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Multi-particle interferometry in the time-energy domain with localized topological quasiparticles
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We propose multi-particle interference protocols in the time-energy domain which are able to probe localized
topological quasiparticles. Using a set of quantum dots tunnel-coupled to a topologically nontrivial system,
the time dependence of the dot level energies defines a many-body interferometry platform which (to some
extent) is similar to the Hong-Ou-Mandel interferometer. We demonstrate that, for a superconducting island
harboring at least four Majorana bound states, the probability distribution of the final dot occupation numbers
will exhibit a characteristic interferometric pattern with robust and quantized π phase shifts. This pattern is
shown to be qualitatively different for topologically trivial variants of our setup. Apart from identifying the
presence of topological quasiparticles, the interferometer can be used to manipulate the quantum state in the
topologically nontrivial sector by means of postselection.
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I. INTRODUCTION

Interferometry is a key concept of ubiquitous appearance
in physics [1]. Using different types of interferometers, nu-
merous otherwise inaccessible insights have been obtained
in atomic physics, quantum optics, astronomy, general rel-
ativity, and condensed matter physics. In particular, inter-
ferometry provides information about quantum coherence,
quantum correlations, and the exchange statistics of many-
particle systems. For instance, in the celebrated Hong-Ou-
Mandel (HOM) interferometer [2], two particles are emitted
from phase-uncorrelated inputs and impinge on a 1/2 beam
splitter. The arrival coincidence measured at two separate
outputs then probes the indistinguishability and the quantum
statistics of the outgoing particles [2–7]. Theoretical work has
addressed both normal [8–10] and superconducting [11,12]
systems. HOM interferometry has been demonstrated long
ago for photons [2], and more recently also for electrons
in solid-state devices [4–6]. Unfortunately, interferometry in-
volving topological quasiparticles [13–15], e.g., anyons in the
fractional quantum Hall regime [16–18] or chiral Majorana
edge modes in a topological superconductor (TS) [19,20], has
so far remained challenging (but see Ref. [21]). Moreover, for
spatially localized topological quasiparticles such as Majo-
rana bound states (MBSs) [22–26], traditional interferometric
approaches are not directly applicable.

We here target a different class of platforms for realizing
multi-particle interferometry: interference protocols in the
time-energy domain. Our protocols are able to probe localized
topological quasiparticles in systems tunnel-coupled to a set
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of N electronic terminals. We demonstrate the feasibility of
such an approach by analyzing the interference dynamics
in a system with multiple MBSs, where the terminals are
represented by single-level quantum dots with time-dependent
occupation numbers, n(t ) = (n1 · · · nN ) with n j = 0, 1. One
then runs a time-dependent protocol for the dot energy levels,
ε j (t ), such that electrons can enter or leave the system through
a stochastic sequence of nonadiabatic transitions of Landau-
Zener (LZ) type [27–32]. As made precise below, this se-
quence implements interfering trajectories in the time-energy
domain where the interfering entities are composite particles
obtained by fusing electrons and topological quasiparticles.
For the case of MBSs, the Majorana operator algebra results in
effective spin-1/2 particles. Starting at time ti from an initial
state with dot occupation numbers ni = n(ti), one measures
all electron occupation numbers upon completion of the proto-
col, n f = n(t f ). By repeating this protocol many times for the
same initial dot configuration ni, one obtains the probability
distribution P[n f ] (the dependence on ni is kept implicit). The
latter distribution represents the key object of interest. We
show below that it encodes a nontrivial interference signal for
selected final dot configurations n f .

While our approach is inspired by the HOM setup, there
are several major differences. First, instead of the time-space
domain, this interferometer operates in the time-energy do-
main defined by the protocol {ε j (t )}. Second, particle number
does not have to be conserved between the emission and
detection times, and nontrivial interference signatures, e.g., a
robust and quantized π phase shift, can be traced back to this
feature; see Sec. III B. In fact, an effectively particle-number
conserving variant of our setup, see Sec. IV C, does not exhibit
such π phase shifts. Third, instead of employing shot noise
measurements as is possible for chiral edge modes, electrons
are injected from, and measured in, quantum dots by means
of standard charge sensing techniques. Finally, the interfering
trajectories can be understood in terms of composite objects
built from electrons and topological quasiparticles. While our
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FIG. 1. Schematic setup for a multi-particle interferometer in the
time-energy domain, where N = 4 single-level quantum dots are
tunnel coupled (dashed lines) to a TS island (gray box) harboring
MBSs described by operators γ j . The time-dependent dot level
energies ε j (t ) can be controlled by gate voltages. Readout devices
for measuring the final dot occupation numbers n f are not shown.

scheme probes interference properties of localized topological
quasiparticles indirectly, a key advantage is that only electron
states need to be prepared and read out. The experimental
challenges are therefore comparatively modest.

As a concrete example, we here consider the schematic
setup depicted in Fig. 1, where a TS island harbors MBSs
which are tunnel-coupled to N = 4 dots as indicated. The
dot level energy protocol {ε j (t )} is illustrated in Fig. 2. It
turns out that this is the simplest nontrivial setup where
multi-particle interference signals could be observable. We
show that the probability distribution P[n f ] is qualitatively
different from the corresponding results for setups based on
topologically trivial superconductors. For this comparison, we
study a conventional s-wave BCS superconductor island with-
out subgap states as well as the case of topologically trivial
zero-energy Andreev bound states. For the Majorana case,
we predict that P[n f ] must contain multi-particle interference
terms for specific n f outcomes that will exhibit robust and
quantized π phase shifts as one varies a key parameter of
the protocol. An experimental confirmation of the predicted
probability distribution P[n f ] would constitute a clear Ma-
jorana signature complementary to the information obtained

ε1
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C

t

E

D
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FIG. 2. Dot level energy protocol {ε j (t )} vs time; see Eqs. (1)
and (16).

from tunnel spectroscopy [22,23]. Moreover, we will see that
the interferometric protocol also allows one to manipulate the
Majorana state through postselection.

Given that a variety of Majorana platforms are explored at
the moment, e.g., semiconductor [23] or iron-based [24–26]
setups, experimental tests should be within reach soon. Once
such a platform is available, our protocols impose only modest
hardware demands, where the final dot configuration n f can
be measured by available charge sensing techniques [7,33]. It
stands to reason that similar protocols will allow for many-
body interferometric studies of large-scale networks in time-
energy space (e.g., using multiple Majorana islands and quan-
tum dot terminals) and/or of systems with richer topological
quasiparticles (e.g., parafermionic zero modes).

The remainder of this article is structured as follows. In
Sec. II, we introduce the low-energy model describing the
setup in Fig. 1, and we discuss the quantum dynamics of the
system for the interference protocol sketched in Fig. 2. We
explore the multi-particle interference phenomena expected
for such a Majorana device in Sec. III. Topologically trivial
variants of the setup are then studied in Sec. IV. Finally, we
offer our conclusions and an outlook in Sec. V.

