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We study the disorder-perturbed transport of two noninteracting entangled particles in the absence of
backscattering. This situation is, for instance, realized along edges of topological insulators. We find
profoundly different responses to disorder-induced dephasing for the center-of-mass and relative
coordinates: While a mirror symmetry protects even highly delocalized relative states when resonant
with the symmetry condition, delocalizations in the center of mass [e.g., two-particle (N = 2) NOON states]
remain fully sensitive to disorder. We demonstrate the relevance of these differences to the example of
interferometric entanglement detection. Our platform-independent analysis is based on the treatment of
disorder-averaged quantum systems with quantum master equations.
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Introduction.—Uncontrolled perturbances (disorder) can
significantly modify the expected or, for that matter, desired
transport behavior of quantum particles. This does not only
hold for their overall mobility properties, which have
traditionally been intensively investigated [1-3], but also
for the detailed phase information encoded in quantum
states. The latter, in turn, controls the particles’ ability to
interfere and thus underlies their utilization in quantum
experiments and technologies.

The preservation of phase relations during transport is a
delicate task, even if backscattering, localization, and envi-
ronmental decoherence are negligible. In the case of single
particles, it has been shown that disorder-induced dephasing
can, depending on state specifications and dispersion,
significantly reduce the fidelity of interference applications,
possibly putting their successful deployment at stake [4,5].

Several quantum aspects, such as entanglement and
particle statistics, only arise for two or more particles,
causing genuine quantum behavior, such as nonclassical
correlations, quantum teleportation, (anti-)bunching, etc.
[6-13]. Again, phase information plays here a crucial role,
and analyzing the effect of disorder beyond localization is
important for potential applications. On the other hand, new
insights into the interplay between the impact of disorder,
entanglement, and particle statistics are expected to emerge.

In this Letter, we systematically study the effect of
disorder potentials on the backscattering-free transport of
two-particle entangled states, cf. Fig. 1, relevant to topo-
logical edge modes in photonic and condensed matter
systems [14,15]. Our analytical treatment of the disorder
impact in terms of ensemble-averaged quantum states
reveals a mirror symmetry in the response to disorder,
which can be exploited to achieve disorder-robust transport
of entangled states. We stress that this robustness lies in the
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phase information of the two-particle state and emerges
when both particles simultaneously reside in the same pairs
of spatial locations; it cannot be understood simply in terms
of the absence of backscattering of single particle or NOON
states [16—18]. Our findings, along with a similar effect in
the response of two identical particles to environmental
dephasing [19], thus demonstrate potential to enhancing
topological protection using multiparticle states.

Disorder-averaged evolution.—We consider backscat-
tering-free propagation of two spinless quantum particles in
one dimension, described by a common, constant drift
velocity ». This generalizes the single-particle case dis-
cussed in Ref. [5]. To be general, we consider two
distinguishable particles. This encompasses identical par-
ticles, either by appropriately symmetrizing initial states, or
if additional internal degrees of freedom, in the case of
photons, e.g., polarization, lift the symmetry constraints on
the spatial state component.

(b)

FIG. 1. (a) Disorder-perturbed transport of two-particle en-
tangled edge modes. While topologically protected against
backscattering, perturbations (schematic, blue) along the paths
of the particles still cause disorder-induced dephasing, deterio-
rating the possibility to detect and/or harness their entanglement.
(b) Disorder-induced dephasing degrades, e.g., two-particle
coherence effects, such as (anti-)bunching at beam splitters. If
cascaded, the disorder impact accumulates.

© 2019 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.066601&domain=pdf&date_stamp=2019-02-12
https://doi.org/10.1103/PhysRevLett.122.066601
https://doi.org/10.1103/PhysRevLett.122.066601
https://doi.org/10.1103/PhysRevLett.122.066601
https://doi.org/10.1103/PhysRevLett.122.066601

PHYSICAL REVIEW LETTERS 122, 066601 (2019)

The Hamiltonian in the presence of a disorder potential
then reads (v > 0)

A

H, = v(py + p2) + Ve(x1) + Ve(x2), (1)

where x describes the position along the edge. The (multi-)
index ¢ labels different disorder realizations, which may
occur with probability p, (for simplicity we write integrals
throughout, e.g., [dep, = 1).

