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Abstract. A finite topological superconductor nanowire bears a Majo-
rana fermion at its ends, leading to unique transport properties when
connected to normal metal leads. We consider in this review two theo-
retical proposals based on noise measurements in normal metal - topo-
logical superconductor junctions. The first one considers a Hanbury
Brown and Twiss setup where a topological superconductor is con-
nected to two normal metal leads. The second proposal deals with the
finite frequency noise of a single normal metal - topological supercon-
ductor junction. Both are computed using a unified framework of non
equilibrium Keldysh Green’s functions using a Hamiltonian approach.
Calculations are performed non-perturbatively in the tunnel hopping
parameter and address both subgap and above gap regimes. Concern-
ing the Hanbury Brown and Twiss setup, we find in the subgap case
that when the two normal metal leads are biased with equal voltage,
the noise crossed correlations are negative, as in the case of a three ter-
minal normal metal junction. On the other hand when subgap voltages
are opposite, the noise crossed correlations are positive. Predictions
when the two Majoranas at the end of the topological superconductors
hybridize, and when the chemical potential of the topological super-
conductor drives the system out of the topological phase are discussed.
In the second proposal, the finite frequency emission and absorption
noises are computed for a single junction. We observe noticeable struc-
tures in these quantities, related to simple transport processes involving
the Majorana bound state. Both results offer an original tool for the
further characterization of the presence of Majorana bound states in
condensed matter systems.

1 Introduction

The search for the manifestation of Majorana fermions (MF) [1] in condensed matter
settings constitutes an on-going and exciting race, both on the theoretical and on the
experimental side. In the Kitaev model [2] of a one-dimensional topological super-
conductor, Majorana fermions emerge at the boundary of a finite chain when specific
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parameters (nearest neighbor hopping, p-wave pairing amplitude, chemical potential)
are precisely tuned. The ground state of the system then becomes degenerate, as
the two Majorana bound states (MBS) located on opposite ends of the chain are
zero-energy states, corresponding to one delocalized fermion which can be either oc-
cupied or empty. This opens the possibility to realize a decoherence-free quantum bit
with applications to quantum information schemes. A realistic experimental equiv-
alent of the Kitaev model can be built by inducing s-wave superconductivity in a
semiconducting nanowire subject to both Rashba spin-orbit coupling and a Zeeman
magnetic field [3–8]. Other proposals where a chain of magnetic atoms are deposited
on a superconducting substrate have also been studied [9,10]. On the theoretical side,
many proposals have been on the market in the last decade [11–16] but despite the
significant experimental progress, a smoking gun [17,18] of these Majorana bound
states is still lacking today. Most experimental evidence has so far focused on the
detection of a zero bias anomaly in the differential conductance, which can occur
for multiple reasons other than Majoranas, but a recent claim seems to measure pre-
cisely the quantized nature of this low voltage signature [19]. It is nevertheless obvious
that more quantum transport tests are needed to put Majorana fermions on a firmer
ground, before they can be envisioned to be used for instance in quantum computing
schemes. The purpose of the present review is to introduce two new tests based on
the measurement of noise (the Fourier transform of the current-current correlation in
time) of a normal metal - topological superconductor junction at finite bias.

Since the birth of quantum mesoscopic physics, analogies of electronic transport
with quantum optics were pointed out. Laterally confined electrons propagate quasi
ballistically via transverse channels as in an optical wave guide (leading to the quan-
tification of the conductance in a quantum point contact), electron interferometers
(Fabry-Perot, Mach-Zehnder) have been realized, but also more fundamentally one
can imagine reproducing with electrons some celebrated scenarios initiated at the
birth of quantum optics such as the Hanbury Brown and Twiss (HBT) experiment [20,
21]. Contrary to bosons, electrons have fermionic statistics, and as charged parti-
cles they are likely to interact with the surrounding electronic environment, which
promises a variety of rich phenomena. In the original HBT experiment, thermal,
monochromatic photons from a mercury arc lamp impinging on a half-silvered mirror
led to positive light intensity correlations because the thermal photon source would
send on average several photons at a time due to the bunching nature of bosons, re-
sulting in positive intensity correlations. The electronic analog of the HBT experiment
with photons consists in a ”Y” or ”T” shaped structure with a Fermi sea injecting
electrons from one arm, with current correlations measured between the two output
ports, both with lower chemical potentials. The noise crossed correlations for this
device were found to be negative [22,23]: electrons from the Fermi sea input can only
end up in one or the other lead. This led to conclusive experimental checks at Basel
and at Stanford [24,25]. Subsequently, with the advent of noise considerations in
mesoscopic superconductivity [26–29], the theoretical community became aware that
HBT noise crossed correlations could in principle be achieved for a device consisting
of a BCS superconductor as an injector, connected to two normal metal outputs: the
Cooper pair beam splitter [27,29–32]. For subgap regimes, Cooper pairs may end up
in one lead or the other, by a reverse Andreev reflection process where a hole incident
from the normal metal side is reflected as an electron. Alternatively, it can be split
with its two constituent electrons propagating separately at the two outputs, a pro-
cess called crossed Andreev reflection (CAR): a hole incident from one normal metal
lead is reflected as an electron into the other normal metal lead. If CAR dominates,
positive noise noise crossed correlations were predicted and eventually measured [7].
In particular, in specific devices were quantum dots separate the different leads, it
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Fig. 1. Schematic view of the setup: a grounded TS nanowire is tunnel coupled (with
hopping amplitudes λ1, λ2) to two normal-conducting (N1, N2) leads which are biased at
voltages V1 and V2, respectively.

