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The fractional quantum Hall effect (FQHE) is known to host anyons, quasiparticles whose statis-
tics is intermediate between bosonic and fermionic. We show here that Hong-Ou-Mandel (HOM)
interferences between excitations created by narrow voltage pulses on the edge states of a FQHE
system at low temperature show a direct signature of anyonic statistics. The width of the HOM dip
is universally fixed by the thermal time scale, independently of the intrinsic width of the excited
fractional wavepackets. This universal width can be related to the anyonic braiding of the incoming
excitations with thermal fluctuations created at the quantum point contact. We show that this
effect could be realistically observed with periodic trains of narrow voltage pulses using current

experimental techniques.

Fractional quantum Hall effect (FQHE) is an impor-
tant example of a many-body system where electronic
correlations have an essential impact.[I] When a frac-
tion v of the states of the lowest Landau level is occu-
pied, the system reaches a state which cannot be under-
stood without electronic interactions. The well-known
Laughlin wavefunction describes the highly correlated
ground state of the FQHE when v = 1/(2n + 1) for n
integer. The fundamental excitations of the FQHE are
anyons: quasiparticles which bear a fractional charge,
and obey fractional statistics.[2] B] In a given Laughlin
state, when two anyons are exchanged, the system ac-
quires a phase exp(inv), to be contrasted with the +1
of bosonic/fermionic statistics. More complex fractions
exist beyond the Laughlin series. They are described
with more involved states than the Laughlin wavefunc-
tion, with correspondingly more complex statistics. In
particular, some states are believed to obey non-Abelian
statistics, which could have important consequences for
applications in quantum computing [4].

Experimental demonstration of these exceptional prop-
erties have lead to an intense activity. A fractional
charge e/3 was observed for the Laughlin state with
v = 1/3 more than twenty years ago, by measuring the
shot noise across a quantum point contact (QPC) in the
tunneling regime, where individual fractional quasiparti-
cles can tunnel between opposite edge states.[5H8] Frac-
tional statistics, however, has proved more difficult to
observe. Only very recently, two different experiments
have been able to clearly show specific signatures di-
rectly associated with the fractional statistics of anyonic
quasiparticles.[9], [10]

Electronic transport in FQHE occurs only through chi-
ral edge modes, traveling at the boundary of the system,
which can be used as 1d electron beams, equivalent to the
light beams for photons. The growing field of electronic
quantum optics aims at using these edge states to real-
ize transport experiments inspired from setups involving
photons in quantum optics.[I1] An important example
is the Hong-Ou-Mandel (HOM) interference experiment,

where two identical photons are sent with a controlled
time delay on a beam-splitter. There, the intensity corre-
lations gives useful information on the photon coherence
properties.[I2] It has been performed a few years ago for
electron collision in the integer QHE, where it was shown
to give precious information on the electronic wavepack-
ets and on the many-body electronic state.[I3HI5]

In this work, we show that using narrow periodic pulses
of voltage, periodically exciting fractional charges, and
measuring the HOM noise at the output of a QPC, one
obtains a signal which is directly related to the any-
onic statistics. To this aim, we first explain the unique
properties of the time-dependent tunneling current at
a QPC when a single fractional quasiparticle is inci-
dent, which are associated with braiding of the fractional
quasiparticle with the thermal anyonic excitations occur-
ring at the QPC. Our quantitative predictions, obtained
with perturbative calculations performed using the non-
equilibrium Keldysh Green function formalism, could be
checked with current experimental techniques, providing
a relatively easy path for the study of fractional statistics.

We consider a FQH bar, with Laughlin filling fac-
tor v = 1/(2n + 1) for n integer, and describe
the edge states in terms of the bosonic Hamiltonian
Ho = §£ [dz Y, _p [ (9:6,)° where ¢ and ¢, are the
bosonic fields describing the right- and left-moving edge
states [16] and vF is their propagation velocity along the
edges. The quasiparticle (QP) operator is related to the
bosonic field through a bosonization identity ¢z, (x) =
Ug//(2ma)etkree=ivViéon/L(*) with q a small cutoff pa-
rameter and Ug, 1, a Klein factor. The presence of a QPC
(located at = 0), in the weak backscattering regime,
allows the tunneling of individual QP of charge e* = ve
between the two edges. This is described by the tunnel-
ing Hamiltonian Hy = ¢}, (0)¢1(0) + H.c. See Fig. [1 for
a sketch of the setup.

