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Periodic source of energy-entangled electrons in helical states coupled to a BCS superconductor
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We propose a source of purely electronic energy-entangled states implemented in a solid-state system with
potential applications in quantum information protocols based on electron flying qubits. The proposed device
relies on the standard tools of electron quantum optics and exploits entanglement of the Cooper pairs of a BCS
superconductor. The latter is coupled via an adjustable quantum point contact to two opposite spin-polarized
electron waveguides, which are driven by trains of Lorentzian pulses. This specific choice for the drive is crucial
to inject purely electronic entangled states devoid of spurious electron-hole pairs. In the Andreev regime, a
perturbative calculation in the tunnel coupling confirms that entangled electron states are generated at the output
of the normal side. We introduce a quantity related to charge current cross correlations which allows one to
experimentally verify the entangled nature of the emitted state.
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I. INTRODUCTION

Quantum electronics is a fascinating research field address-
ing the fundamental properties of matter by accessing its
quantum properties, such as interference and entanglement
[1-4]. Nowadays, on-chip devices have been realized and
tested in ground-breaking experiments to probe the quantum
nature of electronic states down to the single-electron level
[5-9]. These major achievements have been enabled by the
implementation of a variety of single-electron emission pro-
tocols, such as acoustic surface waves [10,11], periodically
driven quantum dots [12-14], or Lorentzian-shaped voltage
drives [15]. The latter source is based on the proposal of
Levitov et al. that pulses with a Lorentzian profile can be
tuned to excite purely electronic excitations, i.e., devoid of
any additional electron-hole pairs, on top of the Fermi sea
[16-18]. These quasiparticles have then been termed levitons
[19]. By properly setting the drive parameters, the total charge
emitted in one period can be varied, thus allowing for the
simultaneous injection of multiple levitons [15,20]. Compared
to other sources of isolated electrons, the excitations emitted
by quantized Lorentzian-shaped pulses possess an intriguing
property for individual quantum systems: they are not entan-
gled with their environment [21].

This initial theoretical proposal originated several experi-
mental breakthroughs using levitonic quasiparticles [22,23].
For instance, the measurement of quantum transport proper-
ties of systems driven by Lorentzian-shaped pulses allowed
one to observe fermion antibunching [15,22] and to perform
electron tomography and time-resolved reconstruction of the
leviton wave function [13,24-26]. Many theoretical proposals
are still increasing the interest for levitons, which include the
excitations of half-charge zero-energy quasiparticles [27] or
the generation of electron-hole entanglement in Mach-Zender
interferometers [28,29]. An appealing research direction is
to investigate the effects of electron correlations, which are
ubiquitous in mesoscopic physics, on the generation and dy-
namics of single-electron excitations [30]. The properties of
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levitons are currently assessed theoretically in strongly corre-
lated systems, such as the fractional quantum Hall effect [31],
where their stability with respect to the interaction has been
proven [32], even for thermal transport [33-35], and peculiar
effects, such as an analog of Wigner crystallization, have been
proposed [36-38]. Moreover, the effects of superconducting
correlations have also been taken into account for levitons in
the presence of tunneling junctions between two supercon-
ductors or between a normal system and a superconductor
[39-43].

This vast research framework, built on the close coop-
eration between theory and experiments, is called electron
quantum optics [44-48]. Indeed, the starting motivation for
this research field was to reproduce quantum optics experi-
ments by replacing photons by electrons. Nevertheless, the
fact that single-electron excitations are easily exposed to in-
teractions is a marked difference in comparison with photon
quantum states [49-51]. In this sense, the electron quantum
optics scenarios have been increasingly attracting a specula-
tive interest due to possible applications for quantum com-
putation schemes based on electron flying qubits [8,9,52-54].
In this framework, one-dimensional channels existing in
mesoscopic systems, as a consequence of quantum confine-
ment or topological properties, are exploited as waveguides
for these electronic states. These channels are termed quantum
rails and quantum information is encoded by accounting for
the presence or the absence of the flying electron in each of
them. Combining together several quantum rails and single-
electron sources would allow for a purely electronic quantum
computation scheme, which possesses a great potential for
scalability [55,56].

One of the main ingredients for the success of this
scenario is to find realistic implementations of two-qubit
gates, which requires the generation of entanglement between
electron flying qubits [9,57]. The main existing proposals
address this issue by considering the entanglement induced
in Mach-Zender interferometers where quantum rails, over

©2024 American Physical Society
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finite-length regions, are brought sufficiently close to induce a
phase shift due to the Coulomb interaction between electrons
on neighboring channels [58]. While the latter proposal is cer-
tainly of great interest, other sources of entanglement deserve
to be explored in order to offer multiple paths to quantum
information processing with electrons.

In this paper, we investigate a mechanism to generate
entangled pairs of levitons by resorting to the entanglement
naturally existing in the Cooper-pair condensate of a BCS
superconductor [59—62]. More specifically, we will elaborate
on the proposal for an on-demand source of energy-entangled
electron states (EES), based on a hybrid superconducting
system [63—72]. The ballistic channels of a single edge of
a two-dimensional topological insulator (2DTI) [73-75] are
coupled via an adjustable quantum point contact (QPC) to
the BCS superconductor. These one-dimensional topological
edge states, which are termed helical, propagate with opposite
chiralities and, according to spin-momentum locking, they
possess an opposite spin-polarization axis [76-78]. Levitons
can be injected into the system by an AC periodic voltage or
by optical generation with radio-frequency frequency combs
[53]. We decide to focus on the first case for our calculations
in order to exploit the theoretical framework of the photo-
assisted formalism [30,38], but our results are valid for any
type of source of Lorentzian-shaped pulses.

We derive a perturbative expression for the quantum state
emitted in this configuration. Since two simultaneous tunnel-
ing events are required for one Cooper pair to be created, we
employ perturbation theory up to second order in the tunneling
amplitude. Our focus is on the Andreev regime, where the
superconducting gap is the largest energy scale. In this limit,
the BCS ground state is unperturbed and BCS excitations
are excluded, thus also validating the mean-field approach
considered here.

The emitted state propagates nonlocally by spreading over
the two spin-polarized edge channels. In order to assess
its properties, we analytically compute the charge locally
backscattered at the QPC by a quantum average over the emit-
ted state. Importantly, we show that the entangled nature of
the quantum state can be tested in a multiple-QPC setup with
five terminals, i.e., one superconducting lead, two sources, and
two detectors. In this situation, we compute a quantity related
to the detector’s cross correlations [79] and show that it is
always monotonous for separable states, while it can change
sign as a function of the system parameters for entangled
states.