was found that the presence of Coulomb interactions in the dots would optimize the
positive crossed correlation signal [33].

It is therefore natural to transfer these concepts from quantum optics to hybrid
devices containing topological superconductors (hosting MF at their extremities) as
a source of electrons. What will be the difference between the BCS case and p-wave
pairing? This constitutes the first part of this review and the device that we consider is
depicted in Fig. 1. In the context of a scattering approach, it was found [34–36] that a
topological superconductor connected to two normal leads at the same subgap voltage
would bear negative crossed correlation, in opposition to the BCS superconductor
case, and with full correspondence to the all normal lead device of Ref. [22]. In the
present work we consider a microscopic model for the normal metal - topological
superconductor - normal metal (NTSN) junction with a Hamiltonian formalism. This
has two benefits: we are able to treat both subgap and above gap regimes, but more
interestingly we also compute the noise crossed correlations for opposite voltages and
find them to be positive. The combination of equal and opposite voltages constitutes
a novel signature of how the single Majorana fermion operates as a splitter of p-wave
Cooper pairs.

We consider here only DC voltages applied to the device, i.e. a continuous stream
of electrons emanating from the TS and distributed to the output leads, as opposed to
single electron wave packets which are nowadays used in the field of electron quantum
optics [37]. Our choice is in close analogy with single photon sources [38] which bear
negative correlations at the output of a half silvered mirror because of partitioning.

In the second part of this review, we shall focus on single normal metal - topological
superconductor (NTS) junction, but this time we will seek signatures of Majorana
fermions via finite frequency noise measurements. Finite frequency noise has been
studied in the context of quantum mesoscopic physics and nano-physics, both theo-
retically and experimentally. On the theoretical side, it has been argued [39–41] that
since the two current operators entering the noise correlator are evaluated at differ-
ent times, one can introduce two quantities - the emission and the absorption noise,
because photons from the nanodevice under study may be emitted to the detector,
and the latter, which can in practice have a higher temperature than the nanodevice,
may emit photons which will be absorbed by the nanodevice. A finite frequency noise
detector should be described quantum mechanically, at the same level as the nan-
odevice under study. The measured signal by the quantum detector, which is a real
number, should thus be a combination of such emission and absorption quantities.
This has been experimentally verified in pioneering finite frequency measurement ex-
periments performed in Deflt [42], in Orsay [43–45] and in Saclay [46] in different
contexts. In a previous work, the finite frequency noise of a normal metal - BCS su-
perconductor junction [28,47] was computed, and cusps or singularities were found
at specific frequencies corresponding to different transport processes. However, one
can expect different results in the case of the NTS junction, as the density of states
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(DOS) of the topological superconductor differs substantially from its conventional
BCS counterpart. The BCS density of states is zero inside the gap, and bears inverse
square root divergences at the gap edges. On the opposite, the DOS of a TS wire has
a square root behavior outside the gap and, more importantly, a so-called Majorana
peak at zero energy. It can therefore be expected that the finite frequency noise of an
NTS junction may bear peculiar features associated with the Majorana bound state
embedded in the junction.

The review is organized as follows. In Sec. 2, the model and formalism are intro-
duced; Sec. 3 is devoted to the HBT setup, while the finite frequency noise of the
NTS junction is presented in Sec. 4.