To better understand the importance of the anyonic
statistics for tunneling at the QPC, let us first con-
sider the somewhat simpler situation where a single QP
of charge e* is incoming on the R edge. To this aim,
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FIG. 1. Schematic view of the setup. A Hall bar in the Laugh-
lin series, whose edge states are described by the bosonic fields
¢r and ¢r, is equipped with a QPC at position x = 0. The
right- and left-moving edges are driven respectively by the
time-dependent potential Vg (t) and Vi (¢), resulting in a tun-
neling current /7 in between edges at the position of the QPC.

when computing physical quantities (current, etc.), we
replace the ground state by a prepared state |¢) =
w;r%(,xo’ —T)|0) where a single QP has been added at
an initial time —7 < 0. Without loss of generality, we
choose g = vrT, such that the QP reaches the QPC
position at ¢ = 0. We now proceed with the perturba-
tive calculation of the mean tunneling current (I'r(t)) at
the QPC, using standard Keldysh Green function for-
malism. The tunneling current operator is given by
Ir(t) = ie*(FwL(O,t)wL(O,t) — H.c.). To lowest order
in ', the mean current is given by [17]

() = - /dt’Z;n’ (¢ |Tic oo (") Hr (1) )
51 (1)

where Tk is time-ordering along the Keldysh contour,
and 1,7’ = 4 are Keldysh indices. Using the bosonized
form of the quasiparticle operators, and keeping in mind
that zg = vpT, we have

(Ir(t) /dt/zn g(att, (t—t) )}

[ (=t)G(#)
g(#)G(-1) Q(

with
1 sinh(ima/(Bur)) Y
g(t)_% Linh(iﬂa/(ﬁw)—m//@)] 7 ©
where Q(Ugﬁ t — 1)) = GO ¢) =
(O[Twt!(0,7)0(0,#7)[0),  with off = sign(t

t")Y(n+1n")/2 + (n — n)/2 accounting for the effect of
time-ordering along the Keldysh contour. G is the

quasiparticle Green function (identical for right and left
movers), directly obtained from its bosonic counterpart,
with 8 the inverse temperature. Note that the power v
leads to a slow decay of this Green function at long times
since ¥ < 1. In the limit of vanishing cutoff a — 0, it
is easy to check that G(t)/G(—t) = exp(—sign(¢) X inv).
This directly arises from the nontrivial exchange prop-
erties of anyonic quasiparticles, exploiting their linear
dispersion along the edge.[I7] It follows that the last
factor of Eq. can be simplified as

m — exp (—i u/t;h 27T5(T)> @

The current can thus be written as

(I7(t)) = 2ie*T? [ toodt’ sin <27‘r1/ /t ;zr 5(7)>

x [Gt—t) -Gt —=v)?]. (5)

One readily sees from Eq. that the tunneling cur-
rent has remarkable properties, which are unique to frac-
tional charge tunneling in the FQHE (see supplemental
material for the complete analytical expression). It is of
course zero for ¢t < 0, i.e. before the arrival of the e*
QP. On the other hand, for ¢ > 0, the ¢’ integration is
restricted to the negative portion of the real axis, and
the current is simply proportional to sin(27v). This, in
turn leads to a non-zero current even for a time ¢ taken
long after the e* QP has reached the QPC position, as a
consequence of the slow decay in time of the Green func-
tion G(t — t'). Indeed, the current slowly decreases at
first, as ~ 172V {Cte - exp(—ZWVt/B)]l_QV},
for times ¢ smaller than the thermal time scale 7, = AS,
before vanishing exponentially for times larger than 7ry,.
The mean current thus remains finite for a long time in-
terval, set by the thermal time scale. It is important to
stress out that this is in sharp contrast with the case of
an electron charge incoming on the QPC, since even for
fractional edge states, the mean tunneling current is non-
zero only at the specific time that the electron reaches the
position of the QPC. [I7]

This nontrivial behavior of the tunneling current after
the arrival of a single QP of charge e* can be directly
linked to the anyonic statistics of the fractional excita-
tions. The phase 2mv occurring for ¢ < 0 < t can be
understood qualitatively from Eq. by considering the
time-ordering of the right-moving edge operators (¢,
1/)};). From the expressions of |¢), It and Hr, one readily
sees that the average current in Eq. involves a contri-
bution of the form T’(/JR(O)w};{(t)’l/)R(fl)’(/JE(O), as the pre-
pared state ensures that the QP reaches the QPC at time
0. For t > 0 and t' < 0, the time ordering thus requires
to bring both ¥ (0) and @/}L(O) between the operators at
t and t', yielding twice a phase wv. On the opposite, if
t and ¢’ have the same sign, one can easily see that the



exchanges needed for the ordering now contribute with
opposite phases, thus giving a zero net result. An equiva-
lent point of view, developed in Refs. [I8H20] is to see the
expression of Eq. as the interference between a pro-
cess where a quasiparticle/quasihole (QP/QH) excitation
is created at the location of the QPC at time ¢', before
the passage of the e* QP, and another where the QP /QH
is created at time ¢, after the passage of the e* QP. In
both points of view, the tunneling current is non-zero be-
cause of the braiding of the incoming fractional QP with
a thermal QP/QH excitation created at the QPC. This
braiding results from the anyonic statistics, giving a non-
trivial phase mv when two quasiparticles are exchanged.

