b, |0) = 0 = b_,|0). The
operators b}; generate particle-hole pairs and do not change the overall particle number. For the latter
purpose “ladder operators”, the Klein factors F;,, can be constructed such that they commute with all
bosonic operators by, are unitary, F,- e F,J,r, and satisfy

. i1 N B
[N"’ Fn’] - 5Tm’Fg’ [Nan’} = =0y Fy,
{FJ,FT]/} :2(57]77/7 {FJ,FJ,} :O: {F"NFW,} fOI'??;énl.

By careful counting of states, it can be proven that bosonic operators bg together with Klein factors
generate a complete basis of the many-electron Hilbert space. Fig. 2.1 illustrates how the action of a
fermionic creation operator can be mimicked by a Klein factor and a bosonic creation operator.

G
— =
ok ke Pr ki ke
T
o400
FF ki ke

Figure 2.1: Adding an electron in momentum state ko can be accomplished by first increasing the
total ground state electron number by 1 (via F') and subsequently creating an electron
hole pair (via bZ:Q_kl)

This implies that any reasonable operator can be expressed in terms of these bosonic operators as
well. For the normal-ordered free Hamiltonian Hy =: Hy :, cf. (2.1), which has the commutators

[HO, bﬂ =0 pr;f, one can show

27 1 NN
Hy = Z’UF ’q’ bgbq +UF%§ ZN" (N77 + 1) .
q n

Formally, one has mapped the original free fermion Hamiltonian with linear dispersion (which is bilinear
in fermionic operators) onto a free boson Hamiltonian which is bilinear in density operators (and thus
biquadratic in fermionic operators). Bosonization of Hy merely makes explicit that thanks to the linear
fermion dispersion, electron-hole pairs are stable excitations with well-defined linear energy-momentum
relation. Indeed by promoting, say, a right-moving electron from state p to p 4+ ¢ > p, i.e. creating
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an electron-hole pair with momentum ¢ > 0 one creates an excitation of energy vpq, regardless of the
initial electron momentum p. The situation changes when a finite curvature of the electronic band
structure is taken into account. Then for given momentum ¢ corresponding electron-hole states cover
a continuous range of energies; Hy contains higher-order-in-b, terms, i.e. interaction of bosonic modes.
Similarly the field operators which satisfy e.g.
i1 1
[¢+(93),bp} =

(for p > 0) can be expressed in terms of bosonic operators. To this end we define the fields

@, @] = e e @

P

‘ 1 _ ; ‘ 1 _ —
g@...(l‘) = —1 Z Te aq/2equbq, ©— (.ZU) = — Z Te aq/2€ qub_q.
q>0 q q>0 q

The “effective band-width” a~! is necessary to regularize ultraviolet divergent momentum sums which
appear in certain non-normal-ordered expressions. The fermionic operators are then

1 2 Ny igh(2) ion(z)

A more instructive representation works with the field

() = y(@) + 9 (2)
which is related to density via

1

op(w) = %&:@bn(ﬂ“) + LNn

and has the anomalous commutator
[qﬁn(:c), (bn/(x/)} = imnb,,y sign (z — ).

These unusual commutator relations — referred to as Kac-Moody algebra — imply
S=utg, (@) = id(x — )
o LN ’

i.e. the field conjugate to ¢, is the derivative of ¢, itself, or more precisely the density o, — ]\7,7 /L. A
very common representation of the above bosonization identity is

V() = L

— Fei T Nnegion(@), (2.3)

It is not normal-ordered and therefore necessarily contains the cutoff a explicitly.
A representation of the bosonic fields which is also commonly found in the literature is

D=2 (65 +0), 6=—5(6: 0 ).

N |
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The latter is a phonon-like displacement field, satisfying o = o4 + 0— = —0,¢ /7, while the former is
related to current via j = o4 — o— = 0,9/m. These fields have the commutator

[qb(:v), 19(x')] = i%sign (x — )

which makes Py = 0,9 /m the momentum field conjugate to ¢. With that we can understand the phase
operator in the bosonization identity (2.3) in the following way:

eiqbn(a:) _ 6—in¢(m)€iﬂ(m)£6in7r 7z’ g(ac’)eiw 7z’ P¢(a:’)'

The second factor acts as a translation operator for ¢ and produces a w-kink, ¢(2') — ¢(a’) —7(x—2')
(here, 6 denotes the Heaviside step function), which amounts to the charge dip, o(z') — o(2')—d(z—2").
This charge extraction is exactly what one would expect from the field operator ¥ (z). At the same
time it is a fermionic operator. Fermi statistics is endowed by the first factor, the “Jordan-Wigner
string”, which counts the number of electrons left from the position z, weighing each electron with the
phase 7, i.e. a sign switch.

In terms of these bosonic fields the free Hamiltonian reads

= 53 o )50 50

= o5 [da : (0:0)" + (9:9)" s+ D0 Ny (N + 1) (2.4)
n

In the following we focus on the thermodynamic limit L — oo and neglect the charging terms ]\777.
Once the free Hamiltonian is cast into bosonized form, adding interaction does not represent a
major technical difficulty. Since interaction couples densities, the respective Hamiltonian is already
bosonized, and, further, also quadratic in bosonic fields. The free boson model, thus, stays free.
Let us consider a spinless Lutinger model with short-range interaction. The induced scattering pro-
cesses can involve either electrons of the same (“gs-processes”) or of different species (“ga-processes”).
The interaction Hamiltonian reads

Hi =2 [dr g0 (0)* + 0-(2)? : 402 /dx 0 ()0 () -

2
- (22;1)2 /dx : (8x¢)2 + (axﬁ)Q : +(297r2)2 /dx : (395@?))2 - (33519)2 i

Obviously the g4-processes only renormalize the Fermi velocity vp — vp <1 + 5 %F ) Adding all terms

gives the full Hamiltonian
H = Ho+ Hin = o /d:c K (00) 4+ K (0,0)°] (2.5)

with plasmon velocity and Luttinger constant

2 2
v (14 9\ (2 K:\/WM (2.6)
2mVE 2rvp ) 2mvp + ga+ g2 '
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By rescaling the fields ¢ — VK¢, 9 — 9/ VK the full Hamiltonian can be mapped to the free one
(2.4) with velocity vg replaced by u. That shows that interaction gives rise to new free bosonic modes,
plasmons, with a linear dispersion and velocity .

Another way to see this and to construct the plasmonic creation and annihilation operators I;q
explicitly is to diagonalize

1 2mv 2mv bE Ty
n= et ) (g 10 ) (1) = S

—q q

by the Bogoliubov transformation

b\ _ [cosh¢ sinh¢ b . 1+ K _ 1I-K
(b_q> = (sinh{ cosh ¢ l~)_q with cosh( = 72\/?’ sinh { = 72\/E. (2.7)

Having expressed the Hamiltonian completely in terms of bosonic fields we are also immediately able
to bosonize the equilibrium density operator o = Z~ e #H# with g =1 /T. Important quantities from
which various observables such as charge density, density of states, response functions etc. can be
derived are correlation functions such as the single-particle Green’s functions

iGy (ty, 21, b2, 29) = <¢n(t1,$1)¢;r](t2,x2)>, iGy (ty, o1, 12, 29) = — <¢£(752,902)¢n(751,901)>-

The time-dependence is to be understood in the sense of the usual Heisenberg representation v, (t,z) =
eftap, (z)e~ 1t such that in equilibrium

G; (tl, x1, t27 :1:2) — Z*lL Tr [efﬁHethg e*id)»,](am)efiH(thtl)ei(i)n(xl)ef’thl}
2T

All operators in the exponentials are quadratic in bosonic fields and the many-body trace amounts to

a Gaussian average. To tackle such problems a large effective toolbox exists in which important tools

are e.g. Wick’s theorem and the cumulant expansion method, and which is treated extensively in a

large range of textbooks. One finds

FianT

1+
FranT !
sinh 7T (t + nz/u F ia)

sinh 7T (t — nz/u F ia)

Fi
2mupa

G?(t:tl —to,x =21 —x9) =

(2.8)

with v = sinh? ¢ = (1—K)2?/(4K). For future reference we chose to use a short-time cutoff a ~ a/vp ~
a/u rather than the short-distance cutoff a. It corresponds to a high-energy cutoff A ~ a~1.

It may appear that the considered formalism is restricted to thermal equilibrium situations where
the density operator is a simple function of the Hamiltonian. In arbitrary nonequilibrium situations
the density operator cannot be as straightforwardly bosonized, and in fact a generalization to such
cases within the Keldysh formulation[17, 18] was developed very recently. This will be the subject
of Sect. 2.3. Let us consider an alternative approach first, also based on the Keldysh technique,
which is fully equivalent to standard bosonization when considering clean one-dimensional systems in
equilibrium, but is more convenient when dealing with more complicated situations, e.g. in the presence
of scatterers.

10
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2.2 Functional Bosonization

The functional bosonization method[15] derives its name from the fact that it relies very heavily on the
functional integral formulation, where many-body traces are performed in the coherent-state basis, and
simple properties of functional (Gaussian) integrals.Its main conceptual difference from the standard
bosonization approaches is that it retains both fermionic and bosonic degrees of freedom.

Let us start by reviewing shortly the Keldysh technique: Arbitrary (nonequilibrium) many-body
states are dealt with by extending the real-time contour to the Keldysh contour C which consists of a
forward and a backward branch. Equivalently, this amounts to doubling the field degrees of freedom
¢ by distinguishing between “forward” and “backward” components ¢/ and ° respectively (which
reside on the corresponding branches of C). Correspondingly, Green’s functions obtain an additional
2 X 2-matrix structure:

ff1 f bt T + L t
G(x1,t1;20,t0) = —i ( Te 9011280]2ch Spllz(pgT - 8019?2 ~s02(,0%
P1¥2 P1¥P2 ©1ps  Tp1py

_([(GT(&;8) G (&;6)
T \GT(&38) GT(638)

where we wrote §; = (t;,x;), ¢; = ¢(&). T and T denote time-ordering and anti-time ordering along
the real time axis, Ty denotes time-ordering along the Keldysh contour. Operators with later times
are to the left of those with earlier times. Interchanging fermionic operators induces a sign switch (the
signs “£” in the above equation hold for bosonic/fermionic fields ¢). Backward times are later than
forward times. This implies

GTD(&156) = 0t — 12)G7( (€13 &) + 0tz — 11)G<P) (€1 62).
An alternative representation is obtained by the rotation
1 1
O =5 (FO+9), O =3 (¢O-"©)

in Keldysh space which yields the corresponding Green’s functions

(e, &) = i (¢ (E)e (&) = 5 (GT +GT G+ G<) (61,62),

which we refer to as retarded, advanced, and Keldysh components.
As our key example we consider free 1D chiral fermions 1), with Hamiltonian (2.1) at temperatures

-1
T, and chemical potentials eV},, and hence distribution function f,(e) = [e—(e—ev,,)/ (ksT) 4 1] . The
Keldysh action of such electrons is

Aol = 3 /C dt die i, (0 + 0,0 ). (2.9)
n
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2 Nonequilibrium Bosonization

where integration along C is generally understood as the real-time integration
o0
/ dt’' A(t') = / at [Af (t") — Ab()] .
C —00
The free Green’s functions are

1 nTe—teV(t—z/vy)

GZ x,t) = — ,
0y (1) 27 |vy| sinh 7T (t F ia — x/vy)
with short-time cutoff a.
Now let us include interaction, encoded in the action

Aint[w,&] = —% Z/cdt dx d{I;/ Uny(.f,m/)gn(t’w)gy(t’x/) (210)
nv

with regularized density o,(x) = 1, (z + 0)1,(x). We consider the thermodynamic limit and neglect
1/L-terms. Here we encounter yet another UV regularization procedure, “point-splitting”, which can
be shown to be equivalent to the normal-ordering regularization of the previous section.

In this work different interaction models Uy, will be considered. In the spinless Luttinger model
with right- and left-moving fermions = 4, which we concentrate on in this introduction,

Ui (z,2") =U_4(2,2") = go(2)d(x — 2'), Uji(x,2") =U__(z,2") = ga(x)d(z — 2'). (2.11)

What makes interaction, in general, nontrivial is the fact that the corresponding action A is
not quadratic, but biquadratic in the fermionic fields. The key idea of functional bosonization is the
observation that this quartic terms can be decoupled at the expense of introducing a new bosonic field
. Physically very transparently, it can be viewed as the mediator of the interaction (comparable to
the photon field which mediates electromagnetic interaction). The process of two electrons interacting
with each other is split into two subprocesses each of which involves only one electron and the boson.
Firstly, one of the electrons generates a “potential” ¢ (or “emits a p-quantum”), which, secondly, acts
on the other electron (the latter “absorbs a ¢-quantum”).

Formally, the “Hubbard-Stratonovich” decoupling is based on the simple integral identity

1= /Dcp eiAmle] — /Dgp exp |iAmg[p] — i Z /Cdtdw on () on(x) — iAme [, Y]
z

1
with Aint[e] = 3 Z /C dt dz da’ U{,} (z, 2" )pn (t, 2)pu (8, 2). (2.12)
nv

The first equality is based on the fact that time-evolution along the full Keldysh contour is trivial in
the absence of non-classical external fields and that the Keldysh partition sum is, thus, unity. The
second equality results from the shift

oula') - ula) = 3 e U)o (a")
n
of the integration variable. Making use of this “fat unity”, many-body averages can be written

(0) = [DuDi A0y, j) = [DyDiDp Ao 0[] (2.13)

12




2.2 Functional Bosonization

with the new Keldysh action
A, ), 0] = Aims[p] + Z /c dt da 9, (10; + 10y 0 — o)y (2.14)
n

The applicability of the Hubbard-Stratonovich decoupling is not restricted to one dimension or fermionic
systems. However, 1D allows for a further decoupling by the gauge transformation

‘of/b - - —iol (e
P01, ) v O CD I 1) I8, ) o B ) 0O )
with the condition (9 + vnax)@g/b(t, x) = —¢£/b( x). (2.15)

One has to resolve this gauge condition properly taking the Keldysh structure into account, which

yields
T <
@b _D> _DT _(,Ob ’ .
m e O 0n/) ¢ g m) g

with £ = (x,t) and real time ¢, or symbolically ©, = —Dq,p,. Here the blocks of the particle-hole
propagator Dy, satisfy the relations

(0 + vy0 >DT/T<£§> = +6(6-¢),
(0 + vy0:) D5, (6,€)) = 0. (2.17)

In the frequency-momentum representation the retarded/advanced bare particle-hole propagator Dy,
in channel 7 is given by

T/a { .
w = wi=w+i0 2.18
077 ( 7q> L Unq, + Y, ( )

Df,(w,q) = (142N,(®)) | Dy (w, ) = Dy (w,0)| (2.19)

with the particle-hole pair distribution function
de . -1
Ny@) = [ S fa(e) (1= fale—w)) = [e/F5T —1] . (2.20)

The Eq. (2.19) which relates the Keldysh component D'gn to the particle-hole pair spectral weight
D5, — Dg,, and their distribution function Ny, is another example of the fluctuation-dissipation theorem.

In many-body averages (2.13) the decoupling amounts to replacing A, ¥, o] simply by Ao [, ).
In addition, being a (linear) transformation of the functional integration variables 1, 1 the gauge
transformation gives rise to a (¢,)-independent) Jacobian Z[y],

/ Dyp ¢ Amilé! / DyDy e 0 [ Oy, 1/)6_16}

That Jacobian,

[DYDy ¢Aolvte) S Ll iGongn] o .
“ [DYDG iAol Fidmld] ~ ¢ e zn:nz_:lnTr (Goggen | (221)
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2 Nonequilibrium Bosonization

is the sum over vacuum loops with external lines corresponding to the ¢s. Logarithms “Ln” and
traces “Ir” are to be taken with respect to Keldysh times and space coordinates, Gy, are the free
Keldysh Green’s functions. For the partial equilibrium situation we described in the beginning of this
section, all loops with n > 3 vanish [16, 19]. The n = 1-term is the mean-field (Hartree) contribution.
The n = 2-term is nontrivial because of the Schwinger anomaly which we encountered already in the
previous section where it gave rise to the non-vanishing commutator (2.2) of density operators. We
obtain the Jacobian

. 1 / !/ /
2l =ow | =i Y o Jageno i3 > s e €. €€ (222)

with mean charge density oo, = % and polarization operator H%ﬂ(g) = —iG&f({)Ggg(—f), o, =
f,b. After rotation in Keldysh space and transformation into frequency-momentum representation one
obtains
1 Unq
/e w,q) = 1 , 2.23
o a) 27|vy| we — vpgq (2:23)

I (w,q) = (1 + 2Nn(w)> [HZ(w, q) — I (w, q)} (2.24)

with bosonic distribution functions (2.20). ) _
With that the fermionic and bosonic fields 1, 1 and ¢ are effectively decoupled with actions Ag[), 9]
and A[p] = Arpalp] + Auvrlp] with

Anealiel =5 ¥ [a€0€ @Vt €00, Awrled ==X [demy e (229

and effective interaction anl = U,]_,} — Oyl Thus only the mean density oo, and the polarizability
o II,, of the electronic system remain perceptible to the Hubbard-Stratonovich field .

Before concluding this section, let us illustrate the equivalence between the two bosonization tech-
niques outlined here and in the previous section. To this end we recompute the fermionic Green’s
functions

G5 (61.6) = (/7 (€)i)"(&)) = / Dy Alel 0707 e) / DyDy e gl /()i (&)

in functional bosonization. For simplicity we focus on the zero temperature limit and eV,, = 0.

Since A[p] is Gaussian, the respective average value <90u(§)>0 and the correlator of the fluc-
tuations G, (€) = pul€) — (#(6)), are simply given by (2u(©)) = £, Jo €' Viu (& €oun(€) =
0 and <(5g0“(§)590y(£’)>0 = 1Vw(§,¢). Further, Gaussian cumulant expansion shows <ei‘b[5"]>0 =
ilel- 36200 )

o for linear functions ®[¢] of ¢ and, thus,

IG5 (&1, &2) =exp {—; < [5@2/f(§1) - 59£/b(§2)}2> } IG5, (&1, &),
0
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2.2 Functional Bosonization

i.e. we are left with evaluating the phase correlators iDg ., (€, &) = <5@u(€)5@l/(§/)>~ From (2.16), or
symbolically ©,, = —Dg,¢,,, one obtains the relation

D@,,uzz = 7DUMV/U/D0V' (226)

Within the Luttinger model (2.11) the retarded and advanced components of the effective interaction
read in frequency-momentum representation

wAnur(l+r)g] [w—mopa] 1 gi-g3
wi —u2q2 ’ o 27TUF ga ’
2
w? — v24q?
Vi w.q) = V(@ 0) = g2 g — 55
u?q

Vnrn/a(wa Q) = g4

with wy = w £ i0. Plasmon velocity u and Luttinger parameter K were defined in (2.6).The relation
(2.26), combined with the bare particle-hole propagator (2.18), gives then the phase correlators

1 1 1

DY (0,q) = —p B e mrle e [ e 227)

R 2uw w u—vpq—nws/u  u+vpq+nwe/u

2 1
i : (2.28)
u? —vp? q — nwi/vp
1 1

pr/e ) = — 92 _ ) 2.29
&, () 2uw | q—wi/u g+ wi/u (229)

Transforming the above relations into the mixed space-frequency representation one obtains

2 . . .
D9/77V( ) — :F%Z {9(:|:7733) [ 3 emwx/u _ 5171/ emw/vp} + 9(:':7733) C;u e—mwx/u} (2.30)
with ¢, = (1 £ K)*/(4K), ¢, _, =(1—-K?)/(4K). (2.31)

Note that the prefactors are intimately linked to the Bogoliubov transformation (2.7): ¢ 7777 = cosh? ¢,

c_nn~ =sinh?¢, and c,7 _y = —sinh (cosh (. The Keldysh component of the phase correlator is given
by the fluctuation-dissipation theorem

D (w,@) = (14 2N (@) (D (w,) = D (0, 2)) (2.32)

with bosonic distribution function N (w), see (2.20). For simplicity we concentrate on zero temperature
where 1 + 2N (w) = signw. Keldysh rotation then yields

DG (,) = £ 8() (D (0,) = D (0, 2))

T/T r a
DT (w,x) = £ 0(£w)Dp , (w, ) £ 0(Fw) DB, (w, )

(2.33)

In the real-time representation (x,t) these phase-phase correlation functions can be decomposed into
plasmon (moving with velocity u) and bare particle-hole pair (having velocity vp) contributions

iDg) (t,x) = b, LO8(t,x) — ey, L2, (8, 2) = O LD (t,2) (2.34)

—nu nvr
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2 Nonequilibrium Bosonization

where for given velocity v the functions o8 (t,z) satisfy the equations
OLE(t,x) = —(t Fia —x/v)" ", 8t£vT/T(t,a?) = —(t Fiasignz/v —x/v)" L.

This follows from Eq. (2.33) and Fourier transformation from w to ¢, taking into account the high-
energy cutoff A ~ a~!. We choose the solutions

Fia Fia signz/v
tFia—xz/v’

L2(t,z) =1n EUT/T(t,a:) =In (2.35)

t Fia signz/v—z/v

It is worth mentioning that the appearance of both plasmon and bare particle-hole pair “light-cone” sin-
gularities in our phase-phase correlation function is a characteristic feature of the functional bosoniza-
tion approach. Here, the latter exactly cancels the free electron singularity from the noninteracting
Green’s function, yielding

, , 14y , g
G2 =6 — &)= — ( o ) (”) (2.36)

2rvpa \ t —nx/u Fia t+ nx/uFia

which is indeed the zero temperature limit of Eq. (2.8). Before turning to the generalization of the
presented approach to quantum wire networks in Chapter 3, we conclude the present chapter with the
nonequilibrium extension of the operator bosonization technique.

2.3 Nonequilibrium Bosonization

The conventional bosonization approach of Section 2.1 was extended within the Keldysh framework
in Refs. [13, 14] to arbitrary nonequilibrium situations in the absence of scattering between different
fermion species. The bosonization identities for field operators (2.3) and the Hamiltonian (2.5) are
exact operator identities and do not depend on the many-body state of the system, which is encoded
in the density operator p. In general nonequilibrium situations where it is not a simple function of
the Hamiltonian bosonization of p is far from straightforward. Even a free nonequilibrium fermionic
system is in general not garanteed to be mapped to a Gaussian bosonic theory as we will see in this
section.

Rather than bosonizing the density operator explicity, one derives the bosonic Keldysh action which
likewise encodes the full many-body state. Knowing that the mapping to bosonic degrees of freedoms
(density p) is exact one finds the bosonic action by

4 = [ DDy A5y - o
— /DV /pr’t/; eiA[w»@z’]*iV(&zﬁ*Q) )

We resort here on a formal notation where e.g. Vo = de§ V(€)o(§). Note that in the thermodynamic
limit and in the absence of scattering between different fermion species, Klein factors in the action are
negligible. Bosonization is completed, once v, 1-fields are integrated out. This is straightforwardly
achieved if interaction is absent, whence the action is Gaussian in fermionic fields. In the presence of
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2.3 Nonequilibrium Bosonization

interaction one can decouple quartic terms by a Hubbard-Stratonovich transformation as described in
the previous section. Let us consider this general situation:

etAld — /DV /Dtz/_;Dgo iAo Y] +iAin [l —i(V+@) P +iV e
— /DVD@ (/DWD@ eiAo[W]ivaw) eiAmnt [Pl +i(V—¢)e
= / DV Dy Z[V] V=9 cidinl]
= / DV Z[V] 'V eeidinld (2.37)
where Ajni[p] is defined in (2.12) and

Al = =2 [d€d€’ g€ 6.€)el(E).
nv

Of course, Ag] is the bosonized version of Ajy[t,9]. For what follows it is convenient to work in the
rotated Keldysh representation gf/ . time integration, Jd¢ = [dtdz is to be performed along the real
axis.

The partition sum Z[V] quite obviously coincides with the Jacobian Z[y] of the gauge transformation
in the previous section (with HS field ¢ replaced by the “source field” V') ,(2.22), and is the sum of
vacuum loops with external field V. In the general nonequilibrium situation the Dzyaloshinskii-Larkin
theorem does not apply and higher-order loops contribute. It is then more convenient to represent
Z[V] in a different form which exposes the dependence on the Keldysh field components of ¢ more
explicitly. To this end one makes use of an identity derived by [20] which relates many-body traces to
single-particle determinants. Since we will derive these results in a more general setup in Chapter 3
we skip the details here. The partition sum reads

Z[V]=[Je VMY 2V,  Z[V] = Det {]1 + (ei% - ]1) fn]
n

with the time-dependent phase
5,(t) = —2[u, |~ / Az V(b + /v,) (2.38)

and the distribution functions f,(e) of fermion species 7.

Remarkably, summing up all vacuum loops is thus equivalent to evaluating a 1D functional de-
terminant which purely depends on the quantum component V;'. Solely the Schwinger anomalous
contributions to the 2nd-order loop which couple to V7 are not captured by the determinant. With
V,; appearing only linearly in the exponent, the V-integral (2.37) can be exactly calculated:

gidole) — oidunlo) TT 205155 eh Det []1 + (e —1) fn:|

! Vii=I1 o
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2 Nonequilibrium Bosonization

For a given density configuration 7, the counting phases 4, are related via (2.38) to the source fields
x /vy
! - /
an(.’B,t) = _27-(’1)7]‘ Q%(.’B,t) +/t dt Q%(Uﬂt at) (239)
0

where ¢y is an arbitrary integration constant, that will turn out to be unimportant. This completes
the bosonization of the Keldysh action. Very conveniently it has an especially simple dependence on
oy, that will enable us to perform g-integration exactly.

To illustrate this we consider the fermionic Green’s function Gﬁ. Using that the relation g = %833@37
implies a linear dependence of ¢y, on o, say,

¢ (x,t) =21 Y / dt'da’ 5(t — t)0(x — /)8, 0% (2, t')
= Z /dt'dx' Jnai(@ ' v)of (2, ¢), with g@xdmm(:c', t'v)=—=8,0(t—t)d(x — ')
™

the Green’s function can be written

2 _ b i ) i) ()
G (&1,62) T <
_ 4 il Jne +J, I |

(U—Ta—1)ga 1(Jn§1 Jnfz)

with counting phases d, related by (2.38) and (2.39) to the advanced solution g}, of
1
(6t+vﬂ Qu —i—Z/dx =0, Uy (z,2") 0l (2! 1) = 2(5#77 [5({2—5)—(5({1—5)] )

Advancedness of the quantum density configuration, ¢%(x,t) = 0 for ¢t — 400 (in the above example
specifically ¢ > ¢;,t2), is a general feature of the theory. Taking this into account (2.38), (2.39) can be
combined to
to
Op(t) = 4xfvg| lim [ d7 of(vyT,1). (2.41)
t——o0 Ji—t
The phase is thus sensitive to the asymptotic behavior of the charge density in the incoming leads.
The 1D fermionic field theories presented in this chapter are based on single-particle spectra with-
out lower band edges. While the infinitely many artificial negative-energy states do not contribute
to the low-energy physics, they lead to UV divergent Fredholm determinants in (2.40). A possible
regularization scheme is discretization of the time coordinate t in steps At = w/A which amounts to
the introduction of the “hard” UV cutoff A and a restriction of energies to the range (—A,A]. The

discretization turns operators g(t,t’) into (possibly infinite) matrices (gjk). The resulting observables,

in our example G; (&1,&2), will have a slow dependence on positions and times &; and other low-energy
parameters like temperatures and voltages which is independent of the regularization scheme. Fast
oscillations, set by the energy scale A, in contrast, are nonuniversal and sensitive to the regularization
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2.3 Nonequilibrium Bosonization

scheme, and usually not of interest. To be consistent with the previous sections where the equilibrium
Green’s functions ng were obtained with a “smooth” cutoff procedure, one can write

Gi(&1,6) = Ga(&,gz) HAH- (2.42)
I

Here, the determinant is normalized with respect to equilibrium (with distribution function fy),

m

Det []1 + (e"(sf‘ — ]1) fu]

Det []1 + (615# - ]1) fo] ' (2.43)

Being UV convergent the ratio is insensitive to the regularization scheme. We will later apply the
“hard” cutoff regularization (time discretization) outlined above.

To be specific, let us turn to the spinless Luttinger model with U, _(x,2') = U_4 (z,2') = g2(z)d(z—
), Upyp(z,2") = U__(z,2") = g4(x)d(xz — ') and n = +. The equations of motion for the density
then read

@+W&Q+§$§ Ltot) +ur0, 2 g1 0,0) = 3 56 — € — o6~ )

- - (2.44)
Oy — vpOy <1 + g4(m)> ol (z,t) — qu@ng(x}z g‘i(m,t) =0.

2mup 2mv

In principle, the interaction parameters gs, g4 may have arbitrary time and position dependences. In
Ref. [14] e.g. the effect of sharp boundaries between the interacting wire and the noninteracting leads
was studied, at which plasmons are partially reflected. Let us focus here on a simpler situation. The
main purpose of this introductory treatment is to relate the presented approach to the previously
shown bosonization techniques with which we computed the Green’s functions of an infinitely long
wire. To this end we assume the wire to be adiabatically connected to the leads, such that 0,g;(x) =0
are negligible, the equations of motion can be decoupled by the Bogoliubov transformation (compare
with (2.7))

q . ~q 1 K 1-K
Q{}' = Céshc sinh.o %}' , with cosh((x) = L0} (x), sinh {(z) = —7@),
ol sinh¢ cosh(/ \ o2 2\/K(z) 2/ K(x)
which yields the equations for the right- and left-moving plasmonic modes

(00 + 0eu(a)) 84(6) = 3¢ [3(62 — &) ~ 661 = )], e = cosh,

(01— 02u(2)) 2(6) = — 55 [3(62 — &) — 562~ &)] , s =simh

(2.45)

Luttinger parameter and plasmon velocity are related to the coupling strengths via (2.6). The Green’s
function G4 (&1, &2) measures the response of the interacting system to the injection of a right-moving
electron at & and its later extraction at &. In the presence of interaction the corresponding charge
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2 Nonequilibrium Bosonization

excitation splits into a right-moving and a left-moving plasmonic excitation g and g_ with relative
weights (14 K)/2 and (1 — K)/2, respectively.
Let us consider exemplarily the charge response to a single source,

(0 + Opu(z)) 04 = %5@ —1)6(x — 7).

The advanced solution, which vanishes for ¢ > ¢, is

bu(a,t) = ~ 2L 5[/3601%’ U ur(e D) 00—

We are interested in the asymptotic behavior of g+ for t — —o0, i.e. in the incoming leads, +x — —oo,
where interaction is assumed to be absent and u(z — +£o00) = vp. Let u(x) interpolate adiabatically
between the free and the full value vp and u = u(x), respectively, such that in a broad region which
contains © = = (and all possibly relevant sources) and, say, x = 0, the function u(z) takes on the
constant value u, and for very negative or positive coordinates, say, + < z_ and =z > x4, it is
constantly u(z) = vp (see Fig. 2.2). For +o — —oo it is

- Q, - ~ VF _ n . ~ oF /
o+ (x,t) = —§H(t —t)0 |x — Tx — I vp(t—1t)| with 24 =24 — dz
0

VR
u(z')’

Figure 2.2: Sketch of local plasmon velocity u(x) in a Luttinger liquid, adiabatically connected
to noninteracting leads. Regions where u(x) interpolates between u and vp are gray
shaded

The corresponding counting phase (2.41) is
o4(t) = —21Q O(t —t + T/ & s Jup).
In our example of the Luttinger liquid model (2.44), (2.45) the phases read

(5+(t) = —2mc [H(t —to + $2/ﬂ + .f+/’UF) — H(t —t1 + 561/’11 + ZﬁJr/UF)] R (2 46)

6_(t)=2ms [0(t —ty — wo/tu— T /vp) — O(t —ty — m1 /U — T /vp)] '
with & = cosh(, 5 = sinh(, and ( = ((x1) = ((x9). Fig. 2.3 shows the corresponding density
trajectories ¢ in response to the sources at & and &, and depicts pictorially how the phase (2.41)
“counts” the charge in the incoming leads.
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2.3 Nonequilibrium Bosonization

Figure 2.3: Sketch of the density trajectories ol.. Right-moving densities are depicted blue, left-
moving ones purple. Lines correspond to traces of peaks with different weights ¢, —s.
Solid lines correspond to positive, dashed ones to negative weights. In the gray shaded
region u(x) interpolates between u and vy such that trajectories bend.

Evaluation of the Fredholm determinant

In the Luttinger liquid and some other interaction models, the phases 0,(t) are, quite generically,
piecewise constant functions. In the example of the Luttinger liquid Green’s function, which we
consider, they are constant on some interval I, = [t,t + 7] C R and vanish outside. If we denote by
17, the characteristic function of I,,, 17,(t) = 1 if t € I, and 1j,(t) = 0 otherwise, then the phases
are of the form &,(t) = 6,1, (t) with some constants 6. Introducing the projectors P, which acts on
functions ¢(t) by multiplication with 17, and thus satisfies Pﬁ =P, it is

Z,[V4] = Det [11 + Py (e~ 1) fﬂ} — Det []1 + Py (e - 1) fuPM} . (2.47)
The operator g =1 + P, (eigu — 1) fuP, has a temporal “block structure” in the sense

5(t1 — tg) + (eigl‘ — 1) fu(tl — tg) = g(tl — tg), t1,to € I,u,

. (2.48)
d(t1 — ta), otherwise.

g(tl’ tQ) =

It is nontrivial only if both #; and ¢3 lie in the interval I, in which case it depends solely on the
difference t; — to. Its determinant will be given by the nontrivial block g(t; — t2). When applying the
above mentioned hard cutoff procedure and discretizing times, ¢; = ¢ + (j — 1)7/A, the operator g is

, N =7/At = At /7, which is of Toeplitz
1<j,k<N

form: Its elements depend on index differences, g = g;j—x. Matrices of this form are ubiquitous in
mathematical physics where they appear e.g. in the context of magnetism, random matrix theory,

converted into a large (but finite) N x N-matrix (gjk)
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and full counting statistics. Gutman et al.[21] showed that observables in a vast range of problems
of nonequilibrium interacting fermions (and bosons) in 1D can be expressed in terms of Toeplitz

determinants Ay = det (gi,j) Liien and computed their large-IN asymptotic behavior. Generalizing
<i,j<

known mathematical results (Szegd theorem, Fisher-Hartwig conjecture) the authors were also able to
identify subleading contributions which are crucial to obtain an oscillatory dependence of Ay on N
[21, 22]. The results are summarized in Appendix A.

They are applicable at zero temperature when distribution functions f,(€) are piecewise constant
and exhibit sharp jumps. In partial equilibrium each of them has one single-step, f,(€) = 6(eV,, —¢),
at corresponding chemical potentials eV),. Using (A.9) and (2.46) the Luttinger liquid Green’s function
(2.40) is

—ie(AeVy)(t—z/@) is(AteVo)(ta/a)

[t —a/u]'™" [t +a/a)’

e

Gi(¢=&—&) x A7

with equilibrium exponents, v = (1 — K(0))?/(4K(0)) = 52. The results agrees with those obtained
in the previous sections, Egs. 2.8 and 2.36, up to the fast oscillating terms A" which stem from the
hard cutoff A. By making use of the normalization (2.43) instead we obtain

. . 1+~ . v
_ _ _FO iV (t—afa)iseV (/) Tia S
G2 =g — )= 9 + _ T
=6 —-&) Sravp © t—x/u¥ia t+x/uTia

with short-time cutoff a ~ A='. Of course, the real power of the considered bosonization approach
is reveiled in true nonequilibrium situations, especially in combination with spatially or temporally
varying interacting strength where interaction gradients lead to backscattering of plasmons. In Chapter
7 we will apply the method to the problem of an interaction quench in a nonequilibrium Luttinger
liquid.
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Chapter 3

Functional Bosonization of Quantum Wire
Networks

In this chapter we develop a general approach to nonequilibrium nanostructures formed by one-
dimensional channels which are coupled by tunnel junctions or impurity scattering. Possible one-
dimensional elements are semiconducting and metallic quantum wires, carbon nanotubes and quantum
Hall edge states.

The standard analytical approach to interacting one-dimensional systems (Luttinger liquids) is
bosonization. In Chapter 2 we presented the commonly used operator bosonization technique and
its recently developed nonequilibrium generalization. The latter provides an elegant technique to treat
setups where the fermionic nonequilibrium distribution function is created outside the interacting re-
gion and “injected” into the Luttinger liquid. We will focus on a more complicated situation when the
tunneling or the impurity backscattering takes place inside the interacting part of the system. Such
coupling terms represent in general a very serious complication for the standard bosonization, and we
are not aware of any way to solve the problem exactly. We choose instead an alternative route based on
the functional bosonization formalism (see Sect. 2.2) that retains both fermionic and bosonic degrees of
freedom. Combining the functional bosonization idea with the Keldysh nonequilibrium framework, we
derive the Keldysh action for the considered class of problems. This action has a structure reminiscent
of that of the generating function of the full counting statistics[23—25]. Our action generalizes that of
Ref. [20] where a local scatterer under nonequilibrium conditions was explored.

