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We consider a class of models of nonequilibrium electronic Mach-Zehnder interferometers built on integer
quantum Hall edges states. The models are characterized by the electron-electron interaction being restricted to the
inner part of the interferometer and transmission coefficients of the quantum quantum point contacts, defining the
interferometer, which may take arbitrary values from zero to one. We establish an exact solution of these models
in terms of single-particle quantities, determinants and resolvents of Fredholm integral operators. In the general
situation, the results can be obtained numerically. In the case of strong charging interaction, the operators acquire
the block Toeplitz form. Analyzing the corresponding Riemann-Hilbert problem, we reduce the result to certain
singular single-channel determinants (which are a generalization of Toeplitz determinants with Fisher-Hartwig
singularities) and obtain an analytic result for the interference current (and, in particular, for the visibility of
Aharonov-Bohm oscillations). Our results, which are in good agreement with experimental observations, show
an intimate connection between the observed “lobe” structure in the visibility of Aharonov-Bohm oscillations

and multiple branches in the asymptotics of singular integral determinants.
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I. INTRODUCTION

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
devices.!"'* By analogy to the optical interferometer, the chiral
edge states in the electronic MZI, playing the role of light
beams, are coupled by quantum point contacts (QPCs), which
act as electron beam splitters (see Fig. 1). The differential
conductance measured in the above experiments shows strong
Aharonov-Bohm (AB) oscillations. They are a manifestation
of quantum coherence of electrons, propagating through
different arms of interferometer, and are quantified in terms
of visibility. The most remarkable experimental observation
is that the out-of-equilibrium visibility does not decrease
monotonically with voltage but rather demonstrates a se-
quence of decaying oscillations (“lobes”). Such a dependence
cannot be explained within an assumption of noninteracting
electrons.

Investigation of quantum interference and decoherence in
AB rings and interferometers has a long history.' In particular,
much attention has been paid to sources of dephasing that
may arise from the external noise'®?! or are the result of
the intrinsic electron-electron interaction.?”>® The advent of
QH interferometers has renewed the interest in this problem,
with a considerable number of recent theoretical works?’—°
aiming at a resolution of the “visibility puzzle” in MZIs. These
recent theories can be subdivided into the approaches assuming
contact®’¥23¢ and long-range®’-?%3*=3> 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 QH edge states at filling factor
v = 2,37 results of Refs. 35 and 36 indicate that the account
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of the long-range character of Coulomb interaction is of
central importance for a full understanding of nonequilibrium
phenomena in MZIs.

The natural choice of a theoretical approach to one-
dimensional (1D) interacting electrons in the QH edge states
is that of bosonization.*> However, in the case of interest,
one faces serious complications when trying to apply this
approach. First, already in the single-channel problem, the
bosonized action of the theory ceases to be Gaussian under
nonequilibrium conditions®*° (see also a related earlier
work*® on the nonequilibrium Fermi-edge singularity). This
difficulty has been solved by development of the nonequi-
librium bosonization formalism yielding results for physical
observables in terms of single-particle Fredholm determinants
which are of Toeplitz type for a short-range interaction
model.*** Second, an even more severe obstacle arises
when one describes electron scattering at QPCs. Specifically,
electron tunneling between two edge channels yields the
cos-like term in the bosonized Hamiltonian (an the action),
impeding a solution to the problem. For this reason, almost all
recent theories of MZIs consider the limit of weakly coupled
edge states where the perturbative treatment of electron
tunneling at QPCs is justified. This is rather unfortunate since
in the experiment transmission coefficients of both QPCs
are usually close to one half. While in a very restricted
set of models exact solutions via the Bethe ansatz are
available,*”~* the systems we are interested in do not belong
to this class. On the other hand, it would be clearly highly
advantageous to have an analytically treatable mode for integer
QH MZI for an arbitrary number of edge channels, arbitrary
interaction range and strength, and arbitrary transmissions
at QPC.

In this paper we consider the model of the MZI operating
at integer filling factor v, where electrons interact only when
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FIG. 1. (Color online) Layout of an electronic Mach-Zehnder
interferometer built on quantum Hall edge states at filling factor
v = 2. Quantum point contact (QPC1 and QPC2) characterized by
transparencies 7T, are used to partially mix the outer edge channels.
All Ohmic contacts are grounded, except for the source terminal S3
which is kept at voltage V. The current is measured in the drain
terminal D;. The QPCO can be used to dilute the incoming current in
the outer channel by changing the transparency Tj.

they are inside the interferometer. The model is specified by
two single-particle scattering matrices of the QPCs defining the
interferometer and by the model of Coulomb interaction inside
the interferometer. We focus on the model of “maximally
long-range” interaction when the interaction energy depends
only on total charges collected within each of the arms and
is characterized by an electrostatic charging energy E.. Let
us emphasize that this restriction is not crucial: Within this
approach one can, in principle, consider any interaction within
the interior region of MZI.

For the case v =1, such a model was introduced in
Refs. 29 and 30. In Ref. 34 an exact solution to it at v = 1
was obtained by using a combination of bosonization and
refermionization techniques and was expressed in terms of
single-particle determinant and resolvent that were evaluated
numerically. Our way to treat the problem is different in many
aspects. We consider a MZI with an arbitrary number of
edge states and use the nonequilibrium functional bosonization
approach developed by us previously.>” Within this framework
we demonstrate that an interfering current can be expressed
in terms of a Fredholm functional determinant of the single-
particle “counting” operator which bears resemblance to
the problem of electron full counting statistics (FCS) of
mesoscopic transport.’' In general, this determinant should
be evaluated numerically. In the limit of strong interaction,
E. > 1/t, where 7 is the electron flight time through the
MZI, the “counting” operator takes the block Toeplitz form.
Under this condition, a fully analytical treatment turns out
to be possible. By solving the Riemann-Hilbert problem, we
get rid of the matrix structure and express the result in terms
of a determinant of a single-channel singular integral oper-
ator generalizing Toeplitz determinants with Fisher-Hartwig
singularities. Determinants of this type have been studied in
Ref. 52, where a conjecture on their asymptotic behavior was
formulated and supported by a large body of analytical and
numerical arguments. This allows us to obtain the result in a
closed analytic form.

Our analytical result demonstrates that the lobe pattern in
visibility is a many-body interference effect resulting from
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the quantum superposition of (at least) two many-particle
scattering amplitudes with the mutual phase difference which
is linear in voltage. In the limit of strong interaction we find the
scaling exponents which describe power-law dependencies of
these amplitudes on voltage and obtain the nonequilibrium
dephasing rate governing the exponential suppression of
visibility with bias (or, equivalently, with the length of
the arms of the MZI). The power-law exponents as well
as the dephasing rate depend on the transmission coefficient
of the first QPC and on the filling factor v.

Our analytical findings are corroborated and complemented
by numerical evaluations of the Fredholm determinants
determining the exact solution for arbitrary E, ~ 1/t. At
E. > 1/t our numerical results provide further support to the
aforementioned conjecture of Ref. 52. At moderate charging
energy E. 2 1/t and v = 2 the obtained results match very
well experimental observations.

The remainder of the paper is organized as follows.
Section II is devoted to the exposition of our main results and
their physical interpretation. In Sec. III we present the nonequi-
librium functional bosonization approach. We demonstrate
that the MZI problem defined above is exactly solvable by
means of the instanton method. In the limit of strong interaction
(Sec. IV), the full analytical treatment becomes possible. It is
based upon the asymptotic results for the generalized Toeplitz
determinants. We show the relation of the MZI problem to the
latter theory and evaluate analytically the AB conductance. In
Sec. V we consider the influence of an additional quantum
point contact (QPCO) diluting the incoming current in one
of the channels and develop a numerically exact approach to
solve the problem in the case of a moderate charging energy.
Finally, in Sec. VI we summarize the findings of this work and
discuss prospects for future research.

II. RESULTS AND QUALITATIVE DISCUSSION

In this section we set the stage by defining the theoretical
model of the MZI and then present our results and give their
physical interpretation. This part of the paper is self-contained
and can be read independently of other sections, where we
provide technical details of the calculations.

A. Model of the MZI

We consider the MZI realized with edge states in the QH
regime at integer filling factor v. The experimental layout (in
case of v = 2) and the scheme of the MZI are shown in Figs. 1
and 2, respectively. In this setup the outer chiral channels,
propagating along different arms of the MZI (we denote them
by the index +), are coupled by means of two QPCs, located
at points xir(z). An additional QPC, QPCO, is used to bias the
incoming outer channel at the upper edge by voltage V (and in
general also to dilute the incoming current if the transmission
coefficient of the QPCO is tuned to a value Ty > 0). We further
assume that all inner chiral channels are fully reflected from
each QPC and, in particular, the incoming inner channels are
grounded. This layout of the MZI and the bias scheme are
realized in most of the experiments (an exception is Ref. 12,
where the MZI setup at v =2 did not contain additional
QPCO0).
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FIG. 2. Scheme of an MZI at filling factor v. Two quantum point
contacts are characterized by the scattering matrices s' and s2, which
connect the outer channels. Inner channels are fully reflected.

A theoretical model considered throughout the paper is
specified by the action S = &y + Siye of interacting 1D
fermions,

Sp = Z/dtdx Do) (i3, +ivd) Yox), (1)
o=%

1
Sw=3E: Y [ ara @)
o==%

which are described by the Grassmann fields v, in the
arm o = =+. In the case v > 2 the fermionic fields have the
vector structure v, = (Y1,, ...,w\,g)T due to multiple edge
channels. The Coulomb interaction is taken into account by
the electrostatic model with a charging energy E. = ¢?/C,
such that electrons interact only when they are inside the
interferometer. Thus, in Eq. (2)

Ny=Y" / g+ 0o () 3)
k=1 "%

is the total number of electrons in the upper/lower arm of
the MZI. The action A;, describes intra- and interchannel
Coulomb interaction which is maximally nonlocal (or long-
range) in space. At the same time the interedge interaction
is disregarded in our model, which is motivated by the fact
that different edges are spatially well separated. At the QPCs
outgoing fermion fields (with channel index k = 1) are related
to the incoming ones by the scattering matrices

ng(xg +0) = Sg,'ﬂlﬂm(x;' -0), (€]
4 (iRV2 T!?
§ = 1’ J ) (®)]
2 .12 )
Tj iR i
where T; and R; are reflection and transmission coefficients
at the jth QPC.

The model of the MZI with the above action A is
exactly solvable for any value of the charging energy E.
and transmission coefficients T, as we show in Secs. III, IV,
and V. For simplicity, we consider an interferometer with equal
arms, xf) — xil) =x@ _x_ L, which is predominantly
the experimental situation. In the limit E.7 > 1, where t =
L/v is the electron dwell time in the MZI, fully analytical
treatment is possible. In the more general case E.t ~ 1
we have developed a numerically exact scheme to evaluate
the visibility in the MZI as a function of voltage (Sec. V).
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Before going into details of the calculations (Sec. III), we
summarize our main results.

B. Limit of strong interaction

First, we discuss the results in the limit E.t > 1. In
the case of not-too-low voltages, namely at eVt 2 1, our
model predicts the asymptotic expansion for the differential
conductance d1/dV of the MZI in the form

2

e
Vy=—T|R >R
G\v) 2nh(1 2+ ThR;

o 0T
AT R TaR)*Re | 6 ——— |}, 6
+ 2(T1 R\ TXR,) e|:e 3V D) (6)

where @ is the magnetic flux and Z; is the amplitude of the
interference AB contribution to the current,

IO — eieVT(ﬂl-Fl/l))[C](eVT))n[ + Cz(evf))nze:tieV‘[]‘ (7)

The choice of the sign £ in the exponent of the last term
is explained below Eq. (13). Equation (7) contains the two
leading terms of a series (in general, infinite). The dependence
of each term of this series on eV 7 is characterized by a certain
power-law exponent A; and by a certain oscillating factor.

Interpretation of the different ingredients in this expression
is as follows. The coefficient

B = L In(Rie~ " + 1) (3)
2ri
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 the first QPC. If v > 3, then
ImpB; > 0 and, by defining the out-of-equilibrium dephasing
rate as

7, =eVImp, 9)

we see that AB oscillations are suppressed by the factor e ~7/%
in the high-bias limiteV > 1/7.

Let us point out that 7, !, as given by Eqs. (8) and (9),
vanishes for v = 1,2, reaches its maximum at v = 4, and
then decreases again towards zero with further increase of
v. This is a rather general manifestation of the oscillatory
dependence of the nonequilibrium dephasing rate on the
interaction strength, which is also typical for Luttinger liquid
models.*> In the present model the strength of the screened
RPA e-¢ interaction is proportional 1/v; thus, the dephasing
rate becomes a nonmonotonic function of the filling fraction.

It is worth stressing that the exponential suppression of the
interference current is directly related to the FCS of electrons
passing through the QPCI1 at the time interval 7. Indeed,
defining the FCS cumulant generating function (CGF) of the
backscattering current as

xe(W) = [1+ Ry(e™ — 1]V, (10)

where A is the so-called “counting field,”! we see that the
damping factor is equal to

ePEVT — y (—4x V). (11)
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FIG. 3. (Color online) Power-law exponents shown as the function of transmission coefficient 7. Solid lines show Re A, dashed lines

show Re A, in the case of v = 3 and (—Re X,) in the case of v = 4,5.

The exponents A; », which set the power-law dependence
of the interference current on bias, belong to the class of
nonequilibrium quantum critical exponents. Physically, they
can be understood as being due to the Anderson orthogonality
catastrophe which happens each time an electron enters or
leaves the interior part of the MZI where it strongly interacts
with all other electrons. It is worth mentioning that in the
considered simplified model, where the 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.

