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Editors’ Suggestion

Photoassisted shot noise probes multiple charge carriers in quantum Hall edges
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Fractional charges in the fractional quantum Hall effect were first observed via dc shot noise measurements
of anyons tunneling at a quantum point contact (QPC). However, in scenarios with simultaneous tunneling
of different types of charges at the QPC, the connection between dc shot noise and tunneling charge is less
transparent. Photoassisted shot noise (PASN), induced by periodic ac voltage, offers a promising alternative.
Here, we investigate PASN in the hierarchical states of the fractional quantum Hall effect, where different
types of charges are expected to tunnel concurrently at QPCs. In the particular case of the fractional quantum
Hall state v = 2/3, our analysis demonstrates that PASN can be employed as a robust tool to detect different
tunneling charges, even when the tunneling amplitude of one type is significantly smaller compared to the other.
We show that the features predicted by our calculations are still visible for typical values of temperature and
frequency achieved in state-of-the-art experiments. Our general formalism can be used to compute PASN for
general Abelian quantum Hall systems with multiple edge modes and charge types.

DOI: 10.1103/qrvd-19pb

I. INTRODUCTION

The fractional quantum Hall effect (FQHE) [1,2] is pre-
dicted to host anyons, particles intermediate between fermions
and bosons [3,4]. These particles are characterized by striking
properties such as fractional charge and fractional exchange
phases. The past decades have witnessed intense and fruitful
theoretical and experimental efforts in understanding these
properties [5-20].

The fractional charge of anyons has been measured three
decades ago via the Fano factor, i.e., the ratio of dc shot noise
and tunneling current [21], in a quantum point contact (QPC)
geometry [22-24]. Since then, it has been confirmed through
a variety of independent methods, such as finite-frequency
noise [25-31] and photoassisted shot noise [32—38]. However,
the most compelling agreement between experiments and the-
ory based on chiral Luttinger liquids [39,40] is restricted to
Laughlin fractions.

The correspondence between theory and experiments be-
comes more complex for states outside the Laughlin sequence
[41-43]. These states are characterized by richer edge struc-
tures and multiple types of anyons with distinct topological
properties, including fractional charges, that could all tun-
nel simultaneously at a QPC [44]. For instance, dc shot
noise experiments have witnessed a temperature and QPC
transmission dependence of the Fano factor [45-54]. This
inspired previous works to investigate multiple charges tun-
neling in non-Laughlin states focusing on other quantities,
specifically the finite-frequency noise in the low-temperature
regime [27,55]. Since experimental evidence for these differ-
ent charges is inconclusive [50], it is desirable to identify
complementary probes that can robustly detect different
charges tunneling simultaneously at the QPC.
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A ground-breaking experiment [38] showed that superim-
posing an ac voltage at frequency €2 and a dc voltage V/,
the Josephson frequency of anyons, 2; = "V, //i, can be ex-
tracted from photoassisted shot noise (PASN) measurements.
PASN, used in normal diffusive, ballistic systems [56-58]
and superconductors [59,60], measures current-current corre-
lations in a quantum point contact (QPC) biased by both dc
and ac voltages [33-35]. In Ref. [38], the anyon Josephson
frequency was observed by varying Vi, leading to resonances
when Q; = e*V|/h equals an integer multiple of the driv-
ing frequency 2. The value of the fractional charge e* can
then be extracted from €2;. These discrete resonances render
PASN a promising method for detecting fractional charges
with potential interesting applications when multiple charges
are involved.

In this paper, we study PASN for a general Abelian state of
the FQHE, where multiple edge modes are present, and differ-
ent anyons with different charges can tunnel simultaneously at
the QPC. For the sake of simplicity and clarity, we detail the
case of v =2/3 [61-65] in the main text, while the general
formalism is exposed in the Appendixes. Using a chiral Lut-
tinger liquid description for v = 2/3, the edge is described
by one charged boson mode and a counterpropagating neutral
boson mode [66]. At the QPC, three types of anyons can
tunnel: two with charge e/3 and one with charge 2e/3 [44].
Following the approach of Refs. [32,38], we analyze PASN
as a function of the dc voltage V;. We find PASN minima at
the Josephson frequencies 2eV) /i and eV, /h, reflecting the
two different charges tunneling in the system. The resonances
associated with the Josephson frequency of different anyons in
PASN remain distinct and visible even at finite temperatures
and for renormalized scaling dimensions § (up to § ~ 1), be-
ing therefore independent of nonuniversal factors. Our method
can hence be reliably employed to unambiguously detect the
presence of different charges in the system and extract their
values.

