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One remarkable feature of strongly correlated systems is the phenomenon of fractionalization where quasi-

particles carry only a fraction of the charge or spin of the elementary constituents. Such quasiparticles often
present anyonic statistics in two dimensions and lie at the heart of the fractional quantum Hall effect. We discuss
the observation of fractionalization and anyonic statistics already in the integer quantum Hall effect coupled to
a metallic island. A continuous fractional emitter is proposed, which sends dilute beams of noninteger charges,
and its full counting statistics is obtained. The fractional charge is governed solely by the number of ballistic
channels covered by the island and it is one half of the electron charge for a single ballistic channel. We further
characterize the mixing of two such fractional beams through a quantum point contact beam splitter. We predict
negative cross-correlations, in strong contrast with free electrons, that depend on the double exchange phase
between electrons and the fractional charges emulating anyons. The result is similar to a genuine fractional edge
state as recently measured at filling v = 1/3. We revisit the physical interpretation of this experiment and point
towards a direct braiding measurement rather than a deviation from fermionic antibunching.

DOLI: 10.1103/PhysRevB.105.075433

I. INTRODUCTION

The hallmark of the fractional quantum Hall effect [1] is
the existence of quasiparticles which carry a fractional charge
and exhibit anyonic statistics [2]. They are associated with a
topological order and ground state degeneracy [3]. Their ex-
change properties differ from fermions or bosons, possessing
a statistical anyonic phase for Abelian states [4,5]. In the non-
Abelian case, their braiding properties make them building
blocks for realizing fault-tolerant quantum computation [6].
Anyons reside in the bulk or are delocalized at the edge of
the system where they carry an electric current and give a
fractional quantized Hall conductance [7,8]. Aside from these
consistent theoretical constructions, the experimental direct
evidence of anyonic properties posed and still poses its own
challenges [9]. The first strong indication of their existence
was obtained almost 25 years ago [10,11] in seminal noise
measurements in the v = 1/3 state. The weak tunneling be-
tween opposite edges, via a quantum point contact (QPC),
involves fractional charges detected in the shot noise. The
fractional charge was further confirmed in recent experiments
with finite-frequency noise [12] or photoassisted shot noise
[13], building an overall convincing picture.

Beyond the measurement of the fractional charge and
further successes in observing quantized thermal transport
[14-18], the experimental signature of braiding statistics
of anyons remained for a long time elusive [19], despite
several proposals of interferometric [9,20,21] or correlation
noise [22-26] probes. Two recent breakthrough experiments
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filled this gap and observe convincing signatures of anyonic
statistics for the v = 1/3 state. In the first experiment [27]
following a theoretical proposal [28], a collider of two dilute
beams of anyons propagating along the edge was realized in
a GaAs/AlGaAs heterostructure. Cross-correlations after the
quantum point contact, i.e., the collider, were measured to be
negative in precise quantitative agreement with theory, in a
way that depends on the anyonic braid phase. For compar-
ison, cross-correlations vanish for fermions as confirmed in
the same experiment. The second experiment [29] measured
the interference fringes of a Fabry-Pérot interferometer in
a two-dimensional electron gas with strong screening. The
path of interference encircles the bulk and thus reflects the
phase accumulated by braiding one anyon on the edge with
each individual bulk anyon. The Abelian braid phase 27 /3,
expected at filling 1/3, was then detected upon adding one
anyon to the bulk.

In this paper, we show that anyonic statistics emerge also in
the integer quantum Hall effect with a metallic island, yielding
a negative cross-correlation in the same collider geometry as
Ref. [27]. We first devise a fractional emitter by connecting a
metallic island to NV chiral ballistic channels and one quasibal-
listic channel using a nearby quantum point contact, and prove
that it emits fractional charges e* = Ne/(N + 1) and e* =
e/(N + 1) with Poissonian statistics. The emitted quasipar-
ticles possess a fractional charge but also emulate fractional
anyonlike commutation relations. This emulation should yield
a measurable exchange phase shift in the interference pattern
of a Mach-Zehnder geometry, as shown in Ref. [30] with a
similar emitter. We characterize in this paper the mixing of
two fractional beams originating from our emitters by com-
puting the output noise cross-correlations. We find them to be
negative in contrast with the result for noninteracting fermions

©2022 American Physical Society
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and similarly to the fractional quantum Hall case [28].
The obtained cross-correlations depend on the mutual statisti-
cal phase between electrons and emulated anyons and give a
different functional form than in the case of genuine fractional
edge states where only anyons are (braided) exchanged. We
further elaborate on the physical picture behind these cross-
correlations and find that they account directly for the double
exchange between an electron and a fractional charge (anyon),
whereas the (anti)bunching effect in the collision gives only
a subleading neglected term. Interestingly, we find that the
same is true in the fractional quantum Hall state discussed in
Ref. [28], such that the corresponding experiment [27] should
probably be interpreted as a direct consequence of the anyonic
braid phase and not as a deviation to fermionic antibunching,
the corresponding contribution being small.

To make contact with previous works, we note that the
fractional emitter can alternatively be seen as a conductor,
defined by the quasiballistic channel, experiencing dynamical
Coulomb blockade from a resistive environment, composed
of the N ballistic channels and the dot [31,32]. The model
can further be mapped onto an impurity in a Luttinger lig-
uid [33-35] where noninteger charges are known to occur
[36-38]. By continuously changing the couplings between the
island and the edge channels, the model for the emitter also
evolves into a charge Kondo model [39-43], and fractional
charges have been discussed in this context too [44] (see also
Ref. [45] for a related discussion in the topological Kondo
model). These different models—dynamical Coulomb block-
ade, Luttinger liquid, and charge Kondo screening—have in
fact been explored experimentally within a single setup [43].
This underlines the experimental relevance of the fractional
emitter we propose. Other sources of fractional emission have
been predicted [46] and measured [47,48] using coupled inte-
ger quantum Hall channels but with a nonrational charge.

The structure of the paper is as follows. Section II in-
troduces a simple model of ballistic edge channels in the
quantum Hall effect covered by a gated island. The principles
of fractionalization and anyonic statistics are discussed in
this example geometry. They underpin the physics at play in
the next sections. In Sec. III, one of the channels is made
quasiballistic by adding a weak backscattering point contact.
It breaks the continuous flow of electrons and provides gran-
ularity to the charge transport. The current and noise show
that a fractional charge is emitted, and Sec. III B proves that it
is Poissonian by determining the full distribution of emission.
The collider, or beam splitter mixing the outputs of two similar
emitters, is investigated in Sec. IV by computing the cross-
correlations. A discussion on the physical interpretation of the
results follows. Section V summarizes and concludes.

II. BALLISTIC CHANNELS

We lay out the principles for realizing an emitter of frac-
tional charges in the integer quantum Hall effect. Under a
strong magnetic field with filling v = 1, electrons propagate
along the edges of the two-dimensional sample. We first con-
sider for simplicity a set of purely ballistic chiral channels,
denoted by j=1,...,N+ 1, with no tunneling between
them. A metallic island is added which covers part of each
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FIG. 1. Sketch of the apparatus fractionalizing electrons. N + 1
propagating edge channels (in red) in the integer quantum Hall
regime are partly covered by a gated island (in green) with charging
energy E.. The correspondence between incoming (L) and outgoing
(R) chiral channels is inconsequential as the decoherence rate below
the island is large. One electron arriving from channel 1 (L) induces
fractional charges e¢/(N + 1) in all R channels. A voltage V; is ap-
plied upstream from channel j.