The exponents 1|, are functions of both the filling factor
v and the transparency 7 of the first QPC and are shown in
Fig. 3. The explicit expressions read

11 1\? 2 2
Mp==2|\-—5+pzxt5) +1--+—,
v 2 v v

2
2< v <4, (12)
for low filling factors and
1 ? 2 2
M==2(-+p) +1-—-+ =,
% Voo
13)

)Lz \)24,

21+/3ﬂ:12 1+2
v =2 2 2’

in the case of higher v. In the case 2 < v < 4 the voltage-
dependent phase factor in Eq. (7) has to be taken with the sign
(+). For v > 4 the £ sign corresponds to the case 77 > 1/2
and 7 < 1/2, respectively. The coefficients C| » in Eq. (7) 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.t > 1, the case v = 1 is very special.
Specifically, one has then Zy = (eV ) and the MZI behavior is
the same as in the absence of e-e interaction. Technically, this
is related to the fact that the counting phase is —47 /v = —4m,
which implies that expression (7) contains only one dominant
contribution with exponent A; = 0.

Experimentally, one usually quantifies the coherence of the
interferometer in terms of the visibility V' and the phase o 45
of the AB oscillations of the conductance. The visibility is
defined as the ratio of the amplitude of the AB oscillations to

the mean value of the conductance. In our model,

dZo 2T R\ TaRy)'?
=Vo| |, Vo= (9
B(EV'L') T] Rz + T2R1
where V) is the noninteracting value of V, and
aap = arg[dZy/0(eVT)]. (15)

In terms of the above quantities the conductance G(V) takes
the form

2
gv) = 2jT—h(Rsz + RyT1){1 + V(V) cos[® + aap(V)]}

(16)

In Fig. 4 we show the visibility V (normalized to its noninter-
acting value V) and the phase aap of the AB oscillations as
functions of bias for different filling factors v = 2,3,4,5 and
for different transmissions 7.

In each plot we have fitted the exact visibility (obtained
numerically) by its analytic form based on Eq. (7) with two free
parameters C; and C,. Although Eq. (7) is, strictly speaking,
an asymptotic formula valid in the high voltage limit eVt >
1, we see in Fig. 4 that the analytical result is an excellent
approximation already starting from very modest values of
voltages, eVt /7 2 0.5.Forstill smaller voltages, the visibility
saturates at its noninteracting value V.

The most spectacular feature of Fig. 4 are oscillations of
visibility which become particularly strong, yielding a lobe
structure with the visibility reaching zero at minima for v = 2
(for any value of 77) and for 7} = 0.5 (for any v). In these
cases, the cusps in the visibility at its minima are accompanied
by 7 jumps in the phase aap. As we explain below, the special
role of v = 2 is a characteristic feature of the strong-interaction
limit. On the other hand, the point 7; = 0.5 remains special
for a generic interaction.

At v=2 we have A =X, =0 and C; = —C,. This
gives the oscillatory visibility V = V,cos(eV t/2) which is
independent of the transparency 7| and does not decay with
bias. The behavior of the MZI in this case is analogous to
that in a model with short-range electron interaction which
is also exactly solvable at v = 2 by means of the method of
refermionization, as has been recently shown in Ref. 36. On
a technical level, the absence of dephasing and independence
of visibility on 7} at v = 2 in the limit E.7 >> 1 comes from
the fact that the counting phase becomes —4x /v = —27 in
this case. At a moderate charging energy E.7 ~ 1 both the
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FIG. 4. (Color online) The voltage dependence of the visibility (normalized to its noninteracting value; left) and of the phase (right) of
AB oscillations for v = 2,3,4,5 in the strong-interaction limit, E.t > 1. Solid lines show numerically exact results; dashed lines represent
analytical results. The latter are, strictly speaking, valid in the asymptotic high-voltage limit ¢V 7 >> 1 but turn out to work almost perfectly

already at very modest values of voltages, eVt /7 = 0.5.

dephasing and the dependence on T} in the visibility of v = 2
MZI are restored; see Sec. 11 C.

In the case v = 3 an infinite number of lobes is observed.
As discussed above, the visibility reaches zero at minima when
(and only when) the transmission is 73 = 1/2. The reason for
this special role of the point 7 = 1/2 is as follows: In this
case the real parts of the two exponents are equal, ReA; =
Re Xz.

For v > 4 our model predicts only one central and one side
lobe. Note that at v = 4 the exponents A;, logarithmically
diverge at Ty — 1/2. This is the reason why at v = 4 we have

chosen to plot V(V) and a4 5(V) for a slightly different value
T, = 0.45 (see Fig. 4).

We turn now to the effect of a dilution of the impinging cur-
rent due to the electron scattering at an additional QPC, QPCO,
which is put outside of the interferometer. At Ry < 1 the
QPCO generates the double-step distribution function f, (€) =
To6(—€) + Rob(eV — €) forincoming electrons, which affects
the power-law exponent and serves as an additional source
of dephasing. The effect of QPCO is particularly noticeable
in the strong-interaction model with v =2, since in this
situation no dephasing and no power-law decay of oscillations
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FIG. 5. (Color online) Visibility of AB oscillationatv =2, T} =
0.5, and strong interaction, E.t > 1, in the presence of an additional
quantum point contact, QPCO. The curves from top to bottom were
evaluated numerically for the reflection coefficient of QPCO equal to
Ry =0.9,0.7, 0.5 and 0.3.

is found in the absence of QPCO (see above). In Fig. 5 we
show the visibility in this situation, with half-transmitting
QPCl1, T; = 1/2, and for different values of the reflection
coefficient Ry of QPCO. In the case Ry > 1/2 the suppression
of visibility with voltage can be roughly characterized by the
dephasing rate 1/74 = (eV/27)In(2Ry — 1), which diverges
logarithmically at Ry — 1/2. At this value of R, 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 /7, to the regime with only one node.
Such a transition in the behavior of visibility under variation
of Ry has been first found in Ref. 32 in the weak-tunneling
regime 7} < 1 for the short-range e-e interaction model.
Recently, such an effect of QPCO on the visibility was observed
experimentally.'* We believe that the experimental conditions
of long-range interaction and 77 & 1/2 are closer to the ones
studied within our model.

As discussed in more detail in Sec. IV C3 the appearance of
the visibility fringes in our model stems from the superposition
of two multiparticle amplitudes having the relative phase shift
eV 1. These amplitudes correspond to processes with different
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number of particle-hole excitations between two Fermi edges.
In other words, the lobe pattern in the visibility is a many-body
effect linked to e-e interaction.

C. The case of moderate strength of interaction

In this section we discuss the results for visibility in the case
of not too strong e-e interaction, E.t ~ 1. We mainly consider
here the case v = 2 for the following two reasons. First, the
majority of experimental data for MZIs has been collected for
this filling factor. Second, contrary to higher filling factors,
at v = 2 a finite (rather than infinite) value of E.t changes
the result qualitatively, since there is no dephasing and no T
dependence at E.t — o0.

The numerically calculated plots of visibility for trans-
parencies 7 = 0.5 and 77 = 0.2 are shown in Fig. 6. It is seen
that the finite charging energy E. gives rise to the decay of
visibility V(V) with bias contrary to its behavior at E.7 — oo
discussed in Sec. IIB. Note also that nodes (zero-visibility
points) in V(V') are generally present only in the case 7} = 1/2.
At the transmission coefficient close (but not equal) to one half
the nodes are superseded by deep minima. Further, the period
of oscillations increases with decreasing E.. However, the
estimate e(AV) ~ 2w/t for the scale of oscillations remains
valid up to the moderate charging energy E. ~ 1/7. As an
example, Fig. 6 shows that at E.t = & the period is larger
than its strong-interaction limiting value e(AV) =2/t by a
factor ~1.5.

The dephasing rate 1/7,4 describing the exponential sup-
pression (oce™"/™) of the visibility with bias is found to be

V T+ )
T, = _r Re{ln[1 + R, (**® — D]}dt,  (17)
27t J_o
where 7 is the time when the electron enters the interferometer
and 6, (¢) is the time-dependent “counting” phase given by

1 _
0,.(t)=—-Im[J"(f—1t)— J (t —t +1)], (18)
v
with the function J~ (¢) defined below in Eq. (52). The phase

04(t) is shown in Fig. 7 for .t =2 and w,t = 10. In the
limit E.t > 1 the time dependence of 0, (¢) approaches the

v=2, T1=0.2

v/vo

eV(n/7]

FIG. 6. (Color online) Bias dependence of visibility of MZI with v = 2 for the moderate interaction strength (w.7 = 2, solid blue curve)
in comparison to the limit of strong interaction (w.t — 00, dashed red line), where w, = vE. /7 is the charge relaxation frequency. Note that

at finite . the nodes in visibility are present only at 7} = 1/2.
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FIG. 7. (Color online) Time-dependent “counting” phase for v = 2 and two strengths of Coulomb interaction, w.7 = 2 and w.t = 10,
where w, = VE. /7 is the charge relaxation frequency. The phase approaches the “window” function, Eq. (19), in the strong-interaction limit

E. — oo.

“window” function,

—m/v, te€ltf+ 1],

041 = {o, t ¢ i+l 19

causing the dephasing rate to vanish at v = 1,2. If one
introduces the effective charge ¢*(t)/e = 0,(t)/m, then it can
be physically interpreted as the optimal charge fluctuation on
the upper arm of the MZI which promotes scattering of the
transport (“trial”’) electron from one arm of the interferometer
into the other.’® Loosely speaking, if such scattering event
starts at a time instant 7, then it finishes no later than 7 + 7 [cf.
the upper bound of the time integral in Eq. (17)]. It means that
an electron entering the MZI at time 7 cannot be influenced
by those electrons which enter at times larger than 7 + t,
since by the latter time the trial electron leaves the interior
interacting region of the system through the second QPC. On
the other hand, and perhaps somewhat counterintuitively, a
typical arm-to-arm electron scattering is generally preceded
by a rearrangement of the charge ¢*(¢) on the MZI at all times
t < f. 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.

For completeness we also studied the influence of inequiva-
lent arms which differ eitherinlengths L # L_ orincharging

v=2, T'=0.5,E.,t=n

v/vo

FIG. 8. (Color online) Visibility of AB oscillationsatv = 2,7 =
0.5 for different charging energies E../E._ inside the upper and
lower arm, respectively. Both arms are of equal length. Asymmetric
coupling (solid red line) does not enhance dephasing as compared
to the symmetric case (dashed blue line), but prevents the visibility
from dipping to zero.

energies E.; # E._. We found that an asymmetry in charging
energy leads merely to a small modification of the lobe energy
scale (see Fig. 8 where E._/E.. = 3/2). A moderate (~10%)
asymmetry in the arm lengths also leaves the visibility almost
unaffected, see Fig. 9. On the other hand, a stronger (~50%)
asymmetry in the lengths substantially suppresses the visibility
and spoils the lobe pattern, as also shown in Fig. 9.

Finally, we considered the effect of moderate interaction
strength at filling v = 1; see Fig. 10. While for v =1 the
visibility does not oscillate at all in the strong-interaction
limit, the oscillations start to develop when the interaction
strength is made finite, since the counting phase deviates
from the value —47 /v = —4m. For not-too-strong interaction,
w.T < 1, the oscillations acquire the familiar lobe shape; see
Fig. 10. The lobe energy scale eAV is again of the order
2/t for w.t ~ 1. The results are in good agreement with
those obtained by Refs. 33 and 34 within the same MZI model
withv = 1.

Our results match well experimental observations in many
designs of MZIs at filling factor v = 2, which happen to be
rather universal. Namely, at T} close to 1/2 the experimentally
observed dependence of the visibility on voltage shows a
number of lobes whose amplitude gets suppressed with the
increase of bias. At the same time, the voltage dependence
of the AB phase is close to a piecewise constant function
with jumps of a magnitude 7w at minima of the visibility.
Further, we estimate the period of oscillations. As follows from
Fig. 6, the characteristic energy scale corresponding to the
first minimum in the visibility is e(AV) ~2x/t =2mxv/L.
An estimate for the drift velocity in our phenomenological
model, v ~ ve?/emh, can be obtained following Ref. 54,
where the excitation spectrum of the compressible Hall liquid
has been studied (see Sec. IV C of our previous work, Ref. 35,
for a more detailed discussion). Taking € = 12.5 for the
dielectric constant of the GaAs heterostructure, one obtains
v ~ 1.1 x 10°> m/s. Note, that this estimate agrees well with an
effective velocity vesg = 6.5 X 10* m/s found in Ref. 40 from
the analysis of data on energy relaxation in QH edge states at
v = 2. For a typical size of the interferometer L ~ 10 um
we then get AV ~ 40 uV, which is of the same order as
the experimentally observed energy scale of the visibility
oscillations.

Having completed a presentation and discussion of our key
results, we now turn to the exposition of the method and of
technical aspects of the derivation.
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v=2, T1=0.5, w.T.=2
w.T_=2,22,25,3

v/vo

eVin/T,]
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v=2,T,=0.5, w.t,=10
w.t_=10, 11, 15

v/vo

eVin/t,]

FIG. 9. (Color online) Visibility of AB oscillations for different arm lengths, but equal charging energies in both arms. Dashed blue lines
represent equal arm lengths. A strong mismatch in flight times naturally suppresses the visibility and eventually destroys its lobe pattern.
Varying t_ at fixed 7, changes the lobe energy scale, set by the inverse of t, + 7_.