As we will illustrate in Chapter 6 the formalism can be used for an exact treatment of specific setups.
In general, this may not be possible and we present here an approximation scheme which applies for
weak tunneling. The developed real-time instanton (saddle-point) method will allow us to determine
Keldysh Green functions characterizing physical observables under interest (tunneling density of states,
distribution functions, current-voltage characteristics, etc.).

While this chapter concentrates on the formal aspects of the model, a number of important appli-
cations such as quantum Hall interferometers and quantum wires with impurities will be the subject
of the remainder of this thesis.

The results presented here have been published in Ref. [26].
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3 Functional Bosonization of Quantum Wire Networks

3.1 Model and Keldysh Action

Let us consider a general model of a ballistic conductor which can be represented as a network of one-
dimensional (1D) chiral channels and point scatterers, as shown in Fig. 3.1. It is assumed that electrons
propagate along the channels, denoted by lower Greek index p, with constant velocity v, from source
to drain reservoirs located at coordinates xﬁ and mf? , respectively. In the physical world such channels
are realized by quantum Hall (QH) edge states or right-/left-moving 1D states in quantum wires. At
point scatterers, denoted by Latin index j, instantaneous tunneling between different channels occurs,
which is described by the scattering matrix s/. Typical examples of scatterers are quantum point
contacts (QPCs) or impurities in nanowires. A somewhat less trivial type of scatterer is a multi-
terminal junction that can be realized by a quantum dot under assumption that its Thouless energy
is well above all typical energy scales of the problem such as the temperature and the voltage.

We also require that each chiral channel in the absence of tunneling is connected to one source and
one drain reservoir (rather than forms a loop).

Albeit quite simple, our quantum-wire network model covers a broad class of mesoscopic ballistic
devices, including QH interferometers and quantum wire junctions (See Fig. 3.1). We note also that
the importance of network models has been well appreciated in the context of the integer QH effect,
where the Chalker-Coddington network model [27] serves as a highly useful starting point for numerical
and analytical investigation of the QH transition.

b)

Figure 3.1: Two possible realizations of our model: (a) Mach-Zehnder quantum Hall interfero-
meter and (b) junction of three quantum wires. Channels are represented by solid
lines, point scatterers by white circles, reservoirs by boxes. Arrows indicate directions
of motion.

In the absence of tunneling, i.e. when all scattering matrices are trivial, s/ = 1, different chiral
channels are fully disconnected from each other. Unter the assumption that each channel is in a sepa-
rate equilibrium state, interaction can be taken into account by the functional bosonization approach
presented in Sect. 2.2.

Throughout this chapter we consider the zero temperature limit with different channels n having
possibly different chemical potentials eV;,. In time representation the distribution functions of source
reservoirs 7 read

Fat 1) = ot = 1) = 7 ot — 1)

with the equilibrium Fermi distribution function fo(e) = 6(—e¢). For future reference we also define the
“hole” distribution function f5 () =1 — fo(€) and write also f5~ = fo. In time representation we have
< 1

fe(t) = T ia (3.1)
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3.1 Model and Keldysh Action

with the short-time cutoff a ~ A~

Recapitulating Sect. 2.2, we remind us that interaction is encoded in an action Ay [t), 9], cf. (2.10),
which is biquadratic in fermionic fields 1, ¥. It can be replaced by terms which are bilinear in 1,1 via a
Hubbard-Stratonovich transformation at the expense of introducing a mediating (bosonic) field ¢. The
latter can be further decoupled from the fermionic degrees of freedom by a gauge transformation (2.15).
The corresponding Jacobian (2.22) leads to corrections to the bosonic action which in the absence of
tunneling is quadratic in ¢ and takes into account screening in random-phase approximation (2.25),

Aofel =5 3 /C A€’ g (EV (€, E)pul€) = 3 /C 0€ 00y £() (3.2)
nv n

with the effective interaction VM_V1 = U,,} — 011, the polarization operators (2.23),(2.24), and the
mean charge density oo, = eV, /(27|v,]).

In Sect. 2.3 we observed that the Jacobian can contain higher-order contributions, which are encoded
in a functonal determinant, if the 1D electrons are not in an equilibrium state. In this chapter we
find a similar behavior for the connected quantum network when at least one node is characterized
by a non-trivial scattering matrix s/ # 1. For the case of a single compact scatterer such an action
has been constructed in Ref. [28] with the use of the nonequilibrium Green’s function method. The
result bears a strong resemblance with the solution of the problem of full counting statistics [20, 23].
In this chapter we generalize this approach to the situation with many scatterers. It turns out that the
Keldysh action in this case can be written in terms of a full time-dependent single-particle scattering
matrix (S-matrix) of the system in a given configuration of field ¢®, which we denote S* = S[¢®|(¢,t'),
where o = f/b is the Keldysh index. Let us emphasize that the S-matrix is nonlocal in time and takes
different values on the forward and backward branches of the Keldysh contour. Our result reads:

Alp] = ;Z/Cdédf’ u ;Jsou—Z/dfdf’ (5 e (H;(go_ e HZ(50—5)> (ig)
pv i %
— ilnDet []1 —f+ 5[¢6]TS[¢f]f] . (3.3)

The last term in Eq. (3.3) is a functional determinant with respect to (real) time and channel indices.
It is understood that f in the expression for the corresponding operator has the structure f,,(¢,t') =
S fu(t —t'), ie., it is diagonal in channel representation, with f,(¢) being the Fourier transform
of the source distribution function connected to channel p. While the Keldysh components Hﬁ of
the polarization operators are encoded in the functional determinant in (3.3), the anomalous terms

H;/ “(related to the Schwinger anomaly) are represented by the second term. It is written in the rotated
Keldysh representation, @9 = (of 4 ¢%)/2, and integration is performed along the real time axis.

A detailed derivation of the result (3.3), which employs ideas of Ref. [20], is presented in Sect. 3.4.1.
In view of the importance of this result, we give also its alternative proof (Sect. 3.4.2), which follows
closely the method of Ref. [28].

Construction of Scattering Matrix

Let us now discuss how the S-matrix for the systems under consideration is constructed. The elements

of Sp,(t,t') give the amplitude that a wave packet incident from source y at time ¢’ leaves the system
o

at time ¢ through the drain v. They are sums of amplitudes Sy, (¢,t') = >_, A,(,IL (t,t') over all possible
paths p formed by elements of the network.
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3 Functional Bosonization of Quantum Wire Networks

X

Kﬂ’@';*@f‘%

A

X1 XK

Figure 3.2: Network built out of four channels u,x,v, A and point scatterers 1,2,3,4. Counting
fields measure outgoing currents. Along interior parts of channels classical phases
Gu/wjvs €9 due to magnetic field, are accumulated. An exemplary path p is indicated
by a dashed line.

To see how the amplitudes A(fga(t,t’ ) are constructed let us consider Fig. 3.2, which shows an

exemplary path p through a network of channels and point scatterers. It consists of an alternating
sequence of two types of processes:

a. Electron propagation in the potential ,;; between z'and 27, leading to the accumulated phase

ﬁg(wj, z't)(t) = —v;l /T dz ¢y, (z,t — (27 — ) /v,). (3.4)

In addition to the Hubbard-Stratonovich field ¢f;, there may be other time—independent phases ¢
(e.g., induced by a magnetic field) contributing to Eq. (3.4). Note that Jj(z, z") satisfies the same
differential equation (0 + v,0,)05(z, 2% t) = —¢j(x,1) as ©j(z,t), but has a simpler (“incomplete”)
Keldysh structure which involves only the retarded/advanced components of the bare particle-hole
propagator Dy,. To take a finite flight time of electron between x' and 27 into account, we introduce
a “delay operator”

Az 2t 1) =6t —t — (27 — 2") vy,).

Then the amplitude of this process reads
Mﬁ(:cj,a:i;t,t’) = ewﬁ(xj’xi?t)Au(xj,a:i;t,t'). (3.5)
Indeed, consider the 1D version of the Schrédinger equation on a directed link 2 — 27,
iﬁt% = (_iv,uazv + <P,‘f)1/1u-

Using the definition of the phase (3.4), this equation can be solved independently on each branch of
the Keldysh contour yielding the relation

Gu(ad, t) = PR 0y (1t — (a7 — 27) /v,), (3.6)

which implies that the scattering matrix is given by Eq. (3.5).
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3.2 Weak Tunneling Expansion

b. Scattering/tunneling at point scatterer j: The amplitude of instantaneous scattering from chan-
nel p to v is

s, (t' 1) = s, 0(t' —1).

Passing the charge detector at drain ., which is described by the counting field ,. As a
special variant of a., our formalism includes the theory of full counting statistics. A counting field
residing in the drain lead p measures the current flowing into that drain. The corresponding amplitude
is

XUt 1) = e 2xms(t — ).

Then the action (3.3) enables us to express the cumulant generating function of the network as a
functional integral over ¢,

2(0) = [ [1Pelw.0) exp {iA(0.0)}. (3.7)
m

where the vector X' combines the counting fields x, in all drains.

Finally, the amplitude A,(f;)a of a path p is the path-ordered (real) time convolution (“latest to the
left”) of the amplitudes of its constituent processes. As an example, the amplitude indicated by the
dashed line in Fig. 3.2 reads

D 2 2 2 1 1 1.5
AGe(t) = [X2 Mo @D, 02) 52 Mi(ad,wh) sk, MaGalaf)] ()
= 3(t—t'—r) e Bt 2 sl exp (03D, wkit) + 03k kit — ) + 03k wit—m — ) |

1
K

2

where 71 /9/3 denote the flight times of the subpaths xﬁ — x}“ vl — 22 22— x,’?, and T =11+ 719+ T3

is the total flight time.

3.2 Weak Tunneling Expansion

Due to the complex temporal behavior of the scattering matrix analytical evaluation of the functional
determinant (3.3) is not feasible in general. (Chapter 6 deals with an example which can be treated
exactly.) An approximate treatment is possible if weak tunneling at the point scatterers is assumed
(i.e. the scattering matrix s{,u close to d,,), and the ultimate goal of this section is the expansion of
the action in the tunneling strength. Since in the absence of tunneling the network is described by the
Gaussian action (3.2), one can introduce the tunneling action A¢[p], so that A[p] = Aole] + As[e],
where the expansion of A;[p] starts from second-order terms with respect to the tunneling amplitudes
at the point scatterers. In Sect. 3.4.3 we show that an exact representation of A;[p] is given in terms
of a modified (“regularized”) functional determinant

Ailp] = —ilnDet |1 — f + S*1S/f]. (3.8)
The new, “regularized” scattering matrix S here is constructed similarly to S. Each of its elements

Sﬁ‘“(t,t’) =2, Al(,z)a(t,t’) is a sum over the same paths p which contribute to S, (¢,¢') and connect

the source p with the drain v. Full and regularized amplitudes, Al(f;z and fll(f;z respectively, differ in
the partial amplitudes assigned to the elementary processes a. and b. which constitute a path p:
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3 Functional Bosonization of Quantum Wire Networks

a. Propagation between 2’ and z/. Only the time delay is taken into account:
Mz(fl?], xl) - Aﬂ(mja xi)v
while phase accumulation is shifted to

b. Tunneling at point scatterers j. The off-diagonal tunneling amplitudes become “dressed” by
tunneling phases ®%,(27,t) = ©%(x7,,t) — O (21, t):

St t) = P05 60— ).

The phases ©, = —Dy,p, are defined as in Sect. 2.2 and can be modified by additional time-
independent phase contributions due to e.g. magnetic or counting fields as follows. If the additional
phase accumulated by an electron which propagates along a channel p from a position = to the drain
lead p is denoted as ¢ (), then the phase ©f is modified according to

@g(xat) = @z(ﬂf,t) - ¢g,0ut($)'
In our previous example, Fig. 3.2, the regularized scattering amplitudes read

5114(,3(75, t,) = eiq)gu(xl’t)_i((b“_%)“%(xu_xn)Szﬂé(t - t,)a
5L(t, 1) = e @ 0415 (o —xe) 2 5(1 — ¢).

The regularized scattering matrix becomes trivial in the “clean” limit, S = 1, since all effects of interac-
tion are now contained in the phases of the off-diagonal elements of the regularized scattering matrices
5}, of connectors. Thus Eq. (3.8) can be expanded in (even) powers of the tunneling amplitudes:

oo 1 n
Adgl =iy —Tr | (1 - 587
del=i> | f
We are now going to elaborate on the second-order terms in this series.

Second Order Expansion

Let us introduce the notation P = S"S/. Up to third order corrections in the tunneling amplitudes
[that we denote as O(tun®)] the tunneling action is

Ailp] =t Tr |(1—-P)f + %(]l —P)f(1 — P)f] + O(tun®)

=i Tr (]1 - P)ﬂufu + % Z PpufyAuufy + O(tun3). (3.9)
pFEV

In the last expression, the trace is only taken with respect to time. To reduce the tunneling action to
this form, we used (1 — P),, = O(tun?) and A,, = O(tun).

It can be shown (see Sect. 3.4.4 for a detailed derivation) that A; acquires contributions from paths
which start in a certain source reservoir, evolve forward and backward in time, undergoing in total
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3.3 Real-Time Instanton Method

exactly 2 tunneling events, and eventually return to the original source. Such paths involve exactly
2 different channels, p and v. Thus we can classify all paths according to the pair (u,v) of channels
u # v and the pair (i,7) of scatterers (possibly equal) at which the tunneling takes place: u — v at
i and v — p at j. Of course, the class (ij; uv) coincides with the class (ji;vu). The second order
expansion of the tunneling action then is a sum over these classes:

i®l,, (29 t2)

. ok (t —IIs (t
[ =—i > /dt1dt2 (e i@ (24 t1) ei%u(xatl))( s (112) i 12)) €

b ,
(ij;,u‘V) _H?j;uy (t12) Hg};“y (t12) elq),u,u(m]’tQ)
(3.10)
t19 = t1 — t9, where the tunneling polarization operators are given by
Hizj;,uu(t) = S:;/MS{/;A iA¢ifyeii(Xu_xy)f<(t + Tu in T;Z.in)flzg(ﬂiin - 7_Z.in - t)? (311)
T/T

where 7§, is the flight time from the source to the scatterer k along a channel \, 7%. = (2 — xf )/

We have also taken into account counting fields in the drain leads (which are not contained in HU/ Z/)
and classical phases,

AQZSW, = ¢V.0ut($i) - ¢u.0ut($i) - ¢V.out (LUJ) + Qbu.out(l'j)-

In the case ¢ = j we will also use the convention

07, (1) =10, (t) = HZW( )+ 105, (0)] - (3.13)
The comparison of this expression with the Eq. (3.12) shows that they differ from each other by
a singular term proportional to sign(¢)h(t)d(t) = wd%(t), where we put h(t) = f5(t) — fy(t). It
gives some constant (albeit infinite) contribution to the tunneling action (3.10) and therefore both

representations for H“/ . are equivalent.

3.3 Real-Time Instanton Method

On the level of the second order expansion, the action Ay[p] is expressed in terms of the tunneling
phases ®, which are linear functionals of ¢:

v(§) = Z /C A€’ Duvin (€ €)ea(€)s Dywix = Dodpux — Dovbya. (3.14)
A

The action A¢[yp] is non-Gaussian in ® and, in fact, is quite similar to the Ambegaokar-Eckern-Schén
(AES) action [29]. The difference is that the kernel appearing in Eq. (3.10) is not only non-local
in time (as in the case of AES) but in general is non-local in space as well. In view of the non-
Gaussian character of the action an exact evaluation of physical quantities does not seem feasible in
general. For this reason, we will use a saddle-point approximation that catches correctly the relevant
interaction-induced physics, including both the renormalization and the dephasing phenomena.
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3 Functional Bosonization of Quantum Wire Networks

To explain the idea of the method, let us consider some physical quantity O¢] = Ope™A/ ¥ where
Aslel = =32, Jo A€ Ju(&)pu(€) is a linear functional of ¢, and the prefactor Op is independent on
. Important examples, which are treated in the subsequent chapters, include the electronic Green’s
function and the current. The quantum average value of O is given by the functional integral

<OWD::/D¢gAmMLMM+MﬂM@m (3.15)

which we estimate in the semiclassical approximation [30]. In this case the path integral is contributed
by the saddle-point trajectory .. of the full action Ag[¢] + A¢[p] + As[¢] and quantum fluctuations
around it. Here free and tunneling actions Ag[p], Ai[¢] are given by Egs. (3.2) and (3.10), respectively.
In the limit of weak tunneling between chiral channels the saddle-point trajectory (“instanton” )
can be found approximately by requiring that it minimizes the Gaussian contributions to the action
Ao[p] + Asle], which gives

€)= /C 4" V(6,6 (a0n (€) + T (). (3.16)

As shown in Sect. 3.4.5, under such an approximation Eq. (3.15) simplifies to
(Olp]) = (/) el (3.17)

with

() = exp i (Aslel), - % [<<«4J[¢] - <«4J[90]>0)2>J : (3.18)

. , A A 7. (ti)  —IIS. (1) i@l (27 t2)
. oS i i 12 p\l12 e
Alpl =i Y fandty (et ot ’“))< e

{M:V}7(7’7]) _ﬁz,uy(t12) ﬁ£7“y(t12)

(3.19)

where t19 = t; — t2 and (...)¢ denotes averaging with respect to Ap[¢]. We have introduced the
instanton phases ®.,, = D, s« and the renormalized tunneling polarization operators

Do (xijxj;tl—tg)—Dgzy(0,0D e

% () — ty) = ¢ (P 9 (h 1), (3.20)

(YHVA

obtained by dressing of the bare tunneling polarization operators by phase-phase correlators
D<I>/W<§17§2> = Z/Cdf, dfn D;w;n(flvfl)VnA(glagﬂ)DuV;)\(fﬂa&)-
KA

The meaning of Eq. (3.20) is that quantum fluctuations of tunneling phases renormalize the temporal
dependence of tunneling polarization operators which lead to non-trivial (usually power-law) energy-
dependence of tunneling coefficients.

Ttwo important applications of our general approach will be considered in Chapters 4 and 5.
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3.4 Calculations

3.4 Calculations

3.4.1 Derivation of Keldysh Action

This section and the following one are devoted to the proof of (3.3) and more specifically to the
— . /

calculation of the Jacobian J[g,1, ] corresponding to the gauge transformation wfz/ b, €_Z®f‘ bwz:/ b

with (2.16). Since this is a linear transformation in v, 1, its Jacobian is independent of v, 1 and can

be therefore computed as
T[] = el = /D(WZ) e levt]l — v { 0001 O]} (3.21)

with density operator gp and the (many-particle) time evolution operators U[(pf /%]. The latter describes
any single-particle dynamics the electrons undergo in the system and the leads (see Fig. 3.3), say
scattering and propagation through time-dependent potentials ¢*(¢). These potentials may have a
non-trivial Keldysh structure, thus the superindex o = f/b which refers to the forward/backward
branch of the Keldysh contour, respectively.

Figure 3.3: Sketch of the system (shaded blob) which is connected to reservoirs (rectangles) via
source (drain) leads, depicted by incoming (outgoing) lines. The leads p (v) enter
(leave) the systems at contact positions xﬁ (xD).

Integrating out Fermions with Klich’s Formula

There are several ways to evaluate the many-particle trace (3.21). Here we employ an approach that
generalizes a derivation of the full counting statistics in Ref. [20]. In Sect. 3.4.2 we present an alternative
derivation which keeps closely to the spirit of Ref. [28] where an analogous action was derived for the
case of a single compact scatterer.

A central mathematical statement proven in Ref. [20] relates traces of certain many-particle operators
with determinants of associated single-particle operators. We denote the (many-particle) Fock space
representation of single-particle operators C' by I'(C) = ch <z| C ! j> cj. Here, {‘z>}Z is some single-
particle basis, and ¢; (CD annihilates (creates) an electron in state "L> Then, the following identity
holds:

Tr (eF(Al) e eF(A”)) = det <]l + el ‘eA”> . (3.22)
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3 Functional Bosonization of Quantum Wire Networks

To proceed we write the density operator in the form

; e'th) (3.23)
00 = ——F~ .
det (]l + eF>

where the single-particle operator F' = > a;N; is a suitable linear combination of (single-particle!)

“number operators” N; = ‘z> <z‘ in the reservoirs. E.g. in thermal equilibrium F = —8Hy with some
appropriate Hamiltonian Hy = > ¢;N;. The many-particle time-evolution operator is canonically
discretized as
oo N
Ule®] = Texp —z'/ dtﬁ[gpo‘(t)]] = lim H et T(H[ (E)),
oo N0 i=1

Hence, Eq. (3.21) is a trace over a (infinite) product of operator exponentials which, according to
(3.22), is

Tr [eF<F>U[¢b]TU[¢f]} det (11 n eFU[gob]TU[gofD
det(1 + eF) - det(1 + eF)

— det (11 v f (U[gpb]TU[cpf] - 11)> (3.24)

Jlp] =

with the single-particle time-evolution operator U[¢®] (not to be confused with U[p®]) and the occu-

-1
pation number operator f = []l + e_F} .

Wave packet representation

In a next step, we follow Landauer’s original idea[31, 32] and represent the time-evolution operators
with respect to the wave packet bases, relating them to the single-particle scattering matrices. Using
a more compact notation for the single-particle time-evolution operator

U (tlv tO) = Texp

0

t1
- | dtH[goa(t)]] L o<t
t
(hence Ulp®| = U%(00, —0)), Eq. (3.24) can be brought into the form

Jlg] = lim det {]1 + f [U”(u,t,)TUf(u,t,) — 11} } (3.25)
t+—to00
We fix some time-independent reference Hamiltonian, say Hy = H[p = 0], which contains the lead
kinematics as well as scattering, but no interaction or current counting. Then the incoming/outgoing
scattering states with respect to Hy form two natural bases of the single-particle Hilbert space, see
Fig. 3.4. Each state is characterized by its energy € and the lead p through which it enters/leaves the
system: Hy ‘eu)ln/out =€ ‘eu>m/out. The two bases are hence (}e,u>m) and (‘eu)om)em.
€h

)

For the sake of argument we will assume the lead channels p to be one-dimensional (1D), semi-
infinite and non-dispersive with constant velocity v,. We use the convention v, > 0, i.e. for source
channels —oco < = < x:\q and for drain channels :c? < x < 00, and choose the normalization such that

) in/out
in/out <5,,U//|€:U’> = (5#“/5(6 — e/) is satisfied.
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Figure 3.4: (a) Spatial distribution of incoming scattering state ‘eu>m (wavy lines). It extends
in source lead p and arbitrary drain leads v, but in no other source leads. (b) Spatial
distribution of outgoing scattering state \ey>OUt (wavy lines). It extends in drain lead
v and arbitrary source leads p, but in no other drain leads.

The incoming state ‘eu>m is a plane wave in source lead p and spreads into drain leads v. It
1

G eler/vn (where |xu> is the eigenstate of

. in
vanishes in all other source leads p/: ™ <xu’ |eu> =0y

the position operator in channel u). Analogous statements hold for the outgoing states.
Let us now construct the incoming (outgoing) wave packet basis at reference time ¢_ (¢4). For that
we define

‘t'u>in = /\;121 eie(t—t,—mﬁ/vu) ’€N> : }t)\>out — \;1; eie(t—r@—xf/w) ‘6)\> )
™ ™

Note that ¢ is not a parameter which describes the time-evolution of a state “‘,u>” but labels the state
‘t,u> similar to € in ‘eu>. The two new bases are thus (‘t,u>m)t;u and (’t,u>out)t;u.

To shed light on the meaning of label ¢, we study the time-evolution of the newly constructed states
with respect to the reference Hamiltonian Hy. For time ¢’ one has

m<:):// e~ Ho(t'—t-) ‘tu>in = Oprp /Upd(x — xi +ou(t—1)).

Figure 3.5: Zoom into source lead p: sketch of spatial distribution of wave packet states ‘t_,u>in,
in in .
[tp)™, [top)™ with to >t > t_.

This is a wave packet in source channel p which propagates toward contact :EE, arriving there at time
t, see Fig. 3.5. After entering the system it may split and spread in some complicated way. Similarly,
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3 Functional Bosonization of Quantum Wire Networks

the outgoing state ‘t)\>out may be distributed in some complicated manner inside the system, however
tuned such that at time ¢ it arrives at drain contact a:? and continues propagation as a single wave
packet in drain channel A. Summarizing,

e—iHO(t_tf) ‘t/.L>m = \/'IT# ‘$5> ’ e—iHO(t—t+) }t)\>out = \/'ITA ’$?> (326)

are wave packets residing at contacts :1: , b X > and thus being independent of ¢+ and ¢.

Making the assumption that mteractlon counting etc. is switched on and off adiabatically such that
H(t') = Hy for t' & [t_,t1], we now argue that the same simple relations hold when taking the full
Hamiltonian H (t) into account,

U (t,t-) [tp)™ \/@‘ > Aty ty) [N = \/a‘x§)> : (3.27)

These relations are a direct consequence of (3.26) and the fact that potential p® is restricted spatially
and temporally: For ¢t > ¢’ > ¢t_ incoming wave packet U(t,t ‘tu} is completely contained in the
source lead where we assume p® to be absent. For t < ¢ < t_ potentlal ©*(t') is again ineffective since
not switched on yet. Therefore, U(t,t_ ‘t,u> = ¢ iHo(t—t-) ‘tu> for all t. The reasoning is analogous
for outgoing states.

We are now able to give the operator fU%(ty,t_)TUf(t,,t_) in the wave-packet representation. For
source channels pu, y/ the matrix elements read

/>in
_ Z /dt” f,u,u“(tat”) Z/dt/// m // "
“// bY

Since the leads are populated by the reservoirs such that the occupation number of the incoming states

Pt FUb (e, ) TUY (2,80 )

out out in
Ub(ty,t) t’”)\> <t’”)\ Ul (ts, 1) > . (3.28)

m
e > = 0, 0(e — €) fu(e), the distribution function in time domain simplifies to

dE —ie(t—t'
> Opups! /%e =) fule).

The matrix elements of the time-evolution operator further reduce to

S ( (t,t)

out

(AU (g, t) |t >in = ""(NU (14, U (1, 1)U (1 1)

x5> = Shu(t,t)
(3.29)

)" = sty (2| UG, )

which defines the scattering matrix S = S[gp].
In the wave-packet representation Eq. (3.25) can be written

Jlp] = Al = det []1 — f 4 Shts f}

where the determinant is to be taken with respect to source lead indices and arrival times. The log of
this determinant appears in our general result stated in Eq. (3.3). The retarded and advanced parts
of the polarization operator which are present in Eq. (3.3) are not reproduced within the method of
this section since they represent itself the quantum anomaly. Their structure does not depend on the
actual nonequilibrium state of the system and can be deduced from the analysis of the fermion action
in the absence of tunneling as it discussed in Section 2.2.
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3.4 Calculations

Figure 3.6: Sketch of the system: a block characterized by the dwell time T is connected to some
part of the system (the shaded blob) via interface states |x,).

Construction of Scattering Matrix

According to (3.29) the scattering matrix element Sy, (t,t') is the transition amplitude for a peak
residing in the (incoming) lead p at time ¢’ to a peak residing in the (outgoing) lead A at time ¢.
One expects that it is the summed amplitude for all possible trajectories which connect p with A.
We will briefly demonstrate this assuming that the scatterer is a network of simple blocks which are
connected to each other via “interface channels” which may be “outgoing” with respect to one block
and “incoming” with respect to a neighboring one. The electronic state residing in the interface channel
A is denoted by }:L“,\> It corresponds to a wave packet which is leaving one of the blocks and about
to enter another one. We further assume that the blocks be simple enough such that each of them
can be characterized by a unique dwell time 7 (possibly different for each block), i.e. a wave packet
which enters the block at time ¢ will definitely leave it at (exactly) ¢ + 7, through whatever channel:

Ut +1,t)|x:) = > up(?) ‘azf> where |z;) is an incoming interface state and the sum extends over

outgoing interface states ‘IL‘ f>. This defines the functions wuy;(t) and the scattering matrix elements
o
sp ) =0t —t—7), [ —up(t) (3.30)
vf
where we have assigned a characteristic velocity vy to each interface channel X\. The full scattering
matrix Sy, (t',t) can be constructed out of elements s;(t', ) with the use of the following decomposition
property. Consider the situation sketched in Fig. 3.6. Because of the decomposition property U (', t) =
U(',t+7)U(t+ 7,t) of the time-evolution operator, the amplitude for the transition from a peak at ¢
in channel y to one at ¢ in \ is

VIR (| U 1) [2,) = /dt”\/m<x,\| U@ ) [2) sun(t ). (3.31)

Obviously, the inner transition amplitude can be decomposed further in the same manner, and the full
scattering matrix element Sy, turns out to be the sum of amplitudes A&Z), each of them corresponding
to a possible path p connecting the incoming state p with the outgoing one A. As p passes through a
certain number of building blocks, A&T;) is the product of the blocks’ scattering matrix elements. For
completeness we note that, since each trajectory will end in the outgoing leads, each decomposition

will end with

VA AN <.%')\/

U(t/,t) ‘.%')\> = 5(t/ — t)<5x,\ (3.32)
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3 Functional Bosonization of Quantum Wire Networks

for A, M € out.

Simple blocks

Having convinced ourselves of the usefulness of definition (3.30) we turn to simple two examples of
building blocks: wires with fluctuating potentials and point scatterers. Simple as they are, a broad
class of devices, including quantum wire junctions and electronic interferometers, can be modeled as a
network of these construction units, and in the following we will restrict ourselves to such systems.

The corresponding scattering matrices are found by considering the time-evolution of wave packets
P(t,x) = (x| U(t, to) |x;) which satisfy the Schrodinger equation

i0x(t) = H(t)y(t), with initial condition 1 (tg, ) = 0(x — x;). (3.33)

We list the results here, giving all necessary definitions in the subsequent paragraphs:

Construction unit Scattering matriz
Chiral wire X o X | MO t) = VROAW )

Point scatterer iﬁf spi(t,t) =sp 6(t' —1t)

a. Chiral wire with fluctuating potential A possible block is a chiral non-dispersive wire where
fermions propagate with constant velocity v in a fluctuating potential ¢®(¢,x). Similar to the leads
wires are described by a single coordinate x, extending from z; to xy, such that the dwell time is
7 =% Tt is taken into account by the “delay operator” A(t',t) = 6(t —t — 7). The presence of
the potential leads to accumulation of phase

Dpit) = —v ! /%fdx’ (@' t — (xp — ) v). (3.34)

7

The wire connects exactly one incoming to one outgoing channel and the scattering matrix has just
one entry M(t',t) in channel space.

b. Point scatterer Another possible construction unit is the point scatterer which connects one-
dimensional incoming (index i) and outgoing (index f) channels such that scattering occurs instanta-
neously (dwell time 7 = 0+). The scatterer is characterized by the unitary time-independent scattering
matrix sg;. If all channels A have a linear dispersion with constant velocity vy, then according to (3.33)
the wave packet incident from channel ¢ (at time ¢g) is

Y(t,x,N) =0y 0z +vi(t —ty) —x)) + 25,\f Sfi 1/% S(xp+vp(t —to) — ), t & .
f (2

Since the state extends over several channels the wave function is a function of both channel index A
and channel coordinate z, and the sum is to be taken over all outgoing channels f.
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Counting Fields Up to now we have not addressed the issue of counting fields, claiming that they can
be treated on the same footing as fluctuating potentials, a statement to be proven in this paragraph.
The number of electrons which flow through a certain point Z in the time interval to <t <tis

described quantum-mechanically by the operator N = ffto dt I(t). The current operator I = v (&)(x)

becomes time-dependent in Heisenberg representation, I(t) = et (t=t=) [e=iH (=) (¢ _ is some reference
time at which the initial state of the system is fixed), v is the fermion velocity in the considered channel.
According to Levitov and Lesovik [23] the correct generating functional of charge transfer through # is

2(x) = (Ul 0) U (B, 00) ) with Uy(7, o) = Texp z% /tdtl(t)

to

From the properties Uy (fo,%0) = 1 and i0;Uy (%, %) = —XI(¢)Uy(t,9) we conclude that

U () = (1) gilH=§D)i=io) =i fo1-)

—i /cdt’ Hx(t’)] >

is the Keldysh partition sum with respect to the Hamiltonian H¢(t) = H + v [dx A;(a:,t)wT(a:)w(:c)
where time integration and ordering are to be understood along the Keldysh contour C and we defined
the local vector potential A{C/b(t, x) = 1@5(9: — Z) with the “time-dependent” counting field x(¢') =
X0 —1)0(t — o).

The corresponding scattering matrix reads s//0(t',t) = 6(t' — t) e*2X(®) and can be incorporated in
the total scattering matrix.

is a possible alternative representation. Thus,

Z(x) = <Tc exp

3.4.2 Alternative Derivation of the Keldysh Action for 1D Systems

In this appendix we sketch an alternative derivation of the action A¢[¢] which holds for one-dimensional
(1D) systems. As shown in Fig. 3.7 they may consist of several channels. Either direction of propagation
is the same in all of them (in case of which the setup is referred to as “chiral”) or there are two distinct
possible directions: “right” (+) and “left”(-). The derivation generalizes that of Ref. [28] and some of
the arguments given already there will be not reiterated here.

XL XRrR

==0=:0=:0=—

Figure 3.7: Exemplary 1D system with 8 right-moving (4+) and 1 left-moving (—) channels and
3 scatterers. The system extends xp, < x < TR.

We use a single coordinate system x; < x < zp to describe all channels with left (right) contact
position xp(p), i.e. velocities in right-(left-)moving channels are positive (negative): vp (—vr). The
fermionic action is

Af[i[),@[;,V] = /dJU /dt al (iat + iT3Vp Oy — 2 — V) 1\
C
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3 Functional Bosonization of Quantum Wire Networks

where U = (¢)}) are vectors of Grassmannian fields with Keldysh and channel/direction indices a and
1, respectively, 7 are Pauli matrices in direction space, vg is the Fermi velocity, X is the self-energy
correction due to the coupling to the reservoirs (see below), and V denotes the (temporally and spatially
local) potential under the influence of which the electrons traverse the system. The latter may be the
static scattering, Hubbard-Stratonovich or counting potential.

To obtain the integrated action A, first its variation with respect to V is considered,

i0A = — /dx/dt Tr, {(Wf(t,x)GT(x,t —0;2,t) — 6VO(t, x)GT(w,t + O;x,t)] =-— /dw Tr 6V (2)o3G(z, )

(3.35)
where o are Pauli matrices in Keldysh space, and the first trace Tr; is taken over Keldysh and channel
indices, while the “full” trace Tr is additionally taken over real time. The full fermionic Green’s function
G is needed at coinciding spatial coordinates, where it is discontinuous because of linear dispersion.
The above time shift regularization, which takes into account that fermion fields in the action are
normal-ordered, is equivalent to the identification

- | -
T(T) R A T(T) (e + ) _ o
G Y (x,ty 2 ) — Sior (g (x;t,t')— 0 (t t )) (3.36)

with the quasiclassical Green’s function

g (x,t,t) = ivp (Ga’g(ac +0,z;t,t) + G (x — 0, 2:t, t’)) )

Transfer matrices

The Green’s function G(z1,22) is related to G(a, %) via the the single-particle transfer matrices
M(z,z') for spatial evolution from 2’ to z: G (xy,12) = M(21,2))G (2}, 25) MP (2}, 29)T or,
for quasiclassical Green’s functions, g*’(z) = M%(z,2")g**(2")MP(x,2)t. Defining U (x;t,t') =
ivp1o(t—t")m3(i0y —V*(x,t')) (or more clearly in energy representation U (z)(e, €') = ivp~ 113 (2w (e—
€)e = V*(x,e — €'))), the transfer matrices are given by

O,, exp f;,dxluo‘(xl) , x>,

M (z,2") = _ -
Oy exp | [ dz U ()|, =<,

where O, (O,) orders subsequent operators with respect to their space coordinate x, smaller (larger)
coordinates ordered to the right. Consequently, transfer matrices are diagonal in Keldysh space (with
M being only related to V%) and satisfy

T

R
(5./\/la(xR,xL)—/ de M*(xg,z) |—ivp 'm0V (z)| M (x,21). (3.37)

TL

For short, we will also write for the total transfer matrix M = M(x g, zr). Note that in chiral systems
considered in Ref. [28] scattering matrices S can be used. While coinciding with the transfer matrices
in chiral systems, they differ in non-chiral ones, the two being related via

S=m3(r4++ MT_)fl (Mry+7-)73 (3.38)
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3.4 Calculations

with the projectors 7 = (79 & 73)/2 in direction space. In chiral, say right-moving, systems 73 =
7. = 1, 7 = 0 and indeed S = M. Generally, S is unitary, SST = 1, M is pseudo-unitary,
M(z, 2" )sM(z,2')T = 3. By defining g = 03973 spatial evolution amounts for the similarity trans-
formation

§(z) = M(z,2")g(z")M(z,2") 1.