©2025 American Physical Society
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FIG. 1. Schematic of the proposed setup. A quantum Hall sys-
tem, endowed with a QPC in the anyon tunneling regime, is biased
with a time-dependent voltage V(r) =V, + V,sin(Q2t). Different
types of anyons can tunnel simultaneously across the QPC.

II. THEORETICAL MODEL

Our setup is presented in Fig. 1. Each of the two FQHE
edges at v =2/3 is described by the Hamiltonian Hy =
Z =1 4”(8 ¢J)2 [67], where ¢; denotes the bosonic charge
mode, ¢, the bosonic neutral mode, and v; > 0 denotes
the propagation velocity of the jth bosonic mode [66]. The
bosonic fields satisfy commutation relations [¢;(x), ¢r(y)] =
im x;0k sgn(x — y), where xi,, = %1 is the chirality of the
charge/neutral mode. The edges host anyons of the form
Ve = €®® where the vectors g,,, ¢ with two components are
denoted in bold. The corresponding parameters for each type
of anyon are shown in Table I. We notice that they have differ-
ent charges q; = 2e/3, g» = g3 = e/3, and the same scaling
dimensions §; = 6, = 63 =6 = 2/3.

The two opposite edges of the FQHE bar are coupled
by a pointlike QPC, which is assumed to be tuned to
the weak-backscattering regime. Since all scaling dimensions
are identical, each type of anyon simultaneously tunnels
across the QPC. The corresponding tunneling Hamiltonian
is Hr(t) = Y, Tue @«Oyrid(0, )40, 1) + H.c., where T,
is the tunneling amplitude of type-a anyon, e /=) is the
phase gathered by a type-« anyon as it tunnels across the QPC,
and the superscripts u/d denote operators on the upper/lower
edge.

The upper edge is driven by a time-dependent, periodic
voltage V() = V| + V, sin(2t). A sinusoidal voltage is cho-
sen for its simplicity and its relevance to recent experiments
[38]. In the presence of the driving voltage, the anyons acquire
a phase exp[—iw, (t)] = exp[—iqq fioo di’' V(t')] [68,69]. The

TABLEI. Anyon quantum numbers, charges, and scaling dimen-
sions for the anyons in v = 2/3 FQHE. The anyon operators are
given by ,, = e'2isi? = ¢ita?,

Type (@) g q b

1 (V273,0) 2¢/3 2/3
2 V176, J/1/2) e/3 2/3
3 V176, —/1/2) e/3 2/3

latter can be conveniently recast as a discrete sum

CXp[ iy (1)] = ZJI<QO¢V2) —ithe—iQaV1t’ 1)

Q
leZ

where J; are the Bessel functions of the first kind, which
depend on the amplitude and frequency of the ac drive, and the
charges tunneling at the QPC. The tunneling current operator
in the presence of the applied voltage is

L)) =) iguTae” Y (0,090, 1) + He.  (2)

III. PHOTOASSISTED SHOT NOISE

Our goal is to extract unambiguous information about the
fractional charge of anyons from the transport properties in
the setup of Fig. 1. To this end, we consider the PASN which
is defined as

S:/dr/ (3 (ut2u=2)) @

where T = 27 /Q is the period of the ac drive, and we intro-
duce the current-current correlations

{81y ()31 (1)), “

with §1(¢) = I(t) — (I(¢)). The PASN is computed at lowest
order in the tunneling amplitudes I', (more details are pro-
vided in the Appendixes). As a final result, one finds