SR

channel as illustrated in Fig. 1. Using that electrons be-
low the island region have a very short coherence time, we
follow Refs. [40,41] and replace each edge path below the
island by two decoupled semi-infinite chiral lines extending
the incoming and outgoing chiral edges, as depicted in Fig. 2.
Employing a bosonized description of the edge modes, the
Hamiltonian has the form Hy = ) jHo,j with

FLUF +00

Hyj=——

el B8 dx [(3:¢1.)° + (0xr )] )

where L/R denotes the incoming/outgoing chiral fermions,
x < 0 is the region below the island, and x > 0 is the region
outside the island. The charging energy Hamiltonian H, =
E.N? involves the total charge below the island, given by

N+1 N+1

N 0 1
N = Z/ (Prj+ prj) = 5= D [#rj(0) = ¢1;(0)]
j=177%° Jj=1
)

Channel 1, L

Chamnel 1, R

Channel 2, L

Chamnel 2, R

esc oo
CICIC I NI |

Channel N+1, L

Channel N+1, R
0 X

FIG. 2. Simplified description for the setup of Fig. 1. For each
channel j =1,..., N + 1, the portion below the island in Fig. 1 is
replaced by two semi-infinite lines extending the incoming L and
outgoing R parts. The axis x labels the electron position. x < 0 refers
to the region inside the island and x > O refers to outside.
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FIG. 3. Circuit description for the total charge bosonic mode:
two transmission lines with impedance R,/2 = h/2¢* are in series
with a capacitance C/(N + 1). The other bosonic modes are fully
absorbed by the island. The incoming and outgoing density waves
are scattered by the capacitance with the unitary matrix (5). The left
transmission line describes the incoming L and outgoing R bosonic
channels outside the island, as displayed in Fig. 1. The right trans-
mission line refers to the island. Note the opposite orientation of the
X axis in comparison with Fig. 2.

where the densities in the L and R modes are related to the
bosonic fields through pg/;, ; = :I:% ddr/L - Ec = €*/2C is
the charging energy induced by the capacitance C of the
island to the ground. The Hamiltonian Hy + H, is quadratic
and can be solved. In order to write its explicit solution, it is
convenient to rearrange the bosonic fields ¢g/; j, i.e., perform
a rotation to define new chiral fields. We introduce the total
charge field

N+1

- 1
S — E i 3
¢R/L,1 m = ¢R/L,j ( )

where the other fields (/’;R /1, With j > 2 are defined to obtain
a fully orthogonal set; details are deferred to Appendix A.
The orthogonal transformation leaves the free part Hy invari-
ant when written in terms of the new bosonic fields. Since
the total charge within the island is N =N+ l[qSR,](O) —
¢1.1(0)]/(27), all the new fields with j # 1 decouple from
the island. This implies that an incoming electron L has a
decomposition over the new chiral modes (j # 1) that is
completely absorbed by the island region, whereas electrons
are independently emitted from the island to the outgoing
channels R (j # 1). In other words, these chiral modes have
a vanishing total charge and are therefore not sensitive to the
island.

The charging energy thus affects solely the total charge
fields ¢7R/L,1. Interestingly, the corresponding Hamiltonian is
exactly the same as the model of two semi-infinite trans-
mission lines connected at the origin through a capacitance
C/(N + 1), as depicted in Fig. 3. The transmission lines
have each an impedance R,/2 where R, = h/é* is the unit
of quantum resistance. One corresponds to the chiral edge
states outside the island and is obtained by combining the
corresponding L and R fields. The second transmission line
describes the region inside the island, with both L and R com-
ponents. Following standard techniques in the field of circuit
quantum electrodynamics, one can develop an input/output
formalism [49,50], by examining the Heisenberg evolution of
the field operators, and describe the scattering of waves in the
transmission lines by the central capacitance C/(N + 1). This
is transparently discussed by expanding the fields over plane

waves:

+00 dw
o Vo
for x > 0, where the Bose operators ai, , follow canonical
quantization rules [ajy o), aifn o] = 8(w — ). Similar expan-
sions hold for qSLJ x <0), (;SR,I (x < 0 and x > 0) in terms
of, respectively, Dout.w» Pin,w, and dout, . The subscript in/out
stands for the incoming/outgoing fields. The scattering by the
capacitance at the origin is described by the unitary S matrix:

Aout,w ) _ (70 To din,w
<b0ut,w) - <l‘(>)k r()) (bin,w). (5)

The corresponding transmission and reflection coefficients
are then functions of @ = whw/(N + 1)E. where w is the
frequency of the wave:

‘IEL,I (x, 1) = (ain’wefiw(t+x/v1;) + H.C.) 4)

—i® _ 1
—, 1n(w) =
1 —iw

as derived in Appendix B. For a wave incoming in the L
channel, the transmission coefficient ¢y, corresponds to elec-
trons being transferred to the island, whereas the reflection
coefficient ry describes backscattering at the entrance of the
island. For energies or frequencies much smaller than the
charging energy, the transmission coefficient vanishes and
the wave is fully reflected ry = 1. In circuit terms, the ca-
pacitance is replaced at small frequencies by an open link
and the two transmission lines are disconnected. Eventually,
restricting ourselves to low energies, which will be the case
for the rest of this paper, we find the boundary condition

Pr1(x =0,1) =@ 1(x=0,1) )

where the R field is understood as an outgoing field and the
L field as an input field with respect to the scattering by the
island entrance (capacitance) at x = 0.

The relation (7) has many interesting physical conse-
quences. First, the complete reflection of the charge mode and
the full transmission of the other chargeless modes explain the
quantized reduction [51] of the thermal conductance observed
in Ref. [52]. The second aspect is the restoration of phase
coherence [53,54] at low energy when a single chiral channel
is present, or N = 0. In bosonization, the boson fields describe
the phase of the fermions. Thus the boundary condition Eq. (7)
means that electrons escaping the island are phase-coherent
[55,56] with the electrons impinging the island for N = 0. In
the case of a single edge mode, the total charge mode coin-
cides with the only mode available. Physically, an electron
entering the island violates energy conservation because it
changes the charging energy. It must therefore be compen-
sated immediately, at least on time scales larger than /i/E,, by
an electron leaving the island. The restored phase coherence
is a result of a Fermi liquid mechanism [57,58] as the phase
space available for particle-hole excitation vanishes at low
energy. The resulting phase coherence in the electron transfer
across the island, also coined as electron teleportation [54,59],
has been successfully measured [60,61] by embedding the is-
land and edge channel within a Mach-Zehnder interferometer.
We emphasize that the phase coherence is also responsible for
a quantized resistance in the quantum RC circuit [62]. Phase

(6)

to(@) = >
1 —i®
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coherence and Fermi liquid behavior are lost as soon as we
have more than one channel N > 0.

In this paper, we will focus on another important conse-
quence of Eq. (7), namely, charge fractionalization [30,63,64].
Physically, it arises naturally from the above considerations.
One electron coming from, say, channel 1, has a linear decom-
position over the new chiral modes. As only the total charge
mode is not absorbed by the island, the electron entering the
island triggers the emission of fractional charges e/(N 4 1) in
all available output channels. This can be seen by applying
a voltage V to channel 1 and computing the currents. In
the L region before the island, the Bose field is given by
¢r.1 — eVt /h, where ¢ is given by Eq. (4) and the field aiy 4,
is characterized by a thermal Bose occupation and (aj, ,) = O.
The other L fields (j # 1) have no applied potential, hence
(¢r,;) = 0. The current operator fowards the island is given
by IALJ = —(e/2m)0;¢r.1, where e is the electric charge, and
its expectation reads

A 62
(ILa) = A V. ®)
The output field ¢ | in channel 1 can be written in terms of
the new chiral fields:

Pr1 = : qSR,l + Lflgk.z. 9

1
VN+1 N+1
The new field with index 2 is chargeless and thus independent
from the incoming electrons. It feels no voltage bias and has
simply (¢z.») = 0. In contrast, the total charge field with index
1, thanks to Eq. (7), sees a nonzero potential bias, or more
explicitly, Eq. (7) becomes

§ 1 R
Or1 = —(¢L,1 —eVt/h+ Z¢L,j>- (10)

VN +1 =

Computing the output (R) current in channel 1, we obtain
o) = — < ey = & 7 (11)
e S

showing the charge fractionalization. Computing the current
in all other output channels reproduces Eq. (11). Despite
splitting the current, this is not completely what we want for
an emitter because the flow of electrons is continuous and no
granularity is visible. Computing the noise in the output chan-
nel, one easily obtains that it vanishes at zero temperature:
there is no shot noise. This will be remedied in the next section
by adding a weak quantum point contact to channel 1. In the
general case where the potential bias applied to channel j is
V;, the output current has the form

ey = & 210
R = NF+1’

and it vanishes when the sum over all biases is zero. This is
because, in that case, the potentials excite only chiral charge-
less modes which are absorbed by the island and no electrons
leave the island.