2 Model and Formalism

2.1 Hamiltonian for the TS wire

For the sake of generality, we consider a multi-terminal device in a T-shaped geometry,
as illustrated in Fig. 1, where one end of a topological superconductor (TS) nanowire
is contacted by several (two at most) normal-conducting (N) leads. Voltages V1,2 are
applied across the N-TS contacts, while the TS wire is grounded. The full Hamiltonian
is given by

H = HTS +HN +Ht, (1)

where the first two terms describe the TS and two N-leads, respectively, and Ht is
a tunneling Hamiltonian connecting all leads to each other. The TS Hamiltonian
corresponds to the continuum version of a Kitaev chain [2,11] in the wide-band limit,
and reads for x > 0:

HTS =

∫ ∞
0

dx Ψ†TS(x) (−ivF∂xσz +∆σy)ΨTS(x), (2)

where ∆ is a proximity-induced pairing gap, assumed to be real, the Nambu spinor

ΨTS(x) = (cr, c
†
l )
T combines right- and left-moving fermions, with annihilation field

operators cr(x) and cl(x), respectively, vF is the Fermi velocity and σx,y,z are the
Pauli matrices in Nambu space. We use units with kB = vF = h̄ = 1.

The transport problem is described in terms of boundary Keldysh Green functions
(GFs) [48] describing the leads which are coupled together by tunneling processes.
The exact boundary GFs can be obtained by solving the Dyson equation to all orders
in the tunnel couplings.

2.2 Green’s functions

The bare boundary Keldysh GF at x = 0 for the TS wire is defined as follows:

ǧTS(t− t′) = −i
〈
TCΨ(t)Ψ †(t′)

〉
, (3)

where the Nambu spinor Ψ = (c, c†)T contains the boundary fermion operator c =
[cl+cr](x = 0), and TC denotes Keldysh time ordering. The Fourier transforms of the
retarded and advanced GFs for the uncoupled TS wire in the topologically nontrivial
phase [48] are

g
R/A
TS (ω) =

√
∆2 − (ω ± i0+)2 σ0 +∆σx

ω ± i0+
, (4)
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where R/A corresponds to +/− and σ0 is the unity matrix in Nambu space. This
simple expression for the retarded/advanced boundary GF of a TS wire captures the
zero-energy Majorana bound state (resulting in a zero energy peak in the density of
states, as depicted in the lower left inset of Fig. 4) as well as continuum quasiparticles,
which allows for studying both subgap and above-gap transport on equal footing. The
Keldysh component gKTS(ω) is expressed via the retarded and advanced components
as:

gKTS(ω) = [1− 2nF (ω)]
[
gRTS(ω)− gATS(ω)

]
, (5)

where nF (ω) =
(
eω/T + 1

)−1
is the Fermi function with temperature T . Through-

out the paper we use the chemical potential µTS ≡ 0 of the (grounded) TS wire as
a reference energy level. In the appendix of Ref. [49], one can find a derivation of
the boundary Green function for a Kitaev chain with the finite bandwidth and arbi-
trary values for the band filling, while the wide-band expression of Eq. (4) exhibiting
particle-hole symmetry corresponds to half filling.

In the same manner we construct the Keldysh GFs for the normal leads by set-

ting ∆ = 0: g
R/A
N (ω) = ∓iσ0, The Keldysh component gKN (ω) is also specified, and

we choose to include the DC bias in the Fermi distribution of electrons and holes:
gKN (ω) = −2i [1− 2nF (ω − µNσz)]σ0 (the chemical potential µN is shifted with re-
spect to µTS = 0 by the DC voltage across the NTS junction).

2.3 Tunnel Hamiltonian

In what follows, we consider for simplicity equal couplings λ from the TS wire to the
normal leads, and no direct coupling between the normal leads. This is by no means a
restriction of our formalism as the general case is treated in Ref. [49]. The tunneling
Hamiltonian is expressed in terms of the boundary fermions cj (with j = 0 for the
TS wire and j = 1, 2) representing the leads [48]:

Ht =
1

2

∑
j,j′

Ψ †jWjj′Ψj′ , (6)

with Ψj = (cj , c
†
j)
T the boundary Nambu spinor and W = W † is the tunneling matrix

in lead and Nambu space whose elements are given by Wjj′ = λjj′σz. For the present
setup, this is further simplified as

W =

 0 λσz λσz
λσz 0 0
λσz 0 0

 . (7)

The full Keldysh GF Ǧ of the system follows from the Dyson equation

Ǧ =
(
ǧ−1 − W̌

)−1
, (8)

with the Keldysh matrix W̌ = diag(W,−W ), and the “uncoupled” Keldysh GF ǧ,
diagonal in lead space.