III. NONEQUILIBRIUM FUNCTIONAL BOSONIZATION
FOR MACH-ZEHNDER INTERFEROMETER

In this section we show how the method of the nonequilib-
rium functional bosonization can be used to solve the model
of the MZI defined in Sec. Il A. First, we present the Keldysh
action of the problem and derive the expression for the direct
and interference current (Sec. IIT A). Then we give details of
the real-time nonequilibrium instanton approach (Sec. III B).
Using the special structure of the Keldysh action, we show that
this method becomes exact in the case of the simplified model
of the Coulomb interaction (considered in the present paper)
in which electrons interact only in the interior region of the
MZI. Finally, we specify the form of the instanton for the case
of the constant interaction model.

A. Keldysh action and current

The theoretical model of the MZI, which we consider
throughout the paper, is defined by Eqs. (1) and (2). To make
our discussion more general, we first assume the arbitrary
interaction potential Uy (x — x) between two electrons in the
same edge, which, however, is nonzero only if x,x’ € [xli ,xf].
Because of the nonequilibrium character of the problem, we
proceed within the Keldysh-type framework.”>® We decouple

V=l, T1=0.5
1.0
0.8 w.1=0.5
o 0.6
N
=
04
0.2
0.0
0 2 8 10

4 6
eVin/T]

FIG. 10. (Color online) Visibility of AB oscillations at v =1,
Ty = 0.5, and moderate charging energies. The lobe energy scale
decreases with increase of the charging energy.

the interaction term Sy using the Hubbard-Stratonovich
transformation with fields ¢,(x,t), where the index o = %+
labels two arms of the interferometer. Following the logic
of the Keldysh formalism, we then double the number of

Grassmann fields, ¥, = (WJ ,wg), as well as of the bosonic

fields ¢, = (wg ,(pg ), where indices f and b denote the fields
residing on the forward and backward branches of the Keldysh
contour C, respectively. These steps lead us to the MZI action
in the form

S = Z/ dtdx '(Z'Q(lal + ivax - wg)wQ
o=%"C

+ % [ dtdxdx’ @,(x)U, ™ (x — x")p(x').  (20)
c

Integration along C is to be understood as [,dt'A(t') =
[dr' [AT (") — AP(t")].

In terms of fermion fields v, the action S is quadratic; thus,
they can be integrated out. In this way we obtain the Keldysh
action A[g] of the MZI, which depends on the electrostatic
potentials ¢i(x,7) on two arms. The outlined method is
known as the functional bosonization. The integration over
the Grassmann fields v, should to be performed taking into
account the relation (4) at QPCs; this relation has to be satisfied
independently on each branch of the Keldysh contour. The
action A[¢] in the case of a generic nonequilibrium setup
formed by 1D electronic channels coupled by a number of local
scatters and by electron-electron interaction (“quantum wire
network”) has been found in our previous work. In particular,
the Keldysh action A[¢] describing the MZI can be expressed
in terms of the time-dependent single-particle scattering matrix
of the interferometer in the given configuration of the fields
¢l’’, which we denote as Stp = Sle//?1(t,¢"). This S matrix
describes electron scattering at both QPCs and the propagation
of electrons along the arms of the MZI. The bosonized action
Al¢] has the form A = Ajp + Agerm + 8.A. Explicitly,

A =2 Y [ dsae’ e
Qo

x U, x)8( — 1) — TS (6,60 ]9 (8, (21)
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where we have denoted & = (x,t), and
Aserm + 8A = —i TrIn[1 — f + S}e'* S, f]

-2 Z Te d¢, fo. (22)
4

Let us explain notations and comment on different terms in the
action, Egs. (21) and (22). In the above expression for A;,, we
have used the Keldysh basis ¢, = (¢ ,0a), with “classical” and

“quantum” components being defined as ¢, 7 = ((pér + (pg )/2.
The advanced component IT# of the 1D polarization operator,

when written in the frequency-coordinate representation, has
the explicit form

M (w,x,x")

= L|:—5(x —x)+ e e io—x)/v o O(x — x/)i|. (23)
2mv v

The combination of the polarization operator and the bare

interaction potential entering Eq. (21) determines the RPA

screened interaction potential,

Vo MEE) = Uy ) — 1) = TIHE.8).

The action Age;m has the form of the fermion determinant
and bears a close connection with the problem of electron
FCS.>' We have introduced the distribution functions of the
source reservoirs, f = diag( f+, f.), where fy are diagonal
matrices in the channel space. Without QPCO, Ty = 0, their
components are f7(t,t') = e~ ¢V~ fo(t —1'). Here VJ is
the voltage applied to the nth channel in the upper/lower arm
and

(24)

, i 1

Jolt =10 = o T ¥i0 @)
is the time representation of the equilibrium Fermi distribution
function. For instance, for the MZI presented in Fig. 1 in
the case of vanishing transparency 7 = 0, the only nonzero
voltage is Vi = V. At Ty > 0, when QPCO is used to dilute
the impinging current, the function fi is the double-step
distribution in the energy domain and is given by

fie =1y = [Roe V™" L Ty] for — 1)

in the time representation. We have also introduced the
auxiliary “counting fields” § = diag(x4,x-) in the drains,
which enable us to find the number of electrons transferred
through the MZI. The determinant in Eq. (22) is evaluated
with respect to time, channel, and arm indices.

Next, we specify the S matrices S s/, of the MZI which enter
Eq. (21) and encode all information about electron scattering.
We introduce the phases ﬂgf / h(t) accumulated between QPCs
1 and 2 due to interaction,

%W0=w”/wwﬁh%+w—%V@ @7)

(26)

Let now x QS and x 5 be the coordinates of the source and drain

reservoirs. We also define the “time-delay” operator A% =
diag(A’f, A™%), where

Aty =8t —1' — (x), —x5) /v]. (28)

PHYSICAL REVIEW B 87, 195433 (2013)

with indices &,/ € {S,1,2,D}. It coincides with a transfer
matrix from xé to xé along the arm o of the MZI in the
noninteracting limit. Assuming the absence of interaction
outside of the interferometer, we obtain the total S matrices

(29)

Sy = AP28, A2 i ® i7" 5 ALS.
Here §; and S, are the local scattering matrices of the first
and second QPCs. Further, ® is the diagonal flux matrix & =
diag(®/2,—P/2) @ 1,,_,, where ® denotes the AB phase and
the sign =+ distinguishes between the upper and the lower arms.
The direct sum (&) refers to the channel space and 1,, is the
n x n-unity matrix. The matrix 9//> = diag(lA?_{/ b,f?f/ b) has
an analogous structure. For the MZI scheme shown in Fig. 2,
only the outer channels are mixed by scattering. In this case,
8; = §/ @ 13,5, with §/ given by Eq. (5).

Finally, the counterterm 8.4 in the action (22) is included
to cancel the equilibrium Fermi-sea contribution which does
not affect the nonequilibrium electron transport. The quantum
phase ﬂgg entering 8.4 is defined as ﬁgg(t) = ﬁg[r + (xé:’ -
xé)/v] — 195[t +(x£ —x;)/v]; the trace (Tr) is taken over
channel and arm indices and also includes integration over
time.

The bosonized action A[g,x] enables us to find the
generating function of the interferometer’s FCS as a functional
integral over g,

2= [ Dol expliAo D). GO)
Then the number of electrons transferred to, say, the lower
drain during a long observation time #; >> max{h/eV, ,iv/L}
is obtained as

N_ = —i3X7 an|x:0 = <8X,Aferm|)(:0>(p' (31)

The quantum mechanical average (- --), here is understood
as the path integral over ¢ with the weight ¢’4, see Eq. (30),
but with “counting fields” x put to zero. Since the Coulomb
interaction is assumed to be absent outside the interferometer
cell, Agen simplifies considerably (in the rest we will not
explicitly state y = 0 any longer):

Agerm = —ilnDetD, D=1— f+ 5828 7. (32)
The same action can be represented in the equivalent form as
Aferm = —i InDet D, with

D=385D8 =1— f+F, (33)

where f plays a role of the nonequilibrium density matrix
of the interferometer. If the voltage is applied to the outer
channels only, then f = f!' ® (1,,_, - fo), with

_( Rif{+Tif! wxmﬁ—ﬁj 34
—iVRT(fL =) Tifi+Rif )

Note, that Agm at x = 0 depends on the scattering matrix s;
only. It also depends solely on the quantum field ¢, but not on
the classical one. These special features stem from the chiral
nature of the MZI. The independence of Ay, on the classical
component of the field will play a crucial role in the sequel, as
it will allow us to find an exact solution of the problem.
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Using the definition (31) and the full y-dependent fermion
action (22), one obtains the following intermediate expression
for N_:

N_ = (TrD 'sfe 1% A2 ]|

X (=] A2 e e f) 35)

¢
To derive this result we have taken into account that only outer
channels with a nonequilibrium distribution matrix f' may
contribute to the transport of electrons and have introduced
the basis |£) in this linear subspace. Taking the trace over the
channels and using the explicit form of A'2, given by Eq. (28),
we find No =" Ny, where

. o s . .
Ny = (—ISzIM)(Klsgl—)</dt e/ Vi D=0 ([FHru=n) i ®u—is

x (ulsi(f o DHET + 1, — mshx>> : (36)
@

In this expression we have introduced &, = +®/2, which are
just the AB phases accumulated at each arm of the MZI, and
defined 74+ = (x3 — x1)/v, the flight time of electrons along
the upper/lower arm. The sign “o” denotes the convolution in
the time and channel space. Clearly, the diagonal (V,,) and
off-diagonal (N, _,) elements give, respectively, the direct
and interference contributions to the total current.

B. Exact solution: From many-body to single-particle problem

In general, the functional integral for interacting electrons
in a quantum wire network cannot be evaluated exactly. In
Refs. 35, 50, and 57 an instanton approach has been developed
which yields a controllable approximation to the problem for
the case of weak tunneling between the channels. It turns
out that for the problem considered here this method becomes
exact (for any tunneling strength). Specifically, we show below
that the functional integral can be exactly evaluated in a fashion
similar to the exact solution of the problem of nonequilibrium
Luttinger liquids in Refs. 44, 45, and 58. In fact, we will
see later that there is a deep connection between the two
problems.

We have shown above that the number of electrons trans-
ferred through the MZI is given by Eq. (36). This expression
implies the path integral over all realization of the fields
<pi/ b(x,t). As we reveal below, this functional integral can be
performed exactly. What crucially simplifies the calculation
of the quantum mechanical average is the fact that D and
hence the pk-matrix elements in Eq. (36) together with Age.,
do not contain ¢ or, equivalently, €. The classical fields
enter the RPA action Aj,, and the phases ﬁg L= 195 + 193 ,
and appear there only linearly. Therefore, ¢¢ can be exactly
integrated over. To this end let us introduce sources J
so that

-AJ;/uc = 19;(;) - ﬁ;(f"' Ty — Te)

-y f dE I, (7 6)gL ). 37)
Q
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We see that for u = « the source vanishes. On the contrary, at
u = —k the explicit expression for J reads

Jg;w((t_,f) = _v718[5+ (x - xllt)/v - t]’
JKq;HK(f,‘;‘) = v’18[t_+ T, — T + (x - xli)/v — t].

The physical meaning of the source terms in the action is rather
obvious. They describe an electron transfer between two Hall
edges of the MZI, thereby creating a hole in the arm « and
adding an extra electron into the arm .

Decomposing #//* in Eq. (36) into the classical and
quantum parts, we rewrite the formula for the particle numbers
N, in the form

(3%

Nue = (=2l ficls] 1) / Dy Dy’ / df e AmtiAse
x felAemTBAL (T T+ 1, — 7)), (39)

where the prefactor A, is defined as

e .
Aue(t1,0) = PORFINL () i, —i,

x (ulsi(f o D)t1,1) k). (40)

As has been emphasized previously, the fermion action
Aferm + 8.4 and the matrix D are functionals of ¢4 only; see
Eq. (32). Hence, one can first perform the integration over
the classical field ¢°. Taking into account that Ay + A is
linear in ¢°¢, we obtain

/D(pL exp[iAim + iAJ;p,K]

= /Dgpc exp[2i¢C(VA)_lg0‘1 +ip°J9] o 8(p? — @),
41

where the § function fixes the quantum component ¢? to be
equal to the saddle-point trajectory

1 _
o161 = —3 3 [ dE VS EE. @

The §-function constraint renders trivial the subsequent
integration over ¢?. Taking quantum-mechanical average
(- - )¢ is therefore reduced to the evaluation of the integrand
etAem+i3A A on the optimal trajectory ¢¢ = ¢f. The particle
numbers are then simplified to

N/uc = (_|S2|M)(K|S2T|—)/dfeiAfcr|n+i8A
X A;,u((t_,t_‘i‘ Ty — TK)lz?‘l:ﬁfZa (43)

with the “quantum” saddle-point phase (or “instanton’)
-1 / ’ / 1
901 = —v /dx od [xt+ (' —xp) [vo]. (44

In what follows we frequently refer to ¥ as the “counting
phase” in view of an analogy between the action A, and the
theory of the FCS.

To reiterate the logic, we have reduced the path integration
over ¢ to the evaluation of the integrand for the numbers
N, on the quantum saddle-point trajectory ¢{. This is the
main result of the present subsection. The optimal quantum
electrostatic field is related via the RPA interaction potential

195433-10



ANALYTICALLY SOLVABLE MODEL OF AN ELECTRONIC ...

to the source terms J which describe the electron transfer
between two edges of the MZI; see Eq. (42). The bare
interaction potential enters the result through the RPA kernel
VA(g,g/); thus, the outlined method is very general, provided
the e-e interaction can be disregarded outside of the MZI
cell. The result is expressed in terms of determinants and
resolvents that are of single-particle complexity; thus, we have
achieved a dramatic simplification as compared to the original
many-body problem. Needless to say, the obtained apparently
single-particle quantities carry all the physical information
about the many-body physics of the problem, including, in par-
ticular, nonequilibrium orthogonality-catastrophe exponents
and nonequilibrium dephasing.