In the fractional quantum Hall effect, the presence of
fractional charges is related to the anyonic phase shift from
Laughlin’s gauge argument. Here, we will show that the sim-
ple input/output approach supporting charge fractionalization

(12)

also contains the seeds for anyonic statistics. In bosoniza-
tion, the fermionic operators have a nonlinear relation to the

bosonic fields:
D .
. — idR/L,j(x) 13
YrsL. i) = | 271th€ (13)

D is a high-energy cutoff (bandwidth) for the chiral edge elec-
trons necessary to regularize the theory. It will disappear in the
evaluation of physical quantities. We consider the tunneling
operator

T@) =Y, (0, 0)%11(0,1) (14)

in the Heisenberg representation, taking channel 1 without
loss of generality. Using the bosonization formula Eq. (13),
and the new chiral fields with Eq. (9), we obtain

el'[\/%Jrl (Pr1—fr)HA/ 7o (Bro—dr2)] (15)
2w hop

T =

where we use the notation (;SR L= (ﬁR /1,j(0,1). The boundary
condition (7) implies that the first term in the exponen-
tial should vanish. In practice, to properly account for the
renormalization of high-energy (*E.) modes, we integrate
in Appendix C Eq. (15) over the massive fields ¢, /R,1 Using
the scattering matrix from Egs. (5) and (6). Exploiting the
Baker-Campbell-Hausdorff formula, we find the low-energy
tunneling operator

T@¢) = Nev g (Pra—¢r2) (16)

with the prefactor N = ﬁ(%)” VD where y =
0.5772 is Euler’s constant. After this integration, the lo-
cal tunneling operator acquires the anomalous dimension
v=N/(N+1), (TT@)T ()~ 1/t**. It also obeys frac-
tional statistics with itself, 7 (¢)7(0) = T (0)7 (¢)e*™sen®),

and with the fermionic (outgoing) field:

T ()R 1(0) = Yrp 1(0)T (t)e 7V se®), (17)

III. FRACTIONAL EMITTER

The flow of electrons is continuous for ballistic channels
and, in the absence of electron backscattering, the granu-
larity of the electric charge is not apparent. It can be seen
as a consequence of the quadratic Hamiltonian with bosonic
variables, although the corresponding fermionic Hamiltonian
is interacting, whereas the current operator is linear in the
Bose fields. In this configuration, there can be no shot noise
revealing elementary charges. We thus realize our emitter by
adding a weakly coupled quantum point contact in channel 1,
as depicted in Fig. 4. The resulting fractional charge emission
is described below.

A. Setup and fractional charges

The quantum point contact is located close to the island, at
x = 0 1in channel 1. The corresponding Hamiltonian is

Hgs = hvpr(T +T7), (18)

with the small backscattering coefficient r < 1. The tunneling
operator has been introduced in Eq. (14) and the total Hamil-
tonian for the emitter is Hy + H,. + Hgs. In order to avoid a
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FIG. 4. Principle of the fractional emitter. We add a QPC to
Fig. 1. The QPC directly couples, with a small amplitude r, the two
parts (L and R) of channel 1. When a single electron (black dot)
tunnels via the QPC from L to R, it leaves a hole (white dot) of
charge —e behind. The hole enters the island and fractionalizes into
a multiplet of charges —e/(N + 1) hopping out of the dot. The net
resulting charge e* = ve [see Eq. (23)] in channel 1 and — %5 in the
other channels.

continuous flow of electrons and to focus on the fractional
emitted charges, we take the symmetric configuration where
> ;7 Vi = 0 so that the island emits zero charge in the absence
of Hgg and for vanishing temperature.

We are interested in computing the properties of the out-
put current IAR,], defined in Eq. (11), which characterizes the
electrons leaving the island region, either because they were
expelled from the island or because they are scattered elec-
trons coming from the chiral branch L of the same channel
1. To proceed with its calculation, we use an interaction
representation with respect to the backscattering term Hps.
We thus time-evolve the bosonic fields according to Hy + H,
as discussed in the previous section with the input/output
approach, and dress the current with the also time-evolved
backscattering term. The starting point is the formula

Ira () = U OIS (0)U (1) (19)

it ’ ’
with the evolution operator U;(t) = e~ J=4"Hss@) and the
current operator in the interaction representation is

i =

0 t 20
N +1 i PR (1). (20)
We have used Eq. (9) and dropped the @z | contribution since
this mode is massive at energies well below the charging
energy E.. Accordingly, we take the low-energy expression
(16), or

T@) = Ne—ih(z)—ieVz/h Q21
with the effective voltage V = fVN—JYI‘ and the notation h =

NL-H (r.2 — ¢r.2). We stress again that the sum over all bias
voltages is chosen to vanish.
We treat Hgg perturbatively and expand Eq (19) to second

orderinr, I = I 4+ 1" + I?, w1thf0—l 1and

" = —irve &[T @) = T @)1, (22a)

+00
I = e*(rvp)? / dr' [T, T(0)] (22b)

where, anticipating the final outcome, we introduced the frac-

tional charge
N
e =ve, V= —. (23)
N +1

We are now in a position to evaluate the current / and the
(zero-frequency) current noise S by taking the expectation of
the operator expression from Eq. (22). We obtain

FoN 201-v) .
V ( E. ra-2 2
1= 028 ’ ( v)2s1n TV 24)
h \veV 2

for the current and

S =e'l (25)

for the noise. We define the renormalized charging energy
E = NE eV /mr [65]. The result (24) is limited to weak
backscattering r2(E, /evV Y= &« 1 [66]. In computing the
current, only /2 has a nonzero quantum average whereas only
the product (I'/') contributes to the noise at zero frequency.
When the number of channels is infinite, N — 400, we re-
cover a noninteracting backscattering, I = r*e’V/hand v =1,
indicating a dilution of the charging energy into the many
available channels.

The result for the Fano factor F = §/I = e* suggests the
emission of fractional charges by the island and the quantum
point contact into the edge channel R. A simple physical
picture can be given. For vanishing r, there is no current
or noise in the lead R so that only backscattering processes
controlled by r trigger the emission of charges. Since r is
small, one expects the train of emitted charges to be dilute and
the corresponding statistics to be Poissonian. We note that the
effective charge e* given in Eq. (23) is slightly different from
the fractionalization mentioned in the previous section. There
are indeed two processes for the charge transfer: (i) a single
electron is scattered from the L to the R branch in channel 1
and (ii) the process (i) leaves a hole in the L branch which then
enters the island with a charge —e and must be automatically
compensated by holes with fractional charges —e/(N + 1)
expelled in all channels. The two processes (i) and (ii) add
coherently and trigger the emission of the fractional charge
e* =e—¢e/(N 4+ 1). This coherent sum is in contrast with
the Fano factors measured in Kondo screened islands where
Poissonian processes add incoherently [67-70].