The factor o3 ensures the normalization property g(z)? = 1.
Using (3.36), (3.37) and g(z) = M(x,21)g(zr)M(xr,x1) I M(zg, ) the variation of the action
(3.35) can be simplified to

i5A = — /da: Tr 756V(z) % (5(2) — o37s)

WE
1
) /dx Ir [_i”F_lTsél/(x)} M@, z1)g(er) M(zr, x1) " M(zR, 21) + const.
- %Trg(xL)M_l(s,/\/l + const. (3.39)

where we absorb all contributions to the action which are independent of distribution functions in
“const.”. We will show later on that they vanish.

Reservoir Green’s Functions

In a next step, g(zr) is expressed in terms of the quasiclassical Green’s function

T <
g g — -
gnm(t— ) = | T I _ <]1 2fL(R) 2fLr ) (3.40)
t—t

T
gf(R) IL(R) - 2(1 = fury) 1-2fyr)
of the left (right) reservoirs (with distribution functions frg) which may have a non-trivial channel
structure fr(g) u)- The Green’s functions g; = 03g;73, i = L, R, are related to each other via a similarity
transformation as follows: First, introducing the Keldysh matrices

1= \}5 (i —]1]l> 0= (]é (1 :ffi)) — ! (3.41)
one easily finds
LgiL™ = (g 2(]1__]12f i)> 3 = U; 'o3n3U; (3.42)
and hence
gi=UlosmsU; with U; = UL = \}? <2_f { f-’f) (3.43)

with £~ = fi, f7 =1 — f;. Thus we have proven

)

gr=U"'g,U with U=U;'Ug. (3.44)
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3 Functional Bosonization of Quantum Wire Networks

To relate the Green’s function g(xy) inside the system to its counterparts in the reservoirs one
assumes that the dynamics inside the leads is governed by some relaxation process, say isotropization
of momentum direction due to scattering off static white noise disorder. This is described by the
self-energy contribution

i t1,%2), x1, 2 <
Z(tl,wl;tQ’,fQ) :(5(1-1 _332)( ) X{ gL( 1 2) 1,22 I

27l gr(t1,t2), =1,22 >R

Here 3¢ denotes the relaxation time. The requirement that G(x + Az, x) vanish for infinite distances
Az yields the boundary conditions[28],

(M +gr)(T—g(z-)) =0, (1 -gr)(I—g(zs)) =0, (3.45)

again with § = o3¢73. Defining M = UM the second equation is equivalent to 0 = (]1 - Mt §LM) (1+
g(zr)). Combining it with the first equation gives

0= (21 +gr - M—lgLM) - (gL + M—lgLM) G(z1) (3.46)

and by inversion

g(zr) =1+2(1 - gz) (gLM + MgL)fl M (3.47)

where we have made use of g7 = 1.
To rewrite this expression we choose a specific basis representation. Since g% = 1 there exists one
in which gz, = diag (1, —1). In the very same representation we write

- .A;lll ./\;l12
M= (""" )
(M21 M22>

Then we have grM + Mgy, = 2 diag (M1, —Mas), which is readily inverted, as well as 1 4 g, =
2 diag (1,0), 1 — g, = 2 diag (0,1), and (3.47) gives

_ 1 0
g(SCL) - (_2M2—21M21 _]1) . (348)
Defining -
D=1+3g)/2+ M1 —gL)/2 (3.49)
one may show that -
glz) =1—-(1—-g)D'M (3.50)

is equivalent to (3.48). We have thus expressed g(zr) entirely in terms of g r(r) and the transfer matrix
M(.TR, IﬁL). _ —
Substituting this result into (3.39) and using M(zg,zr) 1M (zg, L) = M1OM yields

1 _
10A = 3 Tr(1 — gr)D~'0M + const. = Tr D~ 16D + const.

1+g, ~1-g1

= iA =TrLnD + const. = TrLn +M + const. (3.51)
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3.4 Calculations

Role of Drain Distribution Functions

So far we have not been concerned with the channel structure explicitly and merely stated that there
are 2 directions of motion, right(+) and left(—), each of which is realized by a certain (not necessarily
equal) number of channels (possibly even zero in chiral systems). In both left and right reservoirs to
each channel p was assigned a distribution function fr, and fg,. For a right-(left-)moving channel
fru (frp) is the drain distribution function and one naturally wonders whether it should have an effect
on the chiral fermions as long as the latter have not entered the drain reservoirs. We show here that
this is not the case.
To this end we introduce the block decomposition with respect to channel indices, e.g.

_ (M Moo N -
M= (M_+ M__)  fi= ( fi—) . i=L,R, (3.52)

where e.g. M, _, fi+, fi— still may have channel structure (./\/l+_)W7 (fz‘+)u7 (fi_)y, however, with
(v) extending exclusively over right-(left-)moving channels.
Introducing

_ o (Qu Qu\ _ (M + fMP =2 MIfE 4 2fEMOfT
@ =UrMU," = (QQl Q22> B (—éMf + M M+ MO f7 (3.53)

and the projectors

P, = %(1 + 037'3) = (Tar O) , P_= %(1 - 037'3) = (7'0 0) (3'54)

T—

the action (3.51) reads
iA =1InDet (Py + QP-) + const. = InDet (P} + P_QP-) + const.

where

P QP = <T—Q117— T—leﬂ—) '

Q27— T4 Q22T
Writing out the direction structure explicitly yields

> f < b o> o< < b >
iA = InDet (fR_M IR M 2 Moo+ 2fR_M_+fL+) + const.

— ML+ M M S+ My S,

This proves that the action depends only on fr, and fr_, i.e. the source distribution functions.

Tracing out Keldysh Structure

We now return to the expression (3.51). Since we already know that the result does not depend
on fr,— and fr4 we may make the choice fr _ = fgr_ and fr4+ = fr.4+. In other words, we put
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gr = gr = diag (gr+, 9r—) = Gin = 03gin73. As suggested by the subindex gj, contains the source (or
incoming) distribution functions. It can be parametrized analogously to (3.43),

el g e L (2f7 =2fF
03gin = Uy, 03Uin  with Um—\/5 1 -1 (3.55)

with f being the matrix of source distribution functions. Since U is not needed anymore and hence
M = M, we recall the definition of D given by Eq. (3.49) and of scattering matrix S (3.38) and obtain

D= LTI MEZTI _ (r g ) il []1 L0 UsUR "3] Un.  (3.56)
With
S _gog et [QF QP _ (7St pest 2 sif< oSty
Q=UnS Uy = QY Q) T\ —1sf+1st STf< 4 8bf>

the action (3.51) is
iA = InDet D + const. = In Det Q + const. = TrLn |1 — f + SbTSff} + const. (3.57)

Up to anomalous terms, representing the - and a-parts of the polarization operator, and contributions
which are independent of distribution functions f, this proves Eq. (3.3)

Constant contributions

What are the “const.”-contributions to the action we keep ignoring? All that we know so far about
them is their independence of distribution function f. According to (3.57) they can be recovered by
substituting f = 0 in the full action (where “const.” is not neglected). So let us put f = 0 in the
rest of this section and recalculate the full action. Eq. (3.47) can be evaluated explicitly now, yielding

g7 (x1) = gy (v1) and g7 (x1) = g (w)F with

1 0 0 0
go(zr) = (25_+ 1) =1+2 (A_+(xL) 0)

where A, (x;t,t) is defined as the amplitude for a y-wave packet at position = and time ¢ to end up as
a v-wave packet at time ¢ and the same position z (cf. Sect. 3.4.1). The above relation between gt/T
and g holds for all positions = with g§(z) = M®(z,21)g5 (x1)M*(x,2)T. To calculate the latter we

define (for given x) the “scattering matrix”
s=13 (4 + /\/l(:/c,xL)T_)_1 (M(z,zp)T +7-) 73

of the region between x; and z which takes into account paths extending only within this region.
Using the recursion relations (see Fig. 3.8)

Sy =54 +s A (x)s4+,
App(@) =s4-Ay(z), Ar(v)=s1-+s1-A 4 (@)s4—, A__(2)=A_1(2)s4-
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LY

Figure 3.8: Spatial evolution of g from x, to x with M(z,xp); s is the corresponding “scattering
matriz”; the shaded blob represents the rest of the system. In contrast to s, paths
contributing to A_(z) may extend throughout the entire system.

one obtains

) =142 (jjg;; jj_%). (559)

For a smooth potential V(x) all paths contributing to A,,(r) have a non-vanishing flight time such
that A,,(x;t,t) = 0. At point scatterers, which are a mere idealization, the Green’s function g(x)
is not well-defined and we stay sufficiently far away from them. Concluding, for equal times the
Green’s function (3.36) vanishes. Substituting this result into Eq. (3.35) yields 6.A|f=9 = 0, hence
const. = Al r=¢ is indeed a physically irrelevant constant.

3.4.3 Weak Tunneling Regularization

In general, the scattering matrix S = S[p®] depends on time in a complicated manner which makes
the exact evaluation of the functional determinant (3.3) unfeasible. In this section we present an
approximation scheme which applies for systems with weak tunneling. A tunneling action A; is derived
by subtracting the clean action Ag from the full one A. By construction A; is small and may be
therefore expanded. The crucial step, the separation of actions, can be performed at zero temperature
where reservoirs may have differing chemical potentials. As it will turn out, interaction effectively
leads to a dressing of the point scatterers by phases .

Clean Limit

The clean limit was discussed in Sect. 2.2. The action Ay is obtained from (3.3) by replacing S by the

clean scattering matrix S¢ = diag (em? Aq,...,e"NA N) = ¢ A with the delay operators A, and

D

the phases ¥, accumulated along the complete paths ajﬁ =Ty,

The main step in the quest of the tunneling action
-1
A= A—Ay=iTrLn [(1 —f+stsff) (]1—f+SfZTSIf> }

is the inversion of the second bracket, a problem which was already dealt with in Ref. [33]. Since S,
is diagonal in channel space, the operator can be inverted for each channel separately. So we consider

(11 —f+ S,’i*S{f) =1—f,+ A;lei(ﬁﬁ‘ﬂfb)A#fH
o
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where A, (t',t) = 6(t' —t —7,) is an appropriate time delay operator. Note that it commutes with the
stationary distribution function f,. For zero temperature we follow Ref.[33], according to which the
inversion problem can be reformulated in terms of a certain Riemann-Hilbert problem, which is solved
by defining the phases ¥, and 9, by

. Framy /
19;/:\/(75) _ /dt/ ﬁ#(t) 192@)

= o =" /dt’ [B(t — )Tt — t’)] M(t’) — ﬁZ(t’)} , (3.59)

with t4 = t+0. They satisfy 9" —9" = 9/ —9°, hence ¥/ —9" = 9® —9¥V = 0, and fuewﬁfu = ewﬁf“’
fu M fu = f#ew;vt. Thus, one obtains
-1
AN

i(0f— gV . . gV
<]1 ~fut a1 ), fﬂ) =a {e_m” (1= fu) + e fu] FINA,,

and, taking now the full channel structure into account,

oo n
o 1 o
Ay = —iTrLn []1 - f+SbTSff} =iy ST [(]1 - SbTSf) f}
n
n=1
with the “regularized” scattering matrix
S/ = =W GI/b AT A (3.60)
Defining in energy representation N(w) = —6(—w) as the zero temperature limit of the Bose dis-

tribution function, we note that the function B introduced in (3.59) is the “generalized” distribution
function B(w) = 142N (w) ubiquitous in the bosonic Keldysh formalism. This fact allows us to endow
the phases with a Keldysh structure. We address this issue in the next section before turning to the
computation of the regularized scattering matrix in the subsequent one.

Phases and Keldysh Structure

Before we turn to the computation of the regularized scattering matrix let us consider the Keldysh
structure of the phases . To this end we consider the clean path xi — xlﬁ) containing the point x.
An electron propagating from the source reservoir xﬁ to z (arrival time t) accumulates the phase

Uit ) = —v;l /S dz’ (2’ t — (z — 2") Jvy,) = —Dg,pp(z,t); (3.61)
Th

likewise when traveling from x (departure time t) to the drain reservoir a:l? it accumulates

D

x
P lti) =~ [ do (o4 (@ =) 0,) = D (3.62)
x
where we introduced the retarded/advanced bare electron-hole pair propagators

Dyt @) = £0(£)3(2’ — (x +vut))
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along the the clean path. Quite obviously, the phase accumulated along the complete clean path
satisfies

D/P(t) = 0 sl t— (o =) o) + 0] s (8= (=) o) = — (Df, = D, ) o7t — (22 =) /).
(3.63)

The propagators Dgl/ta directly make reference to propagation velocity v, and thus encode spectral
(kinematic) properties of the electron-hole pairs. As usual they lack information about the system’s
state which one expects to be contained in the missing Keldysh component Dgu of the propagator. In
this sense the phases ¥ are related to the potential ¢ via the linear operator Dy which does not have
the full Keldysh structure.

To overcome this “deficiency” we recall the definition made in the previous section

- 1 1
ﬁu:ﬂj—ﬁQV:§(B+]1)z9l{—§

Combining now (3.63) and (3.64) and using the stationarity of B(¢,t') = B(t —t') we obtain

(B — 1)), (3.64)

Gt + (@l —2) /) = —5(B +1) (Dg — D§,) el t) + 3 (B~ 1) (Dh, — Di,) ehlt)  (3.65)

With that the phase that an electron, traveling along a piece of wire between x1 and x2, accumulates
is

(22, t) + 97 (zh t — (2% — xl)/vﬂ)

19521 (t) =07 p.out

p.out
=0 (2%,t) — Of (z',t — (2 — z")/v,)

with the phases
O (z,t) = 0 gup(@,t) + u(t + (x) — 2)/v,) (3.66)
1 s a 1 T a
= =5 B+ 1)Dh, - (BFV)DG,] ol(@.t) + 5 [(B-1)Dh, — (BF1)DG,| olia.1

- {D&{%oz(m,t) _ D(i{%z(x,w} -

We thus have managed to rewrite the scattering matrix of chiral wires M%(x9, 1) = eV A(xg, 1) =
O (#2) A (9, 21)e’®"(#1) in terms of phases with full Keldysh structure. Formally we started with
expressions which did not contain any distribution functions whatsoever and somewhat artificially
included them by redefining phases. The usefulness of such construction will become apparent in the
next section.

Construction of “Regularized” Scattering Matrix

We have previously shown that the full scattering matrix S can be constructed out of simpler units.
We prove in this subsection that the same statement holds for the regularized scattering matrix S.
(p)ex
Vi

Since the full scattering matrix elements are amplitude sums S;, = ZPA over all paths p

connecting 5135 with z2, definition (3.60) directly implies that S’;Fu =2, AI(,IL):F is the sum of the
regularized amplitudes

AI(/I;,I?:F = e—ilgyAl(/I?L:FA,Zle—wﬁV Ap, _ e—i@f(xf)Al(}L)qiei(aﬂf(xi) (367)
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3 Functional Bosonization of Quantum Wire Networks

over the same paths p with phases O, along the clean paths xﬁ — :cﬁ) and 25 — z2. Note

that ﬁjout( Dt) = 0 and 19# out (T t) = UF(t + (z) — x,)/v,), and thus definition (3.66) implies
OF (xD.1) = 9,(t) and OF (x5, 1) = 0 (¢ + (P — ) 0,

We now consider a generic path p which starts at incoming lead channel p, winds through an
alternating sequence of wires and point scatterers (numbered 1,2, ..., N with positions z1, z2,...,zxN),
eventually ends in outgoing channel v/. The corresponding full amplitude is

ARF = /\/ﬁ( D N)sjy\f\---si,iMf(IEQ,fﬂl)Sflei(xl )

— 00 (@ V)A ( N)e_i@iF(zN)le,\; sf, OF @) A (m ml)e @]F(zl)s;#ei@i(”tl)Au(ml,xi)e_ieff(wﬁ)

and simply becomes

A(VI/)L):F = AU(xVD7 xN)e_ieiF(wN)SzJ/V)\ T eiei(xQ)An(x27 xl)eief(azl)sl ei@i(xl)A“(xl’ $§)

KL

upon regularization. This implies that regularization of the amplitudes amounts to regularization of
the scattering matrices of the building blocks: The effect of fluctuating potentials (and counting fields)
is removed from all wires and incorporated in the tunneling phases

(I)l:fu(xj7 t) = @/:f(xjv t) - @lsz(xja t)

which dress the point scattering amplitudes sl,u This result is summarized in the table below:

Construction unit | Regqularized scattering matrix
Chiral wire A(t',t)
Point scatterer 55, (1 1) = 54, o) 5t —t)

3.4.4 Second Order Expansion

We prove the second order expansion (3.10) in tunneling strength (“tun”) starting from (3.9). Obvi-
ously, Puy = > )\(gj\'u)TS’{ o 18 the sum over all paths winding forward and along the forward Keldysh
branch (i.e. with potentials /) from source x to some drain A and then backwards along the backward
branch (with potentials ¢) to source v (for short: “source p — drain A % source v”). The backward
part p is obtained by time-reversal of a physical, forward path p® (source v & drain A) with amplitude
fl(f;j ) and has amplitude flﬁ ; = fig\’f )t (note that hermitian conjugation, f, reverses the order of partial
amplitudes in the product). Denoting with pf the forward part of p = p/ @ pP, the total amplitude is
AR = APTAR).

In the chosen order of accuracy we only take paths with a total of 2 or less tunneling events into
account. The expanded tunneling action is A; = A; + Ao with

Ay =i TrZ(]l — P)upfu = z‘ZTr fu— ZAg;pfu : (3.68)
Ay == Tr Z P;Ll/fl/ V,u,f,u = Z Z TrALpﬁ fl/ )f,u (3'69)
pFV /Hé'/pa =ph®py
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3.4 Calculations

The sum ) in (3.68) extends over paths p: “source y — drain v % source p” with 2 or less tunneling
events (obviously the number has to be even), while the sum in (3.69) extends over paths ps = ph, @ pf:

- . + - . +
“source p — drain kK — source v — drain A — source u”,

D5 j 24

. - . + - . +
or equivalently, “source v — drain A — source p — drain kK — source v”

oy 2

where the equivalence is ensured by the cyclic invariance of the trace. Since u # v subpaths p), and pf
each contain at least one tunneling event, i.e. in our approximation ezxactly one. Depending on whether
tunneling occurs on the forward or backward Keldysh branch k, A = pu or v. It is quite obvious that
no matter how often a path evolves in time forward and backward (once for A, twice for As), as long
as it starts and ends in the same reservoir and contains exactly 2 tunneling events, it exactly involves
2 different channels p # v. We will use this fact for a systematic classification of all paths.

To warm up we consider first the simplest (and least interesting) paths, which contribute to .4; and

are of the form “source p — drain p X source u” without any tunneling taking place. Time delay
operators are canceled exactly (since forward and backward paths coincide geometrically) and no
phases are accumulated (since after regularization they are carried only by the tunneling amplitudes).
The total amplitude is thus a product of forward scattering amplitudes s, of scatterers j along the
clean path xﬁ — azﬁ):

s P =111 1= I, | =1=> Is] >+ O(tun?). (3.70)
J

J VEW J v#Fu

All other relevant paths contain exactly 2 tunneling events. Not surprisingly there is a whole plethora
of them and we are well advised to proceed systematically. To this end and according to the observation
made before we classify these paths with respect to the pair (u,v) of different channels p # v involved
and the two scatterers ¢ and j (possibly ¢ = j) at which tunneling y — v and v — p respectively
occurs. Note that in this classification classes (ij; uv) and (ji,vu) are identical. What classes (ij; uv)
are possible, of course, depends on the topology of the considered network (since e.g. not all scatterers
are even connected to a given channel p). But, as we will show, once a class is fixed, its contribution
to A; is essentially independent of topology!

s D s D s D s D s D
Xu i j Xy Xy j i Xu Xpo i i Xy Xy i i Xu Xy i=j Xy
) ( ) ( ) | | ( ) ( ) | | ( ) ( ) | | ( ) ( ) | | |
y + + + + + + + + +
xP x5 xP xS N xP N xP N xP

E

Figure 3.9: The 5 topologically distinct configurations for class (ij; uv). All channels except for
w,v and all scatterers except fori,j (“distorted white circles”) are dropped. Scatterers
i # j are different in A-D which allows for 4 different orderings along channels p
and v. In FE tunneling occurs twice at the same scatterer i = j.
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3 Functional Bosonization of Quantum Wire Networks

Fig. 3.9 shows the 5 topologically distinct configurations of channels p, v and scatterers ¢, j for given
class (ij; pv). Arrows at the scatterers indicate direction of tunneling. All scatterers except for i, j are
dropped. They are involved only in forward scattering events and thus lead to corrections O(tun®). In
this way propagation from source xﬁ to scatterer 4 just leads to an amplitude A; i, which accounts
for the finite flight time 7, Analogously we define A; i, and the same for v, and further

M in*
X = A7 A in = AT e PR EA s
7.v.in V/L t.p1mn T zz/ln .01 “pps
Az Vlm ( LT/)T A’MUH Az 1}1n Zq)ZV(mi)Ai-ﬂin giw?
Xf = AJ_# 1n~M;Aj-V m = Az 1/1111 quy(xj)Aj-V-in S{w:

T b o )
- J+ - z<I> xJ =Y
A ,u in (Suu> AJ vin = A “ in€ po( )Aj.v.m Svue

For paths of given type p; or ps fixing the Keldysh branches on which the 2 tunneling events p — v
(at i), v — p (at j) take place characterizes the corresponding paths uniquely provided they exist.

Whether they exist or not depends on topology. Remarkably, they always do if the 2 tunneling events
are required to occur on different Keldysh branches. Fig. 3.10 shows the paths for ¢ : © — v occurring

:...:.......);{upumuuu..\;f vy ‘:.F...u..\;(u....ﬂ'.m...\;iu.m.:. v

P1 p2

Figure 3.10: Paths for topology A with i : u — v on the forward, j : v — u on the backward
branch. The forward parts are represented by solid thick lines; the backward parts
by dashed lines. The first path is of type p1, the second one of type po.

on the forward, j : v — p on the backward branch for configuration A. Similar paths can be drawn for
all other configurations. As an example, we consider the first path in Fig. 3.10 which is of type p;. It
starts at source u, tunnels at ¢ on the forward branch, arrives at drain v, evolves backwards, tunnels at
7 on the backward branch and returns to source u. Its amplitude is A(p - X;’Xif . The contribution
of both paths to A; is

ig;pv i

As. = —iTr [X;’Xiffu - X]bfyXiffu} = —iTr [e i@l (@IS i (a?)

where tunneling polarization operators Il;j,,, are defined in (3.11) and we have made use of sfw =
—5{,“ + O(tun?). Similarly .Ai> with HZ ., is obtained by considering paths with tunneling at 7 on
the backward, at j on the forward branch. As mentioned previously the very same paths can be drawn
for all topologies and yield the same action.

The story is less neat if both tunneling events occur on the same Keldysh branch: While ps-type
contributions to AT i and AT v are still independent from topology, pi-type contributions are not
as universal. Taking all paths carefully into account results in the table below
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3.4 Calculations

HZ;,W@/[ SV;LS]VM-‘ Hz;,w(t)/ {_Suusj”/i-‘
Al —fe®fr =t w50+ FrOf7 (=) + fr (07 (1)
B fr®)f (=) + [0 f7 (=) + fr () 7 (=) — e O f57 (=)
C fe @ f7 (=) fi @17 (=)
D fi O f7 (=) fa @ f7 (=)
B | —frf5 (=) + 5(F7 (1) + f5(=1)d(t) —fi OF7 (=) + 5(f7 () + [ (=1))8(t)

with ff (t) = ff (t -I—Tﬁ.in - Tg.in), f20t) = f2(t— Tilin +7¢..). We have incorporated the tunneling-free
contribution (3.70) into the case E which amounts to the §(¢)-terms.

Quite miraculously, using the symmetry relation f/y(t) = — f/y(t) for ¢ # 0, one can show that

(3.12) holds, i.e. HZ/Z can be represented in a form which is independent of topology. We exemplify
the proof, which is a straightforward calculation, on configuration A. In this situation, o> 7 and

) N 5 - - p.in p.in
Thin > Togn and thus f7(t) = —f=(t) for t > 0 and f7 (—t) = — f;~(—t) for t <0, hence,

— O F5 (=) = 0(t) f7 (0 5 (1) + 0(=t) fs (1) F7 (=1),
Fe S (=0 + LSO F7 (=) + [ (05 (=) = 0(=t)f7 (0 ] (=) + 0(t) 5 (O ] (),
proving our statement. In the case E it is necessary to drop a constant (albeit infinite) and thus

physically irrelevant contribution to the action to obtain (3.12) or (3.13). (See similar discussion after
Eq. (3.13) )

3.4.5 Saddle-Point Approximation

We prove here the formulas of Sect. 3.3. To keep things readable we resort on a rather symbolic
notation, in which the contributions to the exponent in (3.15) read

1 . .
Aolgl = 50V o — oo, Aile] = —iem P Wie™ ), Ayfp] = —Jp
with the tunneling phases ® = Dy being linear functionals of ¢. The saddle-points of Ay + A; + A
and Ag+ Ay are denoted ¢, and .. We show first that up to the chosen accuracy O(tun?) the former
is not needed and calculation of the latter is sufficient, using that . — @ = O(tunz). A Gaussian
expansion of the full action around ¢, reads

%(w — ux) 6% (Ao + A + AJ) [Pan] (0 = @ux). (3.71)

Note that the first order term vanishes due to ¢.. being the full saddle-point. We now successively
replace (.. by @ in the above expression. Expansion around .. and using §%(Ag+A)[pss] = V1 =
§2(Ao + Ay)[ps] yields
(.Ao + A + .AJ) [90*] = (.Ao + A + AJ) [QD**] + O(tun4),
62 (Ao + A+ A)[ps] = 62(Ao + A + AJ)[pss] + O(tun?).

(Ao + A + Aj) [0] = (Ao + A + Ag) [pas] +

Writing ¢ — s = (© — ©4) + (05 — Psx) and using again @, — @4 = O(tun?) Eq. (3.71) thus becomes

(o Au + ADle] & (Ao + A+ Al + 50— 00) & (Ao A+ A5) [o4] (0 = )

F (0r — @un) 82(Ao + A + AP)[0d] (0 — oun). (3.72)
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3 Functional Bosonization of Quantum Wire Networks

Only the last term, which is linear in ¢ — ., contains @... To proceed, we define h = (s —@ax) 62(Ag+

Ar + Aj)lps] = O(tunz) and perform the functional integration (3.15) in Gaussian approximation
(3.72):
/ Dip (Aot AF AN iAot At Ap)lip] <Det 62(Ap+ A + Ay) [w*]) o
X exp[—% h 6% (Ao + As + Aj)[ps] B
=O(tun*)
) 1
= (Aot AN [P] oy [iAt[go*] ~3 TrLn (]1 + V52At[80*]>:| . (3.73)

Hence, ¢, dropped out completely. The first exponential satisfies e*(Ao+As Jow] — <eiAJ [“’]>0 where
(...)o denotes the average with respect to the free action Ap[p]. This is shown using (p)o = ¢ = Vo

and ((¢ — @)(p — @))o = V. Since Ap[yp] is Gaussian we have the simple relation

<€iAJ[tp]>0 — <e—u¢>0 — exp [—iJ@ B % <[J(<P _ ¢)]2>>] — o iJP— IV

On the other hand it is (Ao + As)[¢s] = =500+ )V (00 + J) = —=5JVJ —iJg — 00V 0o. Le. up to
the last term —500V 0o, which is canceled by normalization, we have

(Aot AN os] — =iJp=5TVI _ < ei.AJ[cp}>
0

which proves (3.18).
To deal with the second exponential in (3.73) we expand the logarithm to leading order in V' (again,
a Gaussian expansion),

i - 5 Tn (14 VI Afpd]) ~iddpd] — 3 TeVE Al = idile] +1 (SAlp.) (e — 2)),

=0

(o= P)Ailplp = ) ~i (Ao — 3+ :]), -

_l’_

N | .

Defining the phases ® = D@, &, = Doy, it is

(Adp — @+ ¢.]), = —i <e—i['1>(1)—<i>(1)+<1>*(1)} Iy ei[<1>(2)—<f>(2)+<1>*(2)]>0 — e i) Ty £i®+(2),

i.e. Eq. (3.19), where M = ei(D‘I’(M)*D‘I’(O’O))HlQ are the renormalized tunneling polarization opera-
tors with the phase-phase correlator

Do(1,2) = —i <(<1>(1) — B(1))(D(2) — @(2))> = — (DVD) (1,2).

3.5 Conclusions

In this chapter we developed a framework to study nonequilibrium networks of quantum wires. We
combined the Keldysh and functional bosonization formalisms, the latter being more convenient to de-
scribe one-dimensional interacting systems than the commonly used standard (operator) bosonization
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approach. In this formalism quartic interaction terms are decoupled by a Hubbard-Stratonovich (HS)
transformation at the expense of introducing a bosonic field ¢, which mediates the interaction. The
HS field ¢ and the fermionic fields can be decoupled by means of a gauge transformation which gives
rise to a nontrivial Jacobian. It is a Fredholm determinant and highly reminiscent of the full counting
statistics. The bosonic Keldysh action obtained in this way is given by Eq. (3.3).

The dynamics of the electron system, including propagation in external fields and scattering, is
encoded in the time-dependent scattering matrix S[p] and we illustrated its construction for the con-
sidered network model.

For the limit of weak tunneling we performed the second order expansion of the action, Eq. (3.10),
in which every point of tunneling gives rise to contributions similar to the Ambegaokar-Eckern-Schén
action[29]. In terms of bosonic excitations they can be interpreted as sites of plasmon production (due
to inelastic electron tunneling), responsible for the population of a nonequilibrium plasmon bath in the
system. We further presented a saddle-point (real-time instanton) approximation scheme to evaluate
physical observables, such as Green’s functions and current.

In the following chapters we will apply this formalism to important examples. Chapters 4, 5 deal with
a Luttinger liquid and a quantum Hall Fabry-Pérot interferometer with weak backscattering/tunneling
and thus are amenable to the developed approximation method. Tunneling in quantum Hall Mach-
Zehnder interferometers, as considered in Chapter 6, is, in contrast, not weak. We will however see
that under certain assumptions the simpler, chiral structure of the setup allows for an exact treatment.
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Chapter 4

Tunneling Density of States of a Luttinger
Liquid with Single Impurity

Over the last few decades tunneling spectroscopy has become a powerful tool to study interaction
effects in mesoscopic systems. The zero bias anomaly, the suppression or enhancement of tunneling
conductance at low bias[34, 35], is a key signature of interaction and was observed in various systems
such as disordered metals[36, 37], high-mobility two-dimensional electron gases[38], quantum Hall
edges[39], and arrays of quantum wires[40].

In Refs. [41-43] tunneling spectroscopy for nonequilibrium nanostructures was developed. By using
a superconducting tunneling tip, with sharply peaked density of states, one cannot only measure the
tunneling density of states, but as well infer the quasiparticle distribution function. This enables one
to study energy relaxation and the underlying inelastic scattering processes.

Of particular interest in this context are one-dimensional systems where interaction leads to the
emergence of the strongly correlated Luttinger liquid state. The characteristic power-law suppression
of the tunneling conductance was the hallmark for the experimental confirmation of such a state in
quantum Hall edges[39] and carbon nanotubes[44-46].

The effects of nonequilibrium on the tunneling density of states have been studied in a range of the-
oretical works[47-51]. It is known that due to integrability relaxation is absent in a uniform Luttinger
liquid, and relaxation induced by inhomogenous interaction[52-57] or disorder[58, 59] was discussed in
the literature.

In contrast, a single impurity is not expected to give rise to a complete thermal relaxation. In this
chapter we will study the arising state by computing the tunneling density of states of a nonequilibrium
quantum wire with a single weak impurity (see Fig. 4.1). Previous studies of this model focused on
the nonlinear conductance and shot noise [60-63]. However, the tunnel spectroscopy of this problem,
which requires the analysis of the single-particle Green’s function, has never been addressed.

X

wL

Figure 4.1: Tunneling experiment with a voltage-biased quantum wire.
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4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

The results and details of the calculation presented here have been published in Refs. [26, 64].

4.1 Model and Results

We apply the formalism developed in Chapter 3. The wire is modeled as a network of two channels:
right-(left-) moving electrons, denoted by indices p = +(—). Weak backscattering, i.e. tunneling
between the two channels, occurs at the impurity (at 2 = 0). It is therefore represented as a point
scatterer with reflection amplitude 7o, assumed to be small, |ro|?> < 1. Nonequilibrium is established
by biasing the left and right reservoir by voltages eV, = eV > 0, eV_ = 0.

The interplay of interaction, nonequilibrium, and impurity scattering can be studied by placing a
conducting tip near position z (say £ > 0) of the wire, held at a voltage Vijp, and measuring the
current It,, between tip and wire. Let us assume that the tip can be described in terms of fermionic
quasiparticles with density of states 14ip(€) and distribution function fiip(€), as is the case e.g. in the
absence of interaction. If coupling |¢|? between tip and wire is weak, a simple perturbative expansion
yields the tunneling current

o o< 12 Y /de () fin(©) ~ T (€)1~ fuple))] (o)
H:
The “rates” for tunneling into/out of the u-channel of the wire are defined as

—G5(Z,%,¢). (4.1)

Using a metallic tip with constant density of states 14j,, measurement of the differential tunneling
conductance in the limit of small temperature gives access to the tunneling density of states,

aItun
oV

o I (e) +T5(e) = vule) = —fIm G (7, 7,¢€). (4.2)

‘:/tip:6

If interaction is absent in the wire the rates simplify to I‘E (e) = ff(e)yﬂ (e) with distribution functions
fule) = f(€), f7(€) =1 — fu(e), and density of states v,(e) of the channel .

We devote this chapter to the calculation of the rates for tunneling into a spinless Luttinger liquid.
We consider point-like repulsive interaction, assuming for simplicity go = g4 = Vp such that the inter-
action potential Uy, (z,2") = Vpd(x — z’) does not discriminate between different channels. Interaction
strength in the LL model is then characterized by the Luttinger constant K = (1 + Vo/mvp)~Y/2,
cf. (2.6). The free electron spectrum is linearized around the Fermi points, arising ultraviolet divergen-
cies require the introduction of a high-energy cutoff A ~ Er, which mimicks a finite bandwidth in the
wire. In the absence of backscattering the tunneling rates exhibit the well-known zero bias anomaly,
i.e. a power-law suppression near the Fermi edges,

2
e—eV,
A

(1- K)?

r
4K

TN

(e) = %I’(l +29) 7 X O(%(e - eVy)) with exponent v = (4.3)

where we have introduced the noninteracting density of states vy = (27vg) 1.
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4.1 Model and Results

As is shown in this chapter the tunneling rates change considerably upon including the impurity.
For eV > 0 the rates are given by

2y
TZ(c) = i% (‘f) ['(—24) Im [($zﬂ)27 + CuR(eV)(£1) 27T (—27,1 — 27 + 26, —zu)] (4.4)

where we have used
I'(2K) i
4 = , 0+=(1-K)/2, _=1/2—-K, z,=(—€V,+-71,")/€eV, (4.5)
r(1/2+K/2)° : e

and U(a,b, c) is the confluent hypergeometric function[65]. We have also introduced the renormalized
reflection coefficient

rol? | A 2(1-K)
70
. = — 4.
BAYV) = 5Ky |ev (4.6)
and the nonequilibrium dephasing rate
2sin? 74
7';1 = R*(eV)%\eVL (4.7)

The energy dependence of the rates Fi(e) is shown in Fig. 4.2. The main feature of these plots is that

2d 14 24
1.5 12 2
— — — —
>~ ~ >~ S
~ & 1502 10 &Y 3 o~ 15
— — — — X
< < 260 < < le+eV[20 -
= 1.0 ~ o8 <
5 5 S s
% % 19 €V Dos " &7
= = =" =
= = = =
~ 05 ~ o4 "
A+ 2(h-s. V + 05| AL vV 105
— el — — lereV[2ro) ~
02 4
o ﬁ 00l ] ool 01
-10 -05 00 05 10 15 20 10 -05 00 05 10 15 20 ~20 -15 -10 -05 00 05 10 -20 -15 -10 -05 00 05 10
e/eV e/eV e/eV e/eV

Figure 4.2: Tunneling rates for right- and left-movers with different interaction strengths: K =
0.4 (1), K =04 (2), and K = 0.75 (3). The Fermi edge for right-(left-) movers is
at eV =eV (eV_=0).

the tunneling rates have split power-law singularities which are characterized by different exponents and
are smeared by the nonequilibrium dephasing rate 1/7,. The main edges are located at corresponding
chemical potentials — at € = eV4 in the case of right-/left-moving states, respectively — having the
equilibrium exponents . The formation of the second (side) edge due to scattering off the impurity
occurs at € = e(Vy — V). If the interaction is repulsive (K < 1) then the corresponding exponent
2(y — d-) for left-moving electrons is always positive, hence the correction at the side edge € = —eV
is smooth. For right-movers in the case of not too strong interaction, K > 1/3, the nonequilibrium
exponent 2(y — d4) is negative, yielding a resonance in tunneling at the side edge € = 0.