II. MULTI-PARTICLE INTERFEROMETRY PROTOCOLS
FOR MAJORANA DEVICES

In this section, we introduce our model for the device
in Fig. 1; see Sec. II A. We approach the full multi-particle
interference protocol in several steps. First, in Sec. II B, we
consider the case where only a single dot couples to the TS
island and one can map the problem to the standard LZ Hamil-
tonian. In Sec. II C, we allow for a second dot being coupled
to the island and establish a connection to Mach-Zehnder
interferometry. In order to observe HOM-type interferometric
signatures, one needs to study the full protocol with all four
dots in Fig. 1. We address this case in Sec. II D. The section
concludes in Sec. II E with a discussion of nonadiabatic transi-
tions at finite energy. In contrast to LZ transitions, such finite-
energy transitions are able to couple different dots and thus are
needed for generating nontrivial interferometric signatures.

A. Model

We consider a floating TS island with negligible charging
energy (EC → 0), harboring at least four MBSs. These states
are described by Majorana operators γ j = γ

†
j with the anti-

commutator algebra {γ j, γk} = 2δ jk . We focus on the most
interesting case of well-separated MBSs such that the latter
represent zero-energy modes. For the device shown in Fig. 1,
up to N = 4 effectively spinless [22] single-level quantum
dots, described by the fermion annihilation operators d j , are
tunnel-coupled with amplitude λ j to individual MBSs. We
choose a gauge where the λ j are real-valued and positive.
Moreover, the time-dependent dot level energies ε j (t ) are
taken relative to the TS chemical potential, μTS = 0.

On energy scales well below the TS pairing gap, above-gap
excitations can be neglected and the Hamiltonian is given by
H (t ) = ∑4

j=1 Hj (t ) with

Hj (t ) = ε j (t )
(
d†

j d j − 1
2

) + λ j (d
†
j − d j )γ j . (1)
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We study protocols {ε j (t )} of the type shown in Fig. 2, where
the sweep rates |dε j/dt | are always assumed sufficiently low
to not excite above-gap quasiparticles. Dot eigenstates are
denoted by |n〉 with n = (n1n2n3n4), where n j = 0, 1 is the
eigenvalue of d†

j d j .
Given the above model, it is clear that the total number

of electrons occupying the four dots may change during the
protocol. In fact, only the total fermion parity of the entire
system is conserved. Equation (1) also shows that the topo-
logical degeneracy of the uncoupled TS island will be lifted
by the tunnel couplings.

B. Landau-Zener transitions

When only dot 1 is present, i.e., for λ2,3,4 = 0, and con-
sidering times t ≈ tA, where tA denotes the time at which the
dot level crosses the chemical potential of the superconducting
island, ε1(tA) = μTS in Fig. 2, the above setup reduces to
the standard LZ problem [27–29]. One can formally show
this correspondence by introducing composite spin-1/2 ladder
operators,

σ j,+ = d†
j γ j, σ j,− = σ

†
j,+ = γ jd j, (2)

resulting in the Pauli operators [34]

σ j,x = σ j,+ + σ j,− = (d†
j − d j )γ j,

σ j,z = 2σ j,+σ j,− − 1 = 2d†
j d j − 1. (3)

For the present case with only λ1 �= 0, by writing ε1(t ≈ tA) =
αA(t − tA) with the sweep rate αA, we obtain

H (t ≈ tA) = αA

2
(t − tA)σ1,z + λ1σ1,x, (4)

which is identical to the LZ Hamiltonian. For an arbitrary
initial state |	〉 in the Majorana sector, the σ1 Pauli operators
act in the subspace spanned by the two spinor basis states(

1
0

)
= |n1 = 1〉 ⊗ |	〉,

(
0
1

)
= |n1 = 0〉 ⊗ γ1|	〉. (5)

Incoming (t = tA − 0+) states are then mapped to outgoing
(t = tA + 0+) states by the unitary LZ scattering matrix,

S(tA) =
(

uA ṽA

vA ũA

)
, (6)

with [27–29]

uA = ũA = √
pA, vA = −ṽ∗

A = e−iϕA
√

1 − pA,

pA = e−2πδA , δA = λ2
1

2|αA| , ϕA = π

4
+ arg�(1 − iδA),

(7)

where � is the Gamma function, pA the probability for a
successful LZ transition (unchanged dot occupancy), and ϕA

the LZ phase shift picked up otherwise. From the above
discussion, we also observe that the scattered entities in our
interference protocol will not just be electrons. Scattering pro-
cesses instead involve composite spin-1/2 particles obtained
by combining electrons and Majorana particles; cf. Eq. (2).

C. Mach-Zehnder interferometer

To approach the full protocol shown in Fig. 2, in a next step
we shall allow for a finite coupling of dot 4 to the island (λ4 �=
0) as well. We still keep λ2,3 = 0 and start from the initial
product state |�(ti)〉 = |10〉 ⊗ |	〉, where dot 1 is initially
occupied and dot 4 is empty. All in all, the dots are initially
occupied by a single electron and the setup is reminiscent of a
Mach-Zehnder interferometer [1,29].

Besides the LZ transition at tA, we now encounter a second
LZ transition near the time tB with ε4(tB) = μTS. In addition,
a qualitatively new type of transition appears near the time tC
in Fig. 2, where a finite-energy level crossing occurs,

ε1(tC ) = ε4(tC ) ≡ εC . (8)

For t ≈ tC , nonadiabatic transitions due to elastic cotunneling
across the island can take place; see Sec. II E for details.
Throughout, we assume that the condition [35]

max(λ j,
√

αA) 
 εC (9)

is satisfied. In practice, its validity can be ensured by in-
creasing the time difference tB − tA. If Eq. (9) holds, we have
well-separated nonadiabatic regions near tA, tB, and tC , where
the respective transitions are described by scattering matrices
S(tB,C ) of similar form as in Eq. (6).

The final dot occupation probabilities, P[n f ] = Pn1n4 , ob-
served at time t f > tB then readily follow as

P00 = |uAvCvB + eiχvAuB|2,
P01 = |uAvCuB + eiχvAṽB|2, (10)

P10 = |uAuCuB|2, P11 = |uAuC ṽB|2,
where we define the dynamical phase

χ = χ4(tB, tC ) + χ1(tC, tA), χ j (t, t ′) =
∫ t

t ′
dτ ε j (τ ), (11)

which is picked up during the adiabatic stages of the time
evolution.

Clearly, Eq. (10) shows that the probabilities Pn1=0,n4 con-
tain an interference term causing Landau-Zener-Stückelberg
oscillations [29,31]. These oscillations are similar to those
previously predicted for other MBS systems [36–42]. The
above results also show that, in order to observe HOM-type
multi-particle interference phenomena, one needs to go be-
yond a setup with only N = 2 terminals.

