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We study a Hanbury Brown and Twiss (HBT) interferometer formed with chiral edge channels of a quantum
Hall system. HBT cross correlations are calculated for a device operating both in the integer and fractional
quantum Hall regimes, the latter at Laughlin filling fractions. We find that in both cases, when the current is
dominated by electron tunneling, current-current correlations show antibunching, characteristic of fermionic
correlations. When the current-current correlations are dominated by quasiparticle tunneling, the correlations
reveal bunching, characteristic of bosons. For electron tunneling, we use the Keldysh technique, and show that the
result for fractional filling factors can be obtained in a simple way from the results of the integer case. It is shown
that quasiparticle-dominated cross-current correlations can be analyzed by means of a quantum master-equation
approach. We present here a detailed derivation of the results [Campagnano et al., Phys. Rev. Lett. 109, 106802

(2012)] and generalize them to all Laughlin fractions.
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I. INTRODUCTION

A single-particle interference may be observed through
the measurement of light intensity on a screen or electric
current that reaches a certain drain. Such interference is a
manifestation of the wave nature of particles. By contrast, the
seminal experiments of Hanbury Brown and Twiss'?> (HBT)
have introduced the notion of two-particle interference. The
latter addresses two other, arguably less trivial, aspects of
quantum mechanics, which are manifestations of nonlocal na-
ture: entanglement and quantum statistics. In the original HBT
experiment, the two-particle observables were correlations of
light, originating from two uncorrelated and spatially separated
sources, and collected at two detectors. This kind of experiment
was performed either with photons traveling astronomical
distances or in table-top size experiments (see, e.g., Ref. 3 and
references therein). The possibility of observing correlations
between uncorrelated sources can be understood as the
interference of two two-particle amplitudes.*

The observation of HBT interference with electrons, rather
than photons, has been facilitated only recently, due to
advances in fabrication and measurement techniques of low-
temperature nanoscale semiconducting devices. The theoret-
ical predictions of Ref. 5 have been eventually confirmed
in experiment,® which employed chiral edge channels of a
quantum Hall system at an integer filling factor. Edge channels
of quantum Hall systems have provided an ideal playground
to realize and study electronic interference vis-a-vis Mach-
Zehnder and Fabry-Perot interferometers.”” In the case of
an integer filling factor, electrons may propagate along the
edge channels only in one direction, with backscattering due
to impurities or random potential at the edge suppressed. It
follows that a segment of an edge channel may be thought of
as anideal electronic equivalent of an optical wave guide. Gate-
modulated constrictions, so-called quantum point contacts
(QPCs), function as tunable beam splitters, where impinging
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particles may either be deflected from one edge channel
to another, or continue to propagate along the same edge.
Although the highly reduced probability of backscattering
makes interferometers realized with edge channels almost
ideal systems, electron-electron interaction and environment-
induced dephasing may still play an important role, reducing
the visibility of the interference patterns® or modifying their
expected behavior.'” Such effects are still the subject of
ongoing research.!!~!7

Most interestingly, electronic interferometers may also
be considered in the fractional quantum Hall regime. In
this case, elementary excitations that can tunnel between
edges are not necessarily electrons. In the case of weak
interedge tunneling, the tunneling amplitude for emergent
quasiparticles, a.k.a. anyons which carry fractional charge,
are more relevant (in the renormalization group sense) than
electron tunneling amplitudes.'®!° Anyons are predicted to
obey fractional statistics.”’ For Laughlin filling factors [i.e.,
v =1/(2n + 1) with integer n], quasiparticles are Abelian
anyons (the focus of this work). The exchange of two identical
anyons introduces a statistical phase factor to the many-body
wave function e’ with the statistical angle = £ /(2n + 1).
The sign ambiguity of the statistical factor implies that
the outcome of anyon exchange depends on details of the
trajectory employed to realize this exchange. It follows that
without further assumptions one can not develop second
quantized formalism for single anyons (i.e., one can not
write a field operator representing the creation or annihilation
of an anyon). Instead, one may resort to generalized Klein
factors, or follow the kinetics of individual anyons that carry
statistical flux quanta with them.?!">> Other observed filling
factors may lead to a complex edge channel structure and
the emergence of exotic quasiparticles,”>?* for instance, of
non-Abelian anyons® at v = % Several proposals have been
made concerning current and shot-noise measurement in
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FIG. 1. (Color online) Schematic representation of an electronic HBT interferometer. The electron liquid confined to the plane is subject
to a strong transverse magnetic field. For an integer filling factor, as well as for certain fractions, the bulk of the electronic system forms an
incompressible liquid (depicted in yellow), whose edge excitations have dissipationless chiral propagation (solid lines with arrows). The edges
forming the HBT interferometer are the lines S; D; withi = 1,2,3,4. The external edges S D; and S, D, are kept at potential V, and the internal
ones S, D, and S;D; are grounded (V = 0). Interedge tunneling (dashed lines) takes place at the four QPCs A, B, C, D. The distance L; is
between two consecutive QPCs along edges S; D;. The enclosed area of the HBT (marked by the red overlaying layer) is threaded by a flux
®,p of the applied magnetic field. (a) Edge channels configuration for almost open QPCs, which corresponds to Fig. 2(a). For filling factor
v = 1, tunneling of electrons occurs at the four QPCs. For filling factor v = % tunneling of electrons and Laughlin quasiparticles is possible.
(b) Edge channels configuration for pinched QPCs, which correspond to Fig. 2(b). Here, both for filling factor v = 1 and filling factor v = %,
only tunneling of electrons is possible at the four QPCs. (c) [llustration of a flux-sensitive two-particle process. Here, two quasiparticles/electrons
are transferred from edges 1 and 4 to edges 2 and 3; the process is AB sensitive due to the interference between two amplitudes A; and A,. In
A1, a quasiparticle/electron tunnels from edge 1 to edge 3 and a second quasiparticle/electron tunnels from edge 4 to edge 2 (red dotted line).
In A,, a quasiparticle/electron tunnels from edge 1 to edge 2 and a second quasiparticle/electron tunnels from edge 4 to edge 3 (blue dashed
line).

Fabry-Perot and Mach-Zehnder interferometers as diagnostics
of fractional statistics.”>?®3> We note that notwithstanding
certain published results,>**> there are to date no undisputed
claims of experimental observation of anyonic interferometry.

In this paper, we consider a HBT interferometer realized
with edge channels. Our basic setup is depicted in Fig. 1.
The device is made of a two-dimensional electron gas, subject
to a strong perpendicular magnetic field and geometrically
constrained by gate voltages. The system is assumed to be in
the quantum Hall regime, either integer or fractional. By tuning
the strength of the applied magnetic field and/or the density of
the two-dimensional electron gas, one can control the filling
factor at which the system operates. For v = 1, the low-
energy excitations are electrons, while for v = 1/(2n + 1),
the elementary excitations are Laughlin quasiparticles with
charge ¢ = ¢/(2n + 1) and Abelian fractional statistics® =
£7/(2n 4 1). The setup consists of four active edge channels
labeled by i (i = 1,2,3,4), each connecting a source S; to
a drain D;. Tunneling between edges takes place at four
QPCs which we label as A, B, C, and D. The setup is
topologically equivalent to the one addressed in Ref. 5, which
had been used to study HBT interference in integer filling
fractions. In the weak tunneling regime considered throughout
most of this paper, the chemical potentials of each source
also set the chemical potential of the respective connected
edges. Nonequilibrium effects due to current leakage from a
voltage-biased edge to a nonbiased edge®” are neglected. We
assume that sources S; and Sy are kept at potential eV, while
sources S> and Sz are kept at potential eV = 0. Note that

our setup studies true HBT interference of particles emitted
from two uncorrelated sources and detected at two drains, in
contrast to setups where the particles are emitted from a single
source.*

The voltage bias, the strength of the magnetic field, or the
bulk electronic densities are not the only control parameters
available. By varying the applied gate voltage at each quantum
point contact one can control the geometry of the edge
channels. The two limiting cases of interedge tunneling
bridges are depicted in Fig. 2. Figure 2(a) shows an almost
open QPC: for filling fraction v = 1, electrons may tunnel
between the two edges; for filling fraction v = 1/(2n + 1),
both tunneling of quasiparticles and electrons is possible. The
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FIG. 2. A schematic representation of the gates (in gray) con-
trolling a quantum point contact. Thin lines mark the incompressible
electron puddle; bold lines represent the edges; dashed lines represent
a tunneling bridge between the two edges. (a) The quantum point
contact is almost open and tunneling between the edges controlled by
anyon tunneling is weak. (b) The quantum point contact is pinched
off. Consequently, the edges are deformed. Only (weak) tunneling
of electrons between the two newly formed puddles (weak link) is
allowed (Ref. 39).
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respective tunneling operators are relevant/irrelevant in the
renormalization group sense. This implies that as one lowers
the applied voltage/temperature (and as long as the tunneling
amplitude is small), tunneling is dominated by quasiparticle
processes. Figure 2(b) depicts the case of a considerably
pinched off QPC. In this case, for either v =1 or 1/(2n + 1)
filling fractions, only electrons may tunnel between the two
newly formed edges’® (see, however, Ref. 40).

We present here a systematic study of current-current
correlations (HBT correlations) measured at different drains.
This is done for an interferometer consisting of the edges
of a bulk v =1 device, which is then compared with an
interferometer consisting of the edges of a bulk v = % device,
and is finally generalized to other Laughlin fractions. We begin
by considering the v = 1 case. Samuelsson et al.’> employed
the Landauer-Biittiker scattering approach to analyze HBT
correlations. Here, we repeat the derivation employing a
Keldysh technique applied to a bosonic model of the inter-
ferometer. We present this calculation having two goals in
mind: first, we develop a framework which allows one, in
the future, to explicitly include electron-electron interactions
in the integer case. Second, we later employ this approach
to study interferometers operating in fractional (Laughlin)
filling fractions, where the current is dominated by electron
(rather than quasiparticle) tunneling [see, e.g., the setup of
Fig. 1(b)].

We then move on to consider HBT interferometers operat-
ing in the fractional regime (Laughlin fractions), where the cur-
rent is dominated by quasiparticle (anyon) tunneling [cf., e.g.,
the setting of Fig. 1(a)]. In this case, application of the Keldysh
technique for general interferometer parameters and general
voltage-temperature regimes is highly complicated. Even
when we treat the tunneling amplitudes of the interferometer
perturbatively, we show in the following that the treatment of
general voltage-temperature regimes is virtually impossible, as
itinvolves (forv = %) 12th-order perturbation theory analysis.
Here, we focus on the high-temperature regime, where the
thermal length defined by Ly =hafv with 8 = 1/(kgT) is
smaller than the length of each of the interferometer’s arms
[see Appendix E, e.g., Eq. (E8)]. This simplifies the Keldysh
diagrams considerably, as discussed in Sec. VII. Another
complication we need to tackle is how to account for fractional
quantum statistics of the anyons. As was noted above, one can
not associate statistical Klein factors (see, e.g., Ref. 41) (at
least in a simple minded way) to anyonic operators.** There
are three ways to overcome this hurdle: (i) One may associate
a Klein factor with a bilinear form of anyonic operators (e.g.,
an interedge tunneling quasiparticle tunneling operator®!??).
(i1) One may associate a statistical flux tube with each anyon
and follow the trajectories of the interfering anyons, the
latter represented by charge-flux composites. (iii) One may
embed the various chiral edges within a single closed chiral
“superedge.”*>* Following such a procedure, the exchange of
two anyons does not any more lead to ambiguity (for example,
it is always done clockwise). The resulting statistical phase is
thus well defined. In the present analysis, we adopt the second
approach. Our accounting of the anyon interfering trajectories
and inclusion of the statistical fluxes will be translated to a
master-equation approach. The building blocks of that master
equation are calculated quantum mechanically.
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This paper is structured as follows. Section II serves as
a guide for the reader. We point out the main issues to
be analyzed and discussed (making reference to the main
equations and figures), and distinguish between facts that were
known previously and the major new results of the present
analysis. Section IIl is a study of the v = 1 case. This case has
been studied earlier (cf. Ref. 5). In the absence of electron-
electron interactions, it may be solved exactly introducing the
scattering matrix of the HBT interferometer. Here, we employ
a nonequilibrium fermionic Keldysh approach for the case of
weak tunneling at the four QPCs [see Fig. 1(a)]. The case of
strongly pinched-off QPCs is readily analyzed as well, given
the self-duality with the former case [see Fig. 1(b)]. In Sec. IV,
we repeat our analysis of the v = 1 case, this time employing
a bosonized representation of our model. The advantage of
the analysis presented in Secs. III and IV, as compared with
previous analysis based on single-particle scattering matrix
approach, is that our present study allows the inclusion of
electron-electron interactions on the edge. Section V sets
the stage for the analysis of interference at fractional filling
factors v =1/(2n + 1). Using a bosonized picture of the
edge, we define the various tunneling operators, including the
statistical flux. Currrent-current correlations are calculated for
electron-tunneling-dominated dynamics in Sec. VI, employing
the Keldysh technique. In Sec. VII, we address quasiparticle
tunneling, resorting to a master-equation technique. We first
outline the analysis of the time evolution of statistical flux
trapped inside the interferometer and the ensuing current-
current correlations, and then present a quantum-mechanical
calculation of the rates to be incorporated in the master
equation. To put our analysis in the right context, and to provide
important details of our analysis, we have included here a few
appendixes. Appendix A repeats the scattering matrix analysis
of Ref. 5 of HBT correlations for noninteracting electrons.
Detailed derivation of certain equations in the main text is
presented in Appendix B [Egs. (18) and (19)], Appendix C
[Eq. (35)], and Appendix D [Eq. (49)]. The complexity of
tackling quasiparticle correlations that depend on Aharonov-
Bohm flux, employing the Keldysh technique, is outlined in
Appendix E. Evaluation of two-quasiparticle rates that affect
the kinematics of the statistical flux state of the interferometer
is presented in Appendixes F and G.

II. MAIN RESULTS AND DISCUSSION

We begin by presenting a guide to the main results of our
analysis. We first consider an electronic HBT interferometer
operating in the v = 1 regime, where we ignore electron-
electron interactions. We derive (Sec. III) an expression for
cross-current correlations [Eq. (13)], which includes both
flux-independent [Eq. (18)] and flux-dependent [Eq. (19)]
terms. Our results are identical to those of Ref. 5, which
were derived by employing a Landauer-Biittiker scattering
approach, valid for noninteracting electrons. Our approach
here, which utilizes the Keldysh technique, is advantageous as
it allows for the incorporation of electron-electron interaction.
This, however, is left for future analysis.

We next (Sec. IV) repeat the calculation (v = 1) within the
framework of a bosonic theory of the edge modes. The formal
expression we obtain for the flux-dependent correlations is
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new [Eq. (35)], but leads to the same result as in the previous
section. The merit of employing a bosonized version of our
action is twofold: it would allow the inclusion of electron-
electron interaction (as is the case with the fermionic Keldysh
approach described in Sec. III). More importantly, it can
be readily generalized to allow the study of anyonic HBT
correlations.

We generalize the bosonic description of the HBT to the
fractional quantum Hall regime (Sec. V), focusing on Laughlin
filling factors. Our new results for the flux-dependent current-
current correlator, for a generalized Laughlin fraction v, are
given for the case where the particles tunneling at the “beam
splitters” are electrons [Sec. VI, Eq. (49)], or Laughlin anyons
[Sec. VII, Eq. (77)]. Our analysis is carried out employing a
quantum master-equation analysis. Central to this analysis is
the observation that the interferometer is characterized by the
number of flux tubes trapped inside; hence, we define a number
of flux states for the interferometer. The kinematics whereby
transitions among flux states take place is governed by one- and
two-particle rates, classified in Table I (cf. Ref. 45). The rates
are explicitly calculated [Egs. (83) and (97)]. Our analysis
is mostly carried out for zero-frequency correlations. We
show that the flux-dependent correlations have nonvanishing
contributions only from “auto terms,” depicted in Fig. 9.
We further find here that this statement about nonvanishing
contributions coming only from auto terms holds in the
finite-frequency regime too [cf. Eq. (78)].