Let us now discuss the direct (incoherent) contribution to
the current which arises from the diagonal numbers (N,
and N__). Within our model, they are not affected by e-e
interaction. Indeed, in this case the sources vanish, Js.,,,, = 0.
Hence, the instanton trajectory is trivial, 9 = 0. One thus gets
D=1, Aerm +8A =0, and A,, = leli + T f! ., which
yields

Nyy = DLTrR f+ + T f-],

w

N__ = RyTr[R, f- + T f+].

45)
Taking the Tr in the time space, we have
eVt
N +N__= (TR + R Th). (46)
2nh

Thus, the direct current is linear in bias; it is the same as in the
noninteracting limit.

C. Constant interaction model

In this section we specify the counting phase for the constant
interaction model with the charging energy E., as it is defined
by Eq. (2). Allowing for different strengths of coupling on
different arms, the bare interaction potential Uy (x,x") = E 4
if both x,x" € [x!,x2] on the same arm and Ui (x,x’) =0
otherwise. This form leads to the RPA potential V{(w), which
is nonzero only if x,x” € [x1,x3] and constant inside these
regions,

—1
X1

Vf(w):Eci<1—Eci f dxdx'l'lA(w;x,x/)> .47
xl

Using Eq. (23) one has

2 i .
Xi , A , iv 1 —e LWwT4
dxdx' T (w; x,x") = —

xL 2 w

(48)

Defining the charge relaxation frequency as w.+ = vE .+ /(2m)
we obtain

27w,
VA(w) = 2k @

. . 49
Vo ow—iwe(l — 7o) 9

We now use this RPA result to find the instanton potential ¢
and the phase /. By virtue of Eq. (42) we have

1
Xy

)
0! (&) = _]1[)(,]],)(5]();)%/ dx' VAt =5 — (x' — x)) /v].

(50)
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FIG. 11. (Color online) Correlation function J~: comparison of
analytic approximation J,, given by Eq. (53) and numerical results
o for .t = 25.
where ]l[x“%](x) are the projectors on the intervals where e-e
interaction and thus the potentials are present and 7, = +
7, — T,. Taking into account the relation (44) between the
phase and the potential, one finds

2
nk [

940 =

1
X

dx'dx" d_w e—iu)[l—f,,-&-(x’—x”)/v]VA(w)
2 K

_ %Im[.l:(fn ) = It — 1+ )], 1)

where we have introduced the phase-phase correlation function

[ ey (1 — €9™)

+0o0 )
J=() = d . —ior _ 1y
=) A ot o — e © D

The function J,”(r) has appeared and was analyzed in our
previous work (see Sec. 4.3.4 of Ref. 50) in the context of
theory of Fabry-Perot QH interferometer. In the limit of strong
coupling w.,7 > 1 and long time w,,t >> 1 it can be well
approximated by the logarithmic asymptotic

P
J>(t):—y—ln|:— —i—za]’ a~aw!
a

(52)

(53)

cn

with a being the short-time cutoff; see Fig. 11. Therefore,
except for times ¢ in a close vicinity of either #, or #, + 1,, the
counting phase simplifies to

9 (1) = Dywi, o (1), Ty = K07/, (54

with the «-dependent constant ¢, and the unit window function
wr () =600 —1)—0F +1 —1). (55)

In the case of moderate charging energies, w.+ 7 ~ 1, one has
to resort to a numerical evaluation of the (imaginary part of)
the correlation functions J7 (). We have 19,3,,(t) = —kn04(1),
where the function 6. (¢) is independent of « and 5. Typical
plots of 6,(¢) (at v = 2) are shown in Fig. 7 of Sec. II C. For
brevity we omit the * index when denoting the counting phase
1 (t) = ©,(¢) in the following.

In passing we note that the time-dependent counting phase
¥4 (¢) in our theory is the analog of the kernel Q(x), introduced
in Ref. 34 (cf. Fig. 7 in this work). Similar to the phase ¥, (),
this kernel depends on the nature of interaction potential and
is used to describe the phase, which an electron, passing the
MZI, accumulates due to interaction with other electrons.
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IV. STRONG INTERACTION: ANALYTICAL SOLUTION

As shown in Sec. III, the considered model of a MZI
with inside-only interaction can be exactly solved by the
nonequilibrium functional bosonization method. The result
is expressed in terms of single-particle objects: determinants
and resolvents of Fredholm operators. While it is not too
difficult to evaluate such quantities numerically, it would be
highly advantageous to have a fully analytical solution of the
problem. Such a solution is obtained in the present section for
the regime of strong interaction, E.7 >> 1, in arms of equal
lengths, xiz = xl’z, 74 = t_ = 7. This solution allows us to
understand much better the physics of the problem, including
the formation of the visibility oscillations (taking a form of
lobes in certain situations as discussed above) and their decay
with voltage. Further, while determining the exact solution, we
establish a deep connection of the present problem with that
of nonequilibrium Luttinger liquid and, more generally, with
a broader class of nonequilibrium many-body problems.

As we have demonstrated in Sec. III, the counting phase
in the strong-interaction regime, E.t >> 1, is reduced to
the window function on the interval [f,f + T]. We show in
Sec. IV A that under this condition the interference current
can be represented in terms of singular Fredholm determinants
generalizing Toeplitz determinants with Fisher-Hartwig sin-
gularities. Using asymptotic properties of such determinants
(Sec. IV B), we further derive the high-voltage form of the AB
contribution to the current (Sec. IV C). The result is Eq. (7),
which has been already discussed in detail in Sec. II B.

A. Reduction to a single-channel problem

In Sec. III B we have expressed the interference current
in terms of the operator D and the nonequilibrium density
matrix f which, in addition to being the matrices in the
time space, have also a nontrivial channel structure: For
given times #;,t, they are matrices from C2*2. (Since all the
relevant nonequilibrium physics arising due to scattering at
QPCs concerns only the outer channels, we focus on these
two channels. In what follows we consider projections of all
operators, such as B4, f , onto the two outer channels; thus, they
retain the smaller 2 x 2-channel structure.) The double index
structure (times and channels) very seriously complicates the
computation of the determinant and finding the inverse of D. In
this section, using the Riemann-Hilbert technique, we reduce
the matrix determinant and resolvent to a product of certain
single-channel determinants. We show that the corresponding
operators belong to the class of singular Fredholm operators
that may be considered as a generalization of Toeplitz matrices
with Fisher-Hartwig singularities. The reduction to a single
channel problem allows us to calculate analytically the current
in MZI; see Secs. IV B and IV C below.

1. Heuristic argument: Relation to full counting statistics

Before presenting a rigorous derivation of the reduction
formula, we put forward a more heuristic argument in its favor.
This argument is based on a connection between the fermion
action Age,, and the theory of the FCS. Consider the CGF for
the statistics of Ny, the numbers of noninteracting electrons
which tunnel through the QPC1 during the time interval
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[, + ] into the upper/lower arm, respectively,
XeOhpho) = (i iy, (56)

with corresponding “counting fields” A.. The brackets here
mean a quantum-statistical average. It is known®' that this
CGF can be represented as a functional determinant,

Xe(ip,h) = Det[l — f +sles 71, (57)

where f = diag(fy, f_) is the incoming distribution matrix of
the first (outer) channel of the MZI. The counting fields here
are assumed to have a time dependence given by the window
function (55). In this way the measuring time is encoded in
the above formula. Let f! be set to the equilibrium Fermi
distribution and f. Jlr be the Fermi distribution with the chemical
potential eV. Asymptotically, at eVt > 1, and dropping the
equilibrium contribution i(A4 + A_)(t/27) ffoo de (which is
infinite because of the chirality), we obtain

% | .
s Gy sh)] = ez—t In[R,e™ + Tie* 1. (58)
JT

By comparing the Egs. (57) and (32) we conclude that in the
limit E.t > 1

eiAferm — DetD frd XT(2§+’21§*)' (59)

Because of this relation to the theory of FCS we frequently
refer to the matrix D as the “counting operator.” In the presence
of scattering at QPC1 this operator possesses a 2 x 2-matrix
structure in the channel space. Consider further a single chiral
channel with some (in general, nonequilibrium) distribution
function f and the phase 6(¢) = w; ;(#)5. Then the generating
function A.[§, f] = (eim ) of the number N of electrons
passing by some observation point during the time interval
[, + t] is given by the determinant of a “scalar” counting
operator of the kind

A8, 1= Det[1 + (" — 1) f]. (60)

We now argue that the determinant of the matrix counting
operator D, evaluated on the Fermi-like distribution functions
(which is the case of reflectionless QPCO with Ry = 1) can
be factorized into a product of “scalar” determinants of the
type (60).

Let us take a closer look on the random numbers N, in
the CGF given by Eq. (56). In the strongly nonequilibrium
situation which we consider, i.e., when voltage dominates
over the temperature, they should be significantly negatively
correlated (due to partition at QPC1), while their sum, N =
N, + N_ should be much less sensitive to scattering and
will only weakly fluctuate around (N) = eV1/(2m) 4+ Ny with
Ny being some equilibrium contribution. (At the strictly zero
temperature and long time limit N does not fluctuate at all.)
We thus expect that N and N, are only weakly correlated.
Taking further into account that ¥, = —%_, we obtain

X (20,,20_) = (621'1911\7++2iﬂ31§’,>

(641'1911(@72,'0119) ~ <e4iz711‘7+>(e*2i'9m>. (61)

This representation maps our two-channel problem to three

single-channel ones. The term (e*”+"+) requires us to count
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the charge in a single channel of the upper arm. It is
characterized by the distribution function

fr4(€) = R10(eV — €) + T10(—¢)
established by the QPC1; thus, we conclude that

<e4iz9+1\7+> = A 494, fi4]. (62)

The second term, (e=27+¥) = (¢=219+(®¥++N)) counts the total
charge in both arms. In view of charge conservation, this total
charge can be also measured in the incoming channels, the
contributions of which are uncorrelated. The corresponding
distribution functions are f.(e) =60(eV —¢€) and f_(¢) =
0(—e). Therefore, we get

<e—2i1§+]\7> — Ar[_25+7f+] AI[—21§+,f_]~ (63)

Combining the relations (61)—(63) we arrive at the following
result:

XT(25+7 - 21§+)
= A‘L’[4l§+’f++]AT[_2;’+’f+] At[_21§+’f—]'

Finally, we complete the argument by using Eq. (59), which
yields the desired decomposition of the matrix determinant
Det D into a product of scalar determinants:

DetD = A [40, f14]A (=204, f1]1 A =204, f-]. (65)

(64)

The following remark is in order here. The equalities
between the determinants arising in our context and in the
context of the counting statistics are, strictly speaking, valid for
not-too-large values of the counting phase. For larger phases
the counting statistics determinants show singularities and
switch to another Riemannian sheet, while our determinants
behave analytically; see Refs. 45 and 58 for an extended
discussion. Physically, this is due to the fact that the counting
statistics “knows” about the charge quantization, whereas for
our problem the charge quantization is of no relevance. This
remark does not affect the validity of the final result (65), since
both sides of this equation are analytic functions of the phases.

2. Rigorous proof: Riemann-Hilbert method

We are now going to prove Eq. (65) rigorously by analyzing
the associated Riemann-Hilbert (RH) problem. We consider
the function

Y(t) =exp |:19—+ In t_—t] , (66)
T r—t—7

which is analytic and nonzero in the complex plane ¢ € C,
except for the interval of real times [7,7 + t]. Ithas the property
Y(¢t) — 1 at |t| — oo. Next we define the functions Y. (¢) =
Y (¢t £i0) on the real axis, t € R. They solve the (scalar) RH
problem Y='(1)Y,(r) = e 2710, where 9%(t) = ¥, wi - (1).
The functions Y4 (¢) obey important identities,

f0< Y_ f0< — f0< Y_, f0> Y_ f0> — Y_ f0>,
fo< Yy fo< =Y f()<v fo> Yy f()> = f0> Y.,

where the convolution in time on the left-hand side of these
relations is implied and we set f;~(t) = fo(t) and f; (t) =
8(t) — fo(t) = fo(—t). As an example, the first relation in

(67)
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Eq. (67) reads in explicit notations as follows:

/dt i/2m ® /2t i/2w
HH—t+i0 t—t+i0 1 —1+i0

Y_(1).
(68)

Due to analytical properties of Y_(t) this integral is defined
by the residue at =, — i0 in the lower half plane. We also
note that in the energy domain at zero temperature, f;~ is the
projector on occupied states, whereas f;~ projects on unoc-
cupied states. Therefore, we have (f7)* = f57, (f;)* = fy»
Jo fo =0= ffy,and f;° + f; = 1. The same relations
hold in the time domain as well, where the product of two
operators is understood in the sense of convolution. Using the
basic identities (67) one derives another two useful relations,

f0< Y_ f0> =0, fo> Y, f0< =0.

Let us now turn to the analysis of the counting operator
D defined by Eq. (32). We introduce the gauge matrix A =
diag(e~¢V+",e~¢V-") comprising voltages V. applied to the
outer channel in the upper/lower arms. By using these gauge
factors one rewrites D as

(69)

D=A(f7 + A 's[e s A f7) A (70)

With the use of solution to the RH problem we have the identity
W1 = —v7)

2iv? 494

e+ 0 + 0

AlSI( 0 zl‘zsq)slAzAlSI(eO ]l)SlA Yo'y,
Q20!

(71)

Bearing in mind that ¥ ~' is a local in time operator without
matrix structure in the channel space, one can commute it to
the left of Eq. (71). In this way we find

40l

D =AY~ [Y_f0> + A‘sj<e 0 1)s1AY+fO<]A1.