The paper is organized as follows. In Sec. II, we introduce
the Hamiltonian model that we use for a time-dependent per-
turbation theory in the tunnel coupling. Then, in Sec. I, this
formalism is used to compute the quantum state analytically,
when the junction is driven by a periodic bias, in the Andreev
regime of frequencies. This allows us to compute transport
properties, such as the transmitted charge, in Sec. IV. Finally,
in Sec. V, a way to measure the entanglement of the output
state is also proposed, based on a multiple-QPC scheme. In
the following, units where /i = 1 and kg = 1 are employed.

II. MODEL

We focus on the three-terminal device represented in Fig. 1.
The spin 1 () edge state is exiting an electron reservoir

FIG. 1. The setup: An adjustable QPC connects a superconductor
(right, in blue) and the helical edge states of a quantum spin Hall
bar. Along the two channels, quantized Lorentzian-shaped pulses are
injected. The interplay between spin-momentum locking and BCS
superconductivity allows one to emit entangled leviton pairs in the
normal part.

in the top (bottom) part of the bar and propagating with a
fixed chirality to the second electron reservoir in the bottom
(top) part, after having interacted with the superconducting
terminals. The 2DTI edge states and the superconducting lead
are described in equilibrium by the Hamiltonian,

Hy= Y Ef(kv)el, ¢ o
k

N
o=t4

_ i
Hs = Z €ksChy. 8,0 Cks, 8,0

ks
o=11

P
+AY (elis lhss Fehsitisy): D
ks

where Hy (Hy) is the kinetic part of the Hamiltonian of the
normal (superconducting) lead, A is the superconducting gap,
and ¢, , is the annihilation operator for electrons with mo-

mentum k and spin o in the normal lead and ¢, ; , in the
superconducting one. The chemical potential is set to zero
everywhere. The energy dispersion for the helical edge states
is [75,78]

EY (k) = vy (k= kyyy), @
where spin-momentum locking imposes vy = —v, and
ky = —k,.

The superconducting Hamiltonian can be diagonalized by

resorting to the Bogoliubov-Valatin transformation. The latter
introduces new fermions in the superconductor [80],

Veo = UkCh g, + Sign(@)vic_i 5.7, )

where sign(1 / |) = %, and u; and vy are the superconductor
coherence factors, defined up to a complex phase factor as
Ek

1
| = —= 14 ——,
STV T Es

o = —= 1 )
) Es(k)’

where Es(k) = (¢} + A?)"/? is the energy required to create
an excitation of momentum k in the superconductor and ¢; is
the kinetic energy of the said excitation. We see that in the

245410-2



PERIODIC SOURCE OF ENERGY-ENTANGLED ELECTRONS ...

PHYSICAL REVIEW B 110, 245410 (2024)

Andreev limit, i.e., for gy < A, Es(k) & A is independent of
kand |ux| = |vg| = 1/+/2 for any k.

The fermion operators yx , describe quasiparticles excited
at energies above the BCS ground state, which represents the
vacuum state for these fermions. Therefore, their action on the
BCS ground state |Wpcs) is

Yo |¥Bes) =0,

Ve o Vi |WBCs) = 88000 Wcs). )

A. Tunneling matrix and periodic drive

In our proposal, we connect the helical edge of the 2DTI
to the superconducting lead by means of a QPC. The formal
description of the tunneling processes can be carried out in
the Nambu-Keldysh formalism by identifying the edge states
of the 2DTT as the left lead and the superconductor as the right
one. Following this line, one defines the Nambu spinors,

Yl =@, G4), Yk=@ss Gsy).  (6)
where we introduce the fermion operators in real space
Cjo and C;s, for the normal and superconducting parts,
respectively. The tunneling occurs at the site j = 0. The cor-
responding tunneling Hamiltonian between the leads is

Hr = /Wiy + Hee. (7
The tunnel matrix between the coupled sites of the left and
right leads of the junction is Hermitian, i.e., W;R = Wge, and
it is defined as
Wig = Aoye ™), ®)
with o, the Pauli matrix in Nambu space and A the tun-
neling amplitude. The phase ¢(t) =e f:oo dr’'V (') is the
time-dependent phase difference between the leads, which
accounts for the drive V (¢), applied to the normal leads. We
focus on periodical drives with period 7 and frequency 2/27,
such that 7 = 27 /Q.

For later calculations, it is convenient to introduce the

photo-assisted coefficients p; by means of which we can

express the electron phase in terms of the following Fourier
series:

0 — Zplei(l+q)ﬂt-
1

©))

In the following, we will consider a specific form of the
voltage drive,

+00

Vi(t) = Z

k=—o00

Yo v
ER T

The above equation represents a periodic train of Lorentzian-
shaped pulses with amplitude V,, and width y. Each pulse
carries a charge —ge = ¢/(2m) fOT dz V(¢). The main charac-
teristic of Lorentzian-shaped pulses is that for integer values

of ¢, the corresponding photo-assisted coefficients satisfy
p1 = 0for ! < —q. In this case, the injected pulses are termed
levitons. The general expression for these photo-assisted co-
efficients in the case of Lorentzian-shaped pulses is

[}
rd —4mns
D =q6727”]l Z(_l)s (I+s+q) e
s=0

C(l4+qg—s)si(s+1)!"

(11)
where we introduced n = y /7.

B. Time evolution and interaction picture

Below, we introduce the time-evolution operator in the
interaction picture with respect to the tunneling Hamiltonian
as a preliminary step to the perturbative calculation of the
electron state created in the system by the voltage drive.

As a starting point, we separate the total Hamiltonian be-
tween the contribution of the two separated leads as Hy =
Hy + Hyg and the tunneling term, thus finding, for the total

Hamiltonian,
H = Hy + Hy. (12)

It is useful to provide an explicit expression of the tunnel-
ing Hamiltonian,

—1 €
Hy = A Z (e70cf cigs0) (13)
kn ks,
o=1],e=*
where € = — indicates the Hermitian conjugate. For the per-

turbative calculations, we resort to an interaction picture with
Hr as a perturbation. As a result, we can introduce the time-
evolution operator, which is written as
t
S(t, —00) = T exp [—i/ dt/HTI(t’)i|, (14)
—0oQ

where T is the time-ordering operator, and where Hry;(¢) de-
notes the tunnel Hamiltonian in the interaction picture as

Hr (1) = ™ Hpe= Mo (15)

As anticipated, Cooper-pair emission requires two tunneling
events and is therefore dominated by the A? terms. As a result,
for the following calculation of the quantum state, it is useful
to present the expansion of the time-evolution operator up to
the second order in the tunneling amplitude. The latter reads

S@t, —00) =14 SV, —00) + SP(t, —00) + O,
(16)
where

SV, —00) = —i/

—0Q

t

deyHry (1),

1 t n
SOz, —00) = ——/ dll/ dt, T[Hyy(t1)Hr1(12)].
2 ) —00
(17
III. PERTURBATIVE CALCULATION
OF THE QUANTUM STATE