Both particles encounter the same, homogeneous, disorder
potential V(&) = [ dxV,.(x)|x)(x|, characterized by
translation- 1nvar1ant two-point correlations C(x —x')=
[dep V. (x)Ve(x') = [% dge/M1>=*)G(q), where the
distribution G(g) (see also Refs. [4,20]) describes the
correlations in momentum space. For simplicity, the disorder

potential may also vanish on average, [dep,V.(x) =0,
such that the average Hamiltonian reads H = [ dep H, =
v(p1 + pa)-

In the limit of weak dlsorder the dynarmcs of the
disorder-averaged state p(t)= [dep e~ 1/MH:l pyeli/MH.1
can be described by a quantum master equation [4,5,
20-22], which is perturbative to second order in the disorder
potential [4]. Abbreviating L(L,p) = LpL" —%lA,TlA,p—
%pfﬁlﬁ, and using C(x—x") and IfI we obtain the
disorder-dressed evolution equation

0p(1) = '[ﬁz p(tn

S \

with the Lindblad operators LEN) =1V, + a\c/q(t)], where
P, = elimats 4 oi/Waz and V(1) = e~/"a1) . Note
that the Vq describe simultaneous, coherent momentum
kicks of both particles. This follows from the fact that both
particles encounter the same disorder potential, introducing
correlations relevant at common locations of the two
particles.

Recasting Eq. (2) in terms of center of mass, x., =
(x1 + x5)/2, and relative coordinate, x,.; = x| — X, yields

) =

0,7(1) =~ (VP P(1)
# [T D sine (51 (2010, 3

with the Lindblad operators L, = e(//"%n cos (qi,o1/2h).
We find that center of mass and relative coordinate are
affected differently by the disorder potential: While the
former behaves similarly to a disorder-pertubed single-
particle edge state (cf. Ref. [5]), the latter experiences
coherent momentum kicks in opposing directions.

The solution of Eq. (3) reads

<xcm’ Xrel |/5(t) |xé:m’ x;el> =

[G(=q) = G(q)]

<xcm — vt xrel|p0|xém vt, xrel>

X exp [ (xcm’ Xrel» xcm’ xre])] ’ (48.)

where p, describes an arbitrary initial state, and with the
disorder influence

- 472 qut
F(Xems Xrels Xoms Xpoy) = 7z /qu(q)smc [Zh]

1 1 !
X {5 cos? {—q;;fl} + ECOSZ [—q;frlel]
., /
— cos [Q(Xcmh xcm)] cos {q;;:l} cos {q;;:l} } (4b)

Note that Eq. (4b) reduces to the single-particle case
when evaluated for x, =xj, =0, describing a
decoherence cone, with coherences between remote points
Xem and xi, decaying homogeneously with increasing
spatial separation, cf. [5]. In the relative coordinate,
however, one finds, for x., = x.,, that coherences of
mirror points X, and —x,, are robust against disorder
effects, independently of their spatial separation, see
Fig. 2. This is because, in this instance, both particles
simultaneously reside in the same pair of spatial locations,
such that the different phases acquired from the disorder
potential cancel each other exactly (or rather cause an
irrelevant global phase). This insight will guide us to
identify spatially delocalized disorder-robust entangled
states. We remark that this symmetry can be related to
the permutational invariance of the Hamiltonian (1).

Ft(oyxrel» Oax:el)

(a) Fi(Tem, 0, T, 0) (b)
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FIG. 2. Disorder influence [Eq. (4b)] for a pair of propagating
edge modes [Gaussian disorder correlations, t = 10£/v, values
increase from O (blue)]. (a) While the center-of-mass coordinate
shows a dephasing behavior similar to a single particle, with
coherences between coordinates x., and x., homogeneously
degrading with their increasing separation, (b) coherences be-
tween mirror points x, and —x, of the relative coordinate
remain unaffected by disorder-induced dephasing, regardless of
their spatial separation. This is because both particles acquire the
same disorder phases which thus cancel out.
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While solution (4) holds for arbitrary correlations
C(x), we can evaluate the disorder influence for generic
Gaussian correlations C(x) = Cyexp [—(x/£)?], where
¢ denotes the correlation length. With G(g)=(1/2zh)x
[ dxe~(IMaxC(x)=(Cyt /2 /ah)e~ /IR’ " one then

. x =(1
obtains F,(Xepm:Xpel, Xoms Xrep) = ZUI’GZ:iIFE ) ([*em—Xem)+

01[Xe+02x,]), with the single-particle disorder

influence F'"(x) = (Cyt?/n2v2){2F (vt/€) + 2f (x/£)—
flx—vt/€) = f(x+01/2) =2f(0)}  and  f(x) =
xerf(x) + (e /\/m) [5]. Hereafter, we always assume
Gaussian correlations when the disorder influence is
evaluated.