The presence of side edges in the tunneling rates can be understood in the following way. Inelastic
electron backscattering at the impurity at point x = 0 induces the emission of real nonequilibrium
plasmons with typical frequencies w < eV, which in the non-dissipative LL can propagate to the

95




4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

distant point of tunneling x. Consequently, inelastic tunneling with absorption or stimulated emission
of these real plasmons becomes possible. For example, an electron tunneling into a right-/left-moving
state of the LL with the energy ¢ < eVy can accommodate itself above the corresponding Fermi
energy (eVy) by picking up the energy w > eVi — € from the nonequilibrium plasmon bath. Since
the energy of out-of-equilibrium plasmons is limited by the applied voltage, we observe a threshold at
e ~ e(Vy—V), which exhibits a power-law singularity typical of the LL. The singularity at the side edge
of the out-tunneling rate describes the inverse process — inelastic tunneling from the LL accompanied
by the stimulated emission of nonequilibrium plasmons with typical energy w < eV. This side edge is
pronounced in the case of right-moving states only, Fi(e), and is not seen for the left-moving states,
I'(e), since the associated exponent 2(y — §_) is always positive in the latter case.

4.2 Calculations
4.2.1 Action

Since interaction does not discriminate between channels p, v = + it can be decoupled by a Hubbard-
Stratonovich transformation introducing a single field ¢, i.e. ¢4+ = ¢_ = . For weak backscattering,
i.e. weak tunneling between right- and left-moving states at the impurity, the action Ap] = Ap[¢] +
A¢[p] is obtained according to Sect. 3.2. The free action (3.2) is

Mgl = 5 [ 60 oV e = €)ele) = [ at (o0s +20) (6

with ¢ = (,t), non-local effective interaction V71(¢ — ¢') = V5 16(¢ — ¢) — TI(¢ — ¢'), (summed)
polarization operator II(§) = I (£) + II_(§) and mean charge density oo, = eV, /(27|v,|). Using
(2.23) we obtain for the retarded/advanced components of the effective interaction

2 2.2
w™ —v
V4w, p) = Vo g B (4.8)
wi —up

with the plasmon velocity u = vp/K > vp.

Since we are dealing with one scatterer, characterized by a scattering matrix s' with ro = sfr_, the
tunneling or backscattering action A;, as given by (3.10), consists of one term (corresponding to class
(11;4-)):

. . nr —II= i/ (t2)
At[go] = —1 /dtldtg (e_“pf(tl) e_l':pb(tl)) ( 1_'["; HT+_> <2i¢b(t2)) , (4.9)
i - t1—t2

where ®//b(t) = @{/b(O,t) = G)fr/b(O,t) is the tunneling phase evaluated at the impurity, « = 0. The
phases are related to the Hubbard-Stratonovich field ¢ according to (2.16). The tunneling polarization

operator II._ = IIj;.4_ is given by (3.11), (3.13). Writing |ro|? = |s}_|? = |sL,|?, its components
read
. 2
(1) = ~Iro2FE (75 (-0) = —Irole ™V [F0)] . (4.10)
T/T 1
) = 5 [Hi_(t)+ni_(t) . (4.11)
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4.2.2 Green’s Functions in Instanton Approximation

To find the tunneling rates we represent the electron Green’s function at the point £ > 0 of tunneling
as a path integral over the field ¢,

n ; b/ f =5 _ . F/b, -
GZ(7,7;1) = / Dy Al G G2 (3, 3T, [p] )~ 1OK @0,

Here, G, (Z,Z;t, [¢]) denotes the Green’s function for a given configuration of ¢. It satisfies the
Dyson equation with the spatially local self-energy
Sulel(w, a'st,1) = id(2)5(2') (jroPvr/2) e D g, (t — ')e )

where g, are the source reservoirs’ quasiclassical Green’s functions.
We solve the Dyson equation in first order in |rq|?:

GoP(z,151) = GG + Gp with (4.12)
)
’rO‘QUF i0%(z,t) y
Q = oy [dt dt2 e Gq (a:,O;t —t1)
75 f:b
x et () g7 (11— ty)e” G 0, 7; tz)e‘ieﬁ(m’0)>
where oy = oy, = 1, 0f, = 0y = —1 and Gg‘f are the Green’s functions of free electrons, for instance

G5, (z,t) = £f2(t — px/vp) /ivE. (4.13)

All averages (...) in Eq.(4.12) are taken with respect to the action Ag[¢] + A¢[p]. They are of the
form (3.15) and can be evaluated with the real-time instanton method described in Sect. 3.3. In this
approximation the first term reads

- b/ f - _ - f/b, -
goof o eiALlowo0] o <el@ﬁ @z (a‘;,:i;t)eil@ﬁ b(x,0)> i (4.14)
0

The second factor here is the full Green’s function of a clean LL,

_i et @p-0l/ )} > 2
oy =T T T
Go, (T, 75t) = e 0 G5, (7, 7;t) = i2m'vpe g eI (4.15)
The first factor in Eq. (4.14) gives dephasing corrections due to the interplay of tunneling and
interaction. The instanton action A;[p.o] is defined in (3.19) and obtained by substituting the
dressed polarization operators into (4.9). The instanton phase ®, is generated by the source A;[p] =

i09(z,) — i0)(z,0),

D](t) = (D7(t)), — Dyo,(t —1 )+D@@H(t,—.f), v=f,b, (4.16)
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4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

with iD%%“(t,x) = <5<I>7(t,m)5@z(0,0)>0, and depends on Keldysh indices «, 3, direction p of the

tunneling electron, and time and position of tunneling ¢, Z. Since the average value <<I>7 (t)> o» generated
by the mean density oo, does not depend on the Keldysh index v and the time ¢ it will drop out when
the instanton phase is substituted into (4.9). Therefore it will be omitted in what follows.

The correlators iDgﬁny(t,az) = <5®$‘)(t,x)5®5(0, 0)> have been calculated in the introductory Sec-

tion 2.2 on functional bosonization and the results are summarized in the Eqgs. (2.34), (2.35) and (2.31).
For the mixed phase-phase correlators they imply

iDge, (t,x) = <cI)O‘(t, x)@§(0,0)> y [Dgﬂﬂ(t,x) _ Dg{fw(t,x)} (4.17)
——u [p Lo8(t,x) — q L2 (t,2) — £32 (¢, x)} (4.18)

and for those of the tunneling phases

Dy (t) = i lim [Dg‘j(t,a;) ~ DY (¢, x)} = —2(1 - K)£$P ()

_

Fia ET/T )

. >
with £3(t) = In i Ce

_ 4 1 —11Qa +1 a
9 n t —ia n t+ial|’
4.2.3 Instanton Action

With the above correlators we can evaluate the instanton action. First, we obtain for the “dressed”
tunneling polarization operators (3.20)

y 1 o \2K
02 (t) = —|ro)P———se "Vt [ —— 4.19
-0 7ol (2#&)26 (a + it> ’ (4.19)

or in the frequency representation
2K -1

eV
w—e leV|

eV

fi2_(w) = —R*Q(frv)é(j:(w _ev)

where we used definition (4.6) for the renormalized reflection coefficient R,. With the mixed phase-
phase correlation function (4.17) at hand we are also in the position to write down the instanton
trajectories (4.16),

i@I/b(t) =p< pln

t+ia—t+ pux/u a—ia(t —t — px/u) ttia—t+ pz/vp

ttia+ px/u ]—qln[ a—if(t — px/u) ]—ln

t tia+ px/vp ]

for pz > 0, and

i) = pln[ a— iB(t + pi/u) ]

a—ica(t —t+ ux/u)

t+ia — pux/u | a—ip(t+ px/vr)
t+ia—t— ux/u - a—ia(t —t+ ux/vr)

for pz < 0, where we have introduced p = (1 + K)/2 and ¢ = (1 — K)/2. These instantons are
non-classical (or “quantum”) solutions in the sense of the Keldysh nonequilibrium theory — the phases
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4.2 Calculations

®,(t) are in fact different on the forward and backward branches of the Keldysh time contour, so that
the quantum component is ®%(t) # 0. Because of that the corresponding tunneling action A¢[p.],
which we are going to evaluate, is non-zero.

Let us consider the case of tunneling into/out of a right-moving state with the tip being placed on
the right from the impurity, 4 = + and > 0, to exemplify how we evaluate the instanton action
A¢[p.]. The phase factor is

O = (1) (g (1) (4.20)

with

WLty = ( t £ ia+ T /u ) ) <am(tfx/u)> el = <tj:iaf+x/vp>'

ttia—t+7/u a—ifB(t—x/u) t+ia+x/vp
(4.21)
The instanton action reads
iAo = Y o / dtadty TS (t3 — tg) K (3, ta) K (t3,t4) K§" (t3, 1) (4.22)

¢n=rb
with K$(t3,t4) = &S (t3) 1K (ts) for o =+, —,0.

Since the polarization factor IT, _(t3 — t4) comes with the factor e~*V(!3=%4) the integral is dominated
by the region |tz — t4] < |eV|~!. On the other hand, one may expect it to be dominated by the
singularities of the phase factors as well; i.e. t3,t4 ~ —%/u,t — Z/u for K1, t3,t4 ~ Z/u,t + &/u for
K_, and t3,ty ~ —Z/vp,t — T /vp for Ko. These regions in the t3 — t4-planes are sketched in Fig. 4.3.
To proceed we assume that they are well separated which imposes the condition

Figure 4.3: Regions of dominance in ts — t4-plane.

], eVt < (1 — K)|Z|/vp. (4.23)

As it turns out the dephasing time 7, which defines the relevant times ¢ < 7, is ~ [eV| ™!, so that the
above condition reduces to |eV|~! <« (1 — K)|Z|/vr which can be easily satisfied for sufficiently large
voltage and tip-to-impurity distance.

Far from their singularities the phase factors become trivial, K, (t3,t4) — 1, and the integral (4.22)
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4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

approximately splits into
iAilp] ~ T[IC] + T[] + T[K]

with Z[K,) = Y oq, / dtadts T (ts — t4) (/cgn(tg,t4) _ 1) .
¢n=fb

We added —1 to the phase factor K, to make the integral manifestly convergent. “Manifestly” because
convergence is already ensured by the relation ZCU o¢n Hi"_ (t) = 0. For the very same reason, the
independence of ICC_"(tg, t4) of the Keldysh indices ¢, n implies Z[K_] = 0.

This is in contrast to K, Ko which according to (4.21) have the form K7(t3,t4) = r(t3) " x"(t4)

. T
with &//(t) = (ijﬁ:ﬁ) and some exponent r > 0. For such phase factors Z[K] is dominated by

the 2 regions |tz — t4] < V|1 (singularity of I1, ) and |t3 — t,], |ta — ty] < |eV]! (singularity of K)
which determine the long-time asymptotics |eVt| > 1. Keeping this observation in mind, we proceed
by using the following approximation

7IK] ~ /dt > oo T (t) /dT (;#(T)—ln”(T) — 1)

n
+ I (ta — 1) / dts eV 8 (13) 7! / dtg €Vt M (ty)
¢n eV=0
~ ’6V(tb — t(l)’ —2mir sign [eV (t,—ta)] F(QK) eV (ty—ta) [, 2(r—K)
~— R.(eV) { o (1 e ) NOE e [ieV (ty — ta)] .

Considering right-movers ;1 = 4 and Z > 0 we thus obtain for the instanton action i4;[¢.] = Z[K,] +
Z[Ko]. The first term,

sin 27p

I[K,] = —2“’ —iR.(eV) eVE + CyR.(eV)e [ieVEX, Cy=T(2K)/T(p)?,  (4.25)

Ty i
encodes effects of real plasmons on tunneling which are generated because of backscattering off the
impurity. One of these effects is shot noise, which is represented by the first term in (4.25). This
term is negative and linear in time ¢ and thus accounts for dephasing with rate (4.7). The second term
represents a perturbatively small renormalization of bias voltage and will be neglected in the following.
The third term in (4.25) is subleading as compared to the first one and we will treat it perturbatively in
R,. Tt shows oscillatory behavior, accounting for the energy transfer ~ eV between the nonequilibrium
bath of plasmons and the tunneling electron. This point becomes more transparent and we refer the
reader to the discussion of the tunneling rates Fﬁ(e) in the end of Sect. 4.1.

We turn now to the contribution Z[Kp|. In this case r = 1, so that the first term in (4.24) vanishes.
Thus, the electron-hole pair contribution reads

T(Ko] = ¢nT (2)
¢n

/dt3 e ieVis HS (t3>71 /dt4 eleVta /ﬁ:g (t4) (4.26)
eV=0

_} 2(1-K)

= R.(eV)[(2K)e~VT [—iew (4.27)
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4.2 Calculations

It is oscillatory and can be again treated perturbatively. In contrast to the plasmon contribution,
however, it seemingly suggests an energy content of ~ —eV and does not have a clear physical in-
terpretation. We will see below that this term is an artefact of functional bosonization which will be
canceled by the Born correction gff . In total, we have

Al o o= 1/27 (1 L cL R, (eV) €V |ieVi L Tk for 7 >0, = +. 4.28
+Ri(eV) [Ko) ;1 (4.28)

The same considerations can be applied to left-movers and one obtains

eAiles] g olil/2m (1 + C,R*(eV)eieVE[ieVﬂ1_2K> , C_=T(2K)/T(q)?, forz>0,pu=—.
(4.29)

4.2.4 Born Correction

We evaluate the Born correction Gy’ f to the Green’s function, (4.12), in leading order in |rg|?, which

amounts to taking averages with respect to the clean action Ag[ep] only. Then Wick’s theorem yields

[ro[*vr
2

Gl ~i > o /dt1 dty G (2,0, — t1)g7%, (11 — t2)Gon (0, T3 t2) TP (2, 85 t1,t2)  (4.30)
’Yaézf»b

with

_ o= ) . B~
T (E, T 1, 19) = <el@u<wf> eW‘I”(t1>e—wq>5<f2>e—z@~<%0>>
0

~K{[erea-oiwo]’) K [run-e]’) | u(er0-otw)

(4.31)

and the instanton (4.16). The appearence of the instanton makes the integral (4.30) quite similar to
the instanton action and we will use analogous approximations to deal with the time integrals.

We have already seen that the instanton phase factor factorizes into three contributions (4.20) —
two governed by plasmons and one by electron-hole pair — and one might expect the integral (4.30)
to split into three contributions in a way akin to the instanton action. However, it will turn out that
the presence of the bare Green’s functions G’gl(a_c,O; t —t1) and Ggﬁ(o, T;t2) suppresses the plasmon
contributions. Focusing again on p = +, £ > 0, we show that the remaining electron-hole pair term
cancels Z[Ky| in (4.28).

The ¢, t2-dependent contributions to (4.30) are

_ 1 (o) -0 (12)]7 ) '
G (7,0, — 1)g7" (11 — 12)GIL(0, B to)e W]’} ar-iase
= VIV (=t 5 10(4) — o) x R () R (h2) TR (t2) 7Y X A (1)KL (1)K (t1)-

We combined terms with similar pole structure, defining

2
gﬂ‘s(tl _ tg) — e*%<[<b5(t2)*<lw(t1)] >ng(5(t1 _ tg)

)

eV=0

Ry(ta) ™t = GO (—7, 1) K (t2) 7,

eV=0

Ro(t1) = Gl (z,t—ty) Ko (t1)-

eV=0
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4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

Any voltage-dependence has been singled out in the phase factors explicitly.

Let us examine the pole structure: glé(tl — tg) is divergent for t; = ty. This is reminiscent of
I, _(t3—ty) in (4.22) which preferred t3 ~ t4. The plasmon contributions . and x_ have been studied
in the previous section where we already noted k4 (t) — 1 for ¢ far from their singularities. This is not
longer true for #y: Leaving the Keldysh indices and the corresponding short-time regularizations aside
for a moment we have

1 1 t—t+7
Goy(z,t) =—————— and ko(t) = ﬂ
V=0 2nrup t — x/vp t+z/vp
hence,
N _ 1 1 - 1 1
Ro(t2) ™ ~ Fo(h

27T’UFL‘2—2?—|—£E/UF7 N27T’Upt1+.f‘/vp'
Similarly to the original phase factors x{(t2) ™!, k9(t1) these new ones have the poles t; ~ —Z /v,
ty ~ t — z/vp; however differently from x§(t2)~1, x3(t1), the phase factors &§(t2) ™!, &(t1) vanish far
from these poles instead of converging to 1! Their poles are hence dominating the integral (4.30), while
the plasmonic poles give subleading contributions (suppressed by the factor vpt/(1 — K)z < 1). With
only leading terms taken into account the integrals simplifies to

gof ~ ilrolor -4(ep@n-elwo)])
2
_1/|@d(p)— 2 - . ) -
Z Ov5 € 2<[<I> @) cIW(O)] ) {Ggﬁ(f,t—i-a_G/UF)gZ(S(—t)Ggi(—j,t — j;/UF)} y Oe—ze\/t
776:f’b ey =

/dtg eV Hg(tg)il /dtl eVt Kg(tl) (4.32)

For large times [t| > |eV|™! short-time regularizations and thus the distinction between different

Keldysh components becomes immaterial, e.g. Hf_ = |ro|2e~€V/(27F)2, Gg‘f(o,t) = —1/(2nvpt),
and we can write

2 _
OLUE T80 . T4 2o (DG (5. T 7foe)] eV
eV =
_ |ro|*vp 1 1\? 1\ evi Y —— { 5y ‘}
=i \Grpz) \Tr7)e " = Cu@my I .

Substituting into (4.32), taking into account dressing of the Green’s functions (4.15) and polarization
operators by phase factors, and comparison with (4.26) yields

Gl ~ =Gyl (a,m:0) Y 6y T (F) /dm eVt (k) ! /dm ¢Vt k()

5y eV=0
~ —GoP (%, 7 ) Z[Ko). (4.33)
The very same analysis can be performed for p = —. In this case, however, %} does not depend on

the Keldysh index . Because of }__ ;045 gf(tl — t9) = 0 the contribution g;‘f is negligible.
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Concluding, we obtain

I ~ _ R 12
GoY eI/ GO0 (7, 7 1) <1 + C R (eV)e V! [ith} ! +I[IC0]> , (4.34)
GoP w e 120 GOP (2, ;1) (1 + C_R.(eV) eier_[ievﬂ1*2K), (4.35)
GO ~ G (7, 7 1) T[Ko). (4.36)

In leading order in |rg|?, i.e. neglecting dephasing corrections, G‘f‘f cancels the Z[Ko] term of G f, as
was stated in the end of Sect. 4.2.3.

4.2.5 Tunneling Rates

We conclude this section by evaluating the Keldysh Green’s function and the tunneling rates. Due
to the tunneling actions (4.28), (4.29) the full Green’s functions contain power-law terms [ieV]",
r > 0, which have apparent branchcut singularities near t = 0. However, these are only asymptotic

expressions, valid in the long-time limit [eV#| > 1. A regularization which takes this into account and
— * — —
does not violate the symmetry relation [sz (z,; t)] = in (z,z;—t)) is [1 +ieVt]", which yields the

Green’s functions

GoP(z,2;1) = GP (z, z; t)e /27 (1 + CuR.(eV)e™ 1 + ieVﬂ”) (4.37)
with Cy =T(2K)/T(p)?, C_ =T(2K)/T(¢)?, ri=2q, r_ =1-2K. (4.38)

The tunneling rates are obtained by Fourier transformation to energy representation. Using the afore-
mentioned symmetry property of the Green’s function they read

1 [ _/ .5 - — 1 x© _ = -
Ff(e) = :|:27T/0 dt (e“t Z'Gf(f,i;t) 4 et iGE(fi,j; - )) = :F;Im /0 dt e“tGE(i,i;t)

= :I:% [JO%(E; eVy) + CuRu(eV) T2 (e; €V, — BV)} (4.39)

M

with

TE(GU) = Fia® / dE e UF2mL (1 4 jeViE) (a + it)~ 27D,
0

Since J,;2 (e; U) is an analytic function of all parameters e, r,v, U, eV € C as long as Im (e—U+i/27,) > 0
and Im eV < 0 we can consider here Rer > —1, Re (2y+1) < 1,ImeV < 0 and Re [(e—U+i/27,)/eV] <
0 and deduce all relevant cases by analytic continuation. Under these constraints we can evaluate the
integral by rotating the integration contour, t = —is/eV, 0 < s < oo, into the complex plane, and put
a— 0. Writing z = (e = U 4+ i/27,)/eV we get

2y oo
JZ(eU) = :I:Z—V dse® (14 s)"(£s/eV)~ 2+
0

v\”
- (ieA) D(—29)T(=27,1 — 2y + 1, —2)
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4 Tunneling Density of States of a Luttinger Liquid with Single Impurity

with the confluent hypergeometric function W¥(a,b,z). The result for physical (real) voltages eV,
Eqn. (4.4), are obtained from (4.39) by substituting eV — i0. Close to the singularity z — 0 we
have W(—2v,1 — 2y + 2r, z) ~ 22077). Thus, the term ‘702 in Eq. (4.39) yields the equilibrium zero-
bias anomaly. The impurity corrections AFE to the tunneling rates, given by \77%, are singular at
e = eVy — eV. Leaving dephasing smearing aside we have explicitly

< _ B 2y—1p) o 2nry,, €>eV, —eV,
AT'; (€) oc — Ru(eV)]e — eV}, + eV # sm{ oy, €< eV, — eV

in the case of tunneling from the wire into the tip, and
AT (€) xR.(eV)8(e — eV, — eV)|e — eV, + eV 2070

in the case of tunneling from the tip into the wire. The result for eV > 0, Eqn. (4.4) is obtained by
substituting eV — 0

4.3 Conclusions

In this chapter we studied tunneling into the nonequilibrium state of a biased Luttinger liquid with a
single impurity. The tunneling rates, Fig. 4.2, that we found, exhibit two edges which are split by the
bias voltage eV. Both support power-laws which are smeared by dephasing. The dephasing rate (4.7)
is proportional to the effective reflection coefficient, which is renormalized in agreement with [11], and
has thus a nontrivial power-law (not just linear) dependence on bias.

While the main edge at the Fermi energy is governed by the same power « as the equilibrium density
of states (4.3), the shifted side edge exhibits a modified power law. In the case of tunneling into a
right-moving state (whose Fermi energy is increased by eV') and moderate interaction strength the
exponent can be negative, thus yielding a resonance in tunneling.

In the physical picture, we suggested to understand the edge structure, inelastic scattering of elec-
trons off the impurity leads to the creation of a nonequilibrium plasmon bath in the wire. In the
tunneling experiment, through absorption of plasmons electrons can tunnel into the wire even if their
initial energy is below the Fermi energy. The characteristic energy that can be absorbed is set by
the bias voltage eV. Similarly, tunneling rates for the inverse process can be understood in terms of
stimulated emission.

Naturally, such a plasmonic bath gives rise to decoherence, and the applied theory allows us to quan-
titatively understand the effect of the intrinsic noise, arising from the interplay of nonequilibrium and
interaction. In the next chapters we will study systems in which coherence is of imminent importance,
namely quantum Hall interferometers.
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Chapter 5

Quantum Hall Fabry-Pérot Interferometers

In this chapter we study the role of Coulomb interaction in an electronic Fabry-Pérot interferometer
realized with chiral edge states in the integer QHE regime. Electronic Fabry-Pérot (FPI) [66-69] and
Mach-Zehnder (MZI) [8, 9, 70-81] interferometers are analogues of the optical interferometers, where
the chiral edge states play the role of light beams while quantum point contacts (QPCs) act as beam
splitters. Electron interferometry provides a powerful tool for studying the quantum interference and
dephasing in mesoscopic semiconductor devices. Another motivation behind these experimental efforts
stems from the recent interest in topological quantum computations, which propose to exploit the
non-Abelian anyons in the fractional QHE regime [82].

The Coulomb interaction is of paramount importance in fractional QHE systems, where it gives
rise to quasi-particles with fractional charge obeying anyonic statistics. It came as a surprise that e-e
interaction plays a prominent role in integer QHE interferometers as well, even when their conductance
is ~ €2/h so that the Coulomb blockade physics seems to be inessential. For instance, visibility in
the MZIs and FPIs strongly depends on the source-drain voltage showing decaying oscillations, which
have been termed “lobes”. The search for a resolution of this puzzle in the case of MZI has triggered
a lot of attention [83-89]. On the contrary, the extent of theoretical works on FPIs operating in the
integer QHE regime is rather small [90-92].

In this chapter we develop a capacitance model of the e-e interaction in a FPI and apply it to study
the transport properties of the FPI in and out of equilibrium in the limit of weak backscattering. Our
approach is inspired by the previous theoretical work [91]. Its essential idea is that a compressible
Coulomb island can be formed in the center of the FPI between two constrictions (Fig. 1), which
strongly affects Aharonov-Bohm oscillations. Starting from this model, we demonstrate that depending
on the strength of the e-e interaction the FPI can fall into “Aharonov-Bohm” (AB) or “Coulomb-
dominated” (CD) regimes observed in the experiments [67, 69], see Fig. 5.1. We also analyze the
suppression of nonequilibrium AB oscillations with the increase of a source-drain voltage and find
regions of both power-law and exponential decays, which explains experiments of Refs. [66, 68].

The results and details of the calculation presented in this chapter have been published before in
Refs. [93] and [26].

5.1 Model

We consider an electronic FPI of size L formed by a Hall bar with v edge channels and two constrictions
(QPCs) that allow for electron backscattering between the innermost right-/left-moving edge channels
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Figure 5.1: Aharonov-Bohm conductances as function of magnetic field and gate voltages found in
different experiments: (left) large device (area ~ 18 ym?) with top gate[67]; (middle)
smaller device (area ~ 2.0 um?) without top gate[67]; (right) device with one fully
transmitted edge channel and four channels which are enclosed in the interferometer
cell[69] (area ~ 4.4 ym? without top gate).

with amplitudes 7 () as shown in Fig. 5.2 (a). Right- and left-moving channels are connected to leads
with different chemical potentials eV, and eV_, respectively. In accordance with experimentalists’
customs we asymmetric bias, where one edge is biases, eV, = eV, and the other one is grounded,
eV_ = 0. In what follows, we take into account the backscattering in the lowest order, thus accounting
for interference of maximally two different paths. For simplicity we assume the flight times along
upper and lower arms (i.e. between two QPCs) to be the same, 7 = 7 = 7 = L/vp. We denote
the magnetic flux threading the interferometer cell by ¢, i.e. an electron which encircles the cell once
accumulates the Aharonov-Bohm phase 27¢ /¢, where ¢g = hc/|e| is the flux quantum[10].

The 2DEG in the QHE regime is divided into compressible and incompressible strips [94, 95]. The
filling factor in the n-th incompressible strip is integer. These strips are separated by much wider
regions of compressible Hall liquid with a non-integer filling factor (compressible strips). The corre-
sponding sketch the of electron density profile p(y) in the FPI along y-axis is shown in Fig. 5.3. Let us
denote by y,f the boundaries between compressible and incompressible regions. Then a = y,:r — Yy 1s
the width of the k-th incompressible strip while b, =y, | — y,': is the width of the k-th compressible
one. As it was shown in Ref. [94], in the situation of gate-induced confinement of the 2DEG in the
QHE regime the widths b > Ap, with Ap being the magnetic length. At the same time ax scales as
ag ~ (bk)\ B) Y 2, so that in general the condition by > ap > Ap is satisfied. In this picture compressible
regions play the role of edge channels — the self-consistent electrostatic potential is constant through
the compressible strips and can be controlled by connecting them to external leads.

We also assume that the filling fraction vy in the center of the FPI exceeds v, giving rise to a
compressible droplet (Coulomb island). The reason for that can be smooth (on a scale Ag) disorder
potential fluctuations [96]. Let us denote by eN; the excess charge on the island (e < 0), with N;
being integer. On the scheme in Fig. 5.3 the boundary of the island is given by y, . This value is
quantized and changes abruptly when an electron tunnels between innermost compressible strips and
the island through the incompressible strip. On the contrary, the boundaries of edge channels may
change continuously upon a variation in external parameters, such as eV and Vy, or due to quantum
fluctuations of electrostatic potentials on these compressible regions (see also discussion later).
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HH

(a) (b)

1.
TV
Figure 5.2: (a) Fabry-Pérot interferometer with compressible island i. The innermost edge chan-
nels e are subject to backscattering at the QPCs; the remaining fr = v — 1 right(r)-
and left(l)- moving channels are fully transmitted; their role is in screening of the
interaction between the electrons of the channel e. Right- and left-moving channels
are connected to reservoirs with different chemical potentials €V;, n = . Here, the
gate g is depicted as a “plunger” gate. (b) Simple capacitance model, which uses

geometry of the compressible regions. Full transmitted right(r)- and left(l)-moving
channels are each joined into one conductor with the widths b, and by, respectively.

Electrostatics of the FPI

In the framework of the above model, we treat the e-e interaction in the FPI by using the constant
interaction model (see e.g. Ref. [97]) with mutual capacitances Cn3 between four compressible regions
— the interfering channel (e); right- and left-moving fully transmitted channels (r, [); the compressible
island (i) — and the gate (g). These capacitances are denoted by Ceq, Ce; etc. We assume a large
capacitance between counter-propagating innermost channels — thus they share the same electrostatic
potential o, — and also consider fr = v — 1 right- and left-moving channels as joint conductors with
potentials ¢, (¢;). Defining the capacitance matrix C with elements C,, = Zw Cay + Caog, and

Cap = —Cop (a # (), where Greek indices span the set {e,r,[,i} and g, = —Cq4Vj is an offset charge
on conductor «, the electrostatic energy reads

b= %Z(Qa—qa) (é_l)aB (Qﬁ—fm)- (5.1)

af

Total charge Q); = ¢ (Ni +vo/ qbo) on the island is distributed on the highest partially filled Landau
level (LL) and on v fully occupied underlying LLs (cf. Fig. 5.3). Single electron tunneling is possible
between interfering channels (e) and the island. We assume the rate I' of such tunneling processes to
be much smaller than all other energy scales in the problem, I' < vp/L < eV, hence N; is quantized
and is fixed for given external parameters (¢, Vg, eVi).

The mutual capacitances Cypg can be estimated from geometrical considerations [98]. We regard the
island as a disc of radius r and represent the compressible edge channels as concentric rings of the
width b, and diameter L (here a = e, r,1) as depicted in Fig. 5.2 (b). The edge channels are assumed
to be thin, b, < L. Therefore for the estimation of capacitances we can neglect the difference between
the radii of the island and those of edge channels, i.e. L ~ 7r ~ Wy,f. A top gate, if present, is modeled
by a plane situated at distance d from the 2DEG. Since the size of FPI cell is much larger than d, we

67




5 Quantum Hall Fabry-Pérot Interferometers

€(y) A n=3,, ,n=1

[}

\ /
\ o,

i

b, ), a
o e
T
n=1 n=2 >y
<y <v+l

Figure 5.3: The structure of the edge states in the FPI Cut through the center of an interfe-
rometer cell: (a) Landau level energies as the function of vertical coordinate y and
(b) electron density p(y) (see also Fig. 5.2). Besides v completely filled LLs, the
central region can sustain a partially filled Landau level whose occupation N; changes
by tunneling. Here we denoted by ap = y,j — vy, the width of the k-th incompress-
ible strip (shown in gray), which has the integer filling factor k. Compressible re-
gions (white) represent the regions with non-integer filling fraction and have the width
by =Y, q — y,j The picture above corresponds to the case v = 2.

treat Cig, Ceg and C, ;)4 as parallel-plate capacitors and find the estimate

r2 Lb, Lb,
@7 Ceg = Eﬂ’ Crg = 6@7

where e.g. for GaAs the dielectric constant is € = 12.6. For the estimate of edge-to-edge (Ce, and C.;)
and edge-to-island (C,;) capacitances we can use the mutual capacitance of two conducting rings. In
the limit b < a we obtain with logarithmic accuracy

el beb, €r rbe
Cop ~ ﬁln ( 2 ) , Co ?ln <agl> . (5.3)

Here b,;) = ZZ_I by are the total widths of fully transmitted edge channels. Finding the mutual
capacitance between a plunger gate and the island or the interfering edge channel is in general more
difficult. Because of geometry, one can expect that Cj, and C,, in this case will be substantially smaller
than the above estimate (5.2) for the case of a top gate.

Let us now comment on the flux dependence of the electrostatic energy, Eq. (5.1). When the magnetic
flux through the island is increased, §¢ = 7r?6B , the LLs are squeezed and the charge on the island
(for a fixed boundary y;, ) varies as 6Q; = ev d¢/¢o. A similar effect of magnetic field on charges Q. ,;
distributed on compressible circular strips is negligibly small because of the condition b < 7. Indeed,
for a typical variation 0 B, such that d¢/¢g ~ 1, the corresponding modulations of these charges are

0Qert 09 <2b> <1, (5.4)

e ¢ \ T

and we do not include them into Eq. (5.1).

Cig ~ € (5.2)
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5.2 Results

In this subsection we summarize our results and give their physical interpretation. The detailed
derivation is presented in the next subsection. The qualitative behavior of the FPI crucially depends
on the relative coupling strength of the interfering edge (e) to the fully transmitted channels (I, r), to
the island, and to the gate. The essential parameters are the number of transmitted channels v* which
screen the bare e-e interaction in the interfering channel — as we demonstrate in the section 5.3, one
has v* ~ 1 in the case of strong and v* ~ v in the case of weak inter-edge interaction — and the
effective edge capacitance C, as defined below by Eq. (5.11). There are also two characteristic energy
scales in our problem: (i) charging energy Ec = e2/C., or charge relaxation frequency wo = (v*/7)Ec;
and (ii) the Thouless energy e, = 7~ = vp/L. The relation between these two parameters depends
essentially on the geometry of the experiment (most importantly, on the geometry of the gates). We
will assume that the condition €1, < we is always satisfied, which simplifies a lot our subsequent
calculations and enables us to get analytical results. This appears to be a proper assumption for most
of available experiments. In particular, the value of the Thouless energy that can be deduced from the
experiment of the Harvard group is ey, ~ 50 1V [66], whereas the charging energy is in the mV range
[67].

5.2.1 Visibility, dephasing and the “lobe” structure

In the limit of weak backscattering, R; = |r;|?> < 1, the dimensionless differential conductance of the
FPI, g = ginc + gap — normalized with respect to the conductance quantum G = €2/(27) — is the sum
of incoherent and coherent contributions. The incoherent contribution is

Ginc(V) = v — R1.(eV) — Rax(eV), (5.5)

where Rj,(eV) are the renormalized reflection coefficients (see Eq. (5.9) below). The dependence of
the AB conductance on external parameters — the gate voltage V;, the variation of the magnetic field
AB and the bias V' — factorizes into

gaB(eVy,eV_,0,Vy) = g(V) cos[pap(Vy, AB)]. (5.6)

The AB phase pap will be discussed in detail shortly. The amplitude of the oscillations is

§(V) =e /™ Ripu(eV) 2 1

cos (\ewy + = )‘ (5.7)

with the nonequilibrium dephasing rate given by

™

2
-1 _ .2
7, = [eV| (Ri«(eV) + Rau(eV)) —sin® o (5.8)
In Egs. (5.5) and (5.7) we have introduced the renormalized reflection coefficients defined as
1/v* ~ v 1/v*
A — R.|¥C¢ € — R th
Rye(eV) = B 1y T(2—1/v7) Ryelen) |57
* * (59)
" . ) 20 we 1/2v 21/2’/*67/” - €in 1/2v
12:(eV) = [r1r2| |weT] v A= 1/2) 12¢(€m) | 7
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Remarkably, in the last equation the amplitudes r1, ro do not renormalize separately, rather the renor-
malization operates non-locally. A similar result was found for FPIs in the fractional QHE regime in
Ref. [90]. The relations (5.9) are valid for bias in the range e, < eV < we. The above renormalization
comes from wvirtual electron-hole excitations (being a precursor of weak Coulomb blockade [99, 100])
and stops at eV =~ €. On the contrary, the dephasing rate 7 Iis caused by real e-h pairs excited by
backscattered electrons and is proportional to the shot noise of the QPCs. There a simple linear de-
pendence of the shot noise on voltage, which is valid in the absence of interaction, is modified because
of the renormalization of reflection coefficients.

An additional dependence of the conductance amplitude (5.7) on bias stems from an oscillatory
prefactor which has the characteristic scale mwey,. As a consequence, the amplitude or, equivalently,
the visibility v(V') = |§(V)|/ginc(V) vanishes for certain equidistantly distributed values of bias. The
resulting characteristic “lobe” structure of visibility is shown in Fig. 5.4 and is in agreement with
experiments reported in Refs. [66, 68].
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Figure 5.4: Total differential conductance g as a function of bias and magnetic flux (left panel),
and visibility (right panel). Parameters are: v* = 2, wet = 25, Rix(€n) = Rox(€n) =
0.2.