D. HOM-type protocol

We next consider the full protocol in Fig. 2 with all
four tunneling amplitudes λ j �= 0. Our protocol starts from a
general product state,

|�(ti)〉 = |ni〉 ⊗ |	〉, (12)

again with an arbitrary initial state |	〉 in the Majorana sector.
We first observe that Eqs. (1) and (5) imply that every dot
occupancy change, nj → 1 − n j , must be accompanied by
a transformation of the Majorana state, |	〉 → γ j |	〉. As
a consequence of this one-to-one correspondence, the full
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quantum state dynamics must be of the generic form

|�(t > ti )〉 =
∑
{n}

|n〉 ⊗ An,ni [γ ]|	〉, (13)

with the operators

An,ni [γ ] = Cn,ni

4∏
j=1

γ
|n j−ni

j |
j , (14)

with γ 0
j = 1 and complex coefficients Cn,ni which depend on

the precise form of the protocol. Using Eq. (13), the final dot
occupation probability distribution follows as

P[n f ] = 〈	|A†
n f ,niAn f ,ni |	〉 = |Cn f ,ni |2, (15)

which is completely independent of the initial Majorana state
|	〉.

Nonetheless, measuring a specific outcome n f implies that
|	〉 has been changed according to Eq. (13). Our protocol
thus offers a way to facilitate Majorana state manipulation by
postselection. While only Clifford operations can be realized
by the above protocol, we note that arbitrary phase gates could
be accessed when adding tunnel couplings (reference arms)
between selected pairs of quantum dots; cf. Refs. [43,44].

To simplify the algebra, from now on we shall write the
protocol in Fig. 2 in the specific form

ε1(t ) = −ε3(t ) = α(t − tA), ε2(t ) = −ε4(t ) = α(t − tB),

(16)

with identical sweep rate α for all quantum dots. Since
different Hj terms in Eq. (1) commute, the precise order of
both LZ transitions at t = tA (where ε1 and ε3 cross μTS,
respectively) is irrelevant. It is thus safe to assume that they
happen simultaneously. The same argument applies to the two
LZ transitions at tB. We emphasize that the LZ transitions
at tA,B do not introduce correlations between different dots.
In fact, they play a similar role as the beam splitter in the
standard HOM setup.

In addition to the LZ transitions at tA,B, nonadiabatic finite-
energy transitions occur at the times tC and tD in Fig. 2. Using
the specific protocol in Eq. (16), we obtain

tC = tD = (tA + tB)/2, (17)

resulting in

εC = α(tB − tA)/2, εD = −εC . (18)

As shown in Sec. II E, finite-energy transitions generate
correlations between incoming particles and thereby can be
responsible for a nontrivial interference pattern.

We note that the assumptions behind Eq. (16) are less
restrictive than they may appear at first sight. Indeed, the
precise form of the protocol during the adiabatic stages of the
evolution is irrelevant. Similarly, by allowing for a nonzero
time difference τ = tC − tD, one can implement a delay time
between incoming particles. By increasing τ , their correla-
tions could be effectively switched off as in the HOM setup
[2]. However, we focus on the τ = 0 case below.

E. Finite-energy transitions

Consider now the vicinity of a finite-energy crossing, t ≈
tX=C,D; see Fig. 2. Averaging over fast oscillations corre-
sponding to transition energies of order εC , Eq. (4) yields
effective exchange interactions between pairs j �= k of the
effective spin-1/2 operators in Eq. (2). With ν, ν ′ = ±1, these
interactions have the form

Hex(t ≈ tX ) = w jkεC (σ j,νσk,ν ′ + H.c.) (19)

with the dimensionless exchange couplings

w jk  λ jλk

ε2
C


 1. (20)

In physical terms, ν = −ν ′ = ±1 in Eq. (19) describes cotun-
neling processes where an electron is transferred between dots
j and k across the island under the condition ε j (tX ) = εk (tX ).
Note that Hex in Eq. (19) then acts as d†

j dk or d†
k d j in the

dot Hilbert space. Terms with ν = ν ′ instead describe crossed
Andreev reflection (CAR) processes, which are possible for
ε j (tX ) + εk (tX ) = μTS and correspond to two-electron absorp-
tion or emission by the TS condensate, Hex ∝ d†

j d†
k + dkd j .

Finite-energy transitions therefore introduce correlations be-
tween incoming particles.

III. MULTI-PARTICLE INTERFEROMETRY IN THE
TIME-ENERGY DOMAIN

In this section, we start by discussing general multi-particle
interferometric features for Majorana devices; see Sec. III A.
This topologically nontrivial case can be identified by a char-
acteristic π phase shift of the interferometric signal contained
in P[n f ] for certain final dot configurations; see Sec. III B.

A. General principles

The final state has the structure

|�(t f )〉 =
∑

{nA,nC ,nB}
�nB (t f , tB)S (tB)�nC (tB, tC )

×S (tC )�nA (tC, tA)S (tA)�ni (tA, ti )|�(ti)〉, (21)

where

�n(t, t ′) = e−i
∑

j χ j (t,t ′ )n j (22)

contains dynamical phase factors; see Eq. (11). The operators
S (tA,B,C ) in Eq. (21) describe nonadiabatic transitions at the
respective times. In particular, S (tA) is a product of the two
uncorrelated LZ scattering matrices S(tA) for H1 and H3; cf.
Eq. (1). Similarly, S (tB) follows as product of the LZ matrices
S(tB) for H2 and H4.

The operator S (tC ) encodes correlations due to cotunneling
and/or CAR processes near tC = tD; see Sec. II E. By expand-
ing in the small exchange couplings w jk 
 1, see Eq. (20),
we find that S (tC ) acts on the state |n〉 ⊗ |	〉 as

S (tC ) = 1 +
∑
j<k

w jk (−1)n j ξnLjk + O
(
w2

jk

)
, (23)

where ξn = 1 (2) for even (odd) values of
∑

j n j and
L13 = L24 = 0. In Eq. (23), only low-energy states with en-
ergy difference well below εC have been kept, such that
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FIG. 3. Possible trajectories for the dot configurations n =
(n1n2n3n4) under the protocol in Fig. 2 when starting from the two-
electron configuration ni = (1100). During the adiabatic stages, n(t )
does not change. Nonadiabatic transitions (blue arrows) at t ≈ tA,C,B

can generate interfering trajectories for certain final configurations
n f at t f > tB. For clarity, transitions into states with odd

∑
j n f

j are
not shown.

n1 − n2 − n3 + n4 is conserved at the nonadiabatic transition.
Cotunneling processes are encoded by

L14 = δn1,1−n4 (d†
1 − d1)γ1(d†

4 − d4)γ4, (24)

and likewise for L23, and CAR processes are contained in

L12 = δn1,n2 (d†
1 − d1)γ1(d†

2 − d2)γ2, (25)

where (up to an overall sign change) L34 follows analogously.
We note in passing that Eqs. (24) and (25) directly correspond
to the exchange processes specified in Eq. (19).