Flux periodicity and tunneling strength. In the three scenar-
ios considered here, v = 1 (electron tunneling), v = 1/(2n +
1) (electron tunneling), and v = 1/(2n 4+ 1) (quasiparticle
tunneling), the current-current correlations are periodic in the
flux, with period of the Dirac flux quantum &y = hc/e. This is
not surprising in view of general gauge invariance arguments,
and has far-reaching implications on the dependence of the
current-current correlations on the tunneling amplitudes {I";}.
Consider, for example, the v = % case. The lowest-order (in I';
for the moment we assume that all I";’s are of the same order,
~ I") contribution involves interfering paths made up of four
tunneling events. This contribution is therefore ~I"*. When %
anyons are concerned, such a I'* contribution will lead to a
term whose flux periodicity is 3®,, in marked contradiction to
the gauge invariance requirement. Indeed, we have checked
that this contribution vanishes. The leading, nonvanishing,
contribution, giving rise to a @, periodicity, involves three
pairs of quasiparticles, and naively would scale as ~T"'2. As
we discuss in Sec. VII A and in Appendix E, single-particle
processes renormalize this to ~I'8. We extend this analysis to
a general v = 1/(2n + 1). In short, gauge invariance dictates
®, periodicity, and implies that the smaller v, the higher is the
orderinI'.

What can one observe? The AB-dependent contribution
to the correlations we calculate will be negative/positive
depending on whether they are dominated by electron tunnel-
ing/quasiparticle tunneling. The latter corresponds to partial
bunching akin to bosons, indicating a substantial statistical
transmutation from the underlying electronic degrees of
freedom. We also find qualitative differences between the
anyonic signal and the corresponding bosonic or fermionic
signals, indicating that anyons can not be simply thought as
intermediate between bosons and fermions.
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III. INTEGER FILLING FRACTION: FERMIONIC
FRAMEWORK

As a pedagogical introduction, we consider here the HBT
interferometer at integer filling factor, and calculate current-
current correlations measured at two different drains. Such a
quantity can be obtained in a straightforward manner using a
Landauer-Biittiker scattering approach’ (see Appendix A), but
it is nevertheless interesting to reproduce here known results
using a Keldysh nonequilibrium formalism. In this section,
we use a standard fermionic representation for the electron
operators (in the next section, the same result is obtained using
a bosonic representation of the fermionic operators.)

We first consider the case of almost open QPCs [cf.
Fig. 1(a)]. The model Hamiltonian can be written as H =
Hy + Hr, where Hj is the bare Hamiltonian describing the
four edges, and Hr describes the tunneling of electrons at
the four QPCs. For an edge j (j = {1,2,3,4}) of length £;,
the electron field operator at point x is given by

A 1 .
yi(x) = N > ety . (1)
J k;

with periodic boundary conditions, i.e., k; = 27n/L; and n
integer. We assume k;£; > 1 in which case the particular
boundary conditions employed are of little consequence.
Here, Ch;.j is the electron annihilation operator for a state
of wave vector k; on edge j. Creation and annihilation
operators satisfy standard fermionic anticommutation rules

{élt,»,j’ék}/-,j/} = Sk, and {ékb,-,jsék},,j’} = 0. We assume
that, in the absence of tunneling, each edge j is at equilibrium
with a reservoir at chemical potential u ;. Hence,

4
Hy = —ifivy f dx Pl (), 2)
j=1

where normal ordering is defined with respect to the state

filled up to the lowest chemical potential in the problem

[Tj=1... et <minin ) @,tj’j |0). Notice that we take into account

only the four edges 1, . ..,4 defining the HBT (cf. Fig. 1).
The tunneling Hamiltonian H7 is given by

Hr =(A+B+C+D)+H.c., 3)
with
A = 21/ 0T (0)4)5(0),
B =Tyl (L)Pi(Ls),
C = Te ¥} (0)(0),
D = Tp ¥ (L1)¥a(Ly),

where on each edge j the point x = 0 is chosen at the first
QPC in the direction of chirality and the distance to the second
QPC in the direction of chirality defines the lengths of the
interferometer arms L ; (not to be confused with the length of
the full edge £;). We choose a gauge such that the flux of the
magnetic field threading the interferometer ® 53 is ascribed to
the tunneling operator of QPC A [see Fig. 1(a)]. For future
reference, it is convenient to introduce the shorthand notation
Hr, = A+ Af, and similarly for tunneling operators at the
other three QPCs.

“
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FIG. 3. (Color online) Keldysh contour: the direction of the
arrows indicates the ordering of times along the Keldysh contour.
The original contour in (a) can be extended to the one shown in (b);
here, + and — indicate the upper and the lower branches and will be
used to define the four components of the Keldysh Green’s function.

In order to study the stationary nonequilibrium problem, we
use the Keldysh technique.*® We assume that a time t = —o0
the tunneling Hamiltonian H7 is zero and then adiabatically
turned on. The expectation value of a generic operator O at
time ¢ can be expressed as

(0" @) =

Here and in the following, operators O ¥ are in the Heisenberg
representation, whereas operators O are in the interaction
representation with respect to Hy. We have introduced the
Keldysh action

(Tx O(t)Sk). (5)

Sk = Tk exp {—%/ HT(t)dr} , (6)
K

where Tk is the Keldysh time-ordering operator and the
Keldysh contour K is represented in Fig. 3. A point T on the
Keldysh contour is specified by the time coordinate ¢ along the
real axis and the branch index n = {+1,—1}. In the following,
for such a point we will use the notation t = t,. Equation (5)
can be generalized to the expectation value of n operators

<TK OAIH(ZLm) - OAf (tn,r],,)> = <TK 01 (tl,m) ce On (tﬂ,?]n)SK>'
(N

For each edge channel j, the Keldysh Green’s func-
tion is defined as G (x1,11; X2,02) = G j(x1,11 9,3 X2,12.0,) =

—i(Tklﬂj(xl,tl,,,l)lﬁ;(xz,tz,,,z)). The four components in the
2 x 2 Keldysh space, corresponding to the four different
choices of the branch indices, are

G?]nz(xl,tﬁxbh)

Gt (x1,t13x0,10) G~

G;H(Xl,tl;xz,fz) Gf_
(x1,t15%2,12)

(Xl,tl;xz,f2)>

<—i<T&j(xl,n)¢j<xz,rz)>

(] (o ) (. 1) )
—i (e, )Y (2. 12))

—i (T@@j(xl ,t])‘};(xbh»
®

where T and T are the time- and anti-time-ordering operators,
respectively (not to be confused with Keldysh time order-
ing Tx). Notice that the two components Gj_(xl,tl;xz,tz)

PHYSICAL REVIEW B 88, 235415 (2013)

and G;+(x1,t1;x2,t2) correspond to the standard lesser
G;(xl,tl;xz,tz) and greater G;(xl,tl;xz,tz) Green’s func-
tions, respectively.

We assume that our system is translational invariant in
space (far from boundaries) and in time (steady state).
Hence, we can write the Green’s function in terms of
two parameters, i.e., Gj‘"z(xl,tl;xz,tg) = G?‘W(Ax,At) with
Ax = x; —xp and At =t — t,. It is convenient to express
the four components of the Keldysh Green’s function in
mixed energy-space representation defining G'}'"Z(Ax,a)) =
[dt exp(iwAt)GZ‘"z(Ax, At). In this representation, the four
components of the Keldysh Green’s functions are

G (M) = L2 fh — ) OAX), 9)
G (Ax,0) = v LMY f e — i), (10)
G;*(Ax,m: LA~ o ), (1)
(B w) = SN o — ) — O-AD], (12

where f(w) = [1 + exp(Bhw)] ™' [B = 1/(kpT)] s the Fermi-
Dirac distribution function, and ®(x) the Heaviside step
function. In the following, we will evaluate nonlocal Green’s
functions Ax # 0.

The current operator at point x on edge j can be written as
I i(x)=ev: &}(x)lﬁ j(x) .. Let us define the zero-frequency
(cross) current-current correlation function measured at two
drains D; and D; (i # j):

l +00 N N
5ij(0) = 3 / dn((1 (. (xj.12)
+ 77 0t B (), (13)
where ((0,0;)) = (0;0;) — (0,){(0;). The point x; (x,)

is chosen to be after the last QPC on the respective edge
(in the direction of chirality), i.e., x; > L; (x; > L;) (see
Fig. 1). Owing to the chiral propagation, the above condition is
sufficient to express the current-current correlations measured
at the drains D; and D;.

Plugging the expression of the current operators, we can
rewrite Eq. (13) on the Keldysh contour

S$ij(0) = Z/ dn((Tx WH)T(XI'JL;; +70%)
n==1
x P (it ) (@,H)T(Xj,lz,fn —n0")
et ) (14

Notice that we have introduced time splitting, using the
infinitesimal positive number 0%, in order to preserve the
correct ordering of the operators under the action of Tk.
The operators are still in the Heisenberg representation.
Making use of Eq. (7), we write Eq. (14) in the interaction

235415-5



CAMPAGNANO, ZILBERBERG, GORNYI, AND GEFEN

representation

e2U2 +00 ot
590 = = Y [ (i bl +007)
o0

n==£1%"
< Pi (it g) 5 U}ty — 107)
x Uj(xj,t2,—p) : Sk)). (15)

Equation (15) is exact. Next, we assume that tunneling at the
four QPCs is weak and expand Sk in powers of Hy. The lowest
nonvanishing contribution to cross-current correlations, i # j,
is fourth order in Hr:
2,2 (4 +00
e“v (—i)
Sij(O) = TW nzzil /;oo dy /Kd‘lfld‘fzdl'3d‘f4

x ((Tk : K@,-T(xi,fl,n + 00y (xi )
X Yty — O (1)
x Hy(t1)Hr (12) Hr (13) Hr (14))). (16)
In the following, we consider explicitly the cross-current
correlations at drains D, and D3, S»3. In Appendix B, we derive
its outcome in detail. Here, we highlight the results. In essence,
from Eq. (16) we obtain four contributions, proportional to
ITAI2ITp|?, IT52ITcl?, TATETels, and T%TTETS. We
assume that edges 1 and 4 are kept at chemical potential

w1 = g = eV,andedges 2 and 3 are grounded, u, = puz = 0.
With this symmetric choice, we can write S,3 as

. 1
et
+ (eiCDAB/CPoFAFZFCF%S(b +c.c.)l, a7

Sr [(IT4*ICp|* + IT5*Tel*)So

where Sy is a contribution to S>3 due to processes that involve
tunneling across two QPCs, i.e., A and D, or C and B3, and Sy
is a contribution due to tunneling across all four QPCs. The
prefactor of the latter contribution is modulated by the flux
of the magnetic field threading the interferometer ® 5. These
contributions are

2
So= -2 / do[ () — f(ho — V)P
2

e 1 — ma coth[ra]

o T — (18)
2
So.= —n f dol f0iw) — f(iw — eV)P
w
X exp {i;(L] +Ly—Lr— L3)}
_ ﬁ (AL cos[aAL] — 7 coth[wa] sin[w AL])
T hB 7 sinh(AL)
X eiotAZ’ (19)

where we defined the unitless parameters « = eV /(2m) and
AL =m(Ly + Ly — Ly — L3)/(hBv), with B = 1/(KpT).
Our result, Egs. (18) and (19), coincides with the results
of Ref. 5, where the problem was treated using a Landauer-
Biittiker scattering approach. For completeness, we provide in
Appendix A the scattering matrix treatment of the problem
and present the equivalence with the method shown here. We
have presented the calculation for the geometry of Fig. 1(a).
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This corresponds to small voltages applied to the gates of
the QPCs. For pinched QPCs [cf. Fig. 1(b)], at filling factor
v =1, Egs. (18) and (19) are the same expressions for Sy;
under relabeling L| <> Ly, L3y <> Ly, and 'y < Te.

IV. INTEGER FILLING FRACTION: CALCULATION
IN TERMS OF BOSONIC OPERATORS

In this section, we address again current-current correla-
tions when the system is set to integer filling factor v = 1. We
carry on this analysis from a different point of view: (i) we
use a bosonic representation of the Fermi fields (to be defined
in the following), and (ii) following common practice in the
literature on electron interferometry,?!?>3%47 we introduce
tunneling currents and not currents defined as densities. We
define tunneling currents towards edge 2 and edge 3 as the time
derivative of the total charge on these edges. With this choice, it
is sufficient to expand Sk to second order rather than to fourth
order as we did in the previous section. Surely, there is a price to
pay for such a simplification: naively, one could think that both
definitions yield the same current-current correlation. This is
actually not the case; only the magnetic flux modulated part
of Sy, i.e., S¢, is the same for both approaches. In Fig. 4, we
consider a simplified geometry to give a heuristic motivation
why correlations of tunneling currents are not equivalent to
correlations of currents measured at the drains.

Here, we follow closely the approach of Ref. 11. We
briefly repeat the standard steps of operator bosonization,*!*8
applying them to the present geometry. We can express Hy
in terms of plasmonic modes. Boson creation operators are
defined as

to_ t
by, ;= T, chﬂrq,-,jckf»f 20)
ik
il [
l I
1 1
L 4 T >
I
Vg
T
(3 1 > I @
I
iTZI
il N
° > L ‘o

FIG. 4. (Color online) Correlation of tunneling currents does
not always correspond to correlation of currents measured at the
chiral edges (or at the drains). In this figure, we give an example to
illustrate such a difference. The three lines represent edge states with
chiral propagation. The dashed lines represent tunneling between
edges. il and i} (il' and il') are currents measured before (after) the
tunneling points. i7; and iy, are tunneling currents. Assume that
current fluctuations are slow on the time scale of propagation along
the edges and consider the correlator {(i['i}l)). Current conservation
dictates i! =i} +ir; (j = 1,2), which yields ((i]'i;)) = ((i}ir2)) +
({ir1ir2)). We have used the fact that {(ilil)) = ({ir,i})) = 0. The
correlator ({ilir,)) is not vanishing at a finite temperature. Hence,
correlations between tunneling currents and correlations between
currents measured at drains are not equal at a finite temperature.
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for g; > 0. These boson operators satisfy the canonical com-
mutation relation [by, ;, b;, ’ j] = 84,4,0ij- We can now introduce
the bosonic field operators

¢j(x) _ _ Z _(eiiqij;‘,j + eil]ijqj,

Ty,
q;>0 VU

j)e a2, 21)

where [, is an ultraviolet cutoff. This new field obeys the
commutation relation

[¢i(x),dy0; ()] =

Fermion and boson field operators are related by [cf. Eq. (1)]

—27i8;;8(x — y). (22)

~ F; 27 N:x/L: —idi(x
Prj) = e T BT, (23)

where F; are Klein operators that satisfy the anticommutation

relation {FT F;} =25;; and N;= [dx p;(x)is the total charge
operator for edge j. The Hamiltonian Hj can be expressed in
terms of the new fields as

whv . hv

Hy = Z |:—N N+ 1)+ —/dx(axd),)z] (24)
=L

where v is the velocity of edge excitations. The average

value (N;) is related to the chemical potential ; by u; =

2rhv(N;)/L;; linearizing the dependence of the Hamiltonian

on N; we have

! . R
Hy=Y" [uij + ﬁ f dx(8x¢j)21| : (25)
j=1

The tunneling Hamiltonian remains to be described by Eq. (4).