5.2.2 Aharonov-Bohm oscillations

In experiment one usually characterizes the FPI in terms of the pattern of its equilibrium conductance
in the (B,V,) - plane, which is governed by the AB phase. We have identified four different regimes
where the behavior of AB oscillations is qualitatively different (see Table 5.1). In this table the pa-
rameter v* — the effective number of transmitted channels which screen the Coulomb interaction in
the interfering channel — depends on the relative strength of the inter-edge e-e interaction. To distin-
guish between the limits of weak and strong e-e interaction we compare the inter-channel interaction
energy ~ €2/Ceq (here a = r,1) with the screened-by-the-gate charging energy of the interfering edge
itself given by ~ e?/ C,g- Here the edge-to-gate capacitance is effectively increased by the so-called
“quantum capacitance”:

Chy = Cag + (v — 1)1/ (hm). (5.10)

In the weak coupling limit one has Ceq > Cg . In this case the electrostatic potentials on all edge
channels (7,1, and e) are approximately equal to each other and v* ~ v. In the opposite strong coupling
limit we have Ceo < Cp,. The potential ¢, here fluctuates independently of potentials on other edge
channels (r and 1), thus screening of e-e interaction by the latter channels is not effective and one gets
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v* ~ 1. To make a distinction between the “Aharonov-Bohm” (AB) and “Coulomb-dominated” (CD)

Table 5.1: “Phase diagram” of the FPI, which discriminates between two Aharonov-Bohm (AB
and AB*) and two Coulomb-dominated (CD I and CD II) regimes.

Cea > C}, Cea < C2,
v¥=v v*=1
Cei = Cei + Cri + Cy Cei = Ce
Ceg=Ceg+Crg+Cly | Ceg=Ceq
Cei < Cig AB AB*
Cei > Cz'g CD II CDI

regimes we now define an effective edge-to-island capacitance C.; by the relation Coi = Coi + Cri + Ciu
in the weak coupling limit, i.e. at v* ~ v, and set it to be C,; = C,; in the opposite case of strong
coupling. Then the FPI falls into AB or CD regimes depending on the ratio C,;/ Cig, as it is shown in
the Table 5.1. As one can see from Egs. (5.2) and (5.3), for the device with a top gate the capacitance
Cig scales like 2 when the FPI size grows, while C,; increases only as 7 Inr. This suggests a simple rule
of thumb: the AB regime occurs primarily in large FPIs with a top gate (in experiment “large” means
a cell area ~20,um2). In this situation, i.e. at C’ei/ Ciy < 1, fluctuations of charge on the island are
screened by the gate electrode and do not affect the AB conductance. In the opposite case of a large
ratio between the capacitances (Ce;/Ci; > 1), as one will see shortly, the AB conductance becomes
linked to the Coulomb blockade on the compressible island, hence the naming — “Coulomb-dominated”
— for this regime.

For a device without a top gate a bare edge-to-gate capacitance Ceq is only due to a plunger gate (see
Fig. 5.2). Such a gate is used to control the size of the interference loop and for geometrical reasons
Ceg is typically very small, so that one has C7, ~ (v — 1)7e?/(hr). In this case our first condition
of weak versus strong inter-edge e-e coupling can be simplified. Defining the dimensionless coupling
constant as

(v—1)e?

oy =
eﬁ’l)p

and using the estimate (5.3) for capacitances C,, and C¢; one obtains the crossover value

. 1 beb,
o~ —1In ,
2 a2,

which sets the boundary between the weak and strong coupling regimes.

We name four regimes AB, AB*, CD I and CD II according to the Table 5.1 which lists the values of
parameters v*, Ce; and C’eg. The capacitance Ceg here is defined in analogy to C.;. In addition to these
effective edge-to-island and edge-to-gate capacitances we now define full island and edge capacitances
as

C; =Cg + Cz‘g, ée = C’eg + CeiCig/C‘i. (5.11)

71




5 Quantum Hall Fabry-Pérot Interferometers

Then the AB phase in Eq. (5.6) reads

oan = 276 /90 — 2 (Vi 4 vyoo) + 1 (2, - v - v (5.12)

with integer IV; minimizing the charging energy of the Coulomb island

2

Ei = S (N v6/00 = CigVy el (5.13)

and we have defined wg = v*E¢/m and Eg = €2/C..

In Fig. 5.5 we show the conductance gap(¢, V) in the (B,V,)-plane for three regimes: AB, CD I
and CD II. The plots display significant differences. In particular, the lines of constant phase have a
different slope in the AB and type-I CD regimes. The flux periodicity is also different in these two
cases. The AB conductance in the case of type-II CD regime shows a “rhomb-like” pattern. The
pattern of equilibrium conductance in the AB* case is the same as in the AB regime, provided one
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sets v* = 1.
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Figure 5.5: Aharonov-Bohm conductance in different regimes. AB regime (left): v* = v = 2,
stripes of comstant conductance have a negative slope, flux and gate voltage periods
are Ap = ¢g and AVy = vE¢c/|e|. Type-I1 CD regime (middle): v* =1, v = 3, stripes
of constant conductance have now a positive slope, flux and gate voltage periods are
A¢p = ¢o/(1 —v) and AV, = Ec/le|]. Type-II CD regime (right): v* = v = 2,
C,-g/ée = 0.6, at fized gate voltage Vy conductance depends discontinuously on flux —
phase jumps occur at every A¢ = ¢o/v.

5.2.3 Discussion and Comparison with Experiment
Noninteracting interferometer

Let us now discuss the physics which underlies the rich phenomenology of our rather simple model. To
appreciate the role of interaction we consider first the noninteracting case, where the interfering channel
couples neither to the fully transmitted ones nor to the island. Consider an electron which contributes
to the tunneling current and which is, say, incident from the left source and leaks into the left drain.
It may tunnel either at the left or right QPC. The latter path is longer than the first by 2L = 2vpT
and encircles a magnetic flux ¢. Along this path the electron accumulates a dynamic (“Fabry-Pérot”)
phase 2e7 (e is the energy of the electron) and a magnetic AB phase 2m¢/¢g. According to quantum
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mechanics, the current results from interference of both paths. Integration over all energies in the
range eV_ < € < eV gives the backscattering current

€V+ d
Ib = —e/ i
eV 2

that we split into incoherent and coherent contributions,

. . 2
rq + 627T’L¢/¢0+2’LETT2 — Ijnc + IAB, (514)

2
Iine = —%V(Rl + Ry), Iap= —i 2ryrg cosle(Vy + Vo) T + 2w/ o] sin[eV 7] (5.15)
where we assumed for simplicity that ry, ro are real. While the incoherent part of the current I,
is expected already on the classical level, Ixp stems from interference and is sensitive to magnetic
flux. The dynamic phase accumulated by an electron depends on its “absolute” energy e, and hence
the current Ipp depends on both chemical potentials eV, eV_ and not just on their difference eV =
eV, —eV_. Clearly, the sum (V; + V_) enters only the phase shift of the AB pattern, but not the
amplitude. However, this independence of the amplitude of oscillations on the bias does not in general
hold for the differential conductance gap. Specifically, when the differential conductance is calculated
in the framework of the model of noninteracting electrons, the amplitude of the corresponding AB
oscillations g does depend on the manner in which bias is applied.
Experimentally, the bias is applied asymmetrically: eV, = eV, eV_ = 0. The expected dimensionless
conductance then is

gaB = Gy 'Oy Iap = —2r17r2 cos[2eV T + 2/ o),

i.e. bias merely controls the phase shift of the AB oscillation pattern. The amplitude § = 2|r172|
is independent of bias. This clearly contradicts our results, presented above, as well as experimental
observations.

The situation would change essentially if the bias were applied symmetrically: eV = eV/2, eV_ =
—eV/2. Then the conductance would be

gAB = —2r179 cos[eV 7] cos[2mp/ po). (5.16)

Now, the amplitude would oscillate with bias on the scale mey,, yielding a visibility with a “lobe”
structure. This result is apparently much more similar to our findings (albeit without dephasing and
renormalization of riry) as well as to the experimental observations. On the basis of the similarity
between Eq. (5.16) and the experimental observations it was conjectured in Ref. [67] that the electron-
electron interaction effectively symmetrizes the bias even if the latter is applied asymmetrically.

Mean field potential and contracting edge

To see how this works, assume that a charge within the interferometer cell produces a (for simplicity
constant) self-consistent potential ¢g. An electron which propagates in this potential during a time
27 accumulates the “electrostatic” AB phase —2¢7. Hence, the dynamic phase would be 2(e — ¢g)7
and instead of the bare chemical potentials the relative potentials (eVi — ¢g) enter the result (5.15).
Such a mean-field potential is indeed generated within our model. For instance, in the generic limit of
large charging energy F¢ >> €, our calculations in the subsection 5.3 yield ¢g ~ e(Vy + V_)/2 in the
case of AB regime. Therefore without any need of any fine tuning, the bias is effectively symmetrized,
which explains the appearance of the “lobe” structure.
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The mean-field potential ¢g on the compressible strip corresponding to the interfering edge channel
is in general a function of the applied chemical potentials eV, the gate voltage V,; and the magnetic
flux ¢. The most general expression found in subsection 5.3 reads

1 €V+ +eV_ éei
—_— _— FEo— (N . 1
[T wor eVy + 5 weT + Ec ) (Nix +v0/d0) (5.17)

)

QDO(ev:I:a %7 Qb) =

Here N, as before, provides the minimum for the Coulomb energy F; of the island given by Eq. (5.13).
If we introduce the “mean electrochemical potential”

— @0 = (eV4 +eV_)/2 — oo, (5.18)
then the “total” AB phase is

0ap(eVy,Vy, @) = 2mp/dpo — 27Po(eVa, Vy, ¢) (5.19)

and becomes (5.12) in the limit weT > 1. The first contribution here is the magnetic AB phase
accumulated along a fixed reference loop with area Ag, i.e. ¢ = ApdB, with 6B < B being a weak
modulation of magnetic field on top of the high field B which drives the 2DEG into the QHE regime.
Because of the condition b < L (see Fig. 5.2 b) imposed in our model, and since a typical variation
0B is such that ¢ changes on a scale of a few flux quanta only, one can use any boundary y,f to
define Ag. For example, one can set Ag = 7(y,5)2. Let us further show that the second “electrostatic”
contribution (—27&)0) to the phase wap can be interpreted in terms of the motion of edge states which
leads to a variation of the relevant FPI area when the magnetic field B or gate voltage V, are varied.
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Figure 5.6: When the boundaries of the compressible strip (white) separating incompressible re-
gions (gray) with filling factors v and v+ 1 move toward the (v + 1)-liquid (indicated
by arrows), the latter shrinks while the v-liquid’s area grows: as the result the charge
on the incompressible strip, defined by the boundaries y, | and yF, decreases (in this
figure hy, <0).

First, we note that in the stationary limit an imbalance of electron density on the interfering edge
channel dp, is related to the corresponding electrochemical potential (5.18) via the simple relation
Spe = —@o/(2mvE), since (2mvp)~! is the 1D thermodynamic density of states in our model. As it
is always the case in QHE systems, this charge density can be translated into the variation h, of the
boundary between the compressible and incompressible strips (Fig. 5.6), dpe = nph,, where ny =
B/¢o = (27r)\23)*1 is the electron concentration of one completely filled LL, and we have assumed the
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fluctuations of inner and outer boundaries of the compressible strip to be the same, 6yj 1 =0y, = hy.
Therefore the “electrostatic” part of the AB phase reads

— 2790 = 4nLép. = 4mnp(Lh,) = 2m(B/¢o)d A. (5.20)

Here A = 2Lh, is the change in area enclosed by interfering edge state. To recapitulate the logic,
we have thus related the self-consistent electrostatic potential ¢q to a variation of the FPI area. With
these arguments at hand one can now rewrite Egs. (5.17) and (5.19) in the equivalent form

dap = 27 (AOcSB + B5A> /o + const, (5.21)
where the variation of area reads
1 éei ¢0 ‘€| ¢0
0A = ——— — B AN; —_— .22
V*Ci<B t B >+ch (5.22)

The integer AN; denotes the deviation of the electron number on the Coulomb island from the initial
reference value. We have also taken into account that the source-drain bias is small on a scale of the
charging energy, leV| < E¢.

Regimes and experiments

Let us now discuss our theory of the FPI in relation to the recent experiments by considering separately
each of the four regimes in the Table 5.1. In the AB regime one has C;/C; < 1, thus the coupling of
the interfering edge to the Coulomb island is negligible and the area A does not change with B. The
AB phase then simplifies to
2m le|Vy
Ec’
yielding the lines of constant phase with a negative slope (Fig. 5.5, left) and a magnetic field period
AB = ¢g/Ap which is independent of v. The second term in the above equation describes the spatial
shift of the electron trajectory upon varying the gate voltage. If dV, > 0 then the interfering edge
state moves outwards and thus encloses a larger flux as it is seen from Eq. (5.22). The AB regime was
observed in large devices (cell area ~18um?) with a top gate [66, 67, 69], where the condition Cy; < Cy;
is satisfied. In Ref. [67] it has been also found that the magnetic field period AB is independent of
B, while the gate voltage periodicities (both top- and plunger- ones) scale as AV o< 1/B o< v. These
observation are consistent with our Eq. (5.23) if the charging energy Ec = €2/C, is v-independent.
This is the case provided the full edge capacitance C, ~ C’eg + C,; stays approximately the same at
each Hall plateau.

In the CD regime one has Ce;/C; ~ 1 and the area of the interfering loop shrinks with increasing
magnetic field. This is because the interfering edge is now electrostatically coupled to the charge
Q; = e(N; + vd/do) on the Coulomb island, which depends explicitly on flux. The AB phase in this
regime reads

PAB = 27d/Po + — (5.23)

27 27 |e|V,
oA =21(1 —v/v*)o/po ——Nz—l——*’ | g,
v* Eg

In the type-II CD regime v* ~ v and at fixed V, the AB phase stays piecewise constant when the
magnetic field is varied. Its dependence on B exclusively enters via N;. Indeed, as it follows from
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Eq. (5.22) the shrinkage of the interfering loop in this case, A = —(Ay/B)J B, exactly compensates a
change in magnetic phase ¢ = Agd B. When the FPI is brought close to a charge degeneracy point of
the island by varying V; or B, electron tunneling becomes possible between the droplet and interfering
channels (i.e. AN; = 41) resulting in abrupt change of A. This creates a phase lapse (or jump)
Apap = +2m /v giving rise to the “rhomb-like” pattern shown in Fig. 5.5 (right) at v > 2.

In the type-I CD regime v* ~ 1 and a change in AB phase caused by area shrinkage when rising B
overcompensates the growing of the magnetic part ¢, since now 6A = —v(Ap/B)dB. Counterintuitively,
the phase decreases when increasing the magnetic field. At the same time, whenever an electron tunnels
into the island from the interfering edge channel (e), the boundary of this edge state contracts so as
to expel exactly one flux quantum from the AB loop. The phase lapse, being equal to A¢ap = —27
in this tunneling process, is therefore invisible in the interference conductance. As a result, one has
the diagonal stripe pattern with lines of constant phase having positive slope (Fig. 5.5, middle). The
periods are AB = ¢o/(frA) and AV, = e/(Ceq + Cy;), with fr = v — 1 being the number of fully
transmitted edge channels (note, that at v = 1 the lines of constant phase are vertical).

In the limit of weak backscattering at QPCs, the Coulomb-dominated regime has been observed in
Ref. [69]. In this work measurements were performed with a large range of edge state configurations
(including fractional fillings), classified by the bulk filling f, and the number fr of fully transmitted
edges. We focus on the results obtained with a 4.4 um?2-device without a top (but with plunger-) gate.
They indicate that interaction plays a major role (i.e. CD I and CD II regimes). For integer f;, and
fr = fo — 1 the results coincide with our Fig. 5.5 (middle), including a period in magnetic field which
scales as AB o 1/ fr.The gate period in Ref. [69] was found to be weakly increasing with fr. We can
explain this dependence if we assume that the full edge capacitance, which equals to C, = Cyi+Ceqg in
the CD I regime, decreases with fr, because, for geometric reason, the mutual coupling of the plunger
gate and the inner interfering edge channel (Cey) becomes less efficient at high v. A quite “exotic”
behavior was observed, when more than one channel were trapped in the interferometer cell. In the
case of f, =4 and fr = 1 experimental findings resemble very much Fig. 5.5 (middle) corresponding
to our CD II regime. In such a setting one fully transmitted and one partially reflected edge channel
can be described by our model with v = 2 assuming that the other two trapped inner channels can be
treated as a compressible island, where the excess charge is quantized.

Nonequilibrium transport measurements in the FPIs in the AB regime have been performed in
Refs. [66, 68]. Their main findings can be summarized as follows: (i) the dependence of the AB
conductance on B and the bias V factorizes into a product of two terms yielding a “checkerboard"
pattern in the (B, V)-plane (cf. Fig. 5.4, left); (ii) the scale of the “lobe” structure is set by ey, ~ vp/L;
(iii) the visibility decay with bias is stronger at higher magnetic fields. The results of our theory,
Egs. (5.6) - (5.9), are in full accord with these observations. In particular, the suppression of visibility
in our model at |rj|? < 1 is mainly due to a power-law decay with the negative exponent (—1/2v*).
Since in the AB regime v* = v « 1/B, this decay is stronger in the case of a small number of edge
channels, i.e. at higher B, in agreement with Ref. [66].

It is interesting to note that our theory predicts a fourth regime (AB*, see Table 5.1). It is charac-
terized by the same equilibrium conductance pattern as the AB regime (Fig. 5.5, left), but in contrast
to the latter, the power-law decay of the visibility oscillations corresponds to v* = 1, and thus is
independent of B. Such a behavior of the FPI has not yet been observed in the experiment.

Closing this section we have to mention that a crossover from the AB to the type-I CD regime (in
our) terminology has been recently discussed in details in Ref. [92]. We note that our capacitance
model is very similar in spirit to the one used in that paper. However, the important difference is that
our approach takes explicitly into account quantum corrections to classical geometrical capacitances,
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given by Eq. (5.10). As a result we obtain the extra type-II CD regime which may arise because of
screening of Coulomb interaction by the fully transmitted edge channels.

5.3 Calculations

This section is devoted to the derivation of the above results using the formalism developed in Chap-
ter 3. For simplicity we assume all edge channels to have the same length L and same velocity |v,| = vp
(with v, > 0 in right-moving channels and v, < 0 in left-moving ones). Consequently, all flight times
7 = L/vp are the same. Further, the scatterer 1 has the coordinate x! and scatterer 2 has the
coordinate 2 = z' + L for each of the edges, see Fig. 5.7.

Figure 5.7: Network model of the FPIL

We remind us that two characteristic energy scales play an important role in our analysis, namely,
Thouless energy e, = 7' and charging energy Ec = €2/C, (or charge relaxation frequency we =
%EC), see Sec. 5.2. As has been discussed there, we will assume that the charging energy is much
higher than the Thouless energy, and will consider voltages in the intermediate range between these
two scales, wo > |eV| > e.

5.3.1 Electrostatic Action

Our network consists of v right-moving and v left-moving chiral channels which we label with the
subindex p, see Fig. 5.7. The innermost right-moving channel (@ = +) is coupled to the innermost
left-moving channel (1 = —) by two scatterers i = 1,2 with 2 x 2-scattering matrices s°. The remaining
chiral channels (right-moving ones labeled u = r1,...,7(v—1), left-moving ones by u =11, ...,l(v—1))
connect sources to drains without any possibility of tunneling.

Interaction is taken into account by the electrostatic model (5.1) described in the beginning. For
simplicity we assumed that electrostatic coupling between all fully transmitted right-moving channels
(w=rl,...,r(r—1)) is strong such that they share a common electrostatic potential V,.. This enables
us to merge them into one conductor (labeled @ = r). We proceeded in the same way with the
fully transmitted left-moving channels (u = [1,...,I{(v — 1) are now merged into a = [) and the two
innermost ones (u = +,— are merged into o = e). This reduces the number of charge degrees of
freedom characterizing the edge channels down to three:

Qo= [dwdyin+ [tz 0-3 Jaw bt 0= Jaw bt
k=1 k=1

As a fourth conducting element, we introduce a central compressible island with total charge Q; =
e(N; + vo/¢pg). While the second contribution, the charge in the v fully occupied LLs of the central
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region, is fixed by external parameters, the occupation N; of the partially filled LL of the island is an
(integer) degree of freedom to begin with. Since it is assumed to fluctuate via very slow tunneling,
I' < e, we will, however, treat it in a mean-field approximation.

The fermionic action we start with reads as follows

) _ 1 .
Aol b, N =3 /C At gy (00 + 0,02 ) 0 =53 (Qa —a0) (C7) Qs —15) -
H af
where the first sum extends over the 2v chiral channels p =7r1,...,r(v —1),i1,...,l(v — 1),+, — and

the second one over the 4 conductors a, 3 = e,r,1,i. The electrostatic part of Ag[i), ¢, N;] is, of course,
a direct consequence of (5.1) and we refer to the corresponding section for definitions of ¢, and C.
Charges @, are, of course, dynamic, i.e. time-dependent, quantities, but for the sake of readability we
leave time-dependence implicit (as we did with time integration in the above electrostatic action).

Our interest lies in interference effects which manifest themselves in tunneling corrections to current.
Tunneling phases respond only to the Hubbard-Stratonovich field ¢ = €V, on the interfering edges (note
that the electrostatic merging of channels p = 4, — allows us to use just one field ¢ = o = ¢_). The
short-term goal of the present section is to integrate out all other degrees of freedom.

Potentials V. = (V,,V,.,V})!:  First, we decouple the quadratic charge terms via a (multidimensional)
Hubbard-Stratonovich transformation, thereby (re)introducing the potentials V,, on the conductors.
Since we do not need the potential V; on the island, we single out the island degrees of freedom
beforehand, writing

= (pfc p?%’)  Vei = pei(Qi — ) (5.24)
p'LC p'L'L

The index c refers to the 3 indices e, r, I, that means pe., peii = pl., pi are 3 x 3-, 3 x 1-, and

1 x 1-matrices. With that the electrostatic contribution to the action reads

- 1

Aint [0, 0, Ni] = —=(Qi — ¢;)*pii —

2 1(62(: - QC)tpcc(Qc - QC) - ‘/;tz(Qc - QC)

2

and becomes upon Hubbard-Stratonovich decoupling:

- 1 1
Ains[¥, 9, Ve, Ni| — 5(@1’ — @) *pii + §(Vc Vi) et (Ve = Vi) = VHQe — qe)

with V. = (V,, V,., ).

Integrating out Q., ., Q;: Next, we integrate out the charges Q., Q,, @Q;. As explained in Sec-
tions 2.2 and 3.1 charges and potentials are decoupled by a gauge transformation (2.15) which generates
a tunneling term A; (see below) and, according to the Dzyaloshinskii-Larkin theorem, quadratic and
linear (in voltages) terms V.25, and QoVa. The former is given by the polarization operators (2.23),
(2.24) and amounts for screening, thus an “enhancement” of the capacitances (in fact, the capacitances
become complex, “Keldysh”- and energy-dependent, but in the static limit the corrections are indeed
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positive). Then the retarded/advanced components of the “screening capacitances” read

v—1 ;
. 1— eizwr
S/(w) = =€) / A61d& ! (w, €1, 60) = Fi(v = 1)e*— ——, a=rl,
! 1 e:tin (525)
r/a _ 2 r/a 49,20
St/ (w) = —e ;/d&d& I/ (w, &1, &) = *i2e o

Charges injected from the reservoirs due to nonequilibrium boundary conditions (in excess of the
equilibrium charge which is canceled by the positive background charge) are

= Vit o eVor o (eVi+eVo)r
QT - (V 1)6 o Ql = (V 1)6 o Qe =e€ o .

We collect them in the diagonal matrix S = diag (Se, Sr,5;) and the vector Qe = (Qe, Qr, Q).
Subsequent elimination of charge degrees of freedom transforms Ajn [, 1, Ve, V;] into

1_ 1 _ ~ _
Ao[Ve, Ni] = _§piz’(Qi —q)? + §Vf(pccl + SV, = VHQe — ge + 1 Vi)

(5.26)

with Pi; = pii — DicPec Pei- (5.27)

Integrating out V,., V;:  The final and somewhat cumbersome step is to integrate out the voltages
V-, Vi. In order to do that we again split the degrees of freedom, writing

-1 Cee Cet Se
= , S= , 5.28
Pec ( o %) ( 5t> (5.28)

where the index ¢ refers to the 2 indices r, [, and cee, cet = c%e, ¢yt are corresponding 1 x 1-, 1 x 2-, and

2 x 2-matrices. The action then reads
1

_ 1 =
AO[‘/& Nz] = - 5pu(Qz - Qi)2 + 5(666 + Se)‘/(f - ‘/E(QE — Qe+ cee%i + cetv;fi)

1 _
+ §Vtt(0tt + S)Vi = VHQr — qt + cteVei + cutVii — ceVe).

Performing the Gaussian integration over V,., V} is a straightforward, albeit cumbersome calculation
which in the end yields,

AolVe N = == (Qi= P~ (Qu=a0) P Q=)+ 3OV Vel @ttt @ =) + i Qi—a:)
(5.29)

where we have introduced the effective capacitances and coupling strengths

C’[ l=p; — picp;}pci + (PieCet + pitcit) (cer + St)il(ctepei + cupi),

é: = Cee t+ Se - Cet(ctt + St)_lctea Ce = C:;

Se=S,=5;=0
Tet = —Cer(cr + Sp) 7L,
Tei = CeePei + CetPti — Cet(Cit + St)il(ctepei + cupi),

pri = (o + St) ™ (CrePei + cupii)-
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Regimes AB, CD I, CD Ill:  In the limits of very strong, i.e. Coe < Ceg + Se, and very weak, i.e.

(Cag + Sa)2

Cae>> 5

coupling between fully transmitted edges a = r,l and interfering edge e the expressions simplify to

H Strong coupling ‘ Weak coupling
C; Cei + Cig - Cei + Cri + Cp; + Cig -
Cy || Ceg+Se+Cig— C}/Ci | Ceg + Crg 4 Cig+ Se + S+ Sr + Cig — C7, /Ci

o (0 0) <1 1)
Tei Cei/C; (Cei + Cri + C1y) /C;
Dti 0 0,

and using Eqgs. (5.24)-(5.28), the action becomes

1 _ 1
Aol N = 5 [ et eV = O)elt) = [[atenNon) ~ sz @i=a® (530
ith V"/%(w) = E A
with  V7(w) Cox iwe (1l — etwr)’
Nz St Vs Cag (5:31)

Here C;, C., C_’eg, C.;, and v* are given in Sect. 5.2.2 (Eq. (5.11) and Table 5.1).

5.3.2 Tunneling Action

To construct the tunneling action A;[p] in lowest order we use Eq. (3.10) which makes it necessary to
identify the paths (ij; uv). Only the innermost chiral channels p,v = £ allow for tunneling between
each other at scatterers i¢,j = 1,2 which gives 4 classes: (11;+—), (22;+—), (12;4+—), and (21;+—).
Classical phases are accumulated due to magnetic flux ¢:

AGN = A9 =0, AP = —AdTL = 210/,

At zero temperature the distribution functions read ff (t) = e~teVxt foz(t) with Fermi distribution
function foé(t) Writing for short r; = s* |, x = X+ — X, €j = €3 (the right-hand side being the
3-dimensional Levi-Civita symbol), and II;; = II;;.y — we obtain the tunneling operators (3.11, 3.12)

H?j(t) = —r;Tj eTIX g7 [2m6/d0+(eViteV-)r] eiiewfo2 (t+ eijT)fO§(t — €5T), (5.32)

/7 (1) = [0 (t) + o)1 (1)

v

o (5.33)

Writing the tunneling phases ® = &, _ the tunneling action reads

L L 1 (t1)  —TI5(t12)\ [ei® (27 :t2)
— —Z<I>f( L7t ) _,@b( l,t ) 1] 1) )
At[so] ? § /dtldt2 (6 e o ) <_Hi>j(t12) Hg;-(tm) ei{)b(mJ,tz) (5'34)

i,j=1,2
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with t19 = t; — t2. According to Sect. 3.2 and Eq. (2.16) the tunneling phases are related to the
potential ¢ via

d(z',t) = O_(2',t) — O4(z',t) = /Cdt’ Dy (2%t ) p(t) (5.35)

x x

2 2
da’ Do_(x — 2';t, ') + / da’ Doy (z — 2'5¢,t)

1

with Dy (z;t,t) = —/
1
with bare particle-hole propagator Dy, (Eq. (2.18)). Note that 2’ is integrated over because the
potential ¢(2/,t) = ¢(t) in our model does not vary in space.
Defining ¢; = + for i = 1, 2 retarded and advanced components of D _ read in energy representation
eiiwﬂ— -1

DY/ (w;2") = i ——. (5.36)
w

5.3.3 Current in Instanton Approximation

Current is measured via the counting fields x in the tunneling polarization operators (5.32). We use
the adiabatic approximation where measuring time ¢y is much larger than all intrinsic time scales of
the system and transient effects due to switching of the counting fields are negligible. The tunneling
correction to current is the derivative

L=—i—0,InZ
to

=3 (55-13) (5.37)

x=0 ;=12

with Ifjﬁ = :/dhdtg /DSD Z Aol Ni] +iAclg] e*iq’a(‘”i’tl)H%B(hQ)eiq)ﬁ(mj’tQ)
0
{N:}

(5.38)
x=0

The average [ Dy > (N} 18 treated in real-time instanton approximation as outlined in Sect. 3.3:

e L x ma(i EB( ]
If‘jﬁ ~ & dtdty eeles] <e 0%z ’tl)H%ﬂ(tm)e’q’ (I]’t2)>0

X=0, Ni=N;.

_ tﬁ dt,dts oiAL[ps] ;= iPo () +io (27) ﬁ%ﬁ(tm) (5.39)

0

As always (...)o denotes averaging with respect to Ag[p, Ni.| given in (5.30). Because of the linear-
in-p contribution potential ¢ and hence tunneling phase ® have non-vanishing expectation values
wo = @o[Ni], ®o = Po[LV;] which minimize Ap[p, N;] for given N;. At the saddle-point Nj, in turn
minimizes Ap[¢o[N;], N;]. For strong coupling wer > 1 the mean-field reads

1

N €V+ +eV_ C’ez‘
14 woT

©wo eVy + 5 weT + EC?(N” + l/¢/¢0)] )

]

(5.40)

Do(zY?) = Frpg =  —iDo(aF) +i®g(x!) = 2iewT0

with N;,. € Z minimizing the electrostatic energy F;, (5.13).
Due to the presence of the source term iAj[p] = —i®Y (2% t1) + i®’(27,t2) the instanton phase
®, = &g + 5P, (3.16), deviates from the mean-field by

507 (%, 1) = DI*(t — t1, 2%, 2%) — DI (t — to, 2*, 29). (5.41)
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The instanton action thus reads

iAt[SD*] = Z Z 075 /dtgdt4 eiiq)o(xk)Jri(I)o(xl)e*i‘;(bz(xkvt3)+i5‘1>£ (xl’t‘l)ﬁZ? (t3 — t4) (5.42)
kl  ~6

We will evaluate the time integrals in (5.39) and (5.42) approximately. They will be dominated by
the singularities of the instanton and the polarization operators. To identify and characterize them
more precisely it is indispensable to compute the phase correlator Dg = —i ((® — ®)(® — <I>0)>0. It
will turn out that the singularities (branchcuts) of Il (t) around t ~ 0 and of II(t), k # [, around
t ~ +7 dominate all integrals.

5.3.4 Correlation Functions

In this section we calculate the correlation function of the tunneling phases ®(z) which according to
(5.35) is D = —D4_VD,_. Details of the calculation are not important for the rest of the paper and
may be safely skipped. The final results for zero temperature and the strong coupling limit, wo7m > 1,
are

D§ (t=0,2%27) = Dg/T(O,xi, 27) = Dg(0; 2%, 27) = Aij% (v + InfweT]) (5.43)

and

oy i ati(t—rT) ati(t+7)
th Pl = A —— 7 1 _— 5.44
a(baha’) = i, axit | TN ezt (5.44)
for large times, |wet| > 1.
We start the computation by combining (5.31) and (5.36),
, ) - we (1 — ei‘”) ,
Dg(w, zi,w5) = =D _(w;2")V"(w)D_(w;27) = —iAj;— e — 1)

v . .
w {w + we (1 — e“”)]

with A;; = €;¢;. In time representation the relevant correlation functions are the Z-components which,
at zero temperature, read

(5.45)

we (1 — ei“”>

o o we (1 o)

et _ 1) . (5.46)
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X X Re w

Figure 5.8: Analytic structure of the integrand in (5.46): it is analytic in the upper half of the
w-plane and possesses poles in the lower half. Contours of integration for J~ and J<
are indicated by arrows.

The integral defining J~ (J<) is perfectly convergent for all times with non-positive (non-negative)
imaginary part, Im¢ < 0 (Im¢ > 0), thus ensuring the analyticity of J< in this region. Apparently, we
have JZ(t)* = J=(t*).

First, we perform the integration for Ret < 0. Under this assumption the contour of integration can
be rotated into the upper half of the complex w-plane where the integrand is analytic (see Fig. 5.8).
Defining dimensionless time and charging frequency, z = —t/7, and y = wcT, respectively, and inte-
grating along the imaginary axis, one obtains for y > 1

> > —zs AU N -
= [l ) g

s+y (1 — e‘s)]
= —e¥"T(0,y2) —v —lnyz = g(yz) (5.47)

with the incomplete Gamma function I'(a,z) = [“dse™*s*"!, # € R, and the Euler-Mascheroni
constant -.
The asymptotic behavior of g is

9(yz) ==(—1+ v+ Inyz)yz, yz — 0+,
1
— —v—Inyz — —, Yz — 00. (5.48)
Yz

We now proceed with the case Ret > 0 where the contour of integration can be rotated into the
lower half of the complex w-plane. In contrast to the previous case the integrand does possess poles
in this region (see Fig. 5.8), around which, therefore, the integral has to be taken additionally. Since
both pole and imaginary axis contributions, JO2 and le respectively, separately diverge for large w we
have to introduce an auxiliary ultraviolet cutoff, et a = ar. Then, defining z = t/7, the imaginary
axis contribution reads for y = woT > 1

‘]12@) = - y/oods - (6_82 — 1) e:l:is& ~ /oods 6327_16:&5& — _In a Zli Z'Z‘
0o s[s—y(l—e)] o p Z

The poles are defined as roots of equation w + iwg (1 — ei“’7> =0, w # 0, and writing = = iwT,

they are given by =, = y — W_,(ye¥), n € Z\{0}, where the product log function is defined by
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Wn(x)eW”(m) = z. We choose the numbering such that Imz,+1 > Imx,, Imz; >0 > Imz_;. As can
be deduced already from the defining equation the roots satisfy Rex, > 0. One may show that in two
limiting cases one has

T, —2Tin 1 y

2
+2 <m> , n| < 2, (5.49)

+ty Y 27
. .21 y

—2min 4 In | —im= ) | > 5. (5.50)
) ™

To proceed further, we note that [W +iwe (1 - €m>} = 1+y — x,. Therefore the residues read

Wn
we (1) | )
Resw e~ WT _ 1) e:Faw - - (e—z:r:n o 1) e:l:zaxn.
’ 1+ Y—Tp

o e (1 o)

Taking into account that for J~ (J<) only poles w,, with positive (negative) real part contribute, n > 1
(n < —1), we obtain for the pole contribution

o .
F2mi _ Lia
J2(t) = — —_ <e FLan —1)6 tattn
o (®) ;1+y—xn

This expression cannot be evaluated analytically further, but analytical approximations are possible
by substituting the poles x;, by their asymptotic behavior, Egs. (5.49), (5.50).

We convince ourselves that the short-time divergence, which forced us to introduce the ultraviolet
cutoff a, is in fact merely an artifact of our method of calculation, and is cured by taking the sum
of Jl2 + JO%. In other words, JO2 has to diverge logarithmically for z — 0 as well. Of course, any
divergence originates from terms with large |n| — oo, such that for our present purpose we may safely
use the approximation (5.50) which yields for z — 0

1 —2ma

> 2mn \ 1 ati
Joz () ~ — Z (ii 7m> p2mn(atiz) _ —2mna| = o |, _z SN In a — - ZZ,
n=1 Yy n 1—e" 7r(a zz) a
which is exactly what we expected to find. Although the approximation is googl enough to estimate
the divergency, it is not reliable for obtaining finite offsets. Using Ina = In 1762; ™ we can single out

all a-dependances,

JE() + JE(t) = —In [£27iz] = 3 — T gewen

n_11+y*xin
oo
=1

F2omi (e:tid(xinqﬁm'n) _ 1) 4 Tn Fo2min—1—y o—2man.
1+y_x:|:n (1+y_$in)n
The a-contribution is just a constant about which we will not care too much presently. For the
moment we will fix it manually, by requiring a good agreement between JO2 (t) —I—Jl2 (t) and the analytical
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wecT=5 wcT=25
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-0.2 i\ —=Re L, _05 ==Re I,
0.4 1 I N T & i =-Im L
& 7|\ “ : A i\
~ -06 ’l | MNa ™ _10 ,’ W ILN NN
7 \’. \ / -\*\
—08 e ] ‘o‘ ) I LA
o’ W J W > -,
_ > s N A, R -15 ReJ -
10l Re f*" Al *.5*( (Redl-- N N
~12le=" -
=2 = 0 5 7 -4 -2 0 2 4
t/t t/7

Figure 5.9: J~ (real (blue) and imaginary (yellow) part), numerically evaluated and manually
fized, and analytical continuation ~ g(—wc (t—10)) (real (red) and imaginary (green)

part).

continuation g(—wc(tF1:0)) of the result (5.47) obtained for Ret < 0. Fig. 5.9 shows the corresponding
plots for y = 5 and y = 25.