As there is currently no experimental way to emit a
single fractional QP in a controlled manner, [21] the pre-
pared state used here is not directly achievable in prac-
tice. However, this is not a fundamental obstacle, as we
now show that the same tunneling current, with the same
signature of fractional statistics, can be obtained by ap-
plying a short voltage pulse which excites a fractional
average charge. This is a highly nontrivial statement, as
it is known that such a voltage pulse does not create the
same many-body state as the one obtained by adding a
single quasiparticle on top of the ground state.[22]

The presence of an external time-dependent voltage
bias leads to an extra term in the total Hamiltonian, of
the form Hy = —QZ‘fV($7t)8w¢R. The voltage can be
taken into account by using the following transformation:

oz, t) = 0O (2, 1) + ey/v /_ dat' viz',t),  (6)

with 2/ = 2 — vp(t — t/) and where ¢(O(z,t) is the
equilibrium bosonic field.[22] Assuming that the volt-
age is applied on a long contact, we can simplify
o at'Vi(vp(t' —t), f at'v(t ) This leads to a
time-dependent tunnehng amphtude at the QPC T'(t) =
Texplie* ffoo dt'V(t')]. Proceeding with the perturbative
calculation of the tunneling current, one gets [17]

(I7(t)) = 2ie T2 [ t dt' sin <e* /t lt dt”V(t”))
x E;(t )2 -G’ -1)*].  (7)

One can thus readily recover the result of Eq. , pro-
vided that one chooses a voltage pulse with the shape
V(t) = 255(t), which excites a mean charge e* = ve.
The tunneling current (I (t)) is the same for a single QP
of charge e* arriving on the QPC, or when applying a
very short voltage pulse V (t) exciting a mean charge e*.

This picture is further generalized by considering a
voltage V(t) composed of several short pulses of charge
e*. There, the phase of the sine term counts the num-
ber of fractional charges e* that have passed through the
QPC, each of them contributing a phase 27wv. This then
has important consequences for the tunneling current.
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FIG. 2. Mean current (I7(¢)) (in units of e/3) as a function
of t (in units of B) corresponding to Eq. @ with v = 1/3,
for a random ensemble of short pulses of width 3/100, each
carrying a charge e/3. The arrival times at the QPC are
shown as dashed vertical lines (pulses for ¢ < —0.483 are not
shown). Inset: same figure for pulses carrying a charge e.

For example, at filling factor v = 1/3, when two short
fractionally charged pulses arrive at the QPC with a time
delay much smaller than the thermal scale, the main con-
tribution to the current in Eq. @ comes with a factor
sin(4n/3) < 0, making it negative. As an illustration,
Fig. 2| shows the current for an ensemble of short pulses
(each with a charge e*, and a width §t < ). The dashed
lines show the arrival times of the pulses at the QPC. We
see that the current decreases slowly in absolute value
after each pulse reaches the QPC, reflecting the slow de-
crease of the QP Green function G. More interestingly,
the value of the current depends on the history of the
pulses applied at earlier times. In particular, as argued
above, the current can be negative when two pulses ar-
rive at closely separated times (e.g. for ¢ between 0.2
and 0.43). The inset of Fig. [2[ shows the equivalent pic-
ture when similar pulses, but carrying a charge e rather
than e*, are incident on the QPC. One can see that the
current is non-zero only when the pulse is precisely at
the QPC position, and that there is no effect related to
the pulses at earlier times. Note that the same expres-
sion for the tunneling current, Eq. @, can also be used
to describe a random stream of pulses, which allows one
to recover exactly the results of Ref. [23] describing the
collision between two Poissonian streams of charges e*.

While the use of voltage pulses is routinely performed,
the measurement of time-dependent currents still consti-
tutes an experimental challenge in quantum Hall junc-
tions. We now propose a simpler alternative, within
grasp of modern experiments, in order to reveal the ef-
fect of anyonic statistics. This relies on the measurement
of the HOM noise, i.e. the current correlations resulting
from two individual voltage pulses of fractional charge
colliding at the QPC with a controllable time delay.