The Keldysh Green’s function with the above representation
of the Fermi fields can be written as a multiplication of two
expectation values

i . )

_ T.F: (¢ eterijl/Lje—lZanxz/Ej

27rlc( eFj(tn)

X F]T(ltz’nz))(TKe_i‘bj(xlxtl,nl)ei¢j(x2;f2,n2)>.
(26)

G (x1,115x0,10) =

These expectation values are straightforward to evaluate. The
one involving Klein factors yields

(Tij (thm)ei27rN,-x1/L,-e—i2ﬂN/x2/£/ F]T (tMZ»

— eiu,-()m/v—tl)/he—iu,(Xz/v—tz)/thnz(tl — 1), @7
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The bosonic part of the two-point correlation function reads
54149
(Tx e_i¢j(xl-tl.nl)ei¢j(X2JZ,n2))
wle 1
h,BU sm{—ﬂ( [ ‘_xz]xm,,’z(tl

SSERl)
(28)

Let us introduce the tunneling current operators Ira, I3,
representing the tunneling currents from edges 1 and 4 to
edges 2 and 3. They can be obtained from the time evolution
of the total charge operator on each edge, as

Iy = dﬁ_ie[HN]_ ie(c+D Hec), (29)
=e—N,=— =—— —H.c.),
R 7 T )

2 Ly = s = A+ B—He). (0)
—e¢—N; = —[H, =—— —H.c).
T3 dt 3 7 3 h

We are now ready to address the zero-frequency tunneling
current-current correlation. Once more, we can introduce
Keldysh time ordering and write

1 [ A -
5350 = 5 f dt Y (TxIraO)Irst—y)).  (31)

n==x1

Notice that we named the correlator Sg) to stress that it mea-
sures the correlation between tunneling currents. Rewriting the
operators in the interaction representation, we have

$55(0) = f dt Y (T Ira0)Ir3(t-,)Sk)).  (32)

n==x1

In this case, it is sufficient to expand Sk to second order in Hy
and find

S5 (0) =

i 2
4713 Z / dt / dridty ((Tk I2(0,)

X ITs(f—n)HT(Tl)HT(Tz)))- (33)

Collecting terms proportional to 'y I';I"cI'}, from Eq. (33),
we obtain a contribution

ei':DAB/CDO
S TaT}TeT S

82 /\OO
= — dl/ dtidt
4 E :
4h =1 —00 K

x (T {C(0,)A(t_ B (x))D'(12) + D' (1) B (12)]
—CO0,)B'(t_ [ A(t))D' (1) + D' (1) A(2)]

where - DT(On)A(Ln)[BT(rl)C(tz) 4 C(r)B ()]

X (t1 — 1) = (12 — 1) /2 + sign(ty — ) (01 + 12)/2. + D108 (t-[AT)C(r2) + C(T) AT} (34)

In Appendix C, we obtain
|
S ¢ Z /dtdt dtye " L/vtLafvintn=n/h 1 |
mn e
*T 2ny nm 112 ! ﬁ b sinh [m( vt — Ly —im c)] sinh [hgv(v t+ Ly + inal,)]

! 1

X
"%sinh{h%[v(tl 1)+ Ly +iml]} 22

sinh { 2= [v (1 — ) — Ly —inl1}

(35)
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In order to perform the above integrals, it is convenient to use
the following relation:

l' oo
fEe) = iﬂ /;oo d sinh [

where f(w) is the Fermi-Dirac function. As in Appendix B,
we can represent the correlation functions in terms of their
Fourier transforms and perform the straightforward integrals
and the Keldysh sums. Thus, the outcome of Eq. (35) is equal
to that of Eq. (19).

It may seem that the effort of performing this calculation
in bosonic representation has little merit, as we have obtained
the same result as the fermionic analysis. Nevertheless, the
expression in Eq. (35) would prove useful in Sec. VI where
we analyze electron tunneling between edges with fractional
filling factors.

1

W xily)] (36)

T
hpv

V. MODEL OF THE INTERFEROMETER AT FRACTIONAL
FILLING FACTORS

In the second part of this paper, we consider the HBT
interferometer operating in the FQHE regime, specifically
at a simple Laughlin filling factor v = 1/(2n + 1). For the
sake of being specific, we will discuss the v = % case. In
this case, no straightforward Landauer-Biittiker analysis is
readily available, and one is forced to study the system
with the nonequilibrium methods introduced in the previous
sections. We consider two possible scenarios: (i) the QPCs are
almost open [cf. Fig. 1(a)], and (ii) the QPCs are pinched [cf.
Fig. 1(b)]. As explained before, for case (ii) only tunneling of
electrons has to be taken into account. For case (i), instead,
even at relatively low energy, the relevant tunneling operator
is that of quasiparticles, which leads to a profoundly different
behavior of the system, as will be shown in the following.
Here, we first introduce the Hamiltonian describing the system
in the absence of tunneling; then, with the introduction of the
tunneling operators, we specialize our analysis to either case

(i) or (ii).

A. Fractional edge model

In the fractional quantum Hall effect (FQHE) regime, the
spectrum of the bulk excitations of the electronic liquid is
gapped. As we saw in the integer filling factor case, the low-
energy physics is confined to gapless excitations at the edges
of the system. For the Laughlin filling factors considered here,
the dynamics of the edge channels is described by a chiral
Luttinger liquid where the interaction constant g is set equal
to the filling fraction® v. Our geometry is depicted in Fig. 1.
The Hamiltonian of the four edge channels reads as

v 4
Hy= 1o ; / dx (0 @37

where v is the (renormalized) chiral velocity of the edge
excitations. The four Bose fields {¢;} satisfy the following
commutation rules:

[1(x,t = 0),p(x",t = 0)] = imdusgn(x —x).  (38)

Note that we have chosen a convention where the commutation
relations do not contain v.
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On each edge channel, the charge density operator is related
to the bosonic field by
Jve

Pk = — ) Ox Pr- (39)
T

Making use of the commutation rules in Eq. (38), one can
verify that the operators exp(i¢;/+/v) and exp(i/v¢y) are,
respectively, proportional to the electron and the quasiparticle
creation operator on the edge /.

B. Model for electron tunneling

Although electronic operators do anticommute on the same
edge, in order to enforce anticommutation between operators
on different edges one has to introduce a set of Klein factors
as was previously done in Sec. IV. In most cases, i.e., in
a two-edge geometry with a single tunnel barrier,'®! it is
not necessary to introduce such Klein factors; in the case
our geometry [cf. Fig. 1(b)], though, failing to do so would
lead to a wrong sign in the expression for the current-current
correlation.

The electron tunneling operators at the four QPCs read as

A© = LA Bt g, 271000/ 90,1610-0:01/15

C
B(e‘) — E Fj Fs ei[¢4(1‘4)*¢3(143)]/«/;
l . )

y (40)
c© — % F| P, /00— 6:001/15

c

po_ I Fl Py e @-6:L/ V5,

c

where the tunneling Hamiltonian in this case reads as
Hr = A° + B +C“ + D + Hec. (41)

Notice that we have reintroduced the Aharonov-Bohm phase
due to the magnetic flux ®,p. Electrons moving along the
edges acquire a phase given by (e/hc) § dl - A. We choose
again a gauge where the total AB phase, exp(2mi®ap/ Do),
acquired by going around the loop A - B — C - D — A,
is assigned to the tunneling operator at QPC .A. Once again, we
assume that the external edge channels 1 and 4, connecting S,
to D and Sy to Dy, respectively, are kept at chemical potential
eV . Edge channels 2 and 3, connecting S, to D, and D3 to Ss,
respectively, are grounded.

C. Model for quasiparticle tunneling

‘We now turn to the case of almost open QPCs. This situation
corresponds to the edge geometry depicted in Fig. 1(a); for
such a geometry, tunneling of quasiparticles and electrons can
take place at the four QPCs between the edge channels. At
Laughlin filling factor v = 1/(2n + 1), quasiparticle tunneling
is more relevant, in a renormalization group sense, than
electron tunneling. We focus on a range of temperatures and
voltage that render electron tunneling negligible as compared
with quasiparticle tunneling. The low-energy physics of the
edges is still described by the Hamiltonian in Eq. (37),
but we need to express the tunneling operators in terms of
quasiparticle operators exp(i/vey). Notice that in this case,
the Aharonov-Bohm phase reads as (ve/ hc)fdio A. The
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quasiparticle tunneling operators at the four QPCs are selected
to be

A@ = TA privess/o0 i vitgi0-ss0n,

I
( g, _
B@ — _elﬁl¢4(L4) ¢3(L3)]
l 9
: (42)
CD = Eeiﬁ[¢4(0)—¢z(0)l
I ’
( FD i _
D@ — 2D i ilL)—pa(La)]
I
The tunneling Hamiltonian is then
Hy = A9 + B9 +C@ + DY + He. (43)

Above, we have not included Klein factors in the tunneling
operators. Because of the commutation rules of Eq. (38), it is
straightforward to check that tunneling operators at different
QPCs do not commute with each other.

Let us discuss the consequence of a naive calculations of
the current-current correlation along the the same lines of the
previous sections. The lowest nonvanishing contribution to the
cross-current correlation would again be of the fourth order in
the tunneling amplitudes. A contribution of this form would
violate Byers-Yang theorem:>? the current-current correlation
would show a periodicity of (1/v) ®( and not & as expected
from a gauge invariance argument. The approach put forward
in Refs. 21 and 22 was to introduce a new set of two-body Klein
operators. Such Klein factors would enforce the commutation
between tunneling operators at different QPCs to be zero,
i.e., restore locality in the tunneling Hamiltonian. A similar
approach would be in principle possible here, but is technically
hard to follow: unfortunately, it turns out that in our case
one is soon confronted with expressions which are hardly
manageable (see Appendix E).

Here, we follow an alternative route: a quasiparticle in a
quantum Hall liquid at Laughlin filling factor v can be de-
scribed as a composite object, consisting of a point charge ¢ =
ve with a single magnetic flux quantum solenoid @ attached to
it. When a quasiparticle encircles another quasiparticle, it will
pick up an AB phase & = 27 v which accounts for their mutual
fractional statistics.”’ When a quasiparticle tunnels from one
of the external edges to the internal ones, its flux is trapped
inside the interferometer. The magnetic flux enclosed in the
active area of the interferometer is then @ = Ppp + Pgtar,
where @ is the statistical flux?'*>?%2%31 and is given by ®,
times the number n of quasiparticles that have tunneled from
the external to the internal edges. This is sketched in Fig. 5.
The dynamics of quasiparticles moving along the edges of the
interferometer is then entirely determined by » mod(1/v). For
a given value of ®p, the system can be found in 1/v possible
states characterizedbyn = 0,1, ...,(1/v — 1). We modify the
tunneling operator at QPC A to include the statistical flux: we
have A@ — A = (T 4/1,)e2mV(@an+nP0)/ @0 pin/v($1(0)=¢3(0)
In the next sections, we study the kinetic equation which
describes the Markovian evolution of the statistical flux and
calculate transition rates between the three possible flux states
using the microscopic model defined above. This will allow us
to derive an expression for S¢ for the regime considered here.
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FIG. 5. (Color online) A segment of the two-particle interferom-
eter in two different topological states. In (a) there is one quasiparticle
(qpl) trapped inside the interferometer; in this case Py, = Do
(assuming no quasiparticles in the other section of the interferometer).
In (b) a second quasiparticle (qp3) has tunneled towards the inner edge
of the interferometer; this corresponds to g, = 2P,. Notice that the
quasiparticle moving on the external edge (qp2) does not contribute
to the statistical flux.

VI. CURRENT-CURRENT CORRELATION: ELECTRON
TUNNELING CASE

Here, we consider the part of the current-current correlation
that depends on the magnetic flux S¢. For the calculation
of such a quantity in the case of tunneling of electrons, we
show that it is possible to obtain an analytic expression for
the fractional filling factor v = 1/(2n 4 1) using the results
previously obtained for the integer case v = 1. Once more,
as in Sec. IV, we introduce tunneling currents and calculate
their correlations. In this case, it follows from Eq. (39) that the
charge operator on edge i is N; = —(/ve/27) fdx 0y®;. The

tunneling currents I;ez) and 1;‘2 are obtained by the equation of

motion for the total charge on edges 2 and 3. Here, we have

9= 0= DY He), @
i —Q3 — _%(A(‘” +B© —H.c.). (45)

As previously done in Sec. IV, we can express the zero-
frequency current-current correlations of tunneling current / }62)

andl(3 as

1 o0
SHOESS / dt Y Tk I9O)I-)Sk)),  (46)

n

where Sk was defined in Eq. (6). In this case, Hy is given by
Eq. (37) and the tunneling operators by Eq. (40). To the lowest

235415-9



CAMPAGNANO, ZILBERBERG, GORNYI, AND GEFEN

nontrivial order in the tunneling amplitudes, we have

—l)2 e’} (@
2 ‘/7 dl‘/d‘l,’ldl'z((TKsz(or])

x ﬂ”(t_n)HT(n)HT(rz))) 7

(f ) (O)
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The analysis of Eq. (47) is formally identical to the analysis
performed for Eq. (31) (cf. Appendix C) but with a different
expression for the Keldysh Green’s function. In this case we
have

G (x1,11:x2.10) = (1/1, )(TK (tl m)FiT (tz’n2)>(TKe_i¢x(xlatl,n])/«/geid’[(XZJZJ]y_)/\/U)

lc(_l/"*l)eiui [(x1=x2)/v=(11 =12)]/R

(48)

(h‘s” srn{

Here too we focus on the flux-dependent part of the
current-current correlation and collect terms proportional to
L ATglelMy of Eq. (47). In this case, we call this quantity
Sflf). As we show in Appendix D, to compute Séf) does not
require much effort; it can be derived from the expression
of S¢ [Eq. (19)] in a straightforward way: The original S¢
[Eq. (19)] has been calculated for the geometry depicted in
Fig. 1(a). In the present case, we rely on the geometry of
Fig. 1(b), which involves substitutions L <> L, L3 <> Ly,
'y <> T'¢. Following this substitution, by taking derivatives
with respect to the interferometer arm lengths, we obtain for
anyv=1/2n+1)

© 4 (1/v=1)/2 1 52 jn 2
Sg) = 1X/v=D - (—) So.
[T 1 jG+nlar2  \apv) |°°

i=l j=1
(49)

In Fig. 6, we plot the dependence of S¢ on voltage and
for different values of v using realistic experimental values.
Notice that the function is initially negative, a sign of fermionic
statistics of the interfering electrons.

{il(t — )V — (¥1 — ¥)] + X1 — ) 1)

VII. CURRENT-CURRENT CORRELATION:
QUASIPARTICLE TUNNELING CASE

In this section, we address the calculation of current-current
correlations for the quasiparticle tunneling case. Initially, one
may introduce a set of Klein factors in the tunneling operators
and use a Keldysh nonequilibrium approach. This analysis
leads, for example, for v :% to a lowest nonvanishing
contribution of 12th order in the tunneling perturbation. In
Appendix E, we show that, following realistic assumptions, a
12th-order Keldysh perturbation theory may be dramatically
simplified. The main observation underlined in Appendix E
is that complex processes along a Keldysh contour may be
decoupled into three consecutive 4th-order processes, each
corresponding to a two e* = 3 anyon scattering. The time
interval between two consecutrve two-anyon processes may
be “dressed” by single-anyon scattering processes. This
picture constitutes the basis to the rate-equation analysis
employed here.

We study the Markovian evolution of the statistical
flux trapped inside the interferometer. Thus, we derive an
expression for current-current correlations in terms of quasi-
particle transfer rates. In Sec. VII A, we illustrate the general

5-1010
107
o 25-107
=] -1}
i 0
é _105,
Lo -25-10°
, . . , \HH_H‘_H”HH_‘H5.1010
0 2 4 6 8 2 4 -6 8 10
« AL

FIG. 6. (Color online) Electronic cross-current correlations. Plots of the cross-current correlations 2Re{S$)} at Oup

=0 [cf. Egs. (19)

and (49)] as a function of (a) voltage [ = eV B/(27)] for interferometer arms mismatch AL = 7 (L, + Ly — L, — L3)/(hfv) — 0, and (b)

AL for & = 6. Different curves are for filling fractions v = 1, 1 3» 5,

and 1 5 (black, red, green, and blue, respectively). We assume the following

experimental values: temperature (Ref. 6) T = 10 mK, and edge velocity (Ref. 53) v ~ 1.5 x 10° m/s. For presentation reasons, we took the

ratio of cutoff length over thermal length to be 7/./(ifv) = 0.18.
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framework for such a calculation, and in Sec. VII B we derive
explicit expressions for the quasiparticle transfer rates using
the microscopic model introduced in Sec. V C. The analysis
presented here for anyonic HBT interferometry applies to
all simple odd fraction v (Laughlin states). To facilitate the
discussion, we first present our analysis for v = 3. Then,
consequently, we present expressions for general Laughhn
fractions v.