From Eq. (21), with n̄ denoting the particle-hole reversed
configuration (n̄ j = 1 − n j), we find that the probability dis-
tribution satisfies a general symmetry relation,

P[n f ; ni; χ ] = P[n̄ f ; n̄i; χ + π ], (26)

where we explicitly include the dependence on the initial dot
configuration ni and on the dynamical phase

χ = α

4
(tB − tA)2. (27)

Figure 3 summarizes the possible multi-particle trajecto-
ries starting from ni = (1100) and ending at some configura-
tion n f . Let us start with the diagram in Fig. 3(a). Without
a nonadiabatic finite-energy transition at tC , one has the un-
correlated reference path ni → (1110) → n f = (1010). This
specific multi-particle trajectory is also illustrated in the time-
energy diagram of Fig. 4(c). Including a finite-energy transi-
tion at tC , two additional trajectories are generated. The first
trajectory involves a cotunneling event, with ni → (1010) at
tC < t < tB. The corresponding time-energy diagram is shown
in Fig. 4(a). The second trajectory is generated by a CAR
process, where ni → (1111) at tC < t < tB; see Fig. 4(b).
Through the LZ transition at t ≈ tB, both these trajectories
may transit into the selected final state n f . The interference

ε1 ε2

ε3

ε4
(a)

A B

C

D

(b)

(c)

t

E

µTS

FIG. 4. Possible trajectories for the transition ni = (1100) →
n f = (1010) in the time-energy domain; see Figs. 2 and 3(a). Solid
(dotted) lines correspond to occupied (empty) dot levels. The initially
occupied dots 1 and 2 are shown in blue and the initially empty dots 3
and 4 in red. (a) Cotunneling trajectory. (b) CAR trajectory. (c) Ref-
erence trajectory without high-energy transitions. The interference of
those three trajectories can be observed by monitoring the occupation
probability P[n f ]; see main text.

of those three trajectories leaves clear signatures in P[n f ] as
shown in Sec. III B below.

More generally, finite-energy transitions can generate a
multitude of trajectories with relative weight ∼w jk on top of a
reference path, which may then interfere with each other. On
the other hand, for n f = (1100) or (1001), we observe from
Fig. 3(d) that no interference is possible since only a single
multi-particle trajectory exists.

B. Interference signature for Majorana states

To further simplify the notation, we next assume that all
tunnel couplings are equal, λ j = λ. For every LZ transition,
we thus have the same success probability p = e−πλ2/α and
the same phase shift ϕ. Moreover, cotunneling and CAR
transitions at t ≈ tC involve just one parameter, w = λ2/ε2

C .
For ni = (1100), see Fig. 3, the probabilities P[n f ] =

Pn1n2n3n4 with even
∑

j n j then take the following form. As
expected from Fig. 3(d), P1100 = p4 and P1001 = p2(1 − p)2

do not contain interference terms. However, all other probabil-
ities for the outcomes in Fig. 3 exhibit oscillatory Stückelberg-
like interference terms ∼cos η with the phase

η = χ − 2ϕ. (28)

In particular, we find

P1010 = P0101 = P0000 = p2|1 − p − w(2p − 1)eiη|2, (29)

and

P0011 = (1 − p)2|1 − p − 4wpeiη|2,
P0110 = p2(1 − p)2|1 + 4weiη|2. (30)
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Remarkably, for the three measurement outcomes in
Eq. (29), we encounter an interference signal ∝w(2p −
1) cos η. By changing the LZ probability across the critical
value p = pc = 1/2, the interference pattern in P[n f ] effec-
tively acquires a phase shift of π . Such phase shifts occur only
for the specific outcomes in Eq. (29) and can be traced back
to the interplay of trajectories with a cotunneling and a CAR
transition. For this reason, one needs at least N = 4 terminals,
cf. Fig. 1, in order to observe this effect.

In practice, one could either change the tunnel couplings λ

to detect this phase shift or change the sweep rate α with the
dynamical phase χ kept constant by adjusting tB − tA. Writing
tB − tA = qλ/α with a factor q � 1, we have χ = − q2

4π
ln p,

resulting in χ ∼ 2π for p ∼ 1/2 and q ∼ 10. We show in
Sec. IV that the π shift is not expected for topologically trivial
settings. In this sense, its observation could represent a clear
signature for Majorana states. Finally, let us note that the in-
terference phase extracted from P[n f ] will in general include
the dynamical phase χ , LZ phase shifts ϕ, and a statistical
phase [45,46] obtained by averaging geometric phases over
many realizations.

IV. TOPOLOGICALLY TRIVIAL CASES

Above we have argued that features like the π shift in
the interference pattern represent a characteristic signature for
Majorana states. To further support this claim, we have carried
out a similar analysis for two topologically trivial variants of
the above setup. The first variant has no subgap states at all,
see Sec. IV A, and the second case arises when MBSs are
replaced by zero-energy Andreev bound states; see Sec. IV B.
As we show below, both cases can easily be distinguished
from the true Majorana setup where each dot couples only
to a single MBS. Finally, for a floating Majorana island with
large charging energy EC , see Refs. [43,44], the setup in Fig. 1
will be analyzed by similar methods in Sec. IV C.

A. No subgap states

In the absence of subgap states, we use the Hamiltonian

H (t ) =
4∑

j=1

[
ε j (t )

(
d†

j d j − 1

2

)
+ Vj

]
+

∑
ν

Eνγ
†
ν γν, (31)

where the island is represented by continuum quasi-particles
with energies Eν � �, with the corresponding fermionic op-
erator γν for quantum numbers ν. The tunnel contacts are
described by

Vj = d†
j

∑
ν

(a jνγν + b jνγ
†
ν ) + H.c., (32)

with complex-valued normal and anomalous tunneling am-
plitudes a jν and b jν , respectively. We again assume a large
superconducting gap, � � max (|εC |, λ j ), and an initial prod-
uct state, |�(ti )〉 = |ni〉 ⊗ |	0〉, where |	0〉 denotes the BCS
ground state of the island with γν |	0〉 = 0 for all ν.