In this section, we compute the quantum state induced
in our system by the presence of the driving voltage V (¢).
In order to perform this calculation, we employ perturbation
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theory and, therefore, we will make use of the perturbative ex-
pansion of the time-evolution operator presented in Eq. (17).
The calculation is performed by evaluating the action of the
time-evolution operator on the ground state of the system,
which we identify as the tensor products of the ground states
of each constituent part of the system,

0) = |F}) ® |F)) ® [Waes), (18)

where |F,) is the Fermi sea of spin channel o. After the
different parts of the system are coupled by the QPC and the
voltage drive is switched on, the resulting quantum state is
obtained by the action of the time-evolution operator S on the
ground state,

|F (1)) = S(t, —00)|0). 19)

Our focus is on the Andreev regime for which the gap is
the largest energy scale and no BCS quasiparticle can be
excited at the outcome of second-order perturbation theory.
As a result, in the time evolution of the system, we exclude
all the tunneling processes that alter the BCS ground state of
the superconductor. This superselection rule implies that only
terms involving products of the pair y, yktm can contribute
to the evolution of the quantum state. As a consequence, all
the odd terms in the perturbative expansion are excluded: in
particular, we can neglect the term S (¢, —o00).

We will focus on the second-order term in the perturbative
expansion, such that

|F@@)) = SP(t, —00)|0). (20)

The latter state can be formally presented in terms of two
contributions as

|F@ @) = | Fip(t)) + | Fap(t)). 1)

In the above expression, the first term corresponds to the
generation of electron-hole pairs above the Fermi ground state
of the normal part. The second term describes the creation of
pairs of two electrons or two holes. By excluding the creation
of quasiparticle excitations above the BCS ground state, the
first contribution will be neglected in the rest of this paper.
In Appendix A, we rigorously show that the term | Fy,(¢)) is
independent of the voltage drive in the Andreev limit and can
therefore be left out of our discussion. This is in agreement
with the physical picture for which only Cooper pairs can be
transferred in the limit of large gap.

For these reasons, we will focus only on the two-particle
terms for the rest of this work and set

| Fap(0)). (22)

The above approximation is valid in the Andreev limit,
A/Q > 1.

|F@ @) ~

A. Time-dependent quantum state

We compute the two-particle terms in the quantum state
generated at the QPC by the presence of the driving voltage.
We start by replacing the Fourier coefficients in Eq. (9) and
by using Eq. (4), allowing us to write uzvy = £A/[2Eg(k)],

so that one has

. MA
|FO (1)) = —~ > E[Ug )] Ll 5+ Ve ycu 100,

k,k' o
(23)
where &;,; = £ and
pl pm at
Uz, () = / dy / dr, 2
k" ZZE Es(ks)©
m,ks
x el[EHq(k)_ES(kS)]tl i[EG, )+Es(ks)]t2 (24)

PiPm
Vi @t) = / dr / dt, e
1; Es(ks)®
N
x e/l Elg®=Es(ko)]un il ~EL k) +Es(—ko)] (05
where we defined, for notation convenience, Eza+ q (k) =
EY (k) — (I + ¢)2, and we introduced the parameter o — 0t
to ensure the convergence of integrals. By using the anticom-
mutation properties of fermion operators, the sum over o in
Eq. (23) can be computed and the state can be recast as

2

- A
IFOw) == g[ Yo O ych ) + Yo e 4, ]10),
’ (26)
where we defined
YL () = AIUL () + UL (0], 27)
Yo (1) = AV () + Vi, (0] (28)

In the following, we will focus on the calculation of the
integrals in U/, and V},,: the derivation will be carried out in
parallel. Here, it is useful to express an intermediate result: let
I be the following integral,

131

I = lim dn, exp [i(E — ia)tp]
a—0 —00
_ i iEN
— lim —¢ (29)
as0 E — i

This allows us to perform the time integrals in Eqs. (24)
and (25) successively. First carrying out the integral over 15,
one has

**0{[]

Ug (t) = — Z/ dry pg:?ks)

1,m,kg
e[ l+q(k)+ m+q(k/)]t1
PiPme e
V=2 / M sty

1,m,ks

(30)

o iER G+EL )]

. 31
*[~Eg,, k) + Es(—ks) — ia] Gh
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Then, by again using the result of Eq. (29), we compute the integral over #;, yielding

GLETCFES, (D] jar

4 PP
U /([) = ’ (32)
: sz: Estks) [ (&) + Es(ks) — iod][ 1+q(k> + Efyy (k) — ia]
—i[Ef (O+Ey (kD]
V;:k’ (t) = PiPm - : . . (33)
1,m,ks Es(ks) [ Eq (k) + Es(—ks) — ][ gk + Eq. (k) + la]

B. Large-gap limit

In the large-gap limit, defined as the case for which the
superconducting gap A is the largest energy scale, the above
expressions can be further simplified. In this regime, one can
write

1 1
+Eg. (k') + Es(£ks)  Es(Zks)’

(34)

as long as the terms in the sum over k and k" appearing in the
quantum state can be neglected when |E] q(k’)| ~ A. Here,
we will show that this is indeed the case. First of all, the
energies appearing in U,(Tk, (Vka,) must all be positive (negative)
because these coefficients multiply two creation (annihilation)
operators acting on the vacuum state. As a consequence, the
expressions EZ g (k") & Eg(4ks) never vanish. This means
that when |E° g (K")| ~ A, the coefficients Ug, (t) and V7, ()
behave as 1/ A3 while when |E; +q(k’ )| < A, they behave as
1/ AZ. Therefore, we can safely set, in the Andreev regime,

gy = Ay PP TR
A [E g () + Eniq(K) — i o]

Vi =2 Y B e e
A (B (0 + Ef (&) + ]

where, by using Eg(ks) = Es(—ks), we defined the common
prefactor,

1
AngkZY E) (37)

which includes all the information about the sum over the
superconducting momenta. Interestingly, metallic and super-
conducting degrees of freedom are decoupled. We can further
simplify these coefficients by substituting [ + m — [ and per-
form the sum over m,

Z Pi_mw(@p, (@) = pj(2q), (38)

thus obtaining
o P (2q)ellERO+ET ()~ (142021 pat
ukk’(t):Xz L — .
— [Eg(0) + E{() — (1 + 292 — ia]
(39)

p1(2q)e TERO+ES K)—(1+29)20r por
Ve () = .
= Z [E5.() + EG(0) — (L + 2)2 + o]
(40)

We observe that these two coefficients are both invariant if we
simultaneously exchange o <> & and k <> k’. We exploit this

(

invariance to simplify the coefficients defined in Egs. (27) and
(28) as

Y = 2AUw, (41
T, =2AVw, 42)

where we defined Uy = Z/lka, = L{,jk and Vi = Vka, = Vkl,k.