A. Kinetic approach

In order to calculate the current-current correlations using a
master-equation formalism, we introduce a general formalism
following Refs. 54 and 55 and adapt it to the problem
considered here. The evolution of our system at v = % is
among three possible values of the statistical flux. It is

governed by a standard master equation

d
P = Y [Pt Wey = POAHDW el (50)

k=0,1,2

Here, P(f,t|i) denotes the conditional probability to find the
system in the statistical flux state | f) at time ¢ given that at time
t = 0 the system was in the state |i}, i.e., P(f,t = 0]i) = §;.
Wiy is the transition rate from the statistical flux state |i) to
state | f'). Several processes can contribute to a specific W;;.
Hence, we write these rates as

Wip =D Wi, (51)
¢

where ¢ labels the elementary processes ¢ contributing to the
total rate Wiy.

Let us consider the case of W;;y;, i.e., processes that
increase the statistical flux by one. Note that here and in
the following, the indices appear mod (3). A tunneling of a
quasiparticle across any of the four QPCs contributes to W; ;1.
However, what charge is transferred between which source
and drain depends on the specific process. As an example,
tunneling of a quasiparticle across QPC A corresponds to
a charge transfer from edge 1 to edge 3. Consequently, we
measure a charge —¢q in drain D; and a charge +¢ in drain
Dj. This corresponds to tunneling currents, i.e., currents are
measured with respect to the background currents at the drains
when the tunneling Hamiltonian is absent.

As in the previous sections, we are interested in the
magnetic-flux-modulated component of the cross-current cor-
relation [cf. Eqs. (19) and (49)]. Due to the geometry of
our interferometer, processes involving tunneling of only one
quasiparticle, as in the above example, are not sensitive to
such a flux. Hence, in order to see flux dependence in the
cross-current correlation, we need to consider AB-dependent
processes where tunneling of two or more quasiparticles
takes place. Here, we add two-quasiparticle processes to
our analysis. Note that (i) these processes are calculated
using the generalized Fermi golden rule in Sec. VIIB,
(ii) in the following we shall see that the lowest nonvanishing
AB-dependent contribution corresponds to a sequence of three
two-quasiparticle processes. Note that as far as the leading
flux-sensitive terms are concerned, this is the most important
contribution; due to phase-space arguments, we do not need to
include four- and six-quasiparticle processes into our analysis.
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Let us define the quantities to be used in the following;
(1,) is the average current due to tunneling events measured
in drain a (a = 1,2,3,4). The zero-frequency current-current
correlation between two drains @ and b is

Sab = / dt [{1(1)1(0)) — (1a(1))(1;(0))] . (52)

The master equation can be written in a more compact form
by introducing the following matrix:

— 2 k0 Wor Wio Wao
W= Woi = 2 i1 Wik W2y - (53)
Woz Wiz — Zk# Wor

Thus, Eq. (50) can be rewritten in matrix form as

d
—p;(t) = Wp; (@), 54
7 p; (1) pi (1) (54)
with the probability vector
pi(t) = (P(0.1i), P(1,2]0), P(2,t]0)). (35)

Taking the initial condition p; (t = 0) = é;, the master equation
has a formal solution

pi(1) =e™e;. (56)

We are interested in the normalized stationary distribution
P, which is the solution of

WP = 0. (57)

Let us introduce a matrix E with all entries set to 1; one can
show>*3 that W + E is invertible and that applying its inverse
to the vector e = (1,1,1) yields the stationary probability
distribution

=(W+E) e (58)

Here, we report general formulas to obtain currents and
current-current correlations from the stationary distribution
function appearing in Eq. (§7). Details can be found in Refs. 54
and 55. The stationary current in a given drain a can be written

as
=g DT P e

Here, the coefficients {s} } specify the charge transfer from a
given source to a given dram when a process ¢ takes place (cf.

Table I). The zero-frequency current-current correlation reads
54,55
as>™

Sab = 2¢7 | tr{ug,} —w, W'y, —w, W'y, [, (60)
N ——’

auto Cross

with “auto” terms corresponding to processes that affect both
drains a and b inherently, and “cross” terms corresponding to
correlations between two different processes that affect S,;.
They are expressed by

(ab)i —ZZ% sty PV, (61)

(Ya),j =ZZsi,-v W (62)
i ¢
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TABLE L. Elementary QP transfer processes. Each process (¢) = (m,N,¢) is characterized according to the change m in the number of QPs
trapped in the interferometer; N the QPCs at which QP tunneling takes place; and the flux ¢ entering the flux factor K;""N’d') = cos[2m ¢ /(3Dy)].
Note that ¢ = 0 depicts a flux-independent process and ¢ = P (j) = Pap + j - Py a process that depends on the total trapped flux. The order
of the process (second or fourth in the tunneling amplitude I'), the initial and final fluxon states [(j, ), where f — j is the added number of
statistical fluxons], and the charge added at each drain [+1 refers to the absorption of one QP or charge g = —(%)|e| at the drain] are indicated. For
example (cf. Fig. 8), the process (¢) = (1,.4,0) corresponds to the emission of a QP from source Sy, its tunneling across QPC A, and its trapping
at D;. Following the tunneling event, a quasihole is created at edge S; D; and a charge —¢ is consequently absorbed in D;. The flux-dependent
processes {the two-QPs trapping process [2, ABCD, ®(j)] and the single-QP trapping [1, ABCD, ®(;j)],} are illustrated in Fig. 8.

Elementary processes

Process ¢ Order U, 0H D, D, Ds D,
(1,A4,0) r? (,j+1D -1 0 1 0
(1,B,0) r? (J,j+D 0 0 1 -1
(1.C.0) r2 (.j+1D 0 1 0 -1
(1,D,0) r (J.j+1 -1 1 0 0
(2,A,0) r (J,j+2) -2 0 2 0
(2,5,0) r (J,j+2 0 0 2 -2
(2.C,0) r (J,J +2) 0 2 0 -2
2,D,0) r+ (J,j+2) -2 2 0 0
(2,AB,0) r+ (j.j+2) -1 0 2 -1
(2,.CD,0) re (J,Jj +2) -1 2 0 —1
(2,AD,0) Fi (J,j+2) -2 1 1 0
(2,BC,0) r (J,j+2) 0 1 1 -2
[2,ABCD, ®i(j)] r (.J+2) -1 1 1 -1
[1,ABCD,® ()] r (J,j+D 0 0 1 —1
[1,ABCD, P ()12 r (,j+1 -1 1 0 0
instance, flux-independent processes may involve coherent

(wp)x = Z Zs,fﬁvW,f;), (63) transfer of two quasiparticles across QPC A (corresponding

f ¢ to a process of order |T"4|*) or a coherent transfer of two

_ (1,) P; quasiparticles across QPCs A4 and D (corresponding to a

(Fa)j = Va)j — : (64) process of order IT 41%ITp|?). Such processes (e.g., W, cf.

We consider processes of second and fourth order in the
tunneling amplitudes I 4,I'3,¢, and I'p. We limit our analysis
to the case of large-bias voltage V compared to the thermal
energy kg T . This assumption allows us to disregard processes
that result in transfer of quasiparticles from the inner edges
(2 and 3) to the outer ones (1 and 4). The probability of such
events is thus exponentially suppressed in the ratio veV /(kgT)
(see Sec. VIIB).

Let us summarize the processes that we take into account
(cf. Table I). We have four contributions of second order in
the tunneling amplitude corresponding to tunneling of a single
quasiparticle across any of the four QPCs. These processes
do not depend on the flux of the magnetic field, and increase
the statistical flux by one (clockwise transition in Fig. 7). For
instance, the rate relative to tunneling through QPC 4 can be
written as

Wih? = IFaPy(vV.Tw), (65)
where T4 =T4/(v), and p(V,T,v) is calculated in
Sec. VIIB and expresses the microscopic details of our
model. Similar expressions are obtained for the second-order
processes at the other QPCs.

Next, we consider fourth-order processes. Here, the clas-
sification of processes is more interesting. We have pro-
cesses that change the statistical flux by one or by two.
They can be either flux dependent or flux independent. For

Fig. 7) correspond to two-step clockwise transitions. Note
that at finite temperature there are processes that correspond
to a quasiparticle tunneling against the voltage gradient
(counterclockwise transitions in Fig. 7). Assuming that the bias

_____
-

~~

I/1/70,1 M/LQ
Wa.o

Wo,2

FIG. 7. (Color online) Illustrated are the three possible values
of the topological flux. The arrows represent transitions between
different states. Clockwise transitions (red solid arrows) represent
processes which increase the statistical flux by one (red solid arrows)
or two (red dashed arrows). In the high-voltage limit, considered here,
we disregard counterclockwise processes (blue solid arrows) which
reduce the statistical flux by taking quasiparticles against the voltage
gradient. Similarly, we disregard processes which do not change the
topological flux, e.g., a process in which a quasiparticle tunnels from
edge 1 to edge 3 and finally to edge 4 [cf. Fig. 1(a)].
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FIG. 8. (Color online) Illustration of two-particle processes. (a) In process [2, ABCD, @ ()], two QPs are transferred from edges 1 and 4
to edges 2 and 3; the process is AB sensitive due to the interference between two amplitudes A; and A,. In A}, a QP tunnels from edge 1 to
edge 3 and a second QP tunnels from edge 4 to edge 2 (red dotted line). In A,, a QP tunnels from edge 1 to edge 2 and a second QP tunnels from
edge 4 to edge 3 (blue dashed line). This process changes the statistical flux by two. (b) Process [1, ABCD, ®,(j)]; {and similarly process
[1,LABCD,®«(j)]2} is also AB sensitive, but in this case only one QP is trapped inside the interferometer changing the statistical flux by one.

voltage is larger than the temperature eV >> T, these processes
are ignored here. We do not calculate the flux-independent
fourth-order processes explicitly as they would not enter the
lowest-order flux-sensitive contribution to the cross-current
correlation. We just denote the general structure of these
flux-independent terms. For instance, the process involving
tunneling across QPCs A and D will read as Wl(%:lzD 0 =
Qo(V,T,v)IT 4T,

Most interesting for us are fourth-order flux-dependent
processes, i.e., sensitive to the applied magnetic field and to the
number of trapped statistical fluxes. In the large-bias-voltage
V limit, considered here, there are three processes of this
kind: (i) a process denoted by [2, ABCD,®(j)] where two
quasiparticles are transferred from the external edges 1 and
4 to the internal edges 2 and 3 via an interfering process of
two quasiparticles [cf. Fig. 8(a)]. Such a process changes the
statistical flux by two, i.e., it corresponds to a counterclockwise
transition in Fig. 7. The corresponding rate can be written
as

W[2 JABCD, o ()]

0,i+2 |FAFBFCFD|Q(V T v AL)

X cos[2mv(Pap + j Do)/ Do], (66)
where AL = (L; 4+ L4 — Ly — L3) is the length asymmetry
of the interfering paths, and Q(V,T,v,AL) is calculated

in Sec. VIIB and expresses the microscopic details of our
model.

The remaining two flux-dependent processes correspond
to events where a single quasiparticle is transferred to an
inner edge of the interferometer. Thus, these processes change
the statistical flux by one, i.e., they correspond to clockwise
transitions in Fig. 7. In Fig. 8(b), we illustrate the amplitudes
constructing such an interfering process. The corresponding
rates can be written as

WA Pl | Pl P SV, T v, AL)

x cos[2mv(Pag + j Do)/ Dol,  (67)

with k = 1,2, and Q(V,T,V,AL) is calculated in Sec. VIIB
corresponding to the microscopic details of our model.

Note that the functions Q(V,T,v,AL) and Q(V,T,v,AL)
are not independent. Even without a microscopic derivation
of their expressions, we can show their relationship. Let us,
for example, consider the average current in drain D3 and
in particular its component which might appear to be flux
dependent. Let us write the matrix W of Eq. (53) as

W=wW? 4+ W + Wy, (68)

where W@ includes all contributions from second-order
processes, and Wg‘) and Wé) include fourth-order flux-
independent and flux-dependent processes, respectively. In
order to calculate the “flux-dependent” part of I3, denoted by
(I3)p, we can expand the stationary distribution P in powers

of fourth-order processes as

1 1

~ - W 4 W
WoTE WO E 0 )W2)+E
Substituting Eqs. (65)—(67), and (69) into Eq. (59), we obtain

gICalplclp?

WO E

(I)e =

4(IF A2+ T2 +1Tc? +

ITp|?)2y2(V,T,1/3)

1
W}gl) W4)) W(z) (W4) ) STEp e (69)

[Q(V,T,1/3,AL) + Q(V,T,1/3,AL)]

x [4€Q2(V,T,1/3,AL) +2Q(V,T,1/3,AL)Q(V,T,1/3,AL) + Q*(V,T,1/3,AL)] cos2n P/ D).  (70)
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On the other hand, the following argument shows that (/3) ¢
must vanish: consider, for instance, the current at drain Dj.
Owing to chiral propagation along the edges, this tunneling
current does not depend on the scattering at QPC D. A gauge
transformation can then ascribe the total magnetic flux to this
QPC. This implies that the current in D3 is independent of
the magnetic flux.*> A similar argument holds for tunneling
currents collected at other drains. Hence, we have to conclude
that Q(V,T,v,AL) = —Q(V,T,v,AL). This is verified by the
detailed derivation of these quantities in Sec. VII B.

Having established a relationship between Q(V,T,v,AL)
and Q(V,T,V,AL), we move to the calculation of the
flux-sensitive zero-frequency cross-current correlator to Syq,
namely, ng ) (a calculation of S»3 leads to an identical
expression). We begin by showing that no contribution comes
from the cross terms in Eq. (60): Because of the relation
Q = —, wy is proportional to the unity vector ws o e.
Moreover, one can show that the matrix W is invertible
in the subspace of traceless vectors such as ¥;, which
is traceless by construction.’*>> Hence, wy;W~'§; = 0 and
likewise w; W'y, = 0.

We remain with cross-current contributions coming from
auto terms

Sis =24 Z Sif. zf; W(;) (71
ifc

g _ CITATBTeCp RV, T,1/3, AL) cos[2m (Pag/ Do)

PHYSICAL REVIEW B 88, 235415 (2013)

In Eq. (71), only processes [2, ABCD, ®(j)], (2,AD,0), and
(2,BC,0) give a nonzero contribution (cf. Table I). For brevity,
let us rewrite Eq. (69) as

P =Py + 6P, (72)
with

=(W? +E)'e=1e (73)

and

SP = —(W? + E) ' (W) + W) (W? + E)'e + -

(74)

Notice that Tr 6P = 0. As the rates Wi(;’AD'O) and Wi(z‘BC’O) are
flux independent, when multiplied by 6P the result is zero. This
is, once more, an outcome of a scalar product of a traceless
vector with a vector proportional to e.

Hence, the only possible flux-dependent contribution may

come from ), P; W, [[%QBCD’Q“"Q I Going order by order in the

expansion of P, we see that the contributions of order |T|*
vanish. Indeed, they are be proportional to

Y cos [2—”(¢AB + icbo)} =0 (75)
= 3D, '

In a similar fashion, the |T"|® is vanishing. The first nonvanish-
ing contribution is

» =

6(ICA12 + 512 + [Te? + [Tp 22y 2(V,T,1/3)

(76)

We repeated the kinetic analysis for additional Laughlin fractions. We obtain that, in general, the lowest nonvanishing contribution

is

S(q)

ve2 [T 4T glelp| /Y QY (V, T, v,AL) cos[2m (D ap/ Po)]

7

20/m=D(|F 42 + T2 + [Tef? 4 [TpHI/v=Dy A/=D(V, T,v)’

The fact that Sg’ ) has nonvanishing contributions only from auto terms could correspond to an averaging out of cross terms
in the zero-frequency limit. However, cross terms vanish also in the finite-frequency regime. In order to see this, we rewrite>

Egs. (52) and (60) as

Sun(@) = / dt L1 1(0)) —

oo

Here, too, as w; and wy are proportional to the unity
vector, and y; and ¥4 are traceless, wa(W+iowl)~'§; =0
and wi (W + iwl)~'y4 = 0. Hence, the flux-dependent cross-
current correlation has nonvanishing contributions only from
auto terms, as illustrated in Fig. 9.