Two-particle interference.—To assess the disorder
robustness at mirror points, we now investigate how the
disorder-perturbed edge propagation affects entangled
states supporting two-particle interference. To this end,
we consider superposition states delocalized in the relative
coordinate,

Op.cm
|lPRI> = pf,/dxcmdxrel|xcm> ® |xrel>

T ho—x,rel

e_”;%).cm)‘gm/hz L (e_(xrel_xL>2/4D_irel _|_ ei(/’e_(xfel_xk)z/4g)zc.rel)’

V2
(5)

where we assume that the spatial delocalization Ax =
|x; — xg| of the two state components well exceeds their
uncertainty, Ax, > 6, ;. The mirror condition is fulfilled
if x; = —xp. Note that it must be met by identical particles,
unless additional degrees of freedom lift the symmetry
constraints. The phase ¢ may accommodate for (anti-)
symmetric states under particle exchange. For simplicity,
we assume ¢ = 0.

The bipartite entangled state (5) supports two-
particle interference in the relative momentum, as
seen by inspection of its momentum distribution,

PRI(Pcrm prel) = |<pcmv prel|lPRl>|2 &

e_(pgm/zo_zp.cm)e_(z{;,%,relpge]/h2> {1 -+ cos {%} } (6)

In this sense, it generalizes Young interference experiments
to the bipartite case [23]. Such interference pattern could,
for instance, be measured by guiding the state into a
Mach-Zehnder interferometer arrangement.

The interference pattern (6), characterized by the delo-
calization Ax,, occurs irrespectively of whether the mirror
condition is met or not. Moreover, it is unaffected by
additional correlations within the two superposed state
components, which could be replaced by separable states.
In that sense, we can, if the mirror condition is met,
associate (5) with the time-bin entangled state

(1/v2)(|e)1|1)s + €)1}, |e),) [16,24-27], where |e) and

|/} denote ahead-moving (“early”) and following (“late”)
wave packets.

To detect the entanglement of Eq. (5), we employ an
interferometric entanglement criterion, which is formulated
in terms of the modular variables X = x mod Ax,, and
p=(p+h/2Axy) mod (h/Axy) — h/2Ax,, and their
respective integer components N, = [(x — vt) — X]|/Axy
(using a comoving origin of the coordinate system) and
N, = (p—P)Ax./h [28,29]. With N, =N, + N,,
and p, = p; — p), the entanglement criterion reads
23291 (AN 0)?) + (Axiy/K){(Apw)?) < 2Cy ;.
where the constant Cy 5 is obtained numerically to
Cy 5 ~0.078. A state which satisfies the criterion is

certified to be entangled. We note that applying this
entanglement criterion presupposes distinguishable
particles, which we assume now for demonstrational
purposes. The interference is also present for identical
particles.

For the wunperturbed superposition state (5), we
have (Axrel >> Oy rel» h/ap,cm) <(ANx,tot>2> ~0 and
(Ax%el/h2)<(Aﬁrel)2> :%[1 _52(2)]7 with 52(2) = (3/71'2)%
0.304. The left-hand side thus evaluates as 0.117, which
is well below the threshold value of 0.156, classifying the
state as entangled. An Einstein-Podolsky-Rosen entangled
state, on the other hand, corresponding to a single
superposition branch in Eq. (5), would yield
(AxZ,/h*)((Apret)?) =2[1-5,(1)]~0.167, exceeding the
threshold value.

We now numerically evaluate the entanglement criterion
for the state (5) when evolved under Eq. (4) for the three
cases (i) x; = —107¢ and xp = 107, (ii) x; = —12¢ and
xp = 8¢, and (iii)) x; = —137 and xz = 7¢. While all
support the same initial interference pattern (6) with
Ax, = 207, (i) meets the mirror condition, whereas (ii)
and (iii) exhibit increasing mismatches. In all three cases,
we choose 6y, =7, 6,.m = ¢/h, and, for demonstra-
tional purposes, strong disorder at Cy = A%v*/£2. In (iv) we
choose the same parameters as in (i), but with o, oy = £/2.
We note that, assuming Gaussian disorder statistics,
Egs. (3) and (4) remain valid for strong disorder [5].