One readily sees at this stage that the state in Eq. (20) is
entangled since it cannot be written as a product of two states
acting separately on the two Fermi sea of electrons with spin
1 and |. Indeed, as can be seen from Egs. (27) and (28), the
coefficients Tki;(, cannot be recast as a product of two separate
functions of k and k.

For later calculation of the transport properties, it is useful
to anticipate that for the squared norms of Egs. (41) and (42),
one has

2A5 pi(2q)e TR
[ES (k) 4+ EY (k) — (I +29)Q + ia]
43)

| kk’(t)l =

We comment that the above expressions are periodic functions
of time with period 7 = 27 /.

We are interested in the expression for the state in the long-
time limit. For this purpose, we use the result

eiEt t

t—oo [E t—00

dr'e"’ = 27 8(E). (44)

—00

By inserting the above expression into Egs. (39) and (40), one
finds, in the limit o« — O,

Y = idmAs Y pi Q@)S[EF (k) + E§ (k) — (1 +29)%],
l
45)

Yo = —idmAs Yy pIQOS[ER(K) + ER(K) — (1 +29)2].
!
(46)

The energies appearing in the § functions of Eq. (45)
[Eq. (46)] are always positive [negative] for both k and &’
because of the action of the fermion creation [annihilation] op-
erators on the vacuum state of the normal regions. For a train
of Lorentzian-shaped pulses for which 2¢g € N, the photo-
assisted coefficients obey the property p; = 0 for! < —24q. As
aresult, both § functions in Eqgs. (45) and (46) set the condition
that the energies Ey are necessarily positive for any k and &’
The term with two annihilation operators must then vanish in
Eq. (26). We conclude that the final state generated by driving
the system with a periodic train of Lorentzian-shaped pulses
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(with 2g € N,) is purely electronic and reads

IFE ) = Z Tioch, Tckf,¢|0>- (47)
3

We remark that if this state only contains electrons, it is due
to the peculiar properties of the levitons. For any other type
of drive, the terms associated with the two holes cannot be
neglected. Indeed, the state in Eq. (47) is a purely electronic
energy-entangled state.

IV. AVERAGE BACKSCATTERED CHARGE

The time-dependent charge backscattered at the QPC for
electrons with spin o is defined as

Qs (1) = e(F() Y _cf o, , | F()). (48)
k |

Qa(t)—— Z

ki k
ko, k,

We use Wick’s theorem to compute the averages. One has
f Poat
<Ckiqlckl’Tck,ack’dckz,Tcké,J =

Pt -
(Cki,Lckl,Tck,o-ck»o'ckqucké&) =

Despite the fact that this quantity is defined at the position of
the QPC, for 2DTTs, according to the spin-momentum locking
of the edge channels, the charge O, () corresponds to the one
which is measured in the reservoir at the end of each channel.
Moreover, we assumed that the total charge in the vacuum
state is zero, such that

(01Y cf ,¢,10)=0. (49)
k

We observe that the backscattered charge is induced solely by
the presence of the driving voltage and that this quantity is
related only to the transfer of Cooper pairs from the supercon-
ductor to the topological edge states.

By using the expression for the two-particle state in
Eq. (26) and the coefficients in Eqgs. (27) and (28), the average
for the charge operator becomes

* F oo oo
Kok, o[, ko, ®]" (Ck/ ¢Cl< Tckackgck’ rei1) + TI:;k (t)[le]_k; )] <Ck;fickl~Tck,ock-'~7ck2,?cké,¢>]' (50)

(80,18, + 3o.¢5k,k;)3k;,k; 8ty ®[E1$(kl )]®[E]$(k; ), (51)

(80,18t + 80,18k )8y kSt s OT—E (k1 1O[—Epy (k)] (52)

Here, we focused only on the connected contribution by removing all the average on operators with the same momentum by

means of Eq. (49).
The time-dependent charge becomes

t_ek4
Qa()—T

Y T OPOLES (OIOLEN(K)] — 1T (DI OL—E} ()1O[—Ey (K)]). (53)
kK’

We replace the discrete sums with integrals over energies, by putting EIG (k) = ® and E]f,(k) = «'. Here, we use the linear
approximation for the energies of the normal part, which is exact in the case of helical edge states, such that

EZ (k) = vy (k — kg ). (54)

The expression for the backscattered charge can be recast as

P;q)pn(29)e ¥ [O(0)O (@) — O(=w)B(=w)]

d d
Qa(t) = €)\4A§VTV¢ / _CU / _CU
27 ) 2m

where we introduce v, = Zk 8[w — Ef (k)] as the density of
states of the Quantum Spin Hall (QSH) edge states, which
is constant for a system with linear energy dispersion. The
details of the calculation of these integrals are given in
Appendix B. Finally, the charge becomes

2 t
Q. (1) :A4A§v¢vle— / dr'e® V). (56)
27 J_o

We notice that Q4(t) = Q,(¢). Starting from the expression
for the quantum states, we recover the intuitive result for the
backscattered charge, i.e., that it is given by the integral of
the drive until the time ¢. Nevertheless, no information about
the entangled nature of the state can be extracted from this
quantity. In the next section, we will derive an observable
which can distinguish between product states and entangled
states. We will apply this result to the case of the quantum

—~ o+ = (1 +29)2 —

; —, (55)
io]lo + o' — (m+2¢)Q2 + ix]

(

state derived before and show how to detect the entanglement
produced by our source in a modified setup.

V. CROSS CORRELATION AS A WITNESS OF
ELECTRON-ELECTRON ENTANGLEMENT

In this section, we propose a way to detect the energy
entanglement of the quantum state appearing in Eq. (26). The
choice of quantized Lorentzian-shaped pulses allows us, as
shown in Sec. I1I, to focus on the injection of purely electronic
entangled states, by setting Ey(k) > 0 and Ex (k") > 0. For
the sake of completeness, we report the corresponding elec-
tronic state below,

|IFP @) = ZTkk,ck 1cp,10). (57)

kK
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sC [t

.||_ 6
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FIG. 2. A quantum spin Hall bar in a six-terminal configuration
with four QPCs. Terminals 1 and 2 are driven by Lorentzian-shaped
periodic voltages, while terminals 3 and 4 are the detectors and the
other terminals are grounded. A superconducting lead is coupled to
the helical edge channels in the middle of the quantum spin Hall bar.
One double-QPC barrier is placed on each on the two side of the
superconductor. By measuring the cross-correlation noise between
detectors, one is able to assess the entangled nature of the quantum
state generated by the interplay with the BCS superconductivity.

All the results can be straightforwardly extended to the
case of a two-hole state obtained by setting Ex(k) < O and
Eyn(k") <O.