Equation (77) is one of the main results of this work. Some
of its significance and ramifications are discussed in Sec. II.
Nonetheless, let us discuss here in more detail the implications
of Eq. (77). We notice, first, that its sign is positive. This is
similar to the sign obtained for two-particle boson interference
(cf. Ref. 5) and is contrary to the negative sign obtained for
electrons [cf. Egs. (19) and (49)]. Similarly to the results of
Ref. 47 it suggests a bunching effect rather than antibunching.

(L)) (1,(0))] = 24>

tr{uab}_wb(W+iwﬂ)7lyct _Wa(W+iw]1)7lyb . (78)
———

auto Cross

I

MWW

/ time

1 / (Ioss term

WWWW

time

FIG. 9. (Color online) Illustration of the currents and their cross-
current correlations. Indicated are auto (green) and cross (red) terms.
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Equally interesting is the nonanalytic structure of Eq. (76)
in terms of the tunneling amplitudes I"’s. As we have shown in
Secs. Il and IV, for an HBT interferometer operating at integer
filling fraction, the AB-dependent signal of the cross-current
correlations is proportional to |T'|*. Here, in the case of filling
fraction v, a naive expectation based on gauge invariance
arguments would suggest a signal proportional to |I'|*/" (cf.
Appendix E). In Eq. (77), instead, we find a contribution
of order |I'|***2. This dependence can be understood as
follows: we take the lowest-order gauge-invariant contribution
corresponding to | 4T'z¢I'p|"/". Such a contribution can
be thought of, in the high-voltage-bias limit considered here,
as a coherent sequence of 1/v two-quasiparticle processes
akin to [2,ABCD,®(j)]. However, such a contribution,
analyzed within a nonequilibrium Keldysh scheme, in the
same spirit of Refs. 21 and 22, would be divergent if
calculated naively. This results from allowing arbitrarily long-
time intervals between two subsequent two-quasiparticle pro-
cesses. Nonetheless, such time intervals are limited by single-
particle processes, which introduce a new time scale 7, ~

1,4,0 1,,0 1,C,0 1,D,0

1/(W1(1+1 : ‘/Vz(lJrl )+ Wz(lJrl : Wt(l+1 )) Hav1ng 1/\} -
1, such intervals between the 1/v [2, ABCD, ®(j)] processes
result in a factor ~I'*/=20/v=D "and explain the structure of

Eq. (76).

B. Calculation of the rates

Here, we calculate explicitly the rates introduced above. As
mentioned before, the system can be found in three possible
statistical flux states. We focus here on processes that change
the statistical flux by one or two flux quanta, limiting ourselves
to fourth-order processes in the tunneling amplitudes I's. The
Hamiltonian describing the system has been introduced in
Sec. VC. In order for us to calculate transition rates, we
assume that the system is in a given statistical flux state,
reflected in the tunneling operator A(jq), and by means of
Fermi’s golden rule we calculate the rate of transferring one or
two quasiparticles from external to internal edges. Let |v;)

PHYSICAL REVIEW B 88, 235415 (2013)

and | r) be two many-body eigenstates of the system in
absence of tunneling (the tunneling Hamiltonian is Hr). Very
generally, the transition rate between them due to the tunneling
Hamiltonian can be written as

2T s
7|(Wi|T|Wf>| S(Ef — E)), (79)
where T is the scattering operator given by

T = Hy + Hr —Hr +---. (80)

E; — Hy—i0

Let us first consider the case of one-particle rate. For the
sake of concreteness, we consider here tunneling through
QPC A, all the other single-particle rates being similar. In
this case, |V r) is obtained by removing a QP from edge
1 and transferring it to edge 3. Since we are interested in
the fotal transition rate, we sum over all possible initial
and final states. Notice that each edge is kept at a finite
chemical potential u; (i = {1,2,3,4}) and that the initial states
are weighted by w; = Z~" (J;lexp[—B(Ho — 3, i ND)1I¥i),
with Z = Trexp[—B(Hy — ), i N;)]. To the lowest order in
the tunneling amplitude, the transition rate W;’ij)l is given by

1,4 27T

Wiin=7" fwlw/,|A<q’|wf><¢f|A<q>*|w,><s(Ef—E)

1)

Here, the operator A“’" annihilates a quasiparticle on edge 1
and creates it on edge 3. Expressing the tunneling operators
in the interaction representation (with respect to Hy), Eq. (81)
can be rewritten as

wihh =3 hw—2 / dt (i | AP ) (AL O)1).
if -

(82)

Notice that in Eq. (82) we can extend the sum over final states
to a sum over a complete set of states and obtain

y(V,T,v), (83)

—2v
W](‘I}ﬁ = iz N dt{(AD0)ADT (1)) = | 2A|21L2‘, /00 dt e~ veVi/h { pv sin |:—(—1vt +1 ):|}
’ n?J_ o n*12 —0 T hp
_TaleV (Rpv\* (2m)2e" ™™ 1 Ve
TR <2nlc> ol [2v] [T [1 — v + ive]|? [coshQmva) — cosQav)] — 72v?

where @ = eV /(2m). In order to obtain Eq. (83), we have used that the two-point correlation function for an edge kept at finite

temperature and finite chemical potential is given by

-V
<eiﬁ¢(x,t)e—iﬁ¢(0.0)>u _ ei;w(t—x/v)/h<eiﬁ¢(x,l)e—iﬁ¢(0,0))ﬂ_0 — invt—x/0)/h {Flﬁv sin |: T (of — )+ 1) 84)
- ‘A\=n hBv ’

We now consider the tofal rate of transferring two quasiparticles from the external to the internal edges. Since there are no
contributions to such a rate from second- and third-order terms in the tunneling amplitudes I"’s, we need to consider the fourth
order, we thus have
Zw, Vil Hy - Hr ) (U Hr Hr|$:)8(E; — Ep). (85)

1
Wjj+2 = m

Notice that in this case the many-body eigenstate |/ ) is obtained from |;) by transferring two quasiparticles. Being interested
only in the lowest contribution to the current-current correlation modulated by the magnetic flux, we consider the contributions
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proportional to |[I"' 4I'gl¢I'p|. We have

2 A A A 1 A
29 _ ; .| B@ DD | D@ B@
Wit == > (1B sy D) + (1D e BN )
- 1 N R N
(@) CD |y COtV A DNGN Y S(E, — E; C. 86
x{<wf|A F e ior €+ e A |w>} (Ef— Entcc.  (86)

The above contribution corresponds to the rate (2,¢) of Table I, and the corresponding amplitudes are represented in Fig. 8.

Indeed, the operator AT (C9T) annihilates a quasiparticle on edge 1 (on edge 4) and then creates it on edge 2 (3), respectively;

similar statements apply to the operators B3 and D@, Notice that we do not take into account other contributions such as, for

instance, Wj(zjfzp) (proportional to |I" A|2|FD|'2) aI}d W;zjfg) (Proportional to |T)?|Te|?). ’

Let us consider now one of the four contributions proportional to I'’y 'sI";I'p we obtain from Eq. (86):

2 A
== D wildlBY
if

7><q)|wf><wf|A<q>T CONG)S(E; — E). (87)

E; — Hy—i0t — Hy+i0%

Once again, moving to the interaction representation, one can rewrite the previous expression as

w; [T 1 P 1 .
1= _ de(; BDO)——— D@ ANy ———— @i ). 88
. h2/_oo (Wil ()E,-—Ho—i0+ O)rr) (Yl ()E,»—H0+i0+ OW:) (88)
The sum over the final states may be changed to a sum over a complete set of states; we can rewrite the expression as
1 A
[= dt(J; BD0 D(q) AT ——— @i ). 89
Z [ (W 1B0O) 7 D OAY () e CV 1) (89)
This may be rewritten as
1 +o00 0
== / dt / dn / dtr (B9 (1;))DD(0) AN )C D (r + 1,)). (90)
h —00 —0Q —0o0
The other three contributions proportional to I'’, 'z I'p are
1 400 0
I= _4/ dt/ dtl/ dt2(B(q)(tl)D(q)(O)C(q)T(I).A(q)T(t + 1)), 1)
h —00 —00 —o0
1 400 0
M= / dt / dt f dir (D (t)BO0) AV ()C DNt + 1)), (92)
1 +00
_ ;F/ dt/ dt / dt D(q)(tl)B(q)(O)C(q)T(I)A(q)'(t +1)). (93)

We thus obtain

W[2 JABCD, @or ()]

Ji+2 =+ +I+1V) +c.c. (94)

Using Eq. (84), we can write Eq. (90) as

+00 0
_ FAFLj;F FD —2miv(®ap-+] B)/ B0 ,—iveV (La+L1)/ () / dt/ dl1/ diye=2vevi/n
nts hﬂv

xsin_”{rﬁ[ ( t+5—%>—1L4+l]}sm ”{ ,8v|: ( t+2+2>—1Lg+l.“
xsin_“{r%[iv(—t—%—%)—iL2+lC]}sin_”{%[iv (—t—%—f—%)—iLl—HC“, 95)

where ¢ has been shifted by (t; — 1,)/2.
Remarkably, changing variables in the terms II, III, and IV yields exactly the missing sectors in the #; and 7, integrals of
contribution I. Hence, we can combine the four contributions into a single expression

+ + +
I+ +II+1V = FAFBF FDefzmv(chBﬂ q>)/<1>oeﬂveV(L4+L|)/(hv) mle / oodt/ oodt]/ > 72ivth/h
R4 hpv

VT I S h b SN R ; ]
Gl 58]
xsin_”{%[iv(—t—%—%)—iLg—i—lC:Hsin_”{%[ (— —%+2)—iL1+lc]}. (96)
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FIG. 10. (Color online) Quasiparticle cross-current correlations. Plots of the cross-current correlations sﬁ;f ) at @ A =0 [cf.
Eqgs. (77), (83), (97), and (F8)] as a function of (a) voltage [ = eV 8/(2x)] for interferometer arms mismatch AL = w(L, 4+ Ly — L, —
L3)/(hBv) — 0, and (b) AL for o = 9. Different curves are for filling fractions v = %, %, and % (red, green, and blue, respectively). Dashed
lines correspond to using 2(V,T,v) from Eq. (97) and full lines to Eq. (F8). We assume the following experimental values: temperature (Ref. 6)
T = 10 mK, edge velocity (Ref. 53) v ~ 1.5 x 10° m/s. We rescaled the tunneling amplitudes such that we took 2[iBv/(2ml)]'~1/* = 1.

This integral can be evaluated explicitly (cf. Appendix F). In the limit of veVS > 1 and AL < hv/(veV), we obtain a
presentable expression

- [ CsTel
WP O — (4 T+ T+ 1V) + c.c. = 2%9(\/,1\;)(:% 27 v(Pr + Pap + j Do)/ Dol ,

where we used

Fj\FgI‘gFD = |FAFBF(3FD| eXp(—iZJTUq)r/q)o), (97)
veV (hpo\*" _342p )
QV,T,v) = 5 5 72" (var) I'[1 — 2v]sin(Tv). 98)
Tl

The expressions for the rate at finite AL and the corresponding function 2(V,7T,v, AL) are presented in Appendix F. Importantly,
in contrast to the single-particle scattering rate, the two-particle rate is not cut off by voltage only. As a result, even in the
high-voltage regime eV >> T, the two-particle rate scales with temperature. This implies that the scaling of the two-particle rate
can not be simply expressed through a product of four renormalized tunneling amplitudes. Hence, in the limit of zero temperature,
the correlation function (98) diverges; in this case, the cutoff is provided by the single-particle scattering rate.

As for WiHABCD ®ah , the calculation is more involved and we report here only the results in terms of Green’s function; the

JoJ+1
details are presented in Appendix G. We find

; de
Wi AFCP et = PP gTeTp| cos [270(Pr + ®ap + j Po)/ Dol / 5 [Gi(e. ~L4)G5 (e + veV.Ly)

x Gh(e +veV,Ly)G' (e, —Ly) + Gly(e, —L4)G7 (¢ + veV,Lg)Gg(e +veV,Ly)G (e, —Ll)]
= Q(V,T,v,AL) T 4TglcTp| cos[2nv(Pr + Pap + jPo)/ Dol 99)

where, as explained in the previous section, in the limit considered here Q~—-Q.
In Fig. 10, we plot the dependence of S¢ on voltage and for different values of v using realistic experimental values. Notice
that the function is initially positive, a sign of bosonic statistics of the interfering anyons.

VIII. SUMMARY AND OUTLOOK HBT interferometry to new setups and further filling fractions.
Our analysis applies to a two-dimensional electron gas in both
an integer (v = 1) filling fraction and a fractional (Laughlin)
v = 1/(2n + 1) filling fraction.

There are two obvious generalizations of our model. One
involves the introduction of interactions in both the integer
v =1 and the fractional v = 1/(2n 4+ 1) cases. As for the

In this work, we have presented an extensive theoretical
study of the magnetic flux-dependent cross-current correla-
tions in a Hanbury Brown and Twiss (HBT) interferometer
realized with edge states of a quantum Hall system. This
work substantiates and details some of the results reported in
Ref. 45, and extends the analysis of electronic (and anyonic)
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second, we note that the same approach used here for
Laughlin quasiparticles (analysis of master equation) could
be also employed to study HBT interferometry for other
filling fractions, e.g., v = %, where exotic quasiparticles,
non-Abelian anyons, emerge.
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APPENDIX A: SCATTERING APPROACHFOR v =1

In this Appendix, we derive the results of Sec. III using
a Landauer-Biittiker scattering approach (cf. Ref. 5 and
Fig. 1). We can picture the two-particle interferometer as a
multichannel scatterer. In principle, in such an analysis one
should take into account incoming and outgoing channels from
all reservoirs {S;} and {D;}, j = 1,2,3,4. This would lead to
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an 8 x 8 scattering matrix. However, for our electronic HBT
with chemical potentials 1 = 4 = eV and u, = usz = 0and
chiral edges, it suffices to consider outgoing channels from
sources {S;}, which come into drains {D;}, i.e., scattering
between the edges i = 1,2,3,4. Hence, for each wave number
k, the outgoing second quantized operators {b .k} are related
to those of the incoming states {d; } by the scattering matrix
S(k):

by x ayk
by x Qs k
A7 =5k)| .~ Al
by (k) P (A1)
b4yk &4,k

Thus, the current-current correlator S,3, in terms of the
scattering matrix §, reads as’

2
S23 = —;—n/dw|s§1(w/v)53](w/v) + 534(@/v)s34(@/ V)|

x [f(hw) — f(hiw — eV)]*. (A2)

In order for us to calculate the scattering matrix elements,
we need to solve the simple scattering problem between
the edges of our system. The Schrodinger equation in first
quantization reads as

—ivdy Les(x — Ly)ellaLods Las(x) 0
rs (Loea)d . r @1(x) @1(x)
78()( — Lz)e 1 200 —anx 0 78(}6) (pz(x) (pz(x)
as(n) 0 —ivd, Ligx — Ly)etlston: <P3EX§ %EX;
0 Le 5(x) Lo 5(x — Ly)e(bs—Lo —ivd, pats pats
(A3)

This equation, at energy E = hvk, is readily solved by

oz;, x <0
pjx)y=e{alfl, 0<x<L; (A4)
oM x> L;

J‘ £
where the coefficients {ai-} (I = LILII) are determined by
the wave functions’ matching conditions imposed by the delta

potentials. For instance, integrating the first row of Eq. (A3)
from x = 0~ to 0", we obtain

r
—iv[p1(07) — 1 (07)] + 2—2[¢3<0+> +9307)] =0, (AS5)

and from the second row,

, + e YA o+ -

—iv[g3(0") — 3(07)] + E[(pl(o )+ @1(07)] =0, (A6)
where we have used ¢;(0) = [¢;(0") + ¢;(07)]/2. Similarly,
one obtains the remaining matching conditions at QPCs B,C,
and D.