SP (Vi +1
Z Z g T2 (qu> d (“: - ) )

q=%, " IeZ

(617 (t,1") =

SOW) = 40,22 Qr T9)* ' [M(28)]

x cosh <qV1> F<8 +i AL )
2T 2nT
where T is the system temperature. Here, we introduced
the total tunneling amplitude T, given by |['|> =} |T,/%
the tunneling amplitude I'; of a given charge g, defined by
|1“M|2 ITy|* and |T/30* = |T2* + |1“;|2 and the tunnel-
ing probability of each charge: 11, = |T',|>/|T'|?. While |T'|?
contains the nonuniversal physics of tunneling at the QPC, the
parameters u, are dimensionless numbers, giving the relative
tunneling proportions of the corresponding charges. They sat-
isfy the relation fi./3 + po./3 = 1. The reader is warned that,
for the sake of clarity, we have switched to sums over the
anyon charges ¢ rather than sums over anyon types «.
Equation (5) shows that the PASN can be expressed as
a sum of dc shot noises at voltages V| 4+ [€2/g [70]. In this
picture, an anyon with charge ¢, when emitted to the lower
edge, ends up in a superposition of states with energies shifted
by [2/q from the ground state. These shifts result from the
absorption or emission of photons from the ac drive of fre-
quency 2. Each state in the superposition is thus weighted by
the corresponding probability of emission/absorption, given
by the coefficients J,z(q—s‘gz).
To isolate the purely photoassisted contributions to the
PASN, we define an excess noise AS by subtracting the [ = 0

2

(6)
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FIG. 2. (a), (b) AS as a function of ¢ for different combinations
of charges tunneling at the QPC. (a) & =0, AS displays dips at
integer values of ¢, with the position of the dips depending on the
tunneling charges. When 2e/3 charges tunnel at the QPC, AS dis-
plays dips at { = %1, while when only e/3 charges tunnel, the dips
are present at { = £2. When there is a small amount of 2e/3 (5%)
tunneling along with mostly e/3 (95%), dips are seen at both ¢ = *1
and ¢ = £2. (b) 6 = 0.03 constitutes an easily attainable condition
in experiments. Here, the features discussed above are smoothed
out by the temperature but persist. The excess PASN is normalized
with respect to Sy = 4|T'|21(Q1p)* ! >, waq* I3 (qV2/2)/T(28).
For both plots, we set eV, = Q.

contribution [38]

AS = (8) — (S)i=0- )
By plugging in the expression for the PASN in Eq. (5), one
finds

V. S(Z)V1+
N ZZ“<q2>d<|r|2 ) ®

q=% 2« 10

IV. UNAMBIGUOUS DETECTION
OF MULTIPLE CHARGES

Now we study excess noise as a function of the dimen-
sionless dc voltage bias { = evV, /2, where v = 2/3 is the
conductance of the edge states in the absence of the QPC. ¢
corresponds to the charge injected (in units of e) by the dc
drive within one period of the ac drive. In Fig. 2(a) we show
AS as afunction of ¢ for the case of zero temperature (reduced
temperature 6 = T /Q2 = 0). Several interesting features can

be observed in the excess PASN. For u,./3 = 0, indicating
that only e/3 charges tunnel at the QPC, AS exhibits dips at
¢ = £2[32,33,55]. Conversely, in the regime where po./3 =
1, corresponding to tunneling of 2e¢/3 charges, the dips occur
at ¢ = =£1. Thus, the tunneling of different charges is distin-
guished by dips in the excess PASN at specific values of ¢.
These values, { = £1, £2, correspond to the dc voltages at
which the Josephson frequency Qg‘” = gV associated with
the tunneling charge ¢ is equal to the drive frequency €2.

Interestingly, in the intermediate regime where both
charges tunnel simultaneously at the QPC, the noise dips at
both ¢ = £1 and ¢ = £2. This is shown on Fig. 2(a). We
have chosen the value j15./3 = 0.05 as most experiments seem
to show that the measured tunneling charge is close to e/3
[46,71]. Even for this small proportion of charge 2e/3 tunnel-
ing, we observe robust dips of the excess PASN at ¢ = =1,
indicating the presence of 2e¢/3 charges. This is the first main
result of our paper, showing that the excess PASN can be used
as a reliable probe for the Josephson frequencies of FQHE
states with multiple charges.

We now analyze the PASN for a finite temperature 6. In
Fig. 2(b) we plot the quantities discussed above for 8 = 0.03.
This corresponds to readily accessible experimental param-
eters: T ~ 30 mK, and 2 ~ 20 GHz [38]. Here, the curves
at fy.3 = 1 and .3 = O still display features akin to the
zero-temperature scenario with dips at { = 1 and ¢ = £2,
respectively, although somewhat rounded by thermal effects.
At 123 = 0.05, the dips at { = +£1 and ¢ = £2 are still
clearly visible. Strikingly, the dip at ¢ = %1 (corresponding
to charges 2e¢/3) is the most pronounced; this is understood
by looking at Eq. (8), where the hyperbolic cosine and I
functions depending on ¢ are dominant for the greater charge
(when 6 > 1/2).