Using a Schrieffer-Wolff transformation, we next project
the Hamiltonian (31) to the low-energy subspace (valid on
subgap scales) for each of the three nonadiabatic regions
at t ≈ tA,B,C . The LZ transitions at tA,B are governed by an

t A

1100 1100

1100

1100

1111

0000

t B

1010

0101

1010

0110

0011

0110

t C

0110

0000

0101

1001

1111

FIG. 5. Same as in Fig. 3 but for an s-wave BCS island without
subgap states. Starting from an initial state with ni = (1100), only
parity-conserving transitions are allowed.

effective two-level Hamiltonian,

H (t ≈ tA,B) = ε j (t )

2
(d†

j d j − d†
k dk )

+ (λ jkd†
j dk + � jkd†

j d†
k + H.c.), (33)

where

λ jk = −
∑

ν

(a jνa∗
kν − b jνb∗

kν )/Eν,

� jk =
∑

ν

(a jνbkν − b jνakν )/Eν, (34)

with ( j, k) = (1, 3) and (2,4) for t ≈ tA and tB, respectively.
In contrast to the Majorana case, the total fermion number
parity of the dots is now preserved in the nonadiabatic regions
near tA,B. In fact, transitions to above-gap quasiparticle states
average out on timescales above 1/�.

For the nonadiabatic transitions at t ≈ tC , we take into
account only processes relevant on timescales of order 1/εC .
To lowest order in λ jk and � jk , all nonvanishing matrix
elements follow from the relations

|0, 0, n3, n4〉 → �12|1, 1, n3, n4〉,
|n1, n2, 0, 0〉 → �34|n1, n2, 1, 1〉,
|0, n2, 0, n4〉 → (−1)n2�13|1, n2, 1, n4〉,
|n1, 0, n3, 0〉 → (−1)n3�24|n1, 1, n3, 1〉,
|0, n2, n3, 1〉 → (−1)n2+n3λ14|1, n2, n3, 0〉,
|n1, 0, 1, n4〉 → λ23|n1, 1, 0, n4〉, (35)

plus the conjugate processes.
Figure 5 shows the possible dot occupation number tra-

jectories starting from the initial configuration ni = (1100).
Although many probabilities P[n f ] involve interfering multi-
particle trajectories, see Fig. 5, we find that none of them
depends on the dynamical phase shift χ in Eq. (27). The
interference pattern is therefore not adjustable and hence
strongly differs from the Majorana case.
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We note that the model in Eq. (31) may also be useful for
analyzing effects caused by above-gap quasiparticles (e.g., at
finite temperature) in the Majorana device studied in Secs. II
and III. While we have not carried out a detailed analysis, we
anticipate that P[n f ] will then weakly depend on the initial
Majorana state |	〉.

B. Andreev bound states

As a second example for a topologically trivial device, we
next consider a setup where the dots are connected to the
superconducting island through fermionic operators f j rep-
resenting zero-energy Andreev (instead of Majorana) bound
states. In this part, we again neglect above-gap quasiparticles
and use the model

H =
∑

j

Hj (t ), Hj (t ) =
∑

j

[
ε j (t )

(
d†

j d j − 1

2

)
+ Vj

]
,

(36)
where tunneling is described by

Vj = d†
j (λ j f j + δ j f †j ) + H.c. (37)

We choose a gauge with real-valued tunnel couplings λ j � 0,
and also include complex-valued anomalous tunnel couplings
δ j . The Majorana case is recovered for λ j = δ j .

The Hilbert space of the complete system is spanned by the
Fock states (with n j, mj = 0, 1)

|n1m1, n2m2, n3m3, n4m4〉 =
4∏

j=1

(d†
j )n j ( f †j )mj |vac〉, (38)

with the empty state |vac〉 of the full system. The nonadiabatic
transitions at t ≈ tA,B,C are then described by similar expres-
sions for the multi-particle scattering operators S (tA,B,C ) as in
Sec. III A. However, for λ j �= δ j , the corresponding scattering
amplitudes, i.e., u, v and w, will now depend on the parities
(−1)n j+mj of the respective incoming states.

Introducing parity-dependent LZ amplitudes,
(u(e/o)

j , v
(e/o)
j,n j

), with

u(e/o)
j = u(e/o)∗

j , v
(e/o)
j,1 = −v

(e/o)∗
j,0 ≡ v

(e/o)
j , (39)

and parity-dependent cotunneling amplitudes ( j < k),

w
(e/o,e/o)
jk,n j nk

=
λ

(e/o)
j,n j

λ
(e/o)
k,nk

ε2
C

, (40)

where we use the notation

λ
(o)
j,0/1 = λ j ≡ λ

(o)
j , λ

(e)
j,0 = λ

(e)∗
j,1 = δ j ≡ λ

(e)
j , (41)

we arrive (for instance) at the relations

|10, 10, 00, 00〉|t=tA → u(o)
1 u(e)

3 |10, 10, 00, 00〉 + v
(o)
1 v

(e)
3 |01, 10, 11, 00〉 + v

(o)
1 u(e)

3 |01, 10, 00, 00〉 + u(o)
1 v

(e)
3 |10, 10, 11, 00〉,

|10, 10, 00, 00〉|t=tC → |10, 10, 00, 00〉 − w
(oo)
12,11|01, 01, 00, 00〉 − w

(ee)
34,00|10, 10, 11, 11〉

−w
(oe)
14,10|01, 10, 00, 11〉 − w

(oe)
23,10|10, 01, 11, 00〉. (42)

The possible dot configuration trajectories starting from ni =
(1100) are then again described by Fig. 3. However, the cor-
responding expressions for P[n f ] now contain parity-resolved
scattering amplitudes, and hence P[n f ] will depend on the
initial island state |	S〉.

For quantitive results, we consider equal couplings, λ j =
λ > 0 and δ j = δ = δ∗. We then find

u(e/o)
1,2,3,4 ≡ ue/o, v

(e/o)
1,2 = −v

(e/o)∗
3,4 ≡ ve/o,

woo = λ2

ε2
C

, wee = δ2

ε2
C

, woe = weo = λδ

ε2
C

. (43)

Let us give a few examples. For |�(ti)〉 = |ni〉 ⊗ |	S〉, with
ni = (1010) and |	S〉 = |mmmm〉, we obtain the probabilities
P[n f ] = Pn1n2n3n4 in closed form. We here specify only two of
them for m = 0,

P1100 = ∣∣uov
∗
ov

∗
e ue + woe

(
u2

o − |vo|2
)
u2

eeiχ
∣∣2

,

P1001 = ∣∣uov
∗
oueve − woe

(
u2

o − |vo|2
)
v2

e eiχ
∣∣2

. (44)

The corresponding results for m = 1 follow by interchanging
the parity indices, e ↔ o, and the extension to general states

|	S〉 = |m1m2m3m4〉 is also straightforward. In particular,
for λ = δ (implying parity-independent u, v, and w), the
Majorana results of Sec. III are recovered for arbitrary initial
state |	S〉.

While the π phase shift described in Sec. III B can here
also occur for specific initial states, cf. Eq. (44), P[n f ] now
depends on the initial state |	S〉. When repeating the mea-
surement of the final dot configuration many times in order
to obtain the probability distribution P[n f ], the π phase shift
is thus completely washed out. (The same conclusion applies
when quasiparticle poisoning is important.) By contrast, when
individual Majorana states are coupled to the respective dot,
P[n f ] is independent of |	〉, see Sec. III B, resulting in a
robust and quantized π shift.