In the following, we present the setup and the experimental
quantity that can be used to detect the entanglement of the
state in Eq. (57). Let us present the principle of the probing
device. The entanglement is characterized by the factor T,i' v
[see Eq. (45)], which imposes that if the state contains an
electron of spin up with energy k, the spin-down electron has
an energy k£’ which can only take discrete values (these depend
on k and on the characteristics of the leviton drive encoded in
the ¢, 2, and the p; coefficients). One way to characterize
the entanglement is then to take advantage of the helicity
of the edge states: the two electrons emitted from the BCS
lead travel naturally to the opposite sides of the device. One
can then separately access the currents produced by the two
electrons from an injected pair. Sending these currents into
energy-filtering devices will modify the correlations between
the two currents in a way which is specific to the entanglement
contained in T,j - As a simple schematic example, suppose
that the spin-up current is filtered such that only an electron
with energy ko contributes to the current. Then the spin-down
current only contains electrons of energy k” allowed by T,:g o
and the current correlations will strongly depend on how the
k" energies are filtered.

The setup is presented in Fig. 2. On each side of the source
of entangled electrons, we connect two QPCs in series, each
of them is characterized by a constant reflectivity amplitude r.
The two QPCs are placed at a distance Dy and Dy from each
other, respectively, in the left and right parts of the device. The
presence of two QPCs produces the required energy filtering
in the phase of electron states passing through these barriers
[81-83]. A similar interferometric setup has already been
proposed in Ref. [28] as a Mach-Zender-like device to probe
electron-hole entanglement.

It is instructive to remark that the proposed setup for wit-
nessing energy entanglement described in this paper bears
similarities (spin separation followed by energy filtering) with

(a) G (b)

(LL) _ 9 o0
&34 2J34

e

3 4

(1,R) (0)
(© S — 283

e

PN :

FIG. 3. Sketch of the different tunneling processes associated
with different cross correlators in the weak-backscattering regime.
(a) The cross correlator 5;2) contains information about tunneling
processes where no interference occurs: the tunneling at each QPC
is an independent event. (b),(c) The cross correlators 33(;’“ - 5;2)
and S{® — S include only the effect of the interference on one
of the two double barriers since the contributions coming from S;g)
have been subtracted. (d) The cross correlator AS includes only the
tunneling processes where both electrons take quantum interference
paths since all the previous processes have been subtracted according
to Eq. (59). In this way, each double barrier acts as an energy filter,
thus allowing for the detection of energy entanglement between the
two electrons.

the protocol for detecting Bell inequalities violation in normal
metal/BCS superconducting forks from energy entanglement
proposed in Ref. [68] (which is itself inspired from the pho-
tonic case [84]).

In the following, we will show that the entangled nature
of the quantum state |F) can be assessed by measuring the
cross-correlation noise between terminals 3 and 4. The latter
quantity is defined as

S = (FILLIF) — (FILIF) (Fllsl F), (58)

where we introduced the current operators &3 =
evy y . d,j.3dk,3 and I = evy D, d]j’4dk,4. In order to exploit
the correlation induced by the double barriers to extract
information about the state produced at the interface with the
SC, we set each QPC to the weak-backscattering regime, i.e.,
|r| < 1, such that their perturbation on the created entangled
state is minimal. Moreover, in this regime, the tunneling paths
through the system can be easily interpreted. In Fig. 3, we
associated the different tunneling paths at the lowest order in
tunneling with a different contribution to the cross-correlation
noise: this will be crucial to isolate the relevant contribution
containing the necessary energy filtering as discussed above.
In Fig. 3(a), we present a tunneling path in the absence of
interference between two QPCs. These paths give rise to the
correlations which can be observed in a setup with no double
barriers, but only a single QPC on each side: we term this
contribution the cross-correlation noise S;g) and there are four
such processes in total. Then, in Figs. 3(b) and 3(c), we depict
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the case where interference paths occur only on one side of the
system, left or right, respectively. In this case, the associated
cross correlations are the ones which can be measured in a
setup with only one double barrier on the left or the right side,
respectively. We indicate these correlations with Sg}l’L/ ® and
there are two such processes for each side of the system. Ac-
tually, the correlations Sgl’” R also contain the contributions
coming from the tunneling paths with no interference, such
that what is depicted in Figs. 3(b) and 3(c) are tunneling paths
giving rise to some correlations quantified by SS(L’L/ R _ 28§2).
Finally, in order to isolate the contributions containing only
the interference paths on both double barriers, i.e., the ones
where there is some energy filtering for both spin 1 and |
electrons, we should subtract all the previous contributions
from S, thus defining the following quantity:

AS =Sy — 2[5, + S50 - 28], (59)

whose associated tunneling paths are presented in Fig. 3(d).

A. Scattering-matrix description of the double barriers

In order to compute the cross-correlation noise, we employ
a scattering matrix description for the double barriers. We
will consider the case with a single double barrier or with no
double barriers as particular cases. The reflectivity amplitudes
are assumed to be equal for each QPC and corresponding to r.
In this regard, the full scattering matrix of the double § barriers
reads [85]

/
LR PL/R - Ik /R
S,({/ ) _ ; / , (60)
IeL/R  Ti /R
where
2 ,ikDi/r
tem = 1L = (oD
kL/R = Yk L/R = 1 2,i2kDik
1+ t2 _ r2 eiszL/R
TR =Te g =T ( - ) ’ (62)
R k,L/R 1— FZetZkDL/R

where we have R = |r|2, T = |t|?>,and R + T = 1. While here
we have presented the scattering matrix at all orders in tunnel-
ing, all QPCs are assumed to be in the weak-backscattering
regime. This choice is motivated by the research of a quantity
related to the quantum entanglement and is not a necessary
assumption for the calculation, as the noise can be exactly
computed in this configuration by means of the scattering-
matrix formalism. For the sake of clarity, we decided to
differently name the widths of the left and right barriers,
respectively, as Dy and Dg. Nevertheless, for the entanglement
witness, we will set D; = D = D.

In the weak-backscattering regime, one has |r| <« 1 and
|t| > 1. Therefore, the coefficients of the scattering matrix
become

/gl = 1t gl = 1, (63)
FRLR = rllc,L/R ~ r(1 + & Pur)y. (64)
The cross correlation Séi’L/ ) can be obtained by the re-

placement

FeR/L = T (65)

respectively. Therefore, these cross correlators can be mea-
sured in the presented setup by fully opening one QPC in the
right or left double barrier. Similarly, 832) corresponds to a
scattering matrix with

e —> T, (66)

TR —> T- (67)

In terms of the corresponding experimental configuration, 83(2)
can be measured by fully opening one QPC on both sides of
the system.