The physical picture drawn here implies that the processes
(1) and (ii) also trigger the Poissonian emission of fractional
charges —e/(N + 1) into all the channels with j > 2. This
is verified in Appendix D by computing the corresponding
current and noise.

B. Poissonian emission of fractional charges

Although the physical picture for the charge emission is
more than reasonable, we confront it by computing the full
counting statistics (FCS) [71] of our fractional emitter. The
FCS is determined by the characteristic function [72]

In x(2) =

where Ngi(t) = ["dt'lx1(t')/e is the operator giving the
emitted charge taken at position x = L, sufficiently far from
the island. Using the current expression, it also relates directly

<ei)LNR.l(l)e_i)hNR.l (0)) (26)
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to the outgoing bosonic field, NR,l(t) = —¢g,1(t)/2m. From
x (1) we can retrieve all cumulants of the emitted charge.
After standard manipulations, the generating function can be
written as

In x (1) = (Tge# e dtHa®) 27)

where the time integration follows the Keldysh contour with a
forward branch + and a backward branch —. The Hamiltonian
is dressed by a counting field A with H, = H — hAIARJ/(Ze).
A is nonzero only in the time interval [0, T'] and has opposite
signs on the two Keldysh branches. Similarly to Sec. III, we
work in the interaction representation and include the count-
ing field X into the Heisenberg evolution for the bosonic fields
¢r/L,j- As detailed in Appendix E, we simply obtain that the

rotated chiral fields qu /1.1 are both shifted by —nﬁ where

n = = is the Keldysh contour index, whereas ¢ 1 is shifted by

—n% /547 and ¢y is left invariant. The expression obtained

for the generating function is
In x (%) = (Tge " fe AT O BT O - (9g)

where the tunneling term 7 (¢) [see Eq. (21)] is dressed by
the counting field. Expanding to second order in r results
in a double time integral. Switching to the time difference
and average, the time difference variable can be integrated by
assuming a sufficiently large time interval 7', with the result

! )
Inx (1) ~ —e—*|t|(1 — ™). (29)

Remarkably, this result is exactly the generating function de-
scribing a Poissonian emission by the fractional emitter with
the effective charge e* = ve, in agreement with the physical
argument previously presented.

IV. COLLIDER OF FRACTIONAL BEAMS

So far we have shown how to realize an emitter of dilute
fractional charges by using an island and quasiballistic edge
channels in the integer quantum Hall regime. The emitter also
entails exchange relations with a statistical anyonic phase.
We now consider two such fractional emitters, which we
will denote with the letters A and B, and study the regime
of e2V/h > Iy ,p in which the fractional emitters send dilute
beams to a collider setup. Here Iy, = (IAX} ) 1s the current (24)
generated by the emitter A/B. The collider, a quantum point
contact positioned far enough from the islands, acts as a beam
splitter which partitions the incoming fractional charges. The
corresponding device is depicted in Fig. 5.

We denote #p and rp the transmission and reflection ampli-
tude coefficients for the collider. We use the notation A,/ for
the field entering the tunneling in Eq. (21) and ¥4 (¢4 p) for
the chiral fields ¥ 1 (¢r.1) at the output of each emitter.

A. Collision of free electrons

Before delving into the fractional case, we first review
the collision with free fermions. The cross-correlation at the
output of the beam splitter follows from Landauer-Biittiker

Emitter A

Emitter B

FIG. 5. Sketch of the full collider device probing the noise prop-
erties of fractional beams. The two emitters, named A and B, are
realized according to Fig. 4 with N ballistic channels each. The col-
lider acts as a beam splitter for the output channels R of both emitters.
We denote L the distance between each emitter and the collider. The
blue regions represent the gates defining the three quantum point
contacts.

formalism [73]:

2
bl = 1ol T f delfa(l = f2)

+ /81 = fp) — fa(l — f&) — fe(1 = fa)] (30)

or (8I48lz) = —Tp(1 — Tp)§ [de(fa — f5)*, where 8I; =
Iy — (L)) and Tp = |tp|2. fass(€) is the energy distribution
of the beam incoming from emitter A/B. The derivation of
Eq. (30) relies crucially on a Gaussian density operator for the
use of Wick’s theorem. It is the case for instance in the out-of-
equilibrium situation where the incoming beam is obtained by
coherently mixing, with an upstream quantum point contact,
two fermionic populations with different chemical potentials.

For identical distributions fa,p, the cross-correlation (30)
exactly vanishes. This cancellation can also be understood by
invoking current conservation [73]. The noise before the col-
lider is equal to the noise after, including the cross-correlation:

(SLSIY) + (8L SI) = (814810) + (815815) + 2(814815).
(31)

Since the fermionic fields after the collider are linear combi-
nation of the incoming fields, i.e., Y4 = tp¥" + rpyrid, they
inherit the same energy distribution, hence (8&‘}36&‘}3) =
(SfA/BSfA/B), such that the cross-correlation has to be zero.
The lesson here is that negative cross-correlations for identical
colliding beams must be a signature of interaction: electrons
are dressed with clouds of electron-hole pairs as it is the case
for a fractional quasiparticle. After the collision, the sum of
noises in the outgoing channel is increased by —(8/4813).

An alternative picture can be proposed for the cross-
correlation noise [28]. In Eq. (30), the first two terms are
proportional to the noise present in each dilute beam. As
part of the incoming beam is reflected by the collider, cross-
correlation measures some of its shot noise. The third and
fourth terms are partition noise at the quantum point contact
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as electrons leave holes behind and give negative cross-
correlations. The Fermi statistics plays a role in partition noise
when electrons arrive simultaneously: they cannot exit the
collider on the same edge because of the Pauli principle. This
has the effect of reducing the magnitude of partition noise.
As a consequence, violation of Pauli by anyonic statistics
increases partition noise and tilts the balance towards an over-
all negative cross-correlation in a way that depends on the
statistical phase.

This is why the collider setup has been expected to be use-
ful for detecting anyonic statistics. As shown below, however,
this effect is masked by another striking partition mechanism
that involves double exchange (braiding) between a fractional
charge and an electron, hence, twice the mutual fractional sta-
tistical phase in Eq. (17). This mechanism has no counterpart
for free electrons.

B. Tunneling current and noise at the collider

We now turn to our fractional emitters and examine the
mixing of their output beams as represented in Fig. 5. In order
to evaluate the resulting noise properties, we treat the electron
tunneling at the collider (the central QPC) perturbatively with

Hr = hvptpyys + Hee, (32)

and the corresgonding current, from A to B, is described by
Ir = llevptp(lﬁfh/fg — H.c.). .
The tunneling current Iy = (I7),

+00
Ir = evﬁTP/ dr([Y 4 (OYs@), YHOWaO)]),  (33)
—00

involves the time correlation functions for the fields 14,z and
the transmission probability 7p = |tp|? of the QPC. Taking ad-
vantage of the linear relations between the fermionic operators
before and after the QPC collider [73], the average tunneling
current between the A and B channels is readily obtained:

It =Tp(Ily — Ip) (34)

where Iy/p = (IAX} ) 1s the current (24) generated by the emit-
ter A/B. As expected by symmetry, it vanishes when the
emitters are identical.

The noise of the tunneling current is written as

(8lrolr) _ /+°°

(evp)?Tp

dt{(W OV, YOYa ). (35)
[o.¢]

The noise is determined by the long-time behavior for which
a nonperturbative evaluation with respect to r or I/p is nec-
essary. The time correlation functions may be written in the
Keldysh framework as

(WaOW10)) = (T a e Y| (0F)e 7 e dHss®))  (36)

where the expectation value and the time evolution of Hgg ()
are governed by the Hamiltonian Hy 4+ H.. The time ¢ (resp.
zero) is taken on the backward (resp. forward) Keldysh path.
The field ¥4 is taken at the position x = L where L is large
enough, while the tunneling Hgs(?) in the emitter A is at x =
0. The integral in Eq. (36) is dominated by times, irrespec-
tive of the Keldysh branch, between —L/vr and —L/vp +t,
which are both smaller than zero and ¢ for sufficiently large L.