(72)

To proceed further we apply the unitary transformation, D =

leslT , and factorize the operator D into a product of scalar
counting operators. This is possible by virtue of the identity

Uy + AT f7 + Yo [ =Y f5 + AYLf, (T3

which is valid for a local in time 2 x 2 matrix A(¢). As one can
check, the above relation follows directly from the projector
properties, given by Eqgs. (67) and (69). By setting

49l
A= AISI<6 )S]A,

0 1 (74)

we obtain

0

15 — Y—lslA[f0> + A_ISI<64“9+
0 1

>S1Af0<]A_1sI

X sIALY_f7 + Y, fir]A™s) (75)
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If one further introduces operators,

€4i19j1r -1 0 5
D*=]l+( 0 o)f’ (76)
Dy=1+ (72" —1)7, (77)
where
3 . Ffir  fio
f=sfsi= (fj ft—>

is the nonequilibrium density matrix in the MZI cell. Explicitly,
we have fi =R fl+Tif! and fi_ =i(RiT)"*(f} -
). Then D is equivalently rewritten as

D =Y"'"D,s;Y_Dys|. (78)

To obtain the operator Dy we have used here once again the
solution of the RH problem. We hence conclude that

DetD = Det D, Det D. (79)

It is now straightforward to evaluate two determinants appear-
ing on the right-hand side of this relation. In the case of matrix
D, we obtain

4ivd
D, = (D** (" —1)f *), (80)
0 1

where the scalar (in the channel space) counting operator
Du =1+ (¢" — 1) fis @1

is expressed solely in terms of the upper diagonal block of the
density matrix f, ., which, obviously, has the meaning of the
nonequilibrium distribution function in the upper arm of
the MZI. As aresult,

DetD, = A [494, fi4]. (82)

~

In the case of matrix D, the incoming density matrix f is
diagonal in the channel basis, which yields

Det Dy = Ac[=20, f4] Ac[—204, f-]. (83)

Combining together Egs. (79), (82), and (83), we obtain the
relation (65). The proof of this formula is thus completed.

3. Inversion of the matrix counting operator

In the preceding section we have proven that the determi-
nant Det D (or, equivalently, the fermion action Ag.y,) can be
expressed in terms of determinants of single-channel (scalar)
operators. For the evaluation of the interference current one
also needs to consider off-diagonal matrix elements (4 = —«)
(| f DU, D)|K); see Eq. (40). The goal of this section is to
show that, similar to the action, the above matrix elements can
be also expressed via the scalar counting operator D,,, given
by Eq. (81).

According to Eq. (78), the inverse of D can be written as

D' =D, 'y IsiD Y. (84)

Making use of the solution to the RH problem we then
represent the counting operator (77) in the form

Do=AY'(Y_fy + Yy fHA™" (85)
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The basic relation of the RH method,
Y_fe + Y f) " =Y+ Y f5 (86)

easily gives the inverse of Dy [one can check the former iden-
tity by multiplying two operators to get the unity, employing
for that relations (67) and (69)]. The inverse of D then reads

D' =5 AlYZ' fy + YT fFIATSID YL, 87)

and the subsequent convolution with the MZI’s density matrix
f yields

FP = s ARASID T =Y FDI Y. (88)

The required (7, f) matrix element of this operator then takes
the form

(Ul fD7'F, D)

Y'YO@® (! fD;EDk)
= "7 (u| fD; E.Dlk). (89)

The inversion of the operator D, appearing here is not
exactly trivial, but it is simplified a lot due to its triangular
structure (80) in the channel space. Note that the relation
D.(t1,12) = 8(t) — tp) for t; ¢ [f,f + 7] implies the same for
the inverse, D;*l(tl,tg) = §8(t) — 1) for t; ¢ [7,f + ] (this can
be seen by employing the block matrix representation or using
the reformulation in terms of the RH problem). One therefore
obtains

(=I/DNEDI+) = f D@D = forwie D ED)
90)
and the analogous relation for the conjugated matrix element,
(+H /DI EDI=) = [fo = fra DL = 1) 1]
=D wie fro(T.D). On

It is worth pointing out that the instanton phases ¢, = £nm /v
in Egs. (90) and (91) have opposite signs (and hence D, and
D, differ between these two equations). Since under complex
conjugation f,(¢#)* = f,(—t), these two matrix elements are
indeed complex conjugates of each other. Relations (90)
and (91) are the final result of this section and are used below
in Secs. IV and V for evaluation of the interference current.

B. Toeplitz matrices and their generalizations

In this section we relate the current and the action to the
theory of Toeplitz matrices. We review key results on the large-
N asymptotic behavior of Toeplitz determinants with “Fisher-
Hartwig singularities” and of a more general class of singular
Fredholm determinants. These results sre then used to calculate
the determinant and the inverse of the operator D,,, which
serves as the basis for the calculation of the AB conductance
made in Sec. IV C.

1. From integral operators to Toeplitz matrices

We relate first the fermion action Agy, to the theory of
Toeplitz matrices. As we have shown in the previous section,
the action is expressed in terms of single-particle counting
operators; see Eq. (65).

The linearized single-particle spectrum used in our 1D
model lacks upper and lower band edges. Thus, a definition
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of the determinant of such operators requires an ultraviolet
(UV) regularization. One possible way to implement the
regularization is a discretization of the time coordinate ¢ in
steps At = /A, which amounts to the introduction of an
UV cutoff A and restriction of energies to the range [—A,A].
In this regularization procedure operators with kernels such
as D,.(t,t), cf. (81), are turned into (in general, infinite)
matrices with discrete time indices.

In the limit of strong interaction the phase 9y = 9wz,
is a piecewise constant function which vanishes outside the
interval [7,7 4 t]. Introducing the projector P which acts on
functions ¢(¢) by multiplication with a window function in
time, P¢ = ¢w; , and thus satisfies P> = P, we can write

DetD,, = Det[1 + P(e*" — 1) fi4]
= Det[1 + P(*" — 1) £, P]. 92)

The operator g,, = 1 + P(e47+ — 1) f++ P has a block struc-
ture, namely

g(tl - IZ), tlatz S [lT,lT+ T]’
g**(tlth) = . (93)
8(t; — ), otherwise,
where
gt —n) =8t — )+ (€7 — D —1). (99

The kernel of the operator g.. is nontrivial only if both #; and
t; lie in the interval [7,7 + t], in which case it depends solely
on the difference #; — t,. The determinant of g,, will be given
by the nontrivial block g(¢#; — #;). The UV regularization of
g as described above will give rise to a large N x N matrix
(gj)i<jk<n, N = 1/At = At /m, whose elements depend on
index differences, g;x = gj—. The matrix (g;;) of such type
is known as a Toeplitz matrix.

Matrices of Toeplitz form are ubiquitous in mathematics
and physics, where they appear in a variety of contexts (see,
e.g., Refs. 59 and 60 for summaries of applications). It was
shown in Refs. 45, 58, and 61 that observables in a vast range
of problems of 1D nonequilibrium interacting fermions (and
bosons) can be expressed in terms of Toeplitz determinants
Ay = det(gi—j)i<i,j<n-

The behavior of determinants of such matrices becomes
particularly nontrivial when the corresponding symbol (es-
sentially the Fourier transform of g;_;; see Sec. IVB for
more detail) has singular points known as Fisher-Hartwig
singularities. In our case such singularities arise in view of

[T I

0<j<k<m

m
. m 2
Ay =NV Z l_[z;’N N~ 2Zi-of;

not4n,=0 j=0

where Vy = ffﬂ Z_zf V(e'¥) and G is the Barnes G function.
The summation in Eq. (98) goes over a set of integers ny,
ny,...,n, (whose sum is zero); we see below that they can
be understood as labeling branches of In g(z) in the intervals

of continuity of the symbol. Each of these sets (‘“branches”) is
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discontinuities of the double-step distribution function f.In
Refs. 61 and 62 the large-N behavior of Toeplitz determinants
with Fisher-Hartwig singularities has been established ana-
Iytically and verified numerically. These results (“generalized
Fisher-Hartwig conjecture”) go beyond the “standard” Fisher-
Hartwig conjecture (proven in Ref. 63) as they contain not only
the leading term but also subleading power-law contributions
that have different oscillatory factors. We see below that taking
into account such contributions will be crucial for obtaining
the oscillatory dependence of visibility of MZI on voltage. A
further generalization was achieved recently in Ref. 52, where
abroader class of singular Fredholm determinants (determined
by two symbol functions that show multiple singularities in
energy and coordinate spaces, respectively) was explored and
corresponding asymptotics were found. Such determinants
arise below when we invert the operator D,,.

2. Asymptotics of Toeplitz determinants

For the benefit of the reader we summarize here the relevant
results on Toeplitz determinants.

A Toeplitz matrix g with j,k =1,2,...,N is defined by
its symbol g(z) as follows:

T d . A
8jk = 8j—k = /ﬂ % g(e)e U,
The determinant of such a matrix is called Toeplitz determi-
nant. An important class of Toeplitz matrices (which is of
relevance for our work and for various other nonequilibrium
many-body problems) is generated by symbols with Fisher-
Hartwig (FH) singularities,

95)

m
8@ =" Iz = 2, v/,
j=0

(96)

where V(z) is a smooth function, m + 1 is a positive integer
(number of singular points), z; = ¢'%, Rea; > —%, BjeC,
and

emhi,  —m <argz < ¢,

vi(z) = { 97)

e P g <argz <.

In the context of our work, only the case o; =0 [when
the singularities of f(z) are discontinuities] will be rele-
vant, so we consider it henceforth. The large-N asymptotic
behavior of the corresponding Toeplitz determinant Ay

reads®!-%2

w60+ BpGa—g)

Jj=0

4,

Bi—Bj+n;

(98)

characterized by a distinct factor I—[T:O z;j " that in our context
will give rise to a distinct oscillatory exponent. Equation (98)
presents explicitly the leading asymptotic behavior for each
of the branches. There exist also subleading power-law
corrections within each of the branches (i.e., corresponding to
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the same oscillatory exponent); they are abbreviated by + - - -
in the last bracket. Such corrections are of no importance for
our consideration, and we discard them below.

We return now to determinants of the type (60) that arise
in the course of the study of MZI. Here f is some distribution
function and §(¢) = Swyo,7j(f) is a constant in the window
of the duration t and zero otherwise. We are interested in
the large-t asymptotic behavior of A.[4, f]. As discussed in
Sec. IV B1, the UV regularization is implemented by using a
high-energy cutoff A, so that the energy is restricted to the
range [—A, A] and the time is discretized, t; = jAt = jm/A.
In energy representation, the operator of interest reads [cf.
Eq. (94)]

ge) =1+ —=1)f(e). 99)

This can be identified with a symbol g(z) of a Toeplitz
matrix, provided energy € € [—A,A] and angle ¢ € [—m,7]
are related by rescaling: ¢ = exr/A. The introduction of a
hard cutoff +A and the above compactification of the energy
axis will give rise to unphysical effects at this energy scale
(since it will generate an unphysical discontinuity at ¢ = =£m).
These unphysical effects are eliminated by imposing “periodic
boundary conditions” in energy domain,%' which amounts to
the following modification of the symbol: lim_,_, g(€) =
limc_, 5 g(e):

g(e) = /@M1 + (e — 1) f(e)].

Here we have taken into account that lim._,_5 f(¢) = 1 and
lime, 5 f(€) =0.

To be specific, let us consider explicitly two examples
corresponding to two lowest values m = 0,1 (i.e., one and
two FH singularities). First, we consider the equilibrium
distribution function f(e) = 6(u — €). The symbol is

(100)

o ¢i%0/Qm) 4id
8T =1 jisorom),

which js of the form (96) with m = 0, ag = 0, By = §/(27),
70 = €™M and Vo = i8(1 4+ /A)/2. According to Eq. (98)
in the large-N limit the det(g;_x) asymptotically behaves as

—T <@ <mu/A,
® w/ (101)
Tr/A <@ <m,

B Ar\ )
AlS, fsingle] = eXp |:12—(A + ,LL)‘L’:| <—>
/g b

8 8
xG(l—E>G(1+§). (102)

Next, we consider a double-step distribution function
fle)=00—-a)b(uo —€)+ab(u — €), where we assumed
that ;9 < p;. In this case the symbol reads

£i90/270) i << T
g(e"?) = 1/ 4+ (& — 1)a], % <@ < %,
e!d9/Cm) <<
(103)

Hence, the symbol has two FH singularities, z; = e/™*i/4,
j =01, with
is
L@ —Da o _ [
14 (% —1a
(104)

8727'”')30 —
eld
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We choose
8
T Bi.