From the tunneling Hamiltonian, Eq. (6), the current operator flowing through
lead j reads:

Îj(t) = i
e

h̄

∑
j′ 6=j

Ψ †j (t)σzWjj′Ψj′(t), (9)
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3 Hanbury Brown and Twiss correlations

3.1 Analytical and numerical results

The HBT correlations are readily obtained through this formalism by computing the
zero-frequency cross-correlations of the above-defined current operator. The current
correlations at zero frequency read:

Sjj′ =

∫ ∞
−∞
dτ
〈
δÎj(τ)δÎj′(0)

〉
, (10)

with δÎj(t) = Îj(t) − Ij , and Ij = 〈Îj(t)〉 is the average current. In terms of the full
GF, these current correlations are given by:

Sjj′ = e2
∫ ∞
−∞

dω

2π

∑
j1 6=j

∑
j2 6=j′

TrN

{
λjj1

[
G−+j1j2(ω)λj2j′G

+−
j′j (ω)−G−+j1j′(ω)λj′j2G

+−
j2j

(ω)
]}

,

(11)
where G−s s = (1/2)

[
GK + s

(
GR −GA

)]
with s = ±.

One can then derive an explicit form for the average current Ij the local and the
non-local differential conductance (not shown, see Ref. [49]), and the current correla-
tions Sjj′ . The expressions we give below depend on the coupling λ between the TS
and the normal electrodes 1 and 2, on the voltages of the two normal electrodes, and
on the temperature through the Fermi function nF (x). A natural quantity appearing

in these formulas is Λ =
√

2λ2, which is related to the total transmission probability τ
between the TS and the normal leads: τ = 4Λ2/(1+Λ2)2. For all the results presented
in this work, we focus on the case 0 < Λ < 1, which covers all possible values of the
transmission τ ∈ [0, 1].

General expressions for the noise crossed correlations can be obtained for arbitrary
voltages [49]. Here for simplicity we provide expressions for the case of equal and
opposite voltages. Introducing the broadening Γ = 2∆Λ2/

(
1− Λ4

)
, we have, for

equal voltages:

S12(V, V ) = −2e2

h

Γ 2

4

|eV |
(eV )2 + Γ 2

, (12)

which coincides with existing results.[34,35] Conversely, for opposite voltages, we
have:

S12(−V, V ) =
2e2

h

Γ 2

4

[
|eV |

(eV )2 + Γ 2
+

2Γ 2 + (eV )2

(eV )2 + Γ 2

|eV |
∆2
− 2Γ

∆2
tan−1

(
|eV |
Γ

)]
.

(13)
Fig. 2 shows the HBT cross-correlation noise S12 for equal and opposite voltages,

computed for three different values of the transmission probability τ . One can see
that the cross-correlations in these two cases are simply opposite as long as eV � Γ ,
with negative (positive) values of S12 for the equal (opposite) voltage case. For |eV |
larger than the gap ∆, S12 is always a decreasing function of |V |, which, for the
opposite voltage case, eventually becomes negative for |eV | � ∆ (not shown), as the
TS behaves essentially as a normal electrode at such high voltages.

In the limit of small voltages |V | � Γ , S12 becomes

S12(±V, V ) ' ∓1

2

e2

h
|eV | (14)

Importantly, this means that the HBT cross-correlations are positive when the two
voltages have opposite signs.
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Fig. 2. HBT cross-correlations S12 (in units of e2/h) vs V in the case of equal (red dashed
curve) and opposite (blue full curve) voltages for equal couplings and several transparencies
τ (indicated in black on the left), at zero temperature.

3.2 Discussion of auto- and crossed- correlations

In order to get an intuitive picture of the noise crossed correlations S12, it is useful
to discuss also the noise autocorrelation contributions, S00, S11 and S22. They obey
a conservation law [22] arising from current conservation:

S00 = S11 + S22 + 2S12 (15)

For simplicity, we consider in what follows the regime of symmetric couplings in the
zero-temperature limit.

3.2.1 Equal voltages

The analytical expressions for the various noise correlations (in units of e2/h) are:

S00 ' 0 (16)

S11 '
|eV |

2
(17)

S12 ' −
|eV |

2
(18)

in the low-voltage limit eV � Γ .
From the point of view of the TS, the two normal electrodes are at the same

potential and thus act as a single one for the total current I0, so that the total
conductance has a peak of height 2e2/h (see Ref. [48]). As a consequence, much like
in the single N-TS junction, the total current I0 is noiseless at low voltage eV � Γ ,
which is confirmed by Eq. (16). This total current I0 = 2(e2/h)V is partitioned here
with equal probability between the currents I1 and I2 (see Fig. 3) :

I1 = I2 =
e2

h
V. (19)

These two currents are thus equivalent to the transmitted and backscattered current
from a quantum point contact with incoming current I0 and transmission T = 1/2,
reflection R = 1− T = 1/2.
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TS

N1 (+V) N2 (+V)

TS

N1 (+V) N2 (-V)

Fig. 3. Schematic picture of transport in the NTSN junction at low voltage. Electrons (holes)
are shown as full (empty) circles. Left panel: equal voltages, with perfect anti-correlations of
the two electron streams. Right panel: opposite voltages so that electrons (holes) are emitted
into N1 (N2). Arrows indicate directions of quasiparticle motion.