C. Charging effects

Finally we turn to an interacting version of our setup,
where the floating Majorana island comes with a large charg-
ing energy, EC � max (εC, λ j ). We consider Coulomb valley
conditions such that the physics is dominated by virtual
transitions connecting the lowest island charge state (Q) to
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FIG. 6. Same as Fig. 5 but for a Coulomb-blockaded Majorana
island, again for initial states with ni = (1100). Note that, in this
case, only particle-number conserving transitions are allowed.

neighboring states with charge Q ± 1 only. A Schrieffer-Wolff
transformation yields the effective cotunneling Hamiltonian

H (t ) =
∑

j

ε j (t )

(
d†

j d j − 1

2

)
+

4∑
j �=k=1

� jkd†
j dkγkγ j, (45)

with the cotunneling amplitudes � jk = 2λ jλk/EC . Note that
H (t ) conserves the total particle number of the dot subsystem.

Nonadiabatic transitions are then governed by an effective
two-level Hamiltonian describing the respective level cross-
ing. With the transition amplitudes (ujk, v jk,n j ), where u jk =
u∗

jk and v jk,1 = −v∗
jk,0 ≡ v jk , we find that S (tA,B,C ) acts on

|n〉 ⊗ |	〉 as (n̄ j = 1 − n j)

S (tA) = δn1,n3 + δn1,n̄3 [u13 + v13,n1 (d†
1 − d1)γ1(d†

3 − d3)γ3],

(46)

and similarly for S (tB) with (1, 3) → (2, 4). Transitions near
tC = tD simplify since CAR processes are strongly suppressed
under Coulomb blockade conditions. We obtain

S (tC ) = δn1,n4δn2n3 + δn1,n̄4δn2,n3 [u14 + v14,n1 (d†
1 − d1)

× γ1(d†
4 − d4)γ4] + δn1,n4δn2,n̄3 [u23 + v23,n2 (d†

2 − d2)

× γ2(d†
3 − d3)γ3] + δn1,n̄4δn2,n̄3 [u14 + v14,n1 (d†

1 − d1)

× γ1(d†
4 − d4)γ4][u23 + v23,n2 (d†

2 − d2)γ2(d†
3 − d3)

× γ3]. (47)

Since we have only “uncorrelated” transitions near tC , we
here were able to go beyond perturbation theory in λ j .

Using the above rules, the probability distribution P[n f ]
can be readily computed. Since only particle-number conserv-
ing transitions are allowed, the diagrams in Fig. 6 represent
a truncated version of the EC = 0 case discussed in Secs. II
and III. For ni = (1100), we find that only the following two
probabilities show an interference pattern:

P0011 = |u13v14v23u24 + e2iχv13v24|2, (48)

P0110 = |u13v14v23v
∗
24 + e2iχv13u24|2.

In particular, no π shift is possible due to the absence of CAR
processes.

V. CONCLUSIONS AND OUTLOOK

We have introduced a general scheme to address localized
topological quasiparticles through controlled and robust fea-
tures of many-body interferometry in the time-energy domain.
We believe that this approach offers many interesting perspec-
tives for future research. First, variants of the above setup may
be implemented for studying more exotic quasiparticles. Our
interferometric approach may thus open a new experimental
window for probing topological excitations. Second, when
using many islands and a large number N of dots with tunable
level energies, an extended lattice structure in time-energy
space can be generated. By switching selected tunnel cou-
plings to a small value at defined time intervals, one can
control the links forming this lattice. One may then study
percolation and phase transitions in such a lattice, similar to
but different from recent works on random unitary circuits and
quantum graphs [47–49]. Moreover, following earlier work
on particle localization in energy-time space [50–53], it is
intriguing to generalize this physics to a many-body setting
involving topological quasi-particles. Finally, with additional
couplings between dots, it should be possible to implement
Majorana braiding protocols [22] in the time-energy domain.

ACKNOWLEDGMENTS

We thank K. Snizhko for discussions. This project has
been funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation), Projektnummer 277101999,
TRR 183 (project C01), by the DFG under Germany’s Excel-
lence Strategy—Cluster of Excellence Matter and Light for
Quantum Computing (ML4Q) EXC 2004/1-390534769, by
the Israel Science Foundation, and by the Minerva foundation.

[1] P. Hariharan, Basics of Interferometry, 2nd ed. (Academic Press,
New York, 2006).

[2] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59, 2044
(1987).

[3] For the related but different Hanbury-Brown Twiss case, see
R. Hanbury Brown and R. Q. Twiss, Nature (London) 177, 27
(1956).

[4] I. Neder, N. Ofek, Y. Chung, M. Heiblum, D. Mahalu, and V.
Umansky, Nature (London) 448, 333 (2007).

[5] E. Bocquillon, V. Freulon, J. M. Berroir, P. Degiovanni, B.
Plaçais, A. Cavanna, Y. Fin, and G. Fève, Science 339, 1054
(2013).

[6] V. Freulon, A. Marguerite, J. M. Berroir, B. Plaçais, A.
Cavanna, Y. Jin, and G. Fève, Nat. Commun. 6, 6854 (2015).

023054-8

https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/177027a0
https://doi.org/10.1038/nature05955
https://doi.org/10.1038/nature05955
https://doi.org/10.1038/nature05955
https://doi.org/10.1038/nature05955
https://doi.org/10.1126/science.1232572
https://doi.org/10.1126/science.1232572
https://doi.org/10.1126/science.1232572
https://doi.org/10.1126/science.1232572
https://doi.org/10.1038/ncomms7854
https://doi.org/10.1038/ncomms7854
https://doi.org/10.1038/ncomms7854
https://doi.org/10.1038/ncomms7854


MULTI-PARTICLE INTERFEROMETRY IN THE … PHYSICAL REVIEW RESEARCH 2, 023054 (2020)

[7] C. Bäuerle, D. C. Glattli, T. Meunier, F. Portier, P. Roche,
P. Roulleau, S. Takada, and X. Waintal, Rep. Prog. Phys. 81,
056503 (2018).

[8] P. Samuelsson, E. V. Sukhorukov, and M. Büttiker, Phys. Rev.
Lett. 92, 026805 (2004).

[9] S. Ol’khovskaya, J. Splettstoesser, M. Moskalets, and M.
Büttiker, Phys. Rev. Lett. 101, 166802 (2008).

[10] T. Jonckheere, J. Rech, C. Wahl, and T. Martin, Phys. Rev. B
86, 125425 (2012).