We describe the tunneling at the double barrier in terms
of a scattering problem of fermions exiting or entering all the
terminals in the system. The fermions “close” to the SC region
in between the two double barriers are ¢ 4/, as appears in
Eq. (57). The fermions exiting (entering) terminal j, with
j=1,...,6, are termed cy ; (di ;). We relate the fermion
operators appearing in the quantum state |F) to the ones
exiting terminals 1,2,3.4 as

Ck,p = U, LCk,1 + Tk, LCk,3, (68)

Ck,y =tk RCk2 + Thk.RCk.4- (69)
In the weak-backscattering regime, the product appearing in
the entangled states reads

ot b kDK Dy)
CorCry = CuiCuae TR 4 0(r 2). (70)

We see already that to lowest order in r, the combination of
operators appearing in Eq. (57) is related only to electrons
exiting from terminals 1 and 2, i.e., those which are driven by
Lorentzian pulses. In this sense, in the channels 1 and |, the
source is producing a quantum state which is equivalent to the
one derived in the previous section, up to a phase. As a result,
despite the presence of the additional QPCs, the presented
configuration can be used to probe the properties of the state
|F).
The operators appearing in the cross correlator S34 are

di4 = Yk RCkp + k RCK5 ™~ Tk RIKLCK1 + T rCE s,  (T1)

di3 = FiLCk,, + W LCki6 ~ Tk LIt RCk2 + ik (72)
In the next part, we will use this scattering-matrix description
to compute the cross correlations S34(Dy, Dg) [86].
B. Calculation of the cross correlations

The cross-correlation noise in Eq. (58) can be computed in
the weak-backscattering regime and to lowest order in A as

S ~ )\.4 2 2 2T+ ’Y“" *
34 Zg vyvy Z Z [|rk3,L| |Vk4,R| kk’[ @’]
ka.ke kK

K
X <Cz,z(czl,zck3,2 - ng.,z)cZ@)

X <c%',1(clt4,lck4ﬂ1 _Nkzt-l)ci’,l)]’ (73)

where we defined Ny ; = (O|cZ ¢k, ;10). Moreover, since the

operators ¢ s and ¢ ¢ do not appear in | F), they will not con-
tribute to the calculation of the cross correlator, despite their
presence in Egs. (71) and (72). As a result, the cross correlator
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is directly related to the electrons going out of terminals 1
and 2, upstream with respect to the QPC, to lowest order in
the tunneling amplitudes. This means that our observable is a
probe of the source of entangled electrons in the absence of
the double barriers, despite the presence of the QPCs.

The cross correlator in Eq. (73) can be simplified by using
Wick’s theorem, thus finding

4

A
Su=evivy Y I Pire eI POLEY (DIOLEY ().
k.k'

(74)
By using Egs. (65) and (67), one can find the cross correlations
in the other configurations as

SiD —_A4|r|262UTU¢ 21v+ POEN (K (4
¥ 4 Z"’kﬂ |V |"OLE (D]OLE (K)],

k,k'
(75)
A retvsv ,
Sy = T Y e kP POLE (IBLE (),
k,k'
(76)

(0) )\.4|r|4€2v7~v¢ ¥ 2 1 Y

S == ) IMLPOIE (IBIEY (K] (77)
koK
By inserting the above quantity in the definition of the en-
tanglement witness in Eq. (59) and the scattering-matrix
coefficients in the weak-backscattering limit [see Eq. (64)],
we obtain
AS = )'R*e*vyv, Y OIEN(K)]OIEy (K]
koK

x cos(2kD) cos(2k/D)|T,§(,|2. (78)

In the rest of this section, we will characterize the latter
quantity and show that it can be used as a witness of the
electron-electron entanglement of the state in Eq. (57) in
systems with time-reversal symmetry (TRS), such as the QSH
edge states.

C. Witness of electron-electron entanglement

For a separable state, the two-particle sector can always be
decomposed into the product of single-particle states [87]. As
a result, the matrix appearing in Eq. (57) would assume the
form Yy = fkT f,f,, such that

. A2
| FP@)) = > DR Y x Y ficl IR, (79)
k k'

For such separable state, the combination of cross correla-
tors defined in Eq. (59) becomes
AS =)*R*e*vyv, Y OIEN(K)OIEy (K]
kK
x cos(2kD) cosRk'D)| 1 211512 (80)

J

AS = ASy(1 — e=471)2E

871D cos(ap 4+ D) + sin(D)] — e¥™"[2D cos(ar ) + sin(2D)] + D cos(D — ar) + sin(D)

For systems with TRS, one has that Elz,(k) = Elt($k), vy =

—v,, and f,j = fik, respectively, such that the expression in
Eq. (80) becomes

2

AS = —)*R**v| > " O[E} (k)] cos (2kD)|f! | .
k

81

which is manifestly a negative or null quantity for any choice
of parameters. The condition AS < 0 for a separable state
allows us to employ this quantity as a witness of electron-
electron entanglement. For a separable state, the quantum
interference processes occurring on the left or right double
barrier are completely independent. As a consequence, the
cross correlations of two-particle states are simply the square
modulus of the same single-particle quantity, as it always
happens for independent entities.

For the entangled state of levitons, we will show that the
same quantity can change sign as a function of the parameters
of the interferometers. We can explicitly compute this quantity
by using the linear approximation for the energy dispersion,

ER (k) = vy (k — ko). (82)
The main calculation is carried out in Appendix C. For sys-
tems with TRS, the final expression is

AS ==AS) ) IpiP{( +2g) coslar + DU +24)]

I>—2q

+ D~ 'sin[D( + 29)1}, (83)
where we defined AS) = 2¢*v{V;A5QA'R. Here we also in-
troduced ap = 4kyD as the phase acquired by an electron
traveling across one double barrier, and D = DS2/v; as the
ratio between the length of the barrier and the average space
separation between two consecutive leviton pulses. The ex-
pression in Eq. (83) can be positive or negative as a function
of the dimensionless system parameters. We conclude that
observing a positive value of AS as a function of D is an indi-
cator of the entangled nature of the quantum state. Physically,
this can be explained by the fact that for entangled states,
the tunneling processes occurring on the two barriers are not
independent and give rise to additional quantum interference
mechanisms which are absent for separable states. In other
words, the intrinsic two-particle nature of these correlations
becomes manifest in the interference oscillations that appear
in Figs. 4 and 5.

We remark that the expression in Eq. (83) is valid
only in the case 2g € Z. The values of the photo-assisted
coefficients are presented in Eq. (11). In particular, for
2g =1, one can derive an analytical expression for AS (see
Appendix C),

4D[cos(D) — cosh(4mn)]?

(84)
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FIG. 4. The entanglement witness AS for o = 0 in units of
AS, as a function of D for different values of the rescaled leviton
half-height width n = y /7T . The charge is set to 2¢ = 1 in the upper
panel and to 2¢g = 2 in the lower panel.