Let us first consider two narrow pulses of charge e*,



each conveniently represented as a delta function in time,
incoming on the two inputs of the QPC. The tunneling
current noise is defined as

S(t,t") = (Tx 6Ip(t™) Ip(t'™")), (8)

with I (t) = Ip(t) — (I7(t)), and + are Keldysh indices.
The HOM noise is the zero-frequency tunneling noise,
when two pulses are incident on the QPC with a given
time delay dt. It serves as a measure of the interference
between the colliding excitations at the QPC. It can be
written as [17]

Srom(6t) = 251 / dtdt’ G(t' — t)*

HBT J—oo
x {cos [2mv fs: (£, )] — 1}, (9)

where the function fs(t,t’) is 1 if only one of the times ¢
or t' is in the interval [—6t/2,6t/2], and 0 otherwise, and
normalization is given by twice the value of the Hanbury-
Brown Twiss (HBT) noise Sypr [24].

A very good approximation of Eq. @[), which turns out
to be exact in the limit §¢/8 — 0, is given by the formula

Sronm(0t) g exp <—27r1/|5;|> . (10)

This result shows a behavior typical of a HOM dip for
long and short time delays. For very large |d¢|, it satu-
rates to 1 as the two incident charges e* reach the QPC
at very distant times and do not interfere at all, there-
fore reproducing twice the amount of the HBT noise. For
ot = 0, the HOM dip drops all the way to 0, as a result of
perfect interference between the two identical incoming
charges. The most important result, however, is the be-
havior at intermediate dt: Eq. shows that the width
of the HOM dip is ~ 3, set by the thermal time scale
71h, independently of the width of the incoming pulses.
This is in sharp contrast with the conventional HOM
dip, for example between electronic wavepackets in the
integer QHE [T14] 25], where the dip width is directly
proportional to that of the incoming wavepacket. This
striking result can be understood from our discussion of
the tunneling current above. Indeed, we showed that,
as a consequence of anyonic statistics and the braiding
with thermal excitations, a single charge e* reaching the
QPC creates a nonzero current up to times ~ (3 after the
tunneling event occurred. Two charges incident on both
inputs of the QPC thus interfere up to times set by the
thermal time scale, which explains the width of the HOM
dip.

The observation of a HOM dip of width ~ (3, when
sending two fractionally charged short pulses (temporal
width < 771,) can thus provide a direct proof of the any-
onic statistics of these fractional charges. Experimen-
tally, however, it is not yet possible to measure the noise
from individual charges, and one has to resort to using

a periodic signal. We now show how a realistic periodic
voltage bias with frequency w, sending pulses of charge
g e (with non-integer ¢), can be used to observe the HOM
dip of width ~ (. For illustrative purposes, we consider
a periodic voltage V' (t) consisting of Lorentzian pulses,
also known as levitons, [26H29] but the results are inde-
pendent of the actual shape of the voltage potential, as
long as the pulse width is small compared to 5. We use
the Floquet formalism, where the essential ingredients
are the coefficients p;, which correspond to the Fourier
coefficients of the phase ¢(t) = e* fioo dt'Vac(t') cre-
ated by the AC part of the time-dependent voltage V (¢).
The DC part of the voltage leads to a mean charge ge in-
jected per period, with ¢ = ¢*Vpeo/w. We consider that
the voltages Vg(t) and Vi(t), which are applied on the
right and left edge respectively, differ by a time-shift §¢
only, so that

Ve n
Vi(t) = Va(t = 6t) = — zk:n2+(t/To—k)2’ (11)

where Ty = 27 /w is the period of the drive, and 7 is
the finesse, which describes the width of the Lorentzian
relative to the period of the drive [I7].

The results for the normalized HOM noise for a pe-
riodic Lorentzian drive, in the case of a filling factor
v = 1/3, are shown in Fig. Here, we have chosen
realistic values for the experimental parameters, with a
frequency w = 1 x 2w GHz, and a finesse n = 0.01. [30]
The black dotted line shows the shape of the narrow
Lorentzian pulse over one period, thus highlighting the
width of the incoming wavepackets. The full curves show
the HOM dip as a function of the time-shift §¢. In panel
a), the average charge per pulse is fixed to ge = ¢/3, and
the temperature T is varied from 250mK down to 25mK.
One can readily see that, while the width of the HOM dip
is close to that of the Lorentzian pulse at T' =250mK, it
significantly increases as the temperature is lowered, ulti-
mately being much larger at 7' =25mK. Since it is rather
easy experimentally to modulate the injected charge per
period ge, we consider, in panel b), a fixed temperature
T =25mK, and an injected charge per period which varies
from ge = e down to ge = e¢/3. There, the width of the
HOM dip is similar to that of the incoming pulse for ¢ = 1
(corresponding to the injection of a full electron per pe-
riod on each edge), before increasing substantially as ¢
is lowered, recovering a wide HOM dip for ¢ = 1/3. The
thick dashed line corresponds to the analytical prediction
of Eq. for T'= 25m K. This shows a very good agree-
ment with the full numerical result obtained for ¢ = 1/3,
with only a small underestimation of the width of the dip
associated with the assumption of infinitely sharp pulses.