To highlight the significance of our findings, we compare
them to the information provided by the Fano factor in a
similar setup in the dc regime (V, = 0). The Fano factor is
defined as

S(q)

- Z 2e (I ©)

where the final expressions for S(") and (I7) are shown respec-
tively in Egs. (6) and (B11) (see Appendixes). Taking the same
proportion of e/3 and 2e/3 charge tunneling at the QPC as
above, i.e., to3 = 0.95 and py.3 = 0.05, one has FF ~ 0.36
at zero temperature. The latter is hardly distinguishable from
F = 1/3, for purely e/3 charges tunneling at the QPC, within
experimental errors. While the Fano factor shows only a small
quantitative change when the tunneling charge proportion is
varied, the PASN gives qualitatively different signals depend-
ing on the charges tunneling at the QPC, and thus provides an
unambiguous detection of the different tunneling charges.

It has been shown that sample and geometry-dependent
details can renormalize the scaling dimension to a larger value
than the theoretical predictions [51,72-74]. It is hence impor-
tant to test the validity of our results for scaling dimensions
other than the theoretically predicted ones. In Fig. 3, we
plot the excess PASN for u,./3 = 0.05 for different scaling
dimensions between 2/3 and 1, for the reduced temperature
6 = 0.03. The features discussed so far persist even when
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FIG. 3. Excess PASN, plotted as a function of ¢ for o3 =
0.05, and 6 = 0.03 for different scaling dimensions higher than
the theoretically predicted one. The PASN shows features at both
¢ = =1 and ¢ = £2 for all scaling dimensions. The dips at inte-
ger values of ¢ for § =2/3 dimension slowly morph into slope
changes at the same values for § = 1. The features at ¢ = 42
for § = 1 are somewhat reduced, bearing similarity to the ps.;3 =
1 case. The excess PASN is normalized with respect to Sy =
4|12 10 (Q21) > ! > Uaq? I3 (qV2/2)/T(28). We set eVs = Q.

the scaling dimension gets larger. The dips in the PASN at
¢ = =+1,£2 when § = 2/3, slowly morph into slope changes
at the same values when § = 1. Nevertheless, the PASN is
sensitive to both e/3 and 2e/3 charges tunneling at the QPC.
This is the second main result of our paper, as it demonstrates
that our proposal is a reliable way to detect the topological
fractional charges independently of the nonuniversal details
of the system.

V. DISCUSSION AND CONCLUSION

In this paper, we investigated photoassisted shot noise
(PASN) as a robust probe for detecting multiple fractional
charges in the fractional quantum Hall effect (FQHE) at a
filling factor v =2/3. We developed a general theoretical
formalism to compute PASN for Abelian quantum Hall edge
states, which is presented in detail in the Appendixes. Our
study considered a setup with an ac sinusoidal drive combined
with a dc voltage applied across a quantum point contact
(QPC). While our analysis focuses on this configuration, the
formalism is broadly applicable to other scenarios with any
periodic, time-dependent voltage.

The PASN is analyzed as a function of the scaled dc
voltage ¢ = veV;/Q while keeping the ac drive constant. At
v = 2/3, theory predicts simultaneous tunneling of anyons
with charges e/3 and 2e/3. Our results demonstrate that PASN
can reliably distinguish the Josephson frequencies associated
with these two types of anyons. Notably, we predict distinctive
resonances in the PASN as a function of ¢, which are within
reach of state-of-the-art experiments conducted at currently
achievable temperatures and ac drive frequencies.

It is possible that the resonances suggested in this work are
mimicked by systematic noises present in the experimental
setup. However, PASN measurements as a function of V; at
different drive frequencies (as carried out in Ref. [38]) could

weed out these artifacts. A true fractional charge signature
will consistently scale across different drive frequencies €2,
with resonances occurring at V; = i€2/e*. On the other hand,
systematic noise is typically broadband and thus unlikely to
display such quantized, frequency-dependent patterns.