Figure 3 shows the disorder impact at t = 25¢/v, i.e.,
after the disorder impact has saturated. We find that, while
the center-of-mass coherences decay, correlations between
N, and N, , remain unaffected [this follows directly from
the solution (4)], and accordingly the corresponding vari-
ance ((AN,)?) remains close to 0. The momentum
interference, however, undergoes a mismatch-controlled
visibility reduction. Notably, the interference maintains
full contrast in the center of the envelope in (and only
in) the mirror case. For the resulting variances
(Ax2,/h*){(ADe)?) we obtain (i) 0.136 [red solid in
(c)], (i) 0.156 [red solid in (d)], (iii) 0.161 [blue dotted
in (d)], and (iv) 0.120 [blue dotted in (c)]; i.e., while in (i)
and (iv) the variance remains well below, in (ii) it has
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Pra(t = 25¢0/v)

(a) pRI (t = 252/1]) (b)
27

Pi(0, prer)[au] =

Prel [h/q

Prel [h/e]

FIG. 3. Disorder-perturbed evolution of the relative-state
superposition (5). (a) While the center-of-mass state
(Xem» X |PR1(#)| X, ) undergoes a decay of coherences,
(b) the correlations in ((x, x,|pgr;(#)|x;, x,) between the particle
coordinates x; and x, remain unaffected. Depending on how well
the mirror condition x; = —xp is met, the visibility loss in the
interference pattern displayed by the relative momentum is
(c) controllable or (d) exceedingly detrimental.

reached, and in (iii) it has surpassed the entanglement
detection threshold. Comparing (i) and (iv), we find that
0, el < ¢ further mitigates the visibility reduction, indicat-
ing that o, S ¢ further supports disorder-robust trans-
port, in particular in the near-dispersionless transport of
edge modes.

Our previous analysis renders apparent that this robust-
ness is independent of the delocalization Ax,. This
confirms that the resonancelike disorder immunity at mirror
points x,. and —x, enables the disorder-robust transport of
highly delocalized states displaying two-particle
interference.

N =2 NOON state interference.—To further assess the
significance of the symmetry-mediated transport, we now
contrast it with two-particle NOON (“2002”) states, where
the two particles “bunch” at one out of two spatially
separated locations; i.e., the superposition is now in the
center-of-mass coordinate:

o
|lP2002> = ﬂh];j::el / dxcmdxrel|xcm> ® |xrel>

(e_[(’?).cm (Xcm_xL)z]/hz _|_ e_[o'lzﬂ.cm (xcm_XR)z]/hz )e_xzel/é‘ﬂirel .

(7)

N

This (symmetric) state, which can be associated with the
time-bin entangled state (1/v/2)(|e);|e), + |1);]1),), dis-
plays two-particle interference similar to Eq. (6), with the

@ Dagpa(t =14/v) (b)

2 0 2

Trel [e] Pcm [h/f]

FIG. 4. Disorder-perturbed transport of the two-particle
(N = 2) NOON state (7). (a) The mirror-point symmetry protects
the coherences in the relative coordinate. (b) Its absence in the
delocalized center-of-mass coordinate, however, causes rapid and
substantial visibility loss in the center-of-mass momentum
interference, highlighting the difference in the disorder sensitivity
between different choices of entangled states.

same period Ax,, but in the center-of-mass momentum
Pem» cf. Fig. 4.

In Fig. 4, we show the NOON state (7) when evolved
under Eq. (4), with the same parameters as in case (i) above
(mirror condition met). We find that, already at t = 1£/v
and in stark contrast to case (i) above, the visibility is
strongly  suppressed. Consequently, the variance
of ﬁcm = ﬁl + ﬁz evaluates as (Axrzel/hz)<(Al£7cm)2>z
0.159, exceeding the entanglement detection threshold
of the corresponding  criterion (AN, )?)+
(Axgel/h2)<(Al£7cm)2> <2CNX,1%’ where Nx,reIENx,l _NX.Z'
This disorder sensitivity is, of course, because the delo-
calization in the center-of-mass coordinate is, due to the
absence of the mirror-point symmetry, not protected. This
highlights a significant difference in the disorder impact
between different choices of time-bin entangled states.