To calculate s;;, we set oz{ =1 and a; = aé = afl = 0. We
then solve the system of linear equations given by the matching

conditions. Similarly, one obtains the other matrix elements of
the scattering matrix. Let us focus on the contributions to S»3
which involve tunneling at all four QPCs. This contribution is
proportional to §5153,5545534. We obtain

1 — [T 4l?/(4R%0?%)
1+ |T4[2/(47%02)
—i[T} /()]

s21(k) = explik(L — L»)]

s A7
[1+ |T2/(4h*v2)] (A7
1= [Tal2/@n2%)  —i[[% /()]

= A
S0 = @ [T+ mapyany) A
1= Tp2/@n*v?)  —i[T§/(hv)]
2140 = @ 1 ety
1 — |Tc|?/(4h%v?
s34(k) = explik(L4 — L3)] - :FC:Z;EMZZZ;
C
—i[T /()] A10)

[1+ |Tp12/(dRr*v)]
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Substituting Eqgs. (A7)-(A10) in Eq. (A2), and keeping terms up to the fourth order in tunneling amplitudes I', we
obtain
2

Spy= -
23 2rhtvd

/da)[f(a)) — flw— eV)]2[<rArgrcr;’3 exp {i%(Ll +Ly— L, — L3)}
+cx{)++FAFuuﬂ2+|rﬂﬂrcF], (A11)

which coincides with our previous expressions of Eqgs. (18) and (19).

APPENDIX B: PERTURBATIVE CALCULATION OF S;; FOR v =1 IN FERMIONIC LANGAUGE

In this Appendix, we derive in detail Egs. (18) and (19). We remind the reader that for our choice of chemical potentials,
w1 = g = eV and pup, = pu3 = 0, we can write Sp3 as [cf. Eq. (17)]

%:gywwmeWWmﬁ&ﬂu%m%%+mn (B1)
From Eq. (16), we have
621)2 (—i)4 oo - o
B =—""7 Z dt; | dridndudt((Tk ¥, (., + 10 Ya(xo,1,,)
2 4 o oo K
X I/Af;r(xa,l‘z,—n — nO0MW3(x3,12. ) : Hr(T1)Hr (12) Hr (13) Hr (1)) (B2)

1. Calculation of Sy

Let us consider first the calculation of S¢. Collecting the relevant contributions from Eq. (B2), we can write

(TATET el Se +c.c.) o2
Rt oot

o0
Z / dtI/ dridrdrsd((Tx w;(xz,tl,,, + 0 a(xa,t1,)
p=%1Y "% K

X @(sz,fn — 0 ONWs(x3.10,—y) t Hr (1) Hry(12) Hr, (13) Hry (12))). (B3)

Notice that in Eq. (B3) we have considered a particular permutation of the tunneling operators Hr,, Hr,, Hr,, and Hr,. Indeed, for
the integer filling factor case considered here, all these operators commute with each other. Any other permutation, for example,
Hy, (t1)Hry(12)Hr,(13) Hr (14) yields exactly the same contribution and is taken into account in the prefactor of Eq. (B3).
(Anyonic tunneling operators, in the geometry discussed here, commute as well. This can be arranged by proper selection of
Klein factors.??)

In the following, we write explicitly a point 7; on the Keldysh contour as s € (—00,00) and its branch index n = {—1, 4-1}.
Although the calculation presented here is not very involved, we nevertheless give the reader some detail. Let us, as example,
consider the term proportional to I'4I';I¢I"}; in the ({- - -)) average of Eq. (B3). For such a contribution, the ((---)) average
coincides with the (- - - ) average. Indeed, there are no terms proportional to I' 4I'; "¢}, in (1) (13) due to the chiral propagation
along the edge channels. We therefore have

CuTETe (T ...) = (Tx - 1/};()627t1.n + 00 (xa,tr ) 1/};(x3,t2__n —n0N)Ws3(x3,00,y) : FAllAf;((O,Sl,m)I/Af3(O,S1,m)
X FZ%@(L37S2,n2)1ﬁ4(L4,52,n2)Fcﬂ(0733,773)@2(0,S3,n3)r7j5¢; (La,sa.0,) V1 (L1.5an,))- (B4)

We can now write explicitly : 1/7;1}] = 1}}1&1 - (vach/};lf/ﬂvac), where |vac) has been introduced in Sec. IIl as
I J=1dik; <0 c,t, ;10). This yields four contributions in Eq. (B4). Each of these contributions can be decomposed using Wick’s

theorem. Notice that only the term with the contraction of 1}; (x2,t1,, + 1 0™) with 1}2(0,S3,,,3) and of I/Af;[ (x3,02,—y — 1 0™) with
¥3(0,s1,,,) has nonvanishing contribution. The other terms are either unconnected contractions, which are identically zero in
Keldysh formalism, or terms that cancel one another due to the normal ordering. This gives us

2,,6 .
e v
S(D = —2 Z 771772773774/ dt]dSldszds3ds4G;73ﬂ(_x2’SB . tl)Ggm(xz _ L2’t1 B S4)
N0, Na==E1 —00
x G} (=x3,81 —12)G3 " (x3 — L.ty — 529GV " (1,54 — s1)G} " (La,s2 — 53). (B5)
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In Eq. (BS), we can rewrite the Green’s function using a mixed space-energy representation
2.6

e“v
Scp = W Z )7])727)37’)4/dl]dS]dSzdS3dS4/dw]dwzdw3dw4da)5da)6
[N/ na==£1
X G3N(=x2,01)GY" (X2 — Ly,w2)G " (—=x3,03)G5 " (x3 — L3, 04) G| " (L1,ws5)G}> " (Ls,we)
X e—iw1(53—f|)—iw2(l| —S4)—iw3(51—tz)—iw4(f2—Sz)—iws(&t—sl)—iwﬁ(Sz—Ss). (B6)
The integrations over the times t,sq, ...,S4 are trivial, yielding delta functions with arguments w;, ...,ws. The remaining

integrals are also straightforward; we obtain
e?® mn a m=n —n
So="7— D mmnm | oGP (—x0.0)G5" (x2 — La.w)GY T (—x3.0)G3 " (63 — Ly,w)
NNy, na==£1
x G " (Ly,0)G " (Ly,w). B7)

We can now substitute in Eq. (B7) the mixed space-energy representation Green’s functions from Eqs. (9)—(12). Performing the
sum over the Keldysh indices n,n1, . ..,n4, we obtain

2
Sp = _Ze_n f do[f(hw) — fho—eV)]* exp {i%(u +Ly—Lr— Lg)}. (B8)

2. Calculation of S,

Let us now turn to the calculation of Sy, i.e., the component of S>3 not modulated by the flux of the magnetic field. From
Eq. (B2), we collect terms proportional to |T" 4|>|"p|? to find

ITARIToP e 5

+o00
s =S Y [ an [ andududn({Tic: e, + 0000, 5 9 - 107G )
n —00 K

==I

x Hr, () Hr,(t2) Hr, (t3) Hry (t4))). (B9)

In this case, the calculation is slightly more involved compared to the previous one. Indeed, in () (I3) there are contributions
proportional to |T" 4|*|"p|?. Taking care of the normal ordering, and subtracting terms coming from (I,)(/3), we obtain
e*v®
So = =3 Z N1N2M3N4 / dtydsidsydssdss[ G (—x3,81 — )Gy (x3,11 — $2)G5~ "(La — X2,83 — 1)
0001, ma=%1

x Gy "™ (xp— Ly,tp —s4)G1 " (Ly,sa — s1)GT " P (=Ly,s2 — 53) + G3'(—x3,51 — 11)G " (x3,11 — 52)

X G5 N(Ly — x2,84 — )Gy " (X2 — Loty —53)GT " (Ly,s3 —s1)G T " (—=Li,s2 —s4) + G (—=x3,50 — 11)

x G3"(x3,01 —51)G5* " "(Ly — x2,53 — )Gy ""(x2 — La,ty —54)G '~ " (L1,54 —52)G|' " " (—Ly,51 —53)

+ G (—x3,5 — )G " (x3,11 —51)Ga' " (Lo — x2,84 — )G, " (x2 — Loty — s3)G|' ™ (Ly1,52 — 54)

x G """ (=Ly,s3— )] (B10)

Asin the calculation of S, we express the Green’s function in the previous expression via their mixed energy-space representation.
Performing the straightforward integrals and the sum over the Keldysh indices, we find

2
So = —Ze—n/dw[f(hw)— Fho —eV)P. (BI11)

APPENDIX C: PERTURBATIVE CALCULATION OF S4 FOR v = 1IN BOSONIC LANGUAGE

In this Appendix, we present the calculation of S¢ obtained from the tunneling currents introduced in Sec. IV, Eqgs. (29)
and (30). From Eq. (33), we write explicitly the integrals over the Keldysh contour and obtain

_\2 o] 00 %)
e p— f / / dtdty diy Y mm{{TicIr2O) Irs () Hr (t1.0,) Hr (t2.0,))- 1

452
n.M1,M2
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Let us collect terms proportional to I 4T'3T'cI'}, from the previous expression. We have

%ssp 4% i’ f dr, / di S il Te{CONAC DB (110D (1) + D' (11,,) B (,,)]
n, Vll n2
— COB ) A(t1.0,) D (t2.1,) + D (t1.0,)A(t2.0,) ] — DIODAC_)[B (11,0, )C (t2.0,) + C(t1.0,) B! (t2.1,) ]
+DT(On)BT(Ln)[A(th)C(tlnz) + C(tl,m)A(tZanz)]})' (€2)

Recall that for the above contribution, ((- - - )) averaging coincides with (- - - ) averaging. Collecting the nonvanishing contractions,
we obtain

Sg) e vt / dt/ dtl/ dfz UIUZ{G;]Z_U(LIJZ_I)ngz(_LL_tZ)G;rml(_LSJ_tl)GZm(Lzl,tl)

n:M1,1M2
G (Lt — 1)GY™(—La,—1)GY (= La,ty — 1)Gy " (La,1)
=G (L1, =Gy (= La,n)Gy " (=Lt = )G (Lashi — 1)
+G" (L1, —1)G7" (= L2.1)GY " (= La.t = )G (Lat — )} ©

We proceed here with a slightly different way than what was done in Appendix B. Such an approach will turn out to be useful in
the case of a fractional filling factor. Due to the finite lengths of the interferometer arms (L; > 0), we notice that in the expressions
of the bosonic Green’s functions [cf. Eq. (28)] we can substitute x, ,,(t1 — ©2) = Xp,n, (X1 — X2).

After this substitution, we can perform the sums over the Keldysh indices in Eq. (C3). Remarkably, the first terms in Eq. (C3)
sum up to zero. We are left with the following expression:

e2v* 1
SEDT) Z 771772/dt dtldtzelu(Ll/v+L4/u+t1+t2 t)/hh
22m)t A= P2 sinh { Zs [—v 1 — Ly — il gy, (LD1}
1 1
X
hﬂv sinh {2~ vt + Ly — ile Xy (—L2)1} 22 fiBv sinh {2 il =0+ Ls — ile Xy —n(—L3)1}
1
X . (c4)

P22 sinh {77510 (1 = 12) = La = il gy (La)]}

Notice that x,,, (L1) = 11, and similarly for the other x factors. Substituting this into Eq. (C4), we obtain Eq. (35).

APPENDIX D: PERTURBATIVE CALCULATION OF S¢ FOR ELECTRON HOPPING OVER v = 1/(2n + 1) EDGES

In this Appendix, we prove explicitly Eq. (49), i.e., the relation between Sflf ) and Sg. As previously done for Sg in Appendix C,
we collect contributions proportional to I' 4I';¢I"}, in Eq. (47) in order to calculate the magnetic-flux-modulated part of the
cross-current correlations. We obtain a contribution similar to Eq. (C2):

2
—F*‘l;l{fjfrl’ SY = 4% " / dn / dty Y mm(Te{COONA ) [B(11.,) D (t2.1,)
nn1,M2
+'D(€)T (l‘l,m)B(E)T (tZ,r;z)] _ (6)(0n)6(€)T(t_n)[A(€) (tl,m)D(e)T (tZ,nz) + pler (tl,m)A(e’) (tZ,r;z)]
_ D(e)T(On)A(e)(Ln)[B(e)T (tl’m)c(e) (fz,nz) + c® (ll,m)B(e)T (fz,nz)]

+ DTO)NB [ A (t1.0,)C (t2,0,) + C(t1,0) A (12.0) ] })- (D1)

In this case, in contrast to Appendixes B and C (tunneling of electrons in integer quantum Hall systems), the tunneling operators
A© B@© €@ and D© describe tunneling of electrons between the edge channels of a fractional Hall liquid.
Let us consider, for example, the following contribution from the above expression:

2
4’% Z nina / dt dt; dtr(Tx D1(0,) B (1)) A (1., )CO (t2.1,))- (D2)

nmn2
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Making use of Eq. (48), we obtain
e FAFBFCFDZ4/U Z mns | dtdn dtzeiu(Ll/U+L4/v+t|+tzft)/h 1
ot I3 {hﬁ” s1nh[—( vtl— Ly —
. 1 16771)]}
1 1
X
{hﬁ” sinh [h,s (vt + Ly + 16172)]} {hﬁ” sinh {hﬂv[v(tl — 1)+ L3 +ienl}}
1
X .
{hﬁ” sinh {hﬂu[v(t 1)) — Ly — ienz]}}l/v
1

It is now straightforward to evaluate Eq. (D3) by taking derivatives of the calculated Eq. (35). For example, for v = 5 we can
use the relation

1/v

(D3)

32
5 <m - b2> sinh(a = bL)™" = sinh(a £ bL) 7>, (D4)
while similar relations apply to other fractions v = 1/(2n + 1). Hence, by taking the derivatives of Eq. (35) with respect to
Ly,...,Ls4, we obtain Eq. (D3). The same considerations apply to all contributions in Eq. (D1). Thus, eventually we obtain

Eq. (49).

APPENDIX E: QUASIPARTICLE TUNNELING: PERTURBATION APPROACH

In this Appendix, we employ the Keldysh perturbation theory for the calculation of the current-current correlation function
in the case of quasiparticle tunneling. In contrast to the electron tunneling, a straightforward perturbative calculation (apart
from being much more cumbersome than the kinetic approach) turns out to be insufficient in the quasiparticle case in view of
arising divergencies These divergencies are similar to those encountered in the treatment of the quasiparticle Mach-Zehnder
interference;?? in both cases, they are intimately related to the Byers-Yang theorem.>?