L/vr is the time needed for an electron to propagate between
the island and the collider.

Expanding Eq. (36) to second order in r, one finds the
perturbed correlation function (¢t > 0)

—V

1 1 N2
VA OVIO) = 5 [1 - <”Z : ) K(t)}, (37)

with the short-time cutoff a = i/D and

eiev(h —t)/h

t t
) = / dt / dt ;
@) Zmnz A I o lati( — 0) x1.21%

N2

. v . v
y (a—l.l2772> (a+l.(t—t1)m) 7 (38)
a— it n a+i(t —t)n
where the time integrals have been shifted to absorb the transit
time L/vp. Here x1, =12 (—n;) for t; > t, (t, > t;). The
integral is dominated by #; =~ f,. Switching to the time differ-
ence and time average variables, similarly to the computation

done for the FCS, we perform the integration over the differ-
ence and find for # > 0 (see Supplemental Material [74])

1 1

2T vE a + it

(Ya ()Y (0)) =~

[1 — %(1 - e_Zi””)tj|, (39)
e

where I is the current (24) generated by the emitter A. Fort <
0, we can use the relation (Y4 (£)¥1(0)) = (Ya(—1)¥ (0))*.

The finding Eq. (39) shows that the perturbative correction
dominates the long-time asymptotic and a nonperturbative
calculation (in r) is necessary. It can be done in the present
case order by order [74] and the resummation leads to

e_%(l_e—ZmU)t

1
T ~

WA OVHO) = 5 (40)
Equations (36) and (40) were derived in the long-time limit,
largely exceeding the time spread of an electron wave packet
t > h/eV [76]. Therefore, the short-time cutoff a should be
replaced by #/eV in Eq. (40). The exponential decay occurs
over the time scale e/I4 >> h/eV. This last separation of time
scale is equivalent to having r?(E./eV )*>~?" « 1 controlling
the perturbative calculation of the last section [see Eq. (24)].
Exchanging v by ¥ in Eq. (40), one obtains the same ex-
pression with v — —v.

The exponential term in Eq. (40) comes from the double
exchange between fractional charges and an electron [74] [see
Eq. (17)], hence, from their fractional mutual statistics. It is
the average of the double exchange phase e 2™ over the
Poissonian distribution p(m) of m fractional charges in the
time interval ¢:

L —2imy p p
e—f;(l—e 2invy ¢ — (6—1271mv) — Zp(m)e—ﬂrrmv’ (41)
m

where p(m) = (m™/m!)e™™ and m = It /e* is the average
number of fractional charges in the interval. Therefore, this
expression coincides with the FCS characteristic function for
A = 2m given Eq. (29). This identification follows readily [28]
from the bosonization formula (13) for y4, the generating
function Eq. (26), and the charge Ny = —pa/2m.

The combination (1 — e~2"") appears to each order in per-
turbation theory for the correlator (wA(t)lp;(O)). Its physical
meaning will be clarified later in Sec. IV D. It vanishes in
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the free electron case of v = 1 where the double exchange
is trivial. In this case, including the subleading corrections
to Eq. (40), given in Eq. (F2) in Appendix F, is necessary to
retrieve the free fermion form.

The field correlation function (40) is finally used to com-
pute the partition noise in Eq. (35). After performing the
time integral, we arrive at the dominant contribution to the
tunneling noise:

(817 81r) 2l sin® 7y < @

e2Tp  — mlet

e*eV/h )

2| sinv|l(v)

where T(v) = vI2sin* v+ 12 cos’ wv and I = Iy & Ij.
The dependence on v originates from the double exchange
between fractional charges and an electron.

C. Cross-correlation

For obtaining the cross-correlation between the output sig-
nals, we also need the calculation of the correlation (81781 X} B)

where fj,“/B are the current operators before the collider. This
is readily done by examining how current fluctuations in the
incoming beams are transferred to the tunnel current /7. The
linear form of Eq. (34) justifies the linear expansion

A olr .  Olr 4
8k = 810 + iaz}“ + iafg’ (43)
for current fluctuations. 812 is a notation for the part of the
tunnel current fluctuations independent of the input beam
fluctuations and I = (f). Using that the beams generated by
the fractional emitters are Poissonian and independent from
each other, (SIA}{}BSI}'}B) = ¢*I,p, We obtain

. . ! al
(I (I —sIy)) = ) il = Tol (44)
+ +

with the notation I = Iy = Iz. We have all pieces now to
compose the output cross-correlations. It is given by

(8Lu8lp) = —(8Ir8Ir) + (8o L) — (8ErsLy)  (45)

with Egs. (42) and (44). The expectations values are taken at
zero frequency such that the ordering of operators does not
matter.

Comparing Eqs. (42) and (44), we see that the partition
noise logarithmically dominates the reflected shot noise and
the total cross-correlation noise is negative. As discussed
above, it implies a production of noise caused by the scattering
of electrons in a genuinely noninteracting out-of-equilibrium
state. The cross-correlation can be written in a normalized
form, following Refs. [27,28]:

2sin® v
1-— In
(mv)?

(814515)
€*I+ 817 IT -

crev/h ) (46)
2| sinmv|l(v)

This expression has been obtained in the regime ¢’V/h >
I4/p; the argument of the log is therefore large and these
fluctuations are always negative. We analyze hereafter this
result in the two cases of Iz = 0, where fractional charges
are solely injected from the emitter A, and the balanced case
Iy = Ip.

D. Cross-correlation at I, # 0 and Iy = 0

The case Iy = 0, where Eq. (46) reduces to

(814815) ~1
e*IA81AIT o

e*eV/h
, 47
214 sinnv|) “7)

is an insightful limit to consider. It excludes collisions be-
tween fractional charges as all charges originate from the
same emitter A. We illustrate the underlying partition pro-
cesses at the QPC in the weak backscattering limit r < 1
where fractional charges are injected very rarely from the
emitter. A fractional charge is a composition of many particle-
hole pair excitations; hence, its injection triggers electron
tunneling at the collider QPC from the channel A to B with
rate Wy_.p and from B to A with rate Wp_ 4. They relate
to the current Iy = e(Wy_.p — Wp_4) and noise (SfTSfT) =
(Wi + Ws_4), and they are both proportional to r2. The
tunneling from A to B leads to a partition of the fractional
charge ¢* = ve into a charge ¢* — e on the channel A and
another e on B, while the tunneling from B to A results in
another partition into e* + ¢ on A and —e on B, yielding the
cross-correlation

2sin? v
— In
(mv)?

(81481p) = —€*(1 = V)Wasp — (v + DWposa + O
(48)
up to leading order in r2. This expression, combined with
Egs. (34) and (44), agrees with Eq. (45).

The tunneling with rate Wy_p can be further decom-
posed into separate processes. In the “Conventional partition,”
shown in Fig. 6(a), the A to B electron tunneling occurs
simultaneously with the arrival of the fractional charge at
the QPC. Instead, the new processes a; and a,, shown in
Fig. 6(b), correspond, respectively, to an early or delayed
arrival of the fractional charge with respect to the electron
tunneling. The two processes a; and a, add coherently, yield-
ing the combination (1 — e~2"") appearing in Eqgs. (40). Their
interference aja;, shown in Fig. 6(b), represents the double
exchange between an electron and a fractional charge with
the braiding phase e~V [74]. The electron tunneling in the
process a; (resp. a;) occurs at time ¢ (resp. time zero). Their
time separation ¢ must be longer than the temporal width
h/eV of a fractional charge if one wants the double exchange
process a3a; to involve a full fractional charge. Appendix F
provides the identification between these physical processes
and the evaluation of the fermionic time correlator.