Robust entanglement in the Haldane model.—The con-
tinuum model Eq. (1) describes the long wavelength limit
of unidirectional edge states in a variety of systems, but
neglects finite size effects, such as dispersive wave packet
broadening and imperfect excitation of the topological edge
states. The above analysis should therefore be seen as a
baseline for dephasing of quantum states. To independently
verify our results and show the persistence of robust
entanglement transport in smaller, discrete systems, we
simulate the propagation of two-photon states in the
disordered Haldane model using the Schrodinger equation,
described by the Hamiltonian [17,30-32]

~ @) At A b pin AR 2ia
H = Z(a)( )aj-aj + a)ﬁ )b;bj) + tl(z;(a;bk + b;ak)
: 5

J
+ 1) (ajage®n + bibgemn), (8)
(29

where &; (lA?j) creates a particle on the a (b) sublattice in

unit cell j, a).ga'b) € [-W/2, W/2] are random uncorrelated

potentials, #;, t, are nearest and next-nearest neighbor
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hopping strengths respectively, and flux sign ¢ = +¢
alternates between adjacent next-nearest neighbors. We use
the same parameters as in Ref. [17]: t; =1, 1, = 0.2,
¢ = —nr/2, for which the gap size is 6y/31, sin¢) ~ 2, and a
lattice size of N, x N, = 128 x 6 cells, with zigzag and
armchair edges. We take strong disorder W = 1.5 (com-
parable to the gap size and beyond the validity of any
perturbative treatment) and an ensemble of 100 disorder
realizations. The disorder potential is uncorrelated, but the
lattice period a = 1 sets a characteristic length scale for
momentum broadening.

We consider the initial states Eq. (5) with o, = 2,
0pem = 2, perfect localization to the long (zigzag) edge,
and tilted to excite the zigzag edge modes centred at
momentum p.,, =z (with group velocity v = 0.8). This
simple, experimentally feasible initial condition cannot
perfectly excite the edge modes and some energy is lost
into the bulk [7-10]. We compute the correlation functions
along the edge after a propagation time ¢t = 50/ v, similar to
Fig. 3. The real space correlations of the mirror-symmetric
state plotted in Fig. 5(a) show diffractive broadening
introduced by the edge states’ nonzero dispersion.
Nevertheless, the mirror symmetry is preserved during
propagation, resulting in robust two-particle interference in
the relative momentum. Figure 5(b) reveals remarkably
high visibility (~95%) for exact mirror symmetry
(x;, = =20, xgp = 20) and significantly reduced visibility
(=15% for x; = —32, xp = 8) for mirror-broken states.
Moreover, under the same conditions N = 2 NOON states
suffer an almost complete loss of interference visibility (to
~8%) within t = 5/ v.

Discussion.—We have shown, analytically and numeri-
cally, that backscattering-free disordered transport in topo-
logical edge states can exhibit a stronger form of robustness
in the multiparticle case: by employing suitably chosen
entangled states, one can achieve disorder-robust transport
of relative phases and entanglement between spatially or
temporally separated wave packets, which is of utmost

(a) pri(t = 50/v) (b)

0.1 T
2 g
:
I g 00 HHny
g < AERTRINN
20
-20 0 20 0r 1
(21 = (Tem))a] pra[h/d]
FIG. 5. Disorder-perturbed evolution of relative-state super-

positions Eq. (5) in the Haldane model. (a) Correlations in real
space coordinates x; and x, exhibit broadening due to the edge
state dispersion. (b) Interference in the relative momentum is only
robust when the mirror condition is satisfied (solid red line). The
mirror-broken state x; = —32, xp = 8 (blue dashed line) has
significantly lower visibility.

importance for applications such as interferometry and
buffering of signals in quantum networks. This disorder-
robust entanglement transport cannot be understood simply
in terms of the familiar single particle “immunity to
backscattering” picture. Our predictions can be readily
observed by propagation of entangled two photon edge
states in two-dimensional topological waveguide arrays
[10,33-36] or coupled resonator lattices [16,18]. Near-
future electronic implementations are also conceiv-
able [37,38], e.g., using spin-momentum locked quantum
wires [39].

We expect analogous conditions for disorder-robust
transport hold for three or more particles, which would
not only allow preservation of many-particle interference,
but generally help to assess the disorder impact on
multipartite interference devices [cf. Fig 1(b)], and, ulti-
mately, further deepen our understanding of the relation
between disorder and many-particle physics beyond
localization.