[11] C. W. J. Beenakker, Phys. Rev. Lett. 112, 070604 (2014).
[12] D. Ferraro, J. Rech, T. Jonckheere, and T. Martin, Phys. Rev. B

91, 075406 (2015).
[13] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das

Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[14] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
[15] X. G. Wen, Rev. Mod. Phys. 89, 041004 (2017).
[16] G. Campagnano, O. Zilberberg, I. V. Gornyi, D. E. Feldman,

A. C. Potter, and Y. Gefen, Phys. Rev. Lett. 109, 106802
(2012).

[17] B. Rosenow, I. P. Levkivskyi, and B. I. Halperin, Phys. Rev.
Lett. 116, 156802 (2016).

[18] S. Barbarino, R. Fazio, V. Vedral, and Y. Gefen, Phys. Rev. B
99, 045430 (2019).

[19] L. Fu and C. L. Kane, Phys. Rev. Lett. 102, 216403 (2009).
[20] A. R. Akhmerov, J. Nilsson, and C. W. J. Beenakker, Phys. Rev.

Lett. 102, 216404 (2009).
[21] J. Nakamura, S. Fallahi, H. Sahasrabudhe, R. Rahman, S.

Liang, G. C. Gardner, and M. J. Manfra, Nat. Phys. 15, 563
(2019).

[22] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).
[23] R. M. Lutchyn, E. P. A. M. Bakkers, L. P. Kouwenhoven, P.

Krogstrup, C. M. Marcus, and Y. Oreg, Nat. Rev. Mater. 3, 52
(2017).

[24] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K. Okazaki,
Z. Wang, J. Wen, G. D. Gu, H. Ding, and S. Shin, Science 360,
182 (2018).

[25] D. Wang, L. Kong, P. Fan, H. Chen, S. Zhu, W. Liu, L. Cao, Y.
Sun, S. Du, J. Schneeloch, R. Zhong, G. Gu, L. Fu, H. Ding,
and H.-J. Gao, Science 362, 333 (2018).

[26] Q. Liu, C. Chen, T. Zhang, R. Peng, Y.-J. Yan, C.-H.-P. Wen, X.
Lou, Y.-L. Huang, J.-P. Tian, X.-L. Dong, G.-W. Wang, W.-C.
Bao, Q.-H. Wang, Z.-P. Yin, Z.-X. Zhao, and D.-L. Feng, Phys.
Rev. X 8, 041056 (2018).

[27] L. Landau, Z. Phys. Sowjetunion 1, 88 (1932).
[28] C. Zener, Proc. R. Soc. London A 137, 696 (1932).
[29] E. C. G. Stückelberg, Helv. Phys. Acta 5, 369 (1932).
[30] E. Majorana, Nuovo Cimento 9, 43 (1932).
[31] E. Shimshoni and Y. Gefen, Ann. Phys. (NY) 210, 16 (1991).

[32] S. N. Shevchenko, S. Ashhab, and F. Nori, Phys. Rep. 492, 1
(2010).

[33] T. Ihn, S. Gustavsson, U. Gasser, R. Leturcq, I. Shorubalko, and
K. Ensslin, Physica E 42, 803 (2010).

[34] The spin representation is based on the unity relation γ jγ
†
j =

γ
†
j γ j = 1. This relation also holds for parafermions with Zk

symmetry, where the “spin operators” corresponding to Eq. (2)
do not commute with each other, σ j,+σl,ν=± = −e2iπν/kσl,νσ j,+
for j < l , and a rich interference pattern can be expected.
Finally, we note that the above unity relation is not satisfied for
Bogoliubov quasiparticles.

[35] K. Mullen, E. Ben-Jacob, Y. Gefen, and Z. Schuss, Phys. Rev.
Lett. 62, 2543 (1989).

[36] K. Flensberg, Phys. Rev. Lett. 106, 090503 (2011).
[37] M. S. Scheurer and A. Shnirman, Phys. Rev. B 88, 064515

(2013).
[38] W.-C. Huang, Q.-F. Liang, D.-X. Yao, and Z. Wang, Phys. Rev.

A 92, 012308 (2015).
[39] C. Knapp, M. Zaletel, D. E. Liu, M. Cheng, P. Bonderson, and

C. Nayak, Phys. Rev. X 6, 041003 (2016).
[40] Z. Wang, W.-C. Huang, Q.-F. Liang, and X. Hu, Sci. Rep. 8,

7920 (2018).
[41] S. Khlebnikov, Phys. Rev. B 97, 180502(R) (2018).
[42] B. Bauer, T. Karzig, R. V. Mishmash, A. E. Antipov, and J.

Alicea, SciPost 5, 004 (2018).
[43] S. Plugge, A. Rasmussen, R. Egger, and K. Flensberg, New J.

Phys. 19, 012001 (2017).
[44] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B.

Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y. Oreg,
C. M. Marcus, and M. H. Freedman, Phys. Rev. B 95, 235305
(2017).

[45] K. Snizhko, R. Egger, and Y. Gefen, Phys. Rev. Lett. 123,
060405 (2019).

[46] K. Snizhko, R. Egger, and Y. Gefen, Phys. Rev. B 100, 085303
(2019).

[47] Y. Li, X. Chen, and M. P. A. Fisher, Phys. Rev. B 98, 205136
(2018).

[48] A. Nahum, S. Vijay, and J. Haah, Phys. Rev. X 8, 021014
(2018).

[49] V. Khemani, A. Vishwanath, and D. A. Huse, Phys. Rev. X 8,
031057 (2018).

[50] R. Landauer, Phys. Rev. Lett. 58, 2150 (1987).
[51] Y. Gefen and D. J. Thouless, Phys. Rev. Lett. 59, 1752 (1987);

Philos. Mag. 856, 1005 (1987).
[52] D. Lubin, Y. Gefen, and I. Goldhirsch, Phys. Rev. B 41, 4441

(1990).
[53] I. Goldhirsch, D. Lubin, and Y. Gefen, Phys. Rev. Lett. 67, 3582

(1991).