A numerical study shows that the oscillating contributions decrease in width for large y (while
their amplitude remains in the order of unity) and may be therefore neglected in the following. We
approximate J< by smooth functions g<, required to be analytical for Im¢ < 0 (Imt¢ > 0) and

g=(t) = — e7¥C(0, —wet) — v — In[—wet] Ret < 0.

Since the voltage is assumed to be low |eV| <« we one needs correlation functions for long times
|wet| > 1 only and we can use the asymptotic expression (5.48) for g. Therefore introducing a short-
time cutoff a ~ wal and writing t+ = tF¢a we use the following approximate relation in our subsequent
analysis

>

J2(t) = g2(t) = —y — In[~wet+],

which together with (5.45) and J=(t = 0) = 0 gives Eqgs. (5.44) and (5.43).

5.3.5 Renormalized Polarization Operators

In the real-time instanton approximation, Sect. 3.3, virtual fluctuations around the instanton are taken
into account by dressing the tunneling polarization operators, Eq. (3.20). The phase factor is

Ak*l Ak*l
2v . 2v
a=xt

ati(t+7)

a =it
ati(t—7)

L

*

. >
i| D3 (t,zy,21)—Dap (0) a2
e =ev* (weT)v

and dressing of the bare polarization operators (5.32) yields (fp can be found in (3.1); x is put to 0)

1

> _(wCT)T* L e A (eViteV vt
Ijl(t) = —Tkrlweu e ZEkl[ ¢/ po+(eVy+e )T]e ie

jaml

[a+it]™ 2 [a+i(t - )

latit] ™ [asi(t—7)] 7 ati(t+)]7 L, k#AL
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Figure 5.10: Analytic structure of I in the complex t-plane: while the function is analytic in the
lower half, it has poles or branchcuts in the upper half, residing at t* = 0,71, —7.
Integrating Hfl(t) “around” these, i.e. along drawn contours, gives PEI (t*).

The dressed polarization operators exhibit non-analytic behavior (poles or branchcuts) around t =
0,+7. The double time-integrals (5.39) and (5.42) can be approximately expressed in terms of the
integrals PEZ = [d¢ f[fl(t). Before we demonstrate this statement in the next section, we will devote
the remainder of the current section to the evaluation of ]55

We focus first on P;;. To deal with both k = [ and k # [ simultaneously we generically consider the
function

I(teV)=e Vi [atit]" [a+i(t — )] [a+i(t+7)]",
O0>n>-2, 0>A>—-1, 2X+4+n=-2

Apparently, Z has branchcuts only in the upper half of the complex ¢-plane (Fig. 5.10), i.e. the integral
[dtZ(t,eV) vanishes whenever the integration contour can be closed in the lower half. Therefore, we
assume the nontrivial case eV < 0. The real-time integrals [d¢Z(t,eV) = Z_ + Iy + I consist of
three contributions which correspond to integrals along closed contours in the complex t-plane. With
z = |eV7| > 1 the contour integral around —7 is

2* i QTN 2-2
T =~-—2r——e ¥e'2" |eV]z77\
Similarly, one obtains the integral around +7, 7, = 7*.

The situation is slightly less trivial for the integral around ¢ ~ 0, since it may be that n = —1, i. e.

we have a first order pole, or n > —1, giving rise to a strong divergence. In the first case the integral

gives
Iy =27 [a — z'T]/\ [aJrz'T])‘ ~ 727r‘
T

In the second case we have to go around the singularity with care. We explicitly kept the distance

0 < a to the integration contour from the branchcut in the calculations. After weakening the degree
of divergence by partial integration we may safely put § — 0 and obtain

To =270 (—n) eV |22

Note that in this approximation Zgj is continuous in n = —1.
For the direct terms, k =1, we haven = &+ —2, A= —-L i e.n+ =1 —2 2\ = —V—l*, hence for

v* 2u*) 2u*

large voltages, z > 1, Zj is dominant. For the interference terms, k # [, we set n = —V%, A= zi* -1,

LLen+A= —ﬁ —1, 2\ = L — 2 hence the contributions Z+ dominate over Zy if and only if v* > %

v
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5.3 Calculations

As [dtZ(t,eV) splits into three contributions, so do ]5,3 = ]55(—7) + 155 (0) + ]55(+7'). Note that

I<(t) = 1> (—t) implies P (t*) = P (—t*)
eVis—eV eVis—eV
Summarizing, for z > 1 the dominant integrals of the dressed polarization operators are

s eV
Po(t"=0)=— 9<;eV)—| %‘

Ry (eV), (5.51)

ik|leVT|—Z L )
P%(t* = KT) = — 9(3F6V)i Rig.(eV) 1 {‘ Vrl=3 (1+2V )}e—zskz[27r¢/¢0+(6V++6V7)T]

= — .52
kil 2T 2¢ ’ (5.52)
1 ol
~ 1 vF ev¥ .
PEZ (t* _ O) _ 9(3}36‘/)27 g |€VT|VL*_1 (WCIZ_()I )8 e i€kl [27T¢/¢0+(6V++6V7)T] (553)

with k # [, kK = £. In the case of v* > % the contribution (5.52) is dominant, while in the case v* < %
it is (5.53). We have used definitions (5.9) of the renormalized reflection coefficients and assumed for
simplicity 7179 to be real.

5.3.6 Instanton Action and Current

We have now everything in place to finalize the calculation of the instanton action (5.42) and the
current (5.39). The instanton phases §®7(z%,t) = DI*(t — t1, 2%, 27) — DI’ (t — ta, 2%, 27) and thus
iAi[@,] are functions of the times t1, o over which to integrate in (5.39). A shift of integration
variables 3,4 — t3/4 + t2 in (5.42) immediately shows that the action iflt[go*] is a function of the
difference t = t; — to. Hence, the whole integrand of (5.39) is purely a function of t = ¢; — to.
Performing a change of integration variables (t1,t2) — (t = t; — t2, T = (t1 + t2)/2), the integral over
the center-of-mass time T is seemingly divergent. This simply amounts to infinite transferred charge
Q= fgo dT I for a steady current I and an infinite measuring time tg — oco. Since our interest lies
in the steady current (not on transient effects due to switching of the measuring device) we identify
Jdtidty = [dT dt = ¢ [dt upon which the current becomes

e TP (1) (5.54)
t1—to=t x=0

]

i :e/dtei“it[¢*}

Given that 1.4, [¢4] is non-divergent, large contributions to this current stem from the singularities
of f[l-ajﬁ (t) which we identified in the previous section. The case v* = 1, i.e. v* < 2, needs to be treated
more carefully and will be considered toward the end of this section. Focusing for now on v* > 2,
dominant contributions are then

et Atlee] PPt = 0), i = j,
t1—taa0 (5.55)

eiAtlps] e2i€ijTo (f’i‘;‘ﬁ(t* =47)+ lf’-ofﬁ(t* = —7')) , 1F£ ]

—1raB
e Iij =~
[t1—t2|=T

We evaluate the t3,t4-integrals in (5.42) using a similar approximation scheme. Within the given
constraints t; — to &~ 0 for i = j and |t; — to| &= 7 for ¢ # j, the singularity of

1

Wy (ts — ta) ~ (s — 122 /7
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dominates over the ones of
1

Iy (ts — ta) ~
[(ts—ta—T)(tg —ta+ 7

)} 171/21/* J k # l7

and of the instantons

eiéé*(mk,t’+t2) _ eiD(p(t/ft1+t2,zk,xi)fiDq>(t/,mk,xj)

Agi/2v* Ag;/2v*
N (t' —t1 + tg)? * & -7t +7)\
t—ti+te—7)(t' —t;1 +ta+7T) /2 '

Hence, again transforming to relative and center-of-mass times, t = t3 — t4, T = (t3 + t4)/2, the
dominant contribution to the instanton action stems from the ¢ &~ 0-singularity of I (¢):

ARSI ST /dtflg,‘i(t) /dTe_i‘S‘I’Z(”“"k’T)%@i(zk’T)

k=1,27,6=T
-2 / dtTI; (1) / ar (e""”&(T) - 1> with J9(T) = —6&7 (2, T) + 6®9 («*, T)
k=1,2 v#4§
o 3 YR =0 far (@70 ).
k=1,2 v#6

The second equality follows from IT7;(t) + II5(t) = II7,(¢) + I1},(t). The integrals P]Zlé = [dt ﬁz?(t)
have been studied in the previous section. )

Using the definition (5.41) of the instanton and the relation (DI —DZ)(t, 2%, 2!) = (D5 —DI)(t, 2%, 2!) =
Ay 5 0(—t)0(t + 7) one obtains (independent of o and /3!)

J%(T) = :E% |:Aki9(t1 — T)Q(T —t1 + 7') — Akje(tg — T)Q(T — 1o+ 7')] (5.56)

With constraints |t; —ta| < 7 for i = j and |t; — to| = 7 for ¢ # j (cf. Eq. (5.55)), the instanton action
thus reads

. . *|t1*t2’/7'<p, Z:]
il = { 7)1, — ieVreij(Riu(eV) — Ryu(eV))r~lsin &, i # j (5.57)
with dephasing rate
_ L9 - -
7> = —4sin? o ) (P,j,g(o) + P,jk(o)) (5.58)

)

which due to (5.51) becomes the expression (5.8) in the limit |eV' 7| > 1; see Fig. 5.11. The purely
imaginary contributions to (5.57) correspond to (perturbatively small) renormalization corrections to
bias voltage and will be neglected further on. We will also neglect the instanton action for i = j.

Combining these results with (5.55) we obtain for the incoherent and interference corrections to
current due to tunneling

2
Alpe = Iy + Inp = —;iﬂ (Riu(eV) + Rou(eV)) V, (5.59)

Ing = —ing*(eV) signV e /" sin(|eV | — 7/41) cos paR (5.60)
T
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Figure 5.11: The dephasing rate as a function of the source-drain voltage shown for v* = 2,
woT = 25 and Ri.(eén) = Rox(en) = 0.2. The solid line gives the numerical result
for (5.58). The dashed line is the power-law asymptotic given by Eq. (5.8).

with Aharonov-Bohm phase
©AB = 21/ o + (Vi + eV_)T — 2799 (5.61)

which in the limit weT > 1 gives (5.12). For large bias, we > |eV| > €y, this yields the dimensionless
conductances given in (5.5) and (5.6).

Concluding this section we turn to the case v* = 1. According to Eq. (5.53) the dominant contribu-
tion to current is

e el eHieumeo pAP (1 = 0). (5.62)
t1—ta=0

The i # j-contribution of Eq. (5.55) is also present, but subleading. The instanton action i.4;[p,] can
be evaluated following the same line of reasoning as for v* > 2, yielding iA;[¢.] = —|t1 — t2|/7, which
can be neglected. The dominant contribution to current is thus

* ___ e —
Iig = —— rira weTe? Cos pAB.
T

In the limit weT > 1 its bias dependence is negligible, in contrast to the contribution Ixp, Eq. (5.60).
Therefore, while the latter is subleading in current for v* = 1, it yields the leading contribution to
conductance: gap = 6]1’63:1/31/ + 0Iap/O0V = OIap/0V, i.e. giving the previous result (5.6).

5.4 Conclusions

In this chapter we provided a theory of a Fabry-Pérot interferometer (FPI) realized with the edge
states of a two-dimensional electron gas in the integer quantum Hall regime. We took into account a
compressible island in the center of the interferometer cell and described the Coulomb coupling with
the edge states by a simple capacitive interaction model.

This model accounts for the observed visibility of the Aharonov-Bohm conductance oscillations,
Fig. 5.4. The lobe structure appears to be a simple mean field effect, arising due to the effective sym-
metrization of the applied bias by interaction. As we argued, already in a noninteracting interferometer
a symmetrically applied bias would give rise to visibility lobes. Further, we calculated the dephasing
rate (5.8) which due to renormalization of the QPC tunneling coefficients, Eq. (5.9), has a power-law
dependence on bias.
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5 Quantum Hall Fabry-Pérot Interferometers

Depending on the relative strengths of the mutual capacitances between the Coulomb island, the
interfering edge states, the fully transmitted edge channels and the gates, the FPI falls into different
regimes which we listed in Table 5.1. Each regime is characterized by distinct Aharonov-Bohm conduc-
tance patterns as functions of gate voltages and magnetic field, Fig. 5.5. As we extensively discussed,
our results are in good agreement with experiments.

Quantum Hall interferometers are also realized in the Mach-Zehnder geometry. In contrast to the FPI
tunneling coefficients of the QPCs are close to 1/2, and a weak tunneling expansion is not justified.
However, as we demonstrate in the following chapter the chirality of the setup allows for an ezact
treatment under the assumption that interaction is absent outside the interferometer cell.

90




Chapter 6

Quantum Hall Mach-Zehnder
Interferometers

Electronic Mach-Zehnder interferometers (MZIs) realized with edge states in the integer quantum
Hall (QH) regime have attracted a lot of attention recently because of a striking interplay between
the quantum coherence and effects of electron-electron interaction observed in these mesoscopic de-
vices [8, 9, 70-81]. Similarly to the electronic Fabry-Pérot interferometers considered in the previous
chapter, the chiral edge states in the electronic MZI, are coupled by quantum point contacts (QPCs),
which act as electron beam-splitters (see Fig. 6.1). The differential conductance measured in the above
experiments shows strong Aharonov-Bohm (AB) oscillations. The most remarkable experimental ob-
servation is that the out-of-equilibrium visibility does not monotonically decreases with voltage but
rather exhibits decaying oscillations (“lobes”). Such a dependence cannot be explained under the as-
sumption of noninteracting electrons (which yields a constant visibility) and therefore is a hallmark of
Coulomb interaction.

This puzzling behavior has triggered a lot of theoretical works [83-85, 87-89, 101-103] . They can be
conventionally separated into approaches with contact [85, 101, 103] and long-range [83, 84, 88, 89, 102]
Coulomb interaction. Despite the fact that the model of contact e-e interaction may successfully
describe the related experiments on the energy relaxation in the quantum Hall edge states at filling
factor v=2 [104-108] , results of Refs. [89, 103] indicate that the account of the long-range character
of Coulomb interaction is important to fully understand the nonequilibrium effects in MZIs.

The natural choice for a theoretical approach to one-dimensional interacting electrons in the QH
edge states is that of bosonization [109]. However, with this method one faces a serious obstacle when
describing electron scattering at QPCs. Namely, electron tunneling between two edge channels yields a
non-Gaussian cosine term in the Hamiltonian if the latter is translated into the bosonic representation,
impeding a solution of the problem. Therefore almost all recent theories of MZIs consider the limit of
weakly coupled edge states where a perturbative treatment of electron tunneling at QPCs is justified.
This is rather unfortunate since in the experiment transmission coefficients of both QPCs are close to
1/2.

In the case of a single QPC connecting two fractional QHE edge states at filling factor v = 1/m
(with m being odd) the exact solution via the Bethe ansatz is available [60]. The latter method
can be generalized to the case of the fractional edge state MZI with equal arm lengths [110, 111].
However, quantum interference in such a setup has not been yet observed experimentally, and the
Bethe-ansatz solution cannot be directly extended to the case of integer filling factors, especially under
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6 Quantum Hall Mach-Zehnder Interferometers

the assumption of a long-range e-e interaction.

In this chapter we consider the model of the MZI operating at integer filling factor ¥ where electrons
interact only when they are inside the interferometer. The model is specified by two single-particle
scattering matrices of the QPCs defining the interferometer and the electrostatic charging energy E.
which takes into account the Coulomb interaction. Thus within our model e-e interaction is taken to
be maximally long-ranged so that the interaction energy depends only on two total charges collected on
different arms of the MZI. We show that this model is exactly solvable at any value of charging energy
E. and transmission coefficients of both QPCs. This simplified approach is much broader than the
one based on the Bethe-ansatz solution since it offers a possibility to combine the exact description of
electron scattering at QPCs with, in principle, an arbitrary form of e-e interaction within the interior
region of the MZI.

In the special case of filling factor v=1 the numerically exact solution to the above model was obtained
in Refs. [102] using a combination of bosonization and refermionization techniques. Our way to solve the
same model is different in many aspects. We use the nonequilibrium functional bosonization approach
developed in Chapter 3. Within this framework we demonstrate that the interfering current can be
expressed in terms of a Fredholm functional determinant of the single-particle “counting” operator
which is highly reminiscent of the problem of electron full counting statistics (FCS) of mesoscopic
transport [24]. In the limit of strong interaction E. > 1/7, where 7 is the electron flight time through
the MZI, the “counting” operator is reduced to the determinant of generalized Toeplitz form. Under
this condition a fully analytical treatment becomes possible. It rests upon the conjecture of Ref. [22],
which provides the asymptotic formula for such class of determinants. At moderate charging energy
E. ~ 1/7 we obtain the numerically exact solution.

We reveal that the “lobe” pattern in visibility is the many-body interference effect resulting from
the quantum superposition of (at least) two many-particle scattering amplitudes with a mutual phase
difference which is linear in voltage. In the limit of strong interaction we find the scaling exponents
which govern the power-law dependences of these amplitudes on voltage and obtain the nonequilibrium
dephasing rate governing the exponential suppression of visibility with bias (or the arms length of the
MZI). Both power-exponents and the dephasing rate depend on the transmission coefficient of the
first QPC and the filling factor v. They happen to be intrinsically related to the cumulant generating
function of the FCS describing the charge transfer through the first QPC.

Our analytical findings are corroborated by exact numerical evaluations of the Fredholm determi-
nants. At E. > 1/7 they provide further support to the aforementioned conjecture of Ref. [22]. At
moderate charging energy E. 2 1/7 and v=2 the obtained results match experimental observations.
We also consider the role of external dephasing due to the quantum shot noise emitted from an extra
QPCO placed outside the MZI (Fig. 6.1). This study supports the conclusion of Ref. [101] that non-
Gaussian shot noise leads to the disappearance of multiple side lobes in the visibility if the transmission
To of the QPCO exceeds 1/2.

It is worth mentioning that the aforementioned simplification of the problem to a single-particle
one is a special feature of the MZI topology, where electrons are scattered at most twice between the
two quantum Hall edges. Thus, unfortunately the method developed in the present chapter is not
applicable to treat the non-chiral quantum Hall Fabry-Perot interferometers.
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Figure 6.1: Layout of an electronic Mach-Zehnder interferometer built on quantum Hall edge
states at filling factor v = 2. Quantum point contact (QPC1 and QPC2) character-
ized by transparencies Ty () are used to partially miz the outer edge channels. All
ohmic contacts are grounded, except for the source terminal S3 which is kept at volt-
age V. The current is measured in the drain terminal D1. The QPCO can be used to
dilute the incoming current in the outer channel by changing the transparency Ty.

Figure 6.2: Scheme of an MZI at filling factor v. Two quantum point contacts are character-
ized by the scattering matrices s' and s?, which connect the outer channels. Inner
channels are fully reflected.

6.1 Model

We consider a Mach-Zehnder interferometer (MZI) realized in a two-dimensional electron gas (2DEG)
in the quantum Hall regime with integer filling factor v. Fig. 6.1 shows a sketch, while Fig. 6.2 shows an
even further simplified network model of the MZI. Each edge carries v channels, modeled as chiral 1D
fermions with drift velocity vp, which serve as electron beams. Electrons are injected and detected via
ohmic contacts (“sources” S; and “drains” D;). The Mach-Zehnder geometry requires a topologically
nontrivially shaped 2DEG sample with contacts S and D; placed between two edges. We refer to
them as “upper” (denoted by subindex +) and “lower” (subindex —) edges. The area enclosed by the
edges is threaded by a magnetic flux ® which gives rise to a proportionate Aharonov-Bohm (AB) phase
¢ =27P /Py with flux quantum ®y = he/le|.

The interferometer is formed by two quantum point contacts QPC1 and QPC2 which tunnel-couple
the outer channels of the two edges, while the inner channels are fully reflected. The scattering can be
thus described by 2 x 2-scattering matrices in the space of outer channels,

s = (ZZ? Zif) with 2 + 2 = 1. (6.1)
J J
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For simplicity we assume that the distance L between the two QPCs is the same along both edges, as
is predominantly the case in experiments.

The “upper” edge is biased by the voltage V applied to the source S3. All other contacts are
grounded. An additional QPCO can be tuned such that it fully reflects all inner channels which
originate from S3, as is shown in Fig. 6.1, while the outer channel is fully transmitted, Ty = 0. This
situation, where all inner channels are unbiased (V = 0), exhibits the most interesting experimental
features and will be considered mainly in this work. By closing QPCO further, Ty > 0, the outer
channel is diluted and brought into a nonequilibrium state. Alternatively, QPCO can be completely
opened in which case the inner channels of the upper edge are biased, V) = V.

In our work we consider the effects of long-range interaction in the edges on the one hand, and, in
view of large edge distances and strong screening by surrounding metallic gates on the other hand,
we neglect interaction between the edges. Further, exact solutions can be obtained, if we disregard
interaction of electrons outside the interferometer cell. Thus, if N4 denotes the total electron number
in the outer and inner channels along the upper/lower edge between QPC1 and QPC2, then the
interaction Hamiltonian reads

1 2 22
Hing = 5&c (N+ + N,) (6.2)
where Ec = 2 /C is the charging energy with electron charge e < 0 and edge capacitance C.

This model is exactly solvable for any value of the charging energy E¢ and transmission coefficients
t?. In the limit Ec7 > 1, where 7 = L/vp is the electron dwell time in the MZI, a fully analytical
treatment is possible. For the more general case Ecm ~ 1 we have developed a numerically exact
scheme to evaluate the visibility in the MZI as a function of voltage. Before going into the details of
the calculation in Sect. 6.3, we summarize first the results.

6.2 Results and Discussion

Within the described model we calculated the current I = Ijyc + Ieon into the drain contact D2 as
function of bias V and AB phase ¢. It consists of an incoherent, flux-independent contribution,

2
e’V
Iinc = 7 (T%t% + t%%)

which in our model is not affected by interaction. Interference of two trajectories, either along the
upper or lower edge, gives rise to the flux-dependent, coherent, contribution

Toon = %7’11517%2 2Re €"Z. (6.3)

Here, the bias-dependent quantity Zy encodes interaction-induced effects such as charging, dephasing
and renormalization. It is sensitive to the nonequilibrium state in the interferometer cell, established
by scattering at QPC1, and in turn completely independent of QPC2. In the noninteracting case it is
simply Zg = eV 7. The corresponding differential conductances are

2
e
C7Yinc EaV'Iinc = % (T%t% + t%’r%) )

Geoh =0vIcon = VGine cos(¢ + aaB)
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where the differential visibility v and the phase aap of the AB oscillations are
v =v0|0ev+To|, aap = arg (Jev+To) . (6.4)

The noninteracting value of visibility is simply the constant vy = 2ritirats/ <r%t% + t%r%) with T; =
t2=1—Rj;.
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6.2.1 Limit of strong interaction
Unbiased inner channels

First, we discuss the results in the limit E.7 > 1 and with QPCO0 tuned such that inner channels are
unbiased, V = 0.

y=2 y=2
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o 0.6 o
= <
; 0.4 /2 S
[as]
<
(<]
o
<
(<]
T1=05 T:=0.2 3
2
~po S
- -3
ot \ /T~ T=05
0.0 4 T ——— -
0 2 4 6 8 10 0 2 4 6 8 10
eV/[n/7] eV/[n/t]

Figure 6.3: AB oscillations in the conductance of the quantum Hall Mach-Zehnder interferometer
with unbiased inner channels: visibility v and phase aap. Solid lines show numeri-
cally exact curves, dashed lines are the result of the analytical asymptotic expansion.
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In the case of not too low voltages, namely at eV 7 2 1, our model predicts the asymptotic expansion
for the current,

Ty = eVThitl/Y) (ol(evf)*l + CQ(@VT))‘QeiiEVT). (6.5)
The different terms in this expression can be interpreted as follows. The coefficient
1 A
Bi=—1In (Rle—‘“”/v + Tl) (6.6)
271

describes the nonequilibrium dephasing of the AB oscillations induced by a combined effect of inelastic
e-e scattering and the quantum shot noise generated at QPC1. If v > 3 then ImfB; > 0 and, by defining
the out-of-equilibrium dephasing rate as 1/7, = eV Imf3;, we see that AB oscillations are suppressed
by the factor e~/ in the high-bias limit eV > 1/7.

It is worth stressing that the exponential suppression of the interference current is directly related
to the full counting statistics (FCS) of electrons passing through the QPC1 during the time interval
7. Indeed, defining the FCS cumulant generating function (CGF) [24]

] eVr/2m

fr(x) = |1+ Th (e —1) , (6.7)

where x, is the so-called “counting field”, we see that the damping factor equals
VT — g (—4r /). (6.8)

The exponents A1 2, which determine the power-law dependence of the interference current on bias,
are due to the Anderson orthogonality catastrophe which happens each time when an electron enters or
leaves the interior part of the MZI where it strongly interacts with all other electrons. In our simplified
model, where e-e interaction is present only inside MZI, the orthogonality catastrophe is absent for the
incoherent contribution to the current, which stays linear in voltage as in the case of noninteracting
fermions.
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Figure 6.4: Power law exponents shown as a function of transmission coefficient T1. Solid line
shows Re A1, dashed line shows Re Ao in the case of v = 3, and (—Re \q2) in the case
of v =4,5.

The exponents A2 are functions of both the filling factor v and the transparency 77 of the first
QPC and are shown in Fig. 6.4. The explicit expressions read

v—2 1 2 )
Ao = —2 - 1-24+ = 2 < 4 6.9
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for low filling factors and

2
)\1:—2<1+51> —|—1—2+%,
v v v
9 (6.10)
1 1 1 2

)\2:—2<V‘|’51:‘:2> —54';, v>4

in case of higher v. In the case 2 < v < 4 the voltage dependent phase factor in Eq. (6.5) has to be taken

with the sign (—). For v > 4 the signs + correspond to the cases 77 > 1/2 and T < 1/2, respectively.

The coefficients C' 2 in Eq. (6.5) are some bias independent complex numbers which depend solely on v

and 77 and can be found from the fit of this asymptotic expansion to its numerically exact counterpart.

In the limit of strong interaction E.7 > 1 the case v = 1 is very special. One has Zy = (eV'7) and the
MZI behaves the same as in the absence of e-e interaction.

In Fig. 6.3 we show the lobe structure in the visibility and the phase of the AB oscillations as
a function of bias for different filling factors v and transmission 77. For each plot we have fitted
the asymptotic visibility to its exact numerical dependence on the variable eV 7 using the two free
parameters C7 and Cy. Though Eq. (6.5) is strictly speaking valid in the high voltage limit eV 7 > 1,
one sees from Fig. 6.3 that the obtained fit is almost perfect in the much broader region eV 7 2 1. At
smaller voltages the visibility saturates to the noninteracting value vg.

At v = 2 we have \{ = Ay = 0 and C; = —Cy = i. This gives the oscillatory visibility v =
vo cos(eV'7/2) which is independent of the transparency 77 and does not decay with bias. The behavior
of the MZI in this case is completely analogous to the one treated within the model of short-range
electron interaction. The latter model is also exactly solvable at v = 2 by means of the method of
refermionization, as it has been recently shown in Ref. [103].

In the case v = 3 an infinite number of lobes is present and at half transmission (77 = 1/2) the
visibility reaches zeros — at this special point the two exponents coincide: A1 = Ay. For v > 4 our model
predicts only one central and one side lobe. Note, that at v = 4 the exponents A 2 logarithmically
diverge at 71 — 1/2. The asymptotic result (6.5) does not hold in this case anymore (the numerical
evaluation of v, however, is always possible). This is the reason why we plot v(V) and asp(V) for
T1 = 0.45 in Fig. 6.3.

In agreement with experimental findings the appearence of zeros in the visibility in the cases v = 2
and for v > 3 at half-transmission comes with a “stick-slip” behavior of the phase shift axp: The latter
is constant as bias is varied within the lobes and jumps by m whenever the visibility dips to zero.

The “phase diagram” shown in Fig. 6.5 summarizes the obtained results. The main qualitative
features depend on the counting parameter x,. = —4m /v and QPC1 transmission 7;. For 7 < —x < 37
the exponents Re A\; &~ Re A\, are close to each other with Re A} = Re Ay at 77 = 1/2. The current Zj is
thus a superposition of two contributions with similar scaling behavior, which gives rise to pronounced
oscillations of visibility with an infinite number of zeros at T} = 1/2 with the corresponding stick-slip
behavior of the phase shift aap. For other values of x, the Aj-term decreases for high bias significantly
more slowly than the Ao-term and oscillations in the visibility are weaker. A single zero appears at
most at 77 = 1/2.

The special feature of our model is the absence of dephasing at v = 2 in the limit E.7 > 1. On
the mathematical level it comes from the fact that the suppression factor given by the CGF £ (xx)
is evaluated at the counting parameter x, = —27 and thus it is equal to one. At moderate charging
energy E.7 ~ 1 the counting parameter becomes time-dependent and deviates from —27 at v = 2 and
dephasing is restored (see the following subsection 6.2.2).
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Figure 6.5: “Phase diagram” of Mach-Zehnder interferometer with strong interaction. Pro-
nounced zeros appear for m < 4w /v < 3w with an infinite number of zeros at Ty = 1/2.
Dephasing is absent for v = 2.
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Figure 6.6: Dephasing of the visibility due to the quantum shot noise generated at the QPC0. The
curves from up to down were evaluated numerically for Ry = 0.9,0.7,0.5 and 0.3.

An alternative source of dephasing can be provided by the dilution of the impinging current due
to the electron scattering at the QPCO which is put outside the interferometer. At Ry < 1 the
QPCO generates the double-step distribution function fi(e) = Tpf(—e¢) + Rpf(eV — €) for incoming
electrons. Visibility plots at half-transmission of the first QPC (77 = 1/2) and different reflectivity Ry
are shown in Fig. 6.6. In the case Ry > 1/2 the suppression of visibility with voltage can be roughly
characterized by the dephasing rate 1/7, = (eV/2m)In(2Ry — 1), which diverges logarithmically at
Ry — 1/2. At this point the behavior of the MZI visibility changes from the regime with multiple side
lobes, characterized by periodic oscillations in v(V') with a typical period ~ 27/, to the regime with
only one node. The same transition in the behavior of visibility under variation of Ry has been first
predicted in Ref. [101], albeit in the framework of the short-range e-e interaction model. Concerning
the experimental verification of such a transition, we refer to the recent work [81].

It is evident from the Eq. (6.5), which gives the interference current, that the appearance of the
visibility fringes in our model stems from the superposition of two multi-particle amplitudes having
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6 Quantum Hall Mach-Zehnder Interferometers

the relative phase shift eV 7. Based on our analytical calculations presented in Sect. 6.3, the following
quantitative picture underlying these two most probable many-body scattering processes can be drawn.
At v > 4 the amplitude with the exponent A; corresponds to the multi-particle process where an
electron enters the MZI through the QPC1 and another electron leaves the MZI shortly afterwards on
a time scale ~ fii/eV via the QPC2. Such amplitude is non-zero solely due to the strongly non-local
character of Coulomb interaction in our model. The second amplitude with exponent Ao is associated
with the more conventional process when the same electron enters and leaves the MZI. In this case the
interferometer is excited in a virtual charge state for a long time ~ 7, which results in the appearance
of the phase factor oc V" relative to the first amplitude. At v = 2 and 3 both amplitudes (with
exponents Aj 2) describe the real process of the fast e-e collision between the two electrons entering
and leaving the MZI via different QPCs. The relative phase shift between the two amplitudes is
due to the fact that the e-e collision associated with the second amplitude is accompanied by the
creation/destruction of a real electron-hole pair with energy +eV, which is subsequently recombined
on a larger time scale ~ .

Biased inner channels: 1, =V

While the peculiar interaction effects in visibility arise in MZIs where an additional QPCO fully reflects
all biased inner channels, some (including the earliest) experiments were performed on MZIs without
the QPCO and show qualitatively different visibilities for v = 1,2, lacking the lobe structure [9, 79].

The visibility lobe structure and the stick-slip behavior of aap are intimately linked to a phase
rigidity of Zp upon variation of bias. Biased inner channels Vj = V lead to additional charging
effects. Within our strong coupling assumption they give rise to a phase factor: Iy — e (1-1/¥)eVr,
Obviously, phase rigidity is broken and, as shown in Fig. 6.7, the lobe structure is destroyed.

The constant visibility in case of v = 2 is an artifact of the strong coupling limit of our model and
corrected in more realistic interaction models. The qualitative features shown for v < 3, including the
increase of visibility with v/vy > 1 for small bias voltages, are compatible with experimental findings
for v =2 [79].

6.2.2 The case of moderate strength of interaction

In this subsection we discuss the results for visibility in the case of not too strong e-e interaction, EcT 2
1. The majority of experimental data for MZIs was collected for filling factor v = 2, which motivated
us to consider this case only. The numerically calculated plots of visibility for transparencies 77 = 0.5
and 77 = 0.2 are shown in Fig. 6.9. The finite charging energy E¢ gives rise to the decay of visibility
v(V') with bias contrary to its behavior at EcT — oo discussed in the previous subsection 6.2.1. Note
also that nodes in v(V') are generally present only in the case 77 = 1/2. At the transmission coefficient
close (but not equal) to one-half the nodes are superseded by deep minima. At the same time the
typical period of oscillations increases as long as E¢ decreases. However, the estimate e(AV) ~ 27/1
for the scale of oscillations is valid up to the moderate charging energy Ec ~ 1/7.

We do not know the analytical formula describing the AB conductance for the arbitrary dimensionless
parameter Ec7. Nevertheless, the dephasing rate 1/7, describing the exponential suppression (o
e/ 7¢) of the visibility with bias can be found explicitly. As in the previous discussion, it is expressed
in terms of the cumulant generating function of the FCS,

= )
L Re [m (1 + Ry (ehi+(®) 1))} dt (6.11)

s 27 ) _oo
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Figure 6.7: AB oscillations in the conductance of the quantum Hall Mach-Zehnder interferometer
with Vo = V' wisibility v and phase aag. Solid lines show numerically exact curves,
dashed lines are the result of the analytical asymptotic expansion.

through the time-dependent “counting” phase ¥ (t) shown in Fig. 6.8. In the limit E.7 > 1 the time
dependence of ¥4 (t) approaches the window function

Do (t) = { _78{”’ (6.12)

4~ -
A M
==
Sh| Sk
il

+ +

causing the dephasing rate to vanish at v = 1, 2.

If we introduce the effective charge e*(t)/e = ¥4 (t)/2m then it can be interpreted as the optimal
charge fluctuation on the MZI which promotes the scattering of the transport (“trial”) electron from
one arm of the interferometer into another.!

Loosely speaking, if such a scattering event happens to start at the time instant ¢, then it finishes
no later than ¢ + 7 (cf. the upper bound of the time integral in Eq. (6.11)). It means that an
electron entering the MZI at time ¢ cannot be influenced by those electrons which enter behind at
times larger than ¢ + 7, since by the latter time the trial electron leaves the interior interacting region

!We note that in view of the specific chiral geometry of the MZI the charge from the internal interacting region of the
interferometer can always freely leak into the source or drain, and thus the issue of Coulomb blockade phenomenon
is not relevant here.
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Figure 6.8: Time-dependent “counting” phase shown for two strengths of Coulomb interaction.
It approaches the “window” function, Eq. (6.12), in the limit E, — oco. The charge
relazation frequency is defined as w. = vE./m.
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Figure 6.9: Bias dependence of visibility for the moderate interaction strength (solid blue curve)

in comparison to the one in the limit of strong interaction (dashed red line). The
charge relazation frequency w. = vE,. /.

of the system through the second QPC. Counter-intuitively, typical arm-to-arm electron scattering is
generally preceded by a rearrangement of the charge e*(t) on the MZI at all times ¢ < t. We thus
see that the single electron transfer through the MZI in the presence of e-e interaction is a collective
many-body process involving many electrons.