F.N. is partially supported by the MURI Center for
Dynamic Magneto-Optics via the Air Force Office of
Scientific Research (AFOSR) (FA9550-14-1-0040), the
Army Research Office (ARO) (Grant No. W911NF-18-
1-0358), the Asian Office of Aerospace Research and
Development (AOARD) (Grant No. FA2386-18-1-4045),
the Japan Science and Technology Agency (JST) (the
ImPACT program and CREST Grant No. JPMJCR1676),
the RIKEN-AIST Challenge Research Fund, the Japan
Society for the Promotion of Science (JSPS) (JSPS-RFBR
Grant No. 17-52-50023 and JSPS-FWO  Grant
No. VS.059.18N), and the John Templeton Foundation.
D.L. is supported by the Institute for Basic Science in
Korea (IBS-R024-Y1).

*clemens.gneiting@riken.jp

[1] I. M. Lifshits, S. A. Gredeskul, and L. A. Pastur, Introduc-
tion to the Theory of Disordered Systems (Wiley-
Interscience, New York, 1988).

[2] J. Rammer, Quantum transport theory of electrons in solids:
A single-particle approach, Rev. Mod. Phys. 63, 781 (1991).

[3] C. W.]. Beenakker, Random-matrix theory of quantum
transport, Rev. Mod. Phys. 69, 731 (1997).

[4] C. Gneiting and F. Nori, Quantum evolution in disordered
transport, Phys. Rev. A 96, 022135 (2017).

[5] C. Gneiting and F. Nori, Disorder-Induced Dephasing in
Backscattering-Free Quantum Transport, Phys. Rev. Lett.
119, 176802 (2017).

[6] Y. Lahini, Y. Bromberg, D.N. Christodoulides, and Y.
Silberberg, Quantum Correlations in Two-Particle Anderson
Localization, Phys. Rev. Lett. 105, 163905 (2010).

[7] A. Peruzzo, M. Lobino, J. C. E. Matthews, N. Matsuda, A.
Politi, K. Poulios, X.-Q. Zhou, Y. Lahini, N. Ismail, K.
Worhoff, Y. Bromberg, Y. Silberberg, M. G. Thompson, and
J.L. O’Brien, Quantum walks of correlated photons, Sci-
ence 329, 1500 (2010).

066601-5


https://doi.org/10.1103/RevModPhys.63.781
https://doi.org/10.1103/RevModPhys.69.731
https://doi.org/10.1103/PhysRevA.96.022135
https://doi.org/10.1103/PhysRevLett.119.176802
https://doi.org/10.1103/PhysRevLett.119.176802
https://doi.org/10.1103/PhysRevLett.105.163905
https://doi.org/10.1126/science.1193515
https://doi.org/10.1126/science.1193515

PHYSICAL REVIEW LETTERS 122, 066601 (2019)

[8] A. Crespi, R. Osellame, R. Ramponi, V. Giovannetti, R.
Fazio, L. Sansoni, F. De Nicola, F. Sciarrino, and P.
Mataloni, Anderson localization of entangled photons in
an integrated quantum walk, Nat. Photonics 7, 322
(2013).

[9] G. Di Giuseppe, L. Martin, A. Perez-Leija, R. Keil, F.
Dreisow, S. Nolte, A. Szameit, A.F. Abouraddy, D.N.
Christodoulides, and B.E.A. Saleh, Einstein-Podolsky-
Rosen Spatial Entanglement in Ordered and Anderson
Photonic Lattices, Phys. Rev. Lett. 110, 150503 (2013).

[10] K. Poulios, R. Keil, D. Fry, J.D. A. Meinecke, J. C.F.
Matthews, A. Politi, M. Lobino, M. Grife, M. Heinrich, S.
Nolte, A. Szameit, and J. L. O’Brien, Quantum Walks of
Correlated Photon Pairs in Two-Dimensional Waveguide
Arrays, Phys. Rev. Lett. 112, 143604 (2014).

[11] F. De Nicola, L. Sansoni, A. Crespi, R. Ramponi, R.
Osellame, V. Giovannetti, R. Fazio, P. Mataloni, and F.
Sciarrino, Quantum simulation of bosonic-fermionic non-
interacting particles in disordered systems via a quantum
walk, Phys. Rev. A 89, 032322 (2014).