The purpose of this Appendix is to demonstrate how the Keldysh perturbation theory works in the quasiparticle case. This
consideration allows us to establish a bridge between this approach and the kinetic framework adopted in the main text (cf.
Sec. VII A). In particular, we discuss how the perturbative treatment should be modified to avoid divergencies, and show how
this regularization is related to the kinetic approach of the main text. For simplicity, in this appendix, we will focus on the case
of v = %

We are going to calculate the lowest-order contribution to the current-current correlation function with the correct periodicity
in ®ap. In view of the Byers-Yang theorem, this turns out to be proportional to '} T}’ i.e., it arises only at the 12th
order in the expansion of the current correlation function in the tunneling amplitude. All lower-order contributions have wrong
periodicity (for example, the term proportional to I' 4I'g['¢['p is 3@, periodic). Within the bosonization framework, the terms
with wrong periodicity vanish automatically by the proper attachment of Klein factors to the tunneling operators.>>

Here, we restrict ourselves to considering a typical term of this 12th-order expansion (we remind the reader that our actual
calculation relies on the rate equations). Since we are interested only in the general structure of the perturbative expressions, we
do not write all the prefactors and use the proportionality sign. The formal expression for the total 12th-order contribution to the
current-current correlation involves 11 time integrations:

+o0
Sz Z ... 7’]10[ dtodt; . .. dt10<Tk12(On0)13 (tO,—HO)HT (tl,m) ...Hr ([10,,7]0)), (ED)

100,115 N0==%1 -

where Hr(t;,,) is defined in Eqs. (42) and (43). As in the integer case, here too we have four types of contributions in the
integrand:

<Tk12(0n0)13(t0,—n0)HT (tl,m) ... Hr (2‘10,,“0))
& {(ch(0170)"4(%,*770)[C(tl,m)C(tl'12)"4(t3ﬂ73)"‘l(t‘km)ljr (tiﬂs)DT (t6,776)1)]L (t7,777)8Jr (t&ns)BT (I9JIQ)B]L (th,mo) +permutation5]>

—(TC(04) BT (t0,—o ) [ - 1) + (T DT (04, ) A(to, o ). - -1) = (Tk DT (0, ) B (20, - ). - 1)} (E2)

Here, however, the time-dependent tunneling operators are given by Eq. (42) with time-dependent fields ¢; (x,#). For brevity, in
this appendix we suppress the superscript “(¢)” in the quasiparticle tunneling operators. Furthermore, here we do not include
the Klein factors, focusing only on the structure of quasiparticle propagators (we will briefly comment on the role of the Klein
factors at the end of this Appendix).

Let us now focus on the first (the one shown explicitly) term in Eq. (E2). Representing the tunneling Hamiltonian in the
bosonized form, we write the corresponding contribution to the current correlation function as

+o0
S23 o § n... 7710/ diodty . . . dtloe—lUEV[fo-Hl+lz+l3+t4—ts—ts—h—ls—tg—tw]

1005015+ N10==%1 -
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(T V791 O1010) i T01O.t305) i T01Ortin) =i D81 Lt 1) g =i/51 (Lot =i/P1 (L)

5 (Tpe™V7920.00) g=iNT820.110) =i /320, 12.17) iF92(L 5 1) i/ T2t ) i V2 Lt

5 (Tl 795001 g =i T83(O.13.13) i3 0 1) D5 L) 1 T3 t0.1) 1 0L 01

5 (T VP930000) gin9s0.111) i 050, 1212) =i Vsl Lot ) =i/ (L l019) =i/ P3( Loy (E3)

The integrand here is a product of four Keldysh traces, each corresponding to one of the edges. Each trace contains three vertex
operators (exponentials of bosonic fields) with +i,/v¢ and three exponentials with —i \/v¢ that correspond to the tunneling of
three quasiparticles into the edge and from the edge. As usual, averaging of the product of exponential operators with the free
(quadratic) action generates all possible contractions between the points on the Keldysh contour. For averages involving the same
(opposite) signs in front of bosonic fields, one gets (see, e.g., Ref. 41)

(m,n)
S 1

(VTP nn) gFIVIDO )y o [ 1( )} (E4)
X
where we use the shorthand notation
(m n) (m,n)
(x) = sinh {hﬁv [ —v(t, — ty) — l)(n nnl ]} (E5)

with
+ —
Xr(]m:rr;) — Nm n Sgl‘l(tm _ tn) _ Nm Nn ) (E6)
m s Tin 2 2
Performing all the contractions, we arrive at

+00
523 x E n... n]()/ dt()dt] o dtloefivev(to#»t] +ty 13+t —ts—tg—t7—tg—tg—110)
00,715, N10==%1 -

- §03) 0.4) B4 (M (5:6) (W e(5T) (N (6.7) 173
S =gz (O =gy (08557 (0)s,75 (033505 (01 (0)
(L)

0,5 0,6 0,7 3,5 3,6 3,7 4,5 4,6 4,7
5O (LsOO (LsCD (LDse LD (LDs (LS L)y o (L)

—'Ioﬂio —MNo,MN7

nsn 617

10,11 10,72 75,76 15,17
(@,5) (i,6) @,7) (1,5) (1,6) 1,7 2,5) 2,6) 2.7
Snlo 15 (L2)S o (L2)Sno. iy (L2)Syy s (L2)$n g (L2)Sny iy (L2)Si s (L2)$s e (L2)Sips. s

r 50301509 (0)53: (0)5B2 (0)5E10(0)s©-10)(0) 173
(L3)

D (0542 (01502 (0)s9 (0)s5-7) (0)s6-7 (0) i|1/3
(L2)

*ﬂo 13 —10,74 n3,M4 118,19 18,110 19,110

0,8 0,9 0,10 3,8 3,9 3,10 4,8 4,9 4,10
5O (L)sO (L3)s %) (La)siym(L3)sym(L3)snm(L3)ssem(L3)shm(L3)she o

—MN0,M9 —MNo,N10

. 1/3
1) (i,2) (1,2) (8,9) (8,10) (9,10)
S’?o ni (O)SUU»ﬂz (O)s'llﬂiz (O)s’lx,fw (O)Sﬂs,'llo (O)S’w,mo(o)
8 i,9 10 1,8 1,9 1,10 2,8 2,9 10 ’
st (La)stons (La)se o (La)siy o (La)syy i (La)syy o (La)sty o (La)sirm (La)sizma(La)

(E7)

where we have introduced #; = 0. The expression in Eq. (E7) (a)
contains all possible correlations between the quasiparticles +
traveling along the edges of the interferometer. The diagram,
Fig. 11(a), depicts one of these contributions. The integrand in e 4 . e
Eq. (E7) is the product of four factors that correspond to the t s ts t6 tg 7 tio
Keldysh traces along the four edges with lengths Ly, ...,L4. (b)
Importantly, the same time arguments appear in the different +
edge blocks in this equation since these blocks are connected ;
by instantaneous tunneling events. -\ | /

In each of the four factors, the numerator contains the t tsts te to t7 t1o
functions s(x) taken at zero arguments x = 0. These functions
dress the tunneling amplitudes [note that each such function FIG. 11. (Color online) (a) A typical Keldysh diagram for the
appears twice in Eq. (E7) since each tunneling contact connects ~ correlator . (b) Possible groupings of times forming loops. The
two edges]. All the denominators contain the corresponding ~ Particular choice, shown here, of placing the times on the two
lengths of the edges between the tunneling contacts. Semi- Keldysh brgnch_es f;loes not affect the se'paratlon 1'nt0 three loops.
classically, these denominators describe the propagation of The separation in time between consecutive loops is assumed to be
quasiparticles along the edges as well as correlations between much larger than 7§ = Lz /v.
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the tunneling events. Without such correlations, there would
be only 3 x 4 =12 functions s in the denominators that
form three closed loops consisting of four edges. All other
24 functions s in the denominators describe the correlations
between these loops.
We now show that in the high-temperature limit

T > hv/L;, (E8)
it is, however, possible to disentangle the quasiparticle loops.
The condition (E8) implies that the thermal length defined by
Bhv is shorter than the length of each of the interferometer’s
arms. In this limit, we group the integrals into three separate
blocks, and make use of the exponential behavior of functions
s away from the “light cone”:

} ~ exp ( ) ,

|x — vt] > hpv. (E9)

There are several possible choices of loops in Eq. (E7). In the
following, we will show only one representative possibility.

The general procedure is as follows: we first notice that

in each edge block in Eq. (E7), the denominator consists

T
— |x — vt

T k- vt —ixl]
—[x — vt —ixl.
X npv

sinh
{hﬁv
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of three groups of three functions s (L) with the same
first-time argument m. In particular, the first block in Eq. (E7)
contains three s functions with m = 0, three with m = 3,
and three with m = 4. Similarly, these functions can be
grouped into triples with regard to the second-time argument:
n = 5,6,7 (this reflects the fact that three quasiparticles tunnel
through each junction in the 12th-order process). Take one
function s"™(L,) characterized by the times t,, and f, in
the denominator of the first edge block. In the second and
third blocks, we find the functions s™"(L,) and s™")(L5),
correspondingly, that share one time argument with our choice
in the first edge. Next, we find the function s®")(Ly) in the
fourth edge block that matches the remaining time arguments
t,y and t, of the functions in edges 2 and 3. These four
functions are connected by common tunneling events and form
aclosed quasiparticle loop. Repeating this procedure two more
times for the not yet used time arguments (clearly, there are
3 x 2 x 1 = 6 distinct possibilities of doing that), we single
out three closed quasiparticle loops. This allows us to rewrite
Eq. (E7) in a way highlighting the semiclassical dynamics of
quasiparticles. In particular, the grouping with

m =0, my=5 m)=i, nj=8 my=3 n=6 mh=1, n,=9 m3=4, ny=7, mj=2, njy=10,
(E10)
yields the following representation of Eq. (E7):
+o00
CA —iveV(to+t+th+t3+ty—ts—te—t7—tg—tg—t
523 X E 771...7]10/ dtodt; .. .dtpe (toHti s —ts—t—17~fs—Io—h10)
1005715 N0==%1 -
13
1 1 1
x 0,5 @5 (0.8 (8) (3.6) (1,6) 3,9 (1,9 4,7 (2,7) (4,10) (2,10)
—no,nssnoyfls —i’]o,i’]gsn()vnbl 1,2,3,4 13,165,116 513,191,779 1,2,3,4 1a>17502,175 04, m10502, M0 1,2,3,4
©0.3) 0.4 ((3,4) ((5,6) ((5,7) (6,7) @1 ¢(i,2) ¢(1,2) o(5,6) ((5,7) ¢(6,7)
x S_’IO»’Bs—ﬂov'74S773~'74S775J76S715J77s716.777 s’lo,ms’lo.ﬂz 7]1J}zs'IS,'}os'IthS%Jh
0,6) (07 (35 (37 45 406 i,6) (.7 (1,5 (1,7) (2,5) (2,6)
—T0,M6 —710,177S773~'75 13517 514,115 514,176 1 10516500075 101,05 51,17 502,05 112,106 2
s©O 04 (34 89 (3,100,107 [ D) (G2 ((1.2) (8,9 (8,100,100 |1/
x — 70,137 —70-14" 13,04 118,19 " 18,110 19,110 10,717 10,M27 11,027 18,19 18,110 19,110 (Ell)
0,9 (0,100 _(3.8) (3,10) (4,8) (4,9) (i,9) (G,10) (1,8) (1,10) (2,8) (2,9)
10,095 =10, 1105M3:18 5131050418 S04.m9 |3 [ Sn0,19 10,110 501,18 5101, 110502, 18 SM2m0 | 4

Here, the three fractions in the first curly brackets correspond to the chosen quasiparticle loops. The remaining
terms in the second curly brackets describe the correlations between the loops. For the sake of compactness, we have suppressed

the arguments of s functions here. In each quasiparticle loop,

the arguments of the four subsequent s functions are Ly, L, L3,

and L4, respectively, as indicated by the corresponding subscripts. For example,

1

1

0,5 _(@i,5) (0,8 (8

Sﬂ]o,ns 10,152 —n0,ng>M0,M8

1234 %

=05
—No,Ms

5 (E12)
10,75

0,8)
—MNo,M8

(i.8)
No,M8

(L)sS) (Lo)s %Y (L) (L)

The arguments of s functions in the correlation term are all zero in the numerator and are L; in the denominator for the ith edge,

as indicated by the subscript:

i1 (i1,2) (1,2 <(8,9) (8,10) ,(9,10) i1 1,2) 1,2 8,9 (8,10) 9,10)

|:Sno,msno,nz m,nzsng,nosns,mosnmmo:| _ sno,m(O)Sno,nz(o)sm,772(O)Sns,no(O)snx,nlo(o)snoqmo(0) (E13)
@9 @(,10) (1,8) (1,10) _(2,8) (2,9 - 19 (1,10) (1,8) (1,10) (2,8) 2,9 :

Sno,n9 10,105,718 S11,m0S12,18 502,19 | 4 Sno.ns (La)Sng o (La)Sy, s (La)Sn mio (La)Sny ns (La)Sy ng (L4)
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Let us consider the terms in the first quasiparticle loop (the
first factor in the square brackets withm = 0,n =5, m’ =1,
and n’ = 8). We assume L + L4y = L, + L3, otherwise the
result of the calculation will be exponentially small in §L /L7,
where Ly = hfv is the thermal length and §L is the length
mismatch between the external and internal arms of the
interferometer. Analyzing this first grouping, we notice that
in the high-temperature limit, i.e., Ly < Ly, ..., L4, the main
contribution to the integrals comes from time arguments such

that
v(ts —t9) = Ly, v(ts — ;) = Lo,

v(tg — t;) >~ Ly.

(E14)
v(ts — 1) = L3,

Clearly, the above conditions indeed require L + L4 = L, +
L. Notice that here time #; = 0 is a fixed (external) point.
In the other two groupings, there is no external time and one
can always satisfy a condition similar to Eq. (E14) having one
free parameter. For the other two groupings with t;,#3,%,f9 and
ty,t4,17,10, the main contribution to the integrals comes from
times such that

v(te —13) = Ly, v(te — 1) = Lo,
(E15)
vty —13) ~ L3, v(tgy —t)) >~ Ly
and
v(t; —t4) = Ly, v(t; — 1) = Lo,
(E16)

v(tio — 1) > Ly.

These conditions define quasiclassical trajectories of the
quasiparticles.

We next show that the remaining correlation functions
(those in the second curly brackets) in Eq. (E11) simplify to
unity. We fix one time in each loop (for instance, ; = 0 in the
first loop, 9 in the second loop, and ;¢ in the third loop) and
express the remaining times using Eqgs. (E14)—(E16). As an ex-

ample, we consider the function s@,’ﬁfm (0) from the numerator

v(tio — t4) == L3,

Szr; X Z n...

00,11,---,N0==%1
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in edge block 1. Using the above quasiclassical conditions, we
substitute fp >~ (L, — Lj)/vandt; >~ t9g — L3/v. InFig. 11(b),
we show one possible arrangement of the times. Assuming that
the time distance between the groups is much larger than L7 /v
and with reference to the arrangement of times illustrated in
Fig. 11(b), and using Eq. (E9), we have

§©3 ~ 4
s, (0) = exP(h—ﬁ|f0—f3|>

= exp (77”42 — Ly —vtg + L3|>

= exp (Wlh - vt9|>

On the other hand, in the denominator of the edge block 4 in
Eq. (E11), we find the function

(E17)

Shom (L) = exp (—|L4 = vt9|> (E18)

hp

which cancels the contribution of sg),’,?%z (0). Using the same
exponential asymptotic form for all the remaining s functions
connecting times belonging to different groups, one can see
that the correlation factor does indeed simplify to unity.
The thermal fluctuations 8#; <7/ T around the quasiclassical
trajectories yield exponentially small corrections from the cor-
relation part. These fluctuations are, however, important within
each quasiparticle loop: the integration over 8¢; gives rise to
a power-law renormalization of the tunneling amplitudes. We
note in passing that the disentanglement of the quasiclassical
trajectories and renormalization effects described above is
similar to the procedure used in Refs. 56-58 for calculat-
ing the weak-localization correction in disordered Luttinger
liquids.