Even when the scaling dimensions of the anyonic operators
deviate from theoretical predictions, our key results remain
robust. This is particularly important in light of recent ex-
perimental findings, which suggest that scaling dimensions
may vary substantially between samples [51,71,74]. This ro-
bustness highlights the utility of PASN as a tool for probing
fractional charges, especially in hierarchical states beyond the
Laughlin sequence, where multiple charge types are expected
to tunnel simultaneously at the QPC.

Future investigations could explore extensions of this work
to minimal excitations [68,75] and Hong-Ou-Mandel-type
collisions of anyons [74,76] in general Abelian FQHE sys-
tems. Additionally, applying this formalism to non-Abelian
states presents an exciting direction [77,78].
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APPENDIX A: GENERAL ABELIAN FQHE EDGE STATES

A general Abelian FQHE edge is described by the
Hamiltonian Hy = 21};1 1£(3:;)*, where ¢; denotes the
bosonic modes on the edge, and v; > O denotes the propa-
gation velocity of the jth bosonic mode. The bosonic fields
satisfy commutation relations [¢;(x), ¢r(y)] = i d i x; sgn
(x — ), where yx; denotes the chirality of the bosonic mode.
The edges host anyons of the form v, = e/8='$ where vectors
with N components are denoted in bold. A general Abelian
FQHE hosts multiple types of anyons on the edge, with the
type denoted by subscript o (we refer to the Supplemental
Material of Ref. [17] for further details).

We consider a FQHE bar with two edges on opposite sides
coupled via a quantum point contact (QPC). In full generality,
all the different types of quasiparticles that exist on the edge
tunnel across the QPC. Thus, the tunneling of quasiparticles
between the edges is given by the tunneling Hamiltonian
Hr(t) =), Toe @Dy id(0, 1)y(0, 1) + H.c., where Iy is
the tunneling amplitude of type-o quasiparticle, e @
is the phase gathered by a type-o quasiparticle as it tunnels
across the QPC, and the superscripts u/d denote operators
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on the upper/lower edge. The commutator of the tunneling
Hamiltonian with the charge density on the lower edge gives
the current tunneling from the upper edge to the lower edge,

Ir(0) =) igaTae™ Y0, 04(0.0) + He.,  (AD)

where ¢, is the charge of the type-« anyon.

APPENDIX B: dc FANO FACTOR

Here, we calculate the dc Fano factor in a general Abelian
quantum Hall system. We start by calculating the current-
current correlations at the output of the QPC. This quantity
is defined within the Keldysh formalism as

(812, 1)) = ({ TSIy ()8 (1 F e~ e dntirel) - (BY)

where 81(t) = I(t) — (I(t)), the superscripts over time argu-
ments indicate the position of the time arguments on the
Keldysh contour, Tx denotes time ordering on the Keldysh
contour, and [, denotes an integral over the Keldysh contour.
Working at lowest order in the tunneling amplitudes I'y, the
current-current correlations can be shown to take the form

(8I2(t.1)) = (Telr (Ir (™)), (B2)

Plugging in the expression for the tunneling current operator
from Eq. (Al), the current correlation due to a constant dc
voltage V) is given by

(817(t, 1)) = Zq§|ra|2cos [gaVi(t — 1')]e?90—1) (B3)

Here, we have used the relation w,(t) = q,Vit, valid for a
constant dc voltage V|. Moreover, we have taken the upper
and lower edges to be independent, employing the correlation
functions

(T {wa/ "0, ")y (0, ")})
— <7-~K{1/fu/d(07 ln)l//;/dT(O, t/n’)}> — e&,g'm’(z—z/)’ (B4)

a

where G"'(t —t') is the Keldysh Green’s function of
upper/lower bosonic fields. At finite temperature 7',

. sinh (i 1oT) 7 B5)
sinh [JTT(i‘L’() + o*nrn,r)]
where 7y is a temporal UV cutoff of the bosonic field, and
ory = S0 = n) +sgn()(’ + )] (B6)

accounts for the Keldysh time ordering of the fields. The dc
shot noise is then defined as

Sic = Z/d(t — 817 (2, 1))

G"(t) =In (

(B7)

which, after computing the integral, gives the following ex-
pression:

Sae = Y 4Tal*q2(2m T 19)™ ' [I(26,)] ™"
o

<V Mm%
x cosh a1 I'| 6, ~|—iq :
2T 2nT

2

(BY)

Notice that the total noise is given by the sum of noise due
to tunneling of all the types of anyons existing on the FQHE
edges.