[12] A.S. Solntsev, F. Setzpfandt, A. S. Clark, C. W. Wu, M. J.
Collins, C. Xiong, A. Schreiber, F. Katzschmann, F.
Eilenberger, R. Schiek, W. Sohler, A. Mitchell, C. Silber-
horn, B.J. Eggleton, T. Pertsch, A. A. Sukhorukov, D. N.
Neshev, and Y.S. Kivshar, Generation of Nonclassical
Biphoton States through Cascaded Quantum Walks on a
Nonlinear Chip, Phys. Rev. X 4, 031007 (2014).

[13] K. Wang, J. G. Titchener, S. S. Kruk, L. Xu, H.-P. Chung,
M. Parry, I. Kravchenko, Y.-H. Chen, A.S. Solntsev, Y. S.
Kivshar, D. N. Neshev, and A. A. Sukhorukov, Quantum
metasurface for multi-photon interference and state
reconstruction, Science 361, 1104 (2018).

[14] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L.
Lu, M. C. Rechtsman, D. Schuster, J. Simon, O. Zilberberg,
and L. Carusotto, Topological photonics, arXiv:1802.04173
[Rev. Mod. Phys. (to be published)].

[15] M.Z. Hasan and C.L. Kane, Colloquium: Topological
insulators, Rev. Mod. Phys. 82, 3045 (2010).

[16] S. Mittal, V. V. Orre, and M. Hafezi, Topologically robust
transport of entangled photons in a 2D photonic system,
Opt. Express 24, 15631 (2016).

[17] M. C. Rechtsman, Y. Lumer, Y. Plotnik, A. Perez-Leija, A.
Szameit, and M. Segev, Topological protection of photonic
path entanglement, Optica 3, 925 (2016).

[18] S. Mittal, E. A. Goldschmidt, and M. Hafezi, A topological
source of quantum light, Nature (London) 561, 502 (2018).

[19] A.Perez-Leija, D. Guzman-Silva, R. de J. Leén-Montiel, M.
Grife, M. Heinrich, H. Moya-Cessa, K. Busch, and A.
Szameit, Endurance of quantum coherence due to particle
indistinguishability in noisy quantum networks, Quantum
Inf. Comput. 4, 45 (2018).

[20] C. Gneiting, F.R. Anger, and A. Buchleitner, Incoherent
ensemble dynamics in disordered systems, Phys. Rev. A 93,
032139 (2016).

[21] C. M. Kropf, C. Gneiting, and A. Buchleitner, Effective
dynamics of disordered quantum systems, Phys. Rev. X 6,
031023 (2016).

[22] C. Gneiting, Z. Li, and F. Nori, Lifetime of flatband states,
Phys. Rev. B 98, 134203 (2018).

[23] C. Gneiting and K. Hornberger, Nonlocal Young tests with
Einstein-Podolsky-Rosen-correlated particle pairs, Phys.
Rev. A 88, 013610 (2013).

[24] J. Brendel, N. Gisin, W. Tittel, and H. Zbinden, Pulsed
Energy-Time Entangled Twin-Photon Source for Quantum
Communication, Phys. Rev. Lett. 82, 2594 (1999).

[25] C. Gneiting and K. Hornberger, Bell Test for the Free
Motion of Material Particles, Phys. Rev. Lett. 101, 260503
(2008).

[26] C. Gneiting and K. Hornberger, Nonclassical correlations
from dissociation-time entanglement, Appl. Phys. B 95, 237
(2009).

[27] S. Mittal, V.V. Orre, A. Restelli, R. Salem, E.A.
Goldschmidt, and M. Hafezi, Temporal and spectral
manipulations of correlated photons using a time lens,
Phys. Rev. A 96, 043807 (2017).

[28] Y. Aharonov, H. Pendleton, and A. Petersen, Modular
variables in quantum theory, Int. J. Theor. Phys. 2,213 (1969).

[29] C. Gneiting and K. Hornberger, Detecting Entanglement in
Spatial Interference, Phys. Rev. Lett. 106, 210501 (2011).

[30] F. D. M. Haldane, Model for a Quantum Hall Effect Without
Landau Levels: Condensed-Matter Realization of the Parity
Anomaly, Phys. Rev. Lett. 61, 2015 (1988).

[31] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Ueh-
linger, D. Greif, and T. Esslinger, Experimental realization
of the topological Haldane model with ultracold fermions,
Nature (London) 515, 237 (2014).

[32] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.122.066601 for details
on the Haldane model simulation.