The entanglement witness is presented for 2¢g = 1 and 2g = 2
as a function of D in Figs. 4 and 5 for ay = 0 and ap = 1.5,
respectively. In both cases, this quantity is changing sign as a
function of the system parameters, thus proving that it can be
used as a test for the entanglement generated by the proposed
source.

VI. CONCLUSION

Here, we considered a protocol to create entangled pairs of
levitons in the helical edge states of two-dimensional quantum
spin Hall systems. The entanglement naturally arises in our
proposal by exploiting the proximity effect of a BCS super-
conductor, whose ground state is a condensate of Cooper pairs
entangled in the energy domain. In particular, we proposed
an on-demand periodic source of energy-entangled electron
states. We focused on a two-dimensional topological insula-
tor (2DTI) whose edge states are coupled via an adjustable
quantum point contact (QPC) to the BCS superconductor. The
choice of a two-dimensional topological insulator is illustra-
tive and we speculate that our results can be extended to other
systems with spin-polarized edge states, such as the chiral
edge states of the quantum Hall effect at v = 2. Two sources
of levitons are connected to the topological bar. We decide
to focus on the case of voltage injection of levitons, but our
results are valid for any protocol of injection of Lorentzian-
shaped pulses (see Ref. [53]).

We employed perturbation theory up to second order in the
tunneling amplitude to compute the quantum state emitted in
this configuration. Our focus is on the regime where the su-
perconducting gap is the largest energy scale, i.e., the Andreev
regime. In this limit, the BCS ground state is unperturbed and

J

FIG. 5. The entanglement witness AS for ar = 1.5 in units of
AS, as a function of D for different values of the rescaled leviton
half-height width n = y /7T . The charge is set to 2¢ = 1 in the upper
panel and to 2¢g = 2 in the lower panel.

BCS excitations are excluded in the final outcome, thus also
validating the mean-field approach considered here.

Moreover, we analytically computed the charge locally
backscattered at the QPC by a quantum average over the
emitted state and we found the intuitive result that the charge
is proportional to the integral of the voltage source, thus
validating our perturbative approach. Second, we showed that
the entangled nature of the quantum state can be tested in a
multiple-QPC setup by computing a quantity related to the
cross correlations in this setup. We proved that it is always
monotonous and negative for separable states, while it can
change sign as a function of the system parameters for en-
tangled states. In future extensions of this paper, we plan to
explore ways to quantify the generated entanglement using
measures such as concurrence [78].

The generated energy-entangled states can be exploited in
a variety of quantum protocols based on nanoscale devices,
such as quantum teleportation [88], quantum key distribu-
tion [89], secure cryptography [90-92], or quantum dense
coding [93].
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APPENDIX A: ELECTRON-HOLE CREATION TERM

In this Appendix, we show that the electron-hole term |F(¢)) appearing in Eq. (21) does not depend on the driving voltage
and that its only contribution is to renormalize the coefficient in front of the zeroth-order term.
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As a first step, we write the electron-hole term by making explicit the time dependence of the fermion operator,

IFip(0)) = — = Z / dr, / dty ¢ [0 i) L ER (k) —Es(ks)]n i = E°(kN>+Es<ks>]zzuk cf e G
kK,
k.o
+ei¢(t.)e—iqf;(tz)ei[—E;,’(kN)—Es(—ks)]tnei[Ex‘/(k,’vHEs(—ks)]'zvlzsck Hck, ]|0) (A1)

where « is a positive regularization parameter that will be taken to zero, ensuring that the contribution at —oo vanishes in the
integral over t,. Next, we express the voltage phase in terms of the photo-assisted Fourier series in Eq. (9), thus finding

Fioe) = —— Z 3 / dr, / i €% [ py 8 0 Bt =0 X 6, sl m e of
kn k/ IR
kgo‘
E‘y —Eg(—k Q i[ES (k) Eg(—kg)— Q 2
_|_pp* i[—EY (kny)—Es(—ks)+(+q) ]llel[ 5 (kg )+Es(—ks )—(m~+q) ]lzkaCkNack/ ]|0> (A2)

Using the integral in Eq. (29), we perform the integral over #, and take the limit « — 0,

PzP el[E (kn)—Eg (kp)—(— m)sz]z,uk ) Pzp el[ —E (kn)+Eg (kpy )+(1— m)Q]t. V2
|Fip(0)) = —— Z Z 10y

i
o EG 0 — Estks) — T @ e e T B ¥ Es(hs) — ot g b
ks(r

(A3)

In the limit of large superconducting gap, we have, in particular, that Es >> y !, where y is the temporal width of the Lorentzian
pulses, defined in Eq. (10). This condition imposes an upper bound to the values of / and m, given the exponentially decaying
form of the photo-assisted coefficient for a train of Lorentzian-shaped pulses of width y. This fact, together with the other
condition Eg >> 2, entails that the term (m + ¢)<2 appearing in the denominator of the above expression can be dropped in the
Andreev limit. Therefore, one has

ez[EN(kN) E§ ()= (U—m)Q]n ;2 p i [—Ef G )+ EG (ki) +(I—m)Q]11 1,2
P =5 T3 [l ] et P Sy ach o] 0
ka' Lm ¥~ EY (ky) — Es(ks) i Ef (ky) + Es(—ks) o
kso
(A4)

Finally, one can use the following property:

Zpipmefi(lfm)ﬁtl — o ) pid () _ (A5)
I,m
to show that
i[Eg (o)~ E5 ()] 2 ol —ER U +E ()] 4,2
k T ks
F(t _= c,, + ¢, 0
= kzk/ [ Eq) — Esth) v ber T RGBS | (A0)
kga

The latter expression is clearly independent of the driving voltage. As a result, this is an equilibrium term which cannot affect
the transport properties of the system at zero temperature. Since this term is not affected by the train of Lorentzian pulses, we
just use the identification in Eq. (22) between the perturbative quantum state | F @ (#)) and the two-particle term |F5,(1)).