It is easy to see that the symbol has the form (96) withm =1,
a; =0, and

B = ——In[1 + (& — Dal, fo= (105)
27

. o M . T
V(z) = Vo=i8/2 + z(sﬁ +ieV=pi. (106)

where we introduced eV = | — po. According to Eq. (98)
the asymptotic behavior of the Toeplitz determinant det(g;_x)
is given by

A [8 ) fdouble]
5 % A
— exp i (A + 110)7 + S 1n[1 4 (€ — 1)a]
2 2

00
. AT
x E : e ieVtn
3

) —(Bo+n)*—(B1—n)?

n=—00
eV 2(Bo+n)(B1—n)
< X ) G+ fo+n)GA — o —n)

x G(1 + B1 —n)G(1 — By + n). (107)

In order to identify in the sum over n the leading contributions
in the long-t regime, we consider the exponent

Re[—(Bo + n)* — (B1 — n)*] = —2(n — n*)* + const, (108)

where

*—1R(/3 Bo) = 11 In[(1 — a) + ae”] °
= - - = —Im In[(1 — -
. 2e : 0 27 @ rae 4

(109)

Note also that the sum of voltage and time exponents, [—(8y +
n)* — (B —n)*1 = [2(Bo + m)(B1 —m)) = —(Bo + 1)>, s
independent of n. Thus, terms dominant for At > 1 are also
leading for large voltages, eVt >> 1. For the analysis of the
optimal value n*, we make the decomposition § = 2w M + &’

with M € Z and |§'| < . One can show that the phase
8" =Im In[(1 — a) + ae”] (110)

has the same sign as § and satisfies |8”| < |8'|. Then the
optimal n* becomes

. M & —28 .
w= M LIt M2I< 14 (11D
2 4r
We see that in the case of even M there is a single contribution
with n = —M /2 giving the most significant contribution to

the asymptotic series; other contributions have substantially
smaller (by real part) exponents. On the other hand, for odd
M one has to take into account two contributions with n =
—(M £+ 1)/2. Indeed, if a = 1/2 (and thus §” = §’/2), then
these two contributions come with equal exponents. When a
deviates from 1/2, the exponents become different but still
may be very close.

It was shown in Ref. 52 that these results can be gener-
alized to a broader class of singular Fredholm determinants.
Specifically, consider a matrix

(112)

A de —iem/ ALj—k—38(t,)/(2m)] 5
8jk = 55 ¢€ ! 8(tj,e),

A 2A
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with the symbol
gt,€) =140 = 1) f(e).

Here the notion of symbol has been generalized to include
both time and energy dependence [through the function §(¢)
and f(e), respectively]. Let us focus on the case when both
the phase §(¢) and the distribution function f(¢) are piecewise
constant functions with jumps at times 7; < 72 < -+ < Ty,
and energies j41 < o < --- < Wy, , respectively. They satisfy
the boundary conditions 6(¢) = 0 for ¢ ¢ [t1,Ty, ], f(e) =1
for € < puy, and f(€) =0 for € > uy,. The UV cutoff and
the periodic boundary conditions in energy domain can be
implemented as before. The discontinuity points define a
grid which subdivides the time-energy plane in domains
with different values of the symbol. The domains can be
labeled by the time indices j € {0, ...,N;}, and energy indices
k €{0,...,N,}. One associates with this set of domains a set
of number c g,

(113)

1
Cjkzﬁlng(fj'i‘(),ﬂk +0) +nji, (114)

cjo = S(Z‘j +0)/2r), cox = CN..k =CjN, = 0, (115)

ALS@). f( @) =D Ty exp|i Y
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where {n i} is an arbitrary set of integers. Further, a matrix
Bjr with a time index j € {1,...,N;} and energy index k €
{1,...,N,} is introduced according to

Bik = Cjk—1—Cjk+Cjm1k — Cj—1 k-1 (116)

Physically, each entry of this matrix corresponds to a crossing
point of one energy-space and one time-space singularity. In
terms of this matrix, a set of time (p;;) and energy (qim)
exponents is defined as follows:

N
Gn = ) BriBrm-

I'=1

Ny
Pit =Y BimBim, (117)
m'=1
One should keep in mind that cj; and thus Bj;, pj;, and
qrm depend on the set of integers nj;. In Eq. (114) the
logarithm In g is understood as evaluated at its principal
branch, Im In § € (—m,7]. The summation over integers 7 jx
hence amounts to summing over different branches of the
logarithms.
We are now ready to state the result. For large time and
energy differences, [(t; — 1)(ux — ww)l > 1 (J # 1, k # m),
the asymptotic behavior of det(g; ) is given by>

cjo(A 4+ py) + Z Cik (M1 — ) | (Tja1 — 7))

{nji} I<j<N; 1<k<N,
Ay — o) [P 7 (ke — o) |
X , 118
[T I - - (118)
1< j<l<N; I<k<m<N,
I

with coefficients I'y, ) that are independent on 7; and p,. It The inverse of matrix g reads
is not difficult to check that for the phase 6(¢) proportional det ¢*(k. /)
to a window function this formula agrees with the asymp- g™hH k= (—1)1‘”‘#, (121)
totics (107) of the Toeplitz determinant. While a rigorous det(g)

mathematical proof of the asymptotic formula (118) is still
lacking, Ref. 52 presented powerful analytical arguments in
favor of its validity supported by strong evidence based on
numerical evaluation of such determinants. We use Eq. (118)
below to get analytical results for the current through the MZI.

3. Inversion of the single-channel counting matrix D,

As we have shown in Sec. IV B, the interference current
can be expressed in terms of the inverse of the single-channel
counting operator D,,. We show here that it is related to a
generalized Toeplitz determinant, whose asymptotic behavior
can be estimated on the basis of results presented above. To
this end we consider the time discretized expression for the
operator D,.,, given by Eq. (81), which has the symbol

g(@) = MM+ (M — D@l (119)
corresponding to the Toeplitz matrix,
i 1 409
= We 1
Sk = o i —k—2b ¢ )
X [Rle—inU/A[j—k—21§+/7r] + Tl] (120)

where gf(k, j) is the (N — 1) x (N — 1) matrix derived from
g by removing the kth row and jth column.

Since our primary interest is the matrix element D_!(7,t)
with f <t <7+ 7, see Eq. (91), we concentrate specifically
on the element (g~ ')14; i.e., we put j = 1. In this case one has
{gz,m+1, 1<l <k,

8l.m>» kélSN—l,
— l_ 1 (e4il9+(f/;fk) -1

2ml—m— 20, (11: 1)

< [RlefinU/A[j—kfglﬁ(fz;fk)] + Tl], (123)

(&* ke, D))y (122)

where we have introduced the time-dependent phase (see
Fig. 12),
1§+ + T / 2,

< <ty,
Vit ) = { -

(124
19+, tk<t1<f+t,

with t; =7 + (I — 1)At. In the continuous representation the
phase ¥.(t,7;) is the piecewise function of time ¢. Taking
into account Egs. (120) and (123) and the definition (112)
one observes that the matrix (gf(k,1));, is the generalized
Toeplitz matrix with the symbol (113) where the phase
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5(1) A

<---——d---->»
v

Arfvb------

FIG. 12. (Color online) Phase §(¢) = 49.,.(¢;1:): On top of the
“background phase” 494 (¢) the 27 -pulse accounts for the additional
electron during the time interval 0 < ¢ < #.

8(t) = 49.(t,1). Its determinant can be dealt with by the use
of results presented in the end of the previous section. Hence,

1+k Al40 (o5 11), f++]
A4y, fry]

It is instructive to apply first the asymptotic relations (107)
and (118) to invert the matrix g;_; in the limit 7; — 0, when
the alternative evaluation can be done via the RH method.
Under this condition the operator D, has the form

(g Hu=(D (125)

[Duilrimo = As[ £ + €47 f7] AT, (126)

with A (t) = e~*V+!. Therefore, [Ylk,k];]l_)0 can be evaluated in
the similar fashion as we have found the inverse of the counting
operator Dy in Sec. IV A2. By introducing the function

5 l_lr 21§+/7T
YO)=|—— ;
r—t—rt

which solves the RH problem ¥~'¥, = ¢~*?%, one further
represents D, in the equivalent form,

(127)

[Duclrioo = A Y[V 7 + Y f71A (128)
Using now the relation (86), we obtain
[Dudzo@0) = V@1 + (e = 1) £,]. 7' @)
(129)

Taking into account the explicit form of the solution of the RH
problem (127), for times ¢ € [f,f 4+ T] we eventually arrive at
—1 - A —2id, o 3 —ieV(i—t)
[D**]Tl_w(t,t) = _; e + sm(219+) e
X |t _ f|—21§+/ﬂ—l |ZT+ T — t|21§+/7[

20 /7 A—21§+/7r—1
b

X T (130)

where the regularization Y_(7) = Y_(7 + A~") was chosen.
Let us now demonstrate that the same result can be derived
using the properties of the Toeplitz determinants. For D! (7, %)
and thus (g~!)x one needs to consider the generalized Toeplitz
problem with three jumps in time domain, t; =7, 7, =k,
73 =1 + 7, and just one jump in energy domain pu; = eV.
Further, it is ¢jo = 20, /m + 1 and ¢yg = 29, /7 and, hence,
pio =204/ — 1, pi3 = =204 /7 + 1)29 /7, and pr3 =
20, /7. The asymptotic behavior of det(g) = A[497, £, ] is
given by Eq. (102) with 4 = eV and § = 21, /7. As the result,
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one obtains

- v | Aty — ) —20, /71
[(g 1)lk]Tl_>() = [e eVt —
ANF+T—1¢ 29, /7 At —20, /7
X ‘M At 13D
b1d

Except for the dimensionless unknown factor I' and the pref-
actor A/ = (A1)~ which arises due to time discretization,
the above asymptotics agrees in all power-laws with the exact
result (130).

We now turn to the general situation of arbitrary 7. The
distribution function in this case is given by f,. instead of
f+, which adds a discontinuity at @; = 0 (the one at eV
is now denoted by ;). The asymptotics of the determinant
A[49 4 (e; 1;)] is determined by Eq. (118) with
=P+ (k=12),

(132)

cio=o;+1, cp=ai,

where we have abbreviated

3 1 407
o =20, /n, P1=-—In[Rie""" + T1],

133
2mwi (133)

and the exponents

po=0+ao =B —n)n —ny—1)
+(B1 +npny —ny),
P2 = (ny —ny — (B +ny —ay) — (na — n1)(B1 + n2),
piz=O+ao — B —n)Bi +n—ap)
—(B1 +n1)(B1 + na),
g2 =0 +oa —p1 —n))B+n)+ (1 —ny — D(ny —ny)

—(B1 — oy +n2)(By +ny). (134)
One then has
(=D A[4D (03 1), fis]
= Z Ly gy 1 ATHIEVE eV Im =D m e 1)
P
Aty = D" |AG+T =) PP | AT | | eV |17
X - k Ar ‘
(135)

When deriving this asymptotics, we took into account that
the phase factor ¢! A% = (—1)!+* since t;, = 7 + (k — 1)At
with the infinitesimal time increment At = w/A;cf. Eq. (124).
The above relation is one of the main results of the section.
It yields the asymptotic value for (g~')x, expressed through
Eq. (125). The determinant A[49, f,. ] appearing in the latter
relation can be found exactly via Eq. (107), where one has to
setd =49, anda = R;.

The following remark must be made concerning the
above calculations. The result (135) has been derived with
the use of the asymptotic formula (118). It is valid under
the assumption |(t; — 7;)(ux — tm)| > 1, which defines the
range of applicability to Eq. (135), namely #z — 7 2 1/eV and
f+1—1t 2 1/eV. Below we examine another limit, when
the time #; is close to either of two boundaries, 7 or f + 7.

To this end we represent the (normalized) determinant
A[8(1), f(e)] = A[8(), f(€)]/A[8(t),T = 0] in the equivalent
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form>2

A[3(1), f(e)]

= ZF ) exp|:

n/A

< [T 1

1<j <IN, 1<k<m<N,

> 2 Tfﬁfk“k}

1<j<N, 1<k<N,

Mm )] Vit s ( 136)

(7 — 7)(ux —

where

Yilkm = —CjkCim — CjmClk- (137)

The normalized determinant is cutoff (A) independent. All

dependence on A comes from the zero-temperature
determinant, which up to a constant prefactor reads

(8; 1)
A[(ST_O]—exp|:—t > Ar 2—711}

1<j<N,
1_[ (8j—8;-1)E1—8;-1)/4n*

1< <IN,

A(tj — 1)
b4

(138)

where we have defined the phases §; = §(t; + 0). Equa-
tion (138) is the particular case of the asymptotics (118) when
the generalized Toeplitz problem has N, jumps of the phase
4(t) in the time domain and the single (Fermi) edge at € = 0.
The summation over branches of logarithms is not required
here. The equivalence between two forms of the asymptotic
expansion, Egs. (138) and (118), follows from the sum rules,

(139)

Zﬁ]k_ Zﬁjk_o

As before, representation (118) holds provided (t; — 7;)(i4y —
wi) > 1 for all j > 1 and m > k. However, it enables a
natural generalization to the situation, when this condition
is not satisfied. Namely, if for some set (/, j,m,k) the opposite
inequality is fulfilled, the corresponding factor has to be
omitted from the product in Eq. (118). This is the advantage
of the normalized representation in comparison to Eq. (136).
In this way one can find the asymptotic form of (D, 1)(t t)if
tisclosetoforf+ .
Iftp — 7 < 1/eV, we obtain

(=)' A[4D (o3 11), f1+]

_ 1 i At+i(B1+n)eV T
= E Fnze

ny

Pl Pis eV P

A

Aty —1)
T

AT
T

’

(140)
where we have introduced the exponents

— Bi —n2)* — (B + )%,
(141)

Po=—0+a), pjz=—(o
g1, = 21 — B1 — n2)(B1 + ny).
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eV)! (eV)™!

FIG. 13. (Color online) Sketch of the singular Fredholm deter-
minant A[49,(e;1), f1+] as a function of time #. In region I, the
asymptotic expansion (135) is valid. In regions II and III, power-law
exponents are different, and A is given by Egs. (140) and (142),
respectively.