[33] F. Kaiser, A. Issautier, L. A. Ngah, O. Danila, H. Herrmann,
W. Sohler, A. Martin, and S. Tanzilli, High-quality polari-
zation entanglement state preparation and manipulation in
standard telecommunication channels, New J. Phys. 14,
085015 (2012).

[34] J. C. E. Matthews, K. Poulios, J. D. A. Meinecke, A. Politi,
A. Peruzzo, N. Ismail, K. Worhoff, M. G. Thompson, and J.
L. O’Brien, Observing fermionic statistics with photons in
arbitrary processes, Sci. Rep. 3, 1539 (2013).

[35] M. C. Rechtsman, J. M. Zeuner, Y. Plotnik, Y. Lumer, D.
Podolsky, F. Dreisow, S. Nolte, M. Segev, and A. Szameit,
Photonic Floquet topological insulators, Nature (London)
496, 196 (2013).

[36] A. Blanco-Redondo, B. Bell, D. Oren, B.J. Eggleton, and
M. Segev, Topological protection of biphoton states, Sci-
ence 362, 568 (2018).

[37] E. Bocquillon, V. Freulon, J.-M. Berroir, P. Degiovanni, B.
Placais, A. Cavanna, Y. Jin, and G. Feve, Coherence and
indistinguishability of single electrons emitted by indepen-
dent sources, Science 339, 1054 (2013).

[38] N. Johnson, C. Emary, S. Ryu, H.-S. Sim, P. See, J.D.
Fletcher, J.P. Griffiths, G. A.C. Jones, I. Farrer, D. A.
Ritchie, M. Pepper, T.J. B. M. Janssen, and M. Kataoka,
LO-Phonon Emission Rate of Hot Electrons from an
On-Demand Single-Electron Source in a GaAs/AlGaAs
Heterostructure, Phys. Rev. Lett. 121, 137703 (2018).

[39] C.H. L. Quay, T.L. Hughes, J. A. Sulpizio, L. N. Pfeiffer,
K. W. Baldwin, K. W. West, D. Goldhaber-Gordon, and R.
de Picciotto, Observation of a one-dimensional spin-orbit
gap in a quantum wire, Nat. Phys. 6, 336 (2010).

066601-6


https://doi.org/10.1038/nphoton.2013.26
https://doi.org/10.1038/nphoton.2013.26
https://doi.org/10.1103/PhysRevLett.110.150503
https://doi.org/10.1103/PhysRevLett.112.143604
https://doi.org/10.1103/PhysRevA.89.032322
https://doi.org/10.1103/PhysRevX.4.031007
https://doi.org/10.1126/science.aat8196
http://arXiv.org/abs/1802.04173
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1364/OE.24.015631
https://doi.org/10.1364/OPTICA.3.000925
https://doi.org/10.1038/s41586-018-0478-3
https://doi.org/10.1038/s41534-018-0094-y
https://doi.org/10.1038/s41534-018-0094-y
https://doi.org/10.1103/PhysRevA.93.032139
https://doi.org/10.1103/PhysRevA.93.032139
https://doi.org/10.1103/PhysRevX.6.031023
https://doi.org/10.1103/PhysRevX.6.031023
https://doi.org/10.1103/PhysRevB.98.134203
https://doi.org/10.1103/PhysRevA.88.013610
https://doi.org/10.1103/PhysRevA.88.013610
https://doi.org/10.1103/PhysRevLett.82.2594
https://doi.org/10.1103/PhysRevLett.101.260503
https://doi.org/10.1103/PhysRevLett.101.260503
https://doi.org/10.1007/s00340-009-3457-4
https://doi.org/10.1007/s00340-009-3457-4
https://doi.org/10.1103/PhysRevA.96.043807
https://doi.org/10.1007/BF00670008
https://doi.org/10.1103/PhysRevLett.106.210501
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1038/nature13915
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.066601
https://doi.org/10.1088/1367-2630/14/8/085015
https://doi.org/10.1088/1367-2630/14/8/085015
https://doi.org/10.1038/srep01539
https://doi.org/10.1038/nature12066
https://doi.org/10.1038/nature12066
https://doi.org/10.1126/science.aau4296
https://doi.org/10.1126/science.aau4296
https://doi.org/10.1126/science.1232572
https://doi.org/10.1103/PhysRevLett.121.137703
https://doi.org/10.1038/nphys1626