This implies that the autocorrelations S11 and S22 correspond to the noise as-
sociated with currents resulting from random partitioning [50], leading to (restoring
units):

Sjj ≡ eIj(1− T ) =
e2

h

|eV |
2

(j = 1, 2) (20)

which coincides with Eq. (17) to lowest order in V .
The HBT noise S12 corresponds to the correlation between the two partitioned

currents I1 and I2. Due to the fermionic nature of the electrons, these two currents
are totally anti-correlated (see Fig. 3), yielding a negative correlation noise [22,23,51].
Following Eq. (15), and using that I0 is noiseless, one sees that the HBT correlations
and the autocorrelations are simply related as S12 = −S11, which agrees with Eq. (18).

3.2.2 Opposite voltages

For opposite voltages, the auto- and cross-correlations in the limit eV � Γ (in units
of e2/h) take the form:

S00 ' 2|eV | (21)

S11 '
|eV |

2
(22)

S12 '
|eV |

2
(23)

This opposite voltage case can nevertheless still be understood on the same footing
as the equal voltage case by considering that the coupling to the Majorana bound
state is perfectly electron-hole symmetric. Normal lead 2 (at voltage −V ) can be
viewed as a reservoir of holes (biased at voltage V ) coupled to the Majorana bound
state: electrons are now replaced by holes for the current I2. The total current from
the TS is a stream of particles (electrons or holes), which is still noiseless, with one
particle (electron or hole) emitted during each time interval h̄/eV . The currents I1
and I2 still result from the random partitioning of such a noiseless stream of particles,
with electrons for I1 and holes for I2, so that

I1 = −I2 =
e2

h
V (24)

As a consequence the autocorrelation noises S11 = S22 = (e3/h)|V |/2 are identical to
their counterparts in the equal voltage case (to lowest order in eV/Γ ). As in the equal
voltage case, the two currents I1 and I2 are totally anti-correlated, which leads to the
same expression for the HBT correlation noise S12, only with the opposite sign, as
the carriers in the two leads now bear opposite charges (see Fig. 3).
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V

Fig. 4. Top: schematic view of a junction between a normal metal (yellow dots) and a
topological superconductor (red-green dots, with a red Majorana bound state at its end);
the normal metal is biased at voltage V . Bottom left: topological superconductor density
of states, with a central peak at zero energy due to the Majorana bound state, and square
root behavior outside the gap. Bottom right: the principle of the noise detection, using the
inductive coupling to a RLC circuit [39].

Finally the total noise S00 (which accounts for the charge of the carriers) corre-
sponds to the current noise of a noiseless stream of particles (one particle –electron
or hole– transmitted at each time interval h̄/eV ) but with particles which can be
either electron or holes. According to Eq. (15) this creates a total charge noise
S00 = 2(e3/h)|V |, which coincides with Eq. (21).

The equal and opposite voltage regimes thus have cross-correlations with opposite
signs, a peculiarity of the Majorana bound state, which does not distinguish electrons
from holes.

3.3 Finite length and doping effects

Using the same Green functions formalism, and adapting the boundary Green function
used for the TS nanowire, we were also able (not shown) to consider more general
situations. We considered a TS nanowire of finite length and also studied the effect
of varying the chemical potential [49].

For the finite length case, our results show the existence of a crossover when
the length L becomes smaller than h̄vF /∆ (the typical decay length associated with
the Majorana bound state), with positive correlations becoming negative for small
lengths. This behavior is due to the hybridization of the two Majoranas at the ends
of the TS nanowire, which then behave as a regular fermion. This confirms that the
unusual sign observed for the current correlations for a long (or semi-infinite) TS
nanowire is specific to the presence of a Majorana bound state.