In the other limit, 7 + 7 — 1, < 1/eV, the asymptotic expan-
sion yields

(=D A4 (03 10), [t ]

Pﬁ/s
_ § :l—w// i) At+i(Bi+ny)eVr

AF+T—1;)
T

”
q12

, (142)

AT P|3

T

weV
A

with the exponents

ply=—-0+a =B —n)* — (B +n)
— Bi —n)(Br + ny). (143)

We notice that Egs. (140), (142), and (135) represent the
asymptotic expansion of the generalized Toeplitz determinant
A[4U, (e; 1), f1+] in the different domains of the variable #.
It is straightforward to check, that asymptotic formulas (140)
and (135) match each other at the scale t, — f =~ 1/eV because
of the mutual relations

p/2/3 :alv
a1, = 2(1 +a

Pz =P+ P23, 45— Ph=q2— P, (144)

between the power-law exponents. Similarly, the expan-
sion (142) matches Eq. (135) at the time scale (f + 7 — ;) =~
1/eV due to analogous relations,

Pl =P+ P12, G~ Py =qi—py.  (145)
The sketch of the determinant A[49,(e;%;), fi+] as the
function of the time # is shown in Fig. 13.

To summarize this section, we have found the discretized
representation (g~')j for the inverse of the single-channel
counting operator D,.(f,#;); see Eq. (125). The generalized
Toeplitz determinant A[49 (e; 1), f4++] appearing in this for-
mula, is given by the asymptotic Egs. (135), (140), and (142).
Accordingly, the denominator A[4D,, f,.] can be found with
the use of Eq. (107).

C. Interference current in the strong coupling limit

In Sec. IV B we have discussed the asymptotic properties
of singular Fredholm determinants and have found the inverse
kernel D_!(7,t) of the single-channel counting operator. We
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are now going to use these results to evaluate the AB
conductance in the strong-coupling limit.

We start by considering the particle number N, _, which
is given by Eq. (43) of Sec. III B. Making use of the relation
Aferm = —i InDetD together with Eq. (40), we can represent
N,_ = NZ*_ in the form

DetD

o
Do HD T DI,

(146)

N, =—i(R,T»)"?e® / di e A"

where we have defined the action A = Ager|7,—0 + 8.4 and
the operator D = D|,_, in the absence of edge-to-edge
tunneling. Equation (146) is evaluated at the optimal phases
Oy (1) = 9wz (1) with 9, = —nx/v, which have different
sign for upper and lower arms of the MZI. It turns out that
the integrand is, in fact, independent of time 7 and thus the
integral is formally divergent. This amounts to an infinite
number of electrons counted during an infinite measuring time
in a stationary situation. The stationary current its obtained by
dropping the 7 integral and putting, say, f = 0. Using Eqgs. (89)
and (91) one arrives at

Detﬁ iAO

iy 12 id42id,
I, = —i(R,T =
e I I(RyT) ' e DetBO

1+t
x f dt' D)@t fo (' —1).  (147)

Let us now use the result of Sec. IV A where the evaluation
of the matrix determinant DetD has been reduced to the
product of single-channel determinants. For the scalar operator
D, we introduce D§2) = D,|1,=0. Taking into account the
factorization formula (79) and the block structure of the matrix
D, given by Eq. (80), one can write

DetD  DetD,,  A[49, f,]
DetD®  DetD) A4, fy]

(148)

(to derive this relation we have made use of the fact that the
operator Dy is T1—independent). The dimensionful operator
kernel D;*l (t1,1,) and its discretized dimensionless counterpart
gi;l are related by the energy factor

W=D 70/ H? x A,

where the label “(0)” denotes the 77 — 0 limit. With the help
of Eq. (125) for the matrix element gﬁf the expression for the
current I, _ is then reduced to the form

o T
e_llJr, — (R1T1R2T2)l/2 ei¢+2i17+elA(O)/ dip x W
0

(=D'"*A[40 (o3 11), f14]
Al40 4, 4]

Lf+ () — ()]
(149)

Here we have substituted the off-diagonal density matrix
element f,_ = i(R1T1)1/2(f+ — f2). In the formula above,
one needs to perform further the integration over time #, and
to evaluate the action A in the absence of tunneling between
two edges of the MZI. These steps of calculations are discussed
below.
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1. The time integral over t,

To perform the time integration let us consider the f;-
dependent part in Eq. (149),

J(t) = (=D A[4D (0 10), fro ] f1(8) — f-(@)]. (150)

According to the asymptotic analysis of the previous Sec. [V B,
this integrand has the power-law singularities which give the
dominant contribution to the integral (149) around # ~ 0
and # ~ v, provided the real part of the corresponding
power-law exponents is negative. In general, for any time
tr € (0,7) the integrand is a superposition of power-law
terms,

TW) ~ Y i — )P evy AT, sl
{n}

where the exponent ¥ = pi, + Pz + P13 — §12 ensures the
correct dimensionality (which is inverse time). As discussed
previously, the sum here runs over integers ny, np, or both
depending on whether the time #; lies in region II, III, or
I, respectively (see Fig. 13). For instance, in region I the
function J, in accordance with Eq. (135), has the above
scaling behavior with pi» = p12 — 1, P23 = pa3, P13 = pis,
and §i» = q12. Equation (134) shows that by choosing |n;|
and |n;| sufficiently large, Re pj» and Re pys, respectively,
can be easily made negative. Therefore the integral over #
will be determined by a vicinity of the end points of the time
interval (0, 7).

First, let us examine the limit of short times #, << 7. One has
to consider two asymptotic regions. For A~! < < (eV)~!
(region II) we can use the short time expansion

eVl 1 eV

Folt) — f-(t) = 2’—— ~
JT

152
173 2 ( )

which gives the powers pi» = pi,, P23 =0, p13 = pj5, and
G12 = qj, + 1. Evaluating the f; integral over region II for
some given integer n,, we find

l/ev ’ ! ! !
fl T~ VeV /A A

~ (eVT)Pi3(eV/A) Heiten (153)

where we kept only the dominant contribution. Here o) =
—2/v and, cf. Eq. (141),

(154)

The term which gives the leading contribution to the current
from region I is then found by maximizing Re p; with respect
to ny. The fact that the exponent A is independent on 7,
is 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.

Let us further look onto longer times, (eV)~! <<t
from region I, where we can approximate f. (#;) — f—(t) ~
1/t;. Hence, the powers are pjp = pio — 1, pa3 = p23, P13 =
P13, and g2 = q12. By choosing some intermediate time scale
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(eV)™! <t « 7 as the upper cutoff, the integral reads

t
/I/ thk j(fk) ~ (€V‘L')p'3+p23(eV/A)qlz_[)”_[m(Al‘k)p'z|t1/eV.

Under the assumption Re pj» < 0, the upper boundary ¢ is
irrelevant. Using relations (141) and (144), we obtain exactly
the same asymptotics as in Eq. (153),

/ dty T(t) ~ (eVT)Ps(eV/A)' Tt (155)
1

/eV

We turn now to the analysis of the integral (149) around
the second singularity #; ~ 7. Close to this end point one has
fi(ty) — f—(tx) ~ ', Following the same line of reasoning
as above, we consider two asymptotic regions (I and III). The
time integral over region III for a given integer n; yields (we
recall that we consider the case v > 2)

T—A"!
/ die T (1) ~ (eVr)Pi~ eV /A)Feit
T—(eV)-!

1 —A~!
X (A(‘[ - tk)) e |;—(eV)‘]

~ (eVT)P eV /ATt (156)

The exponent p{; — 1 can be read from the definition (143). It
is convenient to rewrite it in the form analogous to Eq. (154),

_a1+1—2ﬁ1>2_(a1+1)2_1

=2
P13 ("1 2 2

(157)

which explicitly shows that Re p{; — 1 can be maximized with
respect to nj.

It remains to estimate the time integral when #, lies in
region I. Introducing as above some intermediate time scale
t satisfying (eV)™! «t <1t —(eV)~! (which in case of
Re py3 < —1 will be irrelevant as an integral boundary) one
obtains

7—(eV)7!
/ di T (1) ~ (VO ev/n)!Ferta . (158)
t

In the following we are interested in the integers n, and
ny which maximize the exponents, Re p|; and Re p{; — 1.
To this end we write oy = M +m with M € Z and |m| <
1/2. Then for even M leading contributions come from n, =
M/2 and ny = (M + 1)/2 £ 1/2, and for odd M they come
fromn, = M/2+1/2 and ny = (M + 1)/2. Straightforward
analysis shows that for integer filling fractions v > 2 in all
optimal contributions we have Re pj; > Re p{; — L.

These observations lead us to the conclusion that, with all
oscillatory terms e/¢V™2¢i*1AT and f,-independent contribu-
tions,

3 —1 i (Atevyr [ AT “
A4, f 1 e —) (159)
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taken into account, the leading terms of the #; integral for
v > 2are

T—1/A )
/ dty T (60)/ Al49 4. £+
1

/A

_ A e—ialeVr+iﬂleVT(eV/A)]+al
T

/ ieVn —
X <E [, e ™ (V)T

s
+ Z l—w,/l/l (efieV‘r _ l)eiele (ev_’:)p/]/31+a’]’“) , (160)
n

where ') and I} are some unknown dimensionless constants.
This expansion contains all terms in leading order of (eV/A)
[also those subleading in (eV 7)].

2. Action AY in the absence of tunneling

Let us now evaluate the action of the system when interedge
tunneling is absent,
iAQ = TiLn[1 — £ + & f] - 2iTed4 fo.  (161)
In this section the traces extend over all v upper and v lower
inner channels. We combined all 2v distribution functions f;
and phases ®{ into 2v x 2v matrices f and #7. Due to the
Dzyaloshinskii-Larkin theorem we anticipate that only first-
and-second-order-in- terms are nonvanishing for the action
above (it is worth reminding the reader here that throughout
this section the distribution functions were assumed to be the
Fermi-like). Hence, we expand

iAQ = Tr[Ln[1 + 2i97 — 209%) f] — 2i99 fy]
=2iTrd(f — fo) = 2Tr d9(1 — HHd1f. (162)

Consider now three local operators A, B, C, where by defini-
tion A(t1,t;) = A(t1)6(¢; — 1), etc. Evaluating the following
trace (one should carefully take into account here the nonlocal
in time structure of the Fermi-distribution function), one
obtains

Tr,A[B, folC

. i B(1)) — B(n)
= dr 1 Alt)) — ————C(t
f 21121}2 (1)27'[ ty —tp +1i0 (12)

=L / dt A()B(1)C(1). (163)
2

For Fermi-like nonequilibrium distribution functions, f;(r) =

e V1" f(t), the above relation implies

V
T A(fi — fo)C = 62—1 / dt A()C(1). (164)

14
Let us assume that among the channels belonging to the upper
edge of the MZI, the outer channel is biased by V and all the
rest by Vp. At the same time, all channels on the lower edge
are grounded. This gives the first, “zero mode” contribution to
the action,

e[lV+@w—-DWlr

ATed(f — fo) =i 20,
2

(165)
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The quadratic contribution to the action i A? is UV divergent
and needs to be cutoff by at the scale A ~ w,, yielding
52

A A PAY 2
—2Tr?(1 — )y f = —— Inw. s =—-Iho.
b4 v

(166)

In passing we note that, since A® is a purely Gaussian

contribution, it can be equivalently evaluated by averaging
: cof i ab . .

the phase ¢/ A" = (e/?+@=i" ) gver the Gaussian action of

the MZI in the limit 7; — 0.

3. Current, conductivity, and visibility

The results of previous sections enable us to evaluate the
AB current in the MZI. Setting the voltage of all outer channels
to zero, V = 0, and defining the exponents

, a =261\ o}

P =-2(n—=—"=) + 1+ +ar.  (167)
, a+1-26\ 1 o
p’(nl)E—2<n1—%) —5 5. (68)

one can represent the coherent current contribution in the form
_ _ ¢ 172 i®
Icoh = 2Re I+_ = 2—(R1T1R2T2) 2Ree I(), (169)
T

where Z; is the normalized amplitude of the AB current.
Collecting Egs. (147), (160), (165), and (166) together, we
finally arrive at

I() — 2672ni/vei(ﬂ1+l/v)eVr x |:Z F;lzeiilzevr(evr)pr(nz)

+ ngleinleVr(efieVr _ 1)(ev.[)p’/(n1):| . (170)
n

The following table shows the power-law exponents corre-
sponding to the terms which give the dominant contribution to
the series (170) at each filling factor v:

v Leading powers
2 pPO=p(=1)=0=p"0
3

p'(—=1) and p’(0)
>4 p/(0)and p"(0)if T} < 1/20r p"(1)if Ty > 1/2.

Taking these leading terms into account we obtain the results
presented in Sec. II B, namely Eq. (7) with the exponents (12)
and (13). We have also checked the validity of analytical
asymptotics (170) by straightforward numerical evaluation of
Eq. (149) for the AB current. The perfect agreement between
the analytical and numerical approaches, demonstrated in
Fig. 4, provides additional support towards the conjecture of
Ref. 52.

We close this section by providing the reader with a
qualitative physical picture, underlying the result (170). We
begin with inspection of the phase pulse §(¢) = 49,.(¢; 1),
which, according to our discussion in Sec. IV B, determines
the resolvent (D~!) of the counting operator (see Fig. 12).
First, we note that in our model of the maximally long-ranged
Coulomb interaction the counting phase 49, () = (47 /v)q(t),
with g(¢) being the “background” charge on the upper arm
of the MZI. The phase §(¢) is different from 49 (¢) by the
2m-pulse of the duration f#;, which describes injection of

PHYSICAL REVIEW B 87, 195433 (2013)

the interfering “transport” electron at time 7 =0 into the
interferometer via the QPC1 and its annihilation at time #
(the electrons leave the MZI through the QPC2). As we see
it from the calculations of the Sec. IV C1, in the high-voltage
limit eVt > 1, the critical exponents p’ are associated with
many-particle scattering processes with short #, #, ~h/eV.
We can interpret it as the event when one electron enters the
MZI through the QPC1 and another electron leaves the MZI
shortly afterward on a time scale ~%i/eV via the QPC2. The
possibility for an electron to propagate through the system
in a time #; < 7 is due to the long-range nature of Coulomb
interaction in our model (a similar situation will occur in a
model with a strong short-ranged interaction, where such a
process can be mediated by the exchange of plasmons, which
have a velocity exceeding by far the bare velocity of electrons).
On the contrary, the second critical exponent p” is due to
many-body scattering events with time #; >~ 7. In this case the
MZl is excited into a state with an extra electron for a long time
T > Rh/eV (it will be, e.g., the only possibility in the limit of
weak short-ranged interaction when the behavior of the MZI
is very close to the one with noninteracting electrons).