In conclusion, we have shown that the anyonic statis-
tics of quasiparticles in the FQHE has direct conse-
quences on the HOM interference of excitations created
by narrow voltage pulses. Contrarily to the usual picture,
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FIG. 3. HOM noise as a function of §t for a filling factor
v = 1/3, for V(t) made of voltage pulses with Lorentzian
shape of finesse n = 0.01, with w = 27/Ty = 27GHz. a):
each pulse carry a fractional charge e/3, and the temperature
in mK is indicated near each curve. b): temperature is 25mK,
and the charge of each pulse (in units of e) is shown near each
curve. The thick dashed line shows the theoretical prediction
of Eq. for two infinitely narrow pulses at temperature
T =25mK. The dotted curve shows the shape of V(t) over
one period for the chosen value of the finesse 7.

where the width of the HOM dip is trivially related to the
temporal extension of the incoming excitations, here the
width of the dip is fixed by the thermal scale, which can
be much larger at low temperature. We have shown how
this can be explained by the anyonic braiding of the in-
coming quasiparticles with thermal excitations naturally
occurring at the QPC. Our proposal could be realized
with current experimental techniques, and could lead to
an original and relatively simple way to observe directly
the consequences of anyonic statistics in the FQHE. A
natural extension of this work would be to consider more
exotic fractions of the FQHE, where several edge states
carrying different QP are present, like v = 2/5 or v = 2/3
[31, 2], and which can even obey non-Abelian statistics
as in v = 5/2 [4 33H35].
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Supplemental material

GREEN FUNCTIONS AND THEIR PROPERTIES

The quasiparticle Green function is defined as

Gry (w,ast7 8" ) = (Tuctsly, (08" by, (2/,47) ) (s1)

Using the properties of time ordering, and the linear dispersion along the edge, this can be recast under the simplified
form

_ A
Or/L (x,x/;tnat'” ) =0r/L (Ufﬁ (t S )) ; (52)

(%3

where 0':’;,7/ =sign(t —t)(n+7n')/2+ (n —n)/2 and
Gryn () = (0] (0.)m/(0,0)). (33)
Invoking the bosonization identity, this is further reduced as
L/ ivoeh, L (0) —iv/ogn, (0 o>> L vGri
t) = — R/L\Y WVOR/L (U, — __ _pVYGUR/L 4
Gr/L(t) 2ma <6 € ora’ ’ (84)

where we introduced the bosonic Green function G/ (t) = <¢)TR/L (0,t)¢r, (0, 0)>

From the free Hamiltonian Hy, one can readily extract the corresponding Green function for the bosonic modes as

s s Ta it
sinh (z Fop — F)

GpryL(t) = —log ; (S5)

sinh (z ﬂm )

vp
so that the quasiparticle Green function ultimately reads

1 sinh (zﬁ’;—‘;)

Gr/L(t) = 5— (S6)
27a | ginh (z B’““ — ”—t)
vF B

One can easily show that this Green function is identical for right- and left-movers, so that we can safely drop the
R/ L subscript from this point onward.

As anyons obey fractional statistics, they show nontrivial exchange properties which ensure that, at equal time, one
has

D0, ) gz, t) = e ™S g (1) (0, 1) (S7)

Making use of the linear dispersion along the edge, this is rewritten as

(0, )n (o,t - ”0) _ emimSien(z) (o,t _ x) $(0,1) (s8)
v VR

F

Since this is valid for any set of parameters (x,t), one can choose = vpt, without loss of generality. Taking then the
quantum average, this yields

(50, 00R(0,0)) = e ™20 (4(0,0)(0.1))
g(t) — e—iTrl/SigIl(t)g(_t) (SQ)

It follows that the value of the ratio G(t)/G(—t) can be viewed as a direct consequence of the exchange statistics of
anyons.