Thus, we are able to represent the 12th-order perturbative
contribution to the current correlation function as a sum
of all possible triple products corresponding to the three
quasiparticle loops:

110{[(0,5).(,5).(0,8),,8)1[(3,6).(1,6),(3,9).(1,91[(4,7),(2,7),(4,10),(2,10)]

+1(0,5).(:,5).(0,8), i, 8)1((3,7),(1,7),(3,10),(1,10)][(4,6).(2,6),(4,9),(2,9)]
+1(0,6).(:,6).(0,9),(,91[(3.5),(1,5).(3,8),(1,8)][(4,7),(2,7),(4,10),(2,10)]
+1(0.6),(i,6).(0,9).(;, DI[(3.7),(1,7),(3,10),(1,10)][(4,5).(2,5).(4,8).(2,8)]
+[(0.7),(,7),(0,10),(,10)][(3,5),(1,5),(3,8),(1,8)][(4,6).(2,6).(4,9).(2,9)]

+1(0,7).(,7).(0,10),(;,10)][(3,6),(1,6).(3,9),(1.9][(4.5).(2,5),(4.8),(2,8)]},

(E19)

where we denote the products of quasiparticle loops symbolically as follows:

{abc} = [(0,5),(i,5),(0,8),(i,8)1 [(3,6),(1,6),(3,9),(1,9] [(4,7),(2,7),(4,10),(2,10)] ox [T T2

loop a loop b

loop ¢

o0

+00
% / dtodtsdtgefiveV(t,‘+toft57tg)

(0 5)
—’I() US

1/3
1
(LSS (L)s® (L3)sthS (La)
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o0

o0

Comparing the structure of integrals in Eq. (E20) within each
loop with Eq. (95), we observe that each loop here is equivalent
to a two-particle rate W@,

It is convenient to introduce the center-of-mass times
characterizing each loop in Eq. (E20)

ty = (ti + 1o + 15 + 13) /4,

thy = (t +15+1+19)/4, (E21)
te = (ty + 14+ t7 + 110)/4,
as well as their differences
tap =ty —ty, lyge =t. —ty, Ihe =t — 1. (E22)

Within each loop, one can then introduce the relative time
variables. For instance, in the second integral (loop b) we
change the variables to

.L,l(b) (b)

=B—0, T, Y

=19 —11, T3 (E23)

With such variable change, the contribution (E20) to the
current correlation function takes the form

=1fH —te.

[e.¢]
{abc} = / At dty WO WP W, (E24)
—00
with W( ) . being independent of the time distances #,5 and f;.
between the blocks. We see that the integration within each
choice of the loops yields a seemingly divergent contribution
for any given configuration of 7no 0. A similar divergence
was encountered in Ref. 22 in the problem of Mach-Zehnder
interference of anyons.

This divergence can be cured by incorporating a finite life-
time into the propagators connecting different loops. Indeed, if
we “dress” the propagators associated with the integration over
t,» by single-particle processes (and similarly for #;.), we end
up with [ dt,, exp(—WV1,) and [ dt, exp(— W Diy,.), where
WO o I'? are the single-particle scattering rates. This renders
the “diverging integrals” finite, and will introduce a factor '™
into the final expression for each term in the current correlation
function

FIZ
Sy ¢ — =T%,
Iy
in agreement with the kinetic approach. Physically, the inclu-
sion of the exponentially decaying factors into the perturbative
expression corresponds to the probability of not completing
the interference loop for the involved quasiparticles, as well
as the probability of changing the flux state due to the
single-particle processes. The latter thus leads to the dephasing
of the two-quasiparticle interference.>

It is worth recalling at this point that in the above
calculation, we have completely ignored the Klein factors.
However, as was emphasized in Ref. 22, the summation over
all possible configurations of 7, on the Keldysh contour,

(E25)
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+00
X / dl‘ldl‘3dl‘6dl‘9€_ivevm+t3_l"_lg)

+00
X / dtzdt4dt7dt1067ivev([2+t47t77“0) |:

1/3
1
3,6 1,6 3,9 1,9
St (L)siy o (L)siyan(L3)shy i (La)

(E20)

1/3
1
4,7 2,7 4,10 2,10 :
ST(M '1)7(L1)s7(72,773(L2)S7I4 7713(143) 7(72 nlg(L4)

without taking into account the Klein factors, leads to a
cancellation of the divergencies: the total contribution of all
terms is then zero instead of infinity. As we have seen from
the kinetic approach, the inclusion of the Klein factors in
the perturbative treatment can be replaced by considering
the fluctuating statistical flux. Note that in the perturbative
approach, averaging over the dynamics of Klein’s factors
should provide both the quasiparticle decay discussed above
and an additional n-dependent structure that prevent the full
“Keldysh cancellation.” This is efficiently done within the
kinetic framework adopted in the main text. The consideration
of this appendix serves as a justification of the master-equation
approach. The perturbative treatment of the current correlation
function demonstrates, in particular, that the correlations
between the two-particle tunneling processes can be neglected,
which is crucial for the master equation.

We have assumed above that the temperature is still
sufficiently high, so that the thermal length is much shorter
than the lengths of the edges [Eq. (E8)]. In fact, the same
procedure of the disentanglement of the correlations can be
employed at zero T (we further comment on the conditions
below). In this case, the correlation functions (E5) should be
replaced by power-law functions

e = 2l (E26)
and hence do not behave exponentially away from the light
cone. Nevertheless, choosing the quasiparticle loops according
to the prescription outlined above Eq. (E11), it is possible to
demonstrate the cancellation of the terms in the correlation
part of the integrand in Eq. (E11) for the values of times
satisfying the quasiclassical conditions (E14)—(E16). This is
done similarly to Eqs. (E17) and (E18). Under these conditions,
assuming that the separation between the loops is much larger
than the typical size of the loops (set by voltage), the correlation
factor becomes unity. This property of the zero-T correlation
block taken at the quasiclassical trajectory was discussed, e.g.,
in Ref. 22, where it was linked to the properties of an equivalent
Coulomb-gas model.

The conditions for the “block decoupling” at T = 0 (i.e., the
possibility to consider the cross-correlation signal as made of
pairwise anyonic correlations) requires that the width (in time)
of such a “block” (an anyonic pair interference) is smaller than
the distance between consecutive blocks 8tyock (145 and fp.).
The size of a block is proportional to 72/ W (WM is the
single-particle rate). We could now require that

— vty — ty) — lX;T n")l ]

> (Stblock (E27)

n
wn
for the decoupling to hold. We, note, though that bar-
ring additional manipulations Stye ~ /WP, and the
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inequality (E27) is not satisfied. Then, the three loops become accounting for higher-order scattering processes (involving
correlated, which in terms of the kinetic approach necessitates three and more particles).

APPENDIX F: EVALUATION OF AB-DEPENDENT TUNNELING RATES WHERE THE QUASIPARTICLES
REACH D, AND D;

In this Appendix, we evaluate explicitly Eq. (97), the magnetic-flux-dependent component of the two-quasiparticle transferring
rate Eq. (86). The expression to compute reads as [cf. Eq. (96)]

4v +
I+TM4+TI+TV = FZFBFgFD e—27‘!iv(CIDAB+j<I>0)/d>0e—ievV(L4+L1)/vh (T[lc ) / Oodt /OO dt] /00 dtze—(Zivth)/h
h4l? hBv —00 —00 —00
1 1
sin [%(—tv + 02— Ly —i—lc]U sin [%(—tv + 442 — L) +lc]u
1 1

: : . F1
) sin [ (—rv— 18 =22 — Lo) +1] sin [ (—rv = 2 + 5 — L) + 1] D

It is convenient to make the integrals dimensionless and to introduce the Fourier transform of the correlation function

+00 ) 1
g(a)) = [m dt exp(—lwt)m, (F2)
which, for § — 0T, reads as
B 1 r 1 . r 1 . Tw 3
gle) = ZITF(U) E(v —iw) E(U +iw) | exp - ) (F3)

We can now represent the correlation functions using the above Fourier transform. The integrations over ¢,#;,f, give delta
functions. After the integration over energies, we obtain

4—4
I+TM4+TI+1IV = F:’Z\FBFéFD le_zﬂiV(®AB+j¢O)/¢Ue—i2U(XAZ h,BU ' 1 eZnua /00 d_ee—ieAI:
vt np 2nl, [C(w]* —00 27

2
X |:F (%(u — ie)) r (%(U + ie)) r (%(v —i€) — ivoe) r (%(u +ie)+ ivoc) ] , (F4)

where o = eVB/(2m) and AL = (L, + Ly — Ly — L3)/(v). We compute the following integral:

1= [T 4 ieat[r (Lo —io)r (Lo vio)r (Lo —io - v ) r (Lo io 4 iva) | F5
—/ﬂoge |:<§(v ze)) <§(v l€)> <§(v i€) wa) <§(v i€) ll)Ol)i|, (F5)

which can be performed by the residue method. Let us consider the poles in the lower-half complex plane. The calculation of
the residues may be quite cuambersome, as each pole is of second order; it is convenient to first manipulate the above expression.
One can use the following property of the gamma function:

T
Fr@ra —z)= SinGra)’

and rewrite the integral in Eq. (F5) as

. nzii/m de _onr[_ T[0+i0] T [0 +ie) + ive] ’
day day J o 2 F[1-iw—io][1-3w—ie) —iva]
1

" tan [ (a1 — %) ] tan [ (@ — i§ + ive)]

(Fo6)

ay,ax=v/2

235415-27



CAMPAGNANO, ZILBERBERG, GORNYI, AND GEFEN

PHYSICAL REVIEW B 88, 235415 (2013)

Notice that now the poles in the lower half of the complex plane are of first order. This renders the calculation of the residues

much less involved. We obtain the following converging sum:

7= —
sin? (T va)
n=0

4rle—ALveivaL i ivaAL e 222 [y 4 VIT2[1 +n +iva] T2 [n — iva + v]
I2[1+n]T2[1 +n —iva]T2[1 +n +iva]

x (AL + imw coth[mva] + H[n]+ H[n —ive]l —H[n —14+v]—Hn—1+v —iva])—i—c.c}, F7)

where H is the harmonic number function.
Using the result of Eq. (F7), the obtained 2-qp rate is

W[Z,ABCQQm(j)] —

. A4+ +1V) +cc. =

AR

2mva

where we defined Q(V,T,v,AL) = %(M)“*“”TI/ vl

2l

[T 4Tslclp]

Or + Dy + j Do
®g

QV,T,v,AL)cos |:2m) + vozAI:i| , (F8)

Assuming that (L; + Ly — Ly — L3) < hv/(veV) such that we can take AL = 0, we find Eq. (97). In particular, for v = %
the rate has the form
5 ITalslelpl eV (7pv\*? - 27 O + Pup +j Po
W AP Pall — 5 — 2°V/3(a/3)7°I[1/3] cos | - . F9
Jit2 Wt 3n 2wy ) T2 V3@ leos | @, )
In the opposite limit of AL > hiv/(veV), the rate is exponentially suppressed:
WzABCD. 0wl _ o ITalslelp| 7 (hpv o 2 2va)? _ap,
Jit2 vt np \ 27l r2[v]
X [e""‘)‘ALI"2 [14iva]T?[v—iva](H[v =11+ H[v—1—iva] — AL — ix coth [ va]
Or+ P+ O -
— H [—iva]) 4 c.c.] cos [2;11) L q‘;” ] 20 vaAL] . (F10)
0
[
APPENDIX G: EVALUTATION OF AB-DEPENDENT by
TUNNELING RATES WHERE THE QUASIPARTICLES )
REACH, FOR EXAMPLE, D, AND D, il (D BDOW Y (| DD ct
| . . o 2 Wi IBOI ) | 5~ Ho T 107
In this Appendix, we consider processes of type if
[1,ABCD,®(j)], i.e., fourth-order processes that change 1 ADN S (E, — Ep), G1)

the statistical flux by one and are sensitive to the flux of the
magnetic field (cf. Table I). In Sec. VII A, we have shown
that, because of a gauge invariance argument, currents are
magnetic flux insensitive, hence a relation between rates of
type [2,ABCD,®(j)] and [1, ABCD,®,(j)] must hold.
Here, we nevertheless show an explicit expression of rates
of type [1, ABCD, @ (j)].

When considering fourth-order processes, in addition to
the rate of transferring two quasiparticles from the external
edges to the internal ones, we also need to consider the
case of fourth-order processes where a single quasiparticle
is transferred inside the interferometer. Such a process would
not contribute to the current-current correlation signal but it
would make sure that no AB-sensitive terms are contribut-
ing to the current. We address here only the AB-sensitive
part of this rate. Starting with Eq. (79), we write all the
possible contributions corresponding to a single-quasiparticle
transfer. Again looking at terms proportional to I'}yI's['¢I'p,
we have two sets of contributions: The first set is given

X —
E; — Hy+i0*

plus all permutations of D, A9 and C@!. Notice that in
this case the many-body states h/}f) differ from |y; for the
transfer of one quasiparticle from the external edges to the
inner ones. The second set reads as

2 ~ 1
- | B ——— D@
h%:ww” E; — Hy — i0+

1

L CONG Y |AD ) S(E; — E ),
XEi—Ho—iO+ [V ) (W A1) 8( 1)

(G2)

plus all permutations of B, D@, and C‘9f
Let us introduce four Green’s functions for each field ¢:
G;{(t,x) — (Te—iﬁd)k(x,l)eiﬁd)k(o-o))’ (G3)

G,i(t,x) — (Te—i«ﬁaﬁk()mt)ei«ﬁllﬁk((),o)>7 (G4)
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pt: X . +o0 0 0 .
/ _ iveVt
>X<3 /// *6 *3 —/_oo dl‘/;oodl‘l /;OOdIQE
SR x Gy (—t — 1, —L4)G5 (t — 1,L3)
t < <
% 7 " ‘ x G5 (1, L)G7 (tr,—Ly), (G9)
4 5
%,

+00 0 0 )
x4 = / dt / dn / dtye'veVim
—00 —00 —00

FIG. 12. The different sectors of the ¢, t, integrals of Eq. (G13)

and the corresponding contributions. X Gy (=t +1,—Ly)G5(t —t) —tp,L3)
x G5 (t1 + 12,L2)G{ (—t2,—Ly), (G10)
> — (o iV (x1) i I1(0,0) +00 0 0 '
Gk (t9x) <e € >7 (GS) x5 = / dl / dt] / dtzelvevth
; i —00 —00 —00

GE(t) = (0D, (G0) X Gy (=t +11,~ LG5 (t + 1, L3)
where T and T are, respectively, time-ordering and time-anti- x G5 (=t2,Ly)G7 (—t1,— L), (G11)
ordering operators.

Repeating the steps of Sec. VII B, we change from energy oo 0 0 veVin

to time representation, and rewrite Eq. (G1) plus all the other *6 = e dt - dn - dhe

permutations as the following contributions: X GZ(—1 + 11 + 1~ LGt — 1, L)

+o00 0 0 < >
. = / d;/ dtl/ dyeiveVi/n x G5 (t2,L2)G7 (—t) — ta,—Ly). (G12)
*°°< e o N Remarkably, all the previous contributions can be cast as a
X Gy(—t —t1 —tp,—L4)G5 (1 + 11,L3) single expression
x G5 (—11,L2)GT(t1 + 12,—L1), (G7)

+00 +o00 +00

—0oQ
x Gy (=t —t;,—L4)G5 (t + 12,L3)G5(—1p,L>)
x Gy(—t —t1,—Ly)G5(t + 11 + 1,L3) x Gi(t,—Ly). (G13)
x G5 (—t) — t2,L)G [ (t1,—Ly), (G8)

+oo 0 0 Z*l‘ Zf dt[ dt]/ d[zeivevrh
*) =/ dt/ dtlf dtre™V™ i=l G -
—00 —0o0 —00

One can verify as shown in Fig. 12 that different sectors in the |, f, integrals correspond to the six above contributions.
Introducing the Fourier transform of the Green’s function, we have

d
/ iGZ(E,—L‘l—)G;(G +veV,L3)Gh(e + veV,Ly)G(e,—Ly). (G14)
In a similar fashion, one can show that the terms coming from Eq. (G2) give
d _
/ iGi(e,—L4)G3>(e +veV,L3)Gh(e + veV,Ly)G7(e,—Ly). (G15)

Summing up the two contributions, we finally have

) de
W}}jf?CD,¢>lol(./)ll = |[T4glelp| cos[2mv(Pr + g + jCDO)/<1>0]/ E[GI(G,—L“-)G;(G + veV,L3)

x Gh(e +veV,Ly)G'(e,—Ly) + G)(e,—L4)G5 (e + veV,Lg)G;(e +veV,L))Gi(e,—L))].  (Gl6)

We do not evaluate explicitly Eq. (G16), but notice that if one considers the same expression at zero temperature and in
the case of integer filling factor v = 1, i.e., for transferring of electrons, it is possible to show, using Eq. (9), that indeed

[LABCD, @u(Dh __ 1372, ABCD, @i ()]
J.j+1 - J.j+2 .
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