6.3 Calculations

6.3.1 Keldysh Action

As depicted in Fig. 6.2 we model the MZI as a quantum wire network and treat it in functional
bosonization, cf. Chapter 3. Each of the two edges supports v chiral channels — 1D fermions of velocity
v —, of which the outermost channels (labeled by + and —) are tunnel-coupled by two point-scatterers.
These are separated by a distance L and described by scattering matrices s7, cf. (6.1).

We consider zero temperature and assume the lower edge to be grounded, V_ = 0, while along the
upper edge the outer channel is biased, V; = V| and, depending on the tuning of QPCO0, the inner ones
are either biased as well, V5 = V, or grounded, Vy = 0. In time representation the distribution functions

102




6.3 Calculations

of the outer channels are fi(t) = e~*V*! fy(t) with equilibrium distribution function fo(t) = 5= +m,

the inner channels are characterized by fy(t) = e~%Y0! fo(t) along the upper edge, and fy(t) = fo(t)
along the lower one.
In the functional bosonization approach we introduce the Hubbard-Stratonovich potential ¢f /% which

leads to the accumulation of the phase

t+7
o/ (t) = —le/ &’ ot + (& — 2t fop) = —/ at 1 (¢)
zl t

along the channel A\. An additional Aharonov-Bohm phase ¢4 is accumulated along the upper/lower
edges in the presence of the magnetic field.

The entire dynamics of an electron in the system is encoded in the time-dependent scattering or
transfer matrices S//°. For an electron in an inner channel A of the upper /lower edge they are plainly

S{/ (tQ, ) A21(7f2 tl) zzj)i m9f (tl) 1

with the time delay operator A2?!(ty,t1) = 6(t2 — t1 — 7). In contrast, the two outer channels are
tunnel-coupled, and hence simultaneously described by the 2 x 2-matrix

ﬁf/b(tg,tl) e AQl(tQ,tl) ei‘z’em“bsl

where we combined the phases into matrices

In order to compute the current into drain reservoir D; (see Fig. 6.1), we include a time-dependent
counting field x1(_¢,/2,4,/2)(t) into the lower outer edge. We are not interested in transient effects of
switching on the measuring device and will subsequently work in the adiabatic limit {5 — co. Again

we define the 2 x 2-matrix
0
Y(t) = .
X) ( X]l(to/lto/?))

Let us turn to the interaction (6.2). In each of the two edges a quantum-dot-like interaction is effective
and thus all channels of one edge share the same Hubbard-Stratonovich potential <pf /b (t,z) = 305/ b(t)

n = %, which furthermore is constant in space. Its quadratic action (2.25) is determined by the

I

2
screened interaction V'(¢,¢') = [ deda’ V! (t,t';2,2"). In frequency representation its retarded
and advanced components are

va(e) = 2Ty, V() = V() (6.13)

K v Y= iwe (1 — eT)

with charge relaxation frequency we = 5~ E¢. Note that the filling factor v enters due to the fact that
all v channels along the edge n contribute to the screening.
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The full Keldysh action (3.3), including the counting field, thus reads A = Aint + Aferm With Agerm =
Ainner + -Aouter, and

A =20 Y a0V 6 ),
n==

iAer = > Ty [Ln 1=+ Ss{ ] - 2004 fo] ,

inner channels A

iAuer = Tr [LnD — 2i9 fo} with D=1 — f + 8¥eX g7 f,

Here, the trace Tr; is to be taken with respect to times while Tr also extends over channel indices.
Note that we also subtract singular terms of the form Tr ¥4 fy which cancel UV divergent contributions
in the Tr; Ln arising due to the lack of a lower band edge in our theory.

6.3.2 Exact Current

The current is obtained by taking the derivative of the generating functional with respect to the
counting field. Assuming adiabatic measurement with long measurement time ¢ty we obtain

=09 = —i— {TvD'9,D .
to zax x=0 to x=0

The average (...) is to be taken with respect to the full action A with the counting field put to zero,
Y = 0. In this case iAguier = Tr [Lnﬁ —2i) fo} with

D= syDs| =1 — [ + 0 f with [ = s s = (_ﬁ,ﬁ{j G T ;j}]) L (6

and the action only contains s', not s?. This is due to the chirality of the system: the nonequilibrium
state is not affected by what happens Wlth the electrons “downstream”. Using D the current reads

I = - <ﬂe—u9 _’¢A21 -1 21‘ ) (—| S2A21€u§fei¢3f25—1> Z N
0 0 it
with
Ny = (—| s2 ‘,u> (K| s2t |—) </dt_ eiﬂﬁ(t')—iﬂ‘;(i) ePu—1i%x <,u’ ff)_l(f, t) |/~$>> . (6.15)

What simplifies the many-body average considerably is the fact that the operator D and hence
Aouter (like Ajnner) is independent of ¢ and ¢¢. These classical fields only appear linearly in Aj, and

195/ b= UG £ 5. Therefore ¢° can be exactly integrated over. To this end let us denote the “source
term”

2190()_“90()_1,,4]#,@_12/& Jg ()05 (). (6.16)
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The particle numbers (6.15) then read

N = (12 ) (5 71 1) [DDt [af eHhuetidran i 4,9, (6.17)
with Ay (tr, t2) = P+ giou=ion (1| FD7L(ty 1) |k) . (6.18)

Functional integration over (¢ yields, in symbolic notation,

/’D(pc exp [iAint + 'L.AJW,{:| = /Dcpc exp [2i<pCVa_1g0q + qugOC] o 6 (97 — 1) (6.19)
. 1 . _
with ¢f,(t) = —3 /dt’ Vit t) Jg e (E, 1) (6.20)

which renders the p%-integration trivial. Taking the average (...) therefore reduces to merely evaluating
the integrand e™erm A, at o7 = . In what follows we will therefore set ©? = . The particle
numbers are then

Ny = (-] s2 ‘,u> (K| s2t |—) /dt giAferm At + 7, — 700) ) (6.21)
91=01
In the following we will not distinguish 9% and
t+7

(0 == [ s’ e, (0) (6.22)

any longer.

Obviously, N, e'%n 1% are contributions to currents arising from interference of paths along the
edges p and k. For p = K we recover the classical, incoherent contributions: in this case J&,, = 0,
hence 9 = 0, D = 1, Agerm = 0, A, = Rif, + T1f—, and thus

Nip=TTr[Rify +Tif-], N =RyTr[Rif +Tif]. (6.23)

Remarkably they are not sensitive to interaction (e.g. no renormalization). This statement is true for
any interaction (as long as absent outside the interferometer cell).

That is in contrast to the coherent contributions, x = —u, to current where interaction gives rise to
dephasing and an oscillatory dependence of conductance on bias. In this case the source terms are

Jz;un(t,> - _n[ﬂf—‘r'r] (t/) - _Jzu;u;-c(t,)? (624)

giving rise to the instanton potential (6.20)
1 t4+1 , ,
h(t) = —2nm/t dt’ V) (t).

Using (6.13) we obtain the instanton phase

1 iy / t_+T " a4/ "
IL(t) = STk dae’ [ A"V —t") (6.25)
t t
- %Im [J> F—t)—J> (T —t+ E)] . (6.26)
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The integral

<o Foo iwc(1 — eiT) it
J=(t) —/0 de ¢ )} (e 1)

€ [e +iwe (1 — eter

wnT>1
-

t+ia _1
;AW

was already discussed at length in Sect. 5.3.4 in the context of the quantum Hall Fabry-Pérot interfe-
rometer. We found that

wnT>1
% —

J=(t)

ny
I [_t za] ’ 1

an~w,",

in the strong interaction limit and for long times wy|t| > 1, such that for [t —¢|, [t + 7 — ¢| > w;' the
instanton phase simplifies to the window function

t—t+ia t—({+71)+ia
—1In

a a = —=lr [9(5*75) *H(HT—t)] (6.27)

14

K1
Il(t) = fjlm [ln

= ﬁn]l[f,ﬂr} (t) (6.28)

with the k(= —p)-dependent constant 577 = knm/v. In this limit we can proceed fully analytically.
Moderate interaction strength requires numerical evaluation.
Summarizing, the coherent contributions to currents are

: _ 4@  DetD P
Ni_ = —irgtye'® /dt Hern —— — (4| FDYE, E) |-, 6.29
(o= ingty e [dfe Al S (4| DR ) (629
evaluated at the phase ¥(t) = 7977]1[{,{+T] (t), ¥, = —nm/v, and N_y = Ni_. We further defined the
clean action Agr)m = Aform and operator DO =D )
T1=0 T1=0

The next two somewhat formal sections are devoted to the evaluation of the determinant and inverse
of D.

6.3.3 Reduction to single-channel problems

In addition to the double-time dependence, the operators D and f have a nontrivial channel structure:
for given times t1,ty it is D(t1,t2), f(t1 — to) € C**2. The double index structure (times and channels)
complicates matters (the computation of the determinant and inverse of D) quite considerably.

In fact, inversion of similar operators without double-channel structure was achieved by solving an
appropriate Riemann-Hilbert (RH) problem in Refs. [33, 112]. In this section we will elaborate on this
technique and demonstrate its usefulness for our present problem. Specifically, we will rewrite our
problem in terms of determinants and inverses of single-channel operators. Their computation will be
the subject of the subsequent section.

The Riemann-Hilbert problem
Let us consider for the moment a simpler problem, namely the inversion of

DO = — fy 2t

106




6.3 Calculations

As well having a 2 x 2-channel structure, in contrast to D, this operator is diagonal and can be inverted
by means of a RH problem, as demonstrated in this subsection. For this purpose we write

Ftr = t2) = A1) fo(ts — ta)A(t2) ™Y, () = <A+(t) 1) = (e_iew 1) . (6.30)

We further note that f5~(e) = fo(e) = 0(—e), f5 (€) = 1— fo(e) = 6(e) are projection operators in energy
domain. In time representation they project onto functions which are analytic in the upper/lower half
of the complex time plane: i.e. it is

. /
(50) 01=05, far i,
for functions g which decay sufficiently fast as |[¢/| — oo. By making use of this property we can invert
Dy = A <f0> + e 2% f0<> A~L. To this end we decompose the kernel K(t) = e 2% () into positive and
negative energy contributions. More specifically, we solve the Riemann-Hilbert problem of finding a
complex matrix-valued function Y (t) € C?*2 of complex time ¢ which has the properties

1. Y (¢) is analytic on C\ [¢,t + 7];

2. Y (t) has a branchcut discontinuity along [¢, + 7] such that Yi(¢) = lims_, oY (¢t +4J) satisfy
Y_ ()7L (t) = K(t);

3. Y(t) has integrable singularities at t = ¢, t + 7 and limp;_,, Y (¢) = 1.

This function Y then has the projection properties

foYile =Yiofs, foY-fg =Y-fq, (6.31)

which, loosely speaking, allow to “commute” projectors and functions Y1 and get rid of redundant
projectors. The same relations hold for the inverses Y~ ! from which one can deduce that the inverse

of Do = AV=! (Yo f7 + Vi f5 ) AV is
Dyt = A (VI I ) AT (6.32)

In fact, for the diagonal kernel K(t) = e~ 291 the solution to the RH problem is straightforwardly
given by

z? t—t=+40
o . Sy aNgq (4 _ + _
Yi(t)_exp{q:m/dt fo(t t)19+(t)} exp{7r 1nt_t_TiZ_0}. (6.33)

The same projection relations (6.31) also allow for a decomposition of D.

Removing the double-channel structure

First, let Y (t) = exp [19; In tft_tT} be the above RH solution with branchcut behavior Y1V, = e~ 2%

along the real time axis. With 92 = —9% and thus

21’194 47;,19f1
A sl (e . " ez?ﬂq> siA = A 1s! (e 0 ! g) siA Y 7ly, (6.34)
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we obtain
B 1 [ L 641'191 0 L
D=s]AY_" |Y_f5 +A's] 0 1 stAY | A7's] (6.35)
1 _ 1.t et o 1 1.1
o ST F Sl N Pl Dt Y f5 4 eS| A7) (6.36)
— Y- ID,siA [Y_fo> n Y+f0<} A1s! (6.37)
— Y 'D,s;Y_Dys! (6.38)
with
49l _ 1 0\ D (64“91 — ]1) f 9
D=1+ |° =7 +- D, =1+ ("% —1 6.39
+ ( 0 O) f 0 1 ) + (6 ) T+, )
A (1 (e — 1) £y 0
DO =1 + (6_2’“91 — 11) f = ( ) 2i9 (640)
0 1+ (e L ]1) I3

Determinant of D The operators Dy and D, are diagonal and upper triangular matrices with respect
to channel indices which allows to represent Det D in terms of single-channel operators. From (6.38)
follows:

Det D = Det D, Det Dy = Det D, Det [11 4 (e ) fd Det [11 (@ —1)f ] (6.41)

The second of these determinants can be rewritten by solving a different Riemann-Hilbert problem
~ ~ - 9q
with branchcut behavior Y1V, = e 4% on the real time axis. Noting

Vfg 4 Vefs = [V 4 VOS] = [ et T (6.42)
we obtain
14 (2% —1)f, = A,V [Ya £+ 20T, fﬂ AL (6.43)
= AV [+ B ] [V + Vg A (6.44)
—y-! [11 + (62“91 - ]1) f% [ng)} Ty (6.45)
T1—0

where the superindex (0) denotes the limit 77 — 0 and we used
) ) . o . -1
Ay [Y,fg + Y+f0<] i {A+Y [Y:lfo> + Yglf(f] A;l}

:ﬁ+@waqgﬁyi{mﬂ“ (6.46)
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since fy4+ — f+, f-— — f— for T1 — 0. This implies
Det |1 + (e~27% — 1) f+} = Det []1 + (2% 1) f+] /Det DY (6.47)

and
Det D

— Det D, [Det D/ Det D**} .
T1—0

Inversion of D Returning to Eq. (6.37) with the Riemann-Hilbert problem Y'Y, = e 2% the
inverse of D is
Pl =sA [Y:lf; + Y;lfﬂ Asipoty. (6.49)
Convolution with the rotated distribution function f yields
O =sihfohAtsiD = vl Dy (6.50)
the (+,t; —,t)-component of which is
DD =) = (YO ) () (DI |-) = €7 (4 FDI () |-) (6.51)

Inversion of the operator D, is not exactly trivial, but simplified by its triangular structure in channel
space:

1 _p—1 (Aiv1 _
prt— | P ~Pu (6 ]l> F-1 . (6.52)
0 1
Note that the relation Dy.(t1,t2) = 6(t1 — to) for t; ¢ [t,t + 7] implies the same for the inverse,

Dl (t1,t2) = 0(t1—t2) for t; ¢ [t,t+7] (this can be seen by block matrix representation or reformulation
in terms of a Riemann-Hilbert problem). One therefore obtains

(+] FD7Y(E D) |-) = €20 [—f++D**1 (64“91 - 11) Jr—+ f+—} (t,%)

_ t+1
= %0+ / dt' DML ) fo (Y, ). (6.53)
t

In the previous subsection it was shown how the operator D,, is inverted in the limit 77 — 0,

Eq. (6.46). With Y (t) = (4)2%+/T one obtains for t € [f,f+ 7], t —,t+7 —t > A~! (A being the

t—t—7
UV cutoff)
= > 199 ~
[Dﬁf?] (1) = V(D) [n + (e 1) f+] ) (6.54)
tt
— _é e—2i1§+ sin(21§+) e—ieV({—t) ‘t B {)_2ﬂ+/ﬂ_1 ‘5_’_ L t‘219+/7r 7—_25+/7"A_21§+/7T—1

™

(6.55)

where the regularization Y_(£) = Y_(f + A~!) was chosen.

For arbitrary 77 > 0 the operator D,,, though scalar in channel space, contains a nontrivial nonequi-
librium distribution function fi = Ry fy + 71 f- (which has two discontinuities in energy representa-
tion) and thus cannot be easily inverted by means of the Riemann-Hilbert problem. In the next section
we will relate the inversion problem to determinants of operators of (generalized) Toeplitz form.
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6.3.4 Toeplitz matrices and generalizations

Fredholm determinants of the form
Det D, = Det []1 n (64“91 . ]1) f++]

with a window function 9% (t) = 1§+]1[t—’t- +-(t) and a stationary distribution function f were already
encountered in the context of nonequilibrium bosonization of Luttinger liquids, cf. e.g. end of Sect. 2.3.
Their asymptotic behavior for large times 7 is the topic of Appendix A. The basic observation is that
due to the special form of ﬁi(t) the determinant Det Dy, can be related to a Toeplitz determinant.
Indeed, by introducing an UV cutoff A and discretizing times t; =t + (j — 1)At into steps At = 7/A
the operator Dy« (t1,%2) can be mapped onto a finite N x N-Toeplitz matrix (g;x) = (gj—x) of size
N = A7/w. Most conveniently one starts with the “symbol”

gle) = e2+e/A [1 + <€4i1§+ — 1) f++(€)} , A <e<A,

essentially the energy representation of D,.. The slow prefactor e2i0-+e/A prevents the arising of artificial
Fermi edge singularity effects at ¢ = +£A due to the hard cutoff. The discretized version g;_j of

D.«(t1,t2) is then obtained by Fourier transformation

A .
de o0 7 1 3 ) . -
R M —ie(j—k)At _ _ 404 1) |R —imeV/A[j—k—294 /7] T
= [ sie 90 = 5 gy (47 1) [ 7]
(6.56)
Using the results of Appendix A, Eq. (A.14), we obtain for eV 7 > 1 the asymptotic expansion
A 491, f _
D tD** y J++ V - .
- S oo {47 [t o s ]
Det DY A [4191, f+] Q
" Z e_iEVTn(evT)2(50+n)(/Bl_n) G(l + 50 + TL)G(l - /80 - n)G(l + /81 - n)G<1 — 61 + TL) (657)

G(1+20,/m)G(1 — 29, /7)

n=—oo

with 81 = —% In [Rle4“§+ + Tl} and By = —21§+/7T — (1 and the Barnes G-function G.

Inversion of D,..

Remarkably, the same relations are also useful to invert Toeplitz matrices. We show here how D! (¢, 1)
can be related to a generalized Toeplitz determinant the asymptotic behavior of which can be estimated
by generalizing known results about Toeplitz determinants. We start with Laplacian expansion of

det(g) which shows that the inverse g1 is

. et of i
(), = oy =
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6.3 Calculations

where ¢f(k, j) is a (N — 1) x (N — 1)-matrix derived from g by removing its k-th row and j-th column.

Specifically for j =1 (corresponding to the continuous time t) its elements are

f _ gim+1, 1< I < kv
(9 (k, 1)>zm - { Gim,  k<I<N-—1 (6.59)

i 1 40 (tysty) [ —inUJA[j—k— 29 (t13t)]
_ i 04 (tite) _ 1) | By e—imU/Ai—k— 20+ (titn)] | o 6.60
27Tl —m — 219+(tl;tk) <€ ) 1€ 1 ( )

™

with the time-dependent phase (t; =t + (I — 1)At)

. . ’l§++’ﬂ'/2, £§t1<tk,

Hence, g¢*(k,j) differs from ¢ in the time-dependence of the phase ¥ (t;tx) (and the size) which
prevents it to be a Toeplitz matrix. Numerical studies however suggest, that known results about
Toeplitz determinants can be generalized to our case, see Appendix A. Then it is

ik A (e tk), frq]
(9 1)1k_( D Addy, for] (6:62)

where the denominator, a Toeplitz determinant, can be evaluated with (A.14) and the numerator with
(A.21).

It is instructive to apply these relations to invert (6.56) and thus D, in the limit 77 — 0 for which
the computation can be done via the Riemann-Hilbert problem. For D;!(#, ;) and thus (g*1> ” one

needs to consider the generalized Toeplitz problem with three jumps in time domain, 71 = t, T = g,
73 = t+7, and just 1 jump in in energy domain p; = eV. Further it is ¢c;p = 204 /7+1 and cgp = 2094 /7
and hence p1o = =20, /1 —1, p13 = — <21§+/7r + 1) 20, /7 and po3 = 20, /m. The asymptotic behavior
of det(g) = A[49%, f1] is known and one obtains

[(gl> ] — [e—ieV(i—ty)
1k

Tl —0

—20 /7—1 204 /m —204 /7

Aty —t)

s

At + 7 —ty)
s

(6.63)

Except for the dimensionless unknown factor I' and the dimensionful prefactor A/m = (At)_l which
arises due to discretization, the above asymptotics agrees in all power-laws with the exact result (6.55).

Now we turn to the less trivial case of arbitrary 0 < 77 < 1. Now, the distribution function is fi4
instead of fi which adds a discontinuity at g1 = 0 (the one at eV is now denoted ps). The asymptotics
of A[494(e;ty)] is determined by

cio=a1+1, cog=ay; = 254_/7@ (6.64)
1 3

o =B +me (k=1,2); Bi= g In|Rie + Tl} : (6.65)
™
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6 Quantum Hall Mach-Zehnder Interferometers

and the exponents
pr2=— (a1 +1—31) +ni(ar —2681) —na(ar +1—-281) — 2n1(ny — n2 — 1),
p23 =a1 — B1 — ni(ar — 261) +na(ar +1—281) — 2na(ng —ny + 1),
P13 =— (a1 +1—B1)(a1 — B1) — B + ni(ar — 2B1) + na(ar + 1 —281) — 2nino, (6.66)
qi2 =(a1 +1 = p1)p1 + (a1 — B1) 1 +ni(ar —261) +na(ar +1 —251)
+ 2(ning 4+ n1 — ng) — 2n? — 2n3.
One then has
(—1)1+’“A[419+(o;tk),f++] _ Z F(mmz)emlATwleVTeiev[nl(tkff)mg(iﬂftk)]
ni,n2

eV e
A

3 P13
AT

s

AT —t)[”

s

A= g

™

(6.67)

This expression is valid when all time differences |t;, — t|, 7, |t + T — t;| are large as compared to the
time scales defined by A and eV; notably ¢ + (eV) ™! <t < t+ 7 — (eV) ™!, which is the regime I in
Fig. 6.10. For intermediate times such as in the regime IIb, £t + A~ <t < £+ (eV)~! the powers are
expected to cross over to different values. We study the modified powers in the next paragraph.

If f-;‘r
~— ~—
(ev)? (ev)?

Figure 6.10: Sketch of the determinant A as function of time tx. The asymptotic expansion
(6.67) is valid in region I. A crossover to different powers is expected in regions

Ia,. .. IIIb, defined by the time scales (V)1 and A=1.

Short-time crossover Let us consider the behavior for ¢ close to t. In the regime Ila, ¢} — t< AL
the system is unable to resolve the phase jump at ¢, hence ¥ (e;t;) — ¥4, and we expect

(—1) 1AL (0385), f14] = D Th(n') erndrsisieyvrievn

—(o1—B1+n)2—(B1—n’)? 2(a1—p1+n')(B1—n")

AT

™

eV
A

x (6.68)

with T'{(n') = G114+ a1 — 1 +n')G(1 — a1 + 1 —n')G(1 + f1 —n')G(1 — B1 +n’). In the intermediate
regime IIb, A=! < ¢, — < |eV| ™!, the powers can be modified,

Pla Pis 12

AT

™

tk - t) meV

(D) A (o5 11), fr4] ~ DK A (6.69)
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6.3 Calculations

Matching these asymptotics at t; ~ ¢ + [eV|~! and t;, ~ t + A~! requires

q12 — Pla = 12 — p12 = 2(aq — B1 — n2)(B1 + n2) + 1+ (
Phg = pas + p13 = — (o1 — B1 — n2)® — (B1 + n2)?, (
Q12 = 2(ay — 1 +n)(B1 — 1), (6.72
Pz = —(o1 — B +n')* = (B —n)? (

which is satisfied by setting pjy, = —1—a; and ny = —n’. Similarly, in the regime Ila, [t+7—t;] < AL
we expect

(—1)"F A4, (05t1), 4] — e ATA[AD L + 27, fiy]

—(a1+1-p1+n')2—(B1—n')? 2(a1+1-B1+n")(B1—n’)

At

™

_ Fg (n//) eia1A7'+i,31 eVr—ieVrn' me
Z A

4

(6.74)

n

with T'j(n") = G2+ a1 — 1 + n")G(—a1 + f1 — n")G(1 + B1 — n”)G(1 — p1 + n”), while for the
intermediate range I1Ib, |eV|™! <t + 7 —t;, < A1, we make the ansatz

n Ps Pls a1
At —t A v
(—1)RA[D, (o5 15), fys] ~ 3 ko |REET B | AT eV (6.75)
m s A
Matching at points tj, ~ £+ 7 — |eV|~! and t; ~t + 7 — A~! requires
Qo — Poz = qu2 — p23 = 2(a1 + 1 = 1 — n1)(Br + 1) — e, (6.76)
Pls=pi2+piz=—(a1+1— 51 —n1)*— (81 +n1)% (6.77)
gy = 2(ar + 1= B +n") (B — n"), (6.78)
Pl = —(e1+ 1= 61 +n")? = (B1 —n")? (6.79)
which are satisfied by setting n” = —n; and phs = a;. Then the summation in (6.75) extends over the
integer n1 = —n".
6.3.5 Strong Coupling Results
Combining Egs. (6.29),(6.53),(6.57) we obtain for the interference contributions to current
Ny_ = N*_ = —irgty / dt Dei@e“gfm eiot2i+ / E+Tdt’ D) fr_(H —1) (6.80)
T Det D) i R
or2ids [ ia® [T DS —1) A4, (o5 .
— _ir2t2€z¢+2u9+ /dt eZAf((e)rm / dt M ( ) [ +(.7 k): f++} f+f(tk o t)
t (g—1> A[419+¢ f+]
1k T1—0
(6.81)

with the phase 1977 = —nm/v. It turns out that the integrand is in fact independent of time ¢ and thus
the integral is formally divergent. This amounts to an infinite number of electrons counted during an
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6 Quantum Hall Mach-Zehnder Interferometers

infinite measuring time in a stationary situation. The stationary current is obtained by dropping the
t-integral and putting, say, t = 0,

671[_;,__ = rit1roto ei¢+2i'§+ei“4§2r>m
T D0, —1)HRA[4Y, (o3 t),
< [ | POt} EU Bl O P ) — 1)), (652)
0 (g_1> [ +> f+]
1k T1—0
The ¢;-integral
The nontrivial part
T = (=1)"FAMA0 (o5t8), frr)(f4(tr) — f-(11) (6.83)

of the integrand has power-law singularities at ¢; ~ 0 and t; ~ 7 which contribute dominantly to the
integral provided that the real part of the corresponding exponents are negative. For |eVt],|eV (T —
tr)| > 1 according to (6.67) the relevant powers are

T~ tzm—l(T — 11,)P23 P13 (V) 112, (6.84)

Eq. (6.66) shows that by choosing |n;| and |ng| sufficiently large, Repi2 and Re pas, respectively, can
be easily made negative. Before proceeding we remind ourselves that power laws are modified as one
goes closer to the singularities. In general, in all regions of (0,7) the integrand is a superposition of
powers,

T ~ tim (7_ _ tk)ﬁ2371513 (€V)[712A:7+1, (6.85)

where 4 = P12 + pos + P13 — G2 ensures the correct dimensionality (which is inverse time). The powers
have been discussed in the previous section for different asymptotic regions, separated by the time
scales 0 < A< (eV) T r—(eV) T r—A"L <.

For instance, very close to the left singularity, 0 < t; < A™1, it is

i eVt _q eV

th) — f-(tpy) =———— =~ — 6.86
Falte) = f=(tk) = o 0 5 (6.86)
and the powers are pia = 0, pag = 0, P13 = pl3, and Gi2 = ¢}, + 1. Integration over these regimes will

lead to another superposition of powers

/ Aty T ~ (V)P (eV/A). (6.87)
The leading terms are those with large Re p and small Re7. In our example
Afl
/ Aty T ~ (eV1)Pi3(eV/A) 21 Pis o (eVr)Pis(eV/A) . (6.88)
0
Due to ay = —2/v, the second exponent is constant (independent of any integer n; or ng), thus it
suffices to minimize the real part of
283 P
Py = —2 (m - 0‘121> . % (6.89)
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6.3 Calculations

The property that the exponent of (eV/A) and thus of A is constant is convenient and not a coincidence:
It encodes renormalization effects due to high-energy virtual excitations. In contrast, the arbitrary
integers which encode different branches of In g are relevant for intermediate energies 0 < ¢ < eV
only, and thus do not affect the high energy scale A. For A=! < t; < (eV)~! the approximation
f+(te) — f-(tx) = €V/(2m) is still reliable which gives the powers pia = plo, P23 = 0, P13 = pl3, and
G12 = ¢} + 1 and the integral

AL AT
/ At T ~ (eVT)P1s(eV/A) N2 t1Pis(Ag, )Prat] (6.90)
(eV)~1 (eV)~1
~ (Vs [ (ev/a) ot — (ev/a) et/ (6.91)
~ (eVT)Pis(eV/A) T —2/v (6.92)

where we kept only the dominant contribution.
We study now the limit ¢, \, (eV)~! where fi (tx) — f_(tx) ~ 1/t; and powers are pia = pia — 1,
P23 = P23, P13 = P13, and §12 = q12. For some intermediate time (eV)~! <t < 7 the integral is

t t
/ dtk J ~ (6V7’)p13+p23 (ev/A)(hz—PlB—an (Atk)pm . (6.93)
(eV)~1 (eV)—1

Assuming Repis < 0 the upper boundary t is irrelevant and

t
A}QJdmﬁ7~(6V7Vh@ﬂ7Aﬂ+ﬁ_WK (6.94)

Let us now turn to the singularity t; ~ 7 where f, (t) — f—(tx) ~ 7~!. The same line of reasoning
gives the integrals

/ dtp T ~ (eVr)Pls=1 (eV/A)2HoT—4/v, (6.95)
T—A—1
T—A"1 T—A"1
/ Aty T ~ (V)P (V) A) 2T =4/ (A (7 — 1)) -2/7 (6.96)
T—(eV)~1 r—(eV)1

pila—1 2+a?—4/v
N { (eVr)Pis=i(eV/A)*Toi—2/V v <2 (6.97)

(eVr)Pls—L(eV/A)tei-2/v > 9

Introducing again some intermediate time (eV)™! <t < 7 — (eV)~! (which for Repaz < —1 will be
irrelevant as integral boundary) one obtains

T—(GV)71 . )
/ dty T ~ (V7)o (eV/A)Hat=2/v, (6.98)
t

Around ty ~ 7, the exponent which is to be maximized in all subintegrals is

2
1-2 1)
pg—1—_20u—a“% &> G (6.99)

2 2

115




6 Quantum Hall Mach-Zehnder Interferometers

In the following we are interested in the integers ny and n; which maximize Re p}5 and Re p{5 — 1. To
this end we write oy = M + m with M € Z and |m| < 1/2. Then for even M leading contributions
come from ny = M/2 and ny = (M +1)/2+1/2, and for odd M they come from ny = M/2+1/2 and
ni1 = (M + 1)/2. For all integer v in all these contributions Rep)s > Rep/y — 1.

These observations lead us to the conclusion that, with all oscillatory terms e*¢V7"2¢/1AT and ¢;-
independent contributions,
D10, ¢ A
M x —, (6.100)
<g—1> m
1k 1 1—0
A\
A4, f4]7F o et (AteV)r <T> : (6.101)
7r

taken into account, the leading terms of the {g-integral for v > 2 are

Jat o= 2 eV (S eV el
™

n2

+ Z Fxl (efieVT . 1) eieVTnl (eVT)plllgflJra% (eV/A)lfQ/u (6.102)
ni

where I' | and I} are some unknown dimensionless constants. This expansion contains all terms in
leading order of (eV/A) (also those subleading in (eV'7)).

Action ,4§§3m in the absence of tunneling

We first calculate the clean action

A, =

TrLn []1 ~ oy et f] — 2 Tr 4 f()] (6.103)

Here the traces extend over all v upper and v lower inner channels. We combined all 2v distribution
functions f) and phases 19?\ into 2 x 2-matrices f and 9. Due to the Dzyaloshinskii-Larkin theorem
we anticipate that only first-and-second-order-in-¢} terms are non-vanishing and we expand

1Ag = Tr

Ln []1 + (21'19‘1 —20%) f] 27 f0] (6.104)
= 2§ Tr (f ~ f0> —2Tr (1 — f)oef. (6.105)

For local operators A, B, C, i.e. A(t1 — ta) = A(t1)d(t1 — t2) etc., we use the relation

iB(tl) — B(t2)
2w t1 —tg +10

i

Clt2) 2w

v A[B, folC = [dty lim A(t)) /th(t)B(t)C(t), (6.106)
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which implies for nonequilibrium distribution functions, fi(t) = e=%"1t fo(t),

T A~ f)B = 5 [atA®B(),

(6.107)

We assumed that along upper edge the outer channel is biased by V' and the inner ones by Vg while

the lower edge is grounded. This gives for the first, zero mode, contribution

e[V+ -1V~

20
2 +

9 Tr 4 ( = fo)
The quadratic contribution to ’l.Af orm 18 UV divergent and needs to be cutoff by we. It is
o A 1 = 2
2 Tr 91 (n—f) 1f = —55v 49} nwer = = Inwor.
272 v

Note that zAferm is a purely Gaussian contribution,

A = (020 ey { (o0~ ), - 3 {s[o0 - ﬁb<0>}2>0}

where averaging is performed with respect to the full action with 77 — 0.

Current, Conductivity and Visibility
Setting V.. = Vo and V_ = 0 and defining the exponents

2

— 28 1/2\* 2
/ 5_2 _L 1 _ — _
p(ng) <n2 9 +1+ 9 v I/7

2 2

a1+ 1—-256 1 1/2

=_9 v eHy 2,22
p'(m) ( 2 > 2+2<1/> ’

the coherent current contribution I.o, = 2Rely_ is Ion = ritirate 2Re €'® Ty with

I — ¢~ 27rz/ye Xp { eVT[l B (V B 1).%‘] } eiﬁleVT

14

271'7'

ZF Z7L26VT GVT) P’ (n2) + ZF ZTLlGVT <e—ieVT . 1) (GVT)p”(nl)

ni
The following table shows the two dominant powers for each filling factor v:

v ‘ leading powers

p'(0) =p'(~1) =0=p"(0)

p'(=1), p'(0)

>4 | p/(0); p"(0) if Ty < 1/2,p"(1) if Ty > 1/2

w N

(6.108)

(6.109)

(6.110)

(6.111)

(6.112)

(6.113)

Taking these two leading terms into account we obtain the results presented in Sect. 6.2, namely

Eq. (6.5) with the exponents (6.9), (6.10).
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6.4 Conclusions

In this chapter we applied the functional bosonization framework of Chapter 3 to study the quan-
tum Hall Mach-Zehnder interferometer for arbitrary integer filling factors v. Taking into account
only interaction inside the interferometer cell we found that the model is exactly solvable, and that
the current is related to the full counting statistics of the first quantum point contact (QPC) with
interaction-induced time-dependent nonvanishing “counting field” ¥ (¢). In other words, the interfe-
rometer couples strongly to the noise of the QPC.

We considered the effect of long-range (quantum-dot-like) interaction within each interferometer
arm. In the limit of large charging energy EcT > 1 (with 7 being the flight time along the arms)
the counting field is piecewise constant, being —m /v during a time interval 7 and 0 otherwise. In
this case current was expressed in terms of (block) Toeplitz determinants and amenable to an entirely
analytical evaluation. We found the asymptotic expansion (6.5) for high bias with the leading powers
shown in Fig. 6.4. The resulting visibility and phase of the Aharonov-Bohm conductance oscillations
are presented in Fig. 6.3.

For the experimentally most important situation of filling v = 2, the strong coupling limit happens to
yield a counting phase of exactly —m /2 for which renormalization and dephasing are completely absent.
Dephasing is restored either when deviating from —7/2 by considering moderate interaction strength
or diluting the incident electron beam via an additional QPC and thus introducing a supplemental
source of noise. These cases can be dealt with numerically and yield Figs. 6.9 and 6.6.
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Chapter 7

Interaction Quench in Nonequilibrium
Luttinger Liquids

One of the central assumptions of statistical mechanics is the ergodicity hypothesis that closed systems
with a sufficiently high number of degrees of freedom sample the accessible microstates of their phase
space with equal probability. Generally, it is expected that such systems, prepared in some initial
state, relax due to inelastic processes to a thermal equilibrium state, which has little or no memory of
the initial state beyond the average energy (or a finite number of additional conserved quantities).

The Luttinger liquid is an integrable system with infinitely many integrals of motion, say the oc-
cupation numbers of the plasmonic modes. Thus, its dynamics is highly constrained. Starting from
a given initial state it cannot relax into the thermal equilibrium, if the integrals of motion are not
compatible in both states.

Indeed the nonequilibrium dynamics of the similar Lieb-Liniger model (a bosonic model with short-
range repulsive interaction which flows to the Luttinger model under renormalization) was studied
numerically by [113]. The steady state obtained was compatible with a generalized Gibbs ensemble,
which satisfies the maximum entropy principle under the constraints set by integrability.