COMPUTING THE TUNNELING CURRENT

Tunneling current when injecting a single quasiparticle

The tunneling current operator reads I'r(t) = ie* (FU)E(O, )11 (0,t) — H.c.). Here, we consider the situation where a

single quasiparticle is incoming along the right edge, described by a prepared state of the form |¢) = w};(—xo, —7)|0).
To lowest order in I', the mean current is thus given by

(1 (0) = =5 [0 St ([T 1r () i ()| )
nn’

_ < /dt’ZZen’<OITK Yr(—wo,~T") (Fq/’;%(ovt")@“(o’tn))@

2 ! /!
&€’ n,m

’ ’ (E,)
% (Duh (0.7 )w 0.6)) " wh(—z0, =)o) (510)

where € = £ is used to include the Hermitian conjugated terms, such that for ¢ = +, one has for any operator O,
O) = O while for € = —, one has O=) = Of,

Here, Tk ensures the time-ordering along the Keldysh contour, and 7,7’ = + are Keldysh indices. Note that we
consider the injection of QP to have happened in the distant past. The Kelsdysh indices added to the times —7T have
been chosen to ensure that the ¢g(—z¢, —7 ) and ’(/JL(—J?(), —T ) operators remain in the same position after time
ordering, independently of the values of ¢ and ¢/, for T large enough. In particular, keeping in mind that zog = vpT
(corresponding to a quasiparticle reaching the QPC at ¢ = 0), this allows us to simplify some of the resulting Green
functions as

G(—x0,0; =T, 1") = G(~1) (S11)
g(ov —Zo; t777 _TJr) = g(t)v (812)

independently of n and ¢, provided that ¢ < T.
Using the bosonized form of the quasiparticle operators, we have

- / 2(G(=t)G(1)\"
In(1)) =172 /dt’E E ! o=t 1
< T( )> ) — €1 |:g (Jtt ( )>:| (g(t/)g(_t) (S 3)
Using the properties of the Green function derived in Eq. (S9)), this then becomes

(I7(t)) = 2ie*T? /t dt’ sin (27w /tih 5(7‘)) x [G(t =) = G(t' —t)°] (S14)

’

—00
Changing the integration variable to 7 = —t', and using the expression of the Green function, we get:
2 > sinh(inT'm) v sinh(inT'm) v
I7(t)) = 0(t)2ie* —— sin(2 d — S15
Ur()) = 0(0)2i€” 7 g sin(2mv) /0 ! Ksinh(ﬂ(m —t—7) sinh (T (imo + ¢ +7) (815)

where 79 = a/vp, T = 1/(kgf) is the temperature, and we use kg = h = 1. Defining the reduced variables o = 7T,
u =717 and z = wT't, the first term in the integral can be written as

> sinh(ic) v /00 gio _ o—ia 1 w
/0 " (sinh(ia —z— u)) 0 U\ omiagr 1 _ etiag—220—2u ¢ (516)

o0
_ (e_z (1 B e2i“))2y/ du (1 B e2iae—2ze—2u> “2 —ovu (S17)
0
= % (e’z (1 — €2ia))2u (i) 2 F (21/, v, v+ 17621‘0[722) (S18)

where o F} is the hypergeometric function. Using this result, the current can eventually be recast as

N I 2 sin(27mv our . y
(IT(t)) = 0(t) 2¢ (27T'UFTO> 27E'VT) e~ Tt (25in(nT7))°

% 9Im {2F1 (2V7 vov 1, e—2u7the—2i7TTTo) ot (1-2T70) (S19)



Taking then the leading order in the cutoff parameter 7y leads to

r o\’ 2si in(2
(I7(t)) = 0(1) 2¢* () rav=2 ZME)SINGAY) ovareor gyt 1 (20,00 41,07 (20)

2mUEp 1%

We see that this is a function of 2vnTt = 2vnt/f, which implies that the typical length scale for this function is ~ .
The behavior of the current in the two limits ¢ < § and t > [ is obtained by using the asymptotic behavior of the
hypergeometric function:

2
L L)? sin(ro) 2 (1) e

2F, (QV, v, v+ 1, 6—21/7th) _ { T (2v) sin(2wv) (321)

14 3:_1 —2vnTt t>>6 ’

Tunneling current when injecting a single electron

It is instructive to repeat the same kind of derivation, only this time considering the situation where a single electron
is incoming along the right edge. The prepared state now takes the form |p) = ‘1/}[%(—300, —T)|0), where the electron

_ Ugr ikpx _l%‘ﬁR(z)

operator g satisfies the bosonization identity ¥g(z) = sle e
Following a similar derivation to the one above, one obtains instead of Eq. (S13)), the following expression for the
tunneling current

o= farsorloeif o) |(F25) - (§5es) | e

From the properties of the quasiparticle Green function, Eq. (S9)), one readily sees that for ¢ # 0

Q(—t’)g(t)>1/” ( ‘ /f )

——— =exp|—i [dr2ni(T)) =1, S23
(Geros P A (529)
so that the tunneling current vanishes at all times ¢ # 0 and is nonzero only at the specific time that the electron
reaches the QPC.