023054-9

https://doi.org/10.1088/1361-6633/aaa98a
https://doi.org/10.1088/1361-6633/aaa98a
https://doi.org/10.1088/1361-6633/aaa98a
https://doi.org/10.1088/1361-6633/aaa98a
https://doi.org/10.1103/PhysRevLett.92.026805
https://doi.org/10.1103/PhysRevLett.92.026805
https://doi.org/10.1103/PhysRevLett.92.026805
https://doi.org/10.1103/PhysRevLett.92.026805
https://doi.org/10.1103/PhysRevLett.101.166802
https://doi.org/10.1103/PhysRevLett.101.166802
https://doi.org/10.1103/PhysRevLett.101.166802
https://doi.org/10.1103/PhysRevLett.101.166802
https://doi.org/10.1103/PhysRevB.86.125425
https://doi.org/10.1103/PhysRevB.86.125425
https://doi.org/10.1103/PhysRevB.86.125425
https://doi.org/10.1103/PhysRevB.86.125425
https://doi.org/10.1103/PhysRevLett.112.070604
https://doi.org/10.1103/PhysRevLett.112.070604
https://doi.org/10.1103/PhysRevLett.112.070604
https://doi.org/10.1103/PhysRevLett.112.070604
https://doi.org/10.1103/PhysRevB.91.075406
https://doi.org/10.1103/PhysRevB.91.075406
https://doi.org/10.1103/PhysRevB.91.075406
https://doi.org/10.1103/PhysRevB.91.075406
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.89.041004
https://doi.org/10.1103/RevModPhys.89.041004
https://doi.org/10.1103/RevModPhys.89.041004
https://doi.org/10.1103/RevModPhys.89.041004
https://doi.org/10.1103/PhysRevLett.109.106802
https://doi.org/10.1103/PhysRevLett.109.106802
https://doi.org/10.1103/PhysRevLett.109.106802
https://doi.org/10.1103/PhysRevLett.109.106802
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1103/PhysRevLett.116.156802
https://doi.org/10.1103/PhysRevB.99.045430
https://doi.org/10.1103/PhysRevB.99.045430
https://doi.org/10.1103/PhysRevB.99.045430
https://doi.org/10.1103/PhysRevB.99.045430
https://doi.org/10.1103/PhysRevLett.102.216403
https://doi.org/10.1103/PhysRevLett.102.216403
https://doi.org/10.1103/PhysRevLett.102.216403
https://doi.org/10.1103/PhysRevLett.102.216403
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1103/PhysRevLett.102.216404
https://doi.org/10.1038/s41567-019-0441-8
https://doi.org/10.1038/s41567-019-0441-8
https://doi.org/10.1038/s41567-019-0441-8
https://doi.org/10.1038/s41567-019-0441-8
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aan4596
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1126/science.aao1797
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1103/PhysRevX.8.041056
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1098/rspa.1932.0165
https://doi.org/10.1007/BF02960953
https://doi.org/10.1007/BF02960953
https://doi.org/10.1007/BF02960953
https://doi.org/10.1007/BF02960953
https://doi.org/10.1016/0003-4916(91)90275-D
https://doi.org/10.1016/0003-4916(91)90275-D
https://doi.org/10.1016/0003-4916(91)90275-D
https://doi.org/10.1016/0003-4916(91)90275-D
https://doi.org/10.1016/j.physrep.2010.03.002
https://doi.org/10.1016/j.physrep.2010.03.002
https://doi.org/10.1016/j.physrep.2010.03.002
https://doi.org/10.1016/j.physrep.2010.03.002
https://doi.org/10.1016/j.physe.2009.11.087
https://doi.org/10.1016/j.physe.2009.11.087
https://doi.org/10.1016/j.physe.2009.11.087
https://doi.org/10.1016/j.physe.2009.11.087
https://doi.org/10.1103/PhysRevLett.62.2543
https://doi.org/10.1103/PhysRevLett.62.2543
https://doi.org/10.1103/PhysRevLett.62.2543
https://doi.org/10.1103/PhysRevLett.62.2543
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1103/PhysRevB.88.064515
https://doi.org/10.1103/PhysRevB.88.064515
https://doi.org/10.1103/PhysRevB.88.064515
https://doi.org/10.1103/PhysRevB.88.064515
https://doi.org/10.1103/PhysRevA.92.012308
https://doi.org/10.1103/PhysRevA.92.012308
https://doi.org/10.1103/PhysRevA.92.012308
https://doi.org/10.1103/PhysRevA.92.012308
https://doi.org/10.1103/PhysRevX.6.041003
https://doi.org/10.1103/PhysRevX.6.041003
https://doi.org/10.1103/PhysRevX.6.041003
https://doi.org/10.1103/PhysRevX.6.041003
https://doi.org/10.1038/s41598-018-26324-5
https://doi.org/10.1038/s41598-018-26324-5
https://doi.org/10.1038/s41598-018-26324-5
https://doi.org/10.1038/s41598-018-26324-5
https://doi.org/10.1103/PhysRevB.97.180502
https://doi.org/10.1103/PhysRevB.97.180502
https://doi.org/10.1103/PhysRevB.97.180502
https://doi.org/10.1103/PhysRevB.97.180502
https://doi.org/10.21468/SciPostPhys.5.1.004
https://doi.org/10.21468/SciPostPhys.5.1.004
https://doi.org/10.21468/SciPostPhys.5.1.004
https://doi.org/10.21468/SciPostPhys.5.1.004
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevLett.123.060405
https://doi.org/10.1103/PhysRevLett.123.060405
https://doi.org/10.1103/PhysRevLett.123.060405
https://doi.org/10.1103/PhysRevLett.123.060405
https://doi.org/10.1103/PhysRevB.100.085303
https://doi.org/10.1103/PhysRevB.100.085303
https://doi.org/10.1103/PhysRevB.100.085303
https://doi.org/10.1103/PhysRevB.100.085303
https://doi.org/10.1103/PhysRevB.98.205136
https://doi.org/10.1103/PhysRevB.98.205136
https://doi.org/10.1103/PhysRevB.98.205136
https://doi.org/10.1103/PhysRevB.98.205136
https://doi.org/10.1103/PhysRevX.8.021014
https://doi.org/10.1103/PhysRevX.8.021014
https://doi.org/10.1103/PhysRevX.8.021014
https://doi.org/10.1103/PhysRevX.8.021014
https://doi.org/10.1103/PhysRevX.8.031057
https://doi.org/10.1103/PhysRevX.8.031057
https://doi.org/10.1103/PhysRevX.8.031057
https://doi.org/10.1103/PhysRevX.8.031057
https://doi.org/10.1103/PhysRevLett.58.2150
https://doi.org/10.1103/PhysRevLett.58.2150
https://doi.org/10.1103/PhysRevLett.58.2150
https://doi.org/10.1103/PhysRevLett.58.2150
https://doi.org/10.1103/PhysRevLett.59.1752
https://doi.org/10.1103/PhysRevLett.59.1752
https://doi.org/10.1103/PhysRevLett.59.1752
https://doi.org/10.1103/PhysRevLett.59.1752
https://doi.org/10.1080/13642818708215337
https://doi.org/10.1080/13642818708215337
https://doi.org/10.1080/13642818708215337
https://doi.org/10.1080/13642818708215337
https://doi.org/10.1103/PhysRevB.41.4441
https://doi.org/10.1103/PhysRevB.41.4441
https://doi.org/10.1103/PhysRevB.41.4441
https://doi.org/10.1103/PhysRevB.41.4441
https://doi.org/10.1103/PhysRevLett.67.3582
https://doi.org/10.1103/PhysRevLett.67.3582
https://doi.org/10.1103/PhysRevLett.67.3582
https://doi.org/10.1103/PhysRevLett.67.3582