For the impact of the TS chemical potential, we considered the case where the TS
nanowire is represented by a Kitaev chain with a finite bandwidth, and variable chem-
ical potential µ (the corresponding boundary Green function is derived in Ref. [49]).
By varying µ, one can explore the transition from the topological to the trivial phase.
Our results show that above the transition, the cross-correlations become negative at
all voltages, and the specific features due to the Majorana bound state (peak at low
voltage) disappear.
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4 Finite frequency noise of an NTS junction

4.1 Emission, absorption, and measurable noise

We now consider the finite frequency noise in a NTS junction. While general formulas
valid at arbitrary transparency can be obtained [52], the most relevant regime is
the case of low transparency, where the junctions properties are more visible in the
emission/absorption noise. For the analysis of the finite frequency noise, one has to
consider separately the two real time noise correlators corresponding to emission and
absorption, whose Fourier transform read:

S+(Ω) =

∫ +∞

−∞
dt 〈δI(0)δI(t)〉 eiΩt , (25)

S−(Ω) =

∫ +∞

−∞
dt 〈δI(t)δI(0)〉 eiΩt = S+(−Ω) . (26)

S+(Ω) is conveniently rewritten using the Fourier-transformed dressed Green’s func-
tions as:

S+(Ω) = λ2e2
∫ +∞

−∞

dω

2π
TrN

[
G−+00 (ω)G+−

11 (ω +Ω)−G−+01 (ω)G+−
01 (ω +Ω)

]
(27)

In order to describe the whole range of physical parameters, we can safely focus on
positive frequencies for both noise spectra.

In order to connect with potential experimental works looking to investigate the
finite-frequency noise of the NTS junction, we can combine the emission and absorp-
tion noise spectra to obtain the measurable noise associated with a generic quantum
detector consisting of a resonant LC circuit, inductively coupled to the NTS junction
(see Fig. 4 lower right inset). This measured noise is the result of repeated mea-
surements of the charge at the capacitor plates. For the present setup, we use an
expression formulated in Refs. [39,53] to predict the result of such a measurement:

Smeas(Ω) = K
{
S+(Ω) +N(Ω)

[
S+(Ω)− S−(Ω)

]}
, (28)

where N(Ω) = [exp(h̄Ω/kBTLC)− 1]
−1

is the Bose-Einstein distribution associated
with the oscillator modes, and K is the effective inductive coupling constant of the
quantum wire with the resonator.

4.2 Qualitative picture

An intuitive picture of the emission and absorption noise processes can be gained by
looking at the occupied states of both the N and the TS side of the junction and
by identifying (to lowest order in the tunneling amplitude) which electron transport
contribute to both noises. These are depicted in Fig. 5. The two processes of the
top row (a and b) describe emission noise, while the four other processes describe
absorption noise. Here we choose eV > 0 without loss of generality.

When the bias voltage satisfies eV < ∆, there is only one process contributing
to the emission noise: panel (a) of Fig. 5. Electrons from N with energies in the
interval [0, eV ] may be transferred on the TS side to the MF bound state by emitting
a photon of energy Ω = eV . As the width of the Majorana peak is negligible in
the small transparency regime, and the DOS of N is approximatively constant, this
emission process in independent of the frequency.
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∆

(b)

eV
∆

(c)

eV
∆

(d)

eV
∆

(e)

eV
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(f)

eV
∆

Fig. 5. Energetic diagram of a NTS junction, with occupied electronic states (medium grey)
and empty states (light grey). (a)-(b) emission processes, (b) is not available for a bias eV
below the gap ∆, (c)-(d) absorption processes involving a transition from the metal to the
superconductor, (e)-(f) absorption processes with transitions to the metal. Straight lines
correspond to the transfer of electrons while wiggly lines describe the absorption or emission
of photons.

For voltages larger than the gap, another emission process is available: electrons
from N can be transferred to the empty states above the TS gap, and emit a photon in
the range [0, eV −∆] (see Fig. 5b). The frequency dependence of this process reflects
the energy dependence of the TS density of states above the gap.

Absorption processes can also be realized [see panels (c) and (d) of Fig. 5], and
show similar frequency dependence as their emission counterparts. In the case of
panel (c), an electron from N absorbs a photon to be transmitted to the Majorana
state. Panel (d) is the equivalent of panel (b) for photon absorption: an electron from
the normal metal absorbs a photon and is transmitted to an empty state above the
TS gap. Note processes (a) and (c) exist for any voltages, but on the opposite the
emission process of panel (b) can only occur for eV > ∆.

Finally, photon absorption can involve electrons which are transmitted to N from
the topological superconductor, for frequencies in the interval [eV,+∞], as displayed
in panels (e) and (f) of Fig. 5. The TS electron is transmitted to a normal metal
empty state, either from the Majorana state [panel (e)] or from the occupied states
below the gap [panel (f)].

4.3 Above gap regime

We are able to treat in full generality both the subgap and above gap regimes for the
emission and absorption noise of the NTS junction[52]. We decide here to focus on
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Fig. 6. Emission noise S+(Ω) (top) and absorption noise S−(Ω) (bottom) as a function
of frequency Ω (in units of ∆) at low transparency (τ = 0.02) computed beyond the gap
|eV | > ∆ for three different values of the voltage bias (eV = 1.2∆, 1.5∆ and 1.8∆), and
expressed in units of e2∆/h.

the above gap transport, which encompasses more transport processes according to
the qualitative picture of the preceding section.