APPENDIX B: BACKSCATTERED CHARGE CALCULATIONS

In this Appendix, we provide the details for the calculations of the integrals appearing in the backscattered charge in Eq. (55).
For the sake of completeness, here we report the expression appearing in the main text,

2 - 2 i(l— m)Qt are) ® e ®
Q(,(t)ze)f‘Agva/ / P 2q)pm(2q)e [0(@)O (@) — O(~w)O(~w))] B1)
[+ — (1 4+29)Q —ia]lw+ o — (m+29)Q +ia]
In order to simplify the expression inside the above integral, we use the following general identity:
1 1 1 1 1
. — = . — — — ) (B2)
X —ilay+ix y—x+42ie\x—ia y+ia
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which, by using 1/(x — ia) = im§(x) + x/(x* + ?), valid in the limit @ — 0%, becomes

1 1 1 X y
= ird(x) + ind(y) + — . B3
x—iay+ia y—x~|—2ia|:m () +ix8 () X2 +a? y2+a2j| B3)

By using the general identity in Eq. (B3), the integral appearing in Eq. (B1) can be recast as

/ * at ,i(l—m)Qu
0. = extatvy, 3 [ 52 [ G2 HEDPEDEL "0 w)00) - O(-0)(-0)]
I,m

4 2 (I —m)Q + 2ia

x {ina[w + o — (1 +29)Q] + indlw + & — (m+ 2¢)R]

[w+ o — (1 +29)2] [w+ o — (m+2q)R2]
[0+ — (429 +02 [0+ — (m+29)Q0 +a? } @9
We focus on the second contribution to the integral,
1 . /da)/ 16 [0(@)O@) — @(—a))@(—a)’)]{ lw+o —(+29)2] [0+ 0 —(m+29)Q] }’
(I —m)Q + 2io [+ —(+29)RP + o [0+ — (m+29)Q)° + o
(B5)
and we will show that it vanishes. We compute the integral over w, thus obtaining
%m f do/'[0(e)) + O(—e)](In{[e’ — (I +29)Q1 + *} — In{[0' — (m + 2¢)Q]* + ?})
= 1;_ / do'(In{[’ — (I +29)Q* + o} — In{[0’ — (m + 2¢)Q]* + &*}). (B6)
2 (1 —m)Q 4+ 2ia
For the last integral, one finds
e [ 40l — (42002 + )~ Infl0’ - 00+ 20QP +0))
2 (1 —m)Q2 + 2ia
S / do/{In[”? + @*] — In[0” + &*]} = 0. (B7)
2 —m)Q + 2ix

Let us now focus on the term with the § functions in Eq. (B4). Since for levitons one has [ + 2g > 0 and m 4 2q > 0, for the
integrals with the Heaviside function ®(—w)®(—w'), the argument of the § functions cannot be zero and, therefore, they vanish
everywhere on the integration region w < 0 and ' < 0. By putting all these results together, the charge becomes

ieA*AZvv *(20)py(2q)e% 1= oo 00
L= 47Sr = s / dw/ do’ {§lw + o' — (1 +29)Q] + 8[w + o — (m + 29)Q1}.
l.m 0 0

(I —m)Q + 2ix
(B8)
We compute the integral over o/,
. )\4A2 *(2 » 2 ot i(l—m)Qt (I+29)Q (m+2q)Q2
0, (1) = A5V » P CQ)pm(2g)e < / dw+/ do | (B9)
4 — (I —m)Q + 2ix 0 0
The integrals can be simplified to
ieA*AZvyv, Pi(2q)pm(2g)e™ ell=mS
(1) = [+ 2q)Q2 2q)2]. B10
Qs (1) o IZ (= ma e 0 +20)2+m+29)9] (B10)
Finally, the charge becomes
€A4A2 VT UJ( p* (zq)pm (zq)e—arehxtei(l—m)ﬁt
0,(t) = sy , li( +29)Q + i(m + 29)92] (B11)
4 — (I —m)Q + 2ia
iek4A§v¢v¢ ! ’ d ; ’ ; ’ d . ’ ; ’
_ ’ a(t’'—t) —i(l+2¢9)Q2 i(m+2q)Q2 i(m+2q)2 —i(l+2¢9)Q2
= _T/_mdt %;177(261)17:“(2@6 a {[_Ee 1 ’]e DU [Ee e ’]e e ’}
(B12)
AAAG ! :
= 2SN [ D 2y 1, (B13)
2 PSS
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APPENDIX C: WITNESS OF THE ENTANGLEMENT

In this Appendix, we give the intermediate steps between Eq. (78) and Eq. (83) for the quantum state of levitons in Eq. (57).
We will consider a dispersion relation linear in k,

EJ (k) = vy (k — ko), (€n

which is exact in the case of QSH edge states and an approximation for other spin systems.
The expression reads

AS = vy M*R* Y OLE) (K)]O[Ey (K )] cos (2kD) cos(2k'D)| Y|

kK
2 2ap2 [ > €1 &
=4e vwlvwlAs)LR/ dq/ de,cos |2\ — + ks )D|cos |2 — 4k, |D
0 0 U4 vy
x Y pipmdler + e, — (L +29)Q0ler + € — (m +29)R2]. (€2)
I,m

We compute the integral over € by using one of the § functions,

o0 — (1 4+29)22
AS = 4e’viv vpv AZACR? Z[ de; cos [2(3 + kT)D} cos {2[w - kL}D} (C3)
Im 0 Uy vy
X P Pmb1mOl—€4 + (m 4+ 2¢)Q] (C4)
(I+29)2 —q 20)Q
= dePvyu vy AR |p1|2/ de; cos [2(3 + kT>D] cos {2[M - k¢:|D}. (C5)
] 0 Ut vy
From now on, we focus on a system with time-reversal symmetry (v4 = —v,, vy = v, and k4 = —k_), thus obtaining
(I+29)R r —( 20)Q

AS = —4e’vivi AL R? Z |p1|2[ dey cos 2(6—T + k¢>D} cos {2[w - kT}D}. (C6)

] 0 L \Ut vt

Then, we evaluate the integral over €4,

VZAIA'R? i 2DQ( +2 2DQI +2
AS = -} — % |p,|2{ZDQ(1 + 2¢) cos | 4k D + M} + vy sin [ﬂ] } (C7)
D . L UT U7~
This expression can be recast as
AS =—ASy Y |pil{ +2g) coslar + D(I +2q)] + D" sin[D(I + 24)1}. (C8)
I>—2q
by defining
ASy = 27 V;viASQA'R?, (C9)
. 2DQ
D= , (C10)
Ut
ap = 4kpD. (C11)
Moreover, we notice that
- d -
(I +2g)coslar + D + 2g9)] = B sinfag + D(I 4+ 2q)], (C12)
such that
2] 4 A A1 17
AS=—-AS Y Ipil 5 sinler + DU+ 29)) + D" sin[DU +2q)] . (C13)
I>-2¢q

We remark that this expression is valid for levitons with 2g € Z. For 2¢q = 1, the photo-assisted coefficients can be computed
analytically and, for [ > 0, they are given by

Ipil* = e (1 — e )2 (C14)
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By using the above expression, the sum over / can be explicitly computed. In particular, one has

which can be plugged into Eq. (C13), thus obtaining

sin (o) — €*" sin(D + o)

—4nnl 2 _
;e sinferr + DU+ DI = = §B) = 2cosh(@rn) (€13)
871D cos(oep + D) + sin(D)] — e 1[2D cos(ar) + sin(2D)] + D cos(D — ar) + sin(D) €16

AS = ASy(1 — e~ 428

4D[cos(D) — cosh(4mn)]?
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