In the general case of v < 1, the conventional partition
gives a subdominant contribution to the cross-correlation
noise « Tply [see Eq. (F3)] with respect to the new processes
ay». The latter corresponds to keeping #; > #, between zero
and ¢ in the evaluation of the fermionic time correlator of
Eq. (38) as done in Sec. IV B. Therefore, the double exchange
process between an electron and the fractional charges of
the Poissonian distribution in Eq. (41) results in the cross-
correlation noise given in Eq. (47), in which the conventional
partition has been neglected. We note that the evaluation of
the transferred current I; [see Eq. (34)] involves in contrast
short-time separation of r >~ 0 (see Appendix F).

In the noninteracting case v = 1, the free electron result is
recovered from the conventional partition alone of Fig. 6(a).
In this case, | — v =0 and Wg_,4 = 0 in Eq. (48), hence the
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(a) Conventional Partition

(b) Double-Exchange Partition

Emitter A a; az a,a,
S~ o TR — X
| | | —~F—
S e \, \ N
N Nk —_—,— XA N> A > -
Emitter B Collider

FIG. 6. Partition at I, # 0, Iz = 0, and r < 1. (a) Conventional partition. When a fractional charge e* arrives at the collider QPC, an
electron tunneling (dashed) happens from channel A to B. Then a charge ¢* — e (thin empty packet) moves along channel A, and an electron
(thick filled) moves along B. Another partition happens with electron tunneling from B to A (not shown). (b) Double-exchange partition. In
a subprocess a; [resp. az], a pair of an electron (thick filled) and a hole (thick empty) is excited at the collider QPC after [resp. before] a
fractional charge e* (thin filled) passes the QPC. Crossing of two trajectories is time ordered such that the later trajectory is drawn on top of
the earlier. The interference a3a, between the two subprocesses involves a double exchange (braiding) between e* and e. Another partition
happens with a pair excitation of an electron on channel A and a hole on B at the QPC (not shown).

first nonvanishing term in (8/4813) is of order r*, indicat-
ing that the cross-correlations are, even in this unbalanced
limit, more negative for v < 1 than for free electrons. The
interference term a3a; in Fig. 6(b) does not contribute to the
cross-correlations (SfASfB) when v = 1. For free electrons,
the interference term aja; can be seen as a disconnected
Feynman diagram (a vacuum bubble diagram), since the dou-
ble exchange phase factor e=27" = 1 becomes trivial, and
the disconnected diagram is canceled by another “partner”
disconnected diagram (not shown) according to the linked
cluster theorem. The violation of this cancellation happens in
the v < 1 case, explaining why the two factors 1 and e=2""
appear pairwise with the combination (1 — e~27") [76] in
Egs. (39) and (40). The partial cancellation also occurs in frac-
tional quantum Hall systems with Laughlin anyons [26,77],
and the fractional quantum Hall analog of the perturbative and
unbalanced limit in Fig. 6 was studied in Ref. [26].

E. Cross-correlation at I, = Iy

In the balanced case I, = I, fractional charges are injected
from both emitters A and B, and the cross-correlation takes the
form

(81x81p)

2sin® v
6*1+81_IT o

(rv)?

*eV/h
n( ”,2/ ) (49)
4], sin” v

As indicated by its similarity with Eq. (47), the cross-
correlation is also determined in the balanced case by the
double exchange processes shown in Fig. 6(b). Although we
use the word collider for the beam splitter QPC in Fig. 5,
the cross-correlation in Eq. (49) is not dominated by colli-
sions between fractional charges arriving simultaneously at
the QPC and therefore does not measure a deviation from the
fermionic antibunching effect. Collisions occur at a rate of the
order of r* whereas the cross-correlation in Eq. (42), yielding
Eq. (49), is of order 72, thereby emphasizing the prominent
role of electron-anyon braiding over collisions.

Interestingly, the above analysis extends to the purely any-
onic case theoretically proposed by Rosenow, Levkivskyi,
and Halperin [28] and experimentally investigated by Bar-
tolomei et al. [27]. We revisit the physical interpretation of
their findings and claim that they should not be interpreted
in terms of deviation from fermionic antibunching in the col-
lision of anyons but rather as a direct measurement of the

double exchange (braiding) between edge anyons, a manifes-
tation of anyonic fractional statistics. The correlator studied
in Ref. [28], corresponding to Eq. (40), is also for a long-time
process with ¢ > h/(e*V), and involves a double exchange
between an anyon excited at the collider QPC and the anyons
of a Poisson distribution injected from a voltage-biased edge
channel via anyon tunneling through a QPC. In contrast to
that, deviations from fermionic antibunching in collisions oc-
cur within the short-time scale t < h/(e*V) and do not enter
this correlator (40). h/(e*V') represents the time uncertainty
for a direct tunneling at the collider QPC, as we would have
in a collision, of an anyon injected at bias voltage V.

Both the experiment by Bartolomei et al. and our work
have in common the two conditions of kgT < ¢*V and
Iy/gh/e* < e*V for the braiding or the double exchange.
Under the condition of kg7 < e*V, the long-time braiding
process at ¢ > h/(e*V) results in the dominant contribution
to the cross correlation, while the short-time (anti)bunching
process of t < h/(e*V) gives only a subleading contribution.
And, at Iy/ph/e* < e*V, the spatial width of the anyons in-
jected by the voltage V is much shorter than the mean distance
between the anyons so that the braiding phase is well defined.

Finally, the results in Eqs. (42) and (49), up to the loga-
rithmic factor, depend universally on the exchange phase v,
similarly to the purely fractional case [27,28] albeit with a
different functional form. The difference originates from the
field dimension at the collider QPC, involving electrons in
the present case as opposed to anyons in the purely fractional
situation of Refs. [27,28]. We can view the excitation induced
by our emitter as a hybrid object composed of an equilibrium
fermionic side married to a nonequilibrium anyonic part.

V. SUMMARY AND OUTLOOK

We proposed a many-terminal geometry in the integer
quantum Hall effect that realizes an emitter of fractional
charges. The setup comprises N ballistic channels covered
in the central region by a metallic island imposing charge
conservation. An additional N 4 1 channel is tuned in the
quasiballistic regime with a quantum point contact close to
the island. As electrons are excited towards the island, they
scatter and separate into fractional charges towards the output
channels. Only continuous biases are used, i.e., the setup is
not operated with time-dependent pulses. As the quantum
point contact is only weakly reflective, the train of fractional
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charges is dilute and exhibits Poissonian statistics as we
proved by computing the full counting statistics.

We further characterized these beams of fractional charges
by investigating their mixing through a quantum point con-
tact acting as a beam splitter. By measuring the current
noise cross-correlations of the output signals, one finds a
negative correlation. It differs from the same calculation
for free fermions where such correlations are absent, and
indicate that the incoming fractional beam incorporates an
out-of-equilibrium collection of electron-hole excitations. The
cross-correlations depend essentially on the mutual statistical
phase between the electrons tunneling at the collider QPC and
the fractional charges emulating anyons sent by the emitters.
Coincidence processes where fractional charges arrive simul-
taneously at the collider and exhibit imperfect antibunching
were identified as being higher order in the beam currents and
discarded. The braid or exchange process of anyons also pre-
vails over the bunching physics in the setup of Refs. [27,28].