Now we proceed to calculate the average tunneling current
at the QPC, defined as

(Ir (1)) = ({TKIT(f)e*ifKdtHr(t)})_

At the lowest order in the tunneling amplitudes, it takes the
form

(B9)

Ir@) =—iy n / dt' ({TeIr (OHr (™)) (B10)
n

Plugging in the expressions of the tunneling current and tun-
neling Hamiltonian, following the same procedure as for the
shot noise, we arrive at the following expression for the tun-
neling current,

(Ir) = Y 2qu|TaP 1o T 7o)~ [1(28,)]”"

Vi WV
x sinh ( 221 | (s, + e
2T 2nT

where we notice again that the current is a sum over currents
due to each type of anyon tunneling through the QPC.

We now define the Fano factor as the ratio of the dc shot
noise and the tunneling current:

_ Sdc
 2e(ly)’

In a general Abelian FQHE system, where different types
of anyons tunnel simultaneously, this quantity is a ratio of
two sums, making it difficult to extract information about the
tunneling anyons. To illustrate the difficulty, we consider the
large voltage limit ¢, V; > T of the Fano factor, giving us

P 2201 |Fa|2q§8a+l
> ITal2qa

We observe that the Fano factor in this case depends on
nonuniversal details such as the value of the scaling dimen-
sion, and the tunneling amplitudes. This is in stark contrast
with the case where a unique charge ¢ tunnels across the
QPC. In the latter case, the tunneling amplitude and scaling
dimension drop out, F = 2q, directly yielding the charge of
the tunneling anyon.

2
, (B11)

(B12)

(B13)

APPENDIX C: FLOQUET FORMALISM

We now consider driving the upper edge with a time-
dependent, periodic voltage V(t) = V| 4+ V,(¢) as shown in
Fig. 2(a), such that fOT dtV,(t) = 0, where T is the period of
the ac drive. The phase gathered by the type-« anyons tunnel-
ing at the QPC can be shown to be w,(t) = ¢, fioo dr’'v().
The dc voltage V; contributes a phase e~*%«"1'| and we empha-
size that the voltages are fully treated by including them in the
tunneling amplitude. The phase due to the periodic ac voltage
is Fourier decomposed as

t Y )
exp (—iqa / dr’ Vz(t/)> = Zp&”(%)e”g’, (@)

1
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where V, denotes the amplitude of the ac drive V,(¢). The
Floquet components p{"(g,V>/Q) depend on the shape, am-
plitude and frequency of the periodic ac voltage applied, and
the charges tunneling at the QPC. In what follows, we sup-
press the functional dependence of the Floquet components
for brevity. The tunneling current operator can then be ex-
pressed as

I(t) =) iqaTape @D ydi(0, 1)y(0, 1) + Hee.,

a,l

(C2)

where Q = 27 /T is the frequency of the ac drive.

APPENDIX D: PHOTOASSISTED SHOT NOISE

We start again by calculating the current-current correla-
tions due to the periodic drive. This amounts to plugging in the
tunneling current operator of Eq. (C2) into Eq. (B2), giving us,
after employing the Keldysh correlation functions,

ZZ%'F 228G

o Im

[p([)*p(m) iqeVi(t—t") zQ(lt—mt’) +HC] (Dl)

(617, 1)) =

The photoassisted shot noise (PASN) is then defined as

= /dt/ 812 u+2u—%)>,

where T =1t —t' and u = (¢ + t')/2. The noise defined above
is fully time independent, as the time dependence within a
period is averaged out by the second integral. Hence, the
PASN takes the following form,

(D2)

Zzzq |1—w |2 ()* (m)/

o

x /drez%g(’)[ei(%m“’“vl)r —l—H.c.],

U iq—
et(l m)Qu

(D3)

where the u and 7 integrals decouple. The u integral yields a
Kronecker delta function §;,,, getting rid of the sum over m,
while the 7 integral is performed using known results [79].
We hence end up with the following final expression for the
PASN for a general Abelian FQHE:

ZZ| @ S“’”(

SWVy) = 4T, 122 2 T o)« [T(28,)]7!

2
CIaVl .anl
h ré+i——-1») . (D5

Q
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