Tunneling current in the presence of a time-dependent voltage

In the presence of a voltage bias, the tunneling part of the Hamiltonian can be written as

t

Hr(t) =Texp [ie*/ dt’ V(t’)} P (0,1)11(0,1) + Hec. (S24)

— 00

where it now contains the effect of the applied votlage V (¢).
The tunneling current operator now reads

In(t) = ic” (r exp [ie* [ t a V(t’)] B0, D (0, 1) — H.c.) . (S25)

Taking the quantum average, the mean tunneling current is given in full generality by

B ZZ <TK (Fe"p [ / dr vt ﬂ w;%(ovt")lﬁL(O,t”))(E)
o _Zzn/dtH " > (526)

where the sum on € = 4 is used to represent the Hermitian conjugate, and n,n" = 4 are Keldysh indices.



Performing a perturbative expansion in the tunneling amplitude I", this gives up to second order

(et = T2 S e /_ th/ exp {iee* /_ t a V(t’)] (T 0. 07 0,7 ) {Ticu (0, 76} (0,47) ) (527)

€

Using the expression for the quasiparticle Green function, and performing explicitly the sum on the Keldysh indices
n and 7/, one eventually gets

(I (1)) = 2ie"T? [ "dt' sin (e* //t dt”V(t”)) Gt — )2 — G(¢' — £)?]. (S28)

where the Keldysh summations end up restricting the ¢’ integral from —oo to t.

COMPUTING THE NOISE
General expression

The current noise is defined as:
S(t,t") = (TxdIp(t™) 6Ip(t')) (529)
with dI7(t) = Ip(t) — (I7(t)), and £+ are Keldysh indices.
In the presence of a voltage bias applied to both edges, the tunneling part of the Hamiltonian can be written as

t

Hr(t) =Texp {ze*/ dt’” (Vgr(t') — VL(t’))} z/;}%(o,t)m(o,t) +H.c. (S30)

— 00

where we applied a standard gauge transformation in order to reabsorb the effect of the voltage drives into the
tunneling amplitude. In this situation, the tunneling current operator reads

t
Ir(t) = ie* (F exp [26/ dt" (Vg(t") — VL(t’))] (0, 6)11(0, 1) — H.c.) . (S31)
—o0
Substituting this back into Eq. (S29)), one readily obtains, up to lowest order in the tunneling amplitude I"

e*T
2ma

2 t
S(t,t") =2 ( ) cos (e* / dt’" (Ve(t") — VL(t”))) G(t—t)% (S32)
t/
In what follows, we focus on the Hanbury-Brown Twiss (HBT) and the Hong-Ou-Mandel (HOM) setups, corresponding
respectively to applying a single voltage drive, or to applying both of them.

HOM noise for two narrow pulses of average charge e*

We consider here the case of two infinitely short pulses so that both Vg(t) and Vi, (t) are composed of a single delta
function, with a time-shift §¢ between them. Focusing on pulses of average charge e*, one can thus write

Va(t) = 255 (t + ‘Z) V() = 255 <t - ‘St> . (S33)

e e 2

The cosine factor entering the expression for the noise in Eq. then simply reduces to either cos(27v) or to 1,
depending on the values of t and ¢/, so that we write it as cos [27v f5:(t,t')]. The newly defined function f5;:(¢,¢') is 1
if one of the times ¢ or ¢’ is in the interval [—dt/2, dt/2] while the other one is not, and reduces to 0 otherwise.

The HOM noise is defined as the zero-frequency noise due to the collision of these two excitations, as a function of
the time-interval §t. Focusing on the zero-frequency contribution, and filtering out the equilibrium thermal noise (by
subtracting the value in the absence of voltage drives), one has for the un-normalized HOM noise

Siont = S(Vie, Vi) — 5(0,0) = 2 (zf) / Cat / "t {cos [2m0 fir (1,8)] — 1} Gt — ) (534)



Similarly, one can work out the expression for the corresponding noise when only one of the drives is present. The
resulting HBT noise reads

* 2 e e o /
Supr = S(Va,0) — S(0,0) = 2 <;r1;> / dt / at {cos (leslgg(””> - 1} Glt—t)  (S35)

The standard HOM noise ratio is then defined as the ratio of the un-normalized HOM noise to twice the HBT
noise, so that