In a realistic implementation of the proposal shown in
Fig. 4, Joule heating plays an important and detrimental role
against the measurement of fractional braiding. Indeed, for a
charging energy on the order of 300 mK as in the experiment
of Ref. [35], the circuit needs to be operated at low temper-
atures and the electron-phonon coupling becomes insufficient
for evacuating heat out of the island [78]. The power generated
by the voltage sources, and transferred to the island, is on the
order of ~V? /Ry as all channels are nearly ballistic. In the ab-
sence of electron-phonon cooling, this is balanced by the heat
power sent out to the outgoing chiral edges: (wkzTq)?*/6h
per channel, assuming an equilibrated temperature Tg on the
island and zero temperature in the reservoirs [52,79]. The re-
sulting island temperature is stabilized at To ~ eV /(Nkg) and
thermal noise is likely to mask fractional charges in the output
beam. Fortunately, there are ways out. Current experiments
are developing islands with much smaller capacitances corre-
sponding to higher charging energies. They can be studied at
temperatures where electron-phonon cooling is again efficient
in thermalizing the island. Alternatively, the device shown in
Fig. 7 can be implemented, where the voltage source is no
longer directly connected to the island, thereby minimizing
Joule heating. Electrons leaving the voltage source and later
entering the island must be reflected by the QPC in Fig. 7
with the probability amplitude r < 1. Repeating the analysis
of Sec. IV [75], we obtain for the one-body correlation func-
tion in the output channel

1 67%(176‘2'”1)t

(Ya (Y (0)) = e — (50)

with vy = 1/(N 4+ 1) and I, = r?¢’V/h, indicating that the
QPC does not suffer from dynamical Coulomb blockade by
the island. Equation (50) corresponds to the emission of frac-
tional charges e¢* = v; e and the result of two such sources
through a third collider QPC reproduces Eq. (42) with v,
replacing v.

Our findings open many perspectives as the collision be-
tween nonidentical emitters can also be envisioned with hole
and/or electron current and different fractional charges; this
paper focused on identical emitters. The statistical properties
of the beams originating from the collider would also be

Channel 0

Channel 1,L 7

Channel 1, R \

FIG. 7. Alternative device for the fractional emitter where the
first partitioner quantum point contact is located upstream from the
island. The voltage V is applied on channel zero, i.e., not directly
connected to the island, thereby strongly reducing Joule heating.
Electrons in channel zero are reflected into channel 1, L, and thus
enter the island, with the amplitude r <« 1. The output channel is
1, R and also denoted A with the field 4.

useful to detail the processes of charge transfer. Finally, we
have restricted in this paper our analysis to constant voltage
biases but it would be an appealing direction to analyze the
collision of beams with fractional properties inherited from
time-dependent excitations [80,81], e.g., by Lorentzian volt-
age pulses [82,83].

ACKNOWLEDGMENTS

We would like to thank A. Anthore and F. Pierre for in-
sightful discussions and for providing us the motivation to
investigate this problem. Discussions with F. von Oppen and
G. Feve are also gratefully acknowledged. This work was
supported by the French National Research Agency (project
SIMCIRCUIT, Grant No. ANR-18-CE47-0014-01) and Korea
NRF (SRC Center for Quantum Coherence in Condensed
Matter, Grant No. 2016R1A5A1008184; NRF-2019-Global
Ph.D. Fellowship Program).

APPENDIX A: ROTATION TO NEW BOSE FIELDS

We describe the rotation from the original fields ¢ to the
new fields ¢. It takes the form of ¢; = O; ;¢; where O is an or-
thogonal matrix, i.e., O'O = 1. We give here the expressions
of the first three lines of O:

N+1

1
= e ;fi)_/,
i i | N
¢2:\/N—+1<¢1 —N;%),
_ IN—1 1 "
¢3 = T(d’z—m;%)

whereas the expressions of the other new fields do not play
a role. With these definitions, we can express the first two

¢

(AD)
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original fields,

1 - N .
¢1 :«/N=+1¢1+ N——i—l%’
- - ! ”+,/N—_l~ (A2)

in terms of the new fields ¢;, ¢», and ;.

APPENDIX B: CIRCUIT DESCRIPTION

We detail here the solution to the free bosonic problem of
Fig. 1 where all channels are ballistic. It can be described by
means of a scattering theory of plasmonic waves similar to
the input/output theory of quantum circuits. The Hamiltonian
H = Hy + H, gives Heisenberg equations of motion for the
bosonic fields introduced in Appendix A. In the absence of
external voltages, they are expressed as

~ _ 2E )
0Prj = —VFOxRr j — 7514\/1\7 +1N6(—x), (Bla)

- ~ 2E, .
0P, = vpodr j — 751,ij + INO(—x), (B1b)
where only the modes j = 1 see the charging energy and the
total charge N below the island [see Eq. (2)]. The solution to
Eq. (B1) is given by [51]

PR

g t—t'—x/vp

z 7(0) 1 '™ (1’
Gr1(X, 1) = P (x, 1) — — die” = @),
, t)
Pri(x. 1) = ¢} (x. 1) (B2)
for outside the dot x > 0, and
~ ~(0 1 ! 1=t
FraCet) = §O ey — - f dr'e (),
T J-x
~ ~(0 1 d =t
FraCe.t) = $0 1) — ;/ di' e
~ / ~ ! X
x|p@)—plt +— (B3)
VF

for inside the dot x < O, where it is clear that the two ex-
pressions match at x = 0. We have introduced here ¢(t') =
pr1 (0,1 — $°(0, ¢y and T = /i/(N + 1)E,. The subscript
(0) refers to the free solutions, i.e., the solutions of Eq. (B1) in
the absence of charging energy, E. = 0, and therefore of scat-
tering. They can be decomposed into propagating incoming
modes [see Eq. (4)]:
+00

L (1) = i %(b/am,we—'w““/v” +Hc.). (B4
After scattering, the outgoing solution (B2) (x > 0) can also
be decomposed as

- T dw ,
¢R,1(Xv t) = e (aout,weilw(tix/w) + H~C-)a

o Vo

and the same expression holds for ¢3L,1 (x,1),x < 0, with agy
replaced by boy, and t — x/vp by t + x/vp. The geometry of
the different modes is sketched in Fig. 3. Inserting the above

(B5)

expansions over plane waves into Egs. (B2) and (B3), we
obtain

1
1—itw

Aout,w = bin,w (bin.w - ain,a)) (B6)
and the input/output S matrix written in Eq. (5).

The scattering problem solved here is exactly the same as
the circuit geometry of Fig. 3 with one capacitance connecting
two transmissions lines. To properly map the two models,
we identify the canonically conjugated charge and voltage
operators (Q, V') of the transmission lines as

A e ~ ~

Ox, 1) = E[‘ﬁL,l(x, 1) — ¢ri(x, 1)] (B7)
and V(x,1) = (nhvp/ez)axQ(x, t) corresponding to a char-
acteristic impedance of R, /2 = mwh/e*. The bridging capac-
itance is C/(N + 1), renormalized by the total number of
channels.