Questions about the nonequilibrium dynamics of such integrable systems, whether they relax into
a steady state and how much memory they retain from the initial state, are of great theoretical
interest. Their study has become experimentally accessible with the recent advent of ultracold atom
systems in optical traps. They are highly controllable and very weakly coupled to the environment
and represent an ideal laboratory to realize models originally developed for solid state systems. A
prominent example is Ref. [114] where the dynamics of a trapped one-dimensional Bose gas (consisting
of " Rb atoms), initially prepared out of equilibrium, and specifically the time-dependent momentum
distribution function n(k,t), was considered. Even after thousands of collisions no equilibration could
be observed, and integrability of the underlying Lieb-Liniger model was conjectured to be the cause.

In experiment, the nonequilibrium initial state is usually the stationary state of some Hamiltonian
Hy. Relaxation is initiated by a quantum quench: Hy is suddenly switched to the Hamiltonian H which
drives the time-evolution of interest. A conceptually simple quench is considered by Ref. [115, 116]
where a Luttinger model with suddenly switched interaction was studied. As suggested by the authors
this model can be realized with dipolar fermionic atoms in one-dimensional traps. The effective dipolar
interaction is sensitive to the relative angle between the dipole moments and the direction of motion,
and its amplitude and sign can be tuned via an orienting external electric field. The authors found
that the Luttinger model retains Fermi-liquid-like correlations and quasiparticle-like discontinuities in
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7 Interaction Quench in Nonequilibrium Luttinger Liquids

the momentum distribution function at finite times ¢ > 0 after the quench and relaxes to a steady
state with Luttinger-liquid-like power-law correlations. The latter are governed by different exponents
than in the equilibrium case.

In this chapter we use the nonequilibrium bosonization approach, presented in Sect. 2.3, to consider
the quench of a Luttinger liquid out of an nonequilibrium initial state with double-step distribution
functions. Similarly to the equilibrium quench case, we find that at finite times momentum distri-
bution functions exhibit discontinuities (here with two edges). Differently, the corresponding quasi-
particle weights are not merely suppressed algebraically, but also exponentially. The steady state as
well exhibits two edges, reminiscent of the original nonequilibrium state, which in analogy with the
equilibrium Luttinger liquid support power-laws, smeared by dephasing. We find that all exponents
are sensitive to the inital state. Let us go into the details after specifying the model and discussing
the nonequilibrium quench results.

7.1 Model and Equilibrium Results

We consider a spinless single-channel Luttinger liquid with right-moving (index n = +) and left-moving
(n = —) fermion species. Their respective velocities and distribution functions are v, = nur and f;(e€).
We focus on temperature 17" = 0; in a possible nonequilibrium setup distribution functions may be of
double-step form

fale) =ROWU —€)+(1—R)0(—€), 0<R<1, U>0. (7.1)

In the equilibrium Luttinger liquid short-range interaction, giving rise to forward scattering between
fermions of the same (g4) and different (g2) species, is entirely characterized by 2 constants (2.6):
the Luttinger parameter K and the plasmon velocity u. At T = 0 the equal-time fermionic Green’s
functions, for instance, read

2y
2 (4 — o — ) = G2 (0.7 a

GOn(tl - t27x =T1 ':EZ) - GOn(Oam) (\/m) (72)

with non-interacting Green’s function Ga(tl — t9,r1 — x3), short-time cutoff a ~ A~! and exponent

v = (1 — K)?/(4K). The instantaneous momentum distribution function, defined as the Fourier
transform

nt(p,t) = —i /dm e PEPRIT G (2,05t =ty = 1), (7.3)
is oc |p|?7.

In this chapter we consider a nonequilibrium quantum quench, realized by suddenly switching on
interaction at time ¢ = 0. Prior to the quench, ¢t < 0, the fermionic system is assumed to be ideal
(g2(t) =0 = g4(t), K(t) = 1) and set in the nonquilibrium state described by the distribution functions
(7.1). After the quench, t >0, g;(t) =g; >0, K(t) = K < 1.

Equilibrium Quench

To appreciate the importance of the initial state, starting from which the quench is performed, let
us review first the results of [115, 116] for the equilibrium quench at 7" = 0. Calculations there
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7.2 Nonequilibrium Results

were performed with a finite interaction range Ry ~ vp/A as short-distance regularization. At long
distances * > Ry results are insensitive to the regularization scheme, and momentum-dependent
coupling parameters (associated with finite interaction range) can be replaced by their zero momentum
values, g;(q) = g;(¢ = 0). The equal-time correlation function then is

2 72/2

B

(2ut)? — z?

(7.4)

where the exponent is determined by 5 = %.

For short times such that 2ut < Z the correlation function G5 (t;Z,0) = Z(t)Gy, (%;0) can be inter-
preted as the Green’s function of an effective time-dependent Fermi liquid with “Landau quasiparticle
weight”

;5/2
- Ry
Z(t)=| — 7.5
) <2ut> (75)
which gives rise to a discontinuity in the momentum distribution function n4 (p) at Fermi momentum
p = pr. According to (7.5) the jump decays algebraically with time ¢.

For large times ¢ — oo the system reaches a time-independent steady state with power-law correla-
tions

The corresponding momentum distribution function no longer exhibits a discontinuity at p = pg, but
instead has a power-law singularity ~ |p — pF|A72. This behavior is very similar to that observed in
an equilibrium Luttinger liquid (cf. Eqn. (7.2)), however with different exponents 52 # 2v. Hence,
while interactions drive relaxation processes, which destroy the Fermi-liquid-likeness of the system, its
integrability prevents it from relaxing into thermal equilibrium.

7.2 Nonequilibrium Results

It is then little surprising that the steady state differs significantly in nonequilibrium, 0 < R < 1. In
contrast to the equilibrium situation, the correlation function now is a linear combination of different
powers of |Z|, |2ut + Z|, |2ut — Z|, and 2ut. The powers are derived and presented in detail in Section
7.3. Here, let us focus on the long-distance behavior at finite times and the stationary limit.

Finite time quasiparticle weights

For finite times ¢ and long distances Z > 2ut > vpU ™!, and for moderate interaction, vV2—1 < K < 1,
the correlation function is

Gi(t;7,0) = G5 (0;7) e /) Z (i (1 +natnatns)2Utu/vp

ni,n2,n4,ns5

2utn\ " (a )" IAREE AR
x | T (n1,n2, n4, n5) Y ™~ + T (n1,n2, n4, n5) u v i(@E—2u)U/vp
TUER A TUE A
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Figure 7.1: Sketch of momentum distribution function for K = 0.8 and a = 0.8 at times

t/[vp/(2uU)] =0.001, 2, 20, 50, 100, and in the stationary limit t — oo; b) and
c) are zooms into a) around edges p = pr and p = pr +U/vp. Clear discountinuities
are visible which decrease with time t and eventually vanish.

with some numerical prefactors F;-, decay rate

7';1 _ W In [(1 —2(1—-a)a (1 — co8 27r62>> (1—-2(1—a)a(l —cos chs))] (7.6)
m™ VR
and exponents 7] =T + 71", V{ =V + V! (with T/, V{ from Eqns. (7.8), (7.10)) and Ty = T, +T",
Vy =V, + V! (with T4, Vi from Eqns. (7.9), (7.10)).
For simplicity we focus only on the most dominant contributions which are, for moderate repulsive
interaction, 1 > K 2 0.6, given by n1 = ng = ns = 0 and ng = 0 for 77, V{ and ng =1 for Ty, V5:

1

2

3 >3 2 1
(2—J+52+251> +(2—]—|—52—2ﬁ2> +(cs+2ﬁ3)2—|—(68—2ﬁ4)2—2ﬂ:46252]

Similar to the equilibrium quench, the entire z-dependence of the full Green’s function is given by
the noninteracting contribution, Gg X z~!, and correlations drop off with distance in a Fermi liquid-
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Figure 7.2: Sketch of time evolving quasiparticle weights Z1 and Zs for K = 0.8 and a = 0.8

around p = pr and p = pr + U/vp, respectively.

like manner. Correspondingly, the momentum distribution function has discontinuities at p = pp and
p = pr + U/vp, signaling the existence of Landau quasiparticle states (see Fig. 7.1 for K = 0.8 and
a = 0.8). In the nonequilibrium setup each of the two “Fermi edges” exhibits quasiparticles with
possibly different weights Z; e~/ (o) Ty UVi, Zy e /) yVs. In striking contrast to the
equilibrium situation, the quasiparticle weights are not only algebraically suppressed, but dominantly
exponentially with decay time 7,. Their time evolution is sketched in Fig. 7.2.

Stationary Limit

(P—Pr)/[U/Ve]

Figure 7.3: Steady-state momentum distribution function for a = 0.8 and different K. At edges

p =pr and p = pp+U/vp the initial discontinuites are replaced by power laws Ap?/2
which are smeared by dephasing.

For long times, ¢ — 0o, the quenched system relaxes to a stationary state without the Fermi liquid
signatures, but with critical power-law correlations characteristic for Luttinger liquid. For z > vpU !
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Figure 7.4: Luttinger liquid exponents governing of power-law singularities of the momentum
distribution functions: q1 at p = pp and g2 at p = prp + U/vp for quenched nonequi-
librium, 4% for quenched equilibrium, and 2 for equilibrium for a = 0.8.
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Figure 7.5: Inverse decay length k at a = 0.8 as function of K.

and moderate repulsive interaction V2 — 1< K <1 the correlation function is in leading order

(7.7)

A7 1+X4 Vi A7 1+ X5 1%
UEZ.0) = G (0:7) e—Flal | 1, | 2% T P, eiUa/vr | 2% ™
G (t2,0) 0+(0:7) € ! VR A tlae TR A
with known numerical prefactors fj, exponents
1 2 2 2 . 2 2 2 2 242
Xi(VJ)Z—g (s —261) —(s —2—1—]—2,82) —(03—253) —(cs+264) + (" +s7)%|,
j =1,2, decay length k= = 4ut,, and
1 —2mis? _ 1 2mic? *
Blz—,ln[ae +1—a], ﬁg:—,ln[ae —l—l—a}:—ﬂl,
211 211
1 - 1 .
3= —1In|ae’™ +1—aqa , Bi=—1n ae 2™ 11 ¢ = —f3.
3
27 27

Like in quenched equilibrium the exponents differ from the equilibrium situation. The stationary state
retains information about the system’s prehistory, including the initial state prior to the quench: even
long after the quench the momentum distribution function exhibits a double-step structure reminiscent
of the original nonequilibrium state (cf. Fig. 7.3); similar to the equilibrium Luttinger liquid the sharp
discontinuities are replaced by power laws |p — pp|? and |p — pr — U/vp|®2. Exponents differ both
from equilibrium and quenched equilibrium and are in general different at the two edges (cf. Fig. 7.4).
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7.3 Calculations

We use the nonequilibrium version of canonical bosonization, which is presented in Section 2.3. In this
framework nonequilibrium corrections to the right-movers’ equal-time Green’s function Gi (t;7,0),(2.40),
(2.42) are expressed in terms of Fredholm determinants

A, = Det []l + (eia“ — ]l) fu] .

Counting phases d,, (2.41) measure incoming charge in the leads for given trajectory of(z,¢). The
charge configuration o} (x,t) is the “advanced charge response” to the injection of a right-moving
fermion at & = (¢,0) and its removal at & = (£, ) and satisfies the equations of motion (2.44). The
sudden temporal switch-on of interaction at ¢ = 0 does not make the equations singular in any way
(as sharp spatial changes would); time evolution of density is required to be continuous at ¢t = 0. For
t > 0 interaction couples the bare right- and left-moving charge modes ¢%. The eigenmodes of the
interacting systems, the plasmon modes g7, are obtained by the Bogoliubov transformation

4 ol 1+ K 1-K
Q;r (€ ° €q+ , withec= L, §=——.
[ s ¢ [ 2vK 2vK

Their time evolution decouples,

5 (e, 1) = —% ¢ 0~ 1) { ol —u(t — D] — 8z 2 — u(t D)}

(2, t) = % 5 0(F — 1) {6z + u(t — )] — oz — 2 +u(t — D]}

Requiring continuity at ¢ = 0 and inverting the Bogoliubov transformation we obtain the charge density
prior to the quench, ¢ < 0,

0% (x,t) = —% {02 <5[$+uf— vpt] — 0z — i’—i—uf—vpt]) — s (6[m —ut —vpt] — 0z — T —ut—vﬂ])},

ol (z,t) = —;cs{<5[:€+ut_+ vpt] — 0l — T + ut + th]) - (5[:3 —ut +vpt] — 6[xr — T — ut + UFt])}.

_glt_ut] _ g2 Qlt—M]—et
VR VR

5_(t) = —2mes ak—m]—ek—xm - ek—m]—ek—x+m

which yields the counting phases

—T +ut

dr(t)=2rc*|6 [t -
vp

VF

Fig. 7.6 depicts the density trajectories in the & — t-plane the accumulation of corresponding phases.
The phases are shown in Fig. 7.7: For |Z| < 2ut each phase §+ = §14++d2+ consists of two rectangular-
shaped pulses of width |Z|/vF separated by the distance (2ut — |Z])/vp. The pulses overlap in the case
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|Z| > 2ut. In the long-time limit 2ut > |Z| the pulses are well separated and each of the two Fredholm
determinants in (2.40),

A, ~ Det [11 + (e~ 1) fu] Det []1 + (e~ 1) fu} ,

factorizes into two Toeplitz determinants which may be evaluated with (A.9) or more general forms
following from (A.4).

Let us consider first the equilibrium situation with distribution functions fi(e) = f_(e) = fo(e) =
0(—e¢). Eqn. (A.21) yields

4_ 4 2.2

o Az - oul)? — 72 s‘c
Ay =G - DG+ )G — A)G(1 + ) ehd/vr | 2L @ut)” -7
TR (2ut)?
—2c252 ~9 9 s2c?
Az (2ut)® — x
_ )2 2 | AT
A_=G(1—-cs)°G(1 +cs) p—— )2

The prefactor, containing the Barnes G-functions G, do not follow from (A.21), but from the long-time
limit where the factorization into Toeplitz determinants makes (A.9) applicable.
The Green’s function following the equilibrium interaction quench is thus

= (c?+s2)? L 0422
G_T_(t_;i,()) o iAT/vR & (21“5)7__1;
ToF (2ut)?
Since 2cs = 4 and —(c? + s?)2 = —1 — 42 the power laws are in perfect agreement with the exact result

(7.4) of Ref. [115]. In the following we will use the equilibrium quench as reference case to normalize
our Fredholm determinants.

The situation becomes more complicated when turning to nonequilibrium, (7.1). Using (A.21) we
obtain

Gi(t7,0) = G5, (0,7) Ay A
for |z|, |2ut — |Z||, |2ut| > vp/U with equilibrium-normalized determinants

Al = Z 'y (n1,n2, n3) o BL4B2)U |zl [vp ji(ni+na—n3)UlE| [vp yins2Utu/ve

ni,n2,n3

A

TUR

Iy 4V D S Vi
F | X <2uf—\aﬁ]> +<2uf+\£|>  (2ud) T+

U

X

A_ _ Z f_ (1’L4, ns, 77,6) ei(ﬁ3+,64)U\i|/vFei(n4+n5fn6)U|5ﬁ|/vFein62Ufu/vF

4,105,106

A

TUR

TV D S
X~ <2uf—|zy) - (2u£+|gzy) " (2ud)T-

V_
U

A

X
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for 2ut > x > 0 and

A+ — Z :[1/+ (nl, na, n3) ei(ﬁ1+,32)2Utu/vFei(n1+ngfn3)U\i|/vFeingZUtu/vF

ni,n2z,n3

4+, +VY Vi

X

, _ D’ _ S’ — U
3 (—2ut+ Jal) (2l + Jal) T (2ud)™ | T
TUR A

A = § : g (n4’ ns, nﬁ) ei(ﬁ3+,34)2Utu/vFei(n4+n57n6)U\i|/vFezngZUtu/vF

n4,M5,M6

A

TVUR

¥4V
GRS (—2u£+ \:E])

V/

! S/

(2l +12)” @u)™ |

A

X

for 0 < 2ut < z. Here, we left the nj-dependence of the exponents X4, T4, ... implicit. fi,f’i are
unknown numerical prefactors. The determinants for £ < 0 are obtained by complex conjugation.

The exponents differ in the two regimes 2ut = |z|.

Regime 2ut > |z|

Here the exponents are

Xy = <—52 +c - n2) (52 — 4 ny — n3> + (=f1 —n1+n3) (B1 + 1)
+ (=B2 — n2 +ng) (B2 + n2) + (—51 —ny — 82) (ﬁl +n1—n3+ 82) ;
Ty =<—n1+n3—82—51> (CQ—M—ﬁz) + (—711—52—51) (CQ—n2+n3—52>
+ (n1 —n3+ B1) (n2 + B2) + (n1 + B1) (n2 —n3 + B2)
Dy =(ny —ng+ B1) (—n2 +ng — f2) + (—n1+n3—32—61) (—02+n2—n3+,6’2>,
Sy = (B1+mn1) <62 —2 (62 +n2)) — s (52 —c +n2) ;
T+ == C4 - 347
X_ = (—ng+ne—B3) (na+ B3) + (—na + cs — B3) (ng — ng — cs + Bs3)
+ (=ns +n6 — Ba) (ns + Ba) + (—n5 — cs — Ba) (ns — ne +cs + Ba)
T_ = (—ns+ne+cs—P3) (—ns —cs — ) + (—na + cs — B3) (—ns +ne — cs — B4)
+ (na —ne + B3) (ns + Ba) + (na + Bs) (n5 —ne + Ba) ,
D_ = (ngy —ng+ B3) (—ns +ng — fa) + (—na +ng + cs — B3) (ns — ng + cs + Ba)
S_ =cs (n5 +cs + 54) + (n4 + 53) (—cs -2 (n5 + ﬁ4)> Ao = —2¢%42.

_ _ D _ S+ — _
In the long-time limit 2ut > |Z|, the powers simplify to <2ut - |JE]> : <2ut + |QE]> (2ut) ™= — (2ut)T=*

with T+ = —2n§ <Oand7T_ = —2n§ < 0. Thus the correlation function relaxes to a stationary solution
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where solely terms with ng = 0 = ng contribute. The remaining powers simplify to

Since in the long-time limit the phases split into independent pulses, all Fredholm determinants fac-
torize into Toeplitz determinants and the prefactors can be obtained with (A.14):

F o1,y = 0) == IOt B LAt G0 )
o G+ — By —n2)G(1 — 4+ B2 +n2)G(1 + Bo +n2)G(1 — B2 — n2)
G+ )Gl — @)
. . Gl +cs— P —ng)G(1 —cs+ B3+ ng)G(1 4 B3+ n4a)G(1 — B3 — ng)
L' (n4,n5,n6 = 0) = G(1+¢s)G(1 — es)
G(l—cs—Bs—n5)G(L+cs+ Pa+n5)G(1+ s+ n5)G(1 — By — ns)

. G —¢s)G(1 + cs) '

i

For moderate repulsive interaction v/2—1 < K < 1, the dominant powers Re X are due to (nq, 732) =
(0,1),(0,0) and (n4,n5) = (0,0). These contributions are taken into account in (7.7) with I'y =

I'4(0,0,0)I'_(0,0,0), Ty = T (0,1,0)T_(0,0,0).

In the equilibrium limit, a — 0, prefactors vanish for all n; but ny = no = n4 = ns = 0 for which
one recovers the equilibrium exponents.
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Regime 2ut < |z

Here the exponents are

X, = (—02+n2—n3—ﬁ1) (02—n2—52> - <—n1 —82—51> (m —n3+32—52>
+ (—n2 4+ n3 + B1) (n2 + B2) + (n1 + B1) (—n1 +n3 + B2),
T, =(ng —ns — B1) (n1+ B1) + <_n1 — —51) (02 —n2 +n3 +51>
+ (1 —ng — B2) (n2+52)+(62—n2—ﬂ2) (—n1+n3—82+ﬂz>,
D', =(—n2+n3+p1) (n1 —ns — Ba) + (—62+n2—n3—51) (—n1+n3—82+ﬁ2),
S, =— s (—02 +nz+ﬁ2) + (n1+ 1) (02 —2 (n2+ﬁ2)) :
X' =(ns—ng —cs — B3) (—ns +cs — Ba) + (—na — cs — B3) (na — ng + cs — Ba)
+ (—n5 + 16 + B3) (15 + Ba) + (na + Bs) (—n4 +ne + Ba) ,
T = (n5 — ng —ﬂg) (n4 +,33) + (—n4 —cs —63) (—n5 + ng +cs+ﬁ3)

+ (na =g = Ba) (n5 + Ba) + (=15 + cs = Ba) (=na +n6 — cs + fa)
D' =(—ns+ne+PBs) (na—ne— Pa) + (n5s —ng — cs — B3) (—na +ng — cs + B1) ,

S’ =—cs(ns—cs+ Ba) + (na+ B3) (cs—2(n5+64)).

For long distances |Z| > 2ut the power-law dependence on distance simplifies to
/ _ D! _ S, -

|z| %% (—2ut+ |£|> - (2ut+ |:i|) = |Z| X+ with the exponents
< 2 1 % 2
X+:—2(n3+1/2—n1—n2) —57 X_:—Q(nﬁ—n4—n5) .

For |Z| — oo all terms vanish except for n3 = n; + ng or ng = ny +ng — 1, and ng = ng + ns. Then

14+ X, =0= X_, i.e. the normalized determinants A, are independent of z, and correlations drop

off like G5 (t;Z,0) ~ G5, (;Z,0) ~ T~ 1.

The remaining exponents are

2 2
—1/2—s%2—-2 —1/24 -2 1
T—/&-(V-i,-) — _9 <n1 _ / S ﬁl) _9 <n2— /2+c 52) +Z:FC252 (7.8)

2 2

for ng = nq + no,

2 2
1/2 —s2—2 1/24+c¢% -2 1
T, (V])= -2 <n1—/82ﬁ1) —2<n2—/62'82> +Zq:c232 (7.9)

for ng = ny +ng — 1 and

2 2
T (V) =-2 <n4 — M”) -2 <n5 — M‘) F ?s? (7.10)

for ng = ngq + ns.
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7.4 Conclusions

In this chapter we considered the time-evolution of the momentum distribution function of a nonequi-
librium Luttinger liquid after an interaction quench. The initial state was chosen to be a double-step
distribution function. Similarly to the equilibrium situation previously discussed by [115, 116] at finite
times and long distances correlations are Fermi-liquid-like. The momentum distribution functions ex-
hibit discontinuities with decaying quasiparticle weights, see Figs. 7.1 and 7.2. In both situations the
system relaxes into a steady state with Luttinger-liquid-like power-law correlations, Fig. 7.3.

As expected the relaxation process does not lead to a complete loss of memory of the initial state:
Neither when quenching out of equilibrium nor out of nonequilibrium does the steady state have the
same powers as in the equilibrium state, see Fig. 7.3. In the nonequilibrium case the momentum distri-
bution function never ceases to maintain a double-step structure. One of the main additional features
arising from nonequilibrium is dephasing which leads to an expontial suppression of the quasiparticle
weights.

To conclude, let us note that the applied formalism can deal with arbitrary initial states as well as
interactions which are constrained to region with both spatial and temporal boundaries.
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Figure 7.6: Trajectories of density peaks and the corresponding counting phases o+ for short times
2ut < = (upper plot) and long times 2ut > & (lower plot).
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Chapter 8

Summary

In this thesis we developed a framework for nonequilibrium networks of interacting quantum wires
which are coupled by tunneling or impurity scattering and gave some examples for its application.
Examples for “quantum wires” may be right- and left-moving states in a nanowire and their tunnel-
coupling may be provided by an backscattering impurity. The model is able to account for the physics
in a large range of mesoscopic systems, and we discussed examples which are subject of ongoing
theoretical and experimental research.

In Chapter 3, using the Keldysh formulation of functional bosonization, we derived the bosonic
Keldysh action of the system, which takes the form of a Fredholm determinant and is highly reminiscent
of the full counting statistics cumulant generating functional, though with interaction-induced time-
dependent “counting fields”. The dynamics of the electrons in the system enters via the time-dependent
scattering matrix.

For the case of weak interchannel tunneling, we derived the lowest order expansion for the action
which yields at every point of tunneling terms analogous to the Ambegaokar-Eckern-Schén action[29].
We further presented the corresponding saddle-point approximation scheme to evaluate physical ob-
servables, taking into account non-Gaussian correlations.

The main part of this work was devoted to applications of the framework. In Chapter 4, we con-
sidered the problem of tunneling into a Luttinger liquid with a single impurity biased by a voltage V.
The tunneling rates we found have a double-edge structure with smeared power-law singularities. This
indicates the presence of a plasmon bath which is populated through inelastic scattering of nonequi-
librium electrons off the impurity. The bath “provides” energy and noise and thus has two effects:
inelastic tunneling of electrons into/out of the wire and dephasing. We pointed out that the former is
responsible for the double-edge structure while the latter leads to the smearing.

As a second application of our approximation scheme, in Chapter 5 we studied the quantum Hall
Fabry-Pérot interferometer for arbitrary integer filling factor. Our results provide explanations for the
large range of experimental findings: The visibility of Aharonov-Bohm (AB) oscillations is suppressed
by renormalization of QPC transmissions and dephasing for high bias. The effective symmetrization
of the chemical potentials of the two interferometer arms leads to the observed oscillatory features
(“lobes”) in the visibility, including the exact vanishing of visibility for certain values of bias.

Taking into account the electrostatic coupling of the current carrying edges with charge localized
in the interferometer cell (in a “compressible island”), we can describe the motion of the interference
loop upon varying the magnetic field. This may even lead to the somewhat counterintuitive result of
a shrinking AB phase upon increasing magnetic field. Depending on experimental parameters such as
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relative strengths of couplings between different edge states and the compressible island the system
can fall into one of four different regimes with very distinct dependence of conductance on magnetic
field and gate voltage.

The quantum Hall Mach-Zehnder interferometer is an example where the functional bosonization
framework can be evaluated exactly, when assuming that interaction be absent outside the interfe-
rometer cell. For long-range intraarm interaction we found the visibility for arbitrary integer filling
factors, and the evolution of the lobe structure as a function of QPC transmission.

Formally, the current could be expressed in terms of a Fredholm determinant, which in the strong
coupling limit is of block Toeplitz form. Owing to its specific structure, by means of a Riemann-
Hilbert problem it could be brought into conventional Toeplitz form, for which asymptotic expansions
are known.

In addition we applied the nonequilibrium (full) bosonization approach presented in Sect. 2.3 to
study the evolution of a Luttinger liquid, initially in a nonequilibrium state, after a sudden switch-on
of the interaction. Similarly to an interaction quench from an initial equilibrium state, we observe a
retardation in the build-up of power-law correlations typical for Luttinger liquids. At finite times ¢
after the quench, correlations between long distances |Z| > ut (with plasmon velocity u) are Fermi-
liquid-like and lead to discontinuities in the momentum distribution function at the Fermi edge. As
an effect of nonequilibrium the quasiparticle weight corresponding to the discontinuity is not only
algebraically suppressed for increasing times ¢, but — due to dephasing — dominantly exponentially.

As t — oo the system relaxes to a steady state which differs both from the equilibrium and from
the quenched equilibrium situation. Starting with a double-step distribution function, the steady-state
momentum distribution function is still reminiscent of the initial two edges which no support power-law
singularities (smeared by dephasing).

To conclude, let us discuss possible future research directions. Quantum wire network models cover
a broad class of systems whose behavior under the influence of nonequilibrium and in the presence
of interaction could be studied within the developed framework. Examples are edge states in spin
quantum Hall topological insulators and two-dimensional electron gases at the (integer) quantum
Hall transition. Further, of great interest is a generalization to fractional quantum Hall edge states,
and in particular to systems with non-Abelian excitations which are promising candidates for the
implementation of topological quantum computation.

While we developed an approximative approach for the limit of weak tunneling and discussed an
exactly solvable example, it is important to understand under what general conditions and how we
can proceed in a controllable way. For this purpose, and in general, the analysis of the asymptotic
behavior of Fredholm determinants is relevant. While in this work in the specific situation of two
coupled channels and zero temperature the arising block Toeplitz determinant could be reduced to
conventional Toeplitz determinants, the general treatment of block Toeplitz determinants is still an
interesting open question.
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Appendix A

Asymptotics of Toeplitz determinants and
Generalizations

In this chapter we summarize useful results on the asymptotic behavior of Toeplitz determinants
Ay = det(gj—k)i<jr<n for large matrix sizes N. In what follows we assume the matrix elements
drop off fast enough » 2 |gr| < oo, such that we can express them in terms of the “symbol”
g(e¥) = > or gre'*?. a complex-valued function on the unit circle with

™ q ] il
gj—k:/ﬂ;;g(ew)e e(j—k)

The strong Szeg6 limit theorem applies for sufficiently smooth symbols g(z) = ¢"(?). The logarithm
V(e) = S0° Ve is assumed to be smooth with Fourier harmonics V = [7 49 7 (e—ike)

—m 27

satisfying Y22 |[Vk|?|k| < co. Then for large N the determinant behaves as

Ay =e"exp | Y kVV,
k=1

The Fisher-Hartwig (FH) formula (proven by [117]) allows to relax the smoothness conditions on
g(z). The symbols may have “FH singularities”, i.e. be of the form

() (2/%)” (A1)

g(z) = "¢ ﬁ ‘Z - Zj)zaj
=0

with integer m > 0, z; = e'?i Re o > —%, Bj € C,

b, —p < arg z < @j,
73(2) = { e" B p; <argz <, (A.2)

for j = 0,...,m, and sufficiently smooth V(z). The authors of [117] derived the leading asymptotic
behavior of Ay for sufficiently close j;, ’ﬁj — Bk‘ <1, j,k=0,...,m. In the context of our work and
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of [21], we deal exclusively with o; = 0, hence, we will not bother about more general results here.
The leading asymptotics according to [117] is

m 28,8k 1
Ay =eMON-Zi0 ] ‘zj —zk‘ CTlca+8)Gaa - s) (A.3)

0<j<k<m =0

where Vp = [7 42 v/ (¢##) and G is the Barnes G-function. The authors of [21] used a generalized

—7 27
result which is valid for arbitrary 3; and yields also subleading contributions:

m m
N _§ym g2 235 B
Ay = V0 E | | z?” N~ 2Zi=0F; | | ‘zj - zk‘ ’ | | G(1+6;)G(1 - B;)
no+...+nm=0 j=0 0<j<k<m 7=0 BBt
TR T

(A.4)

We turn to an example which is ubiquitous throughout the main part of this thesis. Let f (e) be
some (stationary) distribution function and 6(t) = 1y - (t) some piecewise constant phase. The goal

is to extract the large-7 asymptotic behavior of Det {]l + (e — 1) f} . By introducing the projector P,

which acts on functions ¢(t) as Pr-é(t) = ¢(t)1jo - (t), we convince ourselves that the determinant in
question,

Da[n+@“—1ﬁ}:Da[ﬂ+ﬂ¢ﬁ—1ﬁ}:Da[n+3¢ﬁ—1ﬁﬂ.,

is in fact effectively of Toeplitz form (cf. also the discussion in the beginning of Sect. 2.3). As high-
energy regularization time is discretized, t; = jAt = jn/A which amounts to restricting the energy
range to (—A, A]. In energy representation the operator of interest reads

G(e) =1+ (e — 1)f(e). (A.5)

Being related to the time representation by Fourier transformation it corresponds to the symbol g(z)
provided energy € € (—A,A] and angle ¢ € (—m, | are related by rescaling: ¢ = er/A. The intro-
duction of a hard cutoff A will give rise to unphysical effects at this energy scale. In order to avoid
them and to make the above FH result applicable, we impose “periodic boundary conditions” in energy
domain lim._, 5 g(e) = lim, 5 g(e):

gle) = /B [1 4 (&7~ 1) f(e)] (A.6)

where we took into account lim. ., A f(e) = 1, lim._,5 f(e) = 0. In discretized (dimensionless) time
representation the Toeplitz matrix is

Tde _ioi- i  de —iem/A(j—
k= [ GEeH g(eie) = [ TRemien My o) (A7)

To be specific we consider one of the examples of [21], the equilibrium distribution function fgingle(€) =
O(p — €). The symbol is

' i6p/(2m) i8 A
iy _ | €D <o <p A,
g(e”?) {g@ﬂﬂ, /A < <m, o
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which is of the form (A.1) with m = 0, ag = 0, By = 6/(27), 20 = €™/A and Vy = i6(1 + p/A)/2.
According to Eq. (A.4) in the large-N limit the det(g;_j) asymptotically behaves as

AT ’(%)2 5 5
() o f)o(if)

Another example of [21] is the double-step distribution function faouble(€) = (1 — a)f(uo — €) +
af(p1 —€), o < p1. In this case the symbol reads

_ )
A[57 fsingle] = exp [Z%(A + M)T

ei&p/(%)eiS, —A < ¢ < po,
g(eiv) — { eidp/(2m) [1 + (e = Dal|, mpo/A < o < mu1/A, (A.10)
eid¢/(2m), T /A < p <.

Hence, the symbol has two FH singularities z; = em™i/A = 0,1, with

i5 .
N L | B )
etd 1+ (e —1)a
We choose
B =L [1+(ei5—1)a] B zj—ﬁl (A.12)
! 27 0T on ‘ ’
It is then simple to show that the symbol has the form (A.1) with m =1, o; = 0, and
V(z)=Vp=id/2+ iSS—X + ieV%Bl (A.13)

where we introduced eV = p; — pg. According to (A.4) the asymptotic behavior of the Toeplitz
determinant det (gj,k) is given by

= 1) 1% )
A6, fdouble) = exp (A + po)T + % In [1 + (e” — 1)4]

§—
2T

— n)2—(B1—n)? 2 n —n
) i - E (Bot+m)?—(B1—n) — (Bo+n)(B1—n)
T A

n=—oo

X G(1+Po+n)G(1—PFo—n)G(L+p1—n)G(l - 1 +n). (A.14)

Identifying the asymptotically leading n-contributions requires maximizing the exponent

Re [—(50 +n)? = (B — n)Q} =-2(n- n*)2 + const. (A.15)

1 19

Note that [—(ﬁo +n)? — (B — n)ﬂ — [2(Bo + n)(B1 —n)|] = —(Bo + B1)? is independent of n. Thus,
terms dominant for A7 > 1 are also leading for large voltages, eV 7T > 1. For the analysis of the
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optimal value n*, we make the decomposition § = 27 M + §' with M € Z and |§'| < w. One can show
that 6” = Im In [(1 —a)+ae”| is a phase with the same sign as ¢’ and which satisfies |6”| < |&'|.

Then, n* = —% — 5,172;5” and [n* + M/2| < 1/4. Concluding, for even M, one single contribution,
n = —M/2, for odd M, two comparable contributions, n = —(M 4 1)/2, are significantly dominating.
If in the latter case a = 1/2 and thus 8 =4 /2, both contributions come with equal exponents.
Numerical studies suggest that the above results (A.9) and (A.14) can be generalized to non-Toeplitz
cases where the phase 0(¢) may be a piecewise constant function of time[22]. Let us reiterate the idea.

Consider the generalized Toeplitz matrix

Ade . e 5 5 ,
Gik :/A2Ae ien/Ak=S0 G 15, ), gt e) = 1+ (50— 1) f(e) (A.17)

where the notion of a symbol is generalized to a time- and energy dependent function. Phase d(t)
and distribution function f(e) are assumed to be piecewise constant functions with jumps at times
7 < T2 < ... < 7N, and energies py < p2 < ... < up,, respectively. They satisfy §(t) = 0 for
t ¢ [r,7n.], f(=A) =1 and f(e) = 0 for € > puy, (periodic boundary conditions in energy domainare
thus ensured as before). For j € {1,...,N; — 1}, k € {1,..., N, — 1} and an arbitrary set of integers
{njr} we define

|
Cik = %lng(Tj + 0, pi, +0) + njg, (A.18)
cjo = 0(t; +0)/(27), cor = cn, k= cjnN, = 0. (A.19)

Then we define for j,l € {1,...,N¢}, k,m e {1,...,N,}:

Ny, Ny
Bjk = Cjk—1 — Cjk + Cj—1k — Cj—1k—1, Djl = Z Bim' Bim's  Qkm = Z Bk Brm- (A.20)

mi=1 r=1

Remember that c;, and thus Sk, pji, and gin, depend on the set of integers n;,. In Eqn. (A.18) the
logarithm In g is to be evaluated at its principal branch, Im In § € (—m, w]. Summation over different
integers nj;, hence amounts to summing over different branches of the logarithms.

For large time and energy differences |(7; — 1) (pek — ptm)| > 1 (§ # [, k # m) the asymptotic behavior
of det(g;x) is given by the superposition

A, £l =) Ty exp i > | oA+ m)+ D i (o — i) | (T2 = 75)

{njr} 1<j <Ny 1<k<N,

qkm

- n (A.21)

< I 11 A7 -7) pﬂﬂ(ukum)

1<j<I<Nt 1<k<m<N,

where I'q;,, 1 are constants which depend on c¢; (but not on 7; and puy,).
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