We plot the emission noise S+(Ω) in Fig. 6 (top), for three different voltages. As
in the subgap regime (not shown, see Ref. [52]), the emission noise contains a well-
defined plateau extending - for the above gap situation - in the interval [eV −∆, eV ],
dropping to zero beyond this. This plateau reflects the process shown in Fig. 5a (it
is expected to lead to a constant emission noise, restricted to frequencies Ω < eV
because of electron occupancy). This contribution persists at low frequency, but it
is supplemented by process (b) (see Fig. 5) leading to an increase of the noise when
the frequency is decreased, as the DOS of the TS increases beyond the gap. This
constitutes a novel noise feature compared to the subgap regime.

The above gap absorption noise is shown in Fig. 6 (bottom). Again a sharp step
occurs for Ω = eV , associated with process (e) of Fig. 5. A smaller structure, visible
at Ω = ∆+eV , is tied to the onset of process (f). Processes (c) and (d) also contribute
to the absorption noise, being present at all frequencies and leading respectively to a
constant background contribution and to a steady increase of the noise.

The main message is therefore that for voltages both above and below the TS
gap, the presence of a Majorana bound state leads to a distinctive plateau in the
emission noise as a function of frequency, accompanied by a sharp drop to zero at
Ω = eV . We are able to relax the constraint of low transparencies, and find that higher
transparencies tend to smooth out the noise structures defined above (see Ref. [52]).
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Tunnel NTS junctions are therefore the best candidates for the observation of the
finite frequency noise signatures of the Majorana bound state.

4.4 Measurable noise

In order to analyze the measurable noise, we choose the inductive coupling scheme
introduced in Ref. [39] which involves an LC circuit in the vicinity of the NTS junc-
tion (see Fig. 4). This protocol relies on repeated measurements of the charge on the
plates of the capacitor of the LC resonant circuit (the latter bearing its own temper-
ature TLC). When the detector temperature is such that TLC � Ω, the measurable
noise closely resembles the emission noise as the Bose-Einstein distribution becomes
vanishingly small, so that the measurable noise reduces to:

Smeas (Ω � TLC) ' KS+(Ω) . (29)

This means in practice that when the temperature of the detector TLC is comparable
to the temperature of the NTS circuit (which is here assumed to be chosen well below
the gap ∆), the shape of the measurable noise is identical to the top panel of Fig. 6.

As one increases the detector temperature, choosing for instance TLC = ∆, the
direct connection with the emission noise is damaged, ultimately leading to the dis-
tortion of the noise plateau (see Ref. [52], not shown). Nevertheless, the typical onsets
at frequencies Ω = eV − ∆ and Ω = eV are still easy to identify: the measurable
noise shows a sudden change of sign near Ω = eV , attributed to the sharp drop in
the emission noise, which is a consequence of the Majorana peak in the TS DOS. The
measurable noise associated to a high TLC = ∆ can therefore still be used as a tool
to uncover signatures of the MF.

4.5 Comparison with a non-topological setup containing zero energy Andreev
bound states

Could the same noise characteristics be obtained from a non-topological supercon-
ductor/normal metal junction bearing zero-energy Andreev bound states (ABS) ? We
attempt to answer this question by considering a normal metal - quantum dot - BCS
superconductor (NDS) junction. First, the parameters of this junction should repro-
duce the zero bias anomaly in the differential conductance of the NTS junction, due
to the presence of a zero energy ABS. Second, we should inquire whether the emission
and absorption noise characteristics of such a NDS junction are distinct from the NTS
case.

In Ref. [54] which dealt with the BCS superconducting beam splitter, we per-
formed noise crossed correlations calculations on such devices using a path integral
approach, which allowed to derive analytical expressions for the currents and the
noise crossed correlations in terms of the full Green’s function (dressed by the tun-
neling couplings) of the quantum dots. There, we found that in a junction containing
a superconducting source of Cooper pairs connected to two normal leads (which are
separated by quantum dots for purpose of energy filtering), the energy levels of the
dots could be tuned (anti-symmetrically) in order to favor positive noise correlations,
a signature of Cooper pair splitting [29]. Here we can simply adapt this path integral
formalism in order to describe a single NDS junction in a non-topological regime.
This requires minimal adaptation [52] as noise auto-correlations were not computed
there [54].