APPENDIX C: BOSONIZATION

We give the standard commutators and the average values
of the relevant products of bosonic fields at zero temperature.
The rotated bosonic fields ¢~>a,,- withi=1,.... N+ landa =
L, R satisfy diagonal commutation rules. For i # 1,

[e,i(t), Pp.; (1)) = —im sgn(t —1') 8;;84p,

(Ba.i)p. ;1)) — (b2 ) = 8i0p In ( (C1)

a
a+it—t))
As a consequence, we have these relations for the field &:

[A(t), k()] = —i2mv sgn(t — 1),
[h(1), g1 (1)) = —imv sgn(t —1'),

() — (h*) = 2v1n ( (C2)

a
a+i(t—1t))
In channel 1, we have massive fields. The bosonic fields Or 1
follow the same relations (same for ¢y ;) but

+oo dow e—zw(z—z)

[Pr1(2), Pr1(t)] = / bt

—
e @ 1 —itw

+o0 dow e—iw(l—l)

(Pr1(1)L1 (1) = /O (€3)

» 1—itw
where T = wh/(N + 1)E.. Now, we give a few details on how
one goes from Eq. (15) to Eq. (16). We integrate Eq. (15) over
the massive mode ¢y /z 1. We need to compute

(eﬁ(th.l—@e.l)> — e*m«éL,I*&R.l)%. (C4)
Using the relations in this Appendix, we can perform the
average value and find

<(~ ~ )2) 2/+ Tz(l) —wh/D
b1 — & = do ———e
L k.1 0 1+ 202

(zwioe)
~2In(— ). (C5)
e’ (N + 1)E.
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Finally,

P r oz 1/(N+1)
(eﬁ(%J—tﬁR.l)) — <eV(N+ 1)E<> * . (C6)
nD

APPENDIX D: ALTERNATIVE OUTPUT CHANNEL

The focus in most of this paper is on the use of channel
1 to emit fractional charges (see Fig. 1). Alternatively, one
can use another channel. Without any loss of generality, we
consider channel 2 in Fig. 1 as the output. The current operator

for the outgoing edge state is fR’z = —(e/2m)0,;¢r 2 or, using
Appendix A,
]y Jypp—— 0 W1}
R2= =50 Nl R.1 NNTD R2 |-

In this expression, the field ¢ 3 has been discarded as it
decouples from all other fields in the Hamiltonian and has a
vanishing expectation value. Removing also the massive field
Hr.1 leads to

A e 1

fhp=———

R NN
Starting from this expression and following the reasoning of

Sec. II1, we recover the current operators of Egs. (22) with the
new effective charge ¢* = v;e and
1
N+1’
corresponding to a train of fractional charges with the Fano
factor F = —e/(N + 1). However, the operator 7 still has
dimension v and the current is again given by Eq. (24) (we
take V < O for electron instead of hole emission) but with
e* = —e/(N + 1) whereasv = N/(N + 1).
If we now turn to the collision of two such fractional
charges e* = vje, the field correlator takes a similar form

O Pr.2- (D2)

v = (D3)

_%(]_e—?.inul Ve

(Yay(0) = , (D4)

a—+ it

in terms of the effective charge v; and the incoming current
Iy given by Eq. (24). We stress again that Iy depends on
v = N/(N + 1) as well as on the charge ¢* = v;e. However,
once the cross-correlations are written in terms of the frac-
tional charge v and the currents I4/p, we find precisely the
same expressions as in the main text with the replacement of v
by v;.

2T VE

APPENDIX E: COUNTING FIELDS

The evaluation of the whole distribution of transmitted
charges of Sec. III B relies on the introduction of counting
fields which probe the flow of electrons. This is done by
adding a source term to the Hamiltonian H; = H + V., where
v, = —h)LIAR,l /(2e) couples the counting field A to the outgo-
ing current IAR,l taken at a distance L from the island. The first
Heisenberg equation of motion (Bla) derived in Appendix B
acquires the additional source term

I A~ AV
AN NN—F_Ha(x —L)(1;+Néy,;) (Bl

localized at x = L, whereas the second one (B1b) is not mod-
ified. The solution with this source term proceeds additively
as compared to Appendix B. One obtains the expressions of
Egs. (B2) and (B3) shifted by

. - A

Pr1(x, 1) = dp1(x, 1) — WQ(L —Xx),

- -~ A

dr1(x, 1) = Pri(x,t) — ﬁ,

. - A

Pr2(X, 1) = Pro(x, 1) — 2\/?4_119@ —x). (E2)

For the total charge mode j = 1, the shifts of the R and L fields
leave the charge N invariant. For Jj = 2, in contrast, the R and
L fields are not coupled and only the R field is shifted.

With this modified solution, the tunneling operator 7 is
dressed as

T(t) = 2T (1), (E3)

indicating that A measures a charge v for each tunneling event
as represented in Fig. 4. Note that the shifts for j = 1 cancel
each other. If, alternatively, one probes the charge emitted in
the ballistic channel 2 via the coupling V) = —/irlz2/(2e),
then ¢§R,2(x, t) now shifts by +1/2/N(N + 1)6(L — x) and
the tunneling operator is dressed as e ™*/2T(t) (see Ap-
pendix D), corresponding to hole tunneling with fractional
charge v;.

Finally, the generating function (28) can be expanded to
second order in r, the first order being zero, where one needs
to evaluate the following term:

t t -
S [ dn [ e T ). @)
0 0

n.,2

The times #,, are taken with respect to the contour index 71 >.
Changing the time integration to the center of mass (¢; + #,)/2
and relative times T = ;| — f,, one approximates Eq. (E4) for
long time ¢ as (¢ > 0)

e*ieVr/ﬁeinv(mfﬂg)

N 2 +00
dt —M8M8M8M E
(a-”)tzr""zf_oo arigaopr )

m.2

where y;.(t) is defined just after Eq. (38). The sum of the
N1, N2 = ++ and —— Keldysh terms equals the sum of the
+— and —+ terms (causality). Checking that the —+ compo-
nent vanishes for V > 0, we eventually obtain Eq. (29).

APPENDIX F: TUNNELING CURRENT AND NOISE

Here we provide detailed calculations of the tunneling cur-
rent and noise at the collider QPC in Egs. (33) and (35). The
correlator in Eq. (36) is computed as
1

2wV a + it

. 27l
(Ya(OP[(0)) = [l—i ’ZAr+0<r2>] (F1)
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for |¢t| < h/eV, and

(YaP(0))

87%(176—217{%@(1)) It
2mvp a—+ it

for |t| > h/eV. The first term of Eq. (F2) is discussed in
the main text, and obtained from the integral time domain
of 0t >~ Kt and 1 > h/(eV) in Eq. (38). It corre-
sponds to the two processes a; and a, shown in Fig. 6(b),
providing the dominant contribution. The other terms, called
the conventional partition and shown in Fig. 6(a) in the
main text, are subdominant and neglected in Eq. (40),
and they are obtained from the integral time domains of
th 20 and t, >t, ) =t =0, or )y @t t. As v — 1,
Egs. (F1) and (F2) become identical to those of the free
electron case.

We compute the tunneling current and noise at the collider
QPC in Eqgs. (33) and (35), with applying Eq. (F1) to the in-
tegral range of |f| < h/(xeV) and Eq. (F2) to |t| > h/(xeV).
Here « is of the order of 1. The results are independent of
«; this justifies the cutoff replacement of @ — h/(eV) in the
calculation of the dominant contribution to (8/78/7). For the
tunneling current /7, the small 7 behavior is dominant and we
reproduce the result of Eq. (34) obtained in the main text from
a straightforward Landauer-Biitticker analysis. We obtain the

Lih TQ2v)
e2V vI'(v)?

[gfith/fl -1 + e*iﬂ\)sgn(t) _ COS(7TU)] 4o } (Fz)

(

noise as
(8frsly) 21 sin* v e*eV/h I.T(2v)
e2Tp  mler 2|sinmwv|I(v)) e T(v)? ’

(F3)
where [(v) = \/Ii sif?mv 412 cos? v and Iy = I, + Ip.
The first logarithmic term originates from the partition pro-
cesses with the double exchange in Fig. 6(b), while the second
term linear in /; comes from the conventional partition pro-
cess in Fig. 6(a). When v = 1, the free electron results of
(8I78Ir) = eTpl,. (up to the linear order in 7},) and (81481) =
0 for I = Ip are reproduced.

We emphasize that even in the case of Iy = Iz where frac-
tional charges are emitted from both the emitters A and B, the
two terms originate from the partition processes in Figs. 6(a)
and 6(b). The collision process, which happens when a frac-
tional charge on channel A and another on channel B arrive
simultaneously at the collider QPC, provides a much weaker
contribution to the cross-correlation and is not shown in the
above equation.
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