Next, we associate the integers n; and n, with the number
of inelastically excited electron-hole pairs on the MZI in the
corresponding time intervals (at 0 <t < # and #; <t < T,
respectively). More precisely, one can interpret each term in
the asymptotic expansion for the current 7 (#) as the product
of forward (electronlike) and backward (holelike) many-
particle scattering amplitudes, Ab(n~ )it x AT({n* ) ). An
electron, propagating through the upper arm of the MZI, leaves
atrace in the bath of particle-hole excitations, which is encoded
in the numbers n} and nj of the excited electron-hole pairs
after the electron’s injection and annihilation. The dominant
e-h pairs correspond to excitations from one Fermi edge to
the other, so that the typical energy of an electron-hole pair is
hw >~ eV. The corresponding many-particle amplitude should
behave as

Af({nJr}; 1) ~ efinTthkfin;eV(rftk)_

Similarly, the backward amplitude is characterized by numbers
ny and n; . In the case when the relative numbers n; = nT —
n; and ny = nj —n, between the forward and backward
scattering amplitudes are nonzero one obtains an interference
term in the current with a phase which is linear in voltage.
The two dominant terms with inequivalent phases in the series
for the current I, _ produce the lobe pattern in the visibility
of the AB oscillations. For example, at v = 3 such two terms
are those corresponding to scattering processes characterized
by the short time #; ~ h/eV but having different numbers
ny = —1 and n, = 0, respectively.

V. NUMERICAL APPROACH

In this section we present a numerical evaluation scheme for
the interference current. Results, obtained within this scheme,
corroborate and complement the analytical study of Sec. IV
based on the particular form of the Fredholm counting operator
D. After making a few introductory remarks regarding the
numerical formula for the AB current, which is suitable for a
practical implementation, we consider two cases when we did
not succeed to obtain the analytical asymptotics and had to
evaluate the Fredholm determinants numerically. This is, first,
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the case of nonequilibrium incoming distribution (Sec. V A)
and, second, the regime of intermediate interaction strength
E.t ~ 1 (Sec. V B). Note that within the numerical approach,
we do not have to rely on the assumption of equivalent
charging energies and lengths of the two arms made in the
previous Sec. IV.

As argued in Sec. IV C, the interference current is obtained
from Eq. (43) by dropping the divergent 7 integral and putting
t = 0. For the purpose of the present section we rewrite this
formula in the equivalent form,

I~ = I°P[Det Dlnorml(+] fD (0, A7) =) lnorm:
with At = 7, — 7_. Here,

I£0 = —i(RyTy)' P2 e em A (4| D10, AT)| =) lov=eq

171)

denotes the near-to-equilibrium current, evaluated at very
small voltages €7+ < 1, while the label “norm” refers to
quantities which are normalized with respect to near-to-
equilibrium values, i.e.,

[Det Dlporm = Det D/Det Doy,
The density matrix f can be removed from the matrix element
appearing in Eq. (171) by using a relation
1-D = (X" —1) D,
which leads to
(+1D71(0,A7)|-)
(HD1O,AD)| =) ev—e,

By solving an appropriate RH problem we were able to show
that close to equilibrium all effects of nonequilibrium and
interaction, like dephasing and renormalization, are absent for
the AB current. In agreement with the Landauer-Biittiker result
it depends linearly on voltage; thus,

[+ D10, AT =) norm =

-p €€
1Y = (R T\ R, Ty) "% e ® =2,
2

Corrections to this equilibrium expression are encoded in the
normalized terms in Eq. (171). By discretizing the integral

|
N A de
Di =/ BTN
—A

e TR g(e)

i 1 [ RiRoeTTRUTRIT L Ty 4 TRy
27 j k- z%?/rr _l'(R]T])1/2R0(e—in%[j7k+5+/n] _ 1)

The resulting visibility which follows from the above
approach is shown and discussed in Sec. II B; see Fig. 5. A good
convergence was already achieved for moderate matrix sizes
with N = At/m ~ 100. While we do not have a complete
analytical form of the AB current in this case, the dephasing
rate can be deduced from the leading large-t asymptotic
behavior of Det D ~ ¢~7/%. Making use of the results for the
block Toeplitz determinants,* we arrive at

= —f € Re Indet[1 — f +sle¥Vs, f
¢ = 1 11
2

% . .
—;—Re [Ty + Ro(Rie~ 2" + Tye>/")].  (173)
T
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operator D the latter become amenable to numerical evalua-
tion. Below we discuss two different discretization schemes.
In practice, the choice between two depends mainly on the
strength of Coulomb interaction.

A. Nonequilibrium incoming distribution

We consider the situation when the incoming electron
beam is diluted and is driven out of equilibrium even before
scattering at the first QPC. More specifically, we focus on the
setup (that has been realized experimentally) with an additional
QPCO with a transparency 0 < R < 1 placed outside of the
interferometer and diluting the incoming beam. The incoming
then distribution function acquires the double-step form,
f1+(€) = ToB(—¢€) 4+ Rob(eV —€).

As in Sec. IV, we focus here on equivalent arms, 74 =
7, E.x = E¢, in the limit of strong interaction E.t > 1,
where the counting phase (55) is a window function and
the counting operator D is of block Toeplitz form with
a two-channel structure. Note that its decomposition into
single-channel operators that was performed in Sec. IV A
requires trivial incoming distribution functions f, f_, i.e.,
zero-temperature Fermi distributions, possibly with different
chemical potentials. Thus, the nonequilibrium form of f
constitutes an obstacle for a further analytical evaluation. At
this stage, we do not know whether there is an analytical
way to overcome this problem. We thus resort to a numerical
evaluation of the determinants.

To proceed numerically we use the same discretiza-
tion procedure as in Sec. IV B, where the energy cut-
off A is introduced and the symbol g(¢) of D is re-
quired to satisfy periodic boundary conditions in the energy
domain,

8(e) = VAL 4 (20 — 1) f(e)l.
Now the symbol g(e) € C2*? has an additional 2 x 2-channel
structure; the same holds for the diagonal matrix ¥ with

diagonal entries ¥, , D_. In the discretized representation the
counting operator D then reads

(172)

i(RlT1)1/2R0(e_i”%[j—k—19+/ﬂ] _ 1)
T]Roeii”%[jkaﬁ%/ﬂ] + R+ T Ty

In the case v =2 the dephasing rate is simplified to 7, I =
—(eV /2m)In|2Ry — 1|, as was mentioned in Sec. II B.

B. Intermediate interaction strength

We now consider the discretization scheme applicable in
the case of a moderate charging energy, E.t ~ 1. In this
general case the correlation function (52) has to be evaluated
numerically (see, e.g., Fig. 11 in Sec. III B which shows the
result for w.t = 25). Owing to finite E,, the counting phase
¥4(¢) is not a piecewise constant function of time anymore, but
rather acquires oscillations in time. As an illustration, the phase
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0.(t) is plotted in Fig. 7 for two different charging energies.
Thus, the situation is different from that in the previous section,
since the counting operator is no longer of Toeplitz form.
Despite this complication, a numerical treatment based on
Eq. (171) is nevertheless possible, but a time discretization
of the kernel D(z,t’) has to be performed directly in the
time domain without any reference to the conjugate energy
representation. To this end, we rely on the approach similar
to the one used in Ref. 65 (see Supplemental Material of that
work) and interpret the zero-temperature Fermi distribution
function fj in terms of the Cauchy principal value and the
Dirac § distribution,

i i 11
)= ———=—P—+ =8().
Fo®) rebarr Sl e L)

Consequently, the discretization of the nonequilibrium single-
particle density matrix, fjk = §1f1(t,-,tj)§IAt, with t; =
(j — 1)At and Ar = /A yields

- i 1 1
= (1 =8 — — - —§.
fix=( ’k)an—k+2 jk

+( ki
—i (R T))'? Ty

(1 -5, i emimxU—b _ | 45 eV
wlaos et =l 5 0
Mo T =k LEYN

with A > E_being a high-energy cutoff. Making use of above
expression one can further construct the discretized matrix of
the counting operator

Dj = 8jls — (7' — 1s) o fi. (174)
where “o” denotes matrix multiplication with respect to
channel indices.

The discretized form outlined above is very general, since
it allows for arbitrary time-dependent phases. Note, however,
that for the case of window-function time dependence of
the “counting” phase (i.e., Toeplitz case) this regularization
yields a result which is manifestly 27 periodic in 2899, with
nonanalyticity at points (2n + 1)r. This should be contrasted
to the analytic and nonperiodic behavior of the Toeplitz
determinant within the proper regularization discussed above.
The corresponding difference between the present problem
and that of FCS is mentioned at the end of Sec. IV Al. We
have checked that for |2¢/7| < 7 both regularization schemes,
Egs. (172) and (174) produce identical results, although the
convergence of the second scheme is generally worse.

In the case of a finite charging energy the phase changes
continuously with time, and there is no more problem with
the regularization (174), independently of how large the
values acquired by the phase are. We used the matrix size
N = At/m ~ 500, which was sufficient to obtain numerical
results for the visibility at £, ~ 1/t with good precision. The
results are presented and discussed in Sec. II C.

Finally, we have calculated analytically the long-t asymp-
totics of the action Agyy, = —i InDetD, which gives the
out-of-equilibrium dephasing rate (17) of the AB oscillations.
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VI. SUMMARY

In this paper, we have discussed an exactly solvable model
of a QH electronic MZI for arbitrary integer filling factor
v. The model is specified by a form of e-e interaction
restricted to the inner part of the interferometer and two
single-particle scattering matrices of QPCs. Our main results
can be summarized as follows.

(i) Making use of the nonequilibrium functional bosoniza-
tion approach, we have established the exact solution of the
above model in terms of the resolvent of the Fredholm integral
operator, single-particle counting operator D, which is related
to the problem of electron FCS. The time-dependent scattering
phase ¥, (¢) of the operator D encodes all information about the
interaction in the system. The link between the initial many-
body problem with Coulomb interaction and single-particle
quantities is established by virtue of the real-time instanton
technique, which becomes exact for the specific type of the
Keldysh action describing the MZI.

(i) The focus of our study was on the model with
“maximally long-range” Coulomb interaction characterized
by the electrostatic charging energy E.. In the limit of
strong interaction E. > 1/t (here t is the electron flight
time through the MZI) the scattering phase ¥ (¢) becomes
a piecewise constant “window” function and the operator
D simplifies to the block Toeplitz form. In the absence of
external dephasing, we were able to get rid of the matrix
structure of D and have expressed the result in terms of singular
Fredholm determinants that may be viewed as a generalization
of Toeplitz determinants with Fisher-Hartwig singularities.
This has allowed us to evaluate the AB conductance in a closed
analytical form. At a moderate charging energy E. ~ 1/t
and/or in the situation when the incoming distribution is made
nonequilibrium by an additional QPC placed outside of MZI,
we have obtained the results for the visibility by evaluating the
determinants numerically.

(iii) Results of our theory at E. ~ 1/t match in all principal
aspects the experimental observation in many designs of MZIs
at filling factor v = 2. If the transmission coefficient 7; of the
QPCl is close to 1/2 the visibility dependence on external bias
shows a number of lobes, their amplitude is being suppressed
with the increase of voltage. The AB-phase dependence is
close to a piecewise constant function with jumps equal to &
at minima of the visibility. The visibility is further suppressed
when the MZI is subjected to an out-of-equilibrium shot noise,
generated by the QPCO placed outside the interferometer. We
have quantified the dephasing rate 1/t, which governs the
decay of AB oscillations with bias in terms of the transmission
of QPCs, filling factor v and the strength of e-e interaction E.7.

(iv) Our analytical results in the limit of strong interaction
E.t > 1 show an intimate connection between the observed
lobe structure in the visibility on one hand and multiple
branches in the asymptotics of singular integral determinants
on the other hand. In more physical terms, this is the
many-body interference effect resulting from the quantum
superposition of many-particle scattering amplitudes with the
mutual phase differences which are linear in external bias. We
derived the nonequilibrium quantum critical exponents, which
depend both on the transmission 77 and the filling factor v.
They are attributed to the Anderson orthogonality catastrophe
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under out-of-equilibrium conditions and describe the power-
law dependence of the above many-particle amplitudes on
voltage.

Before closing, we mention some future research direc-
tions. First, our approach can be generalized to a broader
class of setups, including, in particular, time-dependent
nonequilibrium phenomena and coupled MZIs that have been
discussed in the context of quantum information.®*% An
extension of the presented approach to the fractional QH
edge states devices, comprising two (or more) QPCs which
couple the copropagating edge modes, would be of great
interest. Another important research direction is the analysis
of the asymptotic behavior of block Toeplitz determinants

PHYSICAL REVIEW B 87, 195433 (2013)

with Fisher-Hartwig singularities (and, more generally, block
determinants, with symbols that have multiple energy and
time singularities). This would not only make it possible to
obtain closed analytical results in the model with moderate
interaction strength but would likely have multiple further
applications.
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