S
Sron(8t) = 3 g’;ﬁ

[ dtdt' {cos [2mv f5(t, )] — 1} 2 G =)
2 [ dtdt’ [cos (ZWV%“”,U — 1} e2vG(t'—t)

(S36)

Substituting the actual value of fs;(¢,t'), this can be further rewritten as
fo‘étl dt fOOO dt’ {621/G(t+t') + eQVG(ftft')]
Jo 7 dt [ dt! [e2r Gt 4 e2vG(—t=t)]
Re [ OIM dt [;° dt’ez”G(“‘t/)}
Re [ [y~ dt [ dt’eG+t)]
Re [Z ()]

=1- Re[Z(0)] (S37)

7(5) = /OOO dz - (W)Q (S38)

with the reduced variable § = 7 |0t] /3, and the infinitesimal o = 77 /5.
This integral can be worked out as

Suom(6t) =

where we introduced

Z(6)= —i (1 — 62i°‘)2V 6721/6(97 [u ! 72F1 (21/, vy 4+ 1 622'&6726) . (S39)
=
where one clearly sees that for § < 1, the exponential prefactor dominates, so that
7 (6) =2 e~V (0) (S40)
It follows that, in the regime where |t|/8 — 0, one has
Suom(dt) | 1~ =2 i (S41)

HOM noise for two narrow pulses of average charge ge

The previous results can be easily extended to the case of pulses carrying a different charge. We now define

V() = %‘15 (t + ‘”) Vi) = 2™ (t - ‘St> . (S42)

2 ve 2

Following the lines of the previous calculation, one can similarly obtain an expression for the HOM noise ratio as
[ dtdt’ {cos [2mqfs:(t,t')] — 1} 2 CE =0

2 [ dtdt’ {cos (277(]%@”/)) - 1] e2vG(t'—t)

Snom(0t) = (S43)

Interestingly, while the resulting integrals are finite for different domains in time, they always contain a prefactor
cos(2mq) — 1. For q ¢ Z, this prefactor simplifies between numerator and denominator, leaving us with the same
expression as Eq. , independently of ¢q. This, however, is specific to the very short pulse situation, as a finite
extent leads to slightly different contributions for the numerator and denominator, which depend on ¢ in a nontrivial
way.



HOM noise in the Floquet formalism

The applied voltages on the right and left edges are now given by periodic Lorentzian pulses. They are identical
except for a time-shift d¢, so that

Vbe
Vi(t) = V(t - bt) = 2 zkj " /77TO — (S44)
In the Floquet formahsm the essentlal ingredients are the coefficients p;, which are the Fourier components of the
accumulated phase ¢(t) = e* f dt'Vac(t') created by the AC part of the time-dependent voltage. In practice, it is
convenient to introduce the time- dependent voltage Vaig(t) = Vg (t) — VL (¢) which naturally appears in the expression
of the noise.
Starting back from the general expression of Eq. , and inserting the p; coefficients associated with a generic
drive V(t) (this allows us to replace V with Vg, Vy, or Vyig), one can write

S(t,t) =2 T’ */tdt”Vt” Gt —t)?
(1) =2 (5, ) cos|e” | d"v)| G —1)

( ) Zplp ( ie VDc(t—t’)eilwte—imwt' + e—ie*VDc(t—t/)e—imwteilwt’) Q(t _ t/>2 (845)
21a

where w = 3,—” is the frequency of the drive.

In this Floquet formalism, the zero-frequency noise is now defined as

To dt T _ T

which becomes

TO dt — . . —
ie*Vpot zlw t+Z) —imw(t—=% —ie*Vpor  —imw(t+3Z) ilw
5= /dT/ (2m> Zp”””( pereitul(ita)emimaling) 4 emietVoeremimulivg) (-

(27ra> Z|p1| /drcos (I + qwt] G(1)? (547)
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where we introduced the average charge ¢ = E*YJDC injected by the drive over one period.

Introducing the coefficients pgis,; for the voltage difference Vaig(t), as well as the coefficients pr; and pr; corre-
sponding to VL (t) and Vg(t) applied individually, and noticing that Vz pc = Vo, pc = £, while Vagig pc = 0, one
finally has for the HOM noise ratio

Srom(0t) = SHoM = 21 F(paig1, 0) — C(v)l* (548)
28upr Y, [F(pri,q) + Flpru,q)l — 2|0 @))?
with
144\’ l+
F(pi,q) = |pi)* |T <l/ +1 271_9(])’ cosh <29q> (S49)

and 0 = kT /hw is the reduced temperature. Note that this expression is very general and can describe any kind of
periodic potentials, provided that one uses the correct corresponding expressions of the p; coefficients.
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