We need to specify parameters of the NDS system for which the conductance
yields a conductance peak at zero energy, similar to the one obtained for a NTS
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junction due to the presence of the Majorana bound state. This is achieved when
two conditions are satisfied: setting the quantum dot energy to the superconducting
chemical potential, and using symmetrical couplings for the dot between the normal
metal and the BCS superconductor. This symmetric junction leads to a conductance
peak which is identical to the one of a NTS junction: if tunnel couplings differ, the
zero bias conductance shows a split peak away from zero energy.

We now focus on the emission noise characteristics of the NDS device. Indeed, for
the NDS system [52] there is also a well identified plateau in the noise extending to
Ω = eV , which is a consequence of the discrete quantum dot level. However, at low
frequency, in the vicinity of the dot energy broadening, there is a dip in the emission
noise, with a value at zero frequency which is exactly half that of the plateau: when
probed on a long timescale (by zero frequency noise), the current fluctuations are
reduced by a factor 1/2 due to the double-barrier structure with symmetric couplings
(which are essential for the zero bias anomaly in the conductance). This factor 1/2 for
the contrast of the observed dip corresponds to the well-known Fano factor reduction
in double-barrier symmetric junctions [55].

This dip in the emission noise is completely absent in the case of a NTS junction,
because the Majorana bound state is an intrinsic part of the superconductor, and is
not separated by a barrier. The low-frequency behavior of the emission noise is there-
fore able to discriminate between the NTS and the NDS system. We therefore claim
that the frequency noise characteristics obtained in the NTS cannot be attributed to
the presence of a zero energy ABS in a symmetric NDS junction.

5 Conclusion

To summarize, two distinctive noise diagnostics have been presented for NTS junc-
tions in this review. First, an HBT noise crossed correlations which exhibits, in the
subgap voltage regime, negative noise crossed correlations for equal voltages on the
N leads (in correspondence with a setup containing three N leads), and positive noise
crossed correlations when the voltage of the N leads are opposite (in correspondence
with the signal of a BCS Cooper pair beam splitter with equal voltages on the N
leads). Of course, the sign of the noise crossed correlations has nothing in common
with normal metal forks or the BCS Cooper pair splitter, as the MF in the NTS
junction is specific to topological matter and treats electrons and holes on the same
footing. Extensions to above gap voltages, to a finite size TS nanowire where the two
MF hybridize (because the coherence length becomes comparable to the size of the
TS), and for a TS driven in the non-topological phase, have been discussed.

Second, we have derived the emission and absorption finite frequency noise of a
single NTS junction, and we have shown that both contain distinctive features (onsets
and the distinctive noise plateau) which cannot be attributed to a non-topological
superconductor junction with a N lead bearing a zero energy ABS. Contrary to a
diagnostic based on the low voltage properties (the zero bias peak and the quantized
differential conductance), both proposals rely on finite voltage scenarios (voltages
which are comparable to the superconducting gap). We believe that these two re-
sults offer further evidence of how MF could operate in electronic quantum transport
experiments.

Acknowledgements : The second part of this work was part of the Masters thesis
of Didier Bathellier at Aix Marseille University. The project leading to this publi-
cation has received funding from Excellence Initiative of Aix-Marseille University -
A*MIDEX, a French ”Investissements d’Avenir” program.



Will be inserted by the editor 15

References

1. E. Majorana, Nuovo Cim 14, 171 (1937)
2. A.Y. Kitaev, Physics-Uspekhi 44, 131 (2001)
3. R.M. Lutchyn, J.D. Sau, S. Das Sarma, Phys. Rev. Lett. 105, 077001 (2010)
4. Y. Oreg, G. Refael, F. von Oppen, Phys. Rev. Lett. 105, 177002 (2010)
5. J. Alicea, Y. Oreg, G. Refael, F. von Oppen, M.P.A. Fisher, Nature Physics 7, 412

(2011)
6. V. Mourik, K. Zuo, S.M. Frolov, S.R. Plissard, E.P.A.M. Bakkers, L.P. Kouwenhoven,

Science 336, 1003 (2012)
7. A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, H. Shtrikman, Nature Physics 8, 887

(2012)
8. R.M. Lutchyn, E.P.A.M. Bakkers, L.P. Kouwenhoven, P. Krogstrup, C.M. Marcus,

Y. Oreg, Nature Reviews Materials 3, 52 (2018)
9. S. Nadj-Perge, I.K. Drozdov, J. Li, H. Chen, S. Jeon, J. Seo, A.H. MacDonald, B.A.

Bernevig, A. Yazdani, Science 346, 602 (2014)
10. H. Kim, A. Palacio-Morales, T. Posske, L. Rózsa, K. Palotás, L